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Preface 

In the original announcement for the meeting we proposed the following sessions: 

1. Concepts of accelerator-based transmutation systems. 

2. Nuclear design problems of accelerator-based transmutation systems with empha
sis on target faculties and their interfaces with accelerators. 

3. Data and methods for nuclear design of accelerator-based transmutation systems. 

4. Related cross-section measurements and integral validation experiments. 

5. Identification of discrepancies and gaps and discussion of desirable R+D and 
benchmark activities. 

Due to the large number of papers submitted it was necessary to split session 2 into 
two parts and to reassign some papers in order to balance die sessions more evenly. No 
papers were submitted for session 5 and this was replaced by a summary and general 
discussion session. 

These proceedings contain all 30 papers, in the order they were presented at the meeting. 
They are copies of the duplication-ready versions given to us during or shortly after the 
meeting. We have done our best to make as good copies as possible, however, copies 
cannot be better than their originals, and we could not retype any of the papers. In die 
Table of Contents, the papers are listed together with the name of the presenter. 

The chairmen's session summaries are mostly revised versions sent to us after the 
meeting. 

On this occasion let me thank all the chairmen for the enormous amount of work 
they did preparing their overview papers, leading the sessions, and writing the session 
summaries. I am sure that their effort is appreciated by all participants and that it has 
very much contributed to the success of die meeting. 

I would also like to express our thanks to Mr P. Schreyer, head of PSI's printing office 
who did the tedious work of preparing the master-copies for printing, and to his crew 
for printing the proceedings. 

We also thank the OECD's Nuclear Energy Agency for co-sponsoring the publishing of 
the proceedings. 

The participants at the meeting are listed in an Appendix together with abbreviations of 
institutes and institutions mentioned in die table of contents or in die list of participants. 

Wiirenlingen/Villigen, September 1992 H.U. Wenger 
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Concepts of Accelerator Based Transmutation Systems 

Hiroshi Takahashi 
Brookbaven National Laboratory 
Upton. New York. USA 11973 

Herbert Rief 
Joint Research Centre of the CEC 

Ispra Establishment 
I-21020 Ispra. Italy 

Abstract 

The search for an optimum strategy of rad-waste disposal is an extremely complex task de
pending on economic parameters and long term hazard estimates for which public consent still 
has to be achieved. Among die different options attention focuses on die possibilities of 
transmuting radio-nuciei such as minor actinides and long lived fission products by neutrons 
generated in spallation processes. At present research follows two main lines. One investigates 
die construction of fast subcritical acrinide assemblies which are driven by spallation neutrons. 
As these subcritical systems rely mainly on neutron self-multiplication diey require a relatively 
high actinide inventory, but only a low beam current Studies show that in diis case a multistage 
cyclotron arrangement could be used instead of a more expensive linear accelerator.The odier 
line uses die spallation process to generate an intense thermal neutron field in which actinides are 
fissioned and long lived fission products converted. This project works with a relatively small 
radioactive inventory, but it requires a high current accelerator, based on technology at die edge 
of feasibility. 

Introduction and Historical Review 

More man ever before public opinion questions die underground disposal of long lived 
radioactive waste. In particular die a-emttting minor actinides {Np, Am. Cm etc.), die residues of 
plutonium after reprocessing and some fi-emitting long lived fission products {lisCs. ^Sr. "Tc 
and l29I) are considered to constitute an undue long-term risk. 

Over die years national and international studies have been performed targeting on die re
duction of die potential long-term hazard of radioactive waste generated by nuclear reactors. In a 
recent study based on die CURE approach [3]. which is a waste partitioning process derived 
from die well established PUREX process and die newer TRUEX process, die long term radio
active ingestion toxicity for waste stream scenarios has been studied. The ingestion hazard, in 
terms of how much water is required in order to dilute die material to reach safe drinking water 
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standards, is compared to that of a typical natural uranium ore in figure 1. The top curve snows 
die toxicity of the entire waste stream, assuming a once-through fuel cycle. Even after 10.000 
years this waste remains two or three times more toxic than die reference uranium ore. If 
plutonium and uranium are separated, die toxicity reaches die reference value after approxi
mately 1000 years as shown in the second curve. The additional removal of die minor actinides. 
i.e. neptunium, amehcium, and curium results in die nurd curve reaching die equal toxicity point 
after 3 to 4 centuries. In die remaining waste stream four isotopes are problematic: *>Srr

 l37Cs. 
"Tc. and ,29l. The first two have half-lives of around 30 years and contribute significantly to die 

short term radio-activity- and heat load, thus constituting a packaging problem. The latter two 
have very long half-lives, as well as high mobility in the case of leakage and water intrusion. If 
diese four isotopes can be removed from die waste stream too. dun die lowest toxicity curve is 
obtained reaching equal-toxicity widiin about 30 years. Similar hazard estimates have been 
worked out by several other authors (e.g.: [28.14.45]). 
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Figure J: Hazard Impact of Partial Waste Processing 

It was in the second half of die seventies that die OECD Nuclear Energy Agency assigned 
die Commission of die European Community a leading role in a chemical separation and 
transmutation exercise. 

In this first internationally coordinated R&D programme on "Management and Storage of 
Radio-active Waste" R&D was carried out by the Joint Research Centre in collaboration with 
Community laboratories and industries financed by a shared cost action programme. 
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The main studies developed in this field were the following: 
- Nuclear transmutation studies aimed at achieving an assessment of the by-product 

actinide (BPA) transmutation and its impact on the fuel cyde in Kims of feasibility, benefits, 
costs and risks. LWR. FBR and HTR reactor physics calculations and conceptual design of fuel 
elements were pan of these studies. 

- Partitioning studies aimed at demonstrating the chemical feasibility of plutonium and 
BPA separation from HLW. Laboratory investigations and engineering assessment of HLW 
partitioning flow-sheets were prepared in this context 

Thus die Joint Research Centre organised, under the sponsorship of NEA, a First and 
Second Technical Meeting on Nuclear Transmutation of Acdnides «the JRC Ispra in 1977 and 
in 1980. 

The JRC has also contributed to the IAEA Coordinated Research Programme 
"Environmental Evaluation and Hazard Assessment of the Separation of Actinides from Nudear 
Wastes Followed by Either Transmutation or Separate Disposal". 

A report summarising results and condusions of the assessment studies on nuclear trans
mutation dealing with reactor physics, implications on fuel pin design, economic evaluations and 
risk assessment was finally issued in 1983 [28]. A parallel report on die chemical separation of 
BPAs from the HLW has also been published [17]. 

It is worthwhile highlighting some of the main conclusions of the Second Technical Meet
ing on Nuclear Transmutation of Actinides at the JRC Ispra [25]: 

"On the basis of the various papers presented, of the findings of the workshop sessions and of the 
opinions prevailing during the final plenary session, die following conclusions and recommenda
tions were reached: 

- Partitioning and transmutation of by-product actinides is considered feasible in the sense mat 
potential solutions of the technical problems involved exist, though a very large research 
development and demonstration effort over a few decades would be required before they could 
be applied under realistic conditions. 

- The implementation on an industrial scale of partitioning and transmutation would im'olve 
considerable modification of the fuel cycles and their associate reprocessing and fuel fabrication 
plants inter alia, on account of the high neutron emission and decay heat release of the by
product actinides (see conclusions of Workshop B and C). 

- The presence of by-product actinides in reactors would not raise particularly severe reactor 
physics problems I see conclusions of Workshop A), though there would be significant 
metallurgical and safety problems. 

• The effort required appears appreciably less severe if partitioning and transmutation is applied 
in an advanced fuel cycle (e.g. the FBR fuel cycle) owing to the expected introduction of new 
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technologies such as high efficiency plutonium recovery from various waste streams and remote 
fuel fabrication. 

• Of the various strategies which could be used, homogeneous recycling in FBR's appears the 
most suitable both with respect to transmutation efficiency and to compatibility with the FBR 
fuel cycle, which is likely to be the predominant fuel cycle during the period when partitioning 
and transmutation might be implemented. 

- On the basis of the existing ICRP figures for ingestion of radionuclides, the reduction in the 
long-term potential hazard of radioactive waste by partitioning and transmutation appears xo be 
marginal since die potential hazard of disposal in suitable selected geological formations is 
assessed to be small. 

- If further reduction of die long-term potential hazard of radioactive waste disposal is 
envisaged, efforts should preferably be directed to improving techniques of alpha-waste 
reduction, conditioning and disposal. These objectives seem more readily achievable than rite 
implementation of a transmutation strategy. 

• Optimum schemes for reduction, conditioning and disposal of alpha-wastes should be derived 
from an analysis of fuel cycle models, risk models and fuel cycle strategies as outlined in the 
conclusions of the Workshop D. Preliminary cost/benefit calculations on the partitioning and 
transmutation of by-product actinited indicate that this is unlikely to be the optimum scheme." 

It is interesting to note that the conclusions- drawn in 1980 reflecting the opinion of an 
international working group mentioned neither nuclear waste transmutation by accelerators nor 
even single purpose actinide burners. Even though these concepts were known at the time, they 
were considered to be too futuristic. Actually the whole exercise was carried out with die 
assumption that only established state of the art technologies should be used. 

In die meantime a new fast reactor concept (the Integral Fast Reactor) in which actinides 
are recycled - has been developed by ANL and US industries. It is based on metallic fuel 
elements and a new on-site, non aqueous, reprocessing scheme. This reactor with enhanced 
inherent safety features is capable of recycling and transmuting its own actinides. As it was not 
designed as an actinide burner only a limited amount of actiiudes from LWR fuel element 
reprocessing can be added to its fuel cycle without hampering its inherent safety features. It also 
seems that in this reactor long lived fission products are not efficiently removed. 

Specific actinide burners with improved transmutation performance have been envisaged in 
Japan. To take advantage of the more favourable fission to capture ratio in a hard neutron 
spectrum actinide fuelled fast reactors were die first choice. During the design studies it turned 
out that because of die small delayed neutron fraction in actinide fuel and a short neutron life
time coupled with a small Doppler coefficient, such a reactor is more difficult to control than a 
normal FBR and therefore does not satisfy inherent safety requirements. 

One way to operate such systems safely is to run diem in a subcritical state and to feed 
diem by "external" spallation neutrons. If die facility is sufficiently sub-critical small reactivity 
insertions do not lead to dangerous power excursions. For example, in a system only 3$ sub-
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critical a sudden reactivity insertion of 1.1$ leads to a 44% power increase during the following 
second. A shut-down of the proton beam after this second would instantaneously decrease the 
power to 20%. This safety margin allows for more flexibility in the design since limitations by a 
non-negative sodium void coefficient and effects caused by poisoning and isotope changes due 
to bum-up are much less important Otherwise the transmutation characteristic of an accelerator 
driven sub-critical facility is quite similar to a corresponding actinide burner reactor. It is 
therefor mainly the safety argument which moved accelerator based systems into the focus of 
interest. 

In what follows we summarize firstly the present state of the art in accelerator design. Then 
we discuss the physics of accelerator driven systems. Finally, we give an account of prototypical 
fast and thermal transmutation systems presently under study. 

Accelerators and Targets 

As an alternative to the incineration of actinides and fission products in power reactors 
even in 1974 studies were made to employ charged particles (usually protons or deuterons) 
accelerated to energies above the spallation threshold. Without going into any details of spal
lation theory we just recall that charged particles exceeding an energy of several hundred MeV 
are able to penetrate the Coulomb barrier of heavy nuclei. In a fission-like evaporation process 
which follows such a reaction a shower of secondary particles, consisting mainly of neutrons and 
mesons is released. These high energy particles trigger similar reactions until the whole cascade 
loses its energy. The neutron yield increases with the charged particle energy and the mass 
number of the target material. 

The spallation process has attended great interest as an intense neutron source. In targets of 
large mass numbers spallation cascades release per charged particle (usually a proton or a deu-
teron) several tens to hundreds of neutrons (depending on die target material) with an energy 
distribution similar to that of the fission spectrum. 

Existing accelerators in the medium energy range (0.8 - 2.0 GeV) are mainly dedicated to 
research and therefore limited to low currents as for example LAMPF at LASL with 1 m A beam 
power. For linear accelerators, based on new technologies realistic design goals worked out by 
LASL are specified around 250 mA (higher currents suffer from space charge problems). They 
are based on advances of ion sources for beam production, on the availability of radio-frequency 
quadrupoles injecting the beam into the linac, more efficient klystrons and improved beam 
focusing techniques. 

Recent studies of tritium production by accelerators (APT) led to the development of a 
detailed design for a 1.6 GeV, 250-mA proton LINAC [5]. Its design was partly stimulated by 
the" demanding requirements of SDI's neutral particle beam program. In this context a "classical" 
design proposal is based on LAMPF. Figure 2 shows the reference APT accelerator configura
tion. The lattice average acceleration gradient in the coupled cavity linac part of the design is 
1 MV/m with a beam power of 250 mA. 

A more recent proposal also drawn up by LASL applies the latest superconducting 
technology. It allows for a more efficient use of radio frequency and a three times higher 
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gradient than earlier designs. This results in substantial shortening of the accelerator as well as a 
substantial reduction in the cost estimate of construction. A 800 MeV linac based on this 
technology would be about 270 m long. The current assumed at 100% duty cycle is estimated at 
93-tnA for 1.6-GeV and 220 mA for 800 MeV. 

CCL(700MHz) 

I I 
1.6 GeV 
2S0mA 

[ 30 m + 2063 m 1| 

Figure 2: Reference APT accelerator configuration [5] 

Besides linear accelerators which have been described in detail in many publications, the 
potential of less expensive cyclotron accelerators has also been investigated. Cyclotrons will 
surpass the mA threshold in the near future, as for example SINQ at PSI Villingen/Wurenlingen. 
But their maximum current will be confined to about 10 mA. 

At low energies the maximum achievable beam current of a cyclotron is rather limited. 
This consideration led to the concept of a so-called "multistage-parallel" cyclotron arrangement 
consisting of a number of low energy, low current cyclotrons feeding one high energy cyclotron. 
A preliminary study carried out in 1986 [3] led to a multistage cyclotron concept shown in 
Figure 3 providing 15 mA at an energy of .it least 2-GeV. It would require the following 
assembly: 

- thn*e 60-70 keV ion sources 
- a low energy 2 MeV, 5 mA injector stage consisting of three radiofrequency quadrupole 

linacs (36 MHz) as developed by Miiller from Darmstadt (Split Coaxial Resonator) 
- an intermediate stage made of the same number of four sector cyclotrons with a phase 

width of 36° and frequency FHf = 36 MHz accelerating the 5 mA proton current to an 
upper limit around 200 MeV 

- a final stage 15 sector cyclotron being fed by the three intermediate stages (3x5 mA at 
200 MeV). This cyclotron works at 3x36=108 MHz using 12 acceleration cavities at 
600 keV. It can reach a proton energy of 2 to 3 GeV at a beam power of 30-45 MW. 

In this assemblv the following conditions must be satisfied: 

- the time structure of the beam: the RFQ linac should work at the same radiofrequency as 
the injector (intermediate stage) cyclotron in order to avoid any beam loss. This implies 
the choice of a particular structure of the RFQ, namely that developed by Miiller, called 
the Split Coaxial Resonator (SCR). 

- Input-Output Conditions: the product Br where B and r arc the average magnetic field and 

Injector 

2.5 MeV 
lOOkeV 125 mA 
140 mA 

20 MeV 
250 mA 



radius respectively, must be conserved in the injection-ejection process of the different 
cyclotrons. 

- Intensity Addition: raising the intensity to the required value in the first stage is achieved 

Ion Source 
60-70 KeV 

Final Stage 15 Sector Cyclotron 
12 Accelerating Cavities 
2to3GeV 

Intermediate Stage 
4 Sector Cyclotron 
200 Me V 

10m 

Figure 3: A schematic Multistage Cyclotron Arrangement 

by adding the three beams of the intermediate stage. This requires the accelerating 
cavities of the final stage to work at a frequency three times larger than those of the 
injector cyclotrons. 
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Accelerator Driven Transmitters 

Bask Physical Considerations 
Three options of converting long lived radio-nuclei intj short-lived isotopes are con

sidered: 
- die direct interaction of accelerated particles (protons) with nuclear waste materials; i.e. 
the direct spallation of actinides and/or fission products. 

- die transmutation of long lived rad-waste into fast decaying isotopes using neutrons 
generated by a spallation process, 

- the transmutation of long lived rad-waste into fast decaying isotopes in an accelerator 
driven "reactor-like,' subcritical system. 

At present R&D investigates the latter two options. One explores the possibility of 
moderating spallation neutrons in D20 to generate an intense thermal neutron field in which 
actinides are fissioned and long lived fission product converted into fast deficaying isotopes. 
The other investigates the possibility of constructing fast subcritical actmide assemblies driven 
by spallation neutrons. 

The Direct Spallation of Fission Products: 
The original idea of exploiting die spallation process to transmute actinides and fission 

products directly soon had to be given up. It turned out that die required particle currents were 
much larger than the most optimistic theoretical accelerator design goals which are around 
300 mA. Indeed, it had been shown that the yearly destruction rate of a 300 mA proton 
accelerator would correspond only to a fraction of the waste generated by one LWR of 1 GWe in 
the same period of time [12,45]. 

The Direct Use of Spallation Neutrons 
To use only die spallation neutrons as they are generated in a proton target, die fission pro

ducts would be placed around the target For best efficiency, depending on the material to be 
transmuted, either the fast neutrons would be used as they are emitted from the target or they 
would be slowed down by a moderators to energy bands with higher transmutation cross sections 
as for example die resonance or the thermal region. 

Assuming that it is possible to make all the spallation neutrons available for die 
transmutation process the following amount of energy is necessary to transmute die fraction q^, 
of radio-nuclei per fission process in a nuclear energy system 

E^q^jfL-WW) (1) 

where q^ = fraction of fission products to be transmuted 
Pb ~ proton energy 
fljp = number of neutrons generated by one proton 
T|6 = efficiency of converting electricity into proton beam energy (= 0.5) 
T|T = efficiency of converting thermal energy into electricity (= 0.33) 
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In the case of a 1.5 GeV proton beam emitting SO neutrons per spallation in a lead target the 
transmutation of "Tc, n9L 135Cs, ^Sr, ^Kr and 93Zr (constituting 28 % of all fission products) 
would require 0.285 30/0.5/0.33 = 51.3 MeV to transmute the fission product fraction of one 
fission process. This is 51.3/200 = 26 % of the total power production of the energy system 
under consideration! Because of the very optimistic assumptions made in this estimate the real 
percentage of energy required would even be higher. Together with the cost for reprocessing it 
would make this type of accelerator transmutation prohibitively expensive, at least in a commer
cial nuclear energy system. 

Accelerator Driven Subcritical Assemblies 
To improve neutron economy there remains, however, the possibility of multiplying the 

spallation neutrons in a subcritical assembly. In such a system the main part of transmutation is 
performed by fission neutrons in a reactor-like facility. Technically this is realized by surround
ing a proton target region by fissionable material in a cooling system. In most designs a circu
lating liquid lead-bismuth alloy is proposed to remove the high specific heat released in the 
target. It must, however, be mentioned that the specific heat production per neutron is consider
ably lower than in a fission process (30 MeV against 80 MeV). 

First the power production P^ of a subcritical assembly fed by spallation neutrons is 
quantified: 

**="*wn*hEt (2) 

where: k = multiplication factor 
a = importance of the target position and target neutron energy distribution (usually 

a>l for a central target position 
v = mean number of neutrons in a fission process 
Ef=power release per fission (=3.1.10*10 W) 
rijp = neutron yield from one proton 
/ = proton current 
C= proton charge (= 1.6 10-19 A sec) 

In Figure 4 the power production of an accelerator driven facility is shown as a function of 
sub-criticality (1-k). It was assumed that a proton beam of 1 GeV and 1 mA impinges on a Pb-Bi 
target releasing 50 neutrons per spallation with an importance of a=l. It leads to 

Pfi(l mA) = 4J±1.) [MW] (3) 

It can be seen that near criticality a 1 mA current already generates a relatively high fission 
power For k = 0.97 more than 100 MW can be achieved. 

The additional neutrons from the subcritical system as well as its fission power which can 
be transformed into electricity, are now exploited to run the transmutation process. Expression 4 
quantifies ihe energy required to transmute a fraction q^ of fission products in such a system. A 
positive sign of E^ means that there is even a surplus of energy, while a negative sign indicates 
the need to add energy to the system from outside. 
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Figure 4: Power production of an accelarator driven booster as a function of sub-criticality 
V-kfff) assuming a proton beam of 1 mA at 1.S GeV entering a lead target leading to a 
release of SO neutrons per proton. 

£*. = 
"v vU^fc) Ef ' ^ 

r",H)VA((i-S)VT*)] 
\MW] (4) 

where 

?*. = 
ZJFP) 

fp ~ I/FP +Fuel+StructMat.) 

The condition for break-even or a positive energy balance is given by 

k> 

1 +—K-r.— 

V 
Note that this expression is independent of the proton current and to a large extend also of the 
type of system considered. For a lead target and a proton beam of 1 to 2 GeV break-even re
quires a k value near 0.75. But the amount of nuclei transmuted depends on die power of die 
system and therefore on the proton current as shown by Equation 2. 
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Figure 5: Energy required to transmute 28.5% fission products ("Tc, 129I, ,37Cs, »°Sr, 93Zr, 
85Rr) assuming Pb=1000MeV, v=3.0, nsp=343, i\b=>0.5, r\f*033, qfi=0285. 

A more detailed analysis can be performed describing the transmutation facility by a set of 
time dependent differential equations as shown in [5]. Assuming equilibrium between the 
addition of waste and its bum-up the time derivatives can be set to zero transforming the system 
into a set of simultaneous equations. In the case of the LASL project 4 equations were used to 
describe the equilibrium conditions between the isotopes being considered. 

As the most important nuclear waste materials which should be transmuted are the minor 
actinides, they are also the first candidates to "fuel" the subcritical facility. 

Conceptual Designs of Fast Neutron Transmutation Systems 

An Early Proposal by BNL • JRC 

In 1985 the authors [4] proposed for the first time a hybrid system consisting of a sub-
critical fast neutron minor actirude transmutcr, driven by proton generated spallation neutrons. In 
this proposal it was assumed that a multi-stage cyclotron, as described above, should serve as a 
proton accelerator. The possibility of reaching the GW range by relatively small proton currents 
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around 10 mA in slightly sub-critical systems justified die investigation of fast neutron trans
mutation facilities driven by a multistage cyclotron rather than a linac. 

During steady-state operation the number of fissions depends mainly upon die degree of 
neutron self-multiplication in the subcritical system. The total number of fission is expressed by 

N = N + N = N + N 
rot (spallation • high energy fission) (hm- energy fission) SitiF LF 

= tf,r.x,r, + S, 
k eff 

(S*HF) "hyfl-k^) (5) 

where: 
Nr„ = total number of fission per incident proton 
^S+HF - number of spallations and cascading high energy fissions per incident proton 
S„ = number of neutrons generated by spallation + high energy fissions per incident 

proton 
v = the number of neutrons emitted per fission 
and 
keg=effective multiplication factor for classical low energy fissions 

In our considerations we assumed a V-shaped target region. The proton beam enters at the 
"bottom" of the V where it is de-focused by magnets so that die protons are spread out over the 
whole target volume. Figure 6 shows die subcritical minor actinide transmute, driven by a proton 
beam which irradiates die surface of the subcritical core uniformly. 

In order to make the power distribution in the subcritica] system more or less flat (which is 
important from the heat removal point of view) die medium energy proton beam is shredded by a 
magnetic field at die entrance of die beam expansion cavity. This has die additional advantage 
that the effects of radiation damage due to the irradiation of die high intensity (medium energy) 
proton beam are reduced. 

A disadvantage of this system is the large leakage of neutrons from die surface which is 
irradiated by protons. In order to use these leakage neutrons effectively a fertile material blanket 
region is installed around die beam expansion region. In die usual manner die fertile materials of 
this region are then converted to fissile materials by neutron capture. 

If the surface on which the protons are injected is large, a long beam expansion region is 
required resulting in a large containment building housing die subcritical reactor. Because of the 
small cross sections in die higher energy range die assembly would require a relatively large acti
nide fuel inventory, most probably oxide or metal, and liquid metal or gas cooling. 

Fission products like Tc and / could be placed in a moderator matrix (metal hydride or a 
metal deuteride) in die reflector. As was shown by [47] absorption in die epithermal resonance 
region may lead to effective transmutation. As diere is enough space in die reflector Tc can be 
diluted so that the self-shielding effects can be mitigated. 
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Figure 6: Schematic sub-critical target design 

In the following we give an example of bum-up calculations carried out for this subcriucal 
accelerator-driven fast actinide assembly. In the quantitative estimate of transmuting die acti
nides produced by ten light water reactors we assume that the subcritical target area exposed to 
the proton beam contains fuel rods consisting only, of minor actinide oxides. This is. of course, a 
simplified assumption, since all reprocessing plants work with less than 100% separation 
efficiency. In reality the actinide waste will always contain some amount of uranium and 
plutonium. which would both have a negative effect on the transmutation rates presented here. 

Our studies were carried out for systems cooled by sodium or helium. In both cases the fuel 
pellets were assumed to consist of actinide oxides cladded by steel canes. The following design 
parameters were chosen: SS Gad, outer diam.: 0.600 cm; Pellet, out diam.: 0.510 cm; Fuel 
pitch: 0.75-0.85 cm; Active length: 80 cm. The target zone was surrounded by a blanket region 
to utilize the large fraction of leakage neutrons which escape from this system having an 
unfavourable surface to volume ratio. 

To calculate spallation effects and high energy fissions the nucleon-meson transport code 
NMCT - BNLF was applied. At low energies nuclear reactions were determined by conventional 
reactor codes. 

The outcome of the study performed for a sodium or helium cooled system is summarized 
in Table II. The first surprising result is the low beam current required to incinerate the actinides 
produced by ten 1000 MWe reactors. Depending on the beam power (1 to 3 GeV) and me self-
multiplication of the target the required beam currents are between 5 and 15 mA. In die case of a 
sodium cooled system this requirement would rise by a factor of less than 2. 

As a by-product this transmuter could produce annually at least 100 kg of fissionable 
material in <. uranium or thorium blanket and an excess electricity of 230-260 MW beyond the 40 
fo 70 MW required to operate the cyclotrons. 
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Coolant 

Na 

He 

k« 

.90 

95 

Proton 
Beam 

Power 
IMWJ 

27.9 

13.0 

Beam Current [mA] 

lGeV 2GeV 3GeV 

27.9 14.0 93 

13.0 65 43 

Reactor 
Power 
[MWJ 

900 

900 

233IJ 

Production 

85 

103 

Table II: Characteristics of an accelerator-driven helium cooled sub-critical fast assembly 
transmuting die yearly actinides of lOLWRs (1 GWe) 

The JAERI Projects 

In the framework of die OMEGA project (Options Making Extra Gains from Actinides and 
fission products) JAERI launched a broad programme on the development of accelerators and 
target systems. In this context homogeneous and heterogeneous subcritical core structures are 
investigated. 

JAERI heterogeneous Accelerator Driven System Studies: 

First a project similar to die one mentioned above was studied by a JAERI group [37]. This 
design considered a horizontal proton target made of tungsten, 60 cm long in beam direction and 
with a vertical cross section of 10x100 cm3. Its fissile region is cooled either by sodium or a Pb-
Bi alloy. To harden die neutron spectrum metallic fuel in the form of Np-22Pu-20Zr and AmCm-
35Pu-5Y widi high phase stability is envisaged (melting point at 900°Q. The fuel assembly is 
similar to mat of the LMFBR. Fuel pins with an active length of 100 cm are arrayed on a regular 
triangular pitch. The multiplication factor is assumed to be between 0.86 and 0.95. Several 
parametric studies referring to this system are summarized in Table JH. 

Coolant 
Proton Beam Current [mA] 
k<ff 
Actinide Loading [kg] 
Bum-up rate [%] 

weight [kg] 
Waste Equivalent of 3 GW, LWRs 

Na 
226 
.92 

2866 
7.0 
202 
7.6 

Pb-Bi 
73 
.86 

2013 
6.9 
139 
53 

Na 
182 
.94 

2682 
43 
114 
43 

Pb-Bi 
5.4 
.95 

1584 
2.7 
42 
1.8 

Table III: Performance Characteristics of JAERI Fast Neutron Transmutation Proposal 

JAERI's new proposal for a transmuter employs a cylindrical target in r-z geometry 
bending the medium energy proton beam from the horizontal to the vertical direction. The 
conceptual scheme of this system is shown in Figure7. The project is backed by a R&D 
programme for a powerful proton accelerator in the 1.5 GeV and 10 mA range. 

Injecting the protons into die target vertically requires only a small beam spreading, thus 
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facilitating neutron shielding and building lay-out But the disadvantage of this localized neutron 
source design is a strong gradient in the radial power distribution in the case of a small 
multiplication factor (£^< 0.9) resulting in more difficult heat removal condition. 
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Figure 7: Conceptual flow diagram of JEARI's actinide transmutation plant 

The reference parameters for this system are: 

Proton Beam Current 

*<ff 
Actinide Loading 
Bum-up 
Thermal output 
Neutron Flux 
Mean Neutron Energy 

39 mA 
0.89 
3160 kg 
250 kgy1 

820 MW 
4.1015 ncm2*1 

690 keV 

Coolant 
Power Density max. 

ave. 
Temperatures: 
Coolant outlet 
Fuel 
Clad 

Sodium 
930MWnr3 

400MWnr3 

473 C 
890 "C 
528 °C 

JEARI's Accelerator-Driven Continuous Transmutation Molten Salt Facility 

Conceptual design studies of a molten salt subcritical target system were carried out by 
JAERI [10]. The technical feasibility of these systems was demonstrated by the Molten Salt 
Reactor designed and operated at ORNL in the sixties. In the JAERI considerations the main 
requirements are a high solubility of TRU along with adequate nuclear characteristics and 
physico-chemical properties of the salt melt. Salts which satisfy these demands are either 7LiF 
and BeF2 or NaCl in the following composition: 64NaCI+31MACl3+5PuCl3, (where MA=Np. 
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Am. Cm) From a 
reactor physics point 
of view NaCl might be 
the better choice. Be
cause of its higher 
atomic weight the neu
tron spectrum will be 
harder than in the case 
of fluoride com
pounds. - a fact which 
favours actinide trans
mutation. 

The actinides 
dissolved in the salt-
melt serve as fuel for 
the sub-critical system 
and at the same time as 
target material for die 
proton beam. This 
leads to an important 
simplification of the 
whole system from the 
point of view of cool- Figure 7: the JAERI Molten Salt Project 
ing as well as the 
chemical separation of spallation products and especially the target design. 

The main advantage of a molten salt system is the possibility of re-processing the fuel 
continuously and of separating short-lived and stable fission products at the same time. The on
line separation of the fission products is envisaged to be made by a cold trap and an electro
chemical separation method. Furthermore, molten salt systems have the enormous advantage that 
the rather difficult and R&D intensive requirement of actinide fuel fabrication can be avoided. 
The rather steep power gradient around the entrance cone of the proton beam is in this type of 
system less of a problem than in a heterogeneous one. In a heterogeneous target driven reactor 
frequent shuffling of the solid fuel is necessary. 

From the safety point of view one can assume that core melt-down accidents can be 
excluded. On the other hand corrosion together with radiolysis might pose major problems. In 
chlorine systems it is a main requirement to avoid any contamination with water. 

Preliminary transmutation estimates result in a yearly total amount of TRU transmutation 
of 10 kg-mA-1 y 1 for a 1.5 GeV proton beam, a keff=0.92 and a thermal output of the system of 
32 MWrt/mA. The estimates show that the TRUs produced by 10 LWRs of I GWe each can be 
transmuted by a proton beam current of 25 mA. 

The Accelerator-Based Transmutation Proposal from BNL 
The PHOENIX Concept developed at BNL [42] consists of modules of accelerator driven 

Internal Reflector 
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sub-critical lattices containing minor actinide fuel. Classical fast reactor technology. ;ur!:«a$-
oxide fuel elements and sodium cooling is assumed. Each module resembles die core of the Fast 
Flux Test facility (FFTF) with a k^ = 0.9. however. From 1 to 8 target modules are aligned in 
front of a 104 mA beam of 1.6 GeV protons. The whole reactor-moduk serves as a target for a 
proton beam being expanded before entering the core region. The transmutation rates are listed 
in Figure 8. With these parameters die 8 modules would render 3600 MWA. 

Bum-up calculations were carried out for six two-year cycles. They reach equilibrium 
after a few years and produce bole 2J9Pu and only a modest amount of 242Pu. The traction of 
2MPu varies between 83% and 87% after each cycle. There is bale variation of 2J7Np but a 
noticeable increase tf14iAm and 24iAm. 

Because of the number of modules which must be irradiated by the high current proton 
beam, a large spreading of the beam is required, resulting in a long beam spreading section. In 
order to avoid this shortcoming the high current proton beam should be split into small beams. 
A failure in die accelerator part or in one module would stop the whole system. 

Figure 8: The PHOENIX Concept 

High Flux Thermal Systems 

Cross-section considerations show that fission products such as technetium and iodine can 
be more efficiently transmuted by thermal than by fast neutron systems. In Figure 10 the reduced 
(effective) half lives (i^f) of "Tc and / 2 9 / are shown as a function of thermal and fast neutron 
transmutation. The cross sections of "Tc (t = 2- 10s [y]) are assumed to be 20 b for thermal and 
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0 2 b for fan neutrons. For 129l (t = 1.6 I07 [y]) 31 b and 0.2 b. respectively are taken. (In an 
epithemtal neutron field there exists OK possibility of enhancing neutron capture by resonance 
absorption.) 
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Figure 9: Effective half lives of n9Tc and ml transmuted by differeni neutron spectra 

In die case of the minor actinides the thermal cross sections are by orders of magnitude 
/ larger than die fast cross sections. But in this case the fission to capture ratio is less favourable 

for the thermal reactions. It means that the lower inventory of actinide fuel required to reach a 
certain multiplication factor is paid for by an increased build-up of highe* order aetinkfcs. 

But even in a thermal spectrum it is very difficult to transmute other fission products such 
as l37Cs and ^Sr (half live ~30y) because of their low absorption cross-section. 0.1 b and lb 
respectively. To transmute l37Cs at len tunes the natural decay rate a thermal neutron flux of 
10,? n-cmr2?1 would be required. 

Takahashi [31] studied the transmutation of fission products in a diennal flux field created 
by spallation neutrons in D20. The scheme was taken to be similar to LAFR. The 1.6GeV 
protons are injected into a liquid Pb-target and die emitted spallation neutrons are rhermalized in 
die surrounding assembly composed of (137Cs + DjO) and (^Sr + DjD). Figure 10 shows die 
geometrical parameters of the assembly It turns out that even in this idealized configuration 
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Figure 10: Configuration of thermal fission product transmuter fed by spallation neutrons 
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because of the small cross-section of l37Cs most neutrons escape unless a large amount of 137Cs 
is put into the irradiation pool. However, a large concentration oi,37Cs lowers the transmutation 
rate for reasons of self-shielding as can be seen in Table IV. Also from the safety point of view it 
is not desirable to have a large fission product inventory in the assembly. 

Table IV: Effect of Cs202 Volume Fraction on Neutron Losses in the Region surrounding a 
PbTarget 

Volume Fraction of Cs202 inD,0 

Total loading [kg] Cs->0<, 
SrO 

Fractional neutron loss in target region 

Transmutation rate [sec1] 

Number of transmuted 
nuclei per proton 

Amount of transmutation 
per year [kg/y] 

*>Sr 

WCs 
*>Sr 

MCs 

10 

450 
470 

0.49 

20.5 X137 

24.6X90 

7.7 
15.0 

100 
134 

50 

2240 
470 

0.34 

11.0 X137 

14.8X90 

20.8 
10.1 

273 
80 

80 

3580 
470 

0.24 

8.4X137 

14.5X00 

25.0 
8.5 

321 
75 

Note: X137 = 7.33xl0-10, X^ - 7.52xlO-"> [sec1} 

The Los Alamos Intense Thermal Neutron Source 

Recently LASL presented a well documented project on "Nuclear Energy Generation and 
Waste Transmutation Using an Accelerator-Driven Intense Thermal Neutron Source" [5]. It 
consists of an extensive study of incinerating fission products and minor Actinides. especially 
*>Tc,129I and ^Np. 

The proposal deals with a new approach for a system either transmuting nuclear waste from 
civil and military origin or combining nuclear energy production (without a long term waste 
stream) with the transmutation of commercial nuclear waste composed of both minor actinides 
and fission products. The spallation process is used to generate an intense thermal neutron field 
in the 10'6 n-cnr2*-1 range. 

As shown in Figure 11 the transmutation system is composed of a proton accelerator, a 
heavy metal target surrounded by heavy wateT serving as a moderator for spallation and fission 
neutrons and a molten salt blanket containing actinides and fission products to be transmuted. 
The target is a flowing lead-bismuth alloy. Recently also a solid target made of tungsten and 
cooled by D 20 was considered. 

The geometry of the system is composed of three sectors. The inner sector surrounding the 
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proton target contains heavy water. It is supposed to have a substantial epithermal flux 
component and is therefore particularly suited transmuting fission products such as l37Cs and 
^Sr, which have a low thermal capture cross section, but epithermal absorption resonances. In 
this region a continuous flow system keeps the water temperature at 70°C. 

For die transmutation of li7Cs isotopic separation is necessary. This problem can also be 
solved in an elegant manner by decay fractionation. To this end the continuously extracted noble 
gas Xe is collected in chambers with increasing residence times to allow for isotope separation 
by natural decay processes. The same holds for the separation of "Sr from ̂ Sr and ^Sr where 
the decay products are chemically extracted. 

The middle sector serves for the transmutation of minor actinides. It contains molten salt 
either in a cylindrical ring or in tubes passing through the D 2 0 moderator. The molten salt is 
LiF-BeFi as in the ORNL Molten Salt Experiment It has an exit temperature of 720°C resulting 
from nuclear fissions of actinides and possibly additional fissionable material making the system 
sub-critical. The salt itself has a very low neutron capture cross section. The addition of actinides 
even in larger quantity does not alter the physical characteristics of the salt-melt. 

The outer sector of the blanket is again filled with heavy water. It either serves as a 
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Figure 11: Schematic flow scheme of the LASL accelerator-driven nuclear waste converter, 

reflector or as a region for the breeding of fissile material from natural thorium or uranium. 

In an alternative proposal in addition to waste transmutation the system also produces 
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electricity to offset the reprocessing costs. In this case plutonium (or another material which can 
be fissioned by thermal neutrons) must be added to satisfy the neutron economy. In principle 
such an assembly could be operated as a reactor. But the high neutron flux and the rapid bum-up 
of plutonium and actinides might lead to fast reactivity swings. Hence for die same reasons as 
discussed above an accelerator driven sub-critical reactor is considered to offer the significant 
advantage of being an inherently safe system. 

The composition of this system is very similar to the previous one. Again the inner D20 
ring would contain the "difficult" fission products and Pu would be added to the molten salt 
region. Driven by a 1.6 GeV - 13 mA proton beam, the facility could convert the waste of one 
3 GWj, reactor and generate a power of 1060 MWA in the molten salt This implies that a 
250 mA APT beam current could in principle process the waste from 19 LWRs operating at 
3 GW,,,. According to LASL studies the facility would run at a comfortable safety margin of 
k^O.81. 

A similar system has been studied by LANL. It differs from the LASL project by the 
replacement of die molten salt blanket by a heavy water slurry carrying the fissionable materials, 
such as actinides or plutonium. 

All these systems look attractive because of their low actinide inventory and the possibility 
of a continuous reprocessing with die removal of short lived and stable fission products. On the 
other hand the high neutron flux may lead to serious difficulties, especially in the area of 
material damage, radiolysis and activation of structural materials. Also die ratio of the molten 
salt in and out of core residence time might lead to a less attractive 237Np fission cycle. 

One of die main reasons to use a 1016 n-cnr-s-1 flux is the transmutation of 237Np. It 
constitutes die largest fraction of die minor actinides and cannot be fissioned by thermal neu
trons. In a LWR 237Np captures a neutron wim oc = 170 b forming 2iSNp which decays wim 
X. = 5 J 10* to ^Pu. This isotope is again not fissionable and must become 2i9Pu by neutron 
capture before it fissions. Because of the losses to capture in 2i9Pu this chain to fission requires 
about 4 neutrons. If Oof > X then the probability mat 2SSNp absorbs a neutron and fissions prior 
to its decay to 238Pu is large. 

The High Flux Particle Bed Reactor (BNL) 

Encouraged by the advantages in control and safety features designers of actinide burning 
reactors are now pursuing the option of accelerator-driven systems, for example BNL with the 
High-Flux Particle-Bed Reactor System for rapid transmutation of actinides and long lived 
fission products. In this design a D20 or beryllium carbide moderator/reflector contains zircalloy 
pressure tubes filled with coated gas-cooled fuel particles. The highly effective heat transfer 
allows high power densities (~ 5 MW/litre) and attendant high flux levels ( 1016 n-cnr-s-1). 
Among the economic and safety benefits of mis concept arc die low inventory of radionuclides 
and the high-integrity, coated fuel particles mat can withstand extremely high temperatures 
without releasing die fission products. On-line refuelling offers further safety and economical 
advantages as well as a low inventory of radionuclides (5% that in a commercial LWR). 

A number of core configuration consisting of 92 to 85 Plutonium fuel drivers and 42 
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actinide loaded target 
PBR elements in a low 
temperature D20 or 
beryllium carbide 
moderator/reflector were 
examined. In mis concept 
fission products and 
actinides are always 
exposed to neutron irra
diation. This is different 
from the LANL ATW 
scheme where a non-
negligeable residence 
time outside the core 
reduces the incineration 
rate. 

The reactor is oper
ated in a subcrticial 
condition by injecting a 
medium energy proton 
beam into a Pb target 
which is installed at the Figure 12: The BNL High-Flux Particle-Bed Reactor System 

centre of the reactor serving 
as a neutron source, (see Figure 12.) Thus reactivity perturbations such as particle fuel 
movement due to fluctuations of the high pressure helium gas or the on-line fuelling can easily 
be controlled. 

In the case of an accidental situation, the fuel particles can be ejected from the core region 
to a large volume container outside the core, where the decay heat can be removed by an 
emergency cooling system. 

Conclusions 

As we have seen, there exists a large variety of design options. However, they differ so 
much from each other that they present singular points in a multi-dimensional optimization 
space. It seems that so far only local optima, if any. have been found. The question still remains 
is there a global optimum? Which project is going to satisfy it? Still a synopsis of all the projects 
with pro and cons must be prepared. But there is certainly one very positive effect in all these 
studies: Politicians have recognized the importance of the question and it seems that R&D funds 
will become available. It is to be hoped that this is one of the reasons which will keep reactor 
physics alive for the years to come. 
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Innovative Technical Approach Offers Major Advantages 

ATW uses a high current accelerator to create an intense source of thermal neutrons. This technical approach is 
substantially different than most other transmutation concepts that use a fast neutron source (reactor or 
accelerator-based) and which tend to focus primarily on destruction of actinides. 

This technical approach offers significant system advantages. It allows design of a concept that can efficiently 
transmute long-lived fission products present in high-level radioactive waste. Certain long-lived fission products 
such as technetium and iodine dominate long-term storage risk scenarios because of their high mobility. The 
system also transmutes actinide waste efficiently. 

The high flux and large thermal transmutation cross sections lead to operating environments where material 
inventories resident in the transmuter can be substantially smaller than other systems. These factors also create 
fast burn of material in the system. 

Unique safety advantages are derived from the use of an accelerator-driven source of neutrons in conjunction 
with a subcritical blanket and lower resident inventories of radioactive materials. This latter feature can reduce 
significantly the radioactive material source term appropriate for accident scenarios. Low material inventories 
coupled with optimized chemical processing also provide environmental advantages. These are associated with 
potential minimization of waste streams and small inventories left in the system at its end of life. 
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General Features 

Several major components would comprise ATW. An advanced, high current, medium energy (< 2 GeV) linear 
accelerator delivers a proton beam to a heavy metal (lead, tungsten, or uranium) production target. A range of 
proton currents appropriate to the specific application can be used. A heavy water moderator (several meters in 
diameter) surrounds the spallation target to slow the neutrons down to thermal energies. The result is a high 
thermal neutron flux - greater than 2 to 3x1015 n/cm?/sec over a large active volume. This high thermal flux 
enables several unique features for the ATW concept. 

The ATW system can perform effectively with small resident material loadings. This results from the high 
efficiency thermal neutron interaction process (large cross sections) and from high neutron fluxes. 

The flux and cross section allows design of a dilute (by volume), low inventory system that is coupled with 
continuous material feed. This later feature results from the high burnup rates that make a system that utilizes 
material in solid form (rods) generally impractical. Several options - aqueous media, oxide slurries, molten salt -
•can be considered for carrier materials used in the flowing loops. Because of smaller required capacities, 
chemical partitioning processes can be investigated that can lead to highest decontamination factors. 

When the material is a molten salt, such as lithium-berylium-fluoride, the salt's high thermal-to-electric conversion 
capabilities can be used to produce electricity efficiently. This choice potentially enables advanced fluoride or 
physical methods to be used for the removal of fission products from the actinlde fuel. 
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Goals and Potential HLW Management Applications 

The ultimate goals of the ATW investigation and development effort are described in the Los Alamos National 
Report (LA-UR-91-2601 "Nuclear Energy Generation and Waste Transmutation Using an Accelerator-Driven 
Intense Thermal Neutron Source"). The first concerns creation of a system that can destroy long-lived isotopes 
associated with high-level waste storage. The system should destroy long-lived migratory fission products that 
dominate risk in long-term storage scenarios. The system should also destroy high toxicity actinides that 
comprise significant fractions of nuclear waste. If the system operates at a high enough efficiency in both 
transmutation and separations components, then the possibility of on-site management of transmuted HLW may 
be technically feasible. By removing HLW constituents having long half-lives, the time scales appropriation for 
management and certification of wastes can be dramatically lessened. If long-lived constituents are removed 
from HLW, leaving mainly the shorter lived (half life s 30 years) strontium 90 and cesium 137, then management 
time scales can be reduced to a length of several hundred years. The possibility then exists for on-site, controlled 
management of such waste for a period of several centuries to allow decay to innocuous radioactivity levels. 
Material discharge and waste streams coming from transmutation would meet regulatory requirements suitable 
for land disposal. 

A second part concerns creation of an advanced energy production concept that can rectify major obstacles 
facing nuclear power. To do this requires up-front management of the nuclear wastes produced during 
operation. Concurrent and efficient transmutation of long-lived nuclides produced during operation is key to 
creation of a nuclear energy source with minimal, long-lived HLW. Accelerator-drive coupled with a fission 
blanket allows this possibility by creating enough extra neutrons in the system to destroy long-lived fission 
products. The accelerator feature also allows the system to utilize natural fuels such as thorium and uranium for 
which long-term (thousands of years) supply exist. 

Application of an ATW system to HLW management programs can have a significant impact. An ATW system 
applied to cleanup of long-lived defense HLW at a DOE site such as Hanford could provide management options 
that minimize or eliminate HLW leaving the site. Long-lived nuclide destruction could also aid creation of more 
robust on-site waste storage forms. The impact of an ATW system on geologic repository storage could be 
significant. It could delay or potentially avoid altogether the need for a second geologic repository. It could also 
reduce the performance required of a geologic repository, e. g. reduce the waste isolation period from 10,000 
years to a period of around 500 years. The latter is the mid-range :>• expected containment by engineered barrier 
systems and may lead to a situation where repository design could proceed without reliance on natural barriers. 



Goals and Potential HLW Applications 

• Ultimate goals of ATW development 

- On-site management of transmuted HLW 
- Advanced energy system 

• ATW technology development can complement HLW 
programs 

- DoE Site Cleanup 

- Geologic Repository 
Reduction of defense HL waste load 
Delay or potentially avoid 2nd repository need 
Reduce performance requirements 



Technology Applied to a Spectrum of National Needs 

ATW application development involves a staged approach. Specific technology development can impact a major 
problem area and at the same time allow components to be developed for a next application stage. A relevant 
example is that of defense waste applications. The ATW system components developed for it and proven during 
DOE site cleanup share a high degree of commonality with a system that could be applicable to destruction of 
commercial high level waste. This system, in turn, shares all of its components with a system that could ultimately 
be used to produce energy with no long-lived high-level waste stream. 
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Application: LWR Long-Lived HLW 

Credible and practical ATW system has been developed to illustrate technologies, performance levels, and to 
provide information in areas such as material balance. In developing it, we have adopted an approach that 
builds the system around demonstrated technologies (or extensions to them) that will allow us to achieve a 
desired, credible level of performance. This approach has led us to concentrate on the use of nuclear 
components and chemistry components that largely exist today but which can be adapted to take advantage of 
ATW's technical features. The system is not optimized and thus there are numerous options that will provide 
substantial performance improvements. These will be described. 

This base-case ATW system consists of four target-blanket modules that can transmute the plutonium, higher 
actinide, technetium, and iodine yearly discharge from 7.5 3000 MWy light water reactors. The blanket consists 
of a series of pressurized tubes in a heavy water blanket. Very clean separation process flowsheets have been 
developed for the separation of fission products introduced into the system from their transmuted by-products. 
Actinide separations have been built around aqueous processes, optimized to achieve very high separation 
factors and minimal waste streams. 
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Base Case 

The base case ATW system is driven by a single 250 mA, 1600 MeV accelerator which requires 900 MW of 
electrical power. The proton beam from this accelerator supports four separate target/blanket modules. Each 
blanket module produces about 1.5 GW of thermal power from actinide fission for a total system power of 6 GW. 
This system will burn the actinide waste from approximately 7.5 LWRs, i.e., about 2450 kg per year. Each blanket 
also provides the excess neutrons to transmute the technetium-99 and iodine-129 from 7.5 LWRs (about 250 kg 
per year) to stable products. The thermal-to-electric conversion efficiency is 30%, which yields about 1000 MW of 
net electrical power available to the grid. 
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Base Case (Target/Blanket Module) 

The target/blanket module for the base case system consists of two thermally isolated systems; the target and the 
blanket. The target design is heavy-water-cooled solid tungsten and lead with a total thermal power from beam 
deposition of 100 MW. The blanket surrounding the target is a heavy water moderated lattice of CANDU-like 
pressure tubes containing an actinide-oxide/heavy water slurry. Flow of the slurry through an external heat 
exchanger carries about 1540 MW of power out of the blanket. 

The target and blanket are intimately coupled neutronically. Efficient utilization of the spallation neutrons 
requires that most of the neutrons are absorbed productively in actinides (for large neutron multiplication) or 
fission products with minimal parasitic absorption In transmutation products, structure, or target. 

The lattice design was based on unit-cell calculations to provide the maximum multiplication versus pressure 
tube size, lattice pitch and actinide slurry concentration. These were 5-cm-radius, 23.8 cm, and 75 g/liter, 
respectively. The actinide isotopics were equilibrium values calculated as a function of spectrum and flux level. 
Flux-weighted cross sections were used in one-dimensional calculations to calculate the full blanket £ 
performance. A three blanket region concept was used: 1) a 2-cm-thick decoupling region surrounding the target 
containing 1 molar Tc-99/heavy water solution to minimize thermal neutron return; 2) a 150-cm-thick multiplying 
region with 250 actinide slurry-bearing pressure tubes surrounded by 0.15 molar Tc-99 in the heavy water 
moderator; and 3) a 50-cm-thick reflector/absorber region containing 0.15 molar Tc-99 in heavy water. 

The current processing concept incorporates individual processing loops for the fission products as well as two 
processing loops for the actinides. Two loops are used for the actinides to reduce the total system inventory. 
One loop is the primary feed loop for LWR actinides; the actinide blanket residence time in this loop is 30 days 
with a 10-day cooling/processing time outside of the blanket. The processing removes the neptunium and 
Plutonium from the remaining actinides and fission products for quick recycle to the blanket. The remaining 
actinides, primarily americium and curium, are cooled for 180 days, then separated form the fission products and 
recycled to the blanket to form a second loop. The actinides in this loop have a 180-day blanket residence time 
and a 180-day cooling/processing time. 
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Accelerator 

The transmutation accelerator is a high-power, radio-frequency, continuous beam linear accelerator (linac) that 
generates a 1600 MeV proton beam with an average current of 250 mA. The configuration shown here consists 
of a 700- Mhz coupled-cavity linac (CCL) injected at 20 MeV by a tunneled beam launcher. The later is made up 
of two 100-keV injectors each containing 125 mA proton sources, two radiofrequency quadrupole linacs (RFQs), 
and two drift-tube linacs (DTLs). A funnel, similar to that tested recently at Los Alamos, is used to combine the 
two beams which are then accelerated to 1600 MeV in a coupled-cavity linac. The CCL then makes up most of 
the accelerator. 

The accelerator front end is optimized to prepare a high-current, low-emittance, well-controlled beam. The CCL 
parameters are chosen to assure low beam loss while maintaining a high conversion of radiofrequency power to 
beam power. We also select a very large ratio of the accelerating-structure aperture to beam diameter to assure 
low enough beam loss for "hands-on" maintenance. Beam performance has been confirmed by sophisticated 
multi-particle computer simulations. The overall accelerator concept was reviewed in 1990 by a DOE Energy 
Research Advisory Board panel, which evaluated it as technically sound with no physics uncertainties. 



Accelerator 
( Los Alamos Report LA-UR-91-2797) 
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Blanket System 

The linear accelerator operates at 1600 MeV at a continuous-wave current of 250 mA. The primary proton beam 
is then split into four beams, each having a current of 62.5 mA. Each of the four beams is directed into four 
separate target/blanket modules. A modular design approach allows maintenance or replacement of 
components with relative ease and adds to the overall reliability of the system. The modules have separate 
cooling loops for their respective targets, moderators, and blankets, and operate independently from each other. 

The high-energy proton beam strikes a centrally located spallation target to produce an intense source of 
neutrons. The solid tungsten/lead target is surrounded by an annulus of technetium in D2O, an actinide slurry 
region, and a D2O reflector. The target design is comprised of heavy-water-cooled tungsten rods. The power 
density is very high, and therefore requires sub-cooled boiling as the heat-transfer mechanism. Because ot the 
intense proton and neutron environment, the target assembly will require routine replacement. 

Neutronics analyses show that each target/blanket module can burn the actinides and fission products from 
approximately two light-water reactors and produce approximately 1542-MWt power. The balance-of-plant 
design is based on existing heavy-water reactor technology employed in the CANDU reactor system. Here, the 
fuel is contained in double-walled pressure tubes that pass through the blanket. It is necessary to use the liquid 
fuel approach for actinide burning in ATW to take advantage of the high neutron flux and the rapid burn rates, as 
well as facilitate the continuous processing. To prevent the radioactive liquid fuel from coming into contact with 
the steam loop that drives the turbine-generator set, an intermediate light-water heat-transfer loop is added. The 
additional intermediate loop adds another degree of safety margin in case of accidental radioactive release from 
a rupture from the liquid fuel primary loop. The heat from the intermediate loop is transferred to a light-water 
secondary loop for steam generation. In this concept, energy produced in the blanket from the fission of the 
actinides is recovered and used to produce electricity with about 30% thermal efficiency. This recovery of useful 
energy greatly reduces the overall cost of the facility. 

The target/blanket design is evolving in an effort to enhance the safety, reliability, and efficiency (with respect to 
neutron utilization). For example, it may be possible to keep the actinide slurry within the blanket region, and 
transfer heat to the heavy-water moderator that is pumped outside the blanket. This retention will greatly reduce 
the overall volume of actinide slurry and reduce the risk of spills outside the blanket. 

Another option that is being considered is the use of a flowing liquid lead target. The use of such a target adds 
complexity to the design but has the potential to increase the neutron utilization efficiency. In addition, if greater 
accelerator currents are required, the liquid target can more easily remove the heat. 
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Clean Separation Flowsheets For Fission Product Transmutation 

Many options have been investigated for separating technetium from its transmutation product, ruthenium. 
Options that we have considered include: 1) volatilization of Tc as TC2O7; 2) fluoride volatility of the 
hexafluorides, TcF6 and RuFe; 3) electrochemical separation; A) solvent extraction; 5) magnetic separation; 6) 
conversion of Ru to solid Ru02 followed by filtration from pertechnetate solution; 7) ion exchange; and 8) 
ozonolysis to form volatile RUO4 Presently, the last three options appear to be the most promising, and of these, 
the ozonolysis scheme appears to produce the least waste. The ozonolysis flowsheet is shown here and is 
discussed in greater detail in LA-UR-92-39 and LA-UR-92-89. 

We have not explored as many flowsheet options for l/Xe separations. Currently, the preferred option involves 
transmutation of of I2 with continuous removal of the gaseous xenon transmutation product. This flowsheet is 
discussed in LA-UR-92-64. 
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Actlnide Flowsheet Uses Proven Aqueous Processes 

To establish a high performance level in the blanket, a constant fissile concentration with a low neutron poison 
inventory must be maintained. This requires that the plutonium and neptunium be returned to the blanket with 
approximately a ten day cool-down time. The initial processing step must be robust and selective for plutonium 
and neptunium. To accomplish this, a liquid anion exchange process using a quarternary amine was chosen. It 
has the features of high selectivity for plutonium and neptunium, very low affinity for typical neutron poisons and 
the extractant is more radiation stable than tributyl phosphate used in the PUREX process. Also, the degradation 
products are weaker extractants than the original ligand and therefore do not extract fission products such as 
zirconium or add strong complexing agents to the aqueous that can disrupt the extraction system. Furthermore, 
the thermal decomposition products of the extractant are gases and do not add to the waste. A further advantage 
of this process is that technetium produced during fission is well-extracted and can be easily sent to the 
technetium transmutation loop. 

The americium. curium, lanthanides and higher actinides produced during transmutation will be processed to 
separate the lanthanides, which are neutron poisons, from the transmutable transplutonium elements. Because 
of the high heat produced from the fission product lanthanides, this fraction will be separated from the plutonium 
and neptunium and cooled for an additional 180 days. At this point, a reverse TALSPEAK process will be used to 
separate the lanthanides from the transplutonium elements. Thermal denization to produce product oxide for 
return to the transmuter and spray calcination for the waste streams were chosen because they do not add inerts 
to the final solid waste stream. 

All of the components of the base case flowsheets have been successfully tested with either high-level wastes or 
spent fuels in gram to kilogram quantities. All of the features of the flowsheet have been documented in the 
literature. For more detail see LA-UR-92-63. 



Actinide Flowsheet Uses Proven 
Aqueous Processes ( Los Alamos Report LA-UR-92-63) 

• Fast recycle of Pu/Np to minimize processing inventories 
• Aqueous solvent extraction and ion exchange technologies 
• >10 5 separation factors 
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Preliminary Material Balance 

The base-case ATW system has been designed using current, credible technology. Even so, the performance of 
the system in terms of the waste it produces relative to the waste it destroys is very encouraging. The waste 
produced by the system includes radioactive species created in the spallation target, radioactive fission products 
created by actinide burning, activation products created in the structural components of the transmitter, and 
wastes from chemical processing. We have not yet estimated the waste generated in preparing the feed for 
transmutation. However, much of the chemical flowsheet developed for processing the material from the actinide 
flowloops of the transmuter can be applied to feed preparation. We have not yet developed quantitative 
estimates of the radioactive wastes that will be generated by neutron activation of the structural materials in the 
transmuter. Such estimates will require very detailed target/blanket designs. 

The base-case system destroys 2500 kg of actinides and 300 kg of long-lived fission products {technetium and 
iodine) each year. We estimate that approximately 30 grams of long-lived radionuclides will be produced in the 
spallation target for each kilogram of feed transmuted. Most of this amount can be eliminated by isotopic 
enrichment of the tungsten target or by choice of an alternate material such as lead or tantalum. The 
transmutation of each kilogram of Tc and I will produce an equal mass of Ru and Xe transmutation products. 
These products may contain small amounts of untransmuted material, making them, at worst, class C wastes. 
The transmutation of each kilogram of actinides will produce approximately 900 grams of stable and short-lived 
(t£30 yr) isotopes and 65 g of long-lived isotopes (135Cs, 107Pd, 9 3Zr, . . . ) . In addition, decomposition products 
from the liquid anion exchange and TALSPEAK processes will give rise to wastes. The anion exchange wastes 
can be incinerated to gaseous N2, CO2, and H2O. TALSPEAK residues will include phosphates that will be part 
of a solid waste stream. We estimate this solid waste stream to be approximately 156 g per kg of actinide burned. 
Analysis has shown that significant quantities of water will be produced during chemical processing. This will 
give rise to a non-TRU liquid waste stream of about 250 L per kg of actinide burned. For more details see LA-UR-
92-63. 



Preliminary Material Balance 
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• Per kilogram of material burned /year (Los Alamos Report LA-UR-92-82) 
- Produce 30 g of radionuclides in the spallation target (x1/2 > 30 years) 

• Per kilogram fission products burned/yr 
-1 kg Class C or better transmuted by-product discharge 

• Per kilogram of actinide burned/yr 
- Produce < 250 L of non-TRU liquid discharge (mainly water) 
- Produce N 2 , C02 

- Produce 156 g inerts ( phosphates, sodium, ash,) 
- Produce 65 g of radionuclides with x > 30 years C35 Cs,107 Pd, 93 Zr) 



Substantial Improvements Over The Base Case Are Possible 

The use of a lead target as a spallation neutron source when compared to tungsten has two advantages; one is 
the slightly higher neutron production per incident proton and the other is the significantly lower absorption cross 
section. Depleted uranium gives substantially higher production but presents the issues of long-lived nuclide 
production and large target thermal powers. 

The key to enhanced neutron economy in the blanket is the reduction in parasitic capture, primarily in the 
structure. Blanket concepts using heavy water cooled molten salt tubes at lower pressures or a molten salt in a 
He-cooled graphite lattice offer significant potential in reducing structural absorption. The key to lower blanket 
inventories is higher neutron fluxes. The higher neutron fluxes can be obtained only in higher power density, 
lower parasitic blanket design concepts. A heavy-water cooled in-blanket slurry or the molten salt in a He-cooled 
graphite lattice avoids the large external inventories in heat exchanger loops. 

Advanced separations can aid system performance by allowing quick removal of fission product absorbers that 
affect neutron economy and by further reducing wastes produced by the system. In a molten salt medium rapid 
separation of fission products from actinides may be possible using centrifugal methods that take advantages of 
the significant density differences for these classes of elements. In an aqueous system, solvent extraction 
systems that directly separate trivalent actinides from the trivalent lanthanides and other fission products with 
high specificity to replace the TALSPEAK process is an important advanced technology. Bench scale studies 
have demonstrated this actinide-lanthanide separations approach. The advantages of replacing the TALSPEAK 
process would be to decrease the number of processing steps with an ensuing waste reduction, especially if the 
phosphorous containing extractants could be replaced. 

Finally a molten salt carrier for the actinides offers a significant advantage in overall system performance due to 
high temperature and low pressure operation. The potential for thermal conversion efficiencies greater than 40% 
in a net power to the grid mode of operation yields significant economic advantages. 



Substantial Improvements Over the 
Base Case Are Possible 

• Enhanced Target Performance 

• Better Neutron Utilization and Material Inventory Reduction 
- Reduced absorption blanket 
- High flux operation optimization 
- In-core cooling of actinide carrier material 

• Advanced Separations 
- Physical separations 
- Advanced aqueous methods 

• System Performance 
- Molten salt for high conversion efficiency 

Conclusion: Numerous pathways exist for 
superior performance 
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Potential Strategies for Dealing with Additional Long-lived Fission Products 

Unlike reactor-based transmutation schemes, accelerator-based systems are not limited by their neutron 
economy in what they can transmute. Although we have focused on the transmutation of 99Tc and 129|, the 
neutron economy of the ATW system allows transmutation of other long-lived fission products as well. The 
decision of which of these other long-lived fission products to transmute will be based on the tradeoffs between 
cost and benefit. For example, it may be desirable to transmute f 35QS because of its high mobility in the 
environment. The transmutation of this species is complicated by the presence of stable 133Cs and shorter-lived 
137cs. We have considered two approaches to this situation. In the first, we have explored the possibility of 
using isotope separation to isolate 135Cs for transmutation. We have initiated discussions with industry on the 
use of the plasma separation process (PSP) for Cs isotope separation. The cost of this option needs to be 
evaluated. The second approach would be to simultaneously transmute 133Cs, 135Cs, and some 137Cs. Early 
analyses indicate 135Cs burn without creation of additional long-lived material from capture on 133Cs and $ 
134Cs. This approach would obviously be more costly in terms of the neutrons required. 

Similar considerations can be applied to other long-lived fission products such as 79Se, 93Zr, 107Pd, and 
126Sn. The cost of transmuting these species needs to be examined in the context of the environmental hazard 
that they represent. The hazards may also be mitigated through means other than transmutation. For example, 
conversion of the palladium to a metallic form might effectively prevent its migration into the environment. 



Potential Strategies for Dealing With 
Additional Long-lived Fission Products 

Destruction of other long-lived fission products not limited 
by neutron economy. Choice depends on economic 
tradeoffs 

• 135Cs - Importance in geologic storage risk scenarios; major defense HLW 

component 

1) Isotope separation using plasma separation process (PSP) technologies 

2) Burnup of cesium feed in transmuter: 

• Other long-lived radionuclides require assessment of impacts on storage 
scenarios, trades of additional transmutation cost factors 

fl ,®m /Alkwimm 



Continued Investigations 

Until now ATW efforts have been primarily concerned with technical investigations associated with development 
of consistent designs. Issues such as those shown here have been briefly considered. As the design becomes 
more complete, these investigations become the basis for a substantial increase in effort. For example, 
development of the detail in chemical processing flowsheets will allow us to better determine strategies and 
forms for dealing with wastes produced by the system. Likewise costing model components in areas such as the 
blanket and chemical processing components will utilize system technical knowledge that is now becoming 
available. With more system details available, more complete analyses of the environmental and safety aspects 
of ATW can proceed. Finally our beginning assessments of proliferation and regulatory environments described 
in Los Alamos report (LA-UR-91-2601) will also be expanded. 



Continued Investigations 

• Waste form/management determinations 

• Cost model development 

• Proliferation and safeguards issues assessment 

• Evaluation of ES&H concerns 

• Assessment of regulatory requirements 



Timeline 
Defense Waste Application 

Development of the ATW concept for application in an area such as defense waste cleanup would proceed in 
three phases. The first phase would consist of component technology development and general concept design. 
Key measurements of fundamental data (e. g. neutron yield, and chemical separation factors) along with 
beginning demonstration of inaividual components (such as target performance, low-energy accelerator 
components) would occur. Creation of a consistent point design and rigorous system material balance would be 
priority efforts. Environmental, safety, regulatory, and more-detailed costing studies would begin during this 
phase. The effort would require funding at the level of about 30 million dollars per year and would last for four 
years. This phase will produce information required to make a decision as to whether to proceed to the second 
phase of development, the Scientific Integrated Test. 

This second phase would demonstrate integrated system operation and performance at a scientific scale. We 
roughly estimate the cost of this phase at about $500 M which includes capital costs for a facility that would be 
used for testing and operational experience. After an initial operational period of the Scientific Integrated Test 
facility, a decision would be made as to whether to initiate the final phase of development, the engineering 
demo/production plant. For an application at a DOE site such as Hanford, we estimate such a facility capital cost 
to be around $2B. 

All phases of an ATW application effort will require significant industry teaming and participation. This is 
especially true for the second and third phases of the plan illustrated here where industry would take the lead in 
implementation and application of the system. 

An operating ATW system could be developed and constructed in a period of 12 to 15 years given a vigorous 
technology-driven effort. The period could be further shortened by initiating engineering design of the 
demo/production plant at an early stage. Increased technical risk would be associated with this approach. 



Timeline 
Defense Waste Application 

• Phase 1 (4 years) 
- Key data experiments 
• Individual component 

demos 
- Consistent point design 
- Rigorous material 

balance 
-Cost, regulatory, ES&H, 

studies 
•~$30M/yr 

• Requires substantial 
industry participation 

• Results, decisions feed 
integrated test, plant 
phases (Phase 2,3) 
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Summary 

This presentation has described the Los Alamos ATW concept which offers the promise of a technically attractive 
system for nuclear waste transmutation. The advantages offered by ATW are significant •• completeness for 
transmuting both long-lived fission products and actlnides. low inventories, rapid burnup. and enhanced safety 
and environmental attributes. The presentation focussed on an example of an ATW system aimed at 
transmutation of long-lived fission products and actlnides from LWR spent fuel discharge. Using demonstrated 
technical components, a system has been developed that achieves very good performance with an overall 
material balance assessment that is attractive. Numerous options exist for significant Improvement of this system 
to further reduce material inventories and wastes produced during chemical separations. 

A number of Issues - development of waste management strategies, realistic cost models, assessment of 
regulatory impacts,... - have been initially investigated but more effort aimed at them is required in the facets of 
ATW development. 

The ATW effort has received modest funding over the past two years. In order to truly be able to develop and 
demonstrate the technology that makes it unique, a larger effort, starting with a vigorous program of research, 
development, demonstration, and design is needed. Initiating such an effort can demonstrate a technology that 
has potential benefits, not only in radioactive waste destruction, but in a wide range of additional, nationally 
important application areas. 



Summary 

• ATW's accelerator-driven intense thermal neutron source 
allows important advantages 

- Completeness 
- Low inventory and speed 
- Safety and environmental advantages 

• Base case - Good performance; significant improvements 
possible 

• ATW technology can be applied to an important spectrum 
of national needs 

• Research, development, demonstration effort needed as 
the next step 
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Conclusion 

ATW offers a viable technical means of dealing with major long-lived radionuclides that dominate longer-term 
risks associated with management of HLW. For this reason this system can complement and enhance present 
efforts aimed at long-term geologic disposal of high-level nucloar wastes as well as other HLW management 
applications. 

en 



Conclusion 

ATW can enhance geologic repository or other high-level 
waste management applications through its capability 
for destruction of long-lived actinide and fission 
products 
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The use of minor actinides and a small power proton accelerator for 
fast reactor with a high breeding gain. 

( Alternate Ways to Dispose of High Level Waste: The Merits of 
the Antartic Icefield, the Moon, and Outer Space) 

Hiroshi Takahashi 
Brookhaven National Laboratory 

Upton, New York, 11973 
Tel 516-282-4099 

ABSTRACT 

We propose the use of a proton accelerator to run a slightly subcritical fast breeder and incinerator of minor 

actinides, and also the use of minor actinides to make a high burnup fuel, which can be burned in a reactor with 

a non-flattened core with a ratio of height to diameter (H/D=l). By injecting medium-energy protons into a 

subcntical assembly, and by supplying external neutrons produced by spallation and by high-energy fission reactions, 

the reactor can be operated in a safer condition than a reactor operated in a critical condition. The safety problems 

associated with super-criticality, which might be created by factors, such as a positive Na-void coefficient and fuel 

bowing, can be alleviated. 

The metal-fueled fast breeder has small decrement in the reactivity of power and bum-up; the reactivity decrement 

of the oxide fuel reactor can be reduced substantially by mixing the MA of ^ N p with the oxide-fuel. Thus, these 

reactors can be operated at a sub-criticality of k=0.99 with small beam proton power of IS mA and 1 GeV energy 

(IS MW). This slightly subcritical condition makes the power distribution more or less flat, which is important 

from the point of view of reactor safety. MA can be also used for achieving high fuel burn-up. 

This reactor requires a small inventory of fissile material and has large breeding gain. Thus, we suggest using Np-

237 to improve the characteristic of the fast reactor rather than simply incinerating this valuable commodity. 

Because of its small requirement for beam current, the cyclotron can be used instead of the linear accelerator, and 

the Iinac can be used for running many reactors by splitting the high current beam. 

In the appendix we discuss alternative way to dispose of high level waste into the Antarctic icefield, the moon and 

outer space. 

I. Introduction 

Accelerator technology has been developed extensively in the last few decades, and now 

has the potential to play an important role in the nuclear fuel cycle/1* 

We studied the concept of an accelerator-breeder(2),(3) (fuel producer) in connection with 

a program of non-proliferation of nuclear material. In that study, fission in the target was 

l 

Presented (o The Specialist Meeting on Accelerator-based Transmutation 
held at Paul Schener Institute, Wurenlingen.Switerland from 23 -26 March 1992 
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suppressed; the injection of a proton beam power of 300 MW (l.GeV, 300 mA) into a depleted 
uranium target produced 1.0-1.5 tons of plutonium yearly. 

When an assembly of a fast reactor with k=0.99 is used as a target, 300 MW of proton 
beam power can produce more than 6 tons of fissile material if the beam is first split and 
injected into many target assemblies. However, a large initial inventory of fissile material is 
required for these reactors. 

Recently, ANL promoted the use of the metal-fuel fast reactor*4* instead of the oxide-fuel 
reactor, because the former is inherently safer. Pirometallurgical fuel processing is much more 
economical than aqueous fuel processing which generally has been employed. Another 
advantage of this metal-fuel reactor over the oxide-fuel reactor is that there is only a small swing 
in reactivity during fuel bum-up, so that very few control rods are required to control excess 
reactivity; alternatively, the reactivity-worth of a single control rod can be reduced. Thus, the 
probability of having an accident after withdrawing a control rod is reduced. Because this metal-
fueled fast reactor shows only a small decrement in reactivity, it is suitable for use in a reactor 
assisted by a small power proton accelerator because it can be run at sub-criticality (k = 0.99) 
without many control rods. 

However, although a large reactivity swing can be regulated by the control rods, the 
insertion of a control rod into the core region creates a higher peak of power distribution, which 
is not desirable from the safety point of view. 

To deal with the problem of disposal of long-lived, highly radioactive waste, plans have 
been made to permanently store it in a stable geologic formation, such as the Yucca Mountain 
in Death Valley. However, there is concern that such geologic formations might change over 
millions of years. Therefore, alternative approaches to dealing with the waste have been studied 
that would separate the long-lived nuclei from high-level waste by transmuting the former into 
short-lived or non-radioactive wastes. 

The use of fast neutrons is an effective way to incinerate minor actinities ( MA ) because 
of the high ratio of fission-to-capture neutron reactions. 

When the neutron spectrum is hard enough, an assembly composed of 237Np, which does 
not cause fission of the thermal neutrons, becomes critical in a large volume of the target 
assembly. However, the lifetime of neutrons in this hard spectrum is very short, and the 
delayed neutron fractions from ^ N p fission(5) are much smaller than those from ^ U fission. 
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Therefore, such a ^ N p - fueled reactor must be controlled more carefully than a regular fast 
breeder which has a large amount of ^ ' U fuel. To alleviate the problem of criticality, we 
proposed to use the proton accelerator to generate external neutrons to run the ^Np-fueled 
reactor in a subcritical condition. 

n. A Fast Breeder Assisted by Proton Accelerator 

A high-current proton beam, which is required for a fission-suppressed fuel producer, 

has to be spread at the entrance of a "Hohlraum" pie-shaped target by a magnetic field*1*, and 

then is injected into the large surface of the main target; this approach reduces radiation damage 

to the fuel elements, and flattened the power distribution in the target. 

For neutron economy, a side enclosure is installed to capture neutrons created near the 
target's surface. But, even using with geometry, a large leakage of neutrons cannot be 
prevented. Also, to maintain the power distribution in the injected proton beam more or less 
flat, the energy of the protons must be kept high, so that they can penetrate deep inside the 
target. 

These problems can be solved if we use a non-fission suppressed target which has k value 

close to 1 (for example, k=0.99). In such a case, the target is so close to critical that the proton 

beam power can be kept small, and hence, easier to inject into the target. Also, because the 

condition of k=0.99 lengthens the path of neutron migration in the target, the distribution of 

neutron flux will be close to that of a regular reactor. Thus, it is not necessary to pay special 

attention to ensuring deep penetration of the proton beam nor to injecting it into a widespread 

area, as is the case for the fission-suppressed target. 

Recently, a group of researchers at the Central Research Institute for Electric Power 

Industry (CRIEPI)(6,7> analyzed a U-Pu-Zr ternary alloy fuel with a U-Zr-blanket fast breeder. 

Their analysis indicated that this reactor has a high potential to enhance passive safety because 

of the advantageous thermal and neutronic characteristics of the fuel. The fuel temperature 

during operation can be kept well below the boiling point of sodium, because of the high thermal 

conductivity of the designed alloy and the sodium-bonded fuel element. 
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Figure. 1 Excess reactivity oxide- and metallic- fueled core, (initial cycle and time variation) 
(from ref.7). 

Figure 1 shows the power reactivity decrement (PRD) and burn-up reactivity decrement 
(BRD) for metallic fuel, oxide fuel, and for the LWR. The LWR shows a large decrement in 
reactivity. To control excess reactivity, a burnable poison absorber is used, in addition to the 
control rods. The oxide-fuel fast reactor has 3 $ PRD and 8 $ BRD. To compensate for this 
excess reactivity, several control rods are required. In contrast to these reactors, the metallic 
fuel has an extremely small decrement of 1$ for PRD and another 1$ for BRD. Consequently, 
only a few control rods are required in the metallic-fueled reactor, and both the economy of 
neutron breeding and the distribution of the power flux are improved. Furthermore, the 
probability of having an accident related to the control rod is decreased. These small reactivity 
decrements are caused by the hardening of the neutron spectrum in the metal-fueled fast reactor 
compared to the oxide-fueled reactor. This hard spectrum, in tum, makes the inner conversion 
ratio high, the neutron life-time and the absolute values of the doppler- coefficient small, and 
the sodium density coefficients large. Thus, more careful control is required than in a reactor 
with a soft neutron spectrum. 

When a medium-energy proton is injected into a subcritical assembly with a 
multiplication factor, k, the total number of fissions, N f i s s , can be expressed as(8): 
where Nh = the total number of fissions due to high-energy proton reactions, Sh = the number 
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N^-N.+S,,—^— (1) 
** * *v(l-*) 

of neutrons produced by the high-energy proton reaction (spallation, high-energy fission, and 
evaporation), and v = the number of neutrons per regular fission. As shown in Eq.(l), when 
the k value of the reactor is close to 1 (slightly subcritical condition), the second term becomes 
the dominant term, and a small number of neutrons from an external source can induce a large 
number of fissions. 

Thus, oy providing external neutrons to the subcritical fast reactor(8), many of the safety 
problems associated with criticality can be alleviated and we can make the operation of this 
reactor safer than that of the regular fast reactor, which is always operated in the critical 
condition. 

The degree of sub-criticality should be determined by taking into account the safety of 
the reactor. If we choose a small k value, then the chance of having accident associated with 
super-criticality can be avoided. However, we should consider another important factor, that 
ot large peaking factor resulting from the non-flat distribution of power. When the k value of 
a target is small, the targeet must have a "Hohlraum" pie-shaped geometry, as is the case for 
a fission-suppressed target, to make the power distribution flatter and more uniform. This kind 
of geometry worsens the neutron economy, because a large number of neuirons leak out from 
the proton-injected surface which is needed to reduce radiation damage to the fuel element. This 
kind of geometry can be avoided by choosing a k value for the target assembly as close to 1 
as possible. 

When the k value of the target is 0.99, then, to run a large-capacity, fast reactor like the 
3.3 GWt, the proton-beam current needed is small, with a value of only 15-20 mA for 1 Gev 
proton energy ( 15-20 MW ); This value is 1/20-1/15 times less than for a fission-suppressed 
target where a proton accelerator of 300 mA and a 1 GeV energy (300 MW) beam is needed to 
produce 1. or 1.5 tons of Pu. When the fast breeder has a breeding ratio of 0.3, about 6 tons 
of Pu can be produced by running twenty such breeders with a 300 mA 1 GeV proton 
accelerator, although a large initial inventory of fissile material is required. Because only a 15 
mA proton beam current is required to run a single breeder, the proton beam can be injected 
vertically from the top of the reactor into a small center target assembly with an area of about 
300 cm2. The target assembly can be the same as that of the metal-fueled assembly, except it 
should not contain any Pu fissile material, to avoid excess fissions caused by low-energy 
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neutrons. 

The metal-fueled reactor does not have upper and lower blanket regions because the 
internal conversion is so high. The upper part of the fuel element is occupied by a gas-
ventilation section for fission products. Thus, medium-energy protons can be injected into the 
reactor from above the ^'U target assembly, as shown in Figure 2. 

PROTON BEAM 
20mA 
1G*V 

COOUNG 
WATEH 

IN — 

GAS 
PLENUM 

SHIELDING 

. RACIAL 
'BLANKET 

Fig.2 Overview of a fast breeder (or Incinerator) assisted by proton accelerator. 

However, the shielding region should be removed so that medium-energy protons can 
penetrate deep inside the target section, where neutrons arc effectively produced by the spallation 
and the following the high-energy fission of 238U. 

Another approach is to use a windowless liquid Pb-Bi target (Figure 3), as was adopted 
in LANL's thermal incinerator target/9* Liquid Pb-Bi is pumped upward through the outer 
channel and is turned downward, after which it falls by gravity, forming a meniscus below the 
turning point. 
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Fig. 3 An Overhead view of the flowing Pb-Bi Eutectic Target for fast breeder (or Incinerator) 

assisted by proton accelerator. 

238T The Pb-Bi target requires a somewhat higher current than the ZJ0U target, because the 
238T neutron yield from the liquid Pb-Bi target is smaller than that from the ^*U target. 

m . Incinerator assisted by proton accelerator. 

As discussed in the previous section, the oxide-fueled reactor has a large power-reactivity 

decrement of 3$ and a bum-up reactivity decrement of S 8. Therefore, the large number of 

control rods is needed to control the large excess reactivity installed at the beginning of the fuel 

cycle. This shortcoming can be alleviated by mixing minor actinides, such as ^ N p , with the 

MOX fuel. When ^ N p captures neutrons, it is converted to 238Pu and to ^ 'Pu which result 

in fission, even by low-energy neutrons. Also, mixing the ^ N p with MOX fuel hardens the 

neutron spectrum, giving a smaller decrement in bum-up reactivity and in the absolute value of 

doppler coefficient, but a large sodium density coefficient. This trend makes the overall 

decrement in reactivity small, so that the number of control rods required in the oxide-fuel fast 
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reactor can be reduced. 

Recently, a group at the Power Reactor Nuclear Fuel Corporation (PNC)<10) extensively 
studied the effects of mixing the minor actinides of (^Np) with MOX fuel in the oxide-fuel 
reactor. 

Pu Enrichment 
(Inner Core/Outer Core) 

Bumup Reactivity Loss 

Control Rod Worth 
1 (BOEC, 33cm Insertion of 
| Primary Rods) 

j Doppler Coefficient 

Coolant Density Coefficient 
1 (.10/1005 Density Change) 

1 Prompt Neutron Life Time 

| tfeff 

Reference Core 
(NoMA-Ioaded) 

15.3/19.3 
wt% 

3.31* to 

1.67% to 
(1.00)* 

-1.05 x IC2 

Tdk/dT 

-1.73 x 10"2 

0.406 usee 

3.71 x 10'J 

Homo. 
MA 

Loading Core 

16.2/19.6 
wt% 

1.88* to 1 

1.46* to 
(0.87)* 

-7.08 x 10 J 

Tdk/dT 

-2.50 x 10T1 

0.338 „sec | 

3.47 x I0"3 \ 

•) Values in Parentheses Denote Relative Control Rod Worth 

Table I. Core characteristics of MA-loaded cores, (from ref. 10). 

Table I compares the calculated results of the nuclear characteristics of a homogeneous 
MA-loaded cores with the reference core, which has no MA loading(10). Their calculation 
shows that the spectrum of neutron flux with MA loading becomes harder than that of the 
reference core. A calculation was made for a homogenous mixture of 5 % MA with MOX 
fuel. The group at PNC also calculated the effect of the ratio of MA to MOX fuel on the 
reactivity change in an infinite medium, and found that the decrement in bum-up reactivity 
becomes almost zero when 9% MA is mixed with the MOX fuel; therefore, the decrement in 
reactivity of this reactor can be reduced in this way. This finding suggests that the oxide-fuel 
fast reactor can be run in a slightly subcritical condition of k=0.99 without the many control 
rods using the proton accelerator in the same way as the metal-fueled reactor. 

The target assembly in the oxide-fueled incinerator is almost the same as the metal-fueled 
breeder discussed above; the 238U target might be replaced by 237Np, which yields more 
neutrons than the 238U. 
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The advantage of a small decrement in reactivity comes from hardening of the neutron 
spectrum. This hardening results in the need for more careful control of the reactor than is the 
case for a reactor with softer-neutron spectrum. The use of the proton accelerator becomes 
important for safe operation of the reactor. 

TV. Sub-criticality 

Figure 4 shows the relative power change due to the step wise reactivity insertion in the 
critical reactor calculated by point reactor kinetic model. The figure indicates that even with only 
a small reactivity insertion of 0.6-0.8 0, the power increases as much as 10 times and 103 times 
the normal power within S sec after insertion: this calculation does not include the negative 
doppler coefficient of the fuel element. The reactivity of the fast reactor, especially one with MA 
fuel, has to be controlled very carefully in the critical operation. 

« / 

I / 

Insertion of reactivity in critical reactor 

"" 0.0 1.0 2.0 3.3 1.0 5.0 5.0 7.0 

Time in sec 

Figure 4. Relative power change in a cniical reactor. 
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When the reactor is operated in the subcritical condition, the insertion of sm?Jl reactivity 

does not cause a power excursion. 

Figure 5 shows the power change of subcritical reactors operated with spallation neutrons which 

^initial subc-riticality are -3, -6, -12, and -24 $, the reactivity of 1.1 $ are step wisely inserted 

at 1 sec, and the proton beam is shut down at 2 sec. 

Power increase is at most less than 44 % in the case of initial sub-criticality of -3 S. Thus, a 

subcrirical reactor can be operated in more relaxed condition than the critical reactor. The safety 

of the reactor associated with criticality can be greatly improved, and also the subcritical reactor 

is more economical because it does not require the safty equipments to reduce this risk. For 

comparison, figure shows the level of decay heat. 

c a. 

7.0 

Figure 5. Relative power change in subcritical reactor. 
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V. Core geometry (flatness) 

To reduces the positive reactivity caused by decreasing of Na density, the fast reactor has 
flattened core with D/H = ( Diameter of core / Height of core ) = 2, is used for a regular 
reactor. For the MA transmutor using a metal-fueled reactor*1!), a ratio of D/H of 5-6 is adopted 
to maintain its inherently safe characteristics. This leaky reactor requires a large inventory of 
fissile material to compensate for large neutron leakage. And this makes the linear power rate 
very high, so that the removing heat from the flattened core becomes more difficult; also, the 
breeding gain becomes small. 
Because the small insertion of reactivity does not have a great effect in the subcritical reactor, 
the positive Na-coolant coefficient is not as important as in the critically operated reactor. Thus, 
we can adopt the solid core geometry of D/H = 1, which reduces neutron leakage. Therefore 
the inventory of the fissile material can be reduced, the internal breeding gain becomes large and 
the fuel can be burned for a long time without reprocessing provided that the fuel withstand 
radiation damage, or that the accumulation of fission products does not affect the metallurgic 
properties of the fuel. 

VI. Beam expansion and radiation damage 

A small beam current has another advantage, that of shortening the beam expansion 
section. To reduce radiation damage to the target material, a proton beam with low luminosity 
has to be expanded using combination of dipole and quadrupole magnets for achieving a flat 
distribution at the top instead of Gaussian distribution*12*. The length of the beam expansion 
section for a high current beam becomes long when a conventional magnet is used. This causes 
trouble with shielding in the beam expansion section; when beam is inserted vertically, as in the 
case shown in figures 1 and 2, the reactor must be situated deep underground,increasing the cost 
of construction. 

An other disadvantage of running a high subcritical assembly is the sharp gradient of flux 
distribution, which is of more concern from the safety point view than the criticality problems. 
To avoid this sharp distribution of power, the proton beam must be spread, requiring a long 
beam-expansion section. 

Another problem in using the high current of beam is the radiation damage to the target 
and surrounding materials. The spallation neutron energy is high, and the high-energy charged 
particle created by spallation reaction damages the material. When we use the high current 
beam, frequent replacement of the component is required and plant efficiency is reduced 
substantially. 
Radiation damage to a solid target, like tungsten material, is higher than to the window material 
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because of the high intensity of high-energy neutrons and charged particle. 

VC Use of MA to increase the fuel burn up. 

The metal-fuel fast reactor has small reactivity swing so that it does not require MA for 
long burn-up time. Due to the presence of Na as coolant and covering material of the core, 
refueling the fuel takes more time and is a more complicated procedure than in the LWR. 
Therefore, it is desirable to make infrequent fuel exchanges. Because the addition of MA can 
change the reactivity swing to positive, we can lengthen fuel burn-up provided that the 
metallugic properties of the fuel are not greatly changed by the accumulation of fission products. 

By adding MA to give a concentration of more than 10% of the Pu fuel, we can also 
make reactivity swing of the oxide fuel positive and bum the oxide fuel for much longer. Oxide 
fuel can accommodate more fission products than the metal fuel due to its material properties. 
However it requires a higher concentration of MA than the metal fuel; consequently a higher 
MA inventory is needed. 

VIE. Accelerator 

Because the target assembly of the fast breeder and incinerator is slightly subcritical, 
k=0.99, a proton beam power only of about 15-20 MW is required to run the fast reactor at 
about 3.3 GWT. Small beam powered protons can be accelerated using the so-called 
"multistage-parallel" cyclotron arrangement(9'2) instead of using the linear accelerator. 

The linear accelerator has a higher efficiency of conversion from electric power to beam 
power than the cyclotron accelerator. A high current beam of 250-300 mA, accelerated by a 
linac, can be split by a laser, gas jet (foil)(13\ or time wise as pulse, and several fast breeders 
and incinerator reactors can be operated with only the small additional cost of an accelerator (see 
Figure 6). 

IX. Conclusion 

We propose to use a proton accelerator to run a slightly subcritical fast breeder and 
incinerator of minor actinides. By injecting medium-energy protons into the subcritical assembly 
and by providing external neutrons produced by spallation and by high-energy fission reactions, 
the reactor can be operated in a safer condition than a reactor operated at criticality. The safety 
problems associated with super-criticality, which might be created by factors such as a positive 
Na- coolant coefficient and a sudden recovery of fuel bowing, can be alleviated. Further, the 
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extra sub-criticality can allow a more flexible choice of structural material and a more flexible 
operation. 

The metal-fueled fast breeder has a small decrement in reactivity of power and bum-up; 
by mixing the MA of ^ N p with the oxide-fueled reactor, the decrement of reactivity can be 
reduced substantially. Thus, these reactors can be operated at a sub-criticality of k=0.99 with 
a small beam proton power of 15-20 mA and 1 GeV energy (15-20 MW). This slightly 
subcriiical condition produces a power distribution that is more or less flat, which is important 
from the point of view of reactor safety. 

The linear accelerator has a higher efficiency of conversion from electric power to beam 
power than the cyclotron accelerator. A high current beam of 250-300 mA, accelerated by linac, 
can be split by a laser, gas jet (foil),or time wise as pulse, and several fast breeders and 
incinerator reactors can be operated witi. only the small additional cost of an accelerator. 
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^ ' N p is very valuable fertile material for improving the neutronic characteristics of the 

oxide-fueled reactor, such as power and bum-up reactivity decrements. MA material should be 

used efficiently in this way, rather than simply incinerating it. 

X. APPENDIX 

In the main text, we discussed the use of the minor actinides to improve the 

characteristics of a nuclear reactor, especially the fast neutron reactor. However, the problem 

remaining is that of radiation hazard due to the fission products. To solve this problem, in this 

appendix, we will discuss various alternative ways. 

There have been several studies on the transmutation of high-level radioactive wastes 
produced from nuclear reactors into short-lived nuclei using the neutron created by spallation, 
fission or fusion reactions. Although transmutation of minor actinides by fission processes 
produces energy, so that an energy balance can be easily achieved, to transmute the fission 
products themselves requires a substantial amount of energy. Thus, to transmute the Cs-137 
fission product by thermal neutrons with an incineration rate of 2-3 half-year life-time, a very 
high thermal neutron flux of the order of 10 17/cm2/sec is needed; this high thermal-neutron flux 
cannot be obtained by present nuclear reactors. 

Recently, Russian scientists proposed to isolate HLW in outer space or in the deep earth 

crust by self-heating. However, the isolation of HLW in outer space using a rocket might disturb 

astronomical observations because of its local radiation source. Further, injection of the HLW 

into the sun requires a rocket with more than 35 km/sec velocity to carry the FP, and the mass 

ratio of the total mass to payload mass becomes very high when a 1,100 chemical rocket with 

hydrogen-oxygen fuel is used. Thus, these alternatives are not economical unless a nuclear 

propulsion rocket can be developed. 

Isolation of HLW into the deep earth crust requires a container made from material which 

has a higher melting temperature than the earth's crust to preventing the radioactive material 

dispersing during its passage through the crust. 

We propose here a new approach of disposing of the medium- and long-lived fission 

products of Sr-90, Cs-137, Tc-99 and 1-129 into the Antarctic ice-field, outer space, and on to 

the back face of the moon. 
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At first, we must separate type I FP, which is composed of Sr-90 and Cs-137, from the 
type II FP which is composed of Tc-99 and 1-129. Type I FP has 30 years half-life and 
produces a lot of heat; type II FP has long half-life of more than 105 years and the heat 
production is not high in type I. Also Tc is soluble to water. 

We can dispose of type I FP by enclosing it in a rather thin capsule and putting it in an 
earth pit at the bottom of the Antarctic ice field by melting through the ice. 
The heat produced by the FP initially will melt the ice, bu* it soon will be frozen over again. 
The radiation will be shielded by thick ice, and will be confined in a small region. A speed at 
which the FP container melts through the ice will depend on the size and weight of the quantity 
of FP. Because the half-life of type I FP is 30 years, within 300 years after disposal, the level 
of radiation will be reduced by a factor 0.510—10"3. This approach does not incur the cost of 
removing me earth as is the case for a geological stable deposition so that it will be very 
economical. 

Concerning damage to the container due by crushing the glacier pressure, the recent 
discovery of the ancient (5000 years ago) ice-man who was embedded in a pit hole under the 
glacier suggests that the FP I container in the pit hole will maintain its integrity. Even if the 
container is ruptured and radiation material leaks, the frigid temperature of the environment will 
freeze the FP. Since type I FP is not soluble in water, any material that has leaked out will not 
migrate, and the environmental problerr. will be minimum. The antarctic ice field is far 
from regions of human habitation and activity, and furthermore, the area is under international 
jurisdiction. 

Concerning the cosmic neutrino experiment that is being carried out the antarctic ice 
field, the place selected for disposal of FP-I will be far from the experimental area, so that it 
will not disturb the experiment. The anti-neutrinos released in the beta-decay process of FP-I 
will not disturb the experiment. 

If the second type of fission products, (type II FP) such as Tc-99 and 1-129, can be 
dispersed uniformly into space in the solar system, the radiation level will be so small that the 
astronomical observations will not be affected, as would be the case of isolation using a rocket. 
A energy corresponding to about a 35 km/sec velocity of FP II nucleus is in the order of 1 to 
2 kilo electron-volt, so that the FP can be accelerated by small-energy accelerator instead of 
using the medium-energy accelerator considered in transmutation. Nuclei ejected with this 
velocity will remain inside solar space the radius of which is about the distance between the sun 
and earth. However, the energetic nuclei cannot be ejected directly from the earth's surface into 
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outer space because the kinetic energy of nuclei would be soon lost by ionizing the air 
surrounding the earth; they should be ejected from a space ship or from the moon to avoid the 
ionization loss. To mitigate the effect of the magnetic field on the charged particles, the neutral-
beam technology developed for SDI might be used. The efficiency of an accelerator providing 
the ejection energy to the particles might be so high that the energy consumed for dispersing the 
FP-I1 in outer space will be mosdy that needed to launch the FP-II using a rocket or putting it 
on the Moon surface. The energy consumed in launching the FP-II nuclei will be small 
compared to the nuclear transmutation energy, in the order of a few tens MeV, using the 
accelerator. 

To prevent the disturbance of astronomical observations, a homogeneous dispersion of 
FP-II is need as I proposed above, but if FP-II is put on to the back surface of the moon which 
never faces the earth, astronomical observations from the earth will not be disturbed, and it will 
not be necessary to eject the material into outer space. On the moon, there is no atmosphere and 
the moon is geologically stable, so that the radioactive nuclei cannot be transported to other 
locations by natural forces. The moon will be controlled by an international organization, so 
that every nation can have access this deposit site. To prevent any spread of FP due to rare 
events, such as a meteorite falling on the deposit site (although the radius of contamination area 
will be limited because there is no atmosphere), the some underground deposition might be 
required. To reduce any impact due to a meteorite falling, the site may be covered by moon 
soil. This operation can be complementary to the operation to take out the He-3 material which 
can be used in a future fusion program. 

At present, we have discussed the elimination of weapon-grade plutonium produced in 
Russia. Rather than incinerate this plutonium by fission, which creates FP, it would be better 
to store the plutonium on the moon, so that it can be used later to produce more fissile material 
with fast breeder when a large energy generation is demanded. 
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I. INTRODUCTION. 

The Question to be considered is o-f qreat importance and has 

to be discussed -from two DOints o-f view. The first aspect conserns 

the perspectives of following development of atomic power. We 

think that it is difficult to hope for larqe-scale development of 

atomic power without satisfactory solution of the problem of 

high-level radioactive wastes (HLW) of atomic power and industry. 

The second aspect conserns the necessity of inciniration of the 

HLW stored as a result of activity of the plants of military nuc

lear industry and existing NPP. Our Institute opinion is that the 

world community is obliged to take efforts to create reliable met

hods of HLW inciniration. 

It is worthwhile to mention that specialists in nuclear in

dustry have different points of view to the problem of HLW incine

ration. The soecialists from Great Britain, judging from the mate

rials of the meeting of experts at the IAEA 24-26, Oct., 1991 on 

the problem of nuclear transmutation of the long-lived HLW and 

partitioning, do not think it is expedient to carry out works on 

nuclear transmutation. Some specialists of our country think that 

it is much cheapier to store the HLW in controlled conditions in 

near the surface storages. For provision of reliability of storing 

it is necessary to provide periodical secondary sealing of the 

containers with HLW. Apparently storing of HLW in near the surface 

storages is possible but the economical gain is not obvious. There 

is information that the price of one storage for long-time storing 

of HLW in the Ukka Moutain (Nevada, USA) is 28 billion doll., and 

of two storages - 34 billion doll. It is necessary to bear in mind 

two important factors conserning construction of the near the sur

face storages like the storage in the Ukka Mountain. One of them 

is that the population of the region where construction of HLW 

storages is supposed raise objections against the construction. 

This fact takes place in all the countries possessing NPP. A spe-
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cific example was oivert by D-r Hyun-Soo PARK, director o-f the 

Spent Fuel Manaaement Division o-f Korea Atomic Energy Institute at 

the Soviet-Korean seminar in Moscow 2 — 3 Dec., 1991. He said that 

"in 1990 they had to abandon the place destined -for construction 

o-f the storage due to the protests of local authorities. Since 

that time the problem o-f choice of a place for burying the ra

dioactive wastes became a complex social problem which is intended 

to be solved with the aid of a program of social accord". The ot

her condition is connected with moral and ethical problems connec

ted with the necessity to shift off the troubles of management of 

HLW formed due to industrial activity of our generation to the 

concerns of the next generations. Finally, there is one more as

pect being worthwile to be mentioned. If to compare the volumes of 

radioactive wastes of atomic power and industrv with the volumes 

of the wastes of other branches of industry the great difference 

is clearly seen. The volume of HLW is tens thousand times less 

than the volume of the wastes of other industries and this is a 

favorable feature to create methods of HLW incineration and elabo

ration of such kind of atomic power industry which would be almost 

wasteless. It is possible to hope that creation of technology o-f 

HLW inciniration would be a good example for other branches of in

dustry in rational wastes management. 

2. STATE TECHICAL POLICY ON HIGH-LEVEL WASTES MANAGEMENT. 

The state technical policy of our country stimulates the ne

cessity of a complex solution of the problem of radioactive wastes 

management beginning from standards for formation of wastes, col

lection, registration, counting, temporal storage, technology of 

preparation for burying, including reliable isolation of the radi

onuclides and other bioloaically dangerous components of the ra

dioactive wastes, from thy biosphere under corresponding system of 

controling at all the operating, being projected or constructed 

plants independently of their formal belonging to any ministry. 

Technical policy is a system of technical decisions which are 

obligatory to obey under radioactive wastes management. 
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The main requirement to the plants or scientific centers whe

re the radioactive wastes are -formed, buried, used or reprocessed 

is provision o-f radioactive safety of the personel, population and 

protection of the environment. Technical constructions capable to 

provide biological protection, to prevent any leakage of the radi-

onuclides outside of the construction and to separate the gaseous 

blips are thought to be the main barriers preventing distribution 

of radionuclides and ionizing radiation in the process of collec

tion, reprocessing and temporal storing of the wastes. 

Burying of the radioactive wastes into geological formation 

must be accomplished under condition that the hazardsous influence 

of the wastes would not penetrate beyond the boundaries of the mo

untain site taking into account the lona-time prognosis of ecolo

gical, geological, hydrological and constructing requirements to 

the state of the environment and health of the population. The pe

riod of prognosing is defined taking into account the characteris

tics and quantities of the radionuclides and toxic chemical sub

stances in the wastes to be buried. The main barriers for protec

tion of the biosphere from radionuclides and toxic chemical compo

sitions in the process of burying of radioactive wastes should be 

geological formations and physical and chemical forms of the was

tes. Wrapping means and technical constructions may be used as ad

ditional barrier for a limited period of time. The main principle 

of preparation of the wastes to burying are concentration and 

transfer into stable state under long periods of storing excluding 

their contact with natural factors. 

Choice of the technology of solidification has to be done ta

king into account following wastes management. 

The technology providing production of chemically, thermo and 

mechanically stable materials (glass, mineral-like materials etc.) 

is used while reprocessing the wastes of high activity (specific 

activity is more 1 Cu/1). 

The technology of production of chemically stable monolitic 
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materials (glassification, cementation, bitumenation, mixing with 

polimeric and other materials) taking into account the conditions 

of transportation and specific features uf the plants is used for 

preparation for burying of the wastes of medium (activity from 

10 - s to 1 Cu/l) and low (less lO-o Cu/D level of activity. 

The place and the depth of the wastes, dasign of an under 

surface long—term storage is being chosen taking into account ge

ological and seismic conditions, volume, type and form of the was

tes. The mountain site for placement of radioactive wastes in ge

ological formations is excluded from civil activity. 

It is admittable to create tne under surface storages with 

special equipment of reliable isolation, corresponding control 

systems, provision of necessary repairs and measures for preventi-

on of accidental situations for solid forms of low and medium ac

tive wastes. For stable monotithic solidificated wastes it is ad-

mi tttable constructing of temporary storages of not deep type in 

assumption to transfer the wastes from them in deep underground 

storages in future. 

Reprocessing and burying of the radioactive wastes is an in

tegral part of the main technological processes during routine 

operation of nuclear installations. While considering any questi

ons combined with creation of new plants or modernization of exis

ting technological processes the ways of reprocessing and isolati

on of the radioactive wastes should be forseen. 

Simultaneously a long-term alternative programe of HLW mana

gement is carried out and is now under realization. The necessity 

of the alternative program arises due to: first, protests of the 

population of a row of regions of the country; second, the program 

of scientific-research and R&D works ior grounding of the state 

technical policy in HLW management is not yet completed. The third 

reason to our opinion is the absence of any garantees excluding 

leakage of the radioactivity out of the storages after a period of 

time more than 1000 years. The absence of garantees means the ab

sence of technical decisions. 
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Irrespective of all mentioned above ideas, which constitute 

the point of vie** of our Institute, the next alternative methods 

of the wastes management arc now under serious consideration: 

a) isolation of the wastes in the space, 

b> isolation of the HLW in the central part of the Earth ker

nel due to radioactive self-heating, 

c) nuclear transmutation of HLW. 

3. SHORT DESCRIPTION OF ALTERNATIVE METHODS OF HLW MANAGEMNT. 

3.1. Isolation of the wastes in the space. 

Isolation of HLW with the aid of rocket systems in the space 

is under investiaation in our country for several years. Three ma

in technical task are beina studied: 

a) possibility of creation of rocket svstem of high reliabi

lity excluding disruption of a transportation rocket at the point 

of launching and in the space in case of collision with some 

objects, mainly the remnants of the rockets launched earlier; 

b) possibility of creation highly durable and hermetical 

transportation container with HLW to be placed in the rocket; 

c) chaise of the part of the space to place the containers 

with HLW. 

The first two tasks are now in the state of scientific-rese

arch of techical works. As to the third task, the near the Earth 

space. Sun, some planets of the Sun system and the Galaxy were 

studied. Two main criteria were taken into account: energy consum

ption for launching of the rockets and reliability of storages in 

the space. Some ethical questions of storing the HLW in the space 

were also discussed. It was noted also the necessity of internati

onal cooperation and internationally agreed ways of realization of 

the cosmic isolation. 
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3.2. The method of melting through due to self-heating. 

Under utilization of this method HLW are placed in a sealed 

container which will be self-heated due to the heat of radioactive 

decay. Calculations show that the temperature of the container can 

reach the melting temperature of the rocks. The container will be 

sinking in the depth of the earth rocks and this process will lead 

to self-burying. 

3.3. Nuclear transmutation of long-lived HLW. 

Conseptual study of the possibilities of nuclear transmutati

on of the long—lived HLW is being carried out in our country in 

the next directions with the use of a row of new power nuclear in

stallations: 

— thermal nuclear reactors; 

— fast reactors; 

— accelerators of charged particles (protons and deutrons); 

— fusion installations. 

A specialized heavy water reactor was considered as a reactor 

with thermal neutrons. The choice of this reactor was stipulated 

by the possibility of production of neutron fluxes of rather high 

density and creation of a large volume for placement of the tar

gets to be irradiated. We considered the existing reactors, the 

reactors of RBMK type for example, for the purposes of transmuta

tion. We studied also the possibility o-f transmutation of **Tc in 

modular heavy water reactor MTR-500 designed by us for the purpo

ses of industrial heat production without decrease of output ener

gy; the **Tc maily will define the activity level of the fission 

products in 1000 years. The possibility of transmutation in a re

actor with lead heat-carrier was also considered. 

Investigation of possibilities of fast reactors, serial reac

tors BN-350, BN-600 which are in routine operation now, BN-S00 
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which is now being projected and of a special fast reactor-burner 

was carried out. Transmutation of only actinides and even only mi

nor actinides is possible in these reactors. 

Accelerators of protons and deutrons for transmutation were 

studied. The results were presented at the international workshop 

in Obninsk ( 1 - 5 July. 1991). ITEP Drefers a oroton accelerator 

with energy 1.6 GeV and current 0.3 mA. Some more details on the 

project of the accelerator will be given in the next paragraph. 

A fusion installation designed under leadership of the 

staff-members of AEI named after Kurchatov academician S.T. Be-

liaev and prof. B.A. Rusin is being studied as an intensive source 

of neutrons. 

The next scientific centers of our country are working in 

this direction: 

Institute for Theoretical and Experimental Physics -

(ITEP, Moscow) - heading institute in the country and scientific 

leader on the problem of nuclear transmutation, simultaniously it 

carries out theoretical and experimental investigations on heavy 

water reactors and proton accelerators for transmutation. 

Phvsical-Energy Institute (FEI. Obninsk) — carries out investiga

tions on possibility of utilization fast of reactors for the pur

poses of transmutation and on grounding of the target for proton 

accelerator. 

Institute of Power Engineering (IPE, Moscow) is the main designer 

of the target and the blanket of the proton accelerator and also 

conceptually investigates possibilities of reactors of RBMK type 

and reactors with lead heat-carrier. 

Institute for Nuclear Power (INP, Obninsk) investigates possibili

ties of deutron accelerators for transmutation. 
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A.A. Bochvar (SRIIMOM, Moscow) is a leading institute on fuel com

positions, construction materials and technology of HLW manage

ment, it also works on the technology of radiochemical reproces

sing of spent nuclear fuel (SNF). 

Scientific-Industial Cooperative Plant — Radium Institute named 

after V.G. Khlopin (RI. Sanct-Petersburg) carries out works on 

technologies of radiochemical reprocessing of the SNF and fragmen

tation of fission products and actinides, investigates the possi

bilities of ecological safety of nuclear fuel cycle. 

Scientific-Industial Cooperative Plant Sc i ent i f i c—Research and 

Project Institute of Electro—Technology (SRPIET, Sanct—Petersburg 

designs the plants of nuclear fuel cycle. 

Moscow Engineering—Physical Institute (MEPI) carries out theoreti

cal work and calculations of different nuclear power installations 

for transmutation, mainly on fast reactors. 

Moscow Radio—Technical Institute (MRTI) designs the proton acce

lerator and its technical systems. 

Besides,, a row of institutes carries out a large complex of 

experimental works on measurements of cross-sections of interacti

ons and other nuclear data. These works are being carried out in 

Joint Institute of Nuclear Research <JINR. Dubna), Scientific-Re

search Institute of Experimental Physics (SRIEP, Arzamas), Kharkov 

Physical-Technical Institute (KhPTI), MRTI, RI and others. 

4. THE MAIN RESULTS OF CONCEPTUAL INVESTIGATIONS OF NUCLEAR 

TRANSMUTATION OF LONG-LIVED HLW. 

The conceptual study allowed to establish that nuclear tran

smutation of long-lived HLW is a complex of technological proces

ses of multi-purpose directions. Nuclear transmutation combines 

the next nuclear—physical and chemical processes: 
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- transformation of long-lived HLW into short—lived or stable nuc

lides; 

- partitionninq of radionuclides in the process of radiochemical 

processing of the wastes of nuclear technics, 

- production of useful radionuclides in the process of transforma

tion of long-lived HLW, 

- production of powerful fluxes of neutrons for fundamental and 

applied investigations on radiational materialogy, physics of so

lids, nuclear physics of low energies, radiational chemistry an so 

on; 

- production of powerful fluxes of gamma—quanta for different in

dustrial utilisations (radiational polymerization, radiational 

strerilization etc.). So study of nuclear transmutation which is 

perspective technology cf the 21-st century has to be of complex 

character. 

It is worthwhile to name the next specific scientific tasks 

which were solved at the stage of conceptual investigation. 

1. Definition of summary activity and quantities of the long-lived 

radionuclides to be transmuted. It is worthmhile to mention some 

peculiarities characteristic for soviet specialists. A part of so

viet specialists is sure that all the fission products without any 

exceptions, including strontium, caesium and actinides should be 

transmuted. Some other specialists think that the radionuclides 

with half-life 30 years and less should be stored in controlled 

storages for approximately 600 years and should not be transmuted. 

There is a third point of view in accordance with which transmuta

tion has to be applied only to the atomic power plants to be deco-

missioned and for HLW of the military atomic industry. Apparetly 

USA scientists may have analogous points of view. Following study 

will allow to get more information for qualified discussion of the 

attest ion of necessity and expediency of the process of nuclear 

transmutation with its multipurposal character. 
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2. The second task is a logical continuation of the -first. It con

sists mainly in definition of optimal ways of transmutation of the 

HLW and of its energy efficiency. It is worthwhile to mention the 

importance of energetical acceptability of the process of nuclear 

transmutation if this process is a constant element of nuclear fu

el cycle but not a separate episode in the history of atomic sci

ence and technology. Energy consumption for transmutation proces

ses in fission nuclear reactors, charged particle accelerators and 

fusion reactors were calculated taking into account the above men

tioned idea. Fission products were considered first, *°Sr and 

*37Cs were taken as some kind of a standard. The reactions In. r) 
were taken as the main nuclear reaction. It was found that it is 

not expedient energetically to transmute *°Sr and l3yCs in exis

ting nuclear reactors having neutron fluxes to 5x10*° cm~as~*. Ri

sing of the neutron flux higher than 5xl0*s cm_as-*, for example 

to 10*'rcm_2s-* in the reactor with rotatina core which is under 

now under designing in IPE energetically is also unacceptable due 

to large consumption of enriched uranium. As to the energy effici

ency of transmutation of actinides it is worthwhile to note that 

utilization of minor actinides as addition in quantity Z7. to 
MOX-fuel of fast reactors allows to get positive energy balance as 

most of actinides are fissile in the neutrons with fast specturn. 

As to transformation of some actinides into the useful ones, for 

example as'Np into as"Pu as energy source (a special report was 

presenteo at the Obginsk worksh) here we have negative energy ba

lance with additional consumption of neutrons. 

In order to choose correctly the priority in designing of 

charged particles accelerators ITEP scientist, D-r Kazaritskiy es

timated consumption of energy necessary for transmutation of ,:"'Cs 

in the beams of protons, deutrons and electrons. These estimations 

show that the least consumption of energy are 60 MeV/nucleus in the 
proton beam with energy 1000 MeV, appr. 100 MeV/nucleus in the be

am of deutrons and 4000 MeV/nucleus in the electron beam. Formati

on of one nucleus of *37Cs in fission nuclear reactor is followed 

by release of 1000 MeV of energy. More correct estimations will be 

made at the following stages of designing of the proton accelera-
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tor. These results and other reasons witness of expediency of cho

osing of the proton accelerator for transmutation of 1 3 7Cs. 

It is worthwhile to note that the processes of transmutation 

of *"Cs in the flu:: of neutrons is, first, multistaged, with al

teration of nuclear transformation characterized by presence of 

reaction branches. This peculiarity of the process of nuclear 

transmutation predetermines the necessity of optimization during 

the following stages of design of the installation for transmuta

tion. A theory of optimization of the pointed above processes ba

sed on the method developped by soviet mathematician Pontriaguin 

was improved in ITEP under the leadership of the honorary member 

of the Internatitonal Academy, prof. A.P. Rudik. 

Investigations to define the possibilities of deep cleaning 

and fragmentation of the fission products and actinides were car

ried out at the conceptual stage. Long-term experience of radioc-

hemicar reprocessing of the wastes of reactors of WWER and also 

the research works carried out by Radium Institute with really ac

tive solutions witness of the possibility of deep fragmentation of 

specific fission products with cleaning factor of appr. 977.. All 

these works are going on now. 

An important task at the conceptual and the following stages 

is achieving of precise nuclear data for the processes of interac

tion of radionuclides and neutrons. The available data for a row 

of radionuclides are either not sufficient or not enough accurate. 

There were no practically data on the energy balance in different 

materials under interaction with protons of the required range of 

the energies. It is worthwhile to note that the experiments on me

asurements of energy balance in different target materials are 

carried out; we think that these data are of serious interest for 

the LANL specialsists. 

Theoretical studies and comparisons of the possibilities and 

safety of fission reactors carried out in TTEP allowed to estab

lish the next, peculiarities of the accelerating structure for 

transmutation. 
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1. The accelerating -facility allows to transmute the -fission 

products and the actinides. The -fission reactors may e-f-fectively 

implement the process o-f transmutation o-f only actinides. Transmu

tation o-f the -fission products except **Tc is energetically unac

ceptable. For transmutation of the fission products and actinides 

in nuclear fission reactors rather large quantity of highly enric

hed uranium <up to 400 kg per year) will be necessary. Consumption 

of plutonium in fast reactors will be approximately 1.5 times 

less. 

2. The accelerating facility is of another level of nuclear 

safetv than the fission reactors as a result of, first, utilizati

on of subcritical blanket and, second, decreased approximately ten 

times the value of loading of the actinides into the blanket in 

comoarison with fast reactors. 

The accelerating facility possesses a row of other advantages 

in comparison with fission reactors. 

5. CONCEPT AND MAIN TECHNICAL CHARACTERISTICS OF THE ACCELERATING 

FACILITY FOR TRANMUTATION OF FISSION PRODUCTS AND ACTINIDES. 

After conceptual study ITEP has chosen as the priority direc

tion an accelerating complex of a proton accelerator, a target and 

a heavy water blanket. Technical decisions of LANL specialists of 

the last 2 years seriously influenced the choice of ITEP. Undoub

tedly that the scientific contacts and discussions also had some 

influence. All this creates a good base for collaborative works of 

ITEP and LANL on designing and experimental groundino of the 

project of the accelerating facility for transmutation of fission 

products and actinides. In what follows the main technical decisi

ons on the main parts of the accelerator for transmutation are 

briefly presented. 

It is worthwhile to note that ITEP has put a proposal on 

construction of a prototype of a proton accelerator with energy 
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100 MeV and current 30 - 50 «A of the dimensions corresponding to 

the full-scale proton accelerator with eneray 1.6 GeV and current 

300 mA for consideration of the authorities of the Ministry of 

Atomic Energy (MAE). Such a decision is stipulated by the necessi

ty to check up the influence of the scale factor in order to come 

up to higher energy after mastering the densities of proton fluxes 

corresponding the currents 30 - 50 mA. It is necessary to say that 

the MAE has positive attitude to this proposal and gave permission 

to place the accelerator at one of the atomic industry plants. We 

think that the accelerator for transmutation should be placed in 

close neighbourhood with a radiochemical plant reprocessing spent 

nuclear fuel of MPP or possessinq HLW of military industry. Now we 

began to search a site for this prototype-linac. Just at the same 

time we began to arrange the calendar plan of design and construc

tion. 

5.1. Structure of the proton accelerator. 

The structure of the accelerator was proposed in the division 

of linear accelerators headed by prof. Kapchinskij I.M., one of 

the three soviet authors of space-uniform quadrupole focusing RFQ. 

Some iinformation was already published and here I would like to 

mark only the next features. The accelerator should be of three 

stages with consequengt summing of beams. The first part is a 

structure with space-uniform quadrupole focusing; the second - a 

structure with drift tubes and magnetostatic focusing; the third -

one of the structures with high phase velocity of the equivalent 

accelerating wave. The proposals of LANL and ITEP are prepared on 

tie base of this concept but seriously differ in details: 

1) in the ITEP project the initial part of the accelerator is 

operating at the frequency four times lower than in the LANL 

project and this will provide higher current limit and consequen

tly lower rise of emittance and losses; 

2) summing of beams in the ITEP project will be implemented 

at the lower level of energy (3.5 MeV instead of 20 MeV) and this 

should simplify the equipment of summing and lower losses while 

summing, 

3) a structure with disks and washers (DAW) is used in the 
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main part of the ITEP project (instead of a sequence of resonators 

with side coupling cells ) which possesses higher shunt-impedance 

(parasitic modes are suppressed). 

4) HF power losses in the project of ITEP are higher than in 

the LANL's due to higher value of Ee»; this only slightly influen

ced the efficiency (68% instead of 79X) due to larger consumption 

of energy by the beam, but allowed to shorten substantially the 

length of the machine (from 2100 m to 1000 m) and to make less ex-

the building and all technological systems less expensive. 

Though the concept of creation of a powerful linear accelera

tor for transmutation exists but there are some difficulties for 

the modern technics which must be overcome. The main of them are: 

- powerful continuous ion source of high brightness (current 200 -

300 mA, phase density to 10 A/cm.mrad); 

- HF generators of high unit oower (to 5 MW); 

- heat removal and absence of local overheatings; electric strenth 

in continuous way of operation: 

- decrease of particle losses to the values admitting the mainte

nance of the accelerator, radiational stability of materials: 

- matching structures at the inputs and outputs of the sections 

with RFQ: 

- structures of summing the beams with conservation of emittances 

and currents; 

- maximumal utilization of beam from the ion source: 

- matching of the beams while doubling the frequency; 

- remote replacing of drift tubes in cases of failure: 

- the systems of continuous high power beams diagnosis. 

ITEP has rich experience in construction of proton linear ac

celerators. ITEP was the head in calculations of beam dynamics, 

construction, adjusting and commissionning of accelerators in ITEP 

and IHEP. The accelerator ISTRA-56 is now under construction and 

partially is already operating. A row of problems are being solved 

now; these problems consern the RFQ structure, matching channels, 

doubling of the frequency, utilization of the beam of the ion so

urce, the problem of the rise of emittance, designs connected with 

remote controlled change of drift tubes. 



98 

It is necessary to pay serious attention to transportation of 

the beam from the accelerator to the target and to the device of 

connection of the accelerating channel and the target. Preliminary 

considerations show that this device will be a complicated struc

ture. It should be noted that we began to study this problem in 

19Q3, in the period of investigations of possibilities of electro-

nuclear reactors for production of secondary nuclear fuel. At this 

time we came to the decision of the necessity to bend the proton 

beam by 90° from the horvzontal direction. This means that the 

connecting device has to be supplied with bending magnets with re

liable cooled coils. Further, as the vacuum volume of the accele

rator, connecting device and the target is common continuous oil-

less vacuum pumping out and the traps for metal vapours and spal-

lation products including noble gases from the target must be en

visaged. At the following stages of the work under the accelerator 

it will be necessary to make a decision on the admissible level of 

beam power per one target. In order to get the maximum number of 

neutrons from the target it is expedient by our opinion to consi

der 2 versions; 1) with separation of the beam into several less 

intensive; 2) without separation of the proton beam. The problem 

of heat removal from the target arises in the last version. One of 

the passible decisions might be scanning of the surface of the 

target of special shape by the proton beam. Investigations carried 

out in ITEP witness of technical possibility of organization of 

such Kind of scannig though some problems of provision of necessa

ry reliability arise. It is also necessary to solve the problem of 

protection of the magnetic: systems of the connecting device from 

the intensive flux of damaging radiation. Of course there is a row 

of some other technical tasks. 
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5.2. Possible designs of the target. 

Investigation of possible designes of the target of the acce

lerating facility carried out in LANL, BNL, JAERY and ITER witness 

of the complexity of arising technical tasks. As it is known, uti

lization of liquid lead,eutectic of lead and bismuth and solid 

tungsten was considered. The final choice is not yet made as we 

think in any of the scientific center. ITEP prefers the eutectic 

of lead and bismuth as it is well studied as a coolant in tran-

sportational nuclear power installations. More detailed informati

on should be carried at one of the joint scientific seminars with 

participation of specialists from Physical Power Institute experi

enced with Pb-Bi eutectic. 

I would like to discuss one technical possibility concerning 

the design of the taraet. It is known that in accordance with cal-

culations the number of primary neutrons per one proton is ap

proximately 55. It is also known that utilizatioen of enpovered 

uranium as target material increases the quantity of primary neut

rons. So perhaps it is expedient to add some enpovered uranium in 

the liquid lead or in Pb-Bi eutectic. An original design of a tar

get made of Pb-Bi with fuel elements of spherical shape of enpove

red uranium hvdraulically suspended in the near—surface layer of 

the target was studied in ITEP in 1980 - 1985. This design was pa

tented and it is expedient to continue joint consideration of this 

design. 

5.3. Possible designs of the blanket. 

Construction of the blaket envisages solution of the next ma

in technical questions: 

1) Choice of the type of the blanket - heterogenous of homo

genous. 

2) Choice of coolant and moderator for the blanket. 

3) Choice of the composition and the type of chemical compo

sition for the fission products and actinides to be transmuted. 
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As a main version we have chosen a heavy water blanket. The 

main reasons o-f this choice ares utilization o-f heaw water provi

des the best possibilities o-f moderation the neutrons from the 

target that allows to have a large volume -for the targets to be 

irradiated and rich experience o-f utilisation of heavy water in 

nuclear reactors ITEP has. Now we are studying the possibility of 

utilization o-f solid target composition?, and melted salt mixed 

with -fission products and actinides. Besides, we began to study 

the possibility o-f dissolution o-f the salts o-f target material-3 in 

the heavy water. The final choice of the blanket design will be 

done at the following stages of the work. 

5.4 Experimental program for grounding the designs 

the target and the blanket. 

A wide program of experiments is going on in ITEP and other 

scientific centers for arounding of the construction the target 

and the blanket. Experiments on measurement of energy balance in 

different target materials and dnfinition of the radionuclide com

position of the targets under interaction with protons were being 

carried out for several last years in ITEP for example. The achi

eved data will be taken into account while designing the target 

and the blanket. The preparatory work on organization of the next 

experiment is going on now: 

- definition of the energy spectrum of the primary neutrons under 

interection of the target nuclei with protons; a time-flight spec

trometer will be used in these measurements. 

- neutrons interaction with nuclei of fission products and actini

des. 

- measurements of the speeds of reactions of neutron interaction 

with nuclei of target materials at the ful-scale critical pile'TIA-

KET" flTEP). 

- modelling of a heavy water blanket with the use of neutron gene

rator with intensity of neutron flux 10*a cm-2s~*. 

Intensive works on improvment of technology of partitionning 
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of fission products and actinides with the purpose of achieving of 

clean fartor 99X an more are and will be going on in Radium Insti

tute named after Khlopin V.G. and in the Institute of nonorganic 

materials. 

Other experimental works sre implementing in our centers al

so. 

All above said witness of the identity of approaches of LANL 

and ITEP to the ways of solution of the problem of nuclear tran

smutation of long-lived HLW with the use of high current accelera

tors. Taking into account the complexity of the problem as a whole 

it is expedient to combine efforts and experience of the speci-

alists of LANL. JAERI, ITEP and other European scientific centers 

for grounding and implementation of the project of the accelerator 

facility for transmutation of long-lived HLW. 
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In the concluding part of my report I would like to share 

with you our ideas on organization of our collaboration. The main 

part of our collaboration is joint design of the project of the 

accelerator facility with the target and blanket for transmutation 

of HLW. Combining of the efforts of the specialists of our scien

tific centers is necessary in connection with serious complexity 

of some technical tasks. I have to say that the authorities of the 

Ministrv of Atomic Power gave us the commission to 

prepare the program of the work of creation of the accelerator 

with the target and blanket to be built at one of the chemical 

plants. I think that it will be expedient to discuss and to define 

the directions of collaboration where the main work will be con

ducted by one of the centers with enlisting of the specialists of 

the other center. 

Apparently it is expedient to organize the joint operating 

groups of specialists which could work in each of the scientific 
!, 

centers responsible for given element or technology. The project / 

of the Drogram of collaboration envisages corresponding work on 

organization of such groups. At the beginning I would like to put 

a proposal on organization of the next operating groups: 

1-st group - proton accelerator, 

2-nd group - target-convertor, 

3-d group - heavy water convertor, 

4-th group - constructional materials, 

5-th group - chemical technology of fragmentation. 

It is expedient to organize the pointed operating groups ear

lier as possible, in 1992. It is expedient to envisage organizati

on of an administrative group and to nominate the coordinators 

from each of the scientific centers for coordination of the acfci -

vity of implementation of the program of collaboration. My Insti

tute and the Ministry of Atomic Energy of Russian Federation are 

ready to propose qualified candidatures for work in those groups 

and if the scientific society is ready to support my proposal I 
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promise to organize in Moscow some kind of preliminary group which 

could begin the work on voluntary basis, without remuneration at 

the firts, of course, time. 
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ABSTRACT 

Transmutation based on a high current accelerator of protons 

is considered at ITEP as most effective. A thermal neutron flux 

in the 101 sn/cm2sec range is enabled by a 1.5GeV-100mA class 

proton accelerator. Besides not beeing safe, this flux level is 

at present difficult to achieve with the help of fission reactor. 

The high flux of thermal neutrons gives us an opportunity to 

incinerate all the essential actinides and fission products. The 

large thermal cross sections offer the advantages of both small 

actinide loading and high transmutation performance. A liquid 

mixture of incinerated waste circulates through the blanket 

and the heat exchanger which makes continuous processing 

possible. In this way two big demerits of the closed fuel cycle 

on solid elements can be avoided: a very complicated remote 

fabrication of fuel elements and secondary radioactive waste 

from construction materials. Besides, the hybrid system is 

always subcritical which ensures a high level of nuclear safety. 

The accelerator driven heavy water assembly allows to build up 

step by step the potential possibilities of the system and 
subsequently to solve the following problems: actinide 

transmutation without electric power production; actinide 

transmutation with electric power production; a 2 3 3U production 

or a 239Pu conversion to 233U; transmutation of the fission 

products. 

1. INTRODUCTION 

Nuclear power is coming to a new stage of its development. 

The problem of a commercial closed fuel cycle is raised. The 

nuclear and radiative safety should be the deciding principle. 

Social acceptance will depend on the realized reliability and 
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safety throughout the whole fuel cycle. 

The purpose of transmutation is a safer and more effective 

use of the nuclear fission energy with the help of improvements 

in the end stage of the fuel cycle. Transmutation makes it 

possible to cut down the waste volume and to reduce the ill 

effects of radioactivity to the limits safe to handle. 

It is expected that the purpose in hand can be achieved by 

transformation of the radioactive long-lived nuclides to the 

short-lived and stable ones. Using transmutation there is no 

tolerating an increase in CD the low level waste, C23 the 

occupational dose, C3) the electricity cost, C4J the disposal and 

storage costs and C5) the research and development expenses. 

2. THE BASIC PRINCIPLES OF A TRANSMUTATION DESIGN 

Transmutation Cthe conversion under the particles irradiation} 

and partitioning require optimization with consideration of their 

interplay and description as a unit. 

For the safety level to be high it is necessary to keep the 

distance between the areas where any processes eradiation 

treatment, heat transfer, chemical separation) run most 

intensively. To avoid losses and pollutions the above mentioned 

areas with their pipelines are boxed in. 

A great deal depends on the working agent. It must provide CD 

a high rate of nuclear reactions, C2J a simple removal of 

short-lived and stable reaction products, C3) an effective heat 

transfer, C43 a high conversion of thermal energy to electricity 

and C53 an unattended operation with a remote control. 

The agent must possess many exceptional qualities including 

resistance to radiation, compatibility with transmutation products 

and construction materials. It is a liquid agent that could answer 

these requirements. Here we examine methods based on the idea that 

the transmuted substance could be made soluble. 

3. COMPONENTS RAISING THE NUCLEAR REACTION RATES 

High fluxes of thermal neutrons provide the most intensive 

running of the nuclear reaction. At present the best decision Cthe 

thermal neutron flux of about 10'en/cm2secD is offered by a high 
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current 1.6 GeV-proton accelerator. The accelerator generates 

spallation neutrons in the target being a flowing Pb-Bi eutectic. 

An unique flux of thermal neutrons is formed in the heavy water 

blanket after spallation neutron moderation 1 1 1 . Nuclear safe 

operation is provided by a subcritical regime. 

The high neutron flux allows to apply the substantial 

dilution. It is for this reason that the irradiated material 

loading is very small. A low-inventory system especially when the 

transmuted material consists of actinides would be much safer. 

Though schemes with a separate target and blanket have some 

advantages there exist homogeneous ones. From the facts already 

known a single fluid system is safer. The single fluid carries out 

not only the target function but the blanket function as well. In 

this case it is possible to minimize construction materials thus 

decreasing the secondary waste flow 12,31 .Systems of that kind are 

supposed to be realized for transmutation of the minor actinides 

by dissolving their fluorides in the fluorides of alkali metals. 

A more sophisticated method is suggested in Los Alamos ( 1 1 . 

It starts with a flowing Pb-Bi target for producing spallation 

neutrons and employs two loop types in the blanket. There co-exist 

loops with heavy water solutions and a molten salt loop for 

transmuting waste and generating electricity. The method is also 

based on the idea of dissolving the transmuted substance. We 

believe that the new class of combined assemblies present many of 

their own problems, connected with the construction materials and 

a risk of accidents. Before accelerator based systems find a wide 

application they may pass several consequent stages. 

4. INCINERATION OF RADIOACTIVE WASTE DISSOLVED IN D?0. 

In the form of salts dissolved in heavy water the radioactive 

waste irradiated for transmutation flow through the blanket to the 

heat exchanger.Part of the solution is withdrawn for reprocessing. 

Chemical reprocessing of an irradiated solution is not a hard 

technical problem as there exist presently technologies of waste 

partitioning and extracting specific radionuclides, which have 

passed the stages of the laboratory, "hot" and pilot tests. 

The heavy water solution is recovered by the extraction of 

the long-lived radionuclides and their subsequent return into the 
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loop. The inherent waste of that technology is a solution, carrying 

the stable and short-lived nuclides, which arrives at its 

vitrification. 

To avoid spurious neutron capture by construction materials 

is necessary that the loop pressure be low, which makes it 

impossible that the heat from minor actinids fissions be used in 

electricity production. The heavy water solution runs into heat 

removal difficulties those are overcome by essential dilution. 

Spallation neutrons are practically not multiplicated in the 

blanket. However a 1.5 GeV-100 mA class proton accelerator with 

a heavy water solution blanket would be able to transmute the 

discharge of 10 or more 10C0 MWe power reactors. 

5. WASTE TRANSMUTATION WITH ELECTRICITY PRODUCTION 

The minor actinides are valuable fissile or fertile isotopes 

and should not be wasted but should be used as fuel. The flowing 

fuel allows to achieve reprocessing with less step numbers and to 

reduce losses. Molten fluorides are suitable for solving the 

problems of heat removal as well as the problems of chemical 

separating of actinides and transmutation products. A high heat-

to-electricity ratio and a low fissile inventory identify a unique 

operating regime. 

Though thermal fission cross sections for some primary 

constituents of the actinide waste, such as 237Np and 24,Am, are 

very small, in case of the 1016n/cm2sec - class thermal flux an 

efficient two-step fission is possible so that those react as good 

fuel. The system would operate well below criticaiity at high 

power owing to a substantial contribution of spallation neutrons. 

Dissolved fluorides of minor actinides do not present any 

problems for flowing loop. It is an advantage of molten salts that 

the pressure in the loop can be low. Moreover in molten salt the 

cost of reprocessing is expected to be much lower than in aqueous 

solutions. The basic problem is that the removal of the fission 

products from the molten salt has not passed a demonstration stage 

yet. 

6. ACCELERATOR BREEDER IN THORIUM-FUEL CYCLE 

The thorium fuel cycle is characterized by recycling uranium 
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instead of plutoniura. In the Th-U-chain the build-up rates for 

long-lived a-instable transuranic isotopes are reduced. If 

comparable separation factors for the transuranium elements are 

assumed for both the U-Pu and Th-U fuel cycles the risk of long-

-term waste storage resulting from reprocessing is remarkably 

reduced by one or two orders of magnitude. 

Moreover the recycling of 233U is easier than that of Pu. The 

processing of uranium into most diversified fuel elements is well 

known. It seems possible to bild a hybrid system consisting of 

different types of reactors including the mastered heavy water ones. 

The high intrinsic radioactivity of 2 3 3U provides self-protection 

against unauthorized proliferation of fissile material. One can 

imagine a thorium fuel cycle where only denatured 233U is 

permitted for the refabrication and recycling purposes. Therefore, 

the system may present an inherent protection against misuse for 

arms manufacture. It is also important to note that deposits of 

thorium are about twice to three times as abundant as those of 

uranium. 

As 2 3 5U resources are depleted, the fuel producted by 

breeders is expected to become more competitive [41. Electronuclear 

breeders present options for producing initial inventory of 2 3 3U 

and supporting the systems that could operate on an advanced fuel 

cycle and be "near-breeder". Neutrons from spallation reactions 

are multiplied in a Th- containing blanket where fertile material 

Th is converted to fissile material a33U. From the four most 

favoured blankets Ca type of liquid-metal fast-breeder reactor, a 

CANDU-like assembly of fuel rods, an assembly with flowing heavy 

water solution and a type of the molten salt) each has its own 

advantages and disadvantages. We choose the latter two as those 

which provide for continuous reprocessing and radiowaste 

management application. 

A very effective decision is suggested in the Los Alamos ATW 

project where 2 3 3U is producted from Th dissolved as ThCNO ) in 

the water section of the blanket and after extraction it is burnt 

as 233UF in the molten salt section of the same blanket. 
4 

Nuclear weapon reduction will raise one more transmutation 

problem, that is the use of the weapon plutonium. Being 

isotopically pure, the plutonium could be used at the first cycle 

of burning in the thermal reactors. After the processing of the 
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fuel dirty plutoniuw could be fed to the fuel cycle of accelerator 

driven incinerator for generating 233U. The essential advantages 

of the method are a high rate production of isotopically pure *"U 

and high level of nuclear safety. 

CONCLUSION 

Transmutation makes it possible to cut down the waste volume 

and to reduce the radioactivity effects. Using transmutation two 

big demerits of the closed fuel cycle on solid elements must be 

avoided: a very complicated remote fabrication of fuel elements 

and secondary radioactive waste from construction materials. The 

accelerator driven heavy water assembly allows to build up step by 

step the potential possibilities of the system and subsequently to 

solve the following problems: actinide transmutation without 

electric power production; actinide transmutation with electric 

power production; a 233U production or a 239Pu conversion to 233U; 

transmutation of the fission products. The resident actinides and 

long-lived fission products must circulate continually in the 

plant. Only the stable and short-lived radioactive waste would be 

discharged, which could be achieved by an in situ regeneration. 
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INTRODUCTION 

Recently, accelerator-based nuclear waste transmutation has been attracted much 

attention because of remarkable development in accelerator technology. Nevertheless, concepts 

of transmutation system proposed so far are limited in number and furthermore they are all in 

the stage of conceptual or pre-conceptual design study. They are also preliminary, and many 

challenging problems are left to be solved to detail designs and to establish the technical 

feasibility of their concepts. 

In the absence of detailed design studies, it is premature to evaluate quantitatively the 

pertinent problems and to identify the priority technical issues due to their impacts on the 

system designs. The purpose of this paper is not to attempt to give a comprehensive survey or 

critical review of generic nuclear design problems related to the accelerator-based transmutation 

systems. It is aimed at providing points to be discussed in this Specialists' Meeting. 

To illustrate the design considerations of a practical system, a conceptual design of 

accelerator-based minor actinide transmutation plantOmade at the Japan Atomic Energy 

Research Institute (JAER1) is briefly described as an example of the proposed systems. The 
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plant transmutes about 250 kg of minor actinides by fission and produces 820 MW thermal 

power by using a 1.5 GeV proton beam with a current of 39 mA. Electric power of 246 MW is 

generated with a conventional steam turbine, and supplies sufficient electricity to power die 

accelerator. 

Some problems arising from the design study are presented. Emphasis is placed on the 

problems related to the nuclear part of the plant design. The scope of this paper also covers 

such potential problems in other engineering design and in overall system design mat may have 

significant impacts on system nuclear performance. 

JAERI CONCEPT 

A conceptual design study was made for a nuclear waste transmutation plant which 

consists of a high intensity proton accelerator and a sodium-cooled subcritical core with minor 

actinide alloy fuels and a tungsten target. The plant is designed to bum minor actinides from 

about 10 units of 3000 MWt LWR and to generate sufficient electricity to supply to its own 

accelerator. 

Schematic diagram of the proposed plant concept is shown in Fig. 1. High current 

proton beam with the energy of 1.5 GeV is injected into the tungsten target region of die core. 

Heat generated in die target and die minor actinide fuels is removed by dK forced flow of liquid 

sodium coolant. The heat is transported through primary and secondary coolant loops to a 

power conversion system, where it is converted to electricity. 

ACTINIDE FUEL 

The system uses metallic alloy fuel of minor actinides. The fuel consists of two alloy 

systems: Np-15Pu-30Zr and AmCm-35Pu- 10Y. Actinide fuel slug widi a diameter of 4 mm is 

sodium-bonded to die cladding of oxide dispersion strengthened (ODS) steel. The outside 

diameter of die cladding is 5.22 mm and die wall thickness, 0.3 mm. Figure 2 shows die fuel 

pin cell geometry. Active length of die fuel pin is 1.4 m. A gas vent mechanism is contained 

within upper section of individual fuel pin. 

A pictorial view of die fuel assembly is presented in Fig. 3. Hexagonal wrapper tubes 

are eliminated in die assembly design. Fifty-five fuel pins are ananged on a uniform triangular 

pitch of 8.7 mm. The fuel pins containing Am and Cm are positioned on the outermost rows of 

die array. 

Major design parameters of die fuel are presented in Table 1. 
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CORE/TARGET 

As shown in Fig.4, the core consists of two region: die tungsten target region and the 

actiniae fuel region. The tungsten target region of approximate form ofriglitaicular cylinder is 

installed in the center of the core. The target is surrounded by die annular actinide fuel region, 

which in turn is surrounded by radial and axial reflectors of stainless steel. A beam window is 

located right above the target region and is designed to be replaceable. 

High energy protons are injected vertically downward through the window into the 

target region. The tungsten target acts as a spallation neutroo source. Volume fraction of 

tungsten in the target is varied along the beam axis to shift die peak of spallation neutron flux 

toward die mid-height of die core. The actinide fuel assemblies and the target assemblies are 

cooled by upward flow of primary sodium coolant. Sodium temperature at the core tnlet is 330 

*C. The whole core is contained within a steel reactor vessel as shown in Fig. 5. 

Core design parameters are summarized in Table 2. 

The effective multiplication factor is about 0.9. The core generates die thermal power of 

820 MW at die proton beam current of 39 mA. The average burnup is about 8%, about 250 kg 

of actinides, after one year operation at an 80% load factor. 

Figure 6 shows die power density distribution in OK core. The maximum power 

densities in die fuel and die target regions are about 920 W/cc and 360 W/cc, respectively. 

Temperature distribution along die fuel pin in die hot channel is shown in Fig. 7. Sodium 

temperature at die hot channel exit is 473 *C. The maximum temperature of die cladding is 528 

'C and die maximum fuel center-line temperature is 890 *C. 

The performance of die core is summarized in Table 3. 

HEAT TRANSPORT AND POWER CONVERSION 

The plant design is mostly based on die current state of technology for an LMFR plant 

The basic plant arrangement is presented in Figs. 8 and 9. Figure 10 shows die schematic flow 

diagram of die heat transport and die power conversion systems. 

The heat generated in die core is transported to die power conversion system through 

die primary and die secondary heat transport systems. The primary heat transport system 

consists of two sodium coolant loops; each has an intermediate heat exchanger (MX) and a 

primary pump. The secondary system also consists of two loops; each has a steam generator 

(SG) and a secondary pump. Steam produced in die SGs is supplied to the power conversion 

system. 
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Design parameters of the primary and secondary heat transport systems along with the 

auxiliary cooling system are listed in Table 4. 

Steam raised in the SGs is supplied to a single turbine alternator to produce electricity. 

Saturated steam Rankine cycle is used for power conversion. The plant efficiency is about 

30%, and the electric output of about 246 MW is produced. Table 5 presents the parameters of 

the power conversion system. 

Electric power of about 146 MW is required to operate the 1.5 GeV - 39 mA accelerator 

with an efficiency of 40%. The system is more than self-sufficient in terms of its own energy 

balance. 

DESIGN PROBLEMS 

Here, we assume a priori that system under consideration is designed at the following 

requirements: 

(1) to use neutrons from spallation reaction for transmutation, 

(2) to be specifically dedicated to waste actinide burning, 

(3) to be self-sufficient in terms of energy balance, and 

(4) to transmute actinides from about ten 3000 MWt LWRs. 

Most of the proposed concepts of transmutation system make use of neutrons generated 

by spallation processes within targets bombarded by intense proton beam. Spallation reaction is 

a very efficient mean for neutron production, and spallation reaction and subsequent neutron 

reaction are used for transmutation of waste actinides. At present, this approach is considered 

to be most practical for realization of accelerator-based transmutation systems. 

A transmutation system can be designed to be multipurpose by incorporating the 

capability of fuel conversion, breeding, electricity generation, or plutonium burning. Here, 

however, other purpose than the transmutation are viewed as not essential. A certain system 

can transmute long-lived fission products as well as actinides, but a system specific solely for 

fission product transmutation seems to be impractical. 

The third requirement of positive energy balance imposes several constraints on system 

designs. Although power generation is not the primary purpose, systems are required to 

generate enough electricity for its own accelerator. To achieve a high efficiency of power 

conversion, system operating temperature should be high. This condition restricts a degree of 

freedom in the engineering designs, but it is similar to the case for power reactors. It is also 

required to produce sufficient heat in the core for power generation. The thermal energy 

produced per incident proton needs to be 4 to 8 times as large as energy of incident proton, 
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depending on the efficiencies of the accelerator and the power conversion. This condition 

dictates that the subcritical core should have a considerably high neutron multiplication factor. 

In such a core, actinides are transmuted mostly by fission reaction in the same way as 

transmutation by a fission reactor. 

The optimum scale of transmutation system will be decided considering various factors: 

the scale of available accelerator, the amount of accumulated actinides, the deployment strategy 

of transmutation systems, and so on. One 3000 MWt LWR generates waste actinides of about 

25 kg annually. Transmutation of 25 kg/y actinides by fission produces about 80 MW thermal 

power. If we assume, for example, that one transmutation plant serves 10 units of 3000 MWt 

LWR, the thermal power of the plant in which fission dominates is determined to be about 800 

MW. 

Another point to be considered from a system design perspective is actinide inventory. 

Smaller radioactive inventory is preferred for reason of safety. 

NEUTRON SPECTRUM 

The rate of actinide transmutation depends on whether it takes place in a fast or a 

thermal neutron flux. In a thermal neutron flux, fission of minor actinides is very small. They 

require several successive neutron captures and thereafter the daughter nuclides with large 

fission cross sections undergo fission. In a fast flux, on the other hand, most of minor 

actinides are fissionable with fission threshold in several hundreds keV range and their capture 

cross sections rapidly decrease above this energy region. 

Clearly, fast flux is better suited to actinide transmutation application than thermal one. 

A very hard neutron energy spectrum is desirable. Another problem of minor actinide 

transmutation in a thermal flux is the generation of much higher mass number actinides (e.g., 

Bk and CO- Even though their absolute amount is negligible small, they are very strong alpha 

and neutron emitters, leading to severe demands on the decay heat removal and the radiation 

shielding. Most of proposed concepts make advantage of fast neutron flux. 

Recently, the Los Alamos National Laboratory (LANL) has proposed a unique concept, 

called the Accelerator Transmutation of Nuclear Waste (ATW). The LANL concept uses the 

extremely high thermal neutron flux of the order of 1016 n/icm^s)^. In such a high thermal 

flux, actinide can be transmuted effectively by so-called two-step reaction. 

Major advantages of the concept over fast flux systems are that it can transmute fission 

products effectively as well, and it can operate with a very small radioactive inventory. The 

system consists of a 150-mA class accelerator, a centrally located liquid lead (or lead-bismuth) 

flowing target, and a surrounding heavy-water blanket, as shown in Fig. 11. Actinides and 

fission products are loaded in the heavy-water blanket in forms of slurry and solution. 
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Possibly most challenging problems of the ATW system are radiation damage in target 

container material, processing and separation chemistry, and upscaling of accelerator. Frequent 

replacement of the target container may be required during the plant life-time, but it appears to 

be very difficult to design a replaceable container. 

Some problems arise from using heavy water at low temperatures in the range of 30 -

80 'C. Co-existence of low temperature heavy water and high temperature lead regions adds 

complexity to the container design. In the advanced ATW system, very high temperature (-775 

*C) molten salt is used for efficient power generation, and it circulates through the heavy water 

blanket 

Recovery of the thermal energy deposited in the heavy water blanket seems impractical. 

Because the boiling point of heavy water is about 100 *C at the atmospheric pressure, 

substantial pressurization of the order of 10 MPa is required for high temperature operation. In 

accelerator-based transmutation systems, pressure boundary is necessarily irradiated by high-

intensity proton or neutron flux, unlike in regular reactors. The system can not follow the 

design practice of existing thermal power reactors. 

By contrast, fast neutron system can make the advantages of experience in the design of 

current sodium-cooled fast reactors. Liquid sodium is an excellent heat transfer medium and its 

high boiling point allows operation at high temperatures without pressurization. Transmutation 

of fission products is ineffective in a fast flux. It is a challenging problem how to transmute 

them effectively in a fast system, if fission product incineration is also a requirement. 

NEUTRON MULTIPLICATION FACTOR 

The system performance is strongly affected by the degree of self-multiplication of 

neutron in the subcritical core. Effect of the neutron multiplication factor can be evaluated using 

the following simple equation: 

#tot= ATspal + JVfis = Aspal + S i • Atff/O - Aeff)/ v, 

where AW - total number of nuclei incinerated per incident proton, 

JVjpai : number of spallated nuclei per incident proton, 

JVfis : number of fissioned nuclei per incident proton, 

5h : number of neutrons generated by spallation reaction per incident proton, 

v : number of neutrons emitted per flssion, and 

Ayr : effective multiplication factor for fission neutron. 

As the value of Atff approaches to unity, N^ increases rapidly. We assume that JV^j = 

4 ,5h = 40, and v = 2.9. If keff - 0.9, JVtot * 130, and if Aeff * 0.95, Ntox - 260. When A«ff 

reaches 1, then the core becomes critical and requires no more proton current to drive the core. 
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As mentioned earlier, Atff value should not be too low to meet the requirement of 

positive energy balance. We assume that the proton energy is 1.5 GeV and the thermal energy 

released per fission is 200 MeV. A Jfctfr value greater than -0.65 is required for 60% accelerator 

efficiency and 44% power conversion efficiency. Assuming more conservatively 40% and 

30% efficiencies, l^r should be greater than -0.8. 

A high Aeff value offers substantia] benefits for system designs. For a given actinide 

throughput, required proton current can be reduced by increasing the itfr value. Reduction in 

required current allows to downscale the accelerator and to save the electric power 

consumption. Small current further minimizes the problems of radiation damage, thermal 

stress, and heat removal of beam windows. 

A second benefit of a high A*ff value is to suppress the power peaking. Because the 

maximum thermal power is usually limited by local temperatures at or near the point of peak 

power density, a high Atff value is beneficial to improve the overall performance. Also, it 

alleviates the need for frequent shuffling of fuel elements. 

The reactivity of minor actinide fuel increases with the bumup. The extent of the 

reactivity swing can be controlled by adjusting the proportion of plutonium in the fuel. In 

liquid-fueled systems, the control of reactivity can be accomplished by means of continuous 

on-line fuel feeding and processing. 

To assure not to become supercritical, a high Ayf core needs the high accuracy in the 

design data and method, and of course the fabrication to close tolerances. A low Atfr core can 

offer relatively large margins in design, fabrication, and operation, or can reduce the required 

accuracies more or less. 

The degree of the subcriticality depends on designs. It should be determined by taking 

account the safety of the system. The JAERI concept chooses Ayr = 0.9 - 0.95. The near-term 

ATW system has a relatively low Aefr value (presumably -0.25), while the advanced ATW 

system has a value faf = 0.8 - 0.9. In the PHOENIX concept^) shown in Fig. 12, proposed 

by Brookhaven National Laboratory (BNL), Atff is selected to be around 0.9. TakahashP) has 

proposed a system operated at a slightly subcritical condition with feff = 0.99. With such a Atff 

value very close to 1, a small-scale accelerator with 15-20 mA current and 1 GeV energy 

suffices to drive the 3300 GWt core. 

Certainly, the core operating at a slightly subcritical condition can be viewed safer than 

the core of the regular reactor which always operates at the critical condition. However, there is 

an argument that the R v a l u e should be chosen much less than 1, to be faraway from usual 

reactor. At this time, there is no consensus among the community about the degree of the 

subcriticality for the accelerator-driven subcritical core. It is necessary to assess quantitatively 

the criteria for the choice of the proper A«ff value. 
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DATA AND METHODS 

One of the most important problems in the design studies of accelerator-based 

transmutation systems is that the design data and methods are insufficient. Their uncertainty 

affects the predicted system performance. The data and methods as such are beyond the scope 

of this paper. Here, we will discuss about the design requirements on the accuracy of the data 

and methods. 

The accuracy of present nuclear data is considered to be satisfactory for actinide 

transmutation in LMFBRs where relatively small amount of actinide is added to the ordinary 

fuel. However, it is not satisfactory yet in actinide burner reactors^7). If we use actinide-

enriched fuel in the near-critical core of the system, the accuracy of data available for minor 

actinides at low neutron energies is said not to be satisfactory as well. 

In the accelerator-based transmutation system, the data and methods for high-energy 

nuclear reaction are more essential. The proton-induced spallation process in a target is the 

primary source of neutrons. In our design study, the nuclear reaction in the energy range above 

15 MeV is calculated with a Monte Carlo simulation code NMTC/JAERI<8>. 

The most important quantity is the neutron yield of spallation reaction from the 

designer's standpoint. The recent survey^ concluded that the neutron yield from the minor 

actinide target can be estimated in the error range of ±20%. With this level of confidence, it is 

possible to make approximate evaluation of the concept of an accelerator-based system. To 

make more accurate evaluation, further experiments and developments of code with more 

accurate nuclear data are required. 

Present simulation calculations of complex spallation process are time-consuming. Even 

in earlier stage of design study, a considerable amount of computational work is required for 

survey calculations. If we can use effective cross sections instead of the Monte Carlo 

simulation of intranuclear cascade process without significant loss of accuracy, calculations at 

high energies can be made in similar way to that used for neutron transport at low energies. For 

efficient design study, it is expected to develop methods with such data. 

There is a question how accurate is accurate enough. To answer this question, it is 

necessary to examine the sensitivity of system performance to the uncertainty of data and 

methods. 

As well as the nuclear data, physical property data fo; minor actinide fuel are absolutely 

lacking. The unct.<ainty in fuel data also affects significantly to the transmutation rate of the 

system. Data of thermal conductivity and melting point of fuel are most influential. In the case 

of fluid fuel, specific heat also has a major influence. 

There are also no data of damage in structural materials irradiated by high energy 

particles. Although they do not have direct effects on the transmutation rate, they are essential 

in the system designs. 
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CORE DESIGN 

Actinide fuel may be either solid or fluid. In case of solid fuel, core designs can be 

made based on the well-established technology of current LMFRs. Combination of pin-bundle 

type fuel element and sodium coolant offers many advantages, such as high power density, and 

high temperature operation under normal pressure. This approach is followed by both the 

JAERI concept and the PHOENIX concept. 

Molten lead and lead-bismuth are considered as candidate coolants. These heavy liquid 

metals play both roles of coolant and target material. Previously, we compared a sodium cooled 

core and lead-bismuth cooled cored ° l Lead-bismuth cooling resulted in larger amount of 

actinide burned per proton current than sodium cooling. However, the transmutation rate in the 

core was lower, because of the inferior heat transfer capability of lead-bismuth as compared 

with sodium. 

Other possible coolants are water and helium gas. Both heavy water and light water are 

widely used as reactor coolants. Since water is moderating material, it can not be used in fast 

neutron system. As already discussed, energy recovery is not practical with water cooling 

under normal pressure. Pressurization up to at least about 10 MPa is required for efficient 

power production, but this causes many difficult problems for accelerator-based systems. 

Helium has many advantages as a coolant. Helium is chemically inert, it can be used at 

very high temperatures, and it has negligible effect on neutronics. However, fairly high 

pressure is required for effective heat removal from high power density core. Helium cooled 

reactors typically operate at pressure ranges of 4 • 10 MPa. Again, helium cooling appears to 

be difficult for accelerator-based systems. 

The ATW concept uses liquid fuel in various forms: slurry, aqueous solution, and 

molten salt. Liquid-fueled system claims an advantage of the capability of continuous on-line 

processing and addition of fuel. This offers a mean of core reactivity control. There is little 

experience with fluid fuel, and many engineering problems are left unsolved. 

JAERI has started the preliminary design study of a molten-salt fuel concept11). It 

appears difficult to reduce the total inventory of fluid-fueled system, because considerable 

volume of primary fuel fluid is contained in heat exchangers, circulators, and piping. 

TARGET DESIGN 

A variety of designs are conceivable for spallation targets. Target designs can be 

classified according to whether they contain actinide fuel or not. We refer to those with 
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actinides as the "active" targets and to those without actinides as the "inactive" targets. The 

target of the PHOENIX concept is active in this sense, while the targets by JAERI and LANL 

are inactive. 

The design of active target can be the same as that of fuel, then the target/core 

configuration is simplified. Both spallation and regular fission occur in the active target region. 

Thereby, heat generation tends to become much higher in the active target region than that of 

the core average. To suppress die local power peaking, the incident proton beam should be 

expanded. In the PHOENIX concept, the proton beam is expanded to irradiate evenly entire 

core. 

Candidate materials for inactive target are lead, lead-bismuth, tungsten, etc. Tungsten 

has very high melting point, enabling high temperature operation. The inactive target adds 

complexity to the target/core configuration to some extent. The target acts only as a spallation 

neutron source. No regular fission takes place in the inactive target. Therefore, spallation 

reaction in the target does not directly to actinide transmutation. This, however, has a minor 

effect on the overall performance in the fission-dominated near-critical core. 

The heat generation is much smaller in the inactive target. The inactive target can serve 

to suppress the core power peaking*12'13). In the core with a R v a l u e close to unity, 

maximum power occurs usually at the center regardless the location of neutron source. 

In terms of their physical form, targets can be divided into solid targets and fluid 

targets. The target of the JAERI concept is tungsten. A tungsten and lead solid target is 

examined by LANL<3> as an option to the ATW flowing lead target. The solid targets offer the 

possibility of tailoring the profile of source neutron distribution by varying the volume fraction 

of target material. 

Cooling requirements for the solid target are essentially identical to those for die solid 

fuel. Forced convective cooling is considered to be imperative, even for an inactive target. The 

JAERI target is cooled by the primary sodium coolant, in the same way as the fuel. The LANL 

solid target is cooled by forced circulation of heavy water or helium gas. If helium is used at 

relatively low pressure, a penalty involved is an increase in the neutron leakage through the 

large diameter piping. With such a coolant as sodium, water, or gas, a beam window is 

required as a boundary between vacuum and coolant. The solid target should be designed to be 

replaceable for its severe damage. 

Lead and lead-bismuth are leading candidate materials for fluid targets. Molten salts of 

heavy metal are potential candidates. Even if target liquid contains no actinides, forced 

circulation is required for heat removal. This makes the external cooling loop necessary. The 

total volume and mass of target material are considered to be much larger as compared with the 

case of solid target. Low vapor pressure liquids, such as lead-bismuth, lead, and certain molten 

salts offer the possibility of windowless design. 
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BEAM WINDOW 

The beam window is probably the most critical component in the accelerator-based 

transmutation system. The major difficulties are caused by radiation damage and heat 

generation. Radiation damage by high energy particle is not fully understood. 

Radiation damage can be alleviated by expanding the beam diameter at the window. 

Enlarging the window diameter needs a proportional increase in the window thickness to 

withstand the pressure difference across the window. As a result, the maximum temperature 

and the thermal stress in the window can not reduced by increasing the diameter. In the JAERI 

concept, the design pressure difference is 0.2S MPa. The maximum allowable pressure 

difference is estimated to be about 2 MPa for the hemispherical window of ODS steel under 

uniform irradiation. 

Window material should have high irradiation resistance, high creep-rupture strength, 

high thermal conductivity, and good compatibility with coolant. Candidates are ferritic steels, 

vanadium alloys, SiC, C/C composites, etc. 

The beam window should be designed to be replaceable. Multi-wall structure may be 

required to provide means for detection of window failure. 

As noted above, the windowless design may be possible with lead, lead-bismuth, etc. 

However, it seems a difficult problem to contain the radioactivity. 

ACCELERATOR INTERFACE 

The role of the accelerator is to provide a beam with sufficient intensity to produce a 

required neutron source strength. There is a trade-off between its energy and current. LANL 

has optimized the accelerator parameters for both the near-term and the advanced ATW systems 

to minimize construction and operation costs*4*. Because the proton energy affects the target 

dimension, the shielding requirements, and the cooling of beam window, energy-current 

should be optimized taking these factors into account. 

Design of the beam transport system becomes quite different depending on whether the 

target is arranged vertically or horizontally. For the horizontal target, the interface can be 

straight forward. The vertical target needs a series of beam bends in the beam transport system. 

In the PHOENIX concept and the ATW solid target option, the beam is incident horizontally. 

The ATW windowless liquid target is inevitably arranged vertically. The JAERI concept 

employs vertical target because this arrangement markedly simplifies the window/target/core 

configuration. Horizontal arrangement imposes a number of difficulties. 
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To reduce the window damage, it is necessary to expand the beam cross section area 

end to flatten the intensity profile. The undesirable beam tails also needs to be removed. 

Thermal power of a subcritical core is controlled by adjusting the beam current or 

energy. A proton accelerator can be electrically controlled much faster than the mechanical 

movement of the control rods. The time required for beam shutdown is probably within few 

ms. 

Change in beam intensity causes a problem. Beam trip imposes a large thermal shock. 

The consequence of beam trip should be considered. If the multiple cores are driven by time-

shared beam, they suffer from high frequency thermal shock. Small fluctuations of beam 

intensity may be inevitable due to the instability in ion source. It should be assured that beam 

fluctuations do not affect adversely. 

The design of radiation shielding is more complicated than the case of regular reactors, 

because it involves much higher energies and there is a huge diameter beam transport system. 

Design measures should be provided to prevent the radioactivity from escaping into the 

accelerator in case of window failure. 

Modem high-intensity accelerators claim their high reliability. Accelerator availability 

can be well above 70% including planned beam-off time. The highest possible availability is 

desirable for overall system operation. 

SUMMARY 

A conceptual system for accelerator-based minor actinide transmutation is designed. 

The proposed plant transmutes about 250 kg of minor actinides per year with a 1.5 GeV - 39 

mA proton accelerator and generates enough electricity for the accelerator. 

Design problems of accelerator-based transmutation systems, such as neutron 

spectrum, neutron multiplication factor, data and methods, core design, target design, beam 

window, and accelerator interface, are discussed from the viewpoint of engineering. 
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Table 1 Fuel design parameters 

Fuel Composition 

Slug Diameter 

Clad Material 

Outer Diameter 

Thickness 

Active Length 

Pins/Assembly 

Pin Pitch 

Np-15Pu-30Zr 

AmCm-35Pu-10Y 

4.0 mm 

ODS Steel 

5.22 mm 

0.3 mm 

1400 mm 

55 
8.7 mm 

Table 2 Core design parameters 

Proton Beam 

Target 

Fuel 

Active Core 

Coolant 

Energy 

Diameter 

Volume 

Length 

Velocity 

Inlet Temperature 

1.5 GeV 

400 mm 

Tungsten 

Actmide Alloy 

-2 m' 

1.4 m 

Sodium 

8m/s 

330°C 
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Table 3 Operating condition 

Proton Beam Current 

Actinide Inventory 

K* 
Neutrons/Proton 

Fissions/Proton 

Neutron Flux 

t 

(>15MeV) 

(<!5MeV) 

Mean Neutron Energy 

Burnup 

Thermal Output 

Power Density 

Linear Rating 

Maximum Ternperatu 

Maximum 

Average 

Maximum 

>re 
Outlet Coolant 

Fuel 

Clad 

39 mA 

3160 kg 

0.89 

40 
0.45 

100 
4*10 lVcm2.s 

690 keV 

250kg/y 

820 MW 

930MW/W 

400MW/nniJ 

61kW/m 

473 °C 

890 °C 

528 °C 
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Table 4 Heat transport systems 

Primary System 

No. of Loops 

Fluid 

Temperature 

Components 

Secondary System 

No. of Loops 

Fluid 

Temperature 

Components 

IHX in/out 

SG in/out 

2 
Na 
430/330 °C 

IHXs, Primary Pumps 

2 
Na 
390/290 "C 

SGs, Secondary Pumps 

PRACS (Primary Reactor Auxiliary Cooling System) 

No. of Loops 2 

Fluid NaK 

Components Air Coolers, EM Pumps 

Table 5 Power conversion system 

Cycle 

Turbine Inlet Temperature 

Electric Output 

Efficiency 

Saturated Steam Cycle 

285 °C 

246 MW 

30% 
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Accelerator Molten Salt Target System for Transmutation 
of Long Lived Nuclides 

Y. Kato, H. Katsuta, T. TakizuJka, H. Takada and 
H. Yosida 

Japan Atomic Energy Research Institute 
Tokai-Mura, Ibaraki-Ken, 319-11 Japan 

ABSTRACT 

Preliminary studies on a molten-salt target system for 
the transmutation of long lived nuclides is carried out. The 
advantage of this system is in the continuous on-line 
processing of the target salt. It is able to control the 
concentrations of TRU(transuranic)elements and some Kinds of 
FPCfission product) in the salt. Some chlorides are discussed 
as a target salt for MACMinor Actinoide) transmutation and a 
conceptional design of an accelerator molten salt target 
system is proposed. It is estimated that the MA produced from 
10 LWRs of each lOOOMWe can be incinerated by the system with 
beam power of 1.5GeV, 25mA. 

[Key Words] : Molten Salt, Target System, TRU, Minor 
Actinoide, MA, Incineration, Transmutation 
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1 INTRODUCTION 

In the concept of the accelerator transmutation fuel 
cycle, the remarkable features of a molten salt target system 
compared with the solid target are as follows: 

(1) No need to fabricate the solid target. 
(2) Continuous on-line processing method of the salt 

instead of batch-wise reprocessing method for 
solid target. 

Our molten salt target system is planning to incinerate 
the MA mainly by high energy fission reactions. The FP and 
spallation fragments are to be separated as mush as possible 
from the target salt by the continuous on-line processing 
sys tern. 

To estimate the technological capability of our proposed 
molten salt target system, the neutron spectrum and thermal 
power density distributon in the core are calculated at first, 
then the total amount of TRU incineration in the system are 
evaluated. In this system, compact type heat exchangers and 
salt pumps are set up in the core to decrease the total 
inventory of TRU. 

Next, the separation system of FP and spallation fragment 
from the salt is considered. As the separation methods, gas 
bubble injection method, reductive extraction method and cold 
trap method are proposed. These methods will be able to apply 
individually or in parallel. 

2 MOLTEN SALT TARGET SYSTEM AND MINOR ACTINOIDE (MA) 
INCINERATION 

2-1 Selection of the Target Salt 

The molten salt as a target material is required to have 
the following features: a) Composed of elements with adequate 
nuclear characteristics for the transmutation b) Adequate 
physical and chemical properties as a fluid, c) Sufficient 
solubility of TRU elements, d) Good compatibility with the 
structural materials. 

It is well known that some molten fluoride salts were 
used in the molten salt reactor experiments(MSRE) at ORNL and 
were proved its excellent features as the fuel and coolant 
salts of fission reactor. If the sufficient solubility of TRU 
in the molten fluoride salt is actually confirmed, it will be 
promising as a target salt"1. In this paper.however, 
following molten chloride sal ts'2'are considered as the matrix 
because of its expected high solubilities for TRU elements and 
composed of high mass nuclides compared with the fluorides : 

A) NaCL-PuCl3 (64-36 mo 1 % : Mp=453 °C) 
B) PbCI2-PuCl s (85-15 mol% : Mp=476 °C) 

We assume that PuCl3 can be replaced with minor 
actinoides(MA) such as Np, Am, and Cm. The physical and 
chemical properties and the compatibility of these salts with 
practical alloys have not been proved. For the compatibility, 
we expect that the problem will be improved in resent future 
by some technology now under developing, such as the surface 
modification of the structural alloys and also as the redox 
potential control in the salt to decrease the corrosion rate. 



135 

2-2 Target Concept 

The conceptional figure of the molten salt target system 
is shown in Fig. 1 and its scales are shown in Fig. 2 which is 
simplified for the nuclear calculation. To decrease the TRU 
inventory, inside core heat exchanger system is adopted 
in this system. 

The molten salt containing TRU elements is circulated 
through the region I to III in the core by centrifugal pumps. 
In the region I, high energy proton beam is injected into the 
salt. TRU is mainly incinerated in this region by the 
spallation and fast fission reactions. 

The compact type heat exchangers are set up below the 
salt pumps in the region III and the total capacity of maximum 
heat removal is designed to about 800MW. The numbers of the 
heat exchanger units are to be optimized on account of the 
heat generation in the core. The temperatures of primary salt 
at the input and output of the heat exchanger are designed to 
650 and 550 *C respectively. The region II is a cylindrical 
neutron reflectorC Hastelloy N) to protect the heat exchangers 
and pumps from fast neutron irradiation damage. 

In the region III the volume ratio of [primary salt : 
pumps and heat exchangers(Hastelloy N alloy) : secondary 
salt] are assumed to be [ 5 : 2 : 4 ] • 

The region IV is the fast neutron reflector(iron) and 
outside of it should be the core vessel but is abbreviated 
here. The region V is metal window for proton beam injection 
and the most of its inside space is occupied by forced 
circulating He coolant gas. 

2-3 Estimation of the TRU incineration 

The detail of the method to calculate the nuclear 
reaction in the core is almost the same as described in 
reference131. In the process of this calculation, improved 
code NMTC/JAERI was used to analyze the spallation 
reaction'*1. The injected proton beam power is planed to be 
1.5 GeV, 1mA. 

For the salt NaCl-PuCl3 ( 64-36mol%), it is assumed that 
85 wt% of the Pu is replaced by MA(Np, Am, Cm) and the total 
inventory of TRU in the core is about 5.4t. The results of 
the calculation on the core are as follows : 

Keff = 0.92, Thermal out put = 32 MWt, and Total amount 
of incinerated TRU = 10 Kg/ymA. 
This result means that the MA from 10 LWRs of each lOOOMWe 
can be incinerated by the beam current of about 25mA. 

The neutron spectrum and thermal power density in the 
core are shown in Fig. 3 and Fig. 4 respectively. 

If all the Pu in this salt could be replaced by the MA 
these results are changed as follows: 

Keff = 0.76, Thermal output = llMWt, and Total amount of 
incinerated TRU = 3Kg/ymA 

Though the optimization of component ratio in this salt 
has not yet made, above results show the PuClj component is 
effective to incinerate the MA. 

For the another kind of the salt PbCl 2-PuCl 3(60-40 mol%), 
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it is also assumed that 85 wt% of the Pu is replaced by MA. 
The results are as follows : 

Keff = 0.91, thermal output = 28MWt, and Total amount of 
incinerated TRU = 8.8 Kg/y-mA 

Some options will be possible for this target system. For 
example, the salt pumps and heat exchangers can be set up in 
the outside of the core and the region II, III and IV are 
filled by graphite moderator. In this moderator region some 
kinds of long lived FP elements will be transmuted by thermal 
neutron. 

3 ON LINE FP SEPARATION 

The fundamental line for our molten salt target system is 
that the FP produced by fission of TRU should be separated 
from the salt as much as possible. In the separation process, 
TRU contaminating into the separation elements should be 
restricted to the lowest level. 

The fission reaction of the TRU in the target molten 
chloride salt creates free chlorine in the salt. The behavior 
of the FP elements will be affected by the free energy of 
formation with chlorine ion. The FP can be qualitatively 
classified into the following 3 groups under the consideration 
of the free energy of he chloride formation to perform the 
separation. 

[group-1] Exist mainly in the gaseous statednert gas 
or volatile chloride): 

Xe, Kr, I, Te(TeCL4), Zr(ZrCl2) 
[about 23% of total FP] 

[group-2] Exist as the metal elements. The free energy 
of the formation for these elements is 
negative and smaller absolute value than that 
of Cd. These elements will be reduced to metal 
by Cd in the matrix : 

Nb, Te, Mo, Tc, Rh, Pd, Ru 
[about 33% of total FP] 

[group-3] Exist in the molten salt as the stable 
chlorides. The free energy of the formation 
for these elements is negative and large 
absolute value. 

Ba, Rb, Sr, Cs, Sm, La, Pr, Ce, Nd, Y, Eu, 
Gd [about 44% of total FP] 

The on-line partitioning methods for these FP groups are 
proposed as follows. For the group-1, He purge method will be 
suitable. In this method, He gas bubbles are blown into the 
salt and purge out the FP gas with He. TeCl ih, ZrCl2and I are 
expected to be purged out but the practical capability are 
uncertain. 

For the group-2, reductive extraction method by liquid Cd 
will be applied. In the extractor, target molten salt and 
liquid Cd are contacted directly and these chlorides of group-
2 are turned to metals by the reduction reaction with Cd and 
are separated from the target salt. These elements in the Cd 
can be removed out by on-line cold trapping method. In the 
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separated metal elements by the cold trap, Tc-99 will be 
contained. If the further separation of the Tc is required,it 
will be possible to use the volatilization method of Tc20T'

5> . 
which is selectively produced in the oxygen gas circumstance. 

Finally, for the group-3, cold trap method will be 
expected. These elements of group-3 will instantly become to 
stable chlorides after the fission reaction and not be reduced 
by Cd. These chlorides have high melting point far from that 
of matrix of the target salt. The efficiency of the trapping 
depends on the solubility of these salts to the matrix salt. 
This is the supporting factor of our proposal, but further 
studies should be made for the practical application. 

The separation methods described above and the ratio of 
each FP element to the total amount of FP are listed in 
Table 1 and the concept of on-line separation system is shown 
in fig. 5. 

4 CONCLUSION 

Accelerator molten salt target system was mainly 
considered for the transmutation of MA elements and some 
separation methods of FP were estimated. In this preliminary 
estimation of the concept, it is concluded on some assumptions 
that molten chloride target system is one of the promising 
system to develop the practical one. 

It is the subject to get exact data of molten salt such as 
the solubilities of TRU elements, physical and chemical 
properties of TRU contained salt. Next subject to study for 
the salt will be the compatibility with the structural 
materials and the FP behavior in the salt. If the enough 
solubility of TRU is actually confirmed for some molten 
fluoride salts, they will be promising for transmutation of 
TRU and FP. 

ACKNOWLEDGEMENT 

The authors wish to thank Drs. Y. Kaneko and T. Nishida 
for their helpful suggestions on this work. 

REFERENCES 

(1) K.Furukawa, "Spallation Neutron Technology(Ed. by 
Y. Nakahara)" pl55(1984), Atomic Energy Society of 
JAPAN, (in Japanese) 

(2) V. N. Desyatnik et al., At. Energ., 38 [3] 
173(1975); Sov. At. Energ.(Engl. Transl.),38[3]219 
(1975). 
M. P. Volobei et al., Zh. Neorg. Khim.,16 [12] 
3388 (1971); Russ. J. Inorg. Chem. (Engl.Transl.), 16 
[12] 1793(1971). 

(3) H. Takada et al., JAERI-M 90-131(1990) 
(4) Y. Nakahara et al., JAERI-M 82-198 (1982), 

(in Japanese) 
(5) E. D. Arther, "Specialist Mtg. on Accelerator-

drivn Transmutations Technology for Radwaste and 
Other Applicaions", Stockholm, 24-28 June 1991 



138 

DRIVING MOTOR 
J ,, L 

2iy COOLANT SALT 

SALT PUMP 

COMPACT TYPE 
HEAT EXCHANGER 

INTERNAL REFLECTOR 

Fig. 1 Concept of the molten salt target system. 



139 

REGION 

I : Target Molten Salt 
II : Internal Reflector 
HI: Heat Exchanger Region 
IV: Reflector 
V : He (Beam Window) 
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Table 1 Separation Method of FP 

He Purge Method 

(Group-1) 

23.8% 

flfe) 

Kr 0.7 

Xe 13 

Te(TeCi4) 1.8 

1 1.0 

Zr(ZrCl2) 7.3 

Reductive Extraction Method 

( Group - 2 ) 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

33.5% 

(%) 

0.1 

11.3 

2.3 

8.7 

2.5 

7.3 

0.7 

Cold Trap 

(Group 

Method 

-3 ) 

44.1% 

Rb 

Sr 

Y 

Cs 

Ba 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

P/o) 

0.6 

1.3 

0.7 

10.7 

4.4 

3.3 

6.0 

3.1 

10 

0.2 

3.1 

0.3 

0.4 

Values of (%) : WHC-EP-0268(1990) 
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TARGET/BLANKET CONCEPTUAL DESIGN FOR THE 
LOS ALAMOS ATW CONCEPT 

I. INTRODUCTION 

The Los Alamos Accelerator Transmutation of Waste (ATW) concept has many potential 
applications that include defense waste transmutation, defense material production (i.e., tritium and 
238Pu), and the transmutation of hazardous nuclear wastes from commercial nuclear reactors 
(fission products and actinides). A more advanced long-term Los Alamos effort is investigating 
the potential of an accelerator-driven system to produce fission energy with a minimal nuclear 
waste stream. All applications employ a high-energy (800- to 1600-MeV), high-current (25-250 
mA) proton linear accelerator as the driver. In this report, we discuss only the target/blanket 
conceptual design for the commercial nuclear waste application. 

The basis of all ATW applications is the use of high-energy protons from a linear 
accelerator to produce neutrons through spallation instead of nuclear chain reactions. The protons 
are directed onto a high-atomic-number target material to produce neutrons, which are then 
moderated in a surrounding heavy-water (D2O) blanket. The neutrons are slowed to thermal energy 
in the moderator and are absorbed in the fission product waste, or they are used in die fission and 
transmutation of actinides. Because of the intense flux of gt .lerated neutrons, fission products that 
have small neutron absorption cross sections, such as "Tc, can be transmuted to stable isotopes in 
significant quantities. Fissile actinides such as ̂ ^Pa can be fissioned directly. 

Because of the high flux levels, very dilute mixtures in the blanket region can be used, 
which therefore reduce the potential for criticality accidents and power excursions. The 
transmutation isotopes are continuously transported in double-walled piping systems through the 
blanket region, through heat exchangers, and into separation process loops. Heavy-water aqueous 
solutions and slurries are used as the transport media. 

II. DESIGN SUMMARY 

A schematic of the base-case ATW design is shown in Fig. 1. The linear accelerator 
operates at 1600 MeV at a continuous-wave current of 250 mA. The primary proton beam is then 
split into four beams, each having a current of 62.5 mA and an energy of 1600 MeV. Each of the 
four beams is directed into four separate target/blanket modules. A modular design approach 
allows maintenance or replacement of components with relative ease and adds to the overall 



147 

reliability of the system. The modules have separate cooling loops for their respective targets, 

moderators, and blankets, and operate independently from each other. 

The high-energy proton beam strikes a centrally located spallation target to produce an 

intense source of neutrons. The base-case target design is comprised of heavy-water-cooled 

tungsten rods. The power density is very high, and therefore requires sub-cooled boiling as the 

heat-transfer mechanism. Because of the intense proton and neutron environment, the target 

assembly will require routine replacement. 

Each target/blanket module is designed to burn the actinides and fission products from 
approximately two light-water reactors and produce approximately 1542-MWt power. Figure 2 

shows a schematic of the blanket and balance-of-plant components for electric energy production. 

The blanket region and balance-of-plant design is based on existing heavy-water reactor technology 

employed in the CANDU reactor system. Here, me fuel is contained in double-walled pressure 

tubes that pass through the blanket 

One main difference between the CANDU design and the ATW design is that an aqueous 

homogenous continuous flow primary loop is employed in the ATW design, whereas solid 

heterogenous fuel is used in CANDU. It is necessary to use the liquid fuel approach for actinide 

burning in ATW to take advantage of the high neutron flux and the rapid bum rates, as well as 

facilitate the continuous processing. This approach complicates the design somewhat because the 

fuel will be circulated both inside and outside the blanket region. To prevent the radioactive liquid 

fuel from coming into contact with the steam loop that drives the turbine-generator set, an 

intennediate light-water heat-transfer loop is added. The additional intermediate loop adds another 

degree of safety margin in case of accidental radioactive release from a rupture from the liquid fuel 

primary loop. The heat from the intermediate loop is transferred to a light-water secondary loop 

for steam generation. In this concept, energy produced in the blanket from the fission of the 

actinides is recovered and used to produce electricity with about 30% thermal efficiency. This 

recovery of useful energy greatly reduces the overall cost of the facility. 

A proposed layout for the target/blanket is shown in Fig. 3. The solid tungsten/lead target 

is surrounded by an annulus of technetium in D2O, an actinide slurry region, and a D2O reflector. 

The target/blanket design is evolving in an effort to enhance the safety, reliability, and efficiency 

(with respect to neutron utilization). For example, it may be possible to keep the actinide slurry 

within the blanket region, and transfer heat to the heavy-water moderator that is pumped outside 

the blanket. This retention will greatly reduce the overall volume of actinide slurry and reduce the 

risk of spills outside the blanket 

Another option that is being considered is the use of a flowing liquid lead target. The use 

of such a target adds complexity to the design but has the potential to increase the neutron 

utilization efficiency. In addition, if greater accelerator currents are required, the liquid target can 
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more easily remove die heat. The base-case target/blanket design and some of die design options 

are presented in more detail below. 

III. TARGET/BLANKET DESIGN OBJECTIVES 

The design of the target/blanket region for ATW is complex. As die target intercepts die 

proton beam, die hearing rates are exceptionally high (9 MW/1 peak) and die neutron flux levels 

produced are much higher man those for commercial nuclear reactors. The neutrons are very 

expensive to produce when an accelerated proton beam is used. Therefore, the design of die 

target/blanket is crucial; it must use die neutrons as efffciendy as possible while maximizing safety 

and reliability considerations. We have specified several goals in die design of die target/blanket 

(values given are for one light-water reactor waste discharge): 

transmute 33 kg of technetium and 7 kg of iodine per year, 

• transmute 300 kg of actinide mixture per year (neptunium, americium, plutonium); 

• minimize parasitic capture in structures and target; 

• use materials diat are compatible wim fluids to minimize corrosion; 

• use materials that avoid generation of long-lived radioactive nuclides; 

use materials that can withstand intense irradiation; 

• provide a safe system that will easily meet nuclear facility licensing and safety 

goals; 

• maintain subcriticality during normal and off-normal situations; 

• use passive modes of heat removal where possible; 

• ensure easy operation and maintenance; and 

• minimize long-term research and development activities and costs. 

IV. TARGET DESIGN OPTIONS 

The protons from the split beam are directed onto die neutron production target region. 

There are several high atomic number materials that can be used for die spallation target including 

lead (Pb), lead-bismuth (Pb-Bi), tungsten (W), tantalum (Ta), and uranium (U). Through 

spallation in a lead target, approximately 50 neutrons are produced for each incident 1600-MeV 

proton. Neutron production is reduced to about 22 neutrons per proton for the 800-MeV 

application, and if a tungsten target is used, the neutron production decreases to approximately 18 

neutrons per proton for the 800-MeV accelerator. For heat transfer and power density 

considerations, approximately 75% of the diermal energy in die beam is deposited directly into die 
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target; the remainder of the power is removed by neutrons and gammas that leak into the blanket. 
For the 1600-MeV, 62.5-mA proton beam, approximately 100-MWt power is generated, of which 
75 MW, is deposited in the target 

For the ATW commercial waste application, two target design options have been 
considered. The base-case design uses solid tungsten rods cooled with heavy water. As an 
option, a flowing liquid lead or lead-bismuth system is proposed, either of which act as the 
spallation target material and heat transport medium. 

A. Solid Target Design 
The solid target is made of separate regions of tungsten and lead (Fig. 4). Because of its 

high melting point (3300° C), tungsten would be used primarily in the high thermal energy region 
of the target. Because the interior of the solid target is pressurized, a window is required to 
separate the accelerator vacuum from the target region. For this configuration, heavy-water 
cooling is required for the window and the tungsten rods to keep the temperature gradients at 
reasonable values. The neutron absorption in D2O is small and has the added benefit of 
moderating the neutrons. However, D2O will interact with the proton beam and cause some 
degradation in neutron production. 

A region of solid lead surrounds the tungsten target The lead provides a boost in the 
neutron production from additional spallation and (n,xn) reactions. The lead is cooled with D2O to 
keep it well below the melting point A disadvantage to using tungsten as die main target material is 
that it has a significant neutron absorption cross section. Enriching the tungsten in the isotope 
184W would reduce the absorption approximately by a factor of 10 but would be very expensive. 
To increase the neutron leakage from the tungsten and therefore reduce the parasitic absorption, we 
have introduced flux traps in the spaces between the tungsten rod units. We have successfully 
demonstrated this concept at the Los Alamos Neutron Scattering Center (LANSCE). 

1. Target Detail. The target is designed as a separate assembly that can easily be 
removed and replaced during routine maintenance. The target assembly consists of a spherical 
shaped window, several tungsten rod units, and coolant pipes. The entire assembly is encased in a 
single structure and is removed and replaced as a single component The window and tungsten rod 
units are cooled with D2O. The regions between the tungsten rod units are filled with helium gas 
mat is at a slighdy higher pressure than the D2O coolant (about 3.4 MPa), which maintains a 
compressive force on the container of each unit and reduces the mechanical stress. The window 
and die containers for the individual tungsten units are made of Inconel 718. The structural 
container for the entire assembly is made of an aluminum alloy. 

2. Window. At high-energy accelerator facilities, a metal interface is used to maintain a 
vacuum in the accelerator and to protect die equipment in die experimental area. Because of the 



150 

intense energy of the ATW accelerator, a windowless system is desirable, and it is possible that the 

flowing liquid target may provide mat capability. However, if a solid target is used, a window is 

required. Even if the liquid target is used, it may be necessary to first test the system with a 

window to determine if the vacuum pumps can keep up with the pressure demand before actual 

operation takes place without a window. Therefore it is important to study existing window 

designs and to determine their applicability to ATW. 

Results of research at the Los Alamos Meson Physics Facility (LAMPF) have provided 

considerable data about window survivability. The LAMPF accelerator is 800 MeV, 1 mA. The 

double-walled flat window used on the current beam stop at LAMPF has undergone 17,500 h at 

20-30 jiA/cm2, for a total proton fluence of 1.3e22 p/cm2. This window is made of Inconel 718. 

Another laconel window is used for the vacuum-to-air interface. It is replaced yearly and 

accumulates approximately 2.9e21 p/cm2. The proposed window for the Swiss Nuclear Institute 

Neutron Source (SINQ) is being tested at LAMPF. This material is a steel (Fel0.5Cr) and has 

also accumulated 2.9e21 p/cm2 of fluence proton. 

For comparison to ATW, we assume that the 1600-MeV, 62.5-mA proton beam is roughly 

equivalent to 800 MeV, 140 mA with respect to material damage. This provides an average flux of 

about 224 uA/cm2 and in one full-power year 3.52e22 p/cm2 of proton fluence. This fluence is a 

factor of 2.7 times the current fluence on the LAMPF beam stop still in service. Based on this 

experience, it may be reasonable to assume that a window in ATW would require replacement 

about every 6 months. 

3. Tungsten Rod Units. The proton beam that strikes the target is a 25-cm square spatial 

pattern with a nearly flat intensity profile. The tungsten rod units are also square and are 30 cm on 

a side. The D2O coolant enters one side of the unit tfirough an inlet plenum and exits the opposite 

side through a similar plenum. The coolant feed for each unit is separate, which allows for 

pressure and integrity checks before final assembly. Because the beam degrades as it passes 

through the units, there is a reduction in the power density from one unit to the next To flatten the 

axial power distribution and the neutron source, we vary the amount of tungsten in each unit. An 

orifice between each unit may be required. In the horizontal direction, because the power density 

is flat across the tungsten square, there is no need for orifices within each individual unit. 

Although the rod units are square, they fit inside a cylindrical structure that is about 40 cm in 

diameter. The rest of the surrounding blanket is also cylindrical. 

Within a single tungsten rod unit, the rods are encased in a thin shell of Inconel 718 

(Fig. 5). This contains the D2O coolant and provides a structural support for the rods. The rods 

are set in several sets of two rows, each with flow passages in between. From a distance, the rods 

appear to form a plate with a bumpy surface. The rods are held in place at the ends in a manner 

that allows them to expand and contract, which thereby significantly reduces the thermal and 
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mechanical stresses. The number of rod sets (or "plates") in each unit can vary to flatten the axial 

power distribution. In each unit, the tungsten occupies about 50% of the free volume. The rest is 

occupied by the D2O coolanL 

4. Heat-Transfer Analysis. Detailed heat-transfer calculations were performed for a 

typical channel in the peak power density region (the tungsten unit that is first hit by the proton 

beam). In this region, the calculated power density in die tungsten is 8.64 MW/1, and in the D2O 

0.327 MW/1. For our geometry, this is equivalent to a heat flux of about 10.8 MW/m2. For me 

heat-transfer analysis, "plate" geometry was assumed with the plate thickness equivalent to a two-

row set of rods. The calculations were performed with a multiphase flow code that can predict the 

onset of boiling with reasonable accuracy. The tungsten "plate" was modeled as a slab with 30 

axial nodes placed along its length. Each axial node contained 10 horizontal nodes to resolve the 

temperature distribution between die middle of die "plate" and die surface that is in contact with die 

coolant. The results show that for a coolant pressure of 5 MPa, inlet temperature 300 K, and a 

velocity of 13 m/s, the flow will remain single phase. The peak tungsten temperature is about 

450 K, which is small compared widi the melting point (3800 K). If subcooled boiling is used as 

die heat-transfer mechanism, die pressure may be reduced significandy. Experimental results for 

fusion reactor applications (Refs. 1-3) show that heat fluxes greater than 20 MW/m2 may be 

obtained. Therefore, it appears diat adequate cooling can be achieved. 

The hydraulic design of die target will be verified with full-scale tests to experimentally 

check the flow distribution through die assembly and each tungsten unit. Subscale tests will be 

used to verify die thermal design to ensure that cooling is adequate for both normal and off-normal 

conditions. 

5. Decay Heat. The decay heat has been predicted for the main components of die target 

assembly using the LAHET/MCNP/CINDER code system. The results show diat after 1 year of 

operation at 80% availability, die decay heat in the tungsten amounts to 0.4% of the total heat 

generated at full power. This heat decays quickly and after 1 day is down to 0.1%. 

B. Liquid Target Design 

The flowing liquid spallation target is a pure lead material (melting point 600 K). The lead 

target material has a high atomic number, good heat-transport properties, and is compatible with 

low-chronium, low-nickel stainless steel alloys such as Croloy. A lead-bismuth eutectic was 

originally chosen as die material of choice for die liquid target option because of its low melting 

point, high boiling point, low vapor pressure, and high atomic number. However, because of die 

production of 210Po from die bismuth (a major radiologic hazard), this material has fallen out of 

favor. Instead, lead is now the material of choice and is die focus of much of our attention for die 

flowing target system. Aldiough lead operates at a higher temperature, it appears die difficulties 
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with respect to cooling, vapor pressure, and operation can be overcome. Evidently, the Soviets 

have experience with liquid lead coolants for some of their reactors. Still, lead produces some 

long-lived waste products when irradiated in the proton beam and becomes a mixed waste (toxic 

and radioactive). When compared with the solid tungsten target, this puts the flowing lead system 

at a disadvantage. One advantage of the flowing liquid lead design is mat a window between the 

beam and the target may be unnecessary if the vapor pressure of the liquid at die surface is 

sufficiendy low that die vacuum may be maintained. 

The orientation of die flowing liquid target is vertical with die liquid lead flowing upward 

through an annulus, turning, and men flowing downward into a cone-shaped open channel. Here 

the fluid interacts with die proton beam and is in direct contact widi a vacuum. As die target 

material is flowing downward through die channel, the spallation reactions cause significant heat 

generation. The fluid coalesces in die central target area that is about 50 cm in diameter and flows 

downward at about 2 m/s. The flow rate is sufficiendy high to convect die heat away at a 

reasonable temperature. In die target region, die bulk temperature increase is 100 K (from 700 K 

to 800 K). The flow exits die bottom of die target region and is pumped dirough a heat exchanger. 

The heat is transferred to a secondary sodium-potassium (NaK) eutectic heat-transport loop and 

dien dumped to die atmosphere dirough a forced-air heat exchanger. The loop components such as 

die pump and heat exchanger will require development and testing to ensure an adequate design. 

The NaK system and dump heat exchanger are similar to die heat dump system used in die Fast 

Flux Test Facility. 

The neutron damage to die container wall may require replacement every 1 or 2 years. The 

intense flux occurs in a relatively small 50-cm section of die wall. Here die Static head of fluid is 

very low (0.09 MPa or 13.2 psi) and die calculated hoop stress only 4.68 MPa (680 psi). Because 

of the low stress, material lifetimes may be increased. A double-wall construction is required to 

provide thermal insulation between die target and die blanket, and to prevent liquid metal-water 

interaction in die event of a leak. 

V. BLANKET DESIGN 

The ATW blanket design for each of die four modules is based on die existing CANDU 

reactor design. The primary reasons for this choice is diat die CANDU system uses heavy water 

as die coolant and moderator, and the power level is approximately die same for each module as in 

die CANDU-3. Therefore, ATW can benefit from this experience base, which will minimize 

overall research and development costs. 
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A. Comparison to CANDU Heat Transport System 

Table 1 provides a comparison of key design parameters for CANDU-3 and one 

target/blanket module of ATW. 

B. MATERIAL COMPATIBILITY 

The current ATW base-case design employs zirconium alloys for containment vessels and 

piping in heavy-water-cooled environments. Temperatures from < 100° C up to 300° C are 

anticipated. Neutron flux of about 2 E 15 n/cm2-s is anticipated and the neutron spectrum varies 

between mostly thermal and mostly fast-reactor-like, but because of a lead shield, not spalladon-

like. In addition, die presence of technetium salts in the slurry require that the pH of die slurry be 

approximately 11. With respect to die performance of zircaloys in die anticipated environment 

there is a wealth of information. 

Zircaloys were developed for cladding in light-water reactors. Therefore dieir performance 

in a thermal neutron spectrum and water environment is excellent In die above application, 

zircaloys will perform adequately provided a number of precautions are addressed. 

It is important to note diat almost every light-water reactor in die world has been shut down 

at least once because of corrosion problems, so no system is likely to be perfect The zircaloys are 

die best materials at moderate temperatures (< 400° Q in water environments. Zircaloys (and all 

other reactor metals) are reactive with water and obtain their protection from a tighdy adherent 

oxide surface layer. Light-water reactors typically add LiOH to die water to obtain a pH of 9 to 11 

as a corrosion inhibiter. At a higher pH, LiOH enhances corrosion. The mechanism of LiOH 

inhibition is not completely understood, but lithium interaction widi die oxide protective layer is 

thought to play a role. Therefore, it is likely that technetium salts widi a pH of 11 will not be 

corrosive to zircaloys, but some caution is required. 

In addition, corrosion in zircaloys is enhanced by dissolved oxygen in the water. Zircaloys 

are sensitive to hydrogen embrittlement. Hydrogen enters die alloy by die reaction Zr + H 20 -» 

ZrH + O. ZrH forms interstitial platelets mat decrease die alloys' strength. At much higher 
temperatures such as would be experienced in a reactor coolant loss, zirconium reacts with water to 
form hydrogen gas by die reaction Zr + fyO -» Z1O2 + 2H2 + 140 kcal/mole. This situation 

obviously causes an explosive hazard. Zircaloy-4 is similar to zircaloy-2 except that zircaloy-4 has 

no nickel content. 

Zircaloys have been irradiated up to 100 displacements per atom (dpa) thermal neutron 

fluence. The amount of swelling and die decrease in ductility caused by dtermal neutrons is known 

and can be accommodated by proper design. However, many variables are important in 

determining die response of any material to irradiation and extrapolation to different conditions is 
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not straightforward. Performance (expected service life) will be dependent on the irradiation 

temperature and flux, the neutron spectrum, and chemistry of corrosion. 

Erosion is an issue with ATW systems using rectal-oxide (ceramic particulate) slurries-

Flowing water enhances corrosion, especially at bends in tubing and in pumps. Because the 

materials depend on an oxide layer to prevent corrosion, an abrasive slurry that abrades or pits the 

layer will increase the corrosion rate. This effect can be very severe at high flow velocities. 

Overall, for the current ATW application, zircaloy-4 would be die preferred alloy. 

VI. PRELIMINARY PHYSICS ANALYSIS OF THE BLANKET 

The aqueous blanket incorporates a flowing D2O "slurry" of pressurized water reactor 

actinide wastes contained in CANDU-type pressure tubes. The double-walled pressure tubes are 

immersed in a D2O moderator diat surrounds die neutron-producing target. Long-lived fission-

product wastes are circulated through die blanket, either directly in die moderator or in separate 

tubes. 

The composition of the actinide waste was obtained from an ORIGEN point depletion 

calculation using a CANDU neutron spectrum. Table 2 shows die relative isotonic composition of 

die light-water reactor actinide wastes and die equilibrium composition after irradiation in a flux of 

1.0 x 1015 that was used in our calculations. Plutonium isotopes constitute almost 90% of die feed 

material mass but only 50% of die equilibrium mass. The primary fissile isotopes are 239Pu and 
241pu. 

A. LATTICE CELL CALCULATIONS 

Figure 6 shows a schematic of the lattice cell employed in our initial calculations. The cell 

contains die actinide slurry surrounded by double-walled zirconium pressure tubes and die 

associated D2O moderator. Dimensions and area fractions are shown for die configuration that 

was eventually chosen for die reference design. 

Initial calculations investigated die effects of actinide concentration, tube size, and tube 
spacing on keff (or koo in die case of die non-leakage unit cell). Figure 7 shows die dependency of 

koo on actinide concentration. Initially increasing die actinide concentration from 5 g/1 has a 

pronounced positive effect on koo, but die curve flattens out at approximately 30 g/1- At low 

actinide concentrations, die neutron balance is dominated by captures in die zirconium tubes, which 

account for 60% of all captures at 5 g/1. Initial introduction of fissile material effectively competes 

with die zirconium captures, reducing those captures to 13% at 50 g/1 where diat effect becomes 

relatively small. However, increasing die actinide concentration also hardens die neutron spectrum 

in die slurry, which increases the epidiermal and resonance captures in die non-fissile isotopes 
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(primarily 24®Pu and 242Pu) relative to the predominantly thermal fission reactions in the fissile 

isotopes. Once die zirconium captures become less important, die spectral-hardening effect tends 

to mitigate further increases in koo- A finite system might continue to exhibit an increasing keff 

dependency if the addition of fissile material competes widi neutron leakage. However, the 

proposed ATW blanket is a relatively large, low leakage system, and should show the same 

behavior as found in the lattice-cell calculations. Therefore, fix the hexagonal lattice configuratioa 

used in these calculations (10-cm-diam. rubes spaced 17.0 cm apart), it appears dial the maximum 

attainable koo is approximately 1.0. Considering that we need additional reactivity to compensate 

for leakage, target, and structure absorptions, as well as fission product poisoning and burning, it 

is doubtful that this value of koo will provide die high multiplication needed fix satisfactory system 

performance. 

The effects of the slurry-tube radius and pitch are shown in Figs. 8a and 8b, which are 

parametric plots of the same data. For the tube-size investigation, the relative areas of slurry, 

walls, and moderator were maintained as die cell dimensions were varied. Figure 8 shows that at 

a given pitch, koo increases only slightly with increasing tube size, but increasing die tube pitch 

(spacing) can yield significant improvements in koo. A larger tube pitch increases the 

moderator/slurry ratio. This allows fission neutrons that leave die slurry to slow down and 

thermalize in the P2P moderator before returning to the slurry, thereby reducing die probability of 

resonance capture in die nonfissile actinides. This effect can be seen in Fig. 9, which plots die 

actinide capture-to-fission ratio as a function of tube spacing (capture is defined as a non-fission 

absorption). Increasing die pitch strongly reduces die overall parasitic capture probability. 

Because a constant actinide slurry area is required for heat-transport considerations, increasing die 

slurry/moderator ratio will also increase die blanket size. 

The final cell calculations extended die range of actinide concentrations up to 100 g/I. 

These results are shown in Fig. 10. The lower curve in Fig. 10 is an extension of die plot in 

Fig. 7 and confirms die inability to increase koo for diat configuration (17.0-cm pitch). However, 

at the larger spacings, increasing the actinide concentration can achieve further gains in koo. 

Based on these cell calculations, we selected a 5-cm-radius tube, a 23.8-cm pitch, and a 

75-g/l actinide concentration as the reference lattice configuration to be used in the blanket 

calculations. The resulting value of koo, shown in Fig. 5 as a large dot, is 1.158. A neutron 

balance for die reference lattice-cell configuration is shown in Table 3. 

B. BLANKET CALCULATIONS 

A schematic of the target-blanket configuration is shown in Fig. 3. The target is a 

homogenized version of the solid tungsten rod design. Primary regions in our one-dimensional 

model are die homogenized tungsten rods, a PD-D2O region, an aluminum target structure, and a 
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zircaloy tank wall followed by a dlin 1 molar TC/D2O buffer region whose dikkness was varied. A 

D2O outer reflector surrounds die "active" actinide blanket region. 

Because ONEDANT is a one-dimensional code (cylindrical geometry in rhis case) diat 

cannot accept azimutfial geometry changes, we must homogenize die lattice cell for incorporation 

into die blanket calculations. This was done by flux-volume-weighting die constituent materials 

and the cross sections in die unit cell to preserve reaction rates. The accuracy of dib approximation 

must be checked by a more rigorous MCNP calculation dm can more accurately model die detailed 

geometry. 

Before homogenizing die lattice cell, we incorporated , 0 B into die actinide slurry to 

simulate die buildup of fission products (excluding technetium and iodine). The 10B concentration 

was adjusted to produce die same fission product absorption rate relative to die total actinide 

absorptions mat were calculated for a 10-day buildup at a flux of 1.0 x 1015. The addition of die 

appropriate amount of l °B reduced die koo of die lattice cell by 0.057 Ak. 

The blanket calculations incorporated die homogenized (flux-weighted) cell cross sections 

that contained die 10B simulated lumped fission products. The kcff of an infinite-lengdi blanket 

configuration was 0.057 Ak less than die corresponding cell value. This reduction is due to radial 

leakage and neutron capture in blanket materials. An additional 0.03S was lost in die inclusion of 

an axial-leakage approximation into die one-dimensional calculation. The resulting blanket kcff 

was 1008. 

The next step in die blanket calculations was to simulate burning of long-lived fission 

products produced in die pressurized water reactor cycle as well as in the blanket itself. Again, 

relative neutron captures per fission required to bum technetium and iodine were obtained from die 

ORIGEN calculation. The following procedure was followed for diese calculations: 

1. An operating value of keff was selected. 

2. To simulate fission product burning, an eigenvalue calculation was performed in 

which technetium was added homogeneously throughout die actinide region and die 

outer reflector to reduce die kcff from die initial value of 1.008 to die target value 

selected in step 1. 

3. A source problem was run with die appropriate technetium concentration 

determined in step 2. 

4 Results from step 3 (power and die ratio of technetium captures per fission) were 

normalized to a 800-MeV, 140-mA beam (or equivalendy to a 1600-MeV, 62.5-mA 

beam) and compared widi die goal values required to support two light-water 

reactors. 
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5. The above steps were repeated for varying thicknesses of the inner TC/D2O buffer 

region. 

These steps were followed for operating keff values of 0.95 and 0.93. The results are 

shown in Figs. 11 and 12, respectively. Two figures of merit are plotted as a function of the Tc-

D2O buffer region thickness: (1) the blanket power and (2) me technetium burn rate, both relative 

to the respective goal values required to service two pressurized water reactors. From Fig. 7 we 

see that at an operating keff of 0.9S and no technetium buffer region, sufficient neutron 

multiplication exists to produce approximately 1.2 tunes the 1640 MW needed to bum the actinide 

wastes from two pressurized water reactors. However, at this relatively high keff there are not 

enough excess neutrons available to bum the required technetium atoms (only 72% of the goal 

technetium bum is achieved). Increasing the buffer region thickness puts technetium atoms in a 

high flux region and increases the technetium captures relative to the fissions. However, capturing 

the source neutrons before they are multiplied in the actinide region reduces the effective 

multiplication and the resulting power. These conflicting trends are shown in Figs. 11 and 12. At 

die point where the two curves intersect, the two parameters (actinide and fission-product burn) are 

balanced for the needs of the pressurized water reactor cycle. At a keff of 0.95 and a buffer region 

thickness of 1.9 cm, die blanket will operate at a power level of 1542 MW and support 1.88 

pressurized water reactors. A neutron balance for this configuration is shown in Table 4. 

Operating at a keff of 0.93 allows die incorporation of more technetium atoms and provides 

more excess neutrons so that for a given buffer-region thickness more technetium will be burned. 

However, Fig. 12 shows that even widi no buffer region, the blanket will burn only 88% of the 

technetium goal amount. At a keff of 0.93 there is also insufficient multiplication to meet the 

power goal, and adding a buffer region to increase die technetium burn will further aggravate die 

power deficiency. Thus, a blanket operating at a keff of 0.93 would not have any technetium 

buffer region and would service the equivalent of approximately 1.7 pressurized water reactors. 

In calculating the achievable technetium bum, we included radial neutron leakage as being 

captured in technetium. This could be achieved by increasing the technetium concentration in die 

outer part of the radial reflector and/or by making it diicker. 

The reference blanket has an actinide inventory of 325 kg in a 250 cm length. The 
corresponding technetium inventories are 82.0 and 99.2 kg in blankets operating at a keff of 0.95 

and 0.93, respectively. The one-dimensional fluxes in the actinide blanket were calculated to be 

1.38 x 101* and 1.26 x 1015 n/cm3-s for keffs of 0.95 and 0.93, respectively. The two-

dimensional fluxes will probably be lower throughout a significant part of the blanket. 

In summary, we have performed one-dimensional physics calculations to investigate die 

performance of an aqueous ATW blanket to burn actinides and long-lived fission products from die 
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pressurized water reactor fuel cycle. These calculations indicate that a blanket combined with a 

800-MeV, 140-mA (or equivalently a 1600-MeV, 62.5-mA) accelerator may be able to transmute 

wastes from almost two pressurized water reactors. 

These calculations must be considered very preliminary. They are based on equilibrium 

actinide and fission product concentrations calculated from a point depletion code using a CANDU 

neutron spectrum. Because the blanket performance is very sensitive to data derived from these 

depletion calculations, a second iteration using flux and spectra determined from the initial blanket 

study must be performed. Also, more rigorous two- and three-dimensional physics calculations 

must be performed to check the accuracy of the one-dimensional calculations and to account for 

spatial effects. Eventually, two-dimensional depletion calculations should be performed on the 

blanket design, not just for equilibrium operation, but for the entire ATW operating cycle. 

Additional cross-section generation effort is also needed. In particular, we need cross sections for 

several actinides not currently available, such as 248Cm, and for D2O at the relatively high slurry 

temperature of 600 K. 

VII. CONCLUSION 

A conceptual design for the target/blanket of the Los Alamos ATW concept has been 

presented. The neutronics, mechanical design, and heat transfer have been investigated in some 

detail for the base-case design. Much mors work needs to be done, but at this point it appears that 

the design is feasible and will approach the design goal of supporting two commercial power 

reactors with each target/blanket module. 
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Fig. 4. 
Solid target design. 

Fig. 5. 
End view of the tungsten rod unit. 
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Fig. 7. 
keff vs slurry concentration for the cell calculation. 
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Fig. 8a. 
kcff vs slurry radius. 
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Fig. 8b. 
keff vs slurry tube pitch. 
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Slurry concentration = 50 g/1 
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Fig. 9. 
Capture/fission ratio vs slurry tube spacing. 
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Fig. 10. 
keff vs slurry concentration. 
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keff = 0.95 

» i « i > i > 1 
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Thickness of Tc buffer region (cm) 

Fig. 11. 
Blanket performance at keff of 0.95. 
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Fig. 12. 
Blanket performance at keff of 0.93. 
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TABLE 1 

KEY DESIGN PARAMETER COMPARISON 

PARAMETER 

1. Blanket Arrangement 

Type 

Coolant 

Moderator 

Number of Fuel Assemblies 

Fuel Assembly Material 

Total mass of Fuel 

kcff 

2. Fuel 

Fuel 

Form 

Bundle Length 

Bundle Outer Diameter 

Bundles/Fuel Assembly 

3. Heat Transport System 

Number of Steam Generators 

Steam Generator Type 

Number of Heat-Transport 

Pumps 

Pump Type 

Number of Intermediate 

Heat Exchangers (MX) 

IHXType 

Number of EHX Pumps 

CANDU-3 

horizontal pressure tube 

pressurized heavy water 

heavy water 

232 

Zirconium-Niobiuni 

53174 kg 

1.0 

compacted/sintered 

natural UO2 pellets 

fuel bundle assembly; 

37 elements/assembly 

0.495 m 

0.1024 m 

12 

2 

vertical U-tube 

2 

vertical, centrifugal, single 

suction, double discharge 

-

-

-

ATW 

same 

same 

same 

250 

same 

1550 kg 

(total primary loop) 

0.95 

aqueous actmide 

solution (75 gm/1); 

(Pu, Np, Am, Cm) 

flowing fuel solution 

. 

0.10 m 
-

same 

same 

same 

same 

2 

vertical once-through 

2 
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PARAMETER 

MX Pump Type 

Blanket Outlet Pressure 

Blanket Outlet Temp-

Blanket Inlet Temp. 

Total Flowrate 

Steam Outlet Temp. 

Feedwaier Inlet Temp. 

Steam Quality 

Steam Pressure 

MX Outlet Temp. 

MX Outlet Pressure 

MX Inlet Temp. 

MX Flowrate 

4. Power 

Total Fission Heat 

Net Electrical Output 

CANDU-3 
-

9.9 MPa 

310 C 

258C 

5300 kg/s 

260 C 

187 C 

99.75% 

4.6 MPa 
. 

-

. 

. 

1440.3 MW, 

450 MWe 

ATW 

vertical, centrifugal. 

single suction, double 

discharge 

13.1 MPa 

325 C 

273 C 

5240 kg/s 

f̂lmr 

same 

same 

same 

310C 

13.2 MPa 

258 C 

5744 kg/s 

1542 MW, 

487 MWe 
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TABLE 2 

RELATIVE ISOTOPIC COMPOSITIONS 

Isotope 

2 3 7 N p 

2 3 8 N p 

2 3 9 N p 

Total Np 
238p u 

2 3 9 P u 

2 4 0 P u 

241 p u 

242p u 
2 4 3 P u -
2 4 4 P u . 

Total Pu 
24lAm 
242 A m 

242mA m« 

243Am 
244 A m # 

244mA m« 

2 4 5 A m * 

Total Am 
242Cm 
243Cm* 
244Cm 
245Cm# 

246Cm* 
247Cm* 
248Cm* 
240Cm* 
Total Cm 

PWR 
Discharge 

0.0449 
0.0000 
0.0000 
0.0449 
0.0140 
0.5148 
0.2372 
0.0785 
0.0481 
0.0000 
0.0000 
0.8925 
0.0513 
0.0000 
0.0001 
0.0092 
0.0000 
0.0000 
0.0000 
0.0607 
0.0000 
0.0000 
0.0018 
0.0001 
0.0000 
0.0000 
0.0000 
0.0000 
0.0019 

Equilibrium 
PHI=1.0E15 

0.0317 
0.0003 
0.0000 
0.0321 
0.0230 
0.0610 
0.1003 
0.0467 
0.2630 
0.0002 
0.0026 
0.4968 
0.0048 
0.0001 
0.0001 
0.0874 
0.0000 
0.0000 
0.0000 
0.0924 
0.0213 
0.0006 
0.2794 
0.0051 
0.0004 
0.0094 
0.0625 
0.0000 
0.3787 

1.0000 1.0000 

* Multigroup cross sections not currently available. 
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TABLE 3 

LATTICE CELL NEUTRON BALANCE 

Isotope Absorptions Fissions 

237Np 

238Np 

239Np 

238pu 

239Pu 

240Pu 

241 Pu 
242Pu 

241Am 
242Am 

243Am 

242Cm 

244Cm 

zirconium 

D2O 

0.0219 

0.0026 

0.0000 

0.0435 

0.2777 

0.1513 

0.2594 

0.0380 

0.0122 

0.0064 

0.0439 

0.0020 

0.0243 

0.1033 

0.0134 

0.0000 

0.0024 

0.0000 

0.0014 

0.1928 

0.0002 

0.1915 

0.0003 

0.0001 

0.0053 

0.0001 

0.0002 

0.0013 

TOTAL 1.0000 0.3956 
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TABLE 4 

REFERENCE BLANKET NEUTRON BALANCE 

keff 0.95 

Sources 
Accelerator 
Fissions Neutrons 
Total Sources 

Absorptions 
Tungsten Region 
Lead Region 
Al -i- Zirc 
Tc Buffer 
Zirc 
Active Blanket 
Slurry 
Clad 
Moderator 
Tc (Self + LWR) 
Total Active Banket 
Outer Reflector 
Tc 
D2O 
Total Outer Refl. 

Total Abs. 

Leakage 
Radial 
Axial 
Total Leakage 

Total Losses 

1.000 
8.994 
9 .994 

0.4146 
0.0B80 
0.0330 
0.1855 
0.0106 

7.338 
0.829 
0.097 
0.427 

8.691 

0.044 
0.020 

0.064 

9 .487 

0.167 
0.343 
0 .510 

9 .997 

Fissions 
Tc Captures 

3.072 
0.656 
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A THEORETICAL STUDY OF HEAVY WATER - MINOR ACTINIDE BLANKETS 

FOR PROTON ACCELERATOR TRANSMUTATION 

V.D. KAZARITSKY, P.P. BLAGOVOLIN, A.D. GALANIN 

Institute of Theoretical and Experimental Physics 

MOSCOW, 117259, RUSSIA 

ABSTRACT 

Nuclear fission is the only reaction leading to actinide 

transmutation. In an accelerator based assembly, employing heavy 

water solution circulation actinides are almost permanently 

exposed to a high neutron flux. The actinide supply from the spent 

fuel elements of nuclear plants is balanced with removing fission 

products from the transmutation system. In the process of 

incineration in the hybrid heavy water assembly there occurs a 

state when actinide concentrations do not change in time. It is in 

a steady state that the likely regimes of irradiation and 

transmutation performance of the system are studied. The fissions 

of tne short-lived nuclide 23SNp dominate in high level neutron 

fluxes, while in routine level fluxes it is the fissions of 2 3 9Pu 

that are dominant. It is shown that the transmutation performance 

depends on an acceptable energy deposition density rather than the 

type of the loaded actinide waste. 

INTRODUCTION 

There is a great demand for reducing the risk of radioactive 

waste disposal, that encourages research into transmutation of long 

lived radioactive nuclei to short-lived and stables ones. At 

present it is acknowledged that there is a need for transmuting 

the nuclei Np, Am, Cm, *»Tc,' £9I [ 1,2 J. 
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Advances in chemistry of partitioning, progress in 

accelerator technology and other factors make it possible to hope 

for the appearance of an accelerator based plant transmuting the 

radioactive nuclides effectively and safety I 3 I, 

If an electronuclear plant is designed on the principles of 

an intensive neutron source, besides an linear accelerator of 

protons it should include a liquid Pb-target Cor Pb-Bi eutectic) 

surrounded by heavy water. A simplified plant layout is shown in 

Fig 1. 

The minor actinides transmutation in the heavy water blanket 

of the plant driven by an intermediate proton accelerator proved to 

have essential advantages I 4 J. Following the terms of I 4 I, the 

plant is here referred to as a ATW C Accelerator Transmutation of 

Waste). In the ATW the linear accelerator, operating in a continuous 

regime, should be a 0.8 - 1.6 GeV-proton class accelerator enabling 

beam current as high as 200 - 300 mA. In the liquid-metal target the 

protons are converted to neutrons. For the 1.6 GeV-energy beam it 

is possible to produce about 50 neutrons whose mean energy is in 

the low MeV range. Moderated by heavy water the neutrons 

form a high flux of thermal neutrons in the range of 1016n/cm2sec. 

If it should be necessary the proton beam can be parted 

between several targets. 

The only nuclear reaction that follows the actinide 

transmutation C transformation to the short-lived and stable 

nuclides 3 is a fission reaction. At a plant of the ATW-type the 

actinides will circulate through the neutron field as long as they 

are not fissioned. The actinides are fed into the ATW from 

reprocessing power reactor fuel in quantities same as those of 

fission products that should be removed. The weight of fission 

products removed per the year may serve as a measure of 

transmutation performance. 

After some operation time there must be attained an equilibrium 

when the actinide concentrations Cin per-unit) will not change in 

time. The equilibrium concentrations will be different from the 

input concentration. Some input concentrations formed by the 

waste of thermal reactor fuel reprocessing are listed in Tab.1. 

It is assumed that U and Pu are extracted without losses 

and are returned to the fuel cycle of power reactors. The minor 

actinides are those parts of actinides that arrive for incineration. 
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This paper presents the results of an investigation of connection 
between equilibrium blanket characteristics and the flux level of 
the neutron source. 

USED SYMBOLS 

•JT - thermal cross section; 
RI - resonance integral; 
r - epithermal index; 
PT - nuclear density of i-th nuclide; 
«xf - fission cross section; 
0 - capture cross section; 
f , - half-life; 
t /a 

x = In2/T - decay constant; 
* - density of thermal neutron flux, n/cursec; 
S - density of neutro sources; 
i-i - index of isotope with A -1; 
n - index of P+ -predecessor; 
m - index of p~ -predecessor; 
k - index of a -predecessor; 
M2 - migration area; 
L2 - diffusion length square; 
r - age (for D.,0 - 125 C M 2 D ; 

D - diffusion coefficient (for D O - 0,96); 
E - total macroscopic cross section of neutron capture; 
T. - the same for actinides; 
£ - the same for heavy water; 
£H - the same for light water; 
E - the same for fission products; 
» - number of fission neutrons produced per fission; 
a - the average fission cross section of actinides in 

equilibrium; 
a - the same for capture; 
P - integral actinide concentration; 
Q - power density, W / C M ; 
1 - current of incidental protons, A; 
n - number of spallation neutrons produced per beam proton; 
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ONE-GROUP STUDY OF EQUILIBRIUM STATE 

The variation of isotope composition for the actinide mixture 

may be determined by the system of differential equations: 

dp, 

ar = " a
f
 p

t* - J
c
 p i * - \ p i + 

- c p * + x p + x p + x , D + S 
c i -i n n m m k k l 

: -l 

Granting that the system is linear, normalization is to be taken 

as it is convenient. For instance, we take Z37Np concentration as 

high as l.The used totality of the actinides and their transmutation 

ways are represented in Fig 2. In case of equilibrium the time 

derivative is considered to be zero. The system may be solved 

consequently by substitutions following in the arrangement of Fig.2. 

numbers. This procedure was realized by computer code RAWNOW. 

Calculation series were provided for cases of several neutron flux 

levels, epithermal index values and input actinide concentration. 

The cross sections are calculated in one-group approximation 

by formula: 

•' = <;T + T RI C23 

Several loadings of different origin are studied: those that are 

waste of the spent VVER-lOOO-fuel with 3-year cooling; the same 

of PWR-fuel with 10-year cooling; mononuclide 237Np loading. 

If equilibrium mixture is represented by an effective 

nuclide, its resultant cross sections are represented by formula: 

if = E J P / j; PI C3) 

The contributions of some nuclides presented on the scheme of Fig 2 

are listed in Tab. 2. The resultant cross sections of the effective 

nuclide proved to depend on the neutron flux. For high fluxes C more 

than 10: *n/cm2sec 3 the cross sections are increased following the 

neutron flux. The resultant fission cross sections as functions of 

the neutron flux and epithermal index are plotted in Fig.3-5. The 

list of nuclides whose fissions dominate is given in Tab. 3. For a 

high flux it is the fissions of short-lived nuclides Csuch as 
2 3 aNp) that will be essential. 
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ESTIMATES OF TRANSMUTATION RATES 

One of the chief features of the ATW type plant as regards 

the target-blanket is that it may operate in a subcritical regime. 

The neutrons, originated in the Pb-target under the action of beam 

particles, can be multiplicated in the blanket at the expense of 

fission. The multiplication is equal to 1/C1-K ).In the one-group 

theory K is determined by fraction: 
e! 

ei f i m geo 

The divisor takes account of the neutron leakage and is equal to 

the value at which the finite size assembly may be critical. If 

the diffusion and age models are taken into account, the 

characteristics, related to a slab CH cm) problem, are defined as: 

K = 1 + *~ M2 

geo 

cr2 = C n / H) 2 

C53 
M£ = L2 + T 

L2 = D / z 
a 

Taking account for all the materials to capture neutrons the capture 

cross sections for the irradiation zone are : 

I = z A • z D 2° • I H 2° • z FP C63 
a a a a a 

It is assumed that the content of light water in heavy water is 

0.4J5. The equality C6J may be written as; 

Za - £a A C 1 + 1D.0 + %a0 + ^FP 

K . = v 5, p / Z 
i ni f A a 

The concentration of fission products in the transmuted mixture 

may be kept on a constant level depending on the regeneration 

rates and the neutron flux. It is considered that the relative 
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concentration is: 
qF? = 0,1 C8) 

It should be kept in mind that the fission products do not spoil 
the neutron balance very much. The concentrations and cross 
sections used for water equal to: 

o Da0 : 1,14 md 
a. ' 

a Hz0 = 664 md 
C9D 

"b,o :0'0331 

P H 2 O -. 0,0331 • 0,004 

It is possible to express the relative capture of neutrons in 
water by: 

C10) 
\u , 8,8 • 10-' / C « A p.) 

The number of transmutations Cfission reactions) per a spallation 
neutron, originated in the Pb-target may be represented by: 

1 ~°t PA 

K f i s . cm 
1 - Kerr Ea 

This function gives an idea of the efficiency of the use initial 
neutrons . The function depends on the actinide concentration 
and average cross sections, which in their turn depend on the 
neutron flux. 

There is a link between the actinide concentration and 
the neutron flux. The link results from setting an upper limit on 
power density: 

5{ PA • < Q C12D 

The value of Q depends on the target-blanket design. For the 
estimates, represented here, it is important that the limitation 
exists, hence it follows that the neutron flux varies inversely 
with the actinide concentration: 
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1 
• - ---- C13D 

Transmutation efficiencies as functions of the neutron flux 
are represented in Fig.6-7 for the power density range from 18 
to 150 W/cra3. A simplified calculation of an average neutron flux 
gives the value of about 10!" n/cmasec. In this case efficiency is 
about 0.5. 

The 5-target plant performance is determined by beam current, 
equal to 0.3 • 6.24 • 10 "p/sec and hence by 55 • 1.87 • 10:8n/sec 
originated in 5 targets and by neutron efficiency, that is taken 
as 0.5. In this case the transmutation rate would equal 1 • 10:9 

fissions/sec and the thermal power deposited in blanket would equal 
1.5 GW, which is equivalent to the transmutation of the 500 kg 
actinides per year. 

One-group average cross sections per fission product pair are 
shown in Fig. 8. In the used actinide mixture it is 80 barn. Using 
relationship C10D and calculating p from C123, one may find the 
fission product concentration p„: 

P-.0 = 2,5 • 10 "
6 pair/ CM 3 (143 

in 10a*-units. It is necessary that the fission product removal per 
target have 0.004 g/sec, but solution removal rate would be about 
15 1/h . Actinide composition of the solution drawn for regeneration 
depends on the neutron flux. The calculated composition plotted 
against the neutron flux is shown in Fig. 9-12. The total actinide 
concentration of the D 0 solution as a function of the neutron 

a 

flux is given in Fig. 13. In consequence, the transmutation plant 
may have the following characteristics: 

energy of beam protons 1.6 GeV 
mean proton current 300 raA 
beam power 480 MW 
accelerator efficiency 50 % 
accelerator power supply 960 MW 
target number per accelerator 5 
heat power per target 96 MW 
heat power per blanket 300 MW 
actinide transmutation rate 500 Kg/year 
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the same in VVER-lOOO-exchange units 17 

drawing the solution for recovery 75 1/hour 

steam generation 2500 t/hour 

CONCLUSION 

The above analysis of plant performance is qualitative rather 

than quantitative. The general properties of a hybrid system based 

on D O-dissolved actinides were subjected to analysis. 

The actinide transmutation rate is shown to depend on 

allowable power density in a water blanket. In an equilibrium 

regime performance does not largely depend on the input actinide 

composition C reactor type and cooling time ). The neutron flux 

largely determines both the performance and the equilibrium 

actinide composition. 

The average cross sections, calculated per one fissioned 

nucleus, increases rapidly with the neutron flux. In case of 

sufficiently large power density C50-100 Hf/tm3), the transmutation 

performance reaches its peak at flux of 10IS- 10'6n/cm2sec. For 

small power densities the performance is comparatively flat. 

The calculation shows that there may exist a regime of 

operating when the plant would incinerate the minor actinide waste 

of no less than ten 1000 MW-power stations. 
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[able i. 

Minor actinide waste nuclei fro» power reactors 

tin relative units) 

Nuclides 

£41 
Am 

d37 
Np 

242m 
Am 

242 
Cm 

243 
Cm 

<*3Am 

244Cm 

245 
Cm 

246 
Cm 

VVER 

C3 year cooling) 

0,46 

1,0 

l,2E-3 

3,lE-4 

8.1E-4 

0,224 

0,049 

9,4E-3 

2,4E-4 

LWR 
C10 year coolingJ 

0,477 

0,422 

6,OE-4 

0 

3,l8E-4 

0,085 

0,016 

8,7E-4 

0 
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Lable 2. 

Fission and capture rates ol the nuclei in equilibrium 

C neutron flux of 10 1 6 n/cm2 sec ) 

Nuclides 

241 
An 

237 
Np 

242ra 
Am 

242g 
Am 

238 
Np 

242 
Cm 

243 
Cm 

238 
Pu 

239 
Pu 

240 
Pu 

241 
Pu 

242 
Pu 

243 
Am 

244 
Cm 

245 
Cm 

246 
Cm 

247 
Cm 

p J
 f , X 

. 

-

2,2 

15,2 

48 

1,2 

4,3 

-

7 

-

2,3 

-

-

-

15,5 

-

1,4 

p ° c '* 

17,5 

38,2 

-

-

-

3,4 

-

6 

2 

2 

-

1,5 

10 

U,7 

1,7 

1,6 

-
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Table 3. 

The relative fission rates as neutron flux functions 

Cdoininant nuclei) 

Flux 

n/cm sec 

16 
10 

15 
10 

14 
10 

Nuclides 

238 
Np 

245 
Cm 

242m 
Am 

239 
Pu 

239 
Pu 

238 
Np 

245 
Cm 

241 
Pu 

239 
Pu 

245 
Cm 

241 
Pu 

238 
Np 

Fission 

rates 

0,481 

0,155 

0,152 

0,070 

0,317 

0,210 

0,203 

0,098 

0,492 

0,220 

0,152 

0,032 

Concentration 

relative to 237Np 

0.0917 

0,0289 

0,0295 

0,0334 

0,1492 

0,0396 

0,0375 

0,0370 

0,2305 

0,0404 

0,0572 

0,0059 
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Fig. 1. Operating scheme of plant for transmuting 

radioactive waste of power reactors 

Accelerator CI.6 GeV, 50-300 mA) 
Protons 

Spent 

fuel 

Stable and 

short-lived 
waste 

10 1 6 n/cm2sec 

Thermal 

neutron 

flux 

Liquid Pb-Bi 

cycle 
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Fig. 6. Neutron flux dependence of transudation efficiency 
Cfissions per spallation neutron) with different power densities: 
epithermal index i s 0.1; VVER-1000 waste with 3-year cooling; 
numerical values show power density in W/cm . 
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Fig. 7. Neutron flux dependence of transmutation efficiency 
Cfissions per spallation neutron) with different power densities: 
epithermal index is 0.2; VVER-1000 waste with 3-year cooling; 
numerical values show power density in W/cm . 
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Fig. 8. Effective one-group capture cross section per a fission 
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Fig. 9. Streams of transuranium elements, drawn for reprocessing 
Ckg/day): initial loading is waste of WER-1000 with 3-year 
cooling; power density is 18.8 W/cm . 
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Fig. 10. Streams of transuranium elements, drawn for reprocessing 
Cleg/day): initial loading is waste of WER-1000 with 3-year 
cooling; power density is 150 W/cm . 
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1. PRESENT STATUS OF NUCLEAR POWER IN THE FORMER USSR 

The present state of nuclear power in the country may 

be characterized as the crisis one due to: 

1.1. Ecological, economic, social and political 

consequences of Chernobyl catastrophe. 

1.2 The use of power reactors in the functioning NPP 

that don't fit modern safety requirements Cinherent 

properties and passive safety systems). 

1.3. Relatively poor quality of manufacturing basic 

technological equipment of NPP. 

1.4. Relatively poor quality of construction and 

assembly work. 

1.5. Relatively low trainiing level of NPP operators, 

low level of their wages, that does not fit their 

responsibility. 

1.6. The absence of conditions, excluding negative 

influence of human factor to NPP safety. 

1.7. The absence of the state guarantees and of social 

protection of the population in connection with NPP 

exploitation. 

1.8. Unsatisfactory experimental basis for 

substantiation of technical solutions made. 

1.9. Negative attitude of considerable part of the 

population towards NPP construction. 

Only a complex solution of the problems available in 

nuclear power will help to get the society approval to 

further development of nuclear power in the USSR. 
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2. BASIC PROBLEMS OF NUCLEAR POWER DEVELOPMENT 

Futrher existence of nuclear power depends on 

guarantees of NPP ecologic safety and that of nuclear fuel 

cycle (NFC) plants. 

The guarantees may be provided by: 

2.1. Commissioning new types of nuclear power 

facilities CNPF) with inherent safety properties and passive 

safety systems. 

2.2. Development and introduction of wasteless 

technologies at NPP and NFC plants including nuclear fuel 

recycling and transmutation of long-lived radionuclides. 

2.3. Improvement of existing and development of new 

methods of high quality equipment production for NPP and of 

its quality control. 

2.4. Improvement of existing and development of new 

progressive methods and technologies of assembling NPP 

equipment. 

2.5. Solving social problems of NPP personnel. 

There is no doubt also that a comparative study is to 

be carried out for ecologic safety of nuclear power and NPP 

plants on the one hand, and of thermal power and of elecric 

power plants based on replenishable energy resources, on the 

other hand. 

Besides the ecology, it is necessary to solve the 

problems of social protection for the population of the 

regions where NPP and NFC plants are situated. 

The items of this part of the "Concept" concerning 
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ecologic and social acceptability of nuclear power for the 

population must be taken into account in studying NPP 

economic efficiency. 

3. PRINCIPAL FEATURES AF NPF OF EXISTING TYPES 

The following principal faults of NPF of existing types 

should be pointed at (power reactors of WER, RBMK, and BN 

types are meant here): 

3.1. Nuclear fuel is used that is enriched with 

Uranium-235 in the form of uranium dioxide. Nuclear fuel 

with natural isotope content is not used in the power 

reactors. 

3.2. For the excess reactivity compensation in the 

initial period of the campaign due to the use of enriched 

nuclear fuel, certain construction means are provided 

(burning out absorbers, additional solid absorbers, 

introduction of Boron into the heat carrier, movable 

compensator rods). 

3.3. In the course of NPF functioning, nuclear fuel 

burnout and change of reactivity take place, which demand 

appropriate control systems. 

3.4. In the course of NPF functioning, Xenon production 

occurs in the nuclear fuel, its amount affects transition 

processes in the power reactor, which demands appropriate 

design and construction solutions. 

3.5. To provide NPF nuclear safety, a fast-acting 

emergency protection has to be provided, with appropriate 
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reserve and reliable power supply. 

3.6. Low efficiency of nuclear fuel utilization in one 

irradiation cycle in NPF. 

3.7. Absence of conditions for reducing partial 

incipiration of radionuclides in spent nuclear fuel CSNF) 

during one nuclear fuel cycle. 

3.8. Presence of a number of NPF neutron parameter 

control systems in the course of its operation, which makes 

the NPF more complicated. 

3.9. Absence of possibilities for SNF repeated use in 

NPF, of technologies and apparatus for handling radioactive 

fuel assemblies and targets for loading them into the NPF 

core. 

3.10. Low thermal technical parameters of WER- and 

RBMK-type NPF. 

The above mentioned faults in NPF of existing types, 

affect their safety level considerably, they can't be done 

with within the framework of existing USSR scientific and 

technical programs for development of safe nuclear power. 

New approaches are needed, accounting for national and 

foreign experience in developing and running NPP, based on 

introduction of modern nuclear science and technology 

4.ELECTRONUCLEAR REACTORS IN PERSPECTIVE NUCLEAR POWER 

For solving the problem of nuclear power ecologic and 

social acceptability, we propose to use electronuclear 

reactors (ENR) in perspective development scheme of nuclear 

power after the year 2000, with provision for corresponding 
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fundamental and applied research in the programs for 1991 -

2000. With the introduction of ENR, the nuclear power could 

have reliably solved the problems of nuclear safety, 

provided itself with fuel in the long run, and excluded 

long-time burying long-lived radionuclides. 

Schematically, an electronuclear reactor consists of 

two main blocks namely, a linear accelerator of protons and 

a target complex. The proton linear accelerator (LA3 has the 

following parameters: 1.5 GeV energy of protons, 0.3 A 

proton beam current, 900 MWCe) power of RF system, 900 m 

length. As a target material, lead, Pb-Bi or dump Uranium 

may be used. As a result of proton interaction with the 

target material, high-energy neutrons are produced, which 

are captured in the blanket surrounding the target. Per one 

absorbed neutron, up to 55 - 80 secondary neutrons can be 

produced which may be used both for energy production and 

for transmutation purposes. Electric power of an 

electronuclear reactor with a blanket containing 

transuranium elements and with effective breeding 

coefficient Kf < 0.95, may come to 1.3 GWCe) that allows to 

have the useful power about 0.9 GWCe). 
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Compared to NPF of existing types, ENR has the 

following advantages: 

4.1. As the initial charge, dump Uranium and other 

actinides can be used. 

4.2. ENR as an intense neutron source, can be used for 

nuclear transmutation of FP and of actinides for which no 

useful application can be found. 

A subcritical breeding system combined with a proton 

accelerator, allows to use about 3.76 neutrons for energy 

production per single act of fission compared to that of 

2. 46 for Uranium-235 in fission reactors. 

4.3. To provide for ENR normal functioning: 

- no reactivity compensation system is needed in the 

initial period of the campaign and further on; 

- power control can be provided through the accelerator 

current control; 

- emergency protection system can be based on RF-power 

cutoff. 

4.4. Principal possibility of full burnout of fissile 

isotopes, including burnoff of WER-1000 and RBMK spent 

nuclear fuel. 

Thus, ENR possess new safety properties compared to NPF 

of existing types having the source in the use of a 

subcritical system excluding completely power boost due to 

protection cystem fault or to operator mistakes. Besides 

that, the possibility arises to use ENR for nuclear 

transmutation of long-lived radionuclides which is of 

principal importance for providing ecologic acceptability of 
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nuclear power. 

It shold be kept in mind that the sums needed for ENR 

development and running, should be ascribed both to the cost 

of the energy produced and to the cost of nuclear 

transmutation process of long-lived radionuclides. This 

circumstance changes ENR economics considerably. 

The proposed approach to perspective development of 

nuclear power in the former USSR is based on the existing 

experience of development and running the existing NPP and 

on the scientific and technical advance in accelerator 

technology both in the country and in the world. 

The present status of scientific and technical 

developments in accelerating structures of the proton 

accelerator and of the target complex, indicate technical 

feasibility of building the ENR with required parameters. 
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I INTRODUCTION. 

Nuclear transmutation (NT) is an alternative approach to 

the problem of high level wastes (HLW) management in atomic industry. 

NT is based on a number of physical and chemical processes involving 

possibilities of the prospective nuclear technologies of the 

21-st century, realization of these possibilities would resulting in 

the following: 

1. Reduction of general and specifie HLW activities and times for 

HLW controlled storage. 

2. Utilization of some useful radionuclides in isotops technologies 

as well as in thermal and electrical energy production. 

3. Enhancement of atomic energy safety. 

4. Use of uranium 238 for production of thermal and electrical 

energy. 

All these attractive possibilities could be realized as a 

result of HLW transformation (into short lived or stable nuclides) 

after interaction with a beam of neutral or charged particles. NT of 

HLW is characterized by multi stage transformation of nuclides and 

their multi branching in particles interactions with radioactive 

nuclei. Even in case of fission reaction (n,f) we can't speak about 

one stage process of incineration because after fission the nuclide 

gives off several fragments (fission products) which undergo 

subsequent transformation Ctransmutation). Analyses of physical 

processes of NT and nuclear physical properties indicate the 

following possibilities of HLW NT: 

- to make use of nuclear reaction Cn,y) and of the subsequent 

neutrons multi capturing (xn,}0 resulting in stable nuclei formation 

or in formation of radioactive nuclei subject to electron or positron 
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decay, isometric transition or electron capture. 

- to use threshold reactions (n,p) and (n.oO to separate 

chemically parent and daughter nuclei. 

- to use nuclear reactions Cn, 2n) and (n, xn) for high energy 

neutrons. 

- to use reactions (r,n) possessing as a rule energy thresholds. 

- to use nuclear reactions of fission (n,f). 

The pointed out reactions can be realized in nuclear energy 

plants with intensive neutron fluxes. To such plants we refer 

thermal and fast reactors and charged particles accelerators 

(proton, deutron, tritcn, etc.) with appropriate convertors. 

Reactions (.yjO can be realized in electron accelerators. Finally 

there is a very attractive possibility to use for NT of HLW charged 

particles beam. 

However, if a nuclear reactor is used as a NT installation 

then in the reactor core housing nuclides for transmutation the 

above mentioned reactions (n,}0, Cn.p), (n,a), (n,2n), C^,n) and 

(n,f) can be realized. Firstly, it means that there is a probability 

to realize one or several nuclear reactions depending on the react

or core conditions and nuclear cross sections. Secondly, nuclear 

properties of parent and daugther nuclides can be different and it 

would being about different types of nuclears transformations. In 

addition a daughter radionuclide can undergo a certain radioactive 

decay and the decay products in their turn can interact with the 

neutron flux. It is clear that NT process has at least 3 stages: 

capturing (stage D; /?" - daughter nucleus decay (stage II), provid

ed that neutron capturing by the daughter nucleus can be neglected 

due to very small interaction cross-sections; neutron capturing by 
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the products cf the daughter nucleus desintegration (stage III). 

However this process can have 4 stages if the daughter products have 

large interaction cross-sections and along with radioactive decay 

there occurs intensive neutron capturing. Schematically these 

processes of mutual transformations are shown in Fig. 1, where Xx is 

parent nucleus; Yi - daughter nucleus; Zi - nucleus produced after 

decay of nucleus Yi, (n,r) - indicated above nuclear reactions with 

neutrons. Fig. 1 shows that the number of transformations can be 

enough large. This scheme will become more complicated if there are 

several isotops of the parent radionuclei Xi , Xz, Xs .... In Fig. 1 

we can also see that during NT process there can be multi 

branching. In this case there is a number of quite complex 

optimization problems, e.g. for minimum values of Zi and Zz or for 

minimum values of the absorbed neutrons, etc.. 

2. POSSIBLE DIRECTIONS IN CREATING INSTALLATIONS FOR 

NT of HLW. 

There are 3 possibilities to create powerful neutron 

sources: fission, nuclear reactors, charged particles accelerators 

and thermonuclear reactors. What factors are to be taken into 

consideration if we wish to define priority type of the NT 

installation to be developed? We believe that the following criteria 

should be considered (some of them are quite obvious nevertheless 

let us mention them as well): 

1. NT energy efficiency 

Z. NT rate 

3. NT process safety 

4. Maximum use of time tested technologies and designs 

5. Cost efficiency. 
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Comparative analyses cf the above mentioned types of NT 

installations must be done at a later stage of the concept study but 

already today there is enough data to chose priority directions for 

further technical developments. The researches carried out at ITEP 

have shown that at the present level of technologies a complex for 

NT of HLW containing a proton accelerator, target-convertor and 

heavy water blanket seems to be the most promissing. However when 

taking decision on the type of NT installation to be prefered and 

technical equipment for such installations to be developed some 

other criteria are to be taken into consideration as well and it 

seems appropriate to analyze these criteria here at some length. 

3. GENERAL CRITERIA. 

It is quite obvious that recomending NT process as an 

alternative approach to the HLW management we must firstly answer 

the question natural for any expert: what are the advantages of NT 

of HLW when compared with HLW controlled storage or HLW deep 

geologic deposition. 

To answer this question we must make comparative analyses 

of technical and economical features of different approaches the 

HLW management. Although the jobs or the analyses are not quite 

completed in our country yet it is possible now to indicate some 

essential criteria to be taken into consideration when making such 

comperative analyses. 

1. NT technological processes and installations for NT of 

HLW must not affect the environment. HLW NT effective process must 

contribute to reduction of the total activities of the HLW and 

consequently lead to reduction of collective radiation doses and 

risks of human affection. 
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Two aspects are meant here: normal situation and an 

emergency and their technical and radiation effect on the 

environment. Possible radiation affection can be illustrated by the 

following example. Let us take 2 illustratins for transmutation: a 

proton accelerator complex with a subcritical blanket and a fast 

reactor. Capacity of actmides loading into the blanket is 10 * 20 

times less than that in the fast reactors. It means that radiation 

hazards from the accelerator complex are at least one order of 

magnitude less then those from the fast breeder.But to estimate 

population collective radiation doses is not that simple due to the 

each of reliable data on different ways of HLW management. That is 

why our estimations are very relative. Nevertheless calculations 

show that there is a possibility to reduce HLW activity to the level 

of uranium natural activity. That is why we can say with a certain 

degree of confidence that possible radiation hazards from HLW will 

be considerably reduced. As for technological affection we must bear 

in mind that there is a possible energy in the process of NT of HLW. 

The last statement suggests the second criterion. 

NT process must not worsen the balance of energy generated 

by nuclear fission uranium or plutonium in NPP reactors. 

It is quite natural that many researchers are investigating 

NT possibilities in reactors power plants with thermal and fast 

reactors at IAERI (Japan) they have considered NT in PWR.HTJR and BR 

reactors. IPE (Moscow) have made calculations for RBMK reactors 

as well as for modified reactors with lead coolant. FEI (Obninsk) is 

studing possibilities of actinides transmutation in fast reactor 

BN-800 and a special fast reactor with sodium coolant. At ITEP we 

have considered a special heavy water reactor with thermal capacity 
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of 1000 Mwt Cit was reported about this reactor at the Obninsk 

International seminar 17.1-5.1991) as well as a modular heavy water 

reactor MTR-500 designed for thermal energy production. The 

calculations show that for HLW NT in reactors with thermal neutrons 

a larger amount of enriched uranium is required. At the same time it 

was shown that reactor MTR-500 due its design features allows 

technetium 99 transmutation without affecting the nucler fuel 

burning up. 

However a proton acceleration complex with a subcritical 

blanket and fast burner reactors have positive energy balance. It 

means that they have advanteges when compared to thermal neutrons 

power plants reactors. 

4. Installations for NT of HLW must be of enhanced safety. 

Any risk of an accident caused by supercritality with instant 

neutrons flux increase must be completely ruled out. Inherent safety 

features and passive safety systems must be made full use of and all 

necessary steps to exclude radioactivity spread outside the 

installation building must be taken.No explosive equipment and 

technologies must be used. 

This general requirement is eventual because in the 

irradiated volume of the installation for NT there is a considerable 

of long-lived, fission products and actinides exceeding much this 

amount in NPP reactors. From this point of view an acceleration 

complex with a subcritical blanket with K ^0.95 seems to be more 

preferable. The availaible today data on the safety properties of 

fast reactors with sodium coolant show that they do not satisfy this 

criterion. According to the calculations for the fast burner reactor 

independently made by FEI (Moscow) and JAERI and with CRIEPI 
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specialists (Japan) sodium void reactivity coefficient is positive 

and makes about 4 ^ 4.5 %. This is a serious drawback of fast 

reactors with sodium coolant. From this point of view the fast 

reactor with lead coolant being developed by IPE can offer higher 

radiation safety. It must be mentioned that IAEA regulations do not 

prohibit exploitation of NPP reactors with positive feed backs but 

our regulations after Chernobyl accident rule out exploitation of 

such reactors. For safety reasons NT installations can be made 

underground if necessary. 

4. Installations for NT of HLW must be integrated into a 

closed nuclear cycle. If HLW of the military atomic industry are to 

be eliminated the technological cycle of wastes transmutation must 

be closed and contain a radiochemical plant for reprocessing of the 

irradiated target materials as well as for fission products and 

actinides fragmentation. In any nuclear cycle special storages for 

fragmentated fission products and actinides must be provided for 

several decades C30H0 years}. 

The requirement for the nuclear fuel cycle to be closed is necessary 

for realization of HLW NT processes. It is quite obvious that 

without radiochemical reprocessing NT realization is impossible.In 

the military atomic industry HLW are produced as a result of fuel 

elements reprocessing and are as a result stored in a liquid form 

without separation. And this necessitates development of effective 

technologies for their separation. The last requirement as well as 

the necessity to have minimum radioactivity accounted for by 

admixtures in the HLW under transmutation helps us to formulate the 

next criterion. 
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5. Purification coefficients in the process of HLW 

partitioning must not be less than 99.9% and losses during 

radiochemical reprocessing of the irradiated target materials must 

not be more then 0.1*4 of their weight. 

To realize values indicated in this criterion is quite 

problem. However we must keep in mind that the lower is the amount 

of accompaning admixtures the lower is the radioactivity accounted 

for by them. Experiments made at Chlopin Radium Institute 

demonstrate that there are technical possibilities to satisfy this 

criterion. 

6. It is desirable to place installations for NT of HLW in 

the immediate proximity from radiochemical plants for reprocessing 

of the irradiated target materials with HLW to be transmutated and 

preparing the HLW for transmutation in the form required. 

This requirement is necessary due to 2 reasons.First we 

exclude HLW (especially liquid one) transmutation and will have no 

transport accident. Second it is always very difficult to get new 

industrial areas especially for industrial sites with considerable 

concentration of HLW with high total activity due to the public 

objections. 

7. After NT the remnants of wastes with specific 

radioactivity not higher than that of the natural uranium must be 

hermetized. 

HLW NT process envisages HLW irradiation in the 

installation irradiation volume, on site radiochemical separation of 

the isotops ?roduced, radiochemical reprocessing of the target 

materials after irradiation completion. At all stages of 

radiochemical reprocessing there will be losses of fission 
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products and actimdes and it must be taken into consideration when 

defining the total radioactivity balance. This makes the problem of 

fission products and actinides burning up. It is necessary to define 

the number of cycles for the target materials irradiation and number 

of reprocessings and to determine the total amount of losses during 

these technological operations as well as the volume of the 

remaining radioactive wastes to be deposited. 

8. The process of HLW NT must be economically profitable. 

The requirement may seem to contradict the common sence at 

the first glance as it is well known that incineration industrial 

wastes always requires considerable financing. The point is to 

consider the process of HLW NT not only as incineration of HLW with 

the help of an intensive neutron source but as a multipurpose 

process.NT can be presented as a complex of following technological 

processes: 

1. Partitioning of long-lived HLW and use of separated 

radionuclides in industries, farming, medicine and science thus 

stimulating further development of radionuclides technologies. 

We must keep in mind here the prospective demands for radionuclides 

in the 21-st century, e.g. for such as cesium, praseodium, 

technetium. In principle we can consider the possibility of 

returning zirconium-93 into the nucler fuel cycle for fuel elements 

manufacturing. 

2. HLW transmutation (after partitioning) into useful radionuclides 

For example transmutation of neptunium-237 in plutonium-238 to be 

used for energy production. Such a possibility was considered in one 

of reports presented at the Obninsk International Seminar 07.1-5.91. 

3. Production of thermal and electrical energy in the process of 
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NT of actimdes. 

4. Use of ^-radiation energy for the processes of polimerisation, 

sterilisation, etc. 

5. Use of intensive neutron sources for research in the field of 

material study and solid physics. 

6. Use of uranium-238 which is present in large amounts in the NPP 

wastes after separation for production of new fuel elements. 

Such multipurpose approach will allow to reduce capital 

investments and exploitation costs for HLW NT installations. 

All said above allows us to formulate the final 

requirement. 

9. Costs of installations for HLW NT must be minimal. 

It is obvious that the costs will be defined by a number of factors 

?uch as: 

- NT process energy efficiency 

- high efficiency of HLW NT process 

- nuclear technical and radiation safety of HLW NT process as 

well as of NT installations 

- degree of purification (partitioning) of radionuclides 

- costs of technological operations and equipment for HLW NT,etc. 

The costs required must be defined at the further stages of 

development. 

Besides the general criteria we can indicate a number of 

requirements for technical equipment. These requirements must be 

specified at a later stage but even now we can formulate them for the 

accelerator complex suggested by ITEP. 
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4. REQUIREMENTS to TECHNOLOGICAL EQUIPMENT of the 

ACCELERATOR COMPLEX. 

As said above the accelerator complex for HLW NT consists 

of 3 main units: a high flux proton accelerator, target-convertor 

and heavy water blanket.Each unit has supporting system as well as 

systems of maintanance, control and diagnostics. In each unit the 

process of energy transformation is taking place. In the linear 

accelerator electromagnetic energy is transformed into kinetic 

energy of the moving protons. In the target the protons kinetic 

energy is transformed firstly into kinetic energy of the primary 

particles (neutrons, /j-mesons, ̂ -quants) and spallation products; 

and secondly into thermal energy. In the blanket step by step 

transformations of kinetic energy of the primary irradiation into 

kinetic energy of the second order particles and fission fragments 

into thermal energy and then with the help of the thermomechanical 

system into electrical energy takes place. Physical processes in the 

units of the accelerator complex have their characteristic features 

and times which must be taken into consideration when designing such 

a complex. However besides differences there are close 

interconnections both direct and indirect among the indicated units 

of the complex and they must also be taken into consideration to 

ensure normal exploitation of the complex. 

We can formulate the following requirements to exploitation 

of the complex and to its main units designs: 

- srtuctures and exploitation modes of the accelerator complex 

must be designed to ensure perfect matching of the main units. Means 

must be provided to allow possible dismatching location in each 

unit as well as in supporting systems and to rule out any possible 
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negative effect of the units on each other. 

Although this requirement is quite obvious it should be 

mentioned in the first place because to ensure tuning of 3 

complicated units of the accelerator complex with a great number of 

supporting systems is a rather complicated undertaking. We can site 

the following examples of direct and indirect effect of the units on 

each other. Normal exploitation of the liner accelerator with the 

given rated parameters define totally the operation modes for the 

target and blanket. Any deviation in the accelerator parameters 

bring about immediately deviations in the operation modes of the 

target and blanket.At the same time during the accelerator complex 

operation heavy metal vapours and spallation product from the target 

will enter the vacuum chamber of the junction block, and certain 

measures must be taken to prevent the vapours entering the 

accelerator vacuum chamber and to affect the proton beam and the 

accelerator structures. We can take another example when deviation 

in the blanket mode of operation will necessitate immediate 

switching off of the accelerator. The list of such examples can be 

continued. To satisfy the requirement of matching the operation of 

the 3 main units we must develop systems and algorythms of control 

for conventional and emergency situations. 

However besides matching of the operations of all units and 

systems of the accelerator complex its actual parameters must 

correspond to those of the design project for transmutation of the 

necessary radionuclide or radionuclides group. The concept of the 

accelerator complex developed at ITEP envisages transmutation of 

certain fission products and actinides and the problem arises to 

optimize position and irradiation conditions of the target materials 
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in the blanket at the given proton beam parameters. All above can be 

summed up as the following requirement 

- Actual parameters of the accelerator complex, its units and 

systems must correspond to the design project parameters optimized 

for the preselected transmutation group or separate radionuclides 

and be changed if necessary. Under no conditions they must exceed 

the rated parameters of the accelerator complex. 

It is quite obvious that to define the accelerator complex 

parameters firstly computer simulations must be performed and 

secondly there must be tests of separate units prototypes. 

Calculations of specialists from LANL, IAERI. ITEP and 

other scientific centers have shown that designing of the high flux 

proton liner accelerator would require solution of the number of 

complicated technical problems. However the accumulated experience 

suggests possibilities for such problems solution. At least 2 such 

problems have the highest priority. The first problem is to create a 

powerful high frequency accelerator supply system of enhanced 

reliability and stability ruling out the necessity of remote control 

for the accelerator and its systems during shut down.Presently 

available high frequency supply systems (klystrons for lMwt) have 

insufficient continious operation life time Cabout 8000 hours) .Thus 

the problem of improving the presently available high frequency 

supply systems and developing new ones with increased continuous 

operation life time is essential. As for the radiation situation on 

the accelerator structures during shut down it should be noted that 

it would be defined by the number of protons hitting the accelerator 

walls due to some deviations in the beam collimation system. The 

necessity to provide the linear accelerator high reliability and 
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radiation safety during shut down makes us formulate the following 

requirement: 

- The accelerator design and its supporting systems must ensure 

reliable continious operation of the accelerator complex with the 

given efficiency of the operating time and radiation safety during 

its shut down for repair and maintenance. 

Further calculations will show if this requirement will be 

left unrealized it wouid result in considerable losses in cost 

efficiency. 

The junction unit of a accelerator-target is a very important part. 

Its aim is transport the proton beam from the accelerator to the 

target. A number of systems must be provided to ensure necessary 

conditions of the beam transporting. Namely there must be provided: 

- permanent magnets for the beam bending at the right angle to 

the horizontal axis to protect the accelerator structeres and 

systems against penetraiting radiation from the target and blanket. 

- quadropole lenses to receive a proton beam of the necessary 

size and its achromatization during bending at the right angle 

- special appreture-radiation collimators to intercept protons 

with large horizontal coordinates 

- devices for scanning the target surface to ensure averaging 

cf the intensity in one unit of the target volume. The scanning 

system can be of no need if the neutron beam is split into several 

beams and there is sumultaneous irradiation of several targets 

- vacuum systems with continious oil free pumping provided 

with traps for heavy metal and noble gases emitted by the target and 

thus ensuring the necessary quality of the proton beam. 

Even brief enumeration of supporting system for the junction unit 
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stimulates serious attention to its designing. The preliminary-

studies of the operation modes of this block: carried out at ITEP 

allow us to formulate the following requirements to its design and 

supporting systems. 

To provide reliable operation of the junction unit the 

following parameters must be defined: 

- the number of targets 

- correspondance between the proton bean size and the 

irradiated target surface 

- vacuum system and gas traps capacity 

- values of magnetic field strength and its homogenity, 

possible limits of their changing by bending magnets, 

quadropole lenses, scanning or splitting magnets as well as their 

temperature ranges, possible fluence of the damaging radiation and 

the distance between the magnet system and the target. 

It must be noted that for certain fission products and 

actinides no rated value of the proton current of 0.25^0.3 A is 

required. It means that in this case no system of beams addition 

must be provided in the initial part of the accelerator and no 

splitting system in the junction unit correspondingly. This made of 

the accelerator complex operation must be investigated 

further.During development of the electronuclear reactor in 

1980-1985 ITEP specialists studies the performances of the 

supporting systems in the junction unit if proton energy is IGeY 

and current equals 0.3A. E.g. according to our estimation the 

strength of the bending magnets field must be about 15 kOe and 

effective length must be 6m. For the beam achromatization system 

these parameters must be accordingly 0.5 kOe/sm and 0,8 m. Appretures 
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of all magnet elements must be calculated taking into consideration 

the permissible level of the beam losses which makes up about 10~T 

The beam size in this case is taken to be - 5 sm and homogenity of 

irradiation is ± 10%. These values must be corrected for energy of 

1.6 Gev defined for the accelerator complex by the later studies. 

It was said about that at ITEP we considered the 

possibility of the proton beam scanning to ensure maximum beam 

intensity on the target and consequently to provide maximum density 

of the neutron flux in the blanket. However this approach requires 

further investigations. At the same time the version with the main 

proton beam splitting to irradiate several targets must also be 

considered. The results of these comparative investigations would 

help to design the target Cor targets). But even now some preliminary 

considerations about the target design and materials selection can 

be formulated. One of the problems we face in the target designing 

consists in separation of the vacuum chamber of the junction unit 

and the target volume. In order to maintain the proton beam intensity 

and to rule out remotedly controlled manipulations for replacement 

of the removable separating window it is desirable not to separate 

these volumes. To a certain extend this consideration influences the 

target materials selection and its state C solid or liquid). For any 

version of the target the problem of its permissible intensity arises 

as well as the problem of receiving the maximal amount of primary 

neutrons for one proton. Our investigations show that a liquid 

target employing lead-bismuth alloys is more preferable because of 

good nuclear-physical properties for primary neutron generation and 

large experience accumulated in our country. But polonium-210 

formation is a drawback of the material selected. Studies of the 
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features of our target with lead-bisthmus alloys enable us to 

formulate the following preliminary requirements: 

- To design and nodes of the target exploitation must ensure the 

required level of primary neutrons generation and if necessary 

ensure the maximum level. 

There must be a reliable heat and radiation removal from the target 

as well as residual heat removal. It necessary target material 

regeneration C purification ) must be provided. The target must be 

reliably separated from the blanket and other industrial premises 

and be provided with an appropriate biological schielding 

As for the blanket design at the present stage of our 

investigations ITEP specialists selected a heavy water blanket with 

thermal spectrum in accordance with the LANL specialists 

recommendations. For the target material we take salt LiF-BeF 

containing nuclides for transmutation and this is also analagoas to 

the LANL recommendations. Preliminary requirements to the 

accelerator complex blanket are as follows: 

The design and exploitation mode of the blanket must 

provide: 

- the required rate of NT of HLW with minimal wastes loading into 

the blanket 

- possibility to transform HLW into useful radionuclides 

- possibility of the neutron flux multi purpose use including 

thermal and electrical energy production 

- reliable sealing of the structures and ensuring absence of 

radiation spread out side building in case of an emergency 

- means for the blanket remote diagnostics and maintenance 

- use of radiation resistive materials for the structures 
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- possibility to replace certain blanket units if necessary. 

It must be noted that at the day stage of the concept study 

of the NT of HLW possibilities no requirements to the chemical 

technologies to be used for NT can be formulated. 

Taking into account the fact that LANL specialists have 

also formulated a number of requirements to the NT processes and 

installations we strongly believe that there are good reasons for 

joining an effect and collaborating in this field. 

5. BRIEF CONCLUSIONS. 

1. The presented requirements to the accelerator complex for nuclear 

transmutation of HLW are preliminary and must be specified at 

further stages. 

2. The requirements indicated must be taken into consideration in 

the accelerator complex design project. 

3. After specifying the requirements presented can be used in the 

technical regulative documentation for designing and exploitation of 

accelerator complexes for NT of HLW. 
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Target-Blanket Physical Parameters 
I. Kh. Ganev, A. V. Lopatkin, L. V. Tochjenyj 

I. Introduction 

Progress achieved in recent years by science and 
technology in accelerator facilities has stimulated interest 
to the concept of electrofusion reactor (EFR) - the facility 
that is capable to supply power, secondary nuclear fuel, as 
well as burn-out radioactive wastes (RAW) (I). This interest 
is conditioned by such fundamental features of electronuclear 
method as: 

- nuclear safety (subcriticality); 
- high fuel production rate; 
- possibility to generate neutron and charge particle 

fluxes in a broader energy range (including threshold 
reactions) compared to the one used in fission and fusion-type 
reactors (2,3). 

The present paper discusses physical aspects of the 
approach and preliminary study or" EFR blanket-target carried 
out at RDIPE (Research and Development Institute of Power 
Engineering) within the framework of the concept analysis of 
the EFR fuel production method. It is evident that problems of 
blanket-target as an energy production facility and 
blanket-target as a RAW, burning out facility have much in 
common both in physical/engineering and 
computational/methodological aspects. 

EFR includes: 

F?)tfP£-Mk>!ET 

("Modcow, €ust/a 
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- charged particle accelerator within energy range from 
hundreds of MeV up to several GeV; 

- target where neutrons are generated by the deep 
splitting reactions cascade; 

- blanket where neutrons can be used for producing power 
arid useful nuclides or for RAW burning out; 

- radiation protection. 
Linear accelerator (LA) operating in continuous mode is 

considered as a base one. There is substantial scientific and 
research basis for developing and building LA with the beam 
power order of hundreds of MWt and with the efficiency no less 
than 50 X. Protons, deutons.rf-particles, as well as more heavy 
nuclei can be used in EFR as accelerating particles. Neutron 
yield is proportional to the kinetic energy of an incident 
particle at the moment of the first inelastic collision with 
the target substance nucleus. Therefore, maximum neutron yield , 

per consumed power unity is achieved at that time when the / 
fraction of particle initial power consumed for the 
environment ionization prior to the first collision is 
minimal. Kinetic energy fraction spent on ionization is 
determined as follows: \ 

^° / 7>X 

where E 0 - the enetyy of the incident particle, ^;n -free path 
prior to inelastic collision /2/. 

Ionization losses are less than 10 %, for the energy range 
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exceeding 3 GeV, the lowest being-for deutons and protons. As 
the calculations show (4), in the large natural Uranium target 
proton (IGev) gives neutron yield only by 10 % lower, than 
deuton under more favourable radiation conditions. This is the 
principal cause why the linear accelerator has been chosen: 
proton beam, energy - IGeV, current - 0.3 A. 

EFR blanket-target complex is considered here as the dual 
-purpose object, i.e. producer of the secondary fuel and 
supplier of the thermal power. 

Computation methods for neutron fields and power density, 
breeding, isotopic composition of irradiated fuel calculations 
have been developed to justificate physical and technical 
solutions. 

2. Software and methodical ensuring 
2.1. I1P0PAB code for neutron field computation 
According to nuclear transmutations, energy and types of 

particles participating in all the variety of the processes 
that occur in the substance being penetrated by high-energy 
particles can be subdivided into . two stages: in- and 
internucleus cascades and low-energy particles diffusion. At 
the first stage we consider transfer of adrons with energy 
range from 10-20 MeV to several GeV and. forming low-energy 
particle spatial-energy distribution. At the second stage we 
consider in detail their transfer within the energy range 
lower than 10-20 MeV. 

For the first stage the following codes are mostly 
well-known (Monte-Carlo method): KACKAD (Cascade) (JITNR), 
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MARS (IHEPh), NNTC, HETC (Oak-Ridge NL), SITHA (RI named after 
Khlopina;, SVTWR (Institute of Nucpear Power of the 
Belorussian Academy of Sciences). 

At RDIPE a quick-ope rating method is implemented in ITPO-
PAB code. At the first (high-energy) stage initial neutron 
spatial-energy distribution is determined by means of 
approximal dependences that are based on benchmark 
calculations and experiments. At the second (low energy) stage 
under preset initial neutron distribution a quick-operating 
method of two-dimentional (R-Z or X-Y) multigroup calculations 
of neutron fields and functionals is used. Fuel isotopic 
composition changes under irradiation and simulation of 
regional refuellings are envisaged by calculations. 28-group 
(14-0 MeV) cross section are ensured by APAMAKO code. Neutron 
transport (with external source) equation is solved by means 
of partial-permanent approximationf&tfJat temporary step). 

Quasistationary equation is solved by means of neutron 
flux density resolution according to subsequently generated 
neutron generations: 

where - field generated by source neutrons^ with n>=2 is 
determined by the solution of transport equation with fission 
source generated by the previous neutron generations. In 
multigroup diffuse-transport approximation the neutron 
transport equation is solved by means of iteration synthesis, 
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arbitrary spatial variable distribution and energy group 
convolution in XY and RZ geometry. 

Approximation to an infinite number of generations is 
conducted in the following way. Multiplication factor K 
is determined for each generation. It can be stated that if K 
relative change is less than preset accuracy 

neutron flux density spatial distribution from generation to 
generation remains similar and differs in amplitude. 

In this case we have the following equation. 

Electronuclear neutron data - namely, energy spectra, 
multiplicity, spatial distribution - have been gained by means 
of specific codes based on Monte-Carlo method (Fig. 1,2). In 
nuclei mixture multiplicity is determined by the following 
relationship: 

r 

7~' / /*/ 
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where C?. l-type nucleus concentration, 

D/K =38.5 Ai (mbn) - cross section of inelastic high energy 
particles interaction with Ai mass nucleus. 

Disagreement between uTOPAB Uranium target test 
calculations and data obtained by means of specific codes does 
not exceed 8 % in integral rates calculations of fission and 
capture reactions for the proton beam of IGeV and 1 % in case 
of Cf-252 fission neutron source. 

2.2. BLC code for calculating nuclide composition 
kinetics, value function and sensitivity. 

BLC code /5/ is implemented in order to solve the 
following type of equations of nuclide composition changes 

§• a 
where ̂ -nuclide concentration vector (A£- initial conditions), 
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A 
rj - matrix, its components are parameters of nuclides 

generation and burning out. Runge-Kutt method is used for 
integrating. BLC code is provided by the library of nuclear 
data for different reactor type, including EFR, as well as 
codes-processors of BLC connecting to the programs of neutron 
spectra computation and cross-sect ion averaging. The following 
nuclear reactions are taken into account, namely: fission, 
radiation capture, n-, Xn-type reactions with n=2... 7. In EFR 
target up to 15 % of neutrons can have energy within the range 
of 10.5-100 MeV. Method of small perturbations is used for 
estimating sensitivity to uncertainties of initial data 
(nuclear data, initial conditions, neutron flux): 

Sx.K 

—h = £.. SXj, 
•J"- >* 

where Sijk - "i" nuclide sensitivity coefficient to parameter 
version of "K" process on "J" nuclide (Xk ~ decay constant, 
Gkj - cross section) 

J * < A t 
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X - solution of the task conjugated with the initial one 

3. Investigation of possible EFR blanket neutron-
physical parameters 

3.1. Production of secondary fissile fuel 

Table I presents data for the idealized blanket, without 
structural materials. 

The spot where proton beam hits is deepened into the 
target to minimize the reflection effect. Plutonium production 
is by 10-50 % lower in uranium silicides, carbides, nitrides, 
oxides than in uranium metal. 

Table 1 

Process rates in the target of infinite reactors 

Material 

Umet 
UO 
UC 
U C 

UC 
UN 
U Si 

USi 
USi 

N 
y 

56.8 
44.7 
51.1 
48.6 
46.4 
50.5 
53.2 
47.3 
40.7 

VN+ 

0.787 
0.586 
0.638 
0.598 
0.566 
0.607 
0.712 
0.607 
0.503 

N * 

0.278 
0.208 
0.226 
0.212 
0.202 
0.215 
0.252 
0.216 
0.180 

N 
C 

1.541 
1.400 
1.436 
1.407 
1.371 
1.415 
1.487 
1.412 
1.339 

Pu kg/year 

2039 
1440 
1705 
1588 
1488 
1543 
1830 
1525 
1278 

W , MW 

1248 
857 
992 
918 
862 
950 

1105 
913 
740 
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USi 35.8 0.434 0.156 1.291 1021 635 

Three groups of blanket versions are considered. The 
first two are related to the decisions drawn on the basis of 
modern sodium and water-cooled reactors, the third one - to 
versions based on uranium melts (ultimate estimates). 

Three versions of the first group (I-A compact 
U-containing target, I-B - jet-type lead target, I-C - blanket 
direct irradiation by protons) are based on an integral layout 
of the BH-600 type reactor. Proton beam is introduced 
vertically (I-A, I-B) or horizontally (I-C). 

Dependence of main parameters on uranium/steel/sodium-to-
fuel composition relation is investigated. The following 
aspects are also investigated: parameters temporal changes 
under irradiation, plutonium build up, its nuclide 
composition, quantity of fission products, parameter values 
obtained under selected thermal loads restrictions. The 
possibility to increase thermal power and redundant plutonium 
production rate is shown in Fig. 3-5. 

Peculiarities of the blanket with hard neutrons spectrum: 
- neutron spectrum similar to that of fast reactor; 
- high neutron yield in uranium-plutonium fission 

reactions; 
- high production of redandant plutonium; 
- high probability of U-239 fission; 
- high plutonium equilibrium concentration in fuel. 
Blankets with degraded spectrum (u*-A, n-B versions) are 
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considered. By shifting neutron spectrum into resonance and 
thermal region neutron fission yield decreases, neutron 
balance deteriorates, Plutonium equilibrium concentration in 
fuel decreases. Parameters are rather sensitive to volumetric 
proportion of water in the fuel channel with water/fuel ratio 
less than 1/4. In P-A version neutrons are generated in a 
narrow surface layer, i.e. fuel assemblies of the first row. 
In version II-B due to variations of U-content in fuel elements 
zone of neutron generation and high power density is deepen 
into the target. The results are: a more compact 
blanket-target system, neutron yield is less by 12 X, leakage 
is higher (Fig.6-7). 

EFR ultimate capabilities are shown by way of example of 
blanket versions with uranium melt or uranium-bismuth (U-Bi), 
where participation of structural materials in intensive 
nuclear- reactions is excluded, a better neutron balance is 
achieved, continuous refueling is possible (Fig.8). Possible 
heat-removal schemes can be suggested: 

- through vessel walls; 
- metal vapours bubbling (for example-sodium) through 

melt; 
- cooling melt surface; 
- uranium vapour removal into contact heat exchanger. 
It is possible to lower temperature of the circulating 

material in case of U-Bi alloy. 

3.2. Spatial peaking 
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The mam method for levelling electronuclear neutrons 
generation density and power density within the target volume 
is to change the average substance density through target 
cross-section (average macrosection of interaction) towards 
the directions of proton movement. This can be achieved by 
changing: 

- jet density in the target; 
- jet diameter; 
- fuel assembly pitch; 
- cross-section area of proton beam interaction zone 

(funnels, inclined planes, etc.). 
Within the energy range more than 80 MeV microsection of 

nucleon-nucleus interaction is energy weakly dependant. 
Neutron generation is on the whole determined by inelastic 
interactions: ^-

For 0 fe) = const the following must be true: 

n**-ar 

"Z" reading is deepen into the target by value$Z=0.5z, 
where growth of q(z) is observed. q(z)=const is possible on a 
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limited region that is determined by Cm and *-nr«y of the 
target's macrosections (where £ 0 is inlet macrosection and 
Emax - maximum possible macrosection) (Fig. 9-11). 

3.3. Nuclide composition 

In EFR conditions of plutonium production substantially 
differs from that of traditional one (as in fast reactors) by 
means of neutron spectrum formed in blanket, because in EFR 
these conditions are determined by the effect and 
oarticipation of source (target) high-energy neutrons. For 
example, in a large target of depleted uranium a fraction of 
neutrons with energy from 10.5 up to 100 MeV, generated by 
IGeV proton (without taking into account fissions in the 
reactor energy range) consitutes about 20 £. When fissions are 
taken into account this fraction decreases to 5-J5 %., but 
still remains significantly higher than in fission reactors 
(0.2 7o). In the energy range above 15 MeV the main nuclear 
reactions initiated by neutrons are fission and n, xn-type 
reactions where x=l-7. Charged particles yield is by 3 and 
more orders lower than in neutron channel. Energy dependences 
of neutron interaction sections with energy up to 70 MeV for U 
-238, U-234, U-235, Pu-239 nuclei are calculated on the 
assumption that the process of eliminating nuclear excitation 
upon neutron capture consists of a series of sequential stages 
accompanied by emission of neutrons, protons, alfa-particles, 
- (gamma)-quanta and fission. Table 2 shows channel 
cross-sections of particle emission at each stage. The 
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preferable channel is neutron emission (2.5 barns with full 
cross-section of 3 barns) i.e. U-238 is mainly produced. The 
probability of charged particles emission is by 4-5 order 
lower. Then U-238 nucleus decays (2nd stage of decay). At 
first five stages the preferable channels are neutron channel 
and fission. The newly formed U-235 nucleus has maximum 
excitation energy of 8.1 MeV, which is almost by 3 MeV more 
than the neutron binding energy. However, due to angular 
moment limitations radiation channel plays the basic role, 
excitation is eliminated by gamma-quantum emission, U-235 
residual nucleus transforms into ground state. 

Table 2 
Channel cross-sect ions of the yield of neutrons, protons, 

gamma-quanta, alfa-particles and U-238(n, Xn) fission reaction 
at each stage of decay (millibarn), E=28 MeV. 

1 
2 
3 
4 

n 

2. 47 +3 
1. 99 +3 
1. 49 +3 
8.69 +2 

P 

1.35 
1.95 
1.35 
1.45 

Decay channel 

-2 
-3 
-5 
-7 

1.94 -1 
2. 40 -1 
4. 50 -1 
2. 48 +1 

a 

5.69 
2.09 
3.71 
1.28 

-1 
-1 
-2 
-3 

(n,f) 

5.15 +2 
4. 84 +2 
4. 98 +2 
6.11 +2 

5 2.94 - 7 . 3 8 + 2 1 . 1 5 - 8 1 .28+2 
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From Fig. 12 it is seen that there are regions of neutron 
energy where one of n, Xn-type reactions predominantly 
proceeds. For example, on U-238 nucleus within the 23-32 MeV 
range proceeds the following reaction: U-238(n, 4n), 40-50 MeV-
U-238 (n, 6n) U-233. 

Cross-sections of threshold (n.Xn) reactions have the 
shape of bell-like curves that strongly increase near the 
threshold, with its maximum near the threshold of the next 
reaction and with its width increasing with the number of 
emitted particles. Maximum cross-section value also changes 
with energy in accordance with the fact that full probability 
of the decay in other channels (mainly, lp'ng-%orro) increases 
with the number of emitted particles. 

In EFR blanket neutrons of energy above 15 MeV, and n, Xn 
-type reactions sunstantially change proportions of U-isotope 
formation rates. Light U-isotopes, as well as Pu-isotopes are 
accumulated in much larger quantities than in fission 
reactors. Fuel isotopic composition depends on blanket 
composition, on neutron spectrum being formed in the blanket. 

Calculations are made to meet the condition of Pu 
accumulation in fuel up to 1 % and 5-6 % under continious 
refuelling mode. 

Versions of typical neutron spectra are considered: 
a) metallic uranium (without structural materials and 

coolant); 
b) fuel assembly (FA) of the fast reactor, metallic 

uranium - I-C version; 
c) metallic uranium with water coolant - P-A version. 
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Direct irradiation by target protons is assumed. 
Isotopes from Th-228 to Cm-246 are considered in nuclide 

intertransmutation scheme. The following matters are taken 
into account: decay (BLC code), neutron reactions such as (n), 
(n,f), (n,Xn), with (n,2n) for all nuclides; (n,3n)- for U and 
Pu; (n,4n) - for U-238 and Pu-239; (n.Xn) - with X>=5 - for U-
238. n,Xn reaction cross-sections are calculated by 
Yu. N. Shubin /5/. Total flux density is assumed to be constant 
- 5 10 n/(cm2 s). Initial U-composition - 0.3 % U-235; 99.7 % 
U-238. Isotopic composition of uranium and plutonium is shown 
in tab. Light isotopes of uranium' (including U-235) and 
plutonium are accumulated under irradiation. U-232 content in 
uranium is approximately by 1000 times higher than in the fast 
reactor blanket. U-232 equilibrium content in uranium (1-10 10) 
conforms with the case of fission reactor with 
uranium-thorium fuel cycle (Fig. 14-16). 

U-232 accumulation sensitivity analysis has shown the 
maximum "value" of the reaction channel U-238 (n,7n) U-232, 
exceeding others by 2 orders, as well as importance of neutron 
absorbing reaction by nucleus of U-232 itself. 

4. Estimation of the potentialities of EFR long-lived 
fission products transmutation 

Let us assume that it is possible to create EFR 
blanket-target on cesium (for example, Cs-137) and zirconium 
(for example. Zr-93) basis with volume material fraction ratio 
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This blanket-target can be cooled with cesium or gas. 
Then in such a target approximately 20 neutrons are generated 
per one proton with 1 QeV energy. For neutron beams with 
parameters of 1=0.3 A, Ep=l GeV flux of 3.7 10 n/s will be 
generated in the target. 

Let us consider possible transmutation capacities of long 
-lived fission products (LLFP) accumulated in substantial 
quantities in thermal reactors. LLFP can be located in the 
blanket on the assumption that all neutrons will be absorbed 
by one of the LLFP in question. Annual LLFP production of RBMK 
-1000 reactor is given in Table 3, as well as possible 
transmutation capacities of one of these nuclides in 
Electrofusion reactor (EFR) with preset parameters and 
possible RBMK-1000 - EFR reactors ratio according to 
transmutation of one of LLFP. 

Table 3 

Nuclide Gfp Mtr K=Mtr/Gfp 
(production in (maximum trans-
one RBMK-1000 mutation in EFR) 
reactor) 
kg/year eff. kg/year eff. 

90-Sr 18 177 9.8 
93-Zr 24 183 7.8 
99-Tc 27 194 7.3 
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107-Pd 
129-1 
135-Cs 
137-Cs 

6.9 
5.6 
44 
40 

210 30 
253 46 
265 6.1 
269 6.7 

It sums that accept for Cs-137 it is possible to create 
a blanket with transmutation capacity close to that cited 
above. On your way to create such blankets it is necessary to 
solve a number of technical problems particularly on 
optimizing neutron absorption especially in transmutated LLFP. 
In case of Cs-137 such capacities seem to be hardly 
achieveable, because the cross-section of neutron capture by 
Csl37 is of the same order or even lower than that of main 
structural materials (Zr, Al, steel), that is the probability 
for neutrons being absorbed by Cs-137 is approximately of the 
same order than that of structural materials. In other words, 
substatial proportion of generated neutrons will be 
unproductively absorbed by structural materials. 

It is possible to create a target irradiated by protons 
on the basis of lead and zirconium (or aluminium). Neutron 
yield in such a target is approximately by 30 % higher, than 
in above-described target. Transmutation capacities and 
proportion ratio can be by 30 % higher, accordingly. 

5. Basic problems 
5.1. From the point of view of maximum neutron yield in 

EFR a target of uranium (thorium) should be used. The 
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arrangement of heat removal is the most complicated problem. 
The coolant decreases neutron yield by 10-20 %. 80 % of beam 
power is released for -2 neutron paths (~50 cm) under strong 
exponential irregularity. The following decisions are 
possible: beam defocusing, profiled target, jet (dust-gaseous) 
target. 

5.2. To increase neutron yield it is necessary to deepen 
beam insertion into the target. 

5.3. Beam insertion into reactor volume is a substantial 
problem ("window problem") - cooling, vacuum, radiation 
resistance. 

5.4. Problem of runaway - increase of the fissible 
nuclides content over dangerous values - refuelling 
management, etc. 

5.5. Refinement of neutron yield parameters and power 
density is necessary to create targets of different volumes 
and compositions; it is also necessary to coordinate 
calculation methods and data It is expedient to carry out 
experiments on large multiplying targets. 

Fig. 1. Neutron spectrum generated in a large uranium 
target by proton of IGeV energy capacity (without fission in 
energy range lower than 10. 5 MeV) 

Fig. 2. Power distribution generated by electrofusion 
neutrons. Designed by V.N. Sosnin (OB of MPh EI, town Obninsk) 

(Moscow Physical Engineering Institute) 
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v 

N - BHAB energy group 

Fig. 3. Basic parameters versus irradiation time. Version 
I-A. 

Fig. 4. Blanket basic parameters versus irradiation time. 
Zone of generation 180x240 cm (Version I-A) 

Fig. 5. Processes rate, fission thermal power and abandant 
Plutonium plotted against irradiation time. (Version 1-C) 

Fig. 6. Blanket basic parameters changes under 
irradiation. (Version 2-A) 

Fig.?. Basic parameters change under blanket-target 
irradiation. (Version 2-B) 

Fig. 8. Blanket basic characteristics change under 
irradiation. (Version 3-A) 

Fig. 9. Power density distribution as to thickness of the 
blanket 

Fig. 10. Zmax - maximum length of the zone of neutron 
uniform generation and distribution of volumetric material 
ratio Yo under different in metallic uranium targets 

Fig. 11. E. F. neutron generation density versus the depth 
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of proton beam deepening into the target with uranium 
alternating volume content 

Fig. 12. (n,Xn) reaction cross-section for U-238 depending 
on the energy of the bombarding neutron 

Fig. 13. Fuel nuclide build-up under irradiation. Target 
version a) 

Fig. 14. Fuel nuclide build-up under irradiation. Target 
version b) 

Fig. 15. Fuel nuclide build-up under irradiation. Target 
version c) 

Fig.16. Plutonium isotope composition under different 
levels of its build-up in fuel 
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1. Introduction 

The actinolds such as alfa, beta, neutron source with billion 

yeai half - life determine the danger of radio - active wastes 

(RAW) for hundreds of thousands years. The nuclear transmutation 

processes ( fission and other reaction ) may be used for decreasing 

of danger, masses and radio activity of actinoids. The uranium and 

plutonium isotopes bred in irradiated fuel should be used as 

fissile material into fast breeder reactors, as well as 

Np,Am,Cm,Cf, if the problems of manufacturing of high-active fuel 

assembles will be solved. Otherwise at unsufficient fast reactor 

share the additional specialized installations for actlnoid 

transmutation may be in need of - the fast and thermal fission 

reactors with spectrum shift, blankets of charged particle 

accelerator or fusion plasma driven machines. 

The concept is considered with lead target of proton linac 

surrounded by subcritical blanket for transmutation of Np.Am.Cm and 

other nuclei. 

Cca 60-75% of Np,Am,Cm mass for PWR, WER-100O irradiated 

fuel is Np-237 ( cooling time 1.5-3 yrs ). So in this work we paid 

main attention to this isotope. The rather high thermal neutron 

flux level is due to its transfer /1,7/. 

The actinold salts dissolved in heavy water are considered 
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/1,5,7/. Neutron source is molten lead target of 1GeV - 0,3A proton 

linac with vertical top beam input. Neutron generation rate equals 

6.6*1019 1/s. 

The machine consists of: 

1) proton linac; 

2) molten lead target; 

3) double-loop system of target cooling 

( first loop with lead, second one - water ). 

4) blanket with actinoids ( possible - some FP like Tc,I,Cs,Sr) 

salt in the heavy water solution. 

5) two (three) loop blanket cooling system: 

first loop - salt in the heavy water solution, 

the second one ( when necessary ) - heavy water, 

the third one - light water. 

6) the reloading and purification system ( gas release etc). 

On this stage we considered only blanket problems ( without 

target ) - homogeneous and heterogeneous design schemes, neutronics 

and thermal analysis, integral parameters. 

This report is the first preliminary view on the concept. 

2. Physical and Engineering Requirements to blanket 

The preliminary studies for ideal blanket models showed that 

high neutron flux level - above 5*1015 1/cm2*s - is preferable for 

Np transmutation. The probability of it's fission ( in actinoid 

mixture) becomes higher, the breeding of heavy isotopes - lesser. 

There is for essential fission rate ( above 5025 ) short-lived 

nuclide 238Np (T1/2 = 2.1d). The Np content in D20 4-20 g/llter is 

preferable, as well as D20 then HgO . Maximum power density ( with 

flux level 5*1015 l/cm2*s) may be above 100 W/cc . So one of the 

main problem for designing is to make the blanket cooling scheme. 
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From economical point of view, there is better to have one blanket 

unit ( less mass of Do0, structural materials), low extra pressure 

level. But these and other requirements are rather contradictional 

and sometimes uncompatible in one unit. 

3. Choice of Blanket Scheme 

Homogeneous versions with low positive pressure. 

The positive pressure level for all schemes isn't higher than 

0.5 MPa. The cooling is performed by earring out of actinoids salt 

solution to external loop /2/. 

For natural convection and heat conduction using preference 

the variant ( Fig.4 ) was studied with closed lead target and skull 

on inboard its surface. The target and blanket are united to one 

unit. 

The inherent essential lack of this simplest scheme is limited 

target power - 3.5 MW instead of 300 MW required. 

Some improvement for molten lead temperature may be achieved 

by adding to preceding variant the forced lead circulation ( Fig. 5 

). There is the lead layer on inner surface of titanium shell 

cooled by heat removing by heavy water solution on the external 

surface. The central part of target has the circulating molten 

lead. Integral heat removal is the same, so power level - 3.5 MW. 

Desire to Improve the burn-up rate as well as to ensure the 

replacement of details resulted in scheme ( Fig.6 )with separate 

bodies of target (2) and heavy water tank (3). Proton beam has the 

casing joint in a vertical plane (1). 

The lead jets allow to spread the proton - lead interadion zone. 

There is helium gas between heavy-water tank and target vessel 

to ensure the necessary target-heavy-water gradient of temperature. 

The heat-exchangers, pipelines, operational equipment, pumps are 
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placed to pressure-tight space within concrete mass of shield. 

Replacement operations are possible but it is necessary using 

the special and remove fixtures. The upper target power level may 

be cca 135 MW. 

The variant of Pig.7. - the units are placed within air-tight 

stainless steel chambers (12) of concrete shield (13). The salt 

tank (2) - ( ~360O dia ) is placed at the center of chamber. The 

central channel ( 1000 mm dia, 5000 mm height ) forms the porous 

lead target (1) by lead jets of header (5). Target vessel may be 

replaced if necessary for fluence or emergency reasons. Tank (2) by 

moving installation (9) may be replaced to room ( 10 ) for the 

operations of disconnection and connection of piping to circular 

and thermal systems by manipulators and remote joints. 

Hot lead jets (1) are collected in capacity tank (2) and 

pumped (11) through heat-exchanger (6) back to collector (5). 

Pressurized Blanket 

Both homogeneous and heterogeneous (channel-type) concepts are 

considered. In homogeneous systems the TA and FP solutions are used 

in two separate volumes. In heterogeneous systems the heavy water, 

separated from salts, is placed to special ampules. 

The homogeneous blanket scheme is shown on Fig. 8. 

The high-pressure tank (2.0-5.0MPa) with central part for 

target has two concentric parts (inboard and outboard), separated 

hermetically.- Pig.9,. 10. 

Outboard section is filled by heavy water with salt solution 

of TA and (or) FP. Inboard section is filled by heavy water with Np 

salt solution and its irradiation products. Each section has it's 

own tight cover and inlet and outlet pipes of first loop. The same 

pipes in the bottom. Power density of inner section is up to 200 

WYcc. The concentric deflectors (2-4 ran thick) are used (SS.Al.Zr 
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alloys) for distribution of salt flows . It is necessary to have 

the pumping rate 3-5 m/s for inboard section salt. The power 

density of outboard salt is 10-100 times lower, transmutation rate 

lower too. The wall between sections (Zr or SS) is intended for 

salt flow separation and doesn't carry pressure - up to 4 mm 

thickness. 

Dimensions: 

- central target channel (dia) - 1.0 m, 

- inboard section (in.dia) - 2.4 m, 

- outboard section (ext.dia) - 4.4 m, 

- height - 5.5-6 m. 

Problems: 

- to support high pressure of mixture in large-volume 

sections; 

- to manufacture the thick (25-30 mm) Zr-alloy sheets; 

- to manufacture the steel-zirconium reducer for high pressure 

and large dimensions. 

Heterogeneous blanket 

The principal schemes are shown on Pig. 10 and 11, vertical and 

horizontal views - on Fig.12. 

The main units: 

- tank with central hollow for target and with ~ 60 channels; 

- ampules inserted into channels; 

- 24 outboard sections with PP salt solution heavy water 

Dimensions: 

- central hollow (dia) - 1.0 m 

- external section dia - 2.2 m 

- external ampule dia - 3.0 m 

- tank height - 5.5-6 m. 

- moderator - heavy water. 
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Pressure - 0.1-0.3 MPa (sections), 20 MPa (ampule). 

Channel wail temperature - 300-350 °C. 

Channel must be cooled or thermo-insulated. 

Ampule consists of channel for circulating of mixture (Circuit 

1) and jacket (Circuit 2) with either heavy water or inert gas as 

isolator. 

Heterogeneous blanket features: 

- possibilities to have different mixtures and pressure in 

ampules; 

- ampules can be removed without removing of heavy water out 

of tank; 

- steel-zirconium reducer up to 150 mm dia are manufactured; 

- heavy water without pressure. 

Materials 

Stainless steels (12x18H10T type) and zirconium alloys (like 

110,125 with 1% and 2.5% Nb) may be recommended. 

They have appropriate mechanical and welding features, high 

radiation resistance in fluence up to iO -10^ 1/cnr and corrosion 

resistance. 

4. Thermo-Hydraullc Blanket Parameters. 

Three - circuit scheme of blanket cooling was considered. The 

first loop - actinoid salt and FP solution in heavy water - has 

power density like in fuel element of power reactor, the second 

(intermediate) one - with heavy water, the third one - for heat 

utilization - with light water. 

The problem is using of large quantity of low - parameter heat 

without boiling and evaporation of solution. With (90-120)°c, 0.6 

MPA of the 3rd circuit water it is possible use of heat for being 
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heat - supply; with (180-240)UC, (1.5-3.0)MPa - for industrial 

heat, electricity production . 

So two sets of boundary conditions ( 2nd Circuit ) were used -

( 70-140 )°C -regime I, ( 220-250 )°C - regime 2. Maximum salt rate 

- up to 4 m/s, temperature reserve up to boiling - 15 C. The 

solution thermal features were taken as heavy water ones. 

The conventional NPP heat exchange equipment were used 

(casing - tube type with counter current flow scheme ). 

Channel-type blanket. 

Ampule type blanket has it's own independent circulate 

circuit including ampule, heat - exchanger, pump and piping. Two 

main parameters were taken into account -

- absolute pressure value ( 15 MPa maximum); 

- 2nd loop heavy - water temperature. 

The set of parameters for regimes 1,2 is shown on Table 4.1. 

It Is possible for the 3d loop to realize steam - turbine 

cycle for electricity production with efficiency ~ 25%. The 

industrial pumps ( 4K-18 centrifugal one stage type for instance 

with inlet tube 100 mm dia ) may be used. 

The blanket has the separate loop for heavy water cooling. 

Homogeneous blanket 

Blanket ( scheme on Pig.8. ) consists of tank divided on two 

parts ( zones) -

- zone of high radiative intensivity with high TA salt 

density ( 1000 MWt ); 

- zone of TA and PP ( 300 MWt ). 

The heat removing is possible only with extreme pressure. It 

is ctrong technical problem for it's realizing for large -

dimensional system ( inner dia "4.5 m ). If pressure limit is 5.0 

MPa the Regime 2 would be impossible for 2nd Loop. 



274 

So only Regime I was considered. Because of high level of 

power density and it's essential space uniformity it is necessary 

to divide blanket zone into some axial subzones. 

The increase of wall temperature A t ^ because of interior 

salt heat sourse, was a function of salt flow ( laminar or 

turbulent regime), gap dimension and power density level. So it is 

necessary to have 11 subzones for Zone I and 5 subzones for Zone 2 

; A t ^ - 10° C. 

Zirconium is appropriate material for both temperature level 

(~ 400°C ) and neutron balance. 

Contours: salt solution is get to lower part of tank to Zone 

2, then pumped through 11 ring subzones upstairs to piping, after 

heat - exchange equipment - to pumps and to lower part of tank 

again. 

There is the same contour of Zone 2 . 

The 1st Loop parameters are listed in Table 4.2. ( Zone I ) 

and 4.3. ( Zone 2 ). Pumps of PWR WER-1000 may be used. All these 

estimates are preliminary ones. The optimization and detalization 

are necessary. For example, the coil-type heat exchanger may be 

more compact. 

5. Neutron-physical parameters 

The idealized models: cylinder tank of 5 m height and 4 m dla 

with Np-salt in the heavy vsater solution. Lead target ( 1m dia, 5 m 

height ) Is separated from blanket part by 5 mm stainless steel 

wall. It was supposed neutrons are generated within central zone 

3m*1m (dia) uniformly. With Np content 4 g/1 power density is about 

200 W/cc, integral blanket power - 3200 MW(t). 

The power limit for this type of blanket - 135 MW only. It 

means: decreasing of neutron flux ten times; 

probability of Np fission - 0.3 ( instead of 0.4); 
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multiplication factor Kef;f - 0.65-7 g/1 ( instead of 0.8 -

4g/l); 

10 blankets instead of 1; 

maximum power density about 20 W/cc. 

Neutron flux near first wall ( between target and blanket ) is 

(0.5-1)1015 cm"2s~1 with fast neutron ( E>0.1 Mev )- 15-20% . It is 

caused by inelastic scattering in lead and scattering in heavy 

water. 

For removing of 100-200 W/cc it is necessary to increase the 

pressure up to 2.- 5. MPa. Target vessel and inner wall have 7-10 

g/cm of stainless steel, plus steel deflectors,plus equilibrium 

actinoid contents - K e f I decreased to 0.5- 0.6 as well as fission 

and transmutation rates are minimized too. 

It is supposed to use zirconium alloy instead of steel, to 

increase actinoid's content up to 6 g/1, K e W - to 0.65 and as the 

result - fission power - 1300 MW with maximum power density 200 

W/cc. 

Heterogeneous variant 

Blanket consists of two raws of 60 ampules with actinoid salt 

and heavy water between them. The sections with FP solution are 

placed on the blanket periphery. The 1st and 2nd row power density 

differs not more than 5%. 200 W/cc power density ( Kej - 0.32, 

blanket fission power - 324 UW) corresponds to 3 g/1 of neptunium 

with actinoids. 40 ampules of the 3rd row will arise power to 540 

MW ( 4.5 g/1, 200 W/cc). Fast neutron flux ( E > 0.1 MeV ) - (1.0-

l.5)1015l/cm2*s - first wall ; (l-4)1014l/cn£s - ampule and 

deflector walls. 

6. Heavy water radiolysis 

The problems of water radiolysis is very important for water-
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cooled reactors. The main part of fission energy in form of strong

ly ionization is absorbed by water. The large output of molecular 

products results from water radiolysis. Recombination rates are 

negligible. Data for light water are used /6.1/. 

For pH ~ 2 output of PP /6.2/: 

g(H)=0 g(0H)=0 g(H2>=1.83-2.0 mol/100eV 

g(H202)=0.91-1.0 mol/100eV 

For heavy water g(-D20)=3.66-4.1 rool/100eV. So we have two 

main problems: 

1) The large amounts of hydrogen and oxygen are 

produced.Because of explosion hazard the recombination process must 

be realised, especially with heavy water. 

2) inspite of high enough decomposition rate for hydrogen 

peroxide with high temperature, it is possible excessing of 

solubility product for uranium peroxide and fuel precipitation. 

3) At the case of nitrate salt fission fragments can result to 

nitrate ( NO3 ) reduction into nitrogen (N2). 

The most spreading state for actinoids is of three valence. 

The actinoid nitrates have the highest level of solubility -

AnKNOg^xHgO, 

Np(N03)*xH?0, 

CmWOg^xHgO. 

4-20 g/1 heavy metals content is more than small. We haven't 

yet data for mention salts and heavy water. The known analog -

UOp(NOg) has solubility up to 283 g/1. The experiments are needed 

in future. The production rate may be very high, for 200 W/cc: 

- 9.3*10~4 l/cc*s (NTP) of hydrogen; 

- 0.7 mg/cc*s of peroxide. 

For blanket 135 -1300 MW correspond up to 6050 l(H2)/s (NTP). 

There were attempts to use catalizators for recombination 
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(ORNL), two-valence copper,for instance /6.3,6.4/. 

- d(H2)/ dt = K I Cu^ltHgl 

K = 9»1013 exp(-2450O/RT) 1/mol-hour 

The steady-state gas pressure as result of radiolysis: 

p ( H 2 ) = 4Q,3_G_|H22_M 
K[ Cu++]a(T) 

M.MW/1 - absorbed power, 

a - Genry constant /6.5/. 

The estimation of copper amount were done lor the HRE-2 reactor 

/6.6,6.7/, it's using - /6.8/. 

To avoid the fuel precipitation it is necessary to have low 

enough level of peroxide concentration. For example, at 100°C limit 

level of power density is 0.09 kW/1 /6.1/. Taking into account FP and 

corrosion products as catalizators it is possible /6.10/ to estimate 

permissible power density. 

For improvement of neutron balance the using of N-15 isotope may 

be considered. There is reduction processes like 

2DN03 -> D20 + N 2 + 5/2 02. 

The oxygen besides explosive danger results in corrosion rate rise. 

Titanium and aluminium alloys may be recommended as structural 

materials, as well as if would decrease pH to 2 and temperature to 

200 C - stainless steel and zirconium alloys. 
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Table 4.1. 

Thermal and hydraulic parameters ol ampule channel 

i Parameter 
i 

i 

t 
[ 

I Allowed power density for salt solution, 
! W/CC 
i 

; Loop thermal power,MW 

I Salt solution rate,kg/s 

! Salt temperature,°C: 

1 - ampule inlet 
j - ampule outlet 
! - heat-exchanger input 
i - heat-exchanger output 

Pressure losses, MPa: 

- ampule 
- heat exchanger 
- loop (sum) 

Pumping power (̂ -0.75),kW 

Heat - exchanger: 

- inner diameter,mm 
- length,m 
- outer tube dia.mrn 
- wall thickness, ran 
- tube number 

2 loop: Heavy water rate,Kg/s 

Temperature,°C: 

- input 
- output 

Regime I 

200.0 

5.4 

25.5 

281 
319 
323 
277 

0.0054 
0.0733 
0.093 

3.1 

210.0 
5.4 
20.0 
2.5 
36 

26.7 

92 
140 

Regime 2 

100.0 

2.75 

25.5 

303 
322 
324 
301 

0.0054 
0.0845 
0.104 

3.5 

210.0 
6.4 
20.0 
2.5 
36 

25.9 

22 
250 

1 
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Table 4.2. 

Thermal and hydraulic parameters of inner blanket zone 

(Zone 1) 
r " • — - • — " 

Parameter 

Thermal power,MW 

Salt solution rate, t/s 

Salt velocity,m/s 

Salt temperature,°C 

- tank inlet 
- tank outlet 
- heat-exchanger input 
- heat-exchanger output 

Pressure losses,MPa: 

- tank 
- heat-exchanger 
- loop (sum) 

Pumping power,kw 

Heat-exchanger: 

-number 
-inner diameter,mm 
-length,m 
-out tube diameter,m 
-wall thickness,mm 
-tube number 

2 loop: Heavy water rate,kg/s 

Temperature,°C 

- input 
- output 

pressure, MPa 

2.0 

1004.0 

15 

4.0 

163 
179 
180 
162 

0.003 
0.4 
0.41 

5000 

4 
2550.0 
36.4 
20.0 
2.5 
5418 

1723.0 

140.0 
82.1 

3.0 

1004.0 

15 

4.0 

184 
200 
201 
183 

0.003 
0.29 
0.3 

5850 

4 
2550.0 
26.3 
20.0 
2.5 
5418 

1723.0 

140.0 
87.1 

4.0 

1004.0 

15 

4.0 

200 
216 
217 
199 

0.003 
0.24 
0.25 

4850 

4 
2550.0 
21.6 
20.0 
2.5 
5418 

1723.0 

140.0 
89.5 

5.0 

1004.0 

15 

4.0 

213 
230 
231 
212 

0.003 
0.21 
0.22 

4254 

4 
2550.0 
18.8 
20.0 
2.5 
5418 

1723.0 

140.0 
90.8 
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Table 4.3. 

Thermal and hydraulic parameters ol outer blanket zone 

(Zone 2) 

1 
1 
1 
j Parameter 

1 

1 

j Thermal power,MW 

' Salt solution rate,kg/s 

Salt velocity,m/s 

Salt temperature,°C 

- tank inlet 
- tank outlet 
- heat-exchanger input 
- heat-exchanger output 
Pressure losses,MPa : 
- tank 
- heat-exchanger 

- loop (sum) 

Pumping power,kW 

Heat-exchanger: 

-number 

- inner diameter,mm 
- length,m 
- outer tube diameter,mm 
- wall thickness,mm 

- tube number 

2 loop: Heavy water rate,kg/s 

Temperature,°C 

- input 
- output 

Pressure, MPa 

2.0 

297.0 

5428 

0.4 

147 
160 
160 
147 

0.0001 
0.0014 
0.0014 

10.1 

2.0 

6810.0 
8.4 
20.0 
2.5 
38646 

7307.0 

140.0 
134.5 

3.0 

297.0 

5428 

0.4 

168 
181 
181 
167 

0.0001 
0.0007 
0.0007 

4.7 

2.0 

6810.0 
3.46 
20.0 
2.5 
38646 

7307.0 

140.0 
134.8 

4.0 

297.0 

5428 

0.4 

183 
196 
196 
193 

0.0001 
0.0005 
0.0005 

3.6 

2.0 

6810.0 
2.38 
20.0 
2.5 
38646 

7303.0 

140.0 
134.9 

5.0 

297.0 

5428 

0.4 

197 
210 
210 
197 

0.0001 
0.0004 
0.0004 

3.0 

2.0 

6810.0 
1.88 
20.0 
2.5 
38646 

7307.0 

140.0 
134.9 
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Parameters ol Blanket variants 

! Parameter 
i 

Linac: 
proton energy,Gev 
beam current,A 

Blanket numbers 
Blanket power, MW(t) 
Transmutation rate,kg/y 

Blanket: 

Fission power,MW 
Transmutation rate,kg/y 

Type 

Dimensions,m: 

height 
diameter 

Loop number 

1 loop: pressure,MPa 

Heat-exchanger number 

Heat-exchanger dimensions,m: 
length 
diameter 

Heat using 

Amount ol heavy watar(1 Loop),t 

Actinoid mass (i Loop),t 

low-pres
sure homo 
geneous 

I 
0,3 

10 
1350 
532 

135 
53,2 

two 
sectioned 
tank 

5 
3,6 

2 

0,5 

Heat-
supply 

140 

0,98 

Type 

Pressurized 

homogeneou. 

I 
0,3 

I 
1300 
511 

1300 

511 

two 
sectioned 
tank 

5,5-6 
4,4 

3 

2,0-5,0 

4 

36,2-18,8 
2,55 

Heat-
supply 

320 

1.8 

; channel 

I 
0,3 
I 

324-540 
127-212 

324-540 

127-212 

Channel-
type 

5,5-6 
3 

3 

15 

60-100 

5,4 
0,21 

Steam-
turbine cycle 

80-85 

0,025-0,05 
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Fig.5. Homogeneous blanket scheme 
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Fig.6. Homogeneous blanket scheme. 
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Fi°.13. Heterogeneous (ampule-channel) blanket scheme. 



296 

Qv/Qv(max) 

o.oo 

1.00 

0.30 z~\-

0.60 -m~ 

0.40 - - -

0.20 : V 

50.00 70.00 90.00 110.00 130,00 150.00 170.00 R ,cm 

Fig, 14. Power density radial distribution for H20-D20 
blanket. 



297 

Lorge-^cate Future M/c&or fever 
tndihe PhoSeem ofRAW Handting 

PmPE-NIKlET: 

- smoke fessness, no CG£ 

- he rise OF ^e/npew£i/^e 

- ho *ore&76oc/se e/fecf 

- htoh-eherfftj potential 

- (ess &>rtc-c/*'sfahce iranspot-t proSfews 

- no sense for power increase 



298 

2. ^he 2/iJ A/utfear £fQ 

— free /ndr&e? 

-fane-seafe flPfi*zcX30X) 

- ^6ere /s ootfei/saf yfot it* 

3. Safety tfP 

- inhere/if safety c/nc/er severe acc/nfe"/* 

- accepfaffe economy 

- £eac/~cfoo/et//as/ *£<?€&*-



299 

- to c/ei/etop J/?e /\for/nc?fies for &aAaoei 

(Cooe#nt p&ss corrosion one/ PPf 

rac/toaa^Ye gases, aerosofes e&J 

- cAeco/i/a/ninaA/on 

- evapor#-£;c>?it ^rntnq me&ot/s 

fer PA toa*/er''acci 

- coff7pac/:ru> PAbA &r s/or ape 

- cAo/ce of WPP fypes $>w- 4c6^>°* 

- cAotce c/ ftteg tyf°e£ 

- ac/<op<kc>f7 -^de Ps-irtC/ptf^? *f 



300 

5. <1he. PRINCIPLE of /?ad;oe^i//^i.sAn-
^AW' Z)2Sf>OSAL-

<7%e f?at - 2 / ac&r>'£y 

AVlK,i~=5.2.Cc/t 

A*f=Au"< K* 

< M 4 V ^ J
 K«i=z? 

fy"*"**™**. /W Co) 
' W AUmt Co/0 

Rac/.-S*. mass 

r 

Vtat 

*** Ko 5.2-^ 



301 

7^*- *c/;<a* 4;&e o/ MP 

j - nuc{/c/e 
ilV - residuaCpark of ^ y nuc£;Je* 

j 



302 

Lonq-frvec/ fP (*3SV) 
Nucbdi 

?9, 

!OTU. 

122 T 

/ 

ty.Y-

9.5*o 

6S+4 

5 

3.13*5 

r. *c 

H. 

J. 

0.035 

6.4 

6,5 

O./H 

f.O 

' 6.4 

P. 6.9 

4.2 

2£9 

2.0. 3 i & * 

C;/6MeY, 

i4.7 

/59. 

£42.. 2 

o.stz 

/.OG 

4s 

#63 

K Hfi 

/o 

/35 

/OO 

o./e 

9/.? 

2.2'f 

O.Z 

O.G52. 

a fs 

09 

0.07 

j.85-



303 

• — — ./• ; . 1 — — 1 I 

MtcM 

(Sit- * 

- - - < • 

29.12 

30.0 

4.QG 

Qo 

4£ 

<-3 

b.X 

0.03/ 

o.k 

9.-4 

m l 

s:4e 

24A 

zs.z 

0./3 

3.0-3 

&.1 

a*& 

/2.C 

year 

2oo 

boo 

Zoo 

2oo 

I? 
3.1 

20.Z 

2.Z+4 

3fa 

2.M 

0.02 

a is 

23J 



304 

S-tructvraf material 

faeiic/t 

PM 

92. 

9X+? 

<P~S.+/2 a**c" &- 'OO-t 

&8 

S.€G 

ill 

7: 
year-

Goo. 

6oO. 

O 

os-

A 

2k 
36? 

3.4 

*R*X 

l<oJ 

23-3 

G67. 

/r?*£fr 

a 2^ 

3.C/ 

£.8-4 

3.3 



305 

fies<'c/t/e Actino'tc/s 

facfij tg/GWe) 
tn ,W 

C;/GWeyr 

Ot/% aoa 
231 WP 

firn 

' rn 

. . . / 
' Cf 

<?vp 

:-.n 

/ 

433 

7.27+3 

18./ 

M+3> 

18./ 

Z/ 

2.y 

0.98 

/& 

S8.2 

SO.Y 

3.8?+S l£.% 

/S8 

/.S3 

3. 

4.82 

1*Z 

9/.Z 

42.2 

9.3+3 

4So 

3j+y 

<fS+3 

1.3+y 

Sl2+£ 

CZS 

£3+6 

0.00 Z 

0.88 

0,0? 

1. 

/.4 

H-*Z2 

0,006 

o.oe J 

-+Z1S 

-0 

0.2$ 

0.1 

o./4 

U+2.Z 

~0 

z8 

&L zu ,/?£ *-** /**%;-/nfc 



306 

P*R, oM%ocT"^ 

200 4oo Coo goo ^ 
Yews 



307 

>»2>*M*v f&£ft-Voo 

«A 4 > -&?M Afcfefc. 

*H*S 



308 

For R£<} J/2> PhicipSk : 

(17?, Ac, Pa,te„.. —> to F&e) 
e/es^tucAon ane/ cofiipac/t/jf of rcAh/ 

— tecoveiy of near- fy ^/j£, rffii, Of „J 

(F&£, Accetetatofs a#ef so+*.^ 



309 

^.&,£/Gj-Tfk ?.*>** 

//uc&'c/e 

9 c ^ 

92Zr 
g/>M 

"Te 
io*Pj 

•-'f/7 
1i.9j 

/ 3 $ dr 
13rCs 

K<Sm 

^ X TtfQfif 

Fuef channel 

OS-/ 

2.4 

423> 

33.€ 

5:0 

2.S 

5.8 

99S 

3.9 

6.3 

477 

L;£-2 

— 

424 

32.7 

4.2S 

2./S 

6JX 

3CO 

J.3T 

7.2 

€57 

Q.Z2. -

&ar?K-/ooo 

GrajPiTe 
l;£-7 Li£2 

124 -

73.4 G4.Z 

22.€ ff.9 

3.2/ 2.CZ 

l€€ 4.3 

4*4 3.82 

6s2 490 

234 20 

4.2S 4.39 

347 W2 
OJ9 -



310 

/35) VCs fa ~£.3-/0€y,J 

i-O ^ 1 : n 

y W ' Hex ioj?0 

t~ 30efYK 
ffuc&ic/es. 

<3*C.s 
i3/fCs 

C..C 

™B* 

<&/* 
"•"*. 

'Zs-'ooZ J: 

'3sa *^jS 
' tfjt azjp\ 

T 

*?-? 
4.9-3 
£ £ 3 
7.3-2. 

2.9-9 
2.2-2 
i.S-Z 

3? 3 

3.S 
2.6-t 

3S-44 
53-9 
2.4-4 

\mCs 3<*X 
\<*rCt 4.9X 
\<*Cf3J.9X 
[/#fcs> 3/.<Z% 

ji 

40.9 
T.9 

292. 

iS'S 

2, G-Z 
47Z 

459 

444 

4.f-42 
6.I-? 
?.<f'Z 



311 

The 77ans>7)tff'a&c>yi 
IMS 

Cor,frofeeJ S+ot-a^* J M/fa„„ol/, 

LLF£> 

fort ^.eoc/o^s 

Ace-9>/-;i/e*f £&j?£r&* 
Cocfes. f ei^-fy 

S.y.Mftneisov 

\aeu0 fr.p'j 

£uin -£*&&/;»* 

C*< *A r -. \ofi& 

L;£r-ctiy r 

Vet-Ho** *» ° ^^ t9f% 

-FEI,Oen>*tt:. 

file:///aeu0


312 

"The, i/pfe* esi(/7?a£s of•faansm#6?&sHy 

Reactor - Rawt?- /ooo 



313 

v*« U fP c0»/e*/s ,i 0„e year ;mu/,a£c/<j&e/' 
(#&Mf- /coo) 

*fe 
"fr 
*>$-
g2 Bt-

*4 tfi 

**Ak 
*Tc 
* * n 

9STC 

" # 

"4 
&£* 
/Z9r 

f3S& 
/Jfe 

<*/.* 
i4r 

Shi 
ffte 

1s?7* 
**Tf 

9,0-4 

?.4-b 

Xf-Z 
0.// 

9,9-2 

4.8-tz 
4.0-u 
3.Y-? 

0,1/? 

0.028 

/ . 3 - 2 

2.6- y 

/./-3 
0.019 

0,M 

0. /2? 

17-8 

3.Z-/Z 

^ - 3 

/.3-/z 
/,#- 12. 

OXT 

//-? 
/8o 

23.S 

2,2-^ 

Y.O-So 

9.0-9 

*?-* 
2£? 

€.9 

3.3-6 

0. 07/ 
0.32 

5*sr 
43S 

4o. 
S.6-6 

lt-0 
2.01 

4,6-to 
€S-<tO 



314 

J We Aai/e no efaU f 
S'fcr 95Mo * T c a s l ^ ^ * S * w I a ^Sn, 

^QA ^v&j iS7re ***T? **"& 

% 
Se 

9o 0 

9fe 

99Tc 

i 2 9 x 

< * & 

a*„ee j <py%oM] ^ur^. ,4 -^—[ 

-?./ -

/ 2 3 — / ^ 

33.6-32,?-

ZO-4.ZS 

2S 2. IS 

s'.e c.\2 

9QS - 3C© 

3.3 Afr 
£.3 7.Z 

4/? "3 
/ 0.22 — 0)0,o00g 

4.24 -

&4 Cy.z 

22.6 /X.9 
3.2/- 2, Cz 
t& - A3 

ls4 3.2Z 

6S2 49o 

2*4 2.o 
4.22 439 
347- 3fZ 

/, rfle ;»ct**$inf * / <P * »esret*y. fut. **) 

4. rfcc 'soft' yzct+vnt ,'s fe/fe* 

/. C*+H - ue&ow £#**• 

^T-3 eSMf-tteo 3*OoHVr 2.S-/0*°»/s 



315 

#**£.-& 
3 He-

*m 
g5Tc 

*»& 

K*j 
f--'C-
£>U*r> 

€• fatAHtwAU* 

» $ • 

o,/9 

2J/0~S 

26.7 
€.9 

C€ 

^.s-
f?.S 

•14 ft /+ 

/ 
_ y /.c/o 

0.02Z 

a oo3s 
o.oo4$ 
0.02JC 

0.OST 

v*r& , 

/2j 

/3. 

28. Z 

2& 

4z.z 

G*3 
4.2 

ty 
S2? 

224 
ifzy 

s-/?3 

to*. - CSM , 

& 

ztz 

//.SET 

If 

*>? 
Yzzz 
it.m" 

P=rs% 

0%. 

fad JUtLC-tvr SM- SSoo 

Loh/-&tHc4rne*ft 9o/>€ 
,y . (d/t-O O-'t'Z) Jv)£# =/S* 
fans* 

toy 

k 
**/*>% 

_ \C. 38-+ *» f«**ex. 

'tor* ^ 

S/T-* &*- /t**i*#**Je own Ff 



316 

^ ^ '*£ / ^ - ^ M 

^ * * *!fe « ^ ^ *o^ SZ^ 

oA, X ^-K 9s 49 r?.f z* ?• 

a* ~*£ ** *** % "* 
16 X °-0/ ff-f 4*x '*.* **' 

to4pJ <osPt, /*Tpj /o?pj /<>*„ «op/ 

<u>> r. — 



317 

' sa**s 

" ^ &>Z ****•*<<* pieces 
"Se "7Z »fr *n 

far) &*' 

Fi»CM(MC*f<4 CPU*) T""*? 

" * 

9*Tc 
mPt/ 

IZ3j 

*G 
» * 

2Y 

2* 

CA 

SIC 

44 
i, 

1*3 

W 
zto 

2S3 

ZU 

zc$ 

T/p 
u 
* J 

f-3 

3o. 

YC. 

£f 

<•?• 



319 

« - • - * 

SESSION 2, Part 2 

Chairman: Dr. H. Takahashi (BNL) 



320 

s. 

IF(sas31b8I13tky 
Aaisilly§§s ®ir Mto®or 

to TTlkKsirimaill • IE©8i(Btt(B)ff 

A. Buccafurni, EMEJk ©ISP 

P.A. Landeyro, EMEth ©ID 

A. Orazi, IMI^ ©IIP 



321 

INDEX 

1 -INTRODUCTION page322 
2 - TRANSMUTATION " 323 
3 - THE RISK INDEX " 325 
4 - THE STANDARD PWR H 328 
5 - THE FUEL CYCLE " 328 
6 - THE INITIAL ACTINIDE CONCENTRATION " 328 
7 - PARAMETER IMPORTANCE EVALUATION PROCEDURE " 330 
8 - INFLUENCE OF THE MATRIX ON THE ENVIRONMENTAL 

IMPACT " 331 
9 - ENVIRONMENTAL RISK VERSUS IRRADIATION TIME " 332 
10 - ENVIRONMENTAL RISK VERSUS NEUTRON FLUX 

LEVEL " 333 
11 - THE ABSENCE OF^Np " 336 
12 - INFLUENCE OF THE DECONTAMINATION FACTORS ON THE 

ENVIRONMENTAL IMPACT " 336 
13 - THE TARGET " 337 

13.1 - CALCULATION METHOD " 333 
14-ORIGEN2 SIMULATION OF THE LOS ALAMOS SYSTEM " 339 

14.1-THE DECONTAMINATION FACTOR IMPORTANCE " 340 
15 - ANALYSIS OF SIEMENS IDEA " 340 
16-CONCLUSIONS H

 3 4 1 

17 - REFERENCES " 342 
Tables from I to VI pages from 344 to 348 

Figures from 1 to 15 pages from 349 to 363 



322 

1.- INTRODUCTION 

Our work is devoted to analyze the different actinide burning 

systems with the purpose to evaluate their performances and 

verify the possibility to eliminate, or at least reduce, the storage 

time for the nuclear wastes in final deposit. 

To achieve such goal two steps are added to the normal fuel 

cycle: partitioning and transmutation. In the partitioning step the 

actinides are extracted from the High Level Wastes (HLW) produced 

in reprocessing plants while, during the transmutation step they 

are burned. 

To evaluate the potential performances of the different 

systems which could be suitable for actinide transmutation, it is 

necessary to find and analyze the parameters acting on actinide 

burning as well as to compare the potential risk due to the wastes 

produced by each system with the one associated to radioactive 

material existing in nature. 

Other important parameter to be considered is the ratio 

between the transmutation and generation speed which highlights 

how fast is the system in burning actinides. 

For the above considerations, a preliminary analysis of the 

parameters which influence the actinide burning will be followed 

by the evaluation, as accurate as possible by using ORIGEN2 

generation and depletion code, of some of the most important 

transmutation systems, operating with thermal neutron spectra, 

presented during the last ten years. 

The most important actinide is plutonium because it 

represents the most of the actinide mass present in LWR spent fuel 
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(about 94%). For the diversity of solution and physical implication, 

it is convenient to divide the actinide burning problem into two 

parts: plutonium burning and minor actinide burning. In the present 

report only the minor actinide burning problem is analyzed. 

2 - TRANSMUTATION 

A general form for the generation and disappearance of a 

nuclide nuclear transmutation and radioactive decay may be 

written / 1 / as follows: 

d & = 1 lij Aj N i + <D I fiR « j k> Nk- (A l+*<a,>)N l (i = 1 N) (1) 

dt 

where: Nj is the atom density of nuclide i-th, <o,> is the 

spectrum-averaged neutron absorption cross section for nuclide i-

th, Ai is the radioactive disintegration constant for nuclide i-th, Ijj 

and fij are the fractions of radioactive disintegration and neutron 

absorptions by other nuclides which lead to the formation of 

species i and <t> is position- and energy-averaged neutron flux, 

which is assumed to be constant over short intervals of time. 

Rigorously, the system of equations (1) is non linear since 

the neutron flux will vary with changes in the composition of the 

fuel. However, the variation with time is slow and, if the neutron 

flux is considered constant over short time intervals, the system 

of equations (1) is an homogeneous set of simultaneous first-order 
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ordinary differential equations with constant coefficients, which 

may be written in matrix notation: 

• 

X (N)« & (N N).36 (N) (2) 

Equation (2) has the known solution: 

(at) 
x = x (o) e o) 

Where X ( 0 ) is a vector of initial atom densities and 9 

is a transition matrix containing the rate coefficients for 

radioactive decay and neutron capture. 

If the nuclide concentration relative to the total actinide 

mass is assumed to be constant and equal to the one existing in 

PWR spent fuel, the equation (3) can be rewritten as: 

(at) 
x = c 2 (o) e (4) 

with the hypothesis to keep constant the volume of matrix in 

which the minor actinides are dispersed. 
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In equation (4) J* ( 0 ) is the vector of actinide atom 

densities of PWR spent fuel and C is an arbitrary multiplier factor. 

3 - THE RISK INDEX 

To compare the potential risks due to the wastes produced by 

each actinide burning systems among them and with the one 

relative to radioactive materials existing in nature (assumed as 

re.'erence value to decide when the actinides are successful 

burned), a measure unit for the risk have to be defined. 

The total risk associated with actinides plus fission and 

activation products generated during the transmutation process, 

may be described by: 

H = Z hjirij+Z hfpirik+Z haprrii (5)) 

where: 

M is the total hazard (risk), 

l l j the specific hazard of j-th nuclide actinide, 

M fP the specific hazard of k-th fission product. 

Napthe specific hazard of i-th activation product. 

m n is the mass of the n-th nuclide. 
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The potential biological hazard may be measured by the 

volume of water that should notionality be added to the waste in 

order to render the resultant diluited water fit enough for drinking 

purpose by people. The hazard measure unit defined above is 

referred in literature 121 with several names: Water Dilution 

Volume, Untreated Dilution Index, Toxicity Index etc.. 

The specific hazard of each nuclide can be written as 

fol lows: 

h = S.A. / MPC (6) 

where w • A • is the specific activity (Bq/g) and MPC 

the Maximum Permissible Concentration (Bq/cm3). 

Using the last releases of ICRP (ICRP90 /3/) MPC can 

be calculated from ALI (Annual Limit of Intake) and the 

average daily intake of water established for the standard man. 

Considering the initial actinide concentrations proportional 

to the one in the standard PWR spent fuel and a constant volume for 

the matrix in which the actinides are dispersed, the total risk can 

be written as: 

HsCXhjmjfZojJ+cEh fPmk(Zoj)+^LhaPmi i (7) 
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where the arbitrary multiplying factor C (see equation (4)) 

represents the ratio between the considered total actinide mass 

and that in PWR spent fuel while Zoj is the atomic density of the 

j-th actinide nuclide in PWR spent fuel. 

Equation (1) shows that H is a function of O , t ( the 

irradiation time) and S p (the spectrum) which determines the 

values of < < J > . From (7) it is clear that H is also a function of 

J L h a p f T I i which is the expression of the hazard due' to the 

activation of the matrix containing actinides.. All these variables 

are characteristic parameters of the transmutation systems. 

If the matrix activation product contribution can be 

neglected, H is proportional to the initial concentration of the 

actinides in the transmutation machine. This concentrations 

depends on the reactor type as well as on the decontamination 

factors ( D f ) , which represents the percent of uranium and 

Plutonium removed in reprocessing and partitioning steps of the 

fuel cycle. 

Using the functional relationship for the total hazard /4/, 

equation (7) becomes: 

H = c F(<D,t,Sp,Df) + H (matrix) (8) 

As this document is expressly addressed toward the 

trasmutation system operating with thermal neutron spectra, the 

importance of the above parameters, but the spectra, will be 

analyzed ahead. 
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4 - THE STANDARD PWR SPENT FUEL 

Standard PWR means a pressurized reactor using U02 fuel, 

uranium enriched 3.3 weight percent, and operating with a specific 

power of 30 MW/TU and a burnup of 33,000 MWD/TU. 

The isotopic compositions of uranium and plutonium present 

in the standard PWR spent fuel above defined are listed on table I. 

5 - THE FUEL CYCLE 

The hypothesized fuel cycle can be summarized as follows: 

one ton of standard PWR spent fuel is treated in a reprocessing 

plant and successively actinides are stripped from the produced 

HLW in a partitioning plant; finally they are dispersed in some 

matrix (inert or nuclear fuel) and irradiated in the transmutation 

system. 

6 - THE INITIAL ACTINIDE CONCENTRATION 

In our calculations, the volume 6f PWR standard fuel 

containing a ton of uranium (about 9.615 104cm3) is filled with the 

matrix containing the actinides. 



329 

If the actinides are concentrated 100 times more than in 

PWR spent fuel, in this volume there are 65 kg of actinides with a 

density of 6.86 10-1 gr/cm3 and composition listed on table II. 

The presentation of the Los Alamos concept at the Summer 

Meeting of American Nuclear Society 151 reports an actinide 

concentration within the range from 5.0 10-3 gr/cm3 to 8.0 10-3 

gr/cm3 (mean value 6.5 103 gr/cm3): that is the actinides initial 

concentration is practically the one existing in standard PWR spent 

fuel. 

On the other hand, in the last version of the OMEGA project 

/6/ which is driven by a spallation source, the actinide density is 

about 2.16 gr/cm3: the actinide initial concentration is practically 

300 times that in standard PWR spent fuel. 

Some of our calculations have been performed considering, at 

the starting of the transmutation step, an actinide concentration 

100 times the Standard PWR spent fuel one . This value is within 

the range of the transmutation projects presented in the last 10 

years. 

In any case, if the actinide initial concentrations are 

proportional to those existing in standard PWR spent fuel, it is 

possible to demonstrate that the actinide and fission product 

hazard is proportional to the actinide initial concentration (see 

formula (7)). Then, all the results of this report can be extended to 

any actinide concentration simply by using an appropriate scaling 

factor. 
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7. - PARAMETER IMPORTANCE EVALUATION PROCEDURE 

The Radioactive Ingestion Hazard measured by the quantity 

of water required for the dilution of each individual nuclide to its 

Radiation Concentration Guide (R.C.G.) value for unrestricted use of 

water was adopted as risk index by Claiborne in one of his first 

reports concerning the actinides transmutation (1972) 111, in such 

report the risks associated with pitchblende and carnotite were 

proposed as reference risk values. 

This index was one of the most used during the seventies for 

all the analysis concerning actinides burning. 

For the above reasons and because it is calculated directly 

by ORIGEN and ORIGEN2 codes 18/, which have been used to carry 

out the analysis, this index have been adopted for sensibility 

analysis in order to estimate qualitatively the relative importance 

of the several independent variables of formula (8). 

The hazard due to the decay of the matrix containing the 

Minor actinides is drawn in all the figures relative to this 

qualitative analysis with the purpose to be used as reference in 

evaluating the gain obtained by irradiating the matrix. 
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8 - INFLUENCE OF THE MATRIX ON THE ENVIRONMENTAL 

IMPACT 

To analyze the dependence of the environmental impact of 

the matrix containing the minor actinides, four matrices were 

considered: ZrOz, CW2, UOzand Th02. 

Calculation were performed considering a PWR standard fuel 

element. In the Th02 and inert matrix cases, the fuel (U02) volume 

was replaced by the same volume of Zr02, CW2 or ThOs . 

The actinide concentration is 10 times that of PWR spent 

fuel and the irradiation time 1,100 days. 

The flux values to be introduced in both ORIGEN and ORIGEN2 

codes were modified to take into account the different absorption 

properties of matrices. 

The compositions of the considered matrices are listed on 

table III. 

The minimum amount of unburned actinides is obtained by 

using a Zr02 matrix: about one fifth of that for U02 matrix. 

Fig. 1 shows actinide and fission product hazard versus 

decay time: for geological times (more of 5,000 years) the fission 

product risk is negligible if compared with the actinide one. 

The most efficient behavior, from burning point of view, 

corresponds to the inert matrices (Zr02 and CW2 ), the worse to 

Th02. 

The absence of a7 Np reduces by a factor of 4 the total mass 

of actinides remaining in the Zr02 matrix; for such matrix the ratio 

between the reactor discharge hazards is about 1.5 considering and 

excluding 237 Np and it is almost unchanged after 5,000 years. 
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This means that, if the risk index is the total mass of 

actinides, the absence of *37Np reduces the environmental impact in 

an important manner but, if the index is the hazard ratio, the 

reduction becomes less important . 

The ZrOa matrix was selected for the next calculations. 

9 - ENVIRONMENTAL RISK VERSUS IRRADIATION TIME 

In evaluating the irradiation time influence on the 

environmental risk, the actinide were concentrated 100 times with 

respect to the amount existing in PWR spent fuel and dispersed in 

a Zr02 matrix. The considered irradiation times are: 0.0 - 1,100 -

3,300 - 9,900 - 11,000 and 22,000 days; the neutron fiux is 

2.81 x10"n/(cm2 sec). 

Calculations with ORIGEN2 are the most conservatives ones; 

they always lead to a greater amount of unburned actinides: the 

ratio between the total amount of actinides for 11,000 irradiation 

days and 22,000 days is 67.85 for ORIGEN and 64.31 for ORIGEN2. In 

the calculation of reference /9/ the ratio between the total 

amount of actinides without recycling and with recycling is 17, 

this demonstrates the higher efficiency of the Zr02 matrix. 

Fig. 2 displays the behavior of the actinide hazard versus 

decay time for six irradiation periods plus the curve corresponding 

to O.O irradiation days (natural decay). From this picture it is 

possible to state that for irradiation time below 9,900 days it is 

more convenient to bury actinides (not irradiating) because the 
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hazard level obtained by irradiating for geological times is still 

higher than the not irradiated one. 

The agreement between ORIGEN and ORIGEN2 became worse 

with the increase of the irradiation time: the relative difference 

between the total mass of actinides increase from 5.14% to 

29.92%. 

As ORIGEN2 results to be the most conservative code, it was 

selected to perform the next calculations. 

The differences in the total mass of actinides or in the risk 

ratio between the calculations performed including or excluding 
237Np are significantly decreased by using longer irradiation times. 

Up to 9,900 irradiation days, the burial of the minor 

actinides results the most convenient solution for final waste 

disposal. 

As irradiating for the whole reactor life the hazard can be 

reduced only of two order of magnitude, the irradiation time 

parameter does not solve the actinide burning problem. 

10 - ENVIRONMENTAL RISK VERSUS NEUTRON FLUX 

LEVEL 

In evaluating the environmental risk versus neutron flux, 

actinides were concentrated 100 times with respect to the amount 

in a PWR spent fuel and dispersed in a Zr02 matrix, the irradiation 

time is 11,000 days and the flux levels were chosen in the LWR 

range: from 2.5x1013 to 8.43x1013 n/(cm2 sec). 
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In fig. 3 the radioactive ingestion hazards for actinides and 

fission products versus decay time are plotted for several neutron 

fluxes. 

Considering that there are in literature some new actinide 

burning systems operating with thermal fluxes higher than LWRS's, 

such as the Siemens idea /107 and Los Alamos Spallation System 

/5/, it was found interesting to study higher thermal fluxes in the 

range from 1.0x1014to 5.0x1015 n/(cm2 sec). 

Table IV presents the behavior of the concentration of the 

most important long-lived fission products as a function of the 

neutron flux: 

- " Tc concentration is inversely proportional to the 

neutron flux (the concentration decreases by one order of 

magnitude when the flux increases by one order of magnitude); 

- 129l concentration decreases sharply when the flux 

increases from 2.81 x1013 to 5.0x1014 n/(cm2 sec), then it starts to 

increase slowly; 

-13S Cs concentration has a behavior similar to 129 I, but less 

marked. 

By increasing the flux level 129l becomes the main component 

of long term risk. 

Table V shows the influence of the flux level and 237 Np on 

long-lived fission product concentrations: the behavior of the three 

nuclides is quite similar to that described for table IV, but " Tc, 129 

I and 135 Cs concentrations are respectively 5, 4.5 and 4 times 

smaller than the corresponding ones considering the 237Np. 

In fig. 4 the values of actinide hazard are plotted versus 

decay time for flux levels higher than the LWR ones. 
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Table VI shows that the ratio between the actinide hazard at 

the end of irradiation in the transmutation system with the initial 

one has a dramatic drop for flux levels greater than 1.0x1014 

n/(cm2 sec) . 

In fig. 5 the Total Radioactive Ingestion hazard (actinides + 

fission products + activation products) is drawn versus decay time: 

the hazard increase at the highest flux (5.0x1015 n/(cm2 sec)) is 

due to the matrix activation contribution. 

With the present LWR operating flux levels the actinide 

burning problem can not be solved. 

The flux results one of the most critical parameters in 

determining the actinide burning. 

Should be noted that at high flux level, the hazard due to the 

inert matrix activation becomes comparable with the fission 

product one. For the above reason the matrix is another important 

physical characteristic in determining the actinide burning: it is 

necessary to use a containing matrix of low atomic weight. 

The fission product hazard increases with flux up to 1.0x1015 

n/(cm2 sec), while from 5.0x1015 n/(cm2 sec) it begins to decrease. 

That demonstrates that long lived fission product burning is 

possible. 

This is a very important achievement because, for solving 

the problem of long lived radioactive waste transmutation, it is 

necessary to burn long lived fission products too. 

The environmental impact could be worse by burning 

actinides and not fission products /11/ because same long-lived 

fission products, such as " Tc, 12S> I and 135Cs, have infinite 

solubility and high mobility in water. 
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11 - ABSENCE OF *"Np 

In the calculations performed at high flux, long irradiation 

time and excluding 237Np, the actinide hazard is reduced to one half, 

while the concentration of long-iived fission products "Tc, 129i and 
135Cs decrease by a factor ranging from 4 to 5 (see fig. 6). 

These reductions does not change the problem dimensions; 

this means that, as the absence of 237Np is an important but not 

decisive parameter, it should be more convenient to burn 237N p 

together the other minor actinides. 

12 - INFLUENCE OF THE DECONTAMINATION FACTORS 

ON THE ENVIRONMENTAL IMPACT 

For our purpose, decontamination factors have the same 

mean as the percent of uranium and plutonium removed in 

reprocessing phase. 

Three values of decontamination factors were considered: 

99% (corresponding to an industrial reprocessing plant), 99.9% and 

99.99% (reached in research laboratory) with two values of 

thermal neutron flux: 5.0 X 1014 n/(cm2 sec) and 5.0 X 101S n/(cm2 

sec). The U and Pu isotopic compositions are derived from the 

values of Table I by taking into account the decontamination 

factors and that the actinide concentrations is 100 times that of 

PWR spent fuel. 
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The selected irradiation time is 11,000 days and Zr02 is the 

containing matrix. 

Figures 7 and 8 show the behavior of the actinide hazard 

with the decay time. 

By examining the above mentioned figures we can say: 

- for low flux (fig. 7) the decontamination factor is a very 

important parameter in determining even if the irradiation is 

useful: for realistic values (99%) the hazard after 11,000 

irradiation days results not enought lower than the one relative to 

the actinide natural decay; 

- for high flux level (fig. 8) the influence of the 

decontamination factor on the resulting hazard is weak: the curves 

relative to a decontamination factor of 99.99% is almost 

coincident with the ideal one (decontamination factor equal to 

100%) while for a value of 99% the hazard rises less than one order 

of magnitude. 

This results demonstrate that the decontamination factor 

has the same influence of the neutron flux on the environmental 

impact. 

13 - THE TARGET 

After irradiation and 500 year of natural decay, the risk 

relative to the structures containing the actinides must be lower 

than the one relative to natural uranium ore used to manufacture 

the fresh fuel; that is with the purpose to restore the nature. 
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The above decay time was selected so that the final storage 

deposit could be designed for a long period of time but not for 

millions of years. On the other hand 500 years is the age of a lot of 

old building made by the man and still existing today. 

The quantitative definition of this criteria presents three 

problems: 

- the file of specific hazard data of ORIGEN2 were taken 

from ICRP-2 (1960)/12/ (in the successive ICRP releases the 

actinide radiotoxicity was increased); 

- the uranium hazard increases with the time (see Fig.9); 

- the actinide hazard should be compared with the hazard 

corresponding to the mass of Uranium ore need to produce the fuel . 

For the above reasons, before the calculation to simulate the 

actinide burning systems, the ORIGEN2 specific hazard file was 

updated using the data from /3/ . 

13.1 - CALCULATION METHOD 

The hazard due to all nuclides, but uranium and its daughters 

in secular equilibrium, included in the uranium ore was considered 

negligible. Therefore the hazard corresponding to the fresh fuel 

plus uranium daughters in secular equilibrium becomes the same of 

the natural Uranium ore one. 

The hazard calculated as described before represents the 

new reference for thermal actinide burning systems. 

Fig. 10 shows the comparison of the new criteria with the 

data of /13/. The agreement is good except for very long decay 
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time: this is due to the decreasing, in the last ICRP releases, of the 

hazard index of 129l and 226Ra for fission products and actinides 

respectively. 

14 - ORIGEN2 SIMULATION OF THE LOS ALAMOS SYSTEM 

The calculations were performed considering a thermal 

neutron flux of 1.0X1016n/(cm2 sec) and with actinides contained in 

FNa matrix at the same concentration as that in PWR spent fuel. 

The simulation shows that actinides are burned after an 

irradiation time of 25 days. Furthermore, for 100 irradiation days, 

the actinide and fission product hazards become lower than the 

hazard associated with natural uranium ore just at the end of 

trasmutation phase (see figure 11). 

At the reactor discharge after 100 irradiation days, the 

radioactivity of "Tc and 129l are 1.108x102Ci and 5.766x10s Ci 

respectively . 

Could be useful to remember that the radioactivities for the 

above mentioned two long-lived fission products are 1.309X10+1 Ci 

and 3.134X10-2 Ci for each ton of standard PWR spent fuel. 

Then, we can conclude that a system having these 

characteristics can burn, within 25 days, the actinides produced by 

a PWR operating 1,100 days with a long-lived fission product 

generation which is about one thousandth lower than that of a 

standard PWR (Fig. 12). 
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14.1 - THE DECONTAMINATION FACTOR IMPORTANCE 

Figs. 13 and 14 show the influence of the decontamination 

factor on the Los Alamos System performances. From fig. 13 it is 

possible to state that: for a decontamination factor of 99.99% this 

system can burn actinides at a rate 44 times faster than the 

production one, while this ratio drop to 11/1 for a decontamination 

factor of 99.9%. In addition, for a decontamination factor of 99%, 

calculations show that to reach the target, an irradiation period of 

500 days is necessary; therefore the ratio between burning and 

production rates is 3/1. 

Fig. 14 shows the radioactivity values corresponding to " T c 

and 129l produced by Minor actinides burning. The ratio between the 

"Tc radioactivity in PWR spent fuel and these values changes from 

34.72 up to 1,181 for a decontamination factor of 99% and 100% 

respectively while, for , 2 9 l , the change of the above defined ratio, 

with the same decontaminations factors, is from 19.53 to 544 . 

15 - ANALYSIS OF SIEMENS IDEA 

The SIEMENS idea /10/ consists in coating the actinides in a 

PWR cladding inner surface . 

Calculations were performed considering a 2ircalloy2 matrix, 

actinides at the same concentration in PWR spent fuel and thermal 

neutron flux of 2.5x1014 n/(cm2sec). 
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The result is that actinides are burned after an irradiation 

time of 1,100 days (see fig.15). For this irradiation interval the 

actinide hazard becomes lower than that associated with natural 

Uranium ore feed and the fission product hazard remains negligible. 

This system could burn the actinides just at the production 

rate. 

16 - CONCLUSIONS 

The existing LWRs are not able to solve effectively the 

actinide burning problem. 

As Siemens idea could, even with an ideal decontamination 

factor of 100%, burn actinides only at the production rate, it can 

not be presented as definitive solution but, it could be used in the 

framework of an HLW radiotoxicity reduction program. 

From the ratio transmutation-production rate and long-lived 

fission product production point of view, Los Alamos system is, 

theoretically, the most promising one. It should be noted that the 

decontamination factor, in reprocessing and partitioning phases, is 

one of the most important technological aspect affecting the 

system performances. In fact, the above defined ratio drop from 

44/1 to 3/1 when the decontamination factor decreases from 

99.99% to 99% which represents a more reasonable but still 

optimistic estimate of the value reached in an industrial 

reprocessing plant. 
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Table I - Standard PWR spent fuel Uranium and Plutonium isotopic composition 

Isotope 

U-234 
U-235 
U-236 
U-238 
Pu-238 
Pu-239 
Pu-240 
Pu-241 
Pu-242 

Mass 
(Gram - Atoms) 

7.102E-1 
3.591E+1 
1.718E+T 
3.965E+3 
5.738E-1 
2.098E+1 
9.532 
4.842 
1.784 

Mass 
(Grams) 

1.662E+2 
8.438E+3 
4.059E+3 
9.437E+5 
1.366E+2 
5.015E+3 
2.288E+3 
1.167E+3 
4.316E+2 

Table IT- Minor actinides composition concentrated 100 times 

PWR spent fuel. 

Nucli de 

Np-237 
Ara-241 
Am-242m 
Am-243 
Cm-242 
Cra-243 
Cm-244 
Cra-245 
Cm-246 
Cm-247 
Cm-248 

mass 
(gram-atom) 

2.040E+2 
1.920E+1 
3.840E-1 
3.890E+1 
2.120 
3.110E-2 
1.100E+1 
7.890E-1 
9.000E-2 
1.160E-3 
7.790E-5 

mass 

4.835E+4 
4.627E+3 
9.293E+1 
9.453E+3 
5.130E+2 
7.557 
2.684E+3 
1.933E+2 
2.214E+1 
2.865E-1 
1.932E-2 
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Table III- Matrix compositions (continuation) 

Matrix 

ZrO, 

CW„ 

ThO„ 

FNa 

density 
(g/cnT) 

5.89 

17.15 

9.86 

2.558 

nuclide 

Mo-98 
Ho-100 

Sn-112 
Sn-114 

Sn-115 
Sn-116 

Sn-117 

Sn-119 

Sn-120 

Sn-122 
Sn-124 

<_> 

W-180 
W-182 
W-183 
W-184 

W-186 

Th-232 

F-19 
Na-23 

mass 
(atom-gram) 

1.357 
0.54 

0.321 
0.219 

0.113 
4.681 
2.47 

2.739 
10.3 

1.467 
1.823 

4989.73 
1171.33 
2343.64 

1267.34 
2703.36 
2493.79 

4019.13 

5569.02 
5569.02 

mass 

(9) 

132.99 
54.00 
35.95 
24.97 

12.99 
542.99 
288.99 

325.94 

1236.0 

178.97 

226.05 

59876.76 
210839.40 
426542.48 

231923.22 
497418.24 
463844.94 

932438.16 

105811.29 

128087.33 
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Table IV : Neutronic flux influence on long lived fission products 
concentration (g) at 11000 days of irradiation in Zr02 
matrix, ORIGEN 2 calculations 

Isotope flux 
2.81E+13 
n/cm2s 

flux 
8.43E+13 

n/cm2s 

flux 
5.0E+14 
n/cm2s 

flux 
1.0E+15 
n/cm2s 

flux 
5.0E+15 
n/cm2s 

Tc-99 3.987E+2 5.460E+1 5.062E+1 3.218E+1 4.271 

1-129 1.674E+2 2.068E+1 2.970 1.852 8.446 

Cs-135 1.006E+3 6.154E+2 9.208E+1 6.629E+1 8.496E+1 

Table V : Neutronic flux influence on long lived fission products 
concentration (g) at 11000 days of irradiation in Zr02 
matrix without Np-237, ORIGEN 2 calculations 

Isotope 

Te-99 

1-129 

Cs-135 

flux 
2.81E+13 
n/cm2s 

8.015E+1 

2.478E+1 

1.919E+2 

flux 
8.43E+13 

n/cm2s 

1.024E+1 

3.106 

1.132E+2 

flux 
5.0E+14 
n/cm2s 

9.947 

4.173E-1 

1.753E+1 

flux 
1.0E+15 
n/cm2s 

8.137 

3.461E-1 

1.590E+1 

flux 
5.0E+15 
n/cm2s 

8.913E-1 

2.304 

2.333E+1 
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Table vi - Radiotoxicity ratio between the values at discharge and at 

charge, Actinides concentrated 100 times PUR spent fuel at 

several thermal fluxes in ZrtL matrix, 0RIGEN2 calculations 

Flux 
(n/cm2/s) 

2.81E+13 
4.50E+13 
5.62E+13 
8.43E+13 
1.0E+14 
2.5E+14 
5.0E+14 
1.0E+15 
5.0E+15 

Ratio at 
discharge 

0.089 
0.01819 
0.00688 
0.00208 
0.00196 
9.40348E-5 
6.25186E-7 
1.37448E-7 
7.48633E-10 



Fig. /. Radioactive Ingestion Hazard m**3 water at RCG 
Adinides concentration 10 times PWR spent fuel 
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Fig. 2. Actinide Radioactive Ingestion Hazard m**3 water at RCC 
Actinides concentration 100 times PWR spent fuel 
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Fig. 3. Radioactive Ingestion Hazard m**3 wafer at RCG, Zr02 matrix 
100 PWR spent fuelf 11,000 irradiation days 
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Fig. 4. Radioactive Ingestion Hazard m**3 water at RCG 
Zr02 matrix, 100 PWR spent fuel, 11,000 irradiation days 
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Fig. 5. Total Radioactive Ingestion Hazard m**3 water at RCG 
Zr02 matrix, 100 PWR spent fuel, 11,000 irradiation days 
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Fig, 6. Long-Lived Fission Product Concentrations 
Zr02 matrix, 11,000 irradiation days 
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Fig. 7. Radioactive Ingestion Hazard m**3 water at RCC 
thermal neutron flux 5.0c+14 n/(cm2*s), 
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Fig. 8. Radioactive Ingestion Hazard m**3 water at RCG 
thermal neutron flux 5.0e+15 n/(cm2*s), 

11,000 irradiation days,100 times PWR spent fuel 
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Fig. 9. Radioactive Ingestion Hazard m**3 water at RCG 
for typical fresh fuels 
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Fig, 10. Radioactive Ingestion Hazard relative to natural U ore one 
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Fig.11. Radioactive Ingestion Hazard relative to natural U ore one 
APT system: thermal neutron flux 1.0e+16 n/(cm.2*s), 
actinide concentrations as PWR spent fuel 
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Fig, 12. Los Alamos Spallation System, Tc-99 and 1-129 Radioactivity 
thermal neutron flux 1.0e+16 n/(cm2*s), 

actinide concentrations equal to PWR spent fuel 
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Fig.14. Los Alamos Spallation System, Tc-99 and 1-129 Radioactivity 
thermal neutron flux 1.0e+16 n/(cm2*s), 100 ir)"adiation days, 
Actinide concentrations equal to PWR spent fuel 
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Fig. 15. Radioactive Ingestion Hazard relative to natural U ore one 
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ABSTRACT 

Studies of transmutation of long-lived fission products by accelerator and 
by fission reactor at PNC are described. Four transmutation methods by 
accelerators are compared in terms of transmutation energy and 
transmutation rate. A super-powered electron linear accelerator which could 
transmute a large quantity of fission products has been studied and 
development of PNC test linac in this line is shown. Fission reactors for 
transmutation are also explained. 

High transmutation rate and small transmutation energy are main 
requirements for the transmutation of fission products. However, those 
requirements are difficult to satisfy simultaneously only by accelerator or by 
fission reactor. Therefore, new transmutation methods which could satisfy 
both requirements have been also studied at PNC. As the new transmutation 
methods, moving target method and inertial transmutation method are 
presented. 

1. INTRODUCTION 

Long-lived radioactive wastes have been produced and accumulated by 
the operation of fission reactors. For the time being, one available method for 
permanent disposal of radioactive wastes is to solidify them into glass and to 
dispose of them in a stable geologic formation in order to isolate from the 
human biosphere. Transmutation of radioactive wastes may decrease the 
radioactivity to be disposed of and hence the risk associated with the 
disposal of radioactive wastes. 

Long-lived nuclides in radioactive wastes are divided into two groups, i. 
e., fission products(FP) and transuranic elements(TRU). Since TRU have a 
potential of a fission, it has been studied to use the TRU as a fuel in a fission 
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reactor. In this paper, the transmutation of long-lived fission products are 
discussed. 

Accelerator and fission reactor may be applied to the transmutation of 
fission products, so we have been studying the transmutation of fission 
products by accelerator and by fission reactor in terms of transmutation rate 
and energy balance. The transmutation rate of fission products should be 
several times or more faster than their natural decay rate. The energy 
balance is not achieved if the transmutation device of fission products 
consumes more energy than that is originally obtained when the very fission 
products are produced. Therefore, the energy balance is related to 
transmutation energy which is the energy required for one transmutation 
reaction of target nuclide. 

Since the fission reactor generates energy itself, the transmutation by 
fission reactor could meet the energy balance criterion. However, the 
transmutation rate is low because of its low neutron flux. On the other hand, 
the transmutation rate by accelerator is higher compared with that by fission 
reactor because it is possible to create high flux by focusing particle beam. 
But the energy balance criterion is difficult to be met, since accelerator needs 
energy from outside to be operated, whereas fission reactor dose not need 
outside energy to be operated theoretically. Moreover, the quantity of 
transmuted fission products is small due to the small size of the particle 
beam and/or the low beam current. 

This paper shows comparison of four transmutation methods by 
accelerators and development of superpowered electron linear accelerator at 
PNC. Then we explain the fission reactor for transmutation. Recently, we 
started to study new transmutation methods which could achieve both high 
transmutation rate and small transmutation energy simultaneously. We will 
introduce them also in this paper. 

2. TRANSMUTATION BY ACCELERATOR 

Various methods of transmutation of fission products have been proposed 
as follows: 
(a) transmutation through photonuclear reaction by using bremsstrahlung 

from accelerated electron (electron method)[l, 2], 
(b) transmutation through spallation reaction by high energy proton (proton 

method)[3, 4], 
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(c) transmutation through spallation-induced neutron reaction, mostly (n, 
y) reaction, by use of secondary neutrons from high energy proton-

induced spallation reaction (spallation neutron method)! 1, 3] and 
(d) transmutation through (n, 2n) reaction by use of high energy neutron 

generated by muon catalyzed fusion (u.CF method)[5, 6]. 
Above four methods were compared with each other in terms of the 
transmutation energy and the transmutation rate(effective half-life) by 

1 %1 

using 3-dimensional Monte Carlo codes. Cs was chosen as the target 
nuclide. The transmutation energies for Cs with the effective half-life of 2 
years in the four methods are tabulated in Table 1 together with accelerated 
particles, energies of the particles, particle beam currents and calculation 
codes which were employed in the calculation. 

The transmutation energy was calculated by dividing input energy by the 
number of transmuted 137Cs. Generally the number of transmuted fission 
products is proportional to their cross sections for transmutation reactions 
and the number of beam particles which contribute to the transmutation. 
Therefore, large cross sections and large number of beam particles which 
need small energy to be created are favorable for the transmutation energy. 

As you can see in Table 1, the |iCF method gives the least transmutation 
energy, and the electron method gives the largest among the four methods. 
The proton method and the spallation method give almost the same 
transmutation energy under the condition that the effective half-life of Cs 
is 2 years. Note that the transmutation energy depends on target volume as 
well as transmutation method employed. We change the target volumes to 
equalize the effective half-lives in the four methods. Therefore, the target 
volumes in the four methods in Table 1, which are not mentioned, differ 
from each other(See Fig. 1). 

The electron method uses the giant resonance of the (y, n) reaction to 
transmute fission products. The y-ray is created as bremsstrahlung from 
electron. However, since the energy spectrum of the y-rays obtained by 
bremsstrahlung is continuous, only a small part of the y-rays contributes to 
the (y, n) reaction. Furthermore, other reactions such as pair production and 
Compton scattering are larger than the (y, n) reaction. Thus, most of the y-
rays are lost in these reactions before the transmutation occurs. Those 
reasons make the energy balance worse in the electron method. If we can 
make a high intensity y-ray with an exact energy where the resonance (y, n) 
reaction takes place, the energy balance becomes better[6]. 
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Both the proton method and the spallation neutron method use the 
spallation reaction. But in the proton method, fission products are hit directly 
by proton beam, while in the spallation neutron method, they are exposed to 
neutrons which are produced in Pb target by injecting proton beam. Of 
course, the secondary neutrons are also utilized for transmutation in the 
proton method, but most of the fission products are transmuted by protons 
directly through the spallation reaction. For the transmutation of Cs, the 
proton method is more favorable than the spallation neutron method in 
terms of the cross section because the cross section for the spallation reaction 
is larger than that for the (n, 7) reaction. However, about 40 neutrons are 
produced in Pb target through the spallation reaction by one high energy 
proton, and those neutrons are used for the transmutation in the spallation 
neutron method. Therefore, the transmutation energy in the spallation 
neutron method is smaller than that in the proton method despite the small 
(n, y) cross section of Cs. 

As for the nCF method, muons are created by injecting 25 mA deutron 
beam with an energy of 4 GeV into a Be target[7]. One muon causes 175 
fusions in a deuterium-tritium target with liquid hydrogen density[6, 7], 
which means that one muon produces 175 neutrons with an energy of 14 
MeV. That is the reason for small transmutation energy in the u,CF method 
despite the large input energy to the deutron beam. 

We will discuss the energy balance. We estimate the energy which we can 
137 

use for transmutation of Cs to achieve the energy balance. Fission yield of 
Cs is 6%. Released energy during one fission event is about 200 MeV. 

Suppose thermal to electrical conversion efficiency is 33 %, then the electrical 
energy produced during one 137Cs generation is 1100 MeV, which is 
calculated by (200MeV/0.06)X0.33. Thus the transmutation energy for 137Cs 
should not be more than 1100 MeV. If we use more energy than this energy 
to transmute one Cs, we don't actually transmute but produce Cs, 
assuming that transmutation devices are operated by using the energy 
generated by fission reactors. Actually we should use much less than this 
energy in order to gain public acceptance for the transmutation. So if it is 
assumed, for example, that the only 10 % of 1100 MeV energy can be used 

137 for transmutation of one Cs, the upper limit of electrical energy available 
for the transmutation is 110 MeV. All the transmutation energies in Table 1 
are beyond this energy even in the îCF method. Hence it seems that the 
transmutation by accelerator is difficult to meet the energy balance criterion. 
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In Fig 1, effective half-lives of Cs in the four methods are shown as a 
function of the target volume. This figure indicates that the effective half-life 
increases with increasing target volume. This is because the increase of the 
target volume is greater than that of the number of transmutation reactions. 
Effective half-life depends on the conditions such as beam energy and beam 
current. However, according to various papers on the transmutation by 
accelerator 1-7] and also this result, we might say that the order of the 
effective half-life of Cs is in several years. 

3. DEVELOPMENT OF SUPER-POWERED ACCELERATOR 

To transmute a large quantity of radioactive wastes by accelerator, high 
intensity beam is needed. PNC started development of a super-powered 
electron linear accelerator. Our goal of the development is to construct a 
CW(continuous wave) accelerator whose maximum beam energy and time-
averaged beam current is 100 MeV and 100 mA, respectively. To approach 
this goal, we are now constructing a test electron linac which accelerates 
lOMeV-lOOmA electrons with duty factor of 20 %. Fig. 2 presents the 
mapping of electron power of accelerators in the world. The main 
specifications of our test linac are summarized in Table 2[8]. Fig. 3 and Fig. 4 
show the block diagram and the birds-eye view of the test linac, 
respectively. At present, our study of the linac is focused on the 
development of klystron and accelerating tube for high power RF. 

The klystron to be developed has output power of 1.2 MW and RF 
frequency of 1.25 GHz. In order to obtain this high power, developments of 
electron gun, collector and output window are needed for stable operation of 
the accelerator. High conversion efficiency from electricity to RF is also 
important. 

Between 1989 and 1990, the first trial klystron was manufactured, which 
was subjected to its performance test. The test revealed the total efficiency 
of 62 %[9]. In 1990, the second trial klystron was manufactured based on the 
data obtained by the test of the first trial klystron. The first CW mode 
operation was carried out with this second trial klystron. The maximum RF 
output power of 330 kW was obtained(9]. This value is about a quarter of the 
target value. The lower output is due to the higher temperature of RF output 
window than predicted in the design. Therefore, improvement of the window 
will be carried out. 
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Good energy transfer efficiency from RF to beam is also of vital 
importance for our test linac. For this purpose, accelerating tube under 
development is one of traveling wave type which has a resonant ring, since 
this type of accelerating tube has a potential for higher energy transfer 
efficiency. Thermal stress by microwave whose power amounts to 300 kW 
per accelerating tube causes a deformation of cavity structure. To avoid the 
deformation, an effective cooling system has been studied by some 
calculations and experiments. 

Beam break-up(BBU) problem is expected in the operation of a high 
current accelerator. So it is necessary to study the problem of induced higher 
electric modes caused by beam-RF interaction. Some calculations are carried 
out for the BBU problem. 

4. TRANSMUTATION BY FISSION REACTOR 

Fission reactors for transmutation are also studied at PNC. We have 
studied the transmutation of Cs in fission reactors which we call 
transmutation reactors[10]. Fig. 5 shows the concept. The transmutation 
reactor is a high-flux fast reactor which has a Cs region inside the core. The 
Cs region is surrounded by the fuel and the reflector. In the Cs region, ' Cs 
is loaded in the chemical form of deuteroxide I37CsOD, because the density of 
this form is higher than that of metallic form, and furthermore the 
deuterium(D) plays a role as moderator. In the fuel region, solid fuel is 

on 

loaded. Taube studied a transmutation reactor for the transmutation of Sr 
and Cs[l 1]. For that reactor he proposed a liquid fuel to obtain a high 
power density which leads to a high neutron flux. However, we use a solid 
fuel which is more realistic than the liquid fuel. 

Fast neutrons generated in the fuel region are thermalized due to mainly 
deuterium in the Cs region, and the thermalized neutrons are used to 

1 37 137 

transmute Cs, since the neutron capture cross section of Cs is 
approximately one order of magnitude larger for thermal neutron than for 
fast neutron. Nevertheless, the thermal neutron capture cross section of 137Cs 
is very small (~0.25b)[12], and therefore high thermal neutron flux is 
necessary to transmute it effectively. It is desirable that the Cs region has 
the thermal neutron flux level of 1016 n/cm2s, but it is very difficult to attain 
this flux level within conditions of an ordinary fast reactor such as power 
density, burnup reactivity and power peaking[10]. 
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Since the transmutation reactor is a fission reactor, it produces Cs itself 
along with transmuting Cs. If the transmutation reactor produces more 
amount of Cs than that is transmuted, it is nonsense. Therefore, the 
transmutation reactor is required to transmute a large quantity of fission 
products, at least, more than the quantity produced in it. Changing 
parameters such as power density and volume of Cs region, we calculate the 
quantity of transmuted Cs, the transmutation rate, and so on. As for the 
transmutation rate in which the produced Cs in the transmutation reactor 
is taken into account, the transmutation reactor with power density of 500 
W/cc, burnup reactivity of 3 %Ak and power peaking of 1.7 can transmute 
only a few percent of loaded Cs per a year[10]. The result indicates the 
difficulty of effective transmutation of Cs only by fission reactor with a 
solid fuel. If a special fuel such as particle fuel and liquid fuel which could 
achieve high power density is used, the transmutation may become more 
efficient[ll, 13]. 

5. NEW TRANSMUTATION METHODS 

It seems that the transmutation methods by accelerator and by fission 
reactor which have been studied so far have difficulty in satisfying the 
requirements for the transmutation rate and the transmutation energy 
simultaneously. So we have been also studying new transmutation methods 
which might achieve both high transmutation rate and small transmutation 
energy at the same time. We introduce moving target method first and then 
inertia! transmutation method. 

5.1 Moving target method 

Moving target method is based on the resonant neutron capture of fission 
products. Neutron capture cross sections of fission products generally have 
resonance regions at certain energies and some of them present large values 
at some resonance energies. Fig. 6 shows the neutron capture cross section of 

Tc[141. It can be seen that there is a very sharp resonance peak at neutron 
energy of about 5.6 eV. The maximum peak is about 7000 b. If strong beam 
of neutrons with this energy can be produced, high transmutation rate might 
be expected. But it is difficult to produce monochromatic or highly controlled 
neutron beam. 
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Instead of accelerating neutrons, we accelerate the target nuclei to have 
the resonance reaction with thermal neutrons in the moving target 
method[15]. Since the total momentum is conserved in any coordinate 
system without external forces, the neutron energy can be controlled in a 
relative manner to match the resonance peak in the laboratory frame where 
target nucleus stands still. The concept is illustrated in Fig. 7. Physical 
phenomena do not depend on inertial frames. If the resonance reaction of 
the target with neutron is observed in the target rest frame, it can be also 
observed in the neutron rest frame. The only difference is the resonance 
energy of neutron capture observed in the two frames. The resonance 
energy, Eres» in the target rest frame is observed as 

^ r e s = ^res ' * / 
m 

in the neutron rest frame, where m is neutron mass and M is the mass of the 
99 

target nucleus. In the case of Tc, the resonance neutron capture takes place 
at neutron energy of about 5.6 eV in the target( Tc) rest frame, which is 
converted to target energy of about 550 keV in the neutron rest frame. In 
other words, Tc must be accelerated to the energy of 550 keV to have the 
resonance reaction with thermal neutron. 

Transmutation device in the moving target method is shown in Fig. 8. 
Target FP atoms are ionized and accelerated to the resonance energy, and 
then they are circulated in a magnetic field. However, if each FP atom is 
ionized, only a small number of FP atoms can be circulated in a realistic 
magnetic field due to the repulsive electric force between the FP atoms. But 
it is necessary to circulate a large number of FP atoms in order to transmute 
fission products in large quantities. Therefore, microparticles made of FP 
atoms, which we call macrons, are circulated instead of individual FP atoms. 
Macrons are produced and charged in a macron source[16, 17]. After the 
distribution of particle size is controlled, the macrons are accelerated and 
circulated in the magnetic field. During the circulation, the macrons are 
exposed to the thermal neutrons which are produced by fission reactor or 
accelerator, and the resonance reactions are brought about. 

Parameters of the device for the transmutation of Tc are summarized in 
Table 3. The macron radius is 0.01 um. The each macron contains 2.93X10 
atoms, and its charge number is 293, which means that one atom per 1000 
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atoms is charged. One macron can be circulated with the radius of 3.4 m 
1 8 

under the magnetic field of 10 T. However, the target of 0.5 mol(~10 
macrons) must be circulated for about 14 hours to achieve an effective 
transmutation[15j. This poses a rather tough confinement problem. Although 
confining the macrons with 0.5 mol atoms is easier compared to confining the 
same number of ionized atoms, the confinement force has to be still very 
strong. Hence, neutralization of macron charge by electrons is needed to 
reduce the confinement force. 

The device can transmute an amount of Tc produced by a fission reactor 
of 1 GWe with an effective half-life of 14 hours. Note that the natural half-
life of Tc is 2. IX105 years. This moving target method provides high 
transmutation rate. But further studies such as effective confinement of 
macrons are still necessary to optimize the device. 

5.2 Inertia! transmutation method 

Another new approach we are studying is to utilize inertial confinement 
fusion. In this method, fission products are placed outside the deuterium(D)-
tritium(T) core, forming FP shell as can be seen in Fig. 9. They are 
compressed together with the DT core by laser or particle beam, and 
irradiated by 14 MeV neutrons produced by DT fusion inside the pellet. 

Fission products are transmuted mainly through (n, 2n) reaction. For 90Sr 
and Cs, (n, 2n) cross sections at neutron energy of 14 MeV are 100 and 10 
times, respectively, larger than (n, y) cross sections at thermal neutron 
energy. Therefore, the (n, 2n) reaction is more favorable than the (n, y) 
reaction for transmutation of such nuclides which have small neutron 
capture cross sections. Furthermore, compressing the FP shell leads to the 
enhancement of (n, 2n) reaction due to high density. As a result, high 
transmutation rate can be expected in this method. 

A simple calculation indicates the enhancement of the reaction. Suppose 
that a neutron with energy of 14 MeV is produced in the center of the DT 
core, the probability Po that the neutron reacts with FP in the FP shell is 
given as 

P0= 1 - exp(-nod). (2) 
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Here n, o and d are defined as number density of the FP, (n, 2n) cross section 
of the FP, and thickness of the FP shell, respectively. Since the (n, 2n) 
reaction is dominant in this case and the thickness of the FP shell is very thin 
(the order of 100 u.m), multiple scattering of neutron and (n, y) reaction are 
omitted in eq. (2). If the pellet is compressed with a ratio of 1000, the 
number density n becomes 1000 times larger than that before compression 
and the thickness d becomes d/10, which leads eq. (2) to 

P= 1 - exp(-lOOnod). (3) 

90 

For instance, we assume that the FP is Sr and the thickness of FP shell is 
500 u.m, then, using n=1.7X1022cm 3 and o=1.7b, we can calculate the ratio of 
the reaction probability after compression to that before as 

— = 93. (4) 
p 0 

Thus we might obtain high transmutation rate in this inertial transmutation 
method. 

Fig. 10 shows effective half-life of Sr as a function of the thickness of Sr 
region(FP shell) before compression. It is assumed that the compression ratio 
is 1000 and the radius of DT core before compression is 500 \im. From this 
figure, the effective half-life can be seen in the order of minute, which 
means that very high transmutation rate can be obtained in this method. 

90 

Transmutation energy for Sr is shown in Fig. 11 as a function of the 
thickness of Sr region. This calculation is based on a simple statistical 
model[18]. Compression ratio of 1000 and DT core radius of 500 urn are 
assumed again. It is also assumed that the temperature of DT core after 
compressions is 10 keV which is demanded in order to get the energy gain 
by the inertial confinement fusion[19]. The temperature of Sr region is 
determined as 1.7 keV from the assumption of pressure balance between the 
DT core and the Sr region after compression. In this calculation, we neglect 
the conversion efficiencies from input energy to laser or particle beam 
energy and from the laser or the particle beam energy to the internal energy 
of pellet. We also neglect the effect of a-heating. If those efficiencies and oc-
heating are not taken into consideration, small transmutation energy in the 
order of 10 MeV can be obtained in this method. At this stage, the inertial 
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transmutation method meets the criterion on the energy balance as well as 
on the transmutation rate. 

The inertial transmutation method is very attractive because of not only 
its uniqueness of approach (for example, it incorporates the effect of 
compression) but also the high transmutation rate and the possibility of 
small transmutation energy. But the following problems are yet to be 
investigated; 

* Possibility of compression of pellet which contains fission 
products, 

* Interaction of laser or particle beam with fission products, 

* Manufacturing process of the pellet, and so on. 

6. CONCLUSION 

Studies of transmutation of fission products at PNC have been discussed. 
First, four transmutation methods by accelerator were compared in terms of 
transmutation energy and effective half-life for 137Cs. It was found from this 
comparison that the transmutation energy was the least in the u,CF method 
and the largest in the electron method among the four methods discussed 
here. But the difficulty in constructing the transmutation devices for these 
methods may be the opposite, namely, the device in the |iCF method may be 
the most difficult to be constructed. As for effective half-lives of Cs in the 
four methods, all of them were calculated to be in the order of several years. 

A problem with transmutation by accelerator is that it is difficult to 
transmute a large quantity of fission products by the present accelerators 
because of their small beam currents. To transmute a great deal of fission 
products, high power accelerator is needed. As one of such accelerators, we 
have been developing the super-powered electron linear accelerator at PNC. 
As a first step, we are developing a lOMeV- 100mA test electron linac, 
especially, high power klystron and accelerating tube for high beam current. 
The klystron achieved its maximum output power of 330 kW. The 
accelerating tube with resonant ring is under construction. 

Concept of the transmutation reactor was described. The transmutation 
reactor has ability to transmute a large quantity of fission products. 
However, the transmutation rate is low for fission products whose thermal 
neutron capture cross sections are small, since a very high flux of thermal 
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neutrons is difficult to obtain. Increasing power density of the transmutation 
reactor is the most efficient way to increase the neutron flux, but high power 
density brings a problem of removal of heat. Present technology for the heat 
removal restricts the power density, which leads to the difficulty in 
producing high neutron flux. Therefore, it may be impossible to obtain a high 
transmutation rate only by using a fission reactor. 

Finally, two new transmutation methods were discussed. One was the 
moving target method, and the other was the inertial transmutation method. 
The moving target method uses the resonance reaction between fission 
product and neutron. In this method, macrons made of FP atoms, instead of 
the neutrons, are accelerated to have the resonance reaction with thermal 
neutrons. A device of this method was described and parameters of the 
macron were also given. Confinement of the macrons is a serious problem. In 
general, the resonance reaction has a large cross section. Hence the moving 
target method gives a very high transmutation rate. But this concept is quite 
new and much investigation is yet to be done. 

On the other hand, the inertial transmutation method utilizes the inertial 
confinement fusion. In this method, pellet which contains fission products is 
compressed, and the fission products are transmuted by high energy 
neutrons produced by the DT fusion inside the pellet. It was found that this 
method as well as the moving target method gave a high transmutation rate 
owing to the effect of the compression. Small transmutation energy was also 
obtained. But in the calculation of the transmutation energy, a simple 
statistical model was used and the conversion efficiencies were not taken 
into account. More exact calculation should be done for further study. 

Concerning the moving target method and the inertial transmutation 
method, they have a potential to satisfy both high transmutation rate and 
small transmutation energy at the same time. But they are in a preliminary 
study phase, and much studies are necessary to establish both methods. 
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Table 1. Transmutation energy for 137Cs 
Effective half-life : 2 years 
Target : cylinder 

Transmutation method Accelerated Energy Current Calculation Transmutation 

particle [McVl fmAI code energy [MeVl 

Electron method e- 100 2000 EGS4 4700 

Proton method p 500 900 NMTC 570 

Spallation neutron method p 1500 300 NMTC+MCNP 510 

UCF method d 4000 25 MCNP 200 

Table 2. Main Specifications of PNC Test Linac 

Beam Energy 
Maximum Beam Current 
Average Beam Current 
Pulse Length 
Pulse Repetition 
Duty Factor 
Output Beam Power 
RF Frequency 
Total Length of Accelerator 
Klystron Output Power 

10 MeV 
100 mA 
20 mA 
4 ms 
50 Hz 
20% 
200 kW 
1249 MHz 
16 m 
1.0 MW 
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Table 3. Parameters of Device for Transmutation of "Tc 
in Moving Target Method 

Macron Source 
Macron Radius 0.01 u.m 
Number of Atoms in Macron 2.93X105 

Charge Number 293 
Electric Field on Surface 4.2X109 V/m 
Acceleration Voltage 550 kV 
Total Current 0.682 A 

Storage 
Total Amount of Target 0.5 mol 
Confinement Time 14 hr 
Thickness of Target 20 cm 
Macron Density 3.4 X1011 cm-3 

Radius of Gyration 3.4 m (for 10T) 
Length of Target Region 70.5 cm (for 10T) 

Neutron Field 
Flux 1015 cm^sec-1 

Energy Thermal 
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Abstract 

We discuss the feasibility of the system that incinerate radioactive fission products (FP) 

and transuranium (TRU) by using high energy neutrons. As high energy neutron sources, fiCF 

reaction, fusion reaction, and spallation reaction were investigated. 

In the system that utilizes /iCF reaction, a subcritical core made of FP and TRU is 

bombarded by 14 MeV neutron generated via pCF reaction. Monte Carlo neutron transportation 

code (MCNP) and evaluated nuclear data (ENDF/B-VI) were used to simulate neutron 
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transportation in the core. To generate /*- mesons, a 4 GeV-25 mA deutron accelerator is used. 

The results of the simulation show that the driver energy can be completely supplied by 

transferring fission energy to electric energy; to operate this system, no energy is required. 

As the system that utilizes an inertial fusion reaction, two types of target were 

investigated. The first type uses a spherical wall, thickness about 20 cm and radius SO cm, 

composed of "Sr, "SrO, mCs, or ,37Cs202. The target is bombarded by 14 MeV neutrons 

generated by inertial confinement fusion at the center of the wall. Neutronics in the wall were 

simulated to estimate the probability of neutron utilization per a generated neutron. The second 

type uses a micro target that is composed of DT fuel and *$r. An analytic model of the 

implosion of the target was formulated to evaluate the energy that is required to transmute 

radioactive waste (incineration energy). 

In the system that utilizes a spallation reaction, damages of structural material is a severe 

problem. To estimate the damage of structural material, atomic displacement, H production, 

He production, and energy deposition were calculated using computer codes, LAHET and 

HTAPE. 

Introduction 

Methods of incinerating radioactive wastes, fission product (FP) and transuraniums 

(TRU), have been vigorously investigated in the last decade.<l)(2)<3) The use of the neutron 

capture reaction and the fission reaction have received the greatest attention, as ways to 

incinerate FP and TRU, respectively. 
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Recent measurements showed the thermal neutron-capture cross-sections of *°Sr and i rCs 

were 15.3*** mb and 0.25 b<S), respectively. If a fission reactor, similar to that proposed by 

Taube"\ was used to transmute these nuclei, with the requirement of an incineration half-life 

of 2 years, the thermal neutron-flux in the device would have to be as high as 6.5 x 1017 and 4.0 

x 10" n/cm2/sec for *°Sr and ,J7Cs, respectively. Such a high flux is beyond the technology of 

present reactors. 

To overcome this difficulty, we have investigated the incineration systems utilizing high 

energy neutron, especially 14 MeV neutrons. High incineration rate can be expected because 

the (n,2n) cross-section is typically 2 bam for fission products at 14 MeV neutrons. 

As the high energy neutron sources, pCF reaction, fusion reaction, and spallation reaction 

were investigated. To evaluate the feasibility of these systems as an incinerator, we calculated 

the neutronics of the systems. Incineration half-life and incineration energy were quantitatively 

calculated. 

Section A Incineration of "Sr and m C s by Inertia! Fusion 

This section discusses a system of nuclear transmutation in which "Sr or 137Cs is 

incinerated using 14 MeV neutrons produced by inertia! fusion. The dimensions of the 

incineration system using inertial fusion reactor could be smaller than that using tokamak fusion 

reactor. This makes it possible to achieve high incineration rate. 

Fig. A-l shows the cross section of the target. The 14 MeV neutrons produced by DT 
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fusion reaction at the center are used to trigger incineration reactions. The radius of the central 

void was chosen as 50 cm to achieve high incineration rate. The cell of I37Cs is made of Cs 

metal with the density of 1.87 g/cm3 or CS2O2 with the density of 4.25 g/cm3. The inventory 

of l37Cs is 4.18 x 103 kg in both cases. The cell of ""Sr is made of Sr metal with the density of 

2.6 g/cm3 or SrO with the density of 4.7 g/cm3. The inventory of ^ r is 2.75 x 103 kg; in this 

case the number of '"Sr is the same as the number of ,37Cs. A carbon wall with the thickness 

of 2 cm or 20 cm was used as a refractor. The neutronics in the target was simulated by the 

Monte Carlo neutron-transportation code (MCNP).(6) 

Column 3 in Table A-I shows the probabilities of the (n,2n) and (n,7) reactions for '"Sr 

per an input of a 14 MeV neutron. About 50% of an incident neutron is used in incineration 

reactions. In contrast with 137Cs, the probability of neutron utilization do not increase so much. 

The contrast could be explained with the difference of neutron-capture cross-section between '''Sr 

and 137Cs; the neutron-capture cross-section of ""Sr for thermal neutron is 0.015 bam(4) and that 

of 137Cs is 0.25 bam.(5) 

If 1 GW„, fusion reactor was used, the generation rate of 14 MeV neutrons would be 2.5 

x 1020 n/sec. Column 3 in Table A-III shows the calculations of the incineration half-life, where 

1 GW,,, fusion reactor was used as a generator of 14 MeV neutrons. In this case, the 

incineration half-life of 2 - 3 years is achieved. 

Column 4 in Table A-III shows the calculations of the incineration energy, where a total 

gain factor of 10 was assumed. In this case, a 14 MeV neutron can be created with electric 

energy of 1.76 MeV. Electric energy of 2 ~ 4 MeV is required to incinerate one ""Sr or 137Cs. 

Column 5 in Table A-III shows reduction amounts by incineration per year for wSr and 
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137Cs, where 1 GW^ fusion reactor was used as an incinerator as well as Column 3. About 500 

~ 1,300 kg of "Sr or "7Cs could be reduced by the system. 

Section B Incineration of MSr by an Inertial Fusion Target 

This section discusses the inertial confinement fusion system as a transmutator of "Sr. 

The target of this system is composed of DT fuel, with fission product around the fuel. After 

compression of the target, a 14 MeV neutron produced by DT reaction can be used to transmute 

the highly compressed fission product via (n,2n) reaction. The neutron reaction rate could be 

very high because the target is highly compressed. Furthermore, the inventory of fission 

product could be very small. An analytic model of the implosion of the target was formulated 

to evaluate its internal energy and the probability of neutron utilization. From the results of this 

calculation, we could evaluate the energy that is /equired to transmute *$r. 

Fig. B-l depicts a target design used in our analytic model where a spherically shaped 

DT fuel (radius r,) is surrounded by a spherical shell (outer radius r^ made of "Sr. In the 

formula of the analytic model, ionized electronics in the compressed target were treated as a 

Fermi-Dirac gas because a high degeneracy effect was expected, especially for Sr that could be 

highly ionized. The detail of our model will be published elsewhere. 

In Fig. B-2, incineration energy, E, was plotted as a function of internal energy of the 

compressed target, U. In this calculation, the temperature of DT fuel and that of the ""Sr after 

compression is 10 keV and 1 keV, respectively, and the compression ration, K, of DT fuel is 



388 

varied as 10\10\ 10s. The numbers in the two-line parentheses show the gain factor G (upper) 

and the annual transmutation value for "Sr. The gain factor, G, is defined as the output energy 

of DT reaction divided by the internal energy of a compressed target. The annual transmutation 

value was deduced by assuming 1 GWA fusion reactor. 

The ratio of UFP to UDT is illustrated in Fig. B-3 to show how the compression of the DT-

FP combined target is difficult compared to that of a simple DT target. In this calculation, the 

number of "Sr was set as equal to the number of triton and deutron pairs. Three curves show 

the ratio of the internal energy of *$r to that of DT fuel, where the corresponding temperature 

of the ^ r are written alongside the curves, 10 keV, 3 keV, and 1 keV, respectively. The 

temperature of DT fuel was set as 10 keV. 

Section C Incineration of Fission Product and Transuranium by pCF 

This section discusses a system of nuclear transmutation in which fission products (FP) 

and transuranium (TRU) are incinerated using 14 MeV neutrons produced by muon-catalyzed 

fusion 0*CF) and a subcritical core composed of FP and TRU. High generation rate of 14 MeV 

neutrons can be obtained because the repetition number of DT fusion reaction per one n- is 

large. Fig. C-l is a conceptual picture of the system and Fig. C-2 shows the r-z cross-section 

of the subcritical core. This hybrid core, composed of FP and TRU, has the advantage that the 

output of thermal energy by the fission reaction could be used as the input of electric energy to 

the driver that produces /*- mesons. We adapted the He-cooled particle fuel concept designed 
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by M. Todosow et al.^, which is shown in Figs. C-3a, b, and c; this fuel has a high efficiency 

of heat transfer because of its large surface-to-volume ratio. 

The 14 MeV neutrons produced by /xCF are used to transmute '"Sr by the (n,2n) reaction. 

The outcoming neutrons from the "^r cell transmute TRU through fission reactions, and "Tc 

through (n,7) reactions. This fission energy is converted into electric energy to supply 4 GeV -

25 mA Deutron beam power, which is used to produce /x- mesons. We also evaluated the 

production of tritium that is consumed as a fuel for /zCF. The neutronics in the system was 

analyzed by MCNP. 

Table C-I shows the probability of the (n,2n), (n,7), and (n,f) reactions for each nuclide 

in the core per an input of a 14 MeV neutron. The incineration half-life for each nuclide was 

calculated from these quantities, where a generation rate of a 14 MeV neutron was 3.1 x 10" 

n/sec.^ The calculations of the incineration half-lives for each nuclide are shown in Column 

7 of Table C-I. The incineration half-lives of ^Sr, "Tc, and TRU are 1.6 years, 1.6 years, and 

0.6 years, respectively. 

In the core shown in Fig. C-2, the number of fission reactions is 1.08 per an input of 14 

MeV neutrons, which corresponds to thermal energy of 210 MeV. This energy can be 

converted into electric energy of 70 MeV when the efficiency of thermal-to-electric conversion 

is 1/3. Because the electric energy required to generate one 14 MeV neutron is 64 MeV, this 

system is energetically complete and closed within itself. 

Table C-II shows the amount transmuted in this system each year for each nuclide. The 

incineration amounts of "'Sr, *Tc, and TRU are 40 kg, 96 kg, and 245 kg per year, 

respectively. 
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For the core design shown in Fig. C-2, the probability of T production was 0.98 per an 

input of 14 MeV neutron; therefore, almost all the T consumed by pCF reaction can be supplied 

within the system. 

Fig. C-4 shows the multiplication factor of the core, k^, as a function of the inventory 

of TRU. The core dimensions in Fig. C-2 have a k^ value of 0.68, which is much smaller than 

a critical k^ value of 1.0. 

Section D Damage of Structural Material by Spallation Neutron 

This section discusses a damage of structural material of an incinerator that utilizes a 

spallation reaction. Fig. D-l shows the cross section of the target, which is composed of a lead 

target (cell #3-6), a TRU cell (cell #1), and structural walls (Cell #7-13). The structural walls 

is stainless-steel with thickness of 0.5 cm or 2 cm. By bombarding a lead target with a 1 GeV -

10 mA proton beam, high energy neutrons and charged-particles are produced. 

Computer codes ^ of LAHET and HTAPE were used to estimate the damages of 

structural material. Table D-I shows the calculations: neutron flux, atomic displacement, 

Hydrogen production, Helium production, and energy disposition. The rate of the atomic 

displacement in the side wall (cell #10) is as large as 50% of that in the beam window (cell #7). 
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Figure Captions 

Fig. A-I The cross section of the target composed of a fission product material and a 

refrector wall. The 14 MeV neutron produced by DT fusion reaction at the 

center are used to trigger incineration reactions. 

Fig. B-1 A cross section of a micro-target used in our model, where spherically shaped DT 

fuel (radius r,) is surrounded by a spherical shell (outer radius r^ made of *5r. 

Fig. B-2 Incineration energy, E, is shown as a function of the target's internal energy, U. 

The corresponding compression ratio, K, of DT fuel are written alongside the 

curves in the figures. In this example, the temperature of inner DT fuel and 

outer ""Sr were chosen as 10 keV and 1 keV, respectively. The numbers in the 

two-line parentheses show the gain factor G (upper) and the annual transmutation 

amount of ^Sr. 

Fig. B-3 Internal energy ratio of ^Sr to DT fuel are plotted as a function of the DT fuel 

compression ratio. The corresponding temperature of the ^Sr (TFP) are written 

alongside the curves. The temperature of DT fuel is chosen as 10 keV. 

Fig. C-l A conceptual picture of the incineration system, composed of a 4 GeV - 25 mA 

Deutron accelerator and a FP-TRU hybrid core. 
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C-2 The r-z cross section of the subcritical core composed of FP C°Sr and **Tc) and 

TRU. 6Li is used to produce T fuel for the fiCF reaction through the 6Li(n,o) 

reaction. 

C-3a The cross-section of a particle fuel. TRU carbide is covered with carbon of 30 

urn thickness and ZrC of 30 pm thickness. The radius of each material is shown 

in the figure. 

C-3b The z cross-section of a fuel rod. The particle fuel in Fig. C-3a is set in a fuel 

cell; the fuel is cooled by He gas, and the wall material is Zr. The radius of each 

cell is shown in the figure. 

C-3c Fuel rods in the core. 

C-4 The krff of the core as a function of the inventory of TRU. 

D-l The r-z cross-section of the subcritical core composed of a TRU core, a refractor, 

and a lead target. Numbers in the figure show ID number of each cell. 
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Target 

Table A-I 

The Probabilities of the (n,2n) and (n,7) Reactions 
for ,J7Cs per an Input of a 14 MeV Neutron 

Material Refractor 
Thickness 

(n,2n) 

Reaction Probabilities 

(n,7) sum 
,37Cs 

,37Cs 

, 3 7CsA 

,37Cs202 

2 cm 

20 cm 

2 cm 

20 cm 

46.6% 

46.7% 

43.8% 

43.9% 

0.4% 

28.3% 

4.1% 

40.1% 

47.0% 

75.0% 

47.9% 

84.0% 

Table A-TI 

The Probabilities of the (n,2n) and (n,7) Reactions 
for *$r per an Input of a 14 MeV Neutron 

Target 
Material 

^ r 

"Sr 

"SrO 

^ r O 

Refractor 
Thickness 

2 cm 

20 cm 

2 cm 

20 cm 

(n,2n) 

49.6% 

49.6% 

41.6% 

41.7% 

Reaction Probabilities 

(n,7) 

2.6% 

9.3% 

4.9% 

11.9% 

sum 

52.2% 

58.9% 

46.5% 

53.6% 
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Table A-m 

The Incineration Half-Life, the Incineration Energy, 
and the Annual Reduction Amounts 

Target 
Material 

,37Cs 

,37Cs 

, 3 7CsA 

, 3 7CsA 

^Sr 

^ r 

"SrO 

^SrO 

Refractor 
Thickness [cm] 

2 

20 

2 

20 

2 

20 

2 

20 

Half-Life 
[Year] 

3.4 

2.2 

3.4 

1.9 

3.1 

2.7 

3.5 

3.0 

E* 
[MeV] 

3.7 

2.3 

3.7 

2.1 

3.4 

3.0 

3.8 

3.3 

Reduction 
[10s kg] 

0.77 

1.13 

0.77 

1.28 

0.55 

0.82 

0.49 

0.57 
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Table C-I 

Reaction Probability and Incineration Half-Life for Each Nuclide 

Reaction Probability per an Input of 
Nuclide 

a 7 Nu 
"'Am 
MJAm 
244Cm 
^'Pu 
23,pu 

240Pu 
M,Pu 
2 « P u 

TRU(sum) 

C° 
Zf 

"Sr 
"It 

T 
D 
I6 0 

6Li 
"Al 

Cf 
Fec 

Inventory 

[kg] 

72.2 
83.9 
15.2 
3.0 
2.7 

100.4 
46.5 
15.5 
8.1 

347.5 

72.7 
831.9 

113.9 
277.9 

0.1 
446.0 

1783.8 

6.7 
272.0 

175.3 
1259.3 

] 

(n,2n)[%] 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 

0.00 
5.04 

31.69 
0.34 

0.20 
3.14 
0.00 

0.00 
0.00 

0.90 
2.99 

14 MeV Neutron 

(n,>)[%] 

28.73 
40.U7 
4.66 
0.53 
0.68 

16.80 
0.90 
0.27 
0.16 

92.80 

0.54 
10.23 

1.78 
72.60 

0.00 
0.62 
1.07 

97.85" 
1.13 

10.10 
54.94 

(n,f)[%] 

9.62 
15.54 
2.27 
0.51 
0.90 

59.61 
8.31 

10.95 
1.02 

108.73 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

total [%} 

38.35 
55.61 
6.93 
1.04 
1.58 

76.41 
9.21 

11.22 
1.18 

201.53 

0.54 
15.27 

33.47 
72.94 

0.20 
3.76 
1.07 

97.85 
1.13 

11.00 
57.93 

Half-Life 

[year] 

0.34 
0.27 
0.39 
0.51 
0.31 
0.23 
0.90 
0.24 
1.21 

0.31 

47,000 
25.52 

1.62 
1.64 

6.41 
25,000 
45,000 

0.49 
380 

13.10 
16.65 

(1.35)' 
(0.96)' 
(1.18)' 
(1.03)' 
(0.54)' 
(0.30)' 
(1.00)' 
(0.25)' 
(1.40)' 

(0.57)' 

a; incineration half-life determined by (n,f) reaction rate. 

b: (n,a) reaction probability. 

c: average of natural abundance was adapted for nuclear data. 
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Table C-H 

Reduction Amounts by Incineration Per a Year for each FP and TRU 

Waste Reduction by Incineration 
[kg/year]1 

^Np 
241 Am 
243Am 
244Cm 
^Pu 
^"Pu 
MOpu 
241Pu 
M 2 p u 

TRU(sum) 

"Sr 
"Tc 

29.0 
43.1 
6.8 
1.5 
2.0 

90.4 
23.3 
14.5 
3.2 

244.5 

39.6 
95.8 

a: To deduce this quantity for elements of TRU, incineration half-life including only 
contribution of fission reaction was used. 
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Table D-I 

Neutron Flux, Atomic Displacement, Hydrogen Production, 
Helium Production, and Energy Disposition in the Target 

Cell* 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Neutron Flux 
[10* cm2] 

0.0389 

0.0054 

2.61 

0.652 

0.0602 

0.0187 

1.54 

0.095 

0.751 

0.295 

0.076 

0.0087 

dpaPer 
Year 

0.0153 

0.021 

10.28 

2.57 

0.237 

0.074 

6.07 

0.374 

2.96 

1.16 

0.299 

0.034 

H. Prod. 
perP 

0.945 

— 

3.35 

0.59 

0.015 

— 

0.150 

0.015 

0.14 

0.055 

0.055 

He Prod. 
perP 

0.295 

— 

0.58 

0.035 

— 

— 

0.015 

— 

0.03 

— 

0.005 

Energy Dep. 
fcW] 

797 

0.004 

4926 

853 

5.95 

0.31 

86.0 

1.70 

69.75 

47.85 

19.73 
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MUON CATALYZED FUSION 

C. Peritjean 

Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland 

Abstract The state of the art and the recent progress made in dyLt fusion is shortly reviewed. 
Experiments demonstrated 100 to 150 dt fusions per muon. The most reliable value for dt 
sticking is ~ 0.5%. This sets a natural limit to the possible fusion output with /JCF to 200 
per muon. In energy applications, the concept of Yu. Petrovs /xCF hybrid reactor is sketched. 
There are prospects for using //CF for intense neutron sources to be used for materials testing 
of future hot fusion reactors and for applications in element transmutation. 

1. INTRODUCTION 

The idea of Muon Catalyzed Fusion (/iCF) was first suggested by C. Frank [1] in 1947 
in the course of examining possible alternative explanations of peculiar cosmic ray tracks in 
photoemulsions exposed at high altitudes, tracks that were made in fact by positive pions 
stopping and then decaying into muons and neutrinos. Independently, A.D. Sakharov took 
up the discussion of muon catalysis already in 1948 in his legendary article about "passive 
mesons" [2]. He recognized the basic approach of muon catalysis: Formation of closely 
bound molecules, inducing nuclear fusion by quantum mechanical tunnel effect. The exper
imental discovery of ^CF was achieved at the end of 1956 in Berkeley by L.W. Alvarez' 
team looking at bubble chamber pictures [3], see example in fig. 1. 

Contrary to "hot fusion" which requires high temperatures - more than 100 Million de
grees, equivalent to 10 keV - the ^CF method works with very soft energies only, i.e. 
milli eV to several eV, i.e. at temperatures ranging from near zero to 104 Kelvin. The key 
point is, that stabJe bound states (mesic molecules) are formed with the muon and two nuclei, 

Figure 1: First bubble chamber pic
ture of the ^CF discovery by L. Al
varez et al. [3], showing a charac
teristic diffusion gap between stop
ping muon and reemitted muon af
ter pfid fusion. 
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separated by distances of about twice the muonic Bohr radius (~ 500 fin). In the ordinary 
D2 molecule or in any solid state configuration the nuclei are too much apart (~ 1 !4. or 
105 fm) to cause any observable fusion rate. This is the reason why all attempts to induce 
powerful nuclear fusion in Palladium or Titanium saturated with deuterium which created a 
lot of "confusion" are hopeless [4]. 

There was some disappointment in the fifties and sixties - since the number of muon 
induced fusion events observed in bubble chambers was only a few percent per muon and 
seemed to make energy applications of ^CF unlikely. But the interest in /iCF was greatly 
revived by the observation at Dubna (Russia) of the temperature dependence of dfid mesic 
molecule formation in 1964-66 [5] and later [6], and by its theoretical explanation [7,8] and 
the prediction of very large dpt formation rates [8,9] in deuterium-tritium (dt) mixtures via 
the reactions 

tfi + D2 —• [(dfit)dee] (rate \d„t-d), 0 ) 
tfi + DT —• [(dfit)tee] (rate Xdltt.t). (2) 

The recent history of the /xCF development and more detailed descriptions of its present 
state of the an can be found e.g. in reviews [10-16]. Today's interest in ^CF is predomi
nantly focused on the most effective dpi cycle sketched in fig. 2. Negative muons which 
stop in a dense dt mixture form in 10-12 to 10~13 s tiny neutral mesic atoms dfi and ty.. In 
collisions with other nuclei the muons get transferred to the heavier isotope (10-8 -10"1 0 s). 
The crucial process is the resonant formation of die mesic molecule dyt into the loosely 
bound roto-vibrational state J=l, v=l [8,9] (10~8 - lO"10 s). This state quickly deexcites to 
J=0 levels, from which the two nuclei fuse (~ 10"K s). Usually the muon is free to stan 
the next cycle, but occasionally (with probability us ~ 0.5%) it is removed from die active 
cycle by "sticking7' to the 4He nucleus. The process chain in fig. 2 is much faster (cycle rate 
Xc > 108s_1) than die muon decay rate A0 = 0.455-106s_1. In principle, it allows a single 
muon to catalyze hundreds of dt fusions and to generate amounts of energy approaching or 
exceeding the cost for muon production (~ 6-8 GeV [17]). This fact has triggered great 
interest in energy applications of fiCF. 

Figure 2: Simplified scheme of die deu 
terium tritium fusion cycle. For die sym 
bols see text. 

W/ MESIC 
MOLECULE 

FORMATION 

STICKING 
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2. RECENT EXPERIMENTAL RESULTS IN dfit FUSION 

After the prediction [8,9] of large dpt formation rates, a growing number of laboratories 
started in the eighties the investigation of //CF, namely JINR Dubna/Russia [18], PSI Vil-
ligen/Switzerland [19-23], LAMPF Los Alamos/USA, [24-27], PNPI Gatchina/Russia [28], 
KEK Tokyo/Japan [29], TRIUMF Vancouver/Canada [30] and RAL Chilton Didcot/UK [31]. 
The most extensive investigations of the dfj.t cycle were done at die two meson factories 
LAMPF and PSI. At present, a quite consistent set of dt cycle rate results is available as 
shown in figs. 3(a,b). It shall be shortly discussed here: 

(i) At low temperatures d\it formation by reaction (1) is highly resonant (rate \dnt-d ~ 
4108 sec-1 at density o = 1.2 [20,24]) and strongly density dependent (fig. 4b). It 
is caused by the main resonance energy for D2 molecules being negative. Therefore 
triple collisions \xt + D2 + D2 cause the anomalous density dependence. 

(ii) At higher temperature (T > 300K), both reaction channels (1) and (2) contribute 
significantly to dfit formation [24]. 

(iii) All measurements at small tritium concentration (ct < 0.2) indicate that the transfer 
cross sections djj. -* t/j. are not sensitive to density or to the type of molecules, see fig. 
3(a). This is very surprising, since according to the present theories [32] the transfer 
rates from excited levels are expected to change strongly with density. 

(iv) In dense dt-mixtures, the conditions for highest dt fusion yields Xc were investigated. 
The following maxima were reported: 

S.E. Jones et al. 1986 [25] 
(in liquid D2 + DT + T2, o = 1.2) 
W.H. Breunlich et al. 1987 [20] 
(in liquid D2 + DT + T2, 24 K, 6 = 1.20) 
C. Petitjean et al. 1988 [21] 
(solid D2 + T2, 12 K, o = 1.45) 

Xc (fusions/^) 
150 ± 20 

113 ± 10 

124 ± 10 

These yields do not present unsurmountable maxima, since at higher temperatures all kinetic 
rates are growing larger; but the technical conditions get harder, since very high pressures 
are needed. Sticking inverse (u^"1) is in any case the theoretical limit to the fusion yield. 

Fig. 4 shows the state of final sticking measurements u;s, which is defined as the prob
ability of remaining sticking, after the (^4He)+ system with 3.5 MeV initial energy has 
come to rest. Final sticking is about 30 to 50 c7c lower than sticking immediately after d^it 
fusion, since the muon can get shaken off during fj.He slow down. There are significant 
discrepancies among the experimental data from different groups, and with respect to theory. 

file:///dnt-d
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Figure 3: Overview of normalized dt cycle rates measured at temperatures 12K-35K (a) 
plotted versus ct; the curves follow measurements of the same density in liquid mixtures 
D2 + T2 (dash-dotted curve), in liquid equilibrated mixtures D2 + DT + T2 (full curve), 
and in equilibrated gas (dashed curve); (b) same data plotted versus dt density o for various 
tritium concentrations ct. 

A new effort was undertaken at PSI, to determine final sticking JJS by observing the 
charged products of the dt fusion reaction directly in a special ionization chamber developed 
at the Petersburg Nuclear Physics Institute PNPI [28]. The preliminairy results obtained in 
runs 1989 and 1991 for final sticking at density o = 0.17 are [23] 

*-, (expt.) = (0.50 ± 0.06) % (run 1989, pressure 161 bar), 
~-5 (expt.) = (0.47 ± 0.06) % (run 1991, pressure 160 bar). 

These results indicate lower sticking values than what the present theories predict (*JS = 0.65 
± 0.03 % [33,34]). The new experimental values limit the fusion output per muon to 200. 

Ways were considered how to overcome sticking. The most realistic method seems to 
be to enhance artifically muon reactivation, e.g. by acceleration of the /za's in electric or rf 
fields [35]. By another idea, it was shown that in high density plasma at certain conditions it 
may be possible to achieve ~103 ^CF cycles per muon [36]. None of these schemes resulted 
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so far in realizable projects. Quantitative artificial reactivation is a difficult task-

Figure 4: Plot of all exper
imental results on dt stick
ing _-j versus density o. The 
curve represents the theory 
[33,34] and shows a slight 
density dependence due to 
multistep excitations. 
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3. THE MUON CATALYZED HYBRID REACTOR (MCHR) 

In 1978, immediately after the prediction of high rates for resonant dfxt formation, Yu.V. 
Petrov[17] suggested a scheme of practical application of / JCF as follows: 

A beam of deuterons (or tritons) from a high current accelerator comes to a target con
sisting of the light elements (Li,Be,Q where it produces in the optimal case as 0.17 z~ per 
1 Gc\\ incoming beam energy. After pion decay in flight ~~ —• yr + z/M, one can collect 
with efficiency 0.75 [37] 0.13 n~/GeYi> and - assuming Xc = 100 - produce 13 14-MeV 
neutrons/Gel*,. Every neutron can produce in an uranium-lithium blanket 0.86 fissions, 2.3 
Pu nuclei and 0.7 tritium nuclei [38]. (0.6 tritium nuclei can additionally be produced via 
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electronuclear channel). Considering that every Pu nucleus gives in a thermal reactor 1.7 
fissions, the total output of electrical energy via ^CF is 4.3 GeV/Gdl. (The efficiency of 
transformation of thermal energy7 into electrical power was taken into account by the factor 
;.i = 0.40 for fast and q = 0.34 for thermal reactors). Of the 4.3 GeV/Get;, 0.9 GeV are 
from direct energy production and 3.4 GeV via breeding. 

Only about 309c of the incident beam is spent for the pion production. The other 70% 
of accelerated nuclei can produce per 1 Ge\\ in an uranium blanket 13 additional fissions 
and 45 Pu nuclei (38.39], i.e. 4.4 GeV/Ge\l. 

In total, with one GeV beam power 8.7 GeV electrical power can be produced. Assuming 
an energy efficiency n = 0.6 for high current accelerators [17], the produced energy will 
approximately be four times the one spent, and the MCHR can produce nuclear fuel for 4 
thermal nuclear reactors of the same power as the MCHR. This multiplication factor is one 
order of magnitude larger than what contemporary fast breeders provide. 

For an MCHR with unit power 1 GW an accelerator with a beam power of = 200 MW 
and a current of = 100 mA (Ed = 2 GeV) is needed The technical possibilities for the 
construction of such an accelerator are formidable, but conceivable. Thus, the main problem 
of MCHR's is not the principle, but are rather the cost, the special technological problems 
of tritium handling, the radiation damage of the dt containment and also the efficiency of the 
whole system in comparison widi other schemes of nuclear breeding.1 

4. INTENSE NEUTRON SOURCES 

With todays knowledge about the d\it cycle, /zCF is definitively not energy productive 
by the direct production cycle. According to the presently known numbers about one order 
of magnitude is missing. But as long as no "hot" fusion mashines exist, jiCF may offer the 
most economic way to provide intense 14 MeV neutron sources. The ratio of output energy 
of 14 MeV-neutrons (£ n ) to accelerator input energy (£*„) is: 

(a) electrostatic 200 kV deuteron accelerator, to induce the dt reaction directly 
- (see e.g. EC-project "Sorgcntina" [40]): iEJEtse) ~ 10~5 

(b) ,/CF (MHCR 117]) using a 2-4 GeV deuteron accelerator: (EJE3CC) ~ 10"1 

Even if a pCF neutron source is built in a simplified (less efficient, but cheaper) version 
as compared to Yu. Petrov's MCHR proposal, the advantage of method (b) is evident. Due 
to the much smaller input energy necessary for a projected output, the technological limits of 
achieving highest neutron fluxes are correspondingly higher. Such schemes are now being 
studied to assess the suitability as test facilities for materials research [41]. The ultimate goal 
would be a source strength of 10 ir 14 MeV-n/s which would require a 10 mA / 2 - 4 GeV 
deuteron accelerator. An intermediate step with 3 orders of magnitude less beam power is 
considered to be already of interest. 

1A very important preference of MCHR may be the possibility IO enrich the depleted 23*U without chemical 
treatment (e.g. by making a blanket from it in order to prevent nuclear weapons proliferation.) 
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Independently, another application for intense neutron sources was studied by a Japanese-
American collaboration: die burnup of nuclear waist by element transmutation [42]. The 
study follows closely the ideas oudined by Yu. Petrov [17]. Using rather optimistic assump
tions about die effectiveness of die pCF cycle, it was shown tiiat for burning 137Cs, die /LZCF 

method would be a factor 4 superior to a spallation source. In die future a detailed study of 
the system as a whole has to be made in order to get a realistic assessment. 
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SCALING AND COST TRADEOFFS FOR ATW: 
PRELIMINARY CONSIDERATIONS 

R. A. Krakowski 

ABSTRACT 

The use of accelerator-produced spallation neutrons 
to transmute actinide and long-lived fission-products 
portends a means to alleviate requirements for deep-
geological disposal. The accelerator performance, target-
blanket physics, chemical-processing requirements, and 
overall systems engineering are closely coupled in 
determining the economic incentives for the Accelerator 
Transmutation of Waste (ATW). Preliminary estimates of 
and insight into the economics of a net-power-producing 
ATW are provided by a simplified (analytic) cost-based 
systems model. Even for large-capacity systems, the 
accelerator dominates the economics and technology for the 
ATW cases examined. Since the accelerator represents an 
important (-50%) add-on cost to an ATW-based power plant, 
reducing the accelerator requirement by increasing the 
blanket neutron multiplication, increasing the thermal-
conversion efficiency, and reducing neutron leakage and 
parasitic absorption in the target-blanket assembly are 
main avenues for improving the economic prospects of an 
ATW that would be fuelled with low-reactivity, actinide 
"waste" generated by light-water fission reactors (LWRs). 
This route to improved systems has strong implications for 
the thermalhydraulic, neutronic, and chemical-processing 
designs of the ATW. 

I. Introduction 

The coupled interactions between accelerator and target/blanket 
physics, overall system engineering, and the economics of unique 
combinations of power production and waste transmutation require a 
detailed systems model to provide guidance in evaluating optimal design 
directions. In addition to evaluating technology and economic tradeoffs 
that are intrinsic to the ATW, a range of non-linear and interactive 
scalings, as well as interfaces with front-end and back-end process 
streams, require quantitative evaluation. The ATW Systems Code 
(ATWSC) is being developed to provide a structure within which to 
project systematically on a cost basis the overall system performance for 
a wide range of design inputs and constraints. The non-linearities and 
the multiplicity of interdependent systems that characterize ATWSC, 
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however, can obscure the root drivers of fundamental tradeoffs, despite 
the basic simplicity of individual physics/engineering scaling and cost 
estimating relationships presently in use. 

At the risk of suggesting optimized costs that are even more 
approximate than those projected by ATWSC, a relatively transparent 
analytical systems model of the ATW is derived and parametrically 
evaluated. The main goal of this exercise is to illustrate analytically the 
main economic tradeoffs and cost drivers associated with a net-power-
producing ATW that is fueled with low-reactivity actinide "waste" from 
commercial fission reactors. The simplicity of the analytic systems 
model is achieved at the expense of (relative to ATWSC) lumped systems 
parameters and unit costs, loss of secondary size scaling, and bottom-
line costs that may not be complete; the general economic sensitivities to 
key subsystem performance, however, remain valid. Table I 
summarizes and defines the nearly three dozen parameters need to 
characterize this simplified ATW systems model, with approximately 
half being specified and the remainder being derived. 

II. Model 

Figure 1 depicts the essential elements of the simplified ATW systems 
model. The ac electrical power PEA is converted with efficiency T]DQ to dc 
power, which in turn is converted to rf power P R F with efficiency T]Rp. 
For purposes of simplicity and without loss in accuracy, PEA is taken 
here as the only component of the plant recirculating power. Neglecting 
the ion-beam injection power, the radio-frequency power P R F is 
delivered to the main section of the linear accelerator (the coupled-cavity 
linac, CCL) and divides between the beam, P B = I B E B . and the rf cavity, 
(G2/Rs)l, where all quantities are defined in Table I. The accelerator 
length required to create a proton beam of energy E B is 1 = E B / G COS 0, 
where $ is the phase angle between the accelerating particle bunch and 
the rf voltage. Hence, with PRF = P B + (G2/Rs)l and PEA = PRF/TIDC/TIRF> 
the overall accelerator efficiency is given by 

^DcnRF_> (1) 

1 + 1 /IB 

where I* = G/Rs cos <$> is a constant having the units of current and when 
multiplied by E B gives the part of P R F that is dissipated as low-grade 
heat in the walls of the rf cavity. 

The proton beam of current IB and final energy E B impinges onto a 
spallation target that delivers Y neutrons to the blanket per incident 
proton onto the target. To a high level of accuracy, the dependence of 
neutron yield per incident proton on proton beam energy for a bare 
target is represented by the off-set linear function depicted schematically 
on Fig. 2 and approximated algebraically by the following expression: 
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^-T^JE;- (2> 

where the fitting constants y(MeV/n) and E0(MeV) for a bare lead target1 

are given in Table I. It should be noted that these computational results 
pertain to a relatively unoptimized target, with design-specific material 
(e.g. Be multiplier) and geometry (length versus radius) target choices 
possibly leading to 5-10% increases in Y. 

The neutron source strength In = Ylij/e, where e = 1.603 xl0~19 c, is 
assumed to enter without loss (leakage or parasitic absorption) a fission-
multiplying blanket with a multiplication of Mn and an average neutron 
release per fission equal to v. Given EF(MeV/fission), the fission power 
deposited in the blanket is given by 

P F = YPB(Ep/EBXMn/v) . (3) 

The assumption is made that the proton beam power, P B , along with Pp, 
is capture by a high-temperature coolant and converted to electrical 
power, P E T . with an efficiency TITH>

 a s *s depicted on Fig. 1. After 
subtracting the power required to drive the accelerator, P E A . from the 
gross electrical power, P E T . the power P E = PET - PEA is available as a 
source of revenue. The ratio e = PEA/PET is defined as the recirculating 
power fraction. Other recirculating or "housekeeping" power 
requirements can be identified (typically 3-5% of P E T ) , but, for the 
purpose of this analytic model, these are assumed to be small compared 
to the accelerator requirements. 

The ATW is assumed to be fueled with the actinides rejected as waste 
from LWR client reactors. Each 1,000-MWe LWR generates2 actinides 
at a rate of -1,360 mole/yr, or RACT = 326 kg/yr/LWR, which translates 
into a specific power of (3 = 868 MWt/LWR Hence, expressing P F = B N in 
terms of N 1,000-MWe client LWRs reactor being served, the 
combination of Eqs (2) and (3) leads to the following relationship between 
P B and E B : 

N p y EB 
B (Mn/v)EF(EB-E0) • (> 

These expressions relate the strength of the accelerator neutron source 
required to burn the actinides from N 1,000-MWe LWRs, with the degree 
to which the neutron requirements of certain long-lived fissions 
products are satisfied being dictated largely by the choice of Mn, as is 
shown later. The specific cases being considered here assume only 
actinide waste from LWRs is burned; other more optimistic approaches 
propose increased reactivity and Mn by burning fissile fuel bred in situ, 
along with the prospects of enhanced economics through larger power 
production and reduced accelerator requirements. 
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In estimating the total direct cost, TDC(M$), five cost categories are 
introduced and evaluated on the basis of five constant unit cost factors. 
As noted above, the more detailed ATWSC evaluates a broader range of 
less-integrated cost categories with cost estimating relationships (CERs) 
that are functions of the respective capacities (e.g., W, kg/yr, 1/m, 1/m2, 
1/m3, etc). The five costs and the respective (constant) unit costs are 
summarized as follows: 

* accelerator structure: CCCLI = CCCL — — f*\ 
G c o s <J> 0) 

* rf power: cRF PRF = cRF(PB +1* EB) (6) 

* thermal power handling: CrH PXH = CTH(PP + PB) C7) 

* electrical plant equipment: cE PET = CE TITH^F + ^B) (8) 

(9) 
* chemical plant equipment: cCPE RACT = CCPE P' N , 

where P' = 326 kg(HM)/yr/LWR. Summing these direct costs and using 
Eqs. (3) and (4) to eliminate P F gives the following expression for the total 
direct cost, TDC(M$): 

TDC = a1PB + a2EB + a3 , (10) 

where 

a l = CRF + CTH + "HTH C E ( 1 0 a ) 

a _ CCCL . G Cnry 
a 2 ~ ^ CRF /ink-* 

G c o s <{> R s c o s <[> (lUD) 

a3 = pN(crH + TITH cE) + cCPE p' N . (10c) 

Equation (4) relates PB to EB for a give level of LWR support, N. Two 
interesting observations can be made from the simple scaling of direct 
cost given by Eq. (10). Firstly, for given values of the (constant) unit 
costs, beam power, and beam energy, the economic tradeoff between 
accelerator power and accelerator structure gives a value of "real-
estate" gradient, G, where TDC is minimized; increasing values of G for 
fixed beam parameters reduce the cost of accelerator structure [Eq. (5)], 
but the power dissipated in the cavity [Eq. (1)] is increased. 
Differentiation of TDC with respect to G for fixed values of IB and EB and 
setting the result to zero gives this cost-optimum value of the accelerator 
real-estate gradient. 
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Gopt = [ (CCCL/CRF^J^ 2 • (11) 

Generally, high rf unit cost favor lower values of G and longer 
accelerating structures, and visa versa for high values of C Q ^ L -
Secondly, TDC shows a minimum as a function of E B for given values of 
unit costs and real-estate gradient, again reflecting an economic 
balance between accelerator s t ruc tura l and rf-power costs. 
Differentiation of TDC with respect to E B , using the optimum value G0pt» 
and solving for the cost-optimum proton beam energy gives 

{iL* *°r ~ (M^vMEp/EJ 2 c R p r 
(12) 

Equation (12) in a single expression il lustrates the functional 
dependences of cost-optimum beam characteristics on the main unit 
costs, the blanket multiplication, the system capacity (i.e., N), and the 
target yield characteristics (i.e., y and E0). 

Minimization of only accelerator-related costs will give a somewhat 
different beam-energy optimum. In addition to the cost of accelerator 
structure and rf power, those parts of the thermal and electrical 
balance-of-plant systems needed to generate the electrical power 
recirculated to the accelerator must also be included as part of the total 
accelerator cost. This direct cost associated with the accelerator is given 
by 

(13) 
TDCACC = CCCL J + CRFPRF + (CE + CTH^TH^EA = a4EB + a5PB 

a4 = _£c£L_ + _JGcl_ ( 1 3 a ) 

G cos $ Rs cos <(> 

. , TVTH CE + cTH (13b) 

as = c = CRP + . 
TlDC TlRF TlTH 

This direct cost associated only with the accelerator shows a minimum 
for the following beam energy: 

( E B _ E / = PyN 
(aVvMEp'Ej I*(I + C R F / C ' ) 

(14) 

It should be noted that constraints related to beam quality and structural 
heating impose upper limits on IB, and, depending on the magnitudes ^f 
N or Mn, the cost-optimized values suggested by Eqs. (12) or (14) may not 
be attainable. 
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Since the main product and source of revenue for the ATW being 
considered here is electrical energy, the cost of electricity, 
COE(mill/kWeh), represents a relevant cost to be optimized. Multiplying 
TDC by a contingency factor, CONT, and multiplying that result by an 
indirect-cost factor, IDC, gives the total cost, TC = CONT x IND x TDC. 
When TC is multiplied by an annual fixed-charge ratio, FCR(L'yr), and 
divided by the annual energy production, PfPE. where pf is the annual 
plant availability factor, an approximate expression for COE results. 
After re-arranging, the cost of electricity is given by 

COE = F C R x C Q N T x I D C x 1 0 6 a1PB + a2EB + a3 

8,760 pf -biPe + b2EB + b3 

where 

b i = z—^ "HTH 

TIDCHRP ( 1 5 a ) 

b2 = —I (15b) 
TIDCTIRF 

b3 = nraPN. (15c) 

Equation (15) also predicts a value of E B where COE is a minimum, but 
the resulting expression for E B is quartic; therefore, Eq. (15) is evaluated 
parametrically for the nominally fixed input summarized in Table I. It 
is re-emphasized that Eq. (15) for COE is approximate, with values for 
FCR, CONT, and IDC being chosen to reflect the nuclear-standard, 
present-worth cost basis^ used in the more detailed ATWSC. Also, this 
expression for COE does not reflect the incremental cost associated with 
fission-product waste disposal versus burnup; in a strict accounting 
sense, any increment in COE above the existing rate (e.g., the rate 
charged by the client LWRs) would be spread over the client reactors as 
an incremental fuel-cycle charge. 

Coupling of the target/blanket neutron economy is made in this 
simplified model only through the parameters Mn and v, which are 
related to the average capture-to-fission ratio for the actinide "lump", a, 
and the ratio of all absorptions occurring in the actinide, f (i.e., and 
effective product of thermal utilization factor and resonance escape 
probability), as follows: 

k^T7MTT^fP>* ' <16> 

where keff is the neutron multiplication constant and P N L is a global 
neutron non-leakage probability. For the blanket parameters listed in 
Table I, which correspond roughly to an equilibrium actinide lump 
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under irradiation in a D2O moderated blanket4, the effective thermal 
utilization factor amounts to f = 0.91 for Mn = 10, which indicates that 
without leakage the number of non-actinide absorptions per source 
neutron is (Mn/v)(l - f) - 0.31. Since the ratio of long-lived fission 
product production to actinide lump production from an LWR2 amounts 
to -317/1363 = 0.23, a margin of 0.31/0.23 = 1.35 exists for dealing with 
internally generated fission products and structural/target parasitic 
absorption. Generally, neutron demands beyond this level will require a 
larger accelerator capacity for a given actinide burn rate, thereby 
increasing the COE; the use of capacity-scaled CERs, however, as is 
done in ATWSC, will lead to reductions in the predicted COEs at higher 
capacity, thereby having a countervening influence. Nevertheless, the 
nuclear performance assumed in this analysis is simplified and 
optimistic; a neutronically, thermalhydraulically, and chemically self-
consistent target-blanket design will increase "non-productive" neutron 
losses to structure and fission products, thereby driving down the value 
of f and increasing cost for a given production goal. As noted previously, 
the burning of fissile fuel bred in situ will have a strong impact on the 
overall neutron economy, the ability to transmute increased levels of 
fission-product waste, and the overall system economics through 
increased power production and reduced accelerator requirements. 
Resolution of these complex techno-economic tradeoffs is a key 
component of ongoing ATW design activities. 

III. RESULTS 

The sample results presented herein are intended primarily to 
demonstrate general tradeoffs rather than to espouse optimal ATW 
design points per se. As a minimum, the level of detail being developed 
into ATWSC is required before design-specific projections can be made. 
Figure 3 gives the dependence of COE and TC on E B for N = 6. The cost 
minima described above analytically are shown, with the optimization 
based on COE being made more pronounced through the inverse 
dependence on net-electric power. Shown also on this figure is the 
dependence of beam current, with minimum-COE systems requiring IB 
> 300 mA. The cost impact associated with constraining IB below the 
minimum-COE point is readily seen from this figure; decreasing I B 
from the ~300-mA optimum to 200 mA is accompanied by a ~ 3 
mill/kWeh cost penalty for this N = 6 system. Also shown on Fig. 3 is the 
fraction fACC °f TDC associated with the accelerator, which for the 
minimum-COE design amounts to 49% of the total direct cost. The net-
electric power for this N = 6 case is 1,100 MWe, and the recirculating 
power fraction is £ = 0.32. Generally the economic burden of the 
accelerator for this Mn = 10 system is significant. 

The N = 6 sample case reported in Fig. 3 has been repeated for a range of 
1,000-MWe LWR support capacities, with the dependence of COE and TC 
on E B and N being shown in Fig. 4. In addition to giving the locus of 
minimum-COE points as N is varied, Fig. 4A inscribes lines of constant 
beam current, again indicating relatively small cost penalties if IB can 
be maintained above a few 100s of milliamperes. Also shown is a point 
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of diminishing returns in reduced COE as overall capacity (N «= P E ) is 
increased. This point of diminishing returns is extended somewhat if 
capacity-dependent CERs (i.e., CTH ~ 1/PTH) are used. 

The four frames in Fig. 5 give explicitly the dependence of minimum-
COE system parameters on the number of 1,000-MWe LWRs serviced: 
COE, TC, and e on Fig. 5A; E B , IB, and P B on Fig. 5B; beam, accelerator, 
thermal, total-electric, and net-electric powers on Fig. 5C; and the 
division of accelerator-related costs on Fig. 5D. Even for these cost-
optimized systems, the dominance of the accelerator (fACC =. 0-5) and the 
high recirculating powers (e > 0.30) generally limit the attractiveness of 
the system. Interestingly, the dominant costs associated with the 
accelerator are for rf power supplies and the incremental BOP need to 
generate the required recirculating power (i.e., fRF and fpOW in Fig. 
5D). 

At the level of the present analysis, increased blanket multiplication, 
Mn , and thermal-to-electric conversion efficiency, n/TH. impact strongly 
the projected COE values by reducing the economic impact of the 
accelerator through reduced accelerator capacity and recirculating 
power (e.g., reduced BOP). The strong influence of Mn and T]TH on COE 
is illustrated in Fig. 6, which for the T|TH = 0.3 base case gives lines of 
constant net-electric power, PE-

IV. CONCLUSIONS 

A simplified analytic, cost-based systems model has been developed and 
evaluated for a net-power-generating ATW that burns long-lived fission 
products and actinides from N light-water fission reactors. Even for 
large-capacity systems, the accelerator is predicted to dominate the 
economics and technology for the base-case parameters assumed (Table 
I). The simplified cost scaling relationships, while not reflecting 
economy-of-scale benefits, are considered optimistic, particularly for the 
accelerator components. Similarly, the single-parameter neutronics 
assumed may also prove to be optimistic when the non-productive 
absorption of neutrons in structure and fission products are taken into 
account; an important variable in this regard is the technology and 
economics of the chemical processing required to hold parasitic 
absorption to acceptable levels for a given overall plant decontamination 
factor. At the level of the present analysis, however, reducing the 
accelerator requirement by increasing the b lanket neut ron 
multiplication, Mn , as well as increasing the thermal-to-electric 
conversion efficiency, T|TH, are main avenues for improving the 
economic prospects of this concept; this route to improved systems has 
important implications for the thermalhydraulic, neutronics, and 
chemical-processing designs of the ATW target-blanket assembly, as 
well as the goal (e.g., current limitations) of the accelerator neutron 
source for high-Mn blankets. 



425 

REFERENCES 

1. G. Russell, "Interim Results: ATW Pb Bare-Target Neutronics," 
personal communication, Los Alamos National Laboratory (March 
1,1991). 

2. "CURE: Clean Use of Reactor Energy", Westinghouse Hanford 
Company report WHC-EP-026, (May 1990). 

3. J. G. Delene and C. R. Hudson II, "Cost Estimate Guidelines for 
Advanced Nuclear Power Technologies," Oak Ridge National 
Laboratory report ORNL/TN-1007iyR2 (March 1990). 

4. J. Sapir, W. Sailor and J. W. Davidson, personal communication, 
Los Alamos National Laboratory, (January 1992). 



426 

Accelerator K 
Target Blanket 

c> Mn P sP +P 

PB
 = IBEB 'n s Y I B / e 

P =P +P 

^RF^DC 

P E A S IP„-1U-PT ET" , ,TH"TH 

Figure 1. Power flows for analytic ATW systems model. 
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Figure 2. Neutron yields from a bare lead target2. 
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TC, COE, and lB versus EB for N = 6.0 
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Figure 3. Plot of Eqs. (10) and (15) for TC = CONT x D C x TDC 
and COE for N = 6; also ihown are the required beam 
current, IB, and the fraction fACC = TDCACOTDC 
[Eq. (13)] of the total cost devoted to the accelerator. 
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COE SUMMARY for Mn = 10.0 
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Dependence of COE (a) and TC (b) on beam energy, EB, 
and the number of 1,000-MWe LWRs being served, N, 
showing the impact of constrained beam current, IB on 
COE. 
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TC SUMMARY for Mn = 10.0 
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M I N - C O E versus PSUP , M „ = 10.0 
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Figure 5. Dependence of key system costs (a) and parameters 
[accelerator (b), powers (c), and cost allocations (d)] 
on the number of 1,000-MWe LWRs served, N, 
for minimum-COE conditions. 
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M I N - C O E versus P^p , M „ = 10.0 
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MIN-COE versus PSUP , M^ = 10.0 
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MIN-COE VARIATIONS with PSUP 
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Figure 6. Dependence of COE on the number of 1,000-MWe LWRs 
served, N, blanket multiplication, Mn, and thermal 
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Table I. Parameter Definitions and Values for Analytic 
ATW Systems Model 

Parameter 
Value 

Costing/Economics 
thermal power systems, CTH($AV) 
electrical power systems, CE($/W) 
accelerator structure, CA(M$/m) 
radio-frequency power, CRF($/W) 
chemical plant equipment, ccPE(M$/kg/yr) 
interest-during-construction factor, IDC/TDC + 1 
contingency factor, CONT/(IDC+TDC) + 1 
fixed charge rate, FCR(l/yr) 
cost of electricity, COE(mill/kWeh) 
total direct cost, TDC(M$) 
total cost, TC(M$) 

0.20 
0.50 
0.10 
2.0 
0.10 
1.60 
1.20 
0.10 

KEq. (15)] 
[(Eq. (10)] 

IDC x CONT x TDC 

Accelerator 
CCL length, l(m) 
cost-optimum ccl gradient, Gopt(MV/m) = [(CCCI/CRF)RS]1/2 

CCL shunt resistance, Rs(Mohm/m) 
cosine of particle-to-voltage phase angle, cos $ 
beam current, IB(A) 
beam energy, Ee(MeV) 
beam current parameter, IB* = G/(RS cos <f>) (A) 
beam power, P B 
cavity power loss, PQ 
radio-frequency power, PRF 
overall accelerator efficiency, TJA 

Target/Blanket 
neutron/proton yield, Y(n/p) 
target yield fitting parameters 

• y(MeV/n) 
• E0(MeV) 

blanket neutron multiplication, Mn 

actinide fission neutron yield, v(n/fission) 
actinide capture-to-fission ratio, a 
number of 1,000-MWe LWRs supported, N 
waste burnup rates2 

• actinide, RACT(mole/yr/LWR) 
• fission product, Rpp(mole/yr/LWR) 

actinide energy content, B(MWt/LWR) 
chemical processing rate per LWR, B'[kg(HM)/yr/LWR] 
nominal actinide atomic mass, A 
fission power, P F 
N 

EB/G COS <{> 
1.09 

24.0 
0.77 

0.054 
IBEB 

I*EB 

P Q + P B 

PB/PEA 

[Eq. (2)] 

30.1 
201.4 

10.0 
2.9 
1.9 

1,363. 
317. 
868. 
326. 

240. 
868 
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fission energy release, Ef<MeV/fission) 200. 

Plant 
plant availability, p f 0.75 
thermal-to-electric conversion efficiency, TIT H 0.30 
ac-to-dc conversion efficiency, T]Dc 0-86 
dc-to-rf conversion efficiency, T]RF 0.75 
thermal power converted to electricity, PTH(MW) PJJ + Pp 
total electrical power, P E T ( M W ) 
net electrical power, P E ( M W ) 
electrical power to accelerator, PEA(MW) P B ^ A 
recirculating power fraction, E = PEA/PET -
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Abstract 

From a calculational standpoint, at least, accelerator based transmutation 
systems for nuclide burning are tailored versions of a general class of fa
cility that can be used as spallation neutron sources, for nuclear breeding, 
etc. The nuclear design can be considered in two parts: (i) the concep
tual design for (in this case) the target/burning system and (ii) the full 
characterisation of the operational parameters for the complete system. 
Roughly, part (i) decides the nuclear physics of the burning facility while 
part (ii) produces the numbers required to make an engineering design. 

The main part of the paper will concentrate on methods for the full char
acterisation of the system by giving a description of the calculations made 
for SINQ, the PSI spallation neutron source project: the methods are less 
dependent on the specific application of the transmutation system but the 
applicability of the work to a nuclide burning facility is discussed. 

The data and calculational methods for the conceptual design have to al
low detailed study of the nuclide production by a wide range of particle 
types and energies interacting with a variety of target nuclides. A short 
discussion of calculational possibilities is given. 
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From a modelling standpoint at least, an accelerator 
based transmutation system for nuclide burning is a 
specific application of systems which hare been buiit 
or proposed for use as> 

• Neutron Sources (Note: the unreferenced sources 
are described in the proceeding of the ICANS 
meetings [1 to 9] 

- pulsed (KENS, IPNS, (WNR), LANSE. ISIS. 
SNQ [10]) 

- continuous (ING [11], TNF, SINQ 

- for damage studies (RTNS [12], FMIT [13], 
JRC/ISPRA [14]) 

• Breeding - Furakawa [15], Takahashi [16] 

They consist of an accelerator with beam handling sys
tem plus a plant complex which can be split into: 

the Target - the block of material 
struck by the accelerated 
beam 

the 'next' Layer(s) - which 'customerises' the 
facility to do the job in 
hand 

the Shield - the section of the facility 
that handles unused par
ticles 

The nuclear design consists of two (overlapping) parts: 

(1) The conceptual design for the target and 'next' 
layers: this covers the choice of the type and en
ergy of the particles and the geometry and mate
rials arrangement that best do the job in hand. 
This will lead to the choice of type and energy for 
the accelerated particles,. 

(2) the full characterisation of the operational param
eters of the system: power densities, radiation 
damage, activation, prompt radiation doses etc. 

The aim of this paper is to discuss the tools required 
to carry out such a job for a nuclide burning facility. 
This may be trivially stated as the need to be able to 
calculate most aspects of the interaction of all particles 
which may be produced with all materials used in the 
system. The selection of calculational methods has to 
be based on (i) what is to be calculated (ii) how accu
rate the results have to be and (iii) what calculational 
methods are available. 

In the first part of this report a description of the cal
culations carried out for the SINQ project will be given 
on the premise that, a large part of the nuclear design 
for a nuclide burning facility will be aimed at solv
ing similar problems, hence calculational methods may
be discussed in relationship to specific tasks which are 

2 



442 

part of a similarly large single project. 

The second part of the paper will look at the problem of 
calculational methods for nuclide burning specifically. 
Comments on the relevance of the SINQ results to a 
nuclide burning facility will be given at the beginning 
of this second part of the report. 

Part I 

Calculations for SINQ 

2 A Brief Description of the 
Project 

The SINQ project has as design goal the production of 
the highest possible thermal and cold neutron fluxes for 
neutron scattering experiments, from the proton beam 
left over after use foi nuclear particle production. The 
system is to be designed to handle up to 1.5 mA of 
590 MeV protons (about 0.9 MW). 

The PSI accelerator complex (Fig. 1) is a multidis-
cipline, multiuser system based around two 72 MeV 
injector-cyclotrons and a 590 MeV ring cyclotron. This 
is in the process of being upgraded to produce D.C. 
beam currents in excess of 1 mA and is operating 
presently at about 500 (iA. The 590 MeV beam is 
used for meson and muon physics at targets M and 
E. Other facilities (muon beams for solid state physics, 
bio-medical applications, radiation damage facilities, 
isotope production, etc) are also supported. 

The source is being built on an extension of the proton 
channel beyond Target-E into the Neutronenhalle. The 
building will house the source itself and the experimen
tal area for neutron scattering instruments mounted at 
beam-tubes. 

The non-interacting part of the proton beam is col
lected beyond tatget-E, deflected downwards to pass 
under the hall foundations and finally pitched verti
cally upwards to the spallation target. A vertical sec
tion is shown in Fig. 2. 

A diagram of the la/out of the complete SINQ facility 
is shown in Fig. 3 and details of the source in Fig. 4 
and 5. 

Evaporation (fast) neutrons are produced at the rate 
of about 10/proton by high-energy interactions in the 
target. About 70% of the beam power is deposited in 
the first 30 cm. The target is located in the middle 
of a 2 m diameter and height tank of D20 to ther-
malise the neutrons. The thermal neutrons are ex
tracted with beam-tubes: neutrons entering through 
the window drift along the tube to a monochromatoi 
system and hence to the scattering instruments. 

Particular emphasis is being placed on the provision 

of cold neutrons. A container with 20 litres of liq
uid deuterium will further moderate the thermal neu
trons (from an approximately Maxwellian spectrum 
with characteristic wavelength about 1 A to one with 
about 5 A). The cold neutrons will be extracted via a 
beam-tube and a neutron guide system. The guide sys
tem provides a multi-user facility and will be mounted 
in a separate experimental hall (Leiterhalle see Fig. 3). 

The neutron production spectrum extends into the 
high energy region. The moderator tank is followed 
by a roughly 5 m thick iron and concrete shield and 
the monochromators and first section of the guide sys
tem also require a thick shield to handle high-energy 
neutrons. 

The project was funded in 1987 and construction of the 
buildings (which also included the proton channel tun
nel and source foundation) was completed at the end 
of 1991. The safety report was completed in Decem
ber 1991 and construction work on the source itself is 
planned to begin in Autumn 1992. 

3 Calculational Tools 

The part of the SINQ system that requires consider
ation in the neutronics calculations consists of about 
3'500 m3 of material. The basic information required 
comes from (i) detailed calculations of the innermost 
30 to 50 m3 (this is a region centred about the target 
and extending about 1 m into the shield) - neutronic 
performance, heating rates, activation etc (ii) study of 
the shielding (which makes up most of the rest of the 
material) - external dose-rates, induced activation etc 
and (iii) the consequence of activation carried outside 
the source-block - shielding requirements for the target 
transport flask, shielding for plant handling activated 
coolants (gases and water), etc. 

The calculations are made using the HETC package 
[17] as the basic tool: this is illustrated in Fig. 6. It 
consists of the nucleon-meson transport code HETC, 
the neutron transport code 05R.PSI and several anal
ysis codes. The centrepiece is the HETC code itself; 
this is described in section 4 and a brief critique given 
in section 5. 

Neutronic calculations below 20 MeV are carried out 
using 05R-PSI, a locally produced version of the 05R 
code [18]. T'his is a a continuous-energy cross-section 
based Monte-Carlo code. 05R.PSI uses data from 
ENDF/B-IV [19] and a suite of routines for resonance 
unfolding, doppler broadening and making other ma
nipulations of the cross-section data have been col
lected (or developed). The code is used also for thermal 
neutron transport and presently employs a 'perfect-gas' 
scattering model. 05R.PSI also includes a more com
plete description of fission (not required for SINQ). 

Both HETC and 05R.PSI produce nuclear physics his
tories for large multi-media systems. This is a file 
containing the position, type and parameters for the 
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interactions induced by the primary particles through 
all generations of product particles in the valid trans
port range (type and energy). They are equipped with 
a geometry routine (GENJOM - the Oak Ridge Gen
eral Geometry Package developed for 05R [18] in the 
PSI version) which allows description of multimedia 
systems having media separated by 3-D geometric sur
faces describable via second degree equations in the 
coordinates. 

The history files require analysis to yield specific an
swers (or contributions) to a variety of processes and 
to provide source terms for further calculations. The 
main analysis codes used are ORIHET and ENDEN: 
several special analysis routines had to be written to 
look at specific problems. 

ORIHET is an adaptation of the ORIGEN code [20] 
to solve the Bateman equation for nuclide production 
rates from both HETC and 05R.PSI. The fixed data 
has been extended to cover all nuclides up to mass 
245 in the 7th Edition of "Table of Nuclides" [21] and 
gamma information comes from the Daamstadt library 
[22]. Special versions to treat burnup and corrosion 
have been created. 

ENDEN analyses the history tapes for estimation of 
the contributions from both HETC and 05R to en
ergy density distn; utions. It is the task that requires 
the most complete analysis of the history tape as most 
'events' make contributions and through mutliple as
pects. Also some re-analysis is required: e.g. ioni
sation loss (this is the main contributor to heating of 
the target) requires apportionment of the slowing-down 
contributions through the bin 'geometry'. Energy de
position analysis may be extended in a simple manner 
to estimate displacement damage. 

The contribution of gamma-rays to energy deposition 
has mainly been made using explicit (point kernal in
tegration) methods. The electromagnetic shower code 
EGS [23] has been used for specific aspects of the 
gamma transport calculations. 

Quite a few problems have been solved by special ap
proximations - the contribution of gammas to heating 
rates, shielding performance, activation at the periph
eries of the system, etc. The methods used will be 
included in the appropriate sections. 

4 HETC Program - A brief re
view 

The HETC code combines models so that the majority 
of the nuclear physics from the passage through bulk 
matter of nucleons of energy greater than 15 MeV and 
charged Pions (above 2.2 MeV) is treated. The calcula
tion al scheme is illustrated in Fig. 7. HETC is an ana
logue Monte-Carlo code which generates particle cas
cades. These cascades are analysed (usually with off

line codes) to obtain results of practical interest (e.g. 
energy deposition). The cascades are also analysed to 
produce source terms for separate treatment of aspects 
not handled directly (fast neutron transport, earrma-
transport, activation build-up etc). The heart of the 
code is a theoretical treatment of particle-nucleus inter
actions based on the Serber model [24], in which the 
overall particle-nucleus interaction is broken up into 
two steps: 

The first step is an intra-nudear cascade of individual 
particle-nucleon interactions governed by the normal 
high-energy physics kinematic and conservation laws 
and with free-nucleon cross-sections. The 'nucleus' en
ters the picture via being a spatially localised region of 
very high nudeon density, the struck nucleons are in 
a dynamic equilibrium inside a potential well (Fermi 
momentum) and the dynamic equilibrium is a ground 
state requiring restriction of the kinematic phase-space 
to allow-satisfaction of the exclusion principle. HETC 
uses the Bertini code [25] to calculate this part which 
also includes the Isobar Model [26, 27] for treatment of 
Picn production. The lower energy limit of the model 
is indistinct but somewhat below 50 MeV (tradition
ally 15 MeV is selected for neutrons as being somewhat 
below the upper energy limit of neutron cross-section 
data sets, thereby easing the transition to fast neutron 
transport codes): as the energy of the incident particle 
is reduced, collective interactions with the nucleus as 
a whole become significant, eventually dominating and 
leading to the compound-nucleus region. 
The second stage describes the de-excitation of the fi
nal nucleus left after the intra-nuclear cascade. This is 
treated with the Statistical model [28] as incorporated 
into the code of Dresner [29]. The Dresner code has 
been modified to allow treatment of fission [30]. 

The Bertini and Dresner codes, together with code to 
treat (i) particle-nucleon interactions, (ii) ionisation 
loss, (iii) particle-nucleus elastic-scattering (based on 
user-supplied cross-section data), (iv) the geometry of 
the system and (v) particle book-keeping, was initially 
put together by Coleman and Armstrong [31] to form 
the NMTC code allowing treatment of nucleons up to 
3.5 GeV and Pions to 2.5 GeV. Improved versions of 
both the Bertini and Dresner codes together with a 
treatment for very-high (200 GeV) incident energy par
ticles and multiple coulomb scattering resulted in the 
HETC code [32]. 

Some results used for comparison purposes were made 
using the earlier NMTC version: in the 600 MeV en
ergy region, the differences between the NMTC and 
HETC codes is not large. 
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5 Assessment of HETC Perfor
mance 

The accuracy of the HETC code is extremely difficult 
to quantify. The code gives the basic information which 
allow estimations for a wide range of radiation effects 
caused by the passage of particles through bulk mat
ter (secondary particle fields, residual nucleus distri
butions, energy deposition, gamma source terms, fast-
neutron source terms, etc). It is an analogue Monte-
Carlo code so errors come both from statistics and also 
from propagation of theoretical model inadequacies. 
Statistical errors may be controlled by standard meth
ods and can usually be reduced to levels well within 
the intrinsic accuracy of the models. 

Fullwood et al. [33] concluded that the 'global' accu
racy (that is over a large fraction of all results capable 
of being produced!) was about 20%. Specific results 
can have very much larger (or smaller) errors. 

In the target, ionisation loss accounts for about 80% 
of the energy deposition. The Bethe-Bloch equation, 
which is used by HETC to calculate ^ values, is ac
curate at the percent level. Coulomb scattering (which 
will have some affect on energy density) is treated us
ing the Fermi joint distribution function. Quite good 
agreement with the results by Barkas and von Friesen 
[34] for coulomb scattering of 750 MeV protons by cop
per has been obtained. 

An important quantity (with influence on energy den
sity and shielding estimates) is the double-differential 
spectrum for the high-energy neutrons (intensity versus 
energy and angle). Experiment and HETC prediction 
are generally in disagreement at small production an
gles [35, 36, 37, 38, 39], with HETC values lower by 
factors of 3 to 5 or more, although recent measure
ments at L"c Alamos [40] for 256 MeV protons and 
[41] show generally better agreement over a wide range 
of angles. It should be noted that neutron spectrum 
measurements at high energies are difficult. 

The evidence indicates that the HETC programme is 
failing to calculate correctly the details of the double-
differential cross-section: the total inelastic cross-
section and the gross apportionment of the energy in 
the particle nucleus interactions seem to be within the 
20% global error. The consequence of this is only rel
evant for specific SINQ calculations and is considered 
in the appropriate section. 

In the particle-nucleus interaction, the energy of the 
incident particle is distributed between: 

• outgoing high-energy particles, 

• evaporated nudeon clusters, 

• binding energy, 

• nuclear gamma rays, 

• recoil of the struck nucleus. 

A major fault in this energy distribution would show up 
in predictions of energy-deposition, nuclide production, 
thermal-fluxes, etc. In general such predictions are in 
good agreement but it should be noted that the HETC 
results are normally only part of the calculational story 
and so its actual relevance is not easy to assess (e.g. 
error compensation):-

• Neutronic performance, power levels, induced acti
vation and shield operation for the neutron sources 
ISIS [42, 43, 44, 45] and LANSCE [46]. To date, 
agreement of prediction and observation is good 
(maybe at the 10 % level) but these are both very 
complicated systems with many possibilities for 
error compensation and the agreement should be 
treated with caution. 

• Theoretical predictions [47] of the expected results 
from an experiment to measure heating rates close 
to the target of a spallation neutron source [48] are 
not good: the calculation did not include all con
tributions, hence this difference is not yet evidence 
of a fundamental disagreement. 

• Fast neutron production by high-energy particles 
[37, 38, 39, 40, 49, 50] and the neutronic per
formance of ISIS and LANSCE. In terms of the 
workings of HETC these give a strong indication 
that the residual excitation after the intra-nuclear 
cascade and the evaporation parameters yield the 
right number of neutrons. 
Work in progress on fission models has used the 
evaporation code of HETC in conjunction with the 
compound nucleus model to obtain good agree
ment with fission and (n,xn) cross-sections for 
high-Z nuclei, giving a direct check on the evap
oration part for this Z region (see part-II, sec
tion 11.3). 

• Nuclide production: this should be a rather sen
sitive test of the whole intra-nuclear cascade and 
evaporation model. The majority of experiments 
are in the high-Z region where the fission process 
also plays a considerable role: comparatively re
cent (and reasonably direct) comparison of HETC 
and experiment may be found in, for example, ref
erences 16, 51 & 52. 

• Shielding performance: ISIS (see above). LANCE 
(see above) and references 53 and 54. 

• Dose equivalents for neutrons in the energy 
range 60 to 3000 MeV and for protons from 
400 to 3000 MeV come from NMTC calcula
tions [55]. 
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6 Conceptual Design and As
pects of Optimisation 

In terms of the first part of the calculations as gener
alised in the introduction, the choice of type and en
ergy of the accelerated particles is given (as also is that 
SINQ will be a continuous source). The particles to be 
used axe fast (evaporation) neutrons from the interac
tion of the primary protons and high-energy cascade 
products. The 'next' layer is a tank of DjO equipped 
with an array of beam-tubes. The design aim is to pro
duce the highest intensity of thermal and cold neutrons 
at the experiments which are located outside the limits 
of the biological shield (see Fig. 3). This comes down 
to fixing 

• the material and dimensions of the target 

• the diameter and height of the moderator tank 

• the position and dimensions of the beam tubes. 

7 Neutronics Generalities 

The major problem specific to the design of continuous 
neutron sources is neutron economy: heat removal is a 
common problem for all such facilities. Neutrons are 
produced with energy in the MeV region and slowed 
down in a moderating material to provide the (use
ful) thermal neutrons. Associated with the produc
tion is energy deposition (about 40 MeV in the target 
per fast neutron). To obtain high intensity, the neu
tron production should be concentrated in as small a 
volume as tolerable: in the direction of the incident 
beam this is governed by the interaction cross-section 
(plus J Y ) ; in the transverse direction the target sise, 
and hence beam size, should be kept as small as pos
sible (see Fig. 8). This means that power density (and 
hence the associated radiation damage, specific activa
tion, etc) should be as high as practicable. 

As many of the fast neutrons as possible need to be 
brought to thermal energies in accessible regions of the 
moderator. All the neutrons will be lost eventually; at 
best through the outer wall of the moderator, as in this 
way the long random-walk involved leads to the high
est density of neutrons in the moderator (and hence 
neutrons available to the users). The major cause for 
concern is loss of neutrons in the target region, either 
in the slowing-down process or as thermals, by absorp
tion: such neutrons will make only short random walks 
and hence give reduced contribution to the useful neu
tron intensity. Absorption in the region of the target 
cannot be avoided but can be kept to a minimum by 
the careful choice of materials. Tnis can conflict with 
engineering requirements. 

A further important consideration is to maximise the 
fast-neutron production in the target. The number of 
neutrons produced per interaction increases with the 
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Figure 8: Normalised curves giving representative data 
foe the choice of target radius: 
Line 1: fast neutrons per proton as a function of target 
radius. 
Line 2: neutron flux at the maximum as a function of tar
get radius for fixed fast neutron production, as calculated 
using diffusion theory by B. Sigg [56]. 
Line 3: The resulting variation of flux with target radius. 

mass of the struck nucleus. Interactions with lighter-
mass 'materials of construction' which encroach into 
the 'target region' degrade performance because of 
their inferior neutron production. 

The neutronic considerations of SINQ are pursued fur
ther in section 12 in the Appendix. 

8 System Performance Esti
mates 

The major considerations are of power deposition, ac
tivation and shield performance. These will be consid
ered in the foUowing subsections with more details of 
calculations and results in section 15 of the Appendix. 

8.1 Power Deposition (with Radiation 
Damage) 

Power deposition estimates are the most important re
sults required for the engineering design. The case of 
the target has been discussed above and the other im
portant aspect is to establish how much of the system 
requires forced cooling and at what level. The calcu
lations are straightforward (although long and lead to 
the generation of lots of numbers): they require sys
tematically following the Ml nuclear cascade 
The principal contributions are as follows:-

• High Energy Transport 
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1. Charged particle tracks between interactions 
dB V,a If " 

2. JY f°T muons resulting from pion decay. 

3. Recoil kinetic energy of light ion (charged 
evaporation products) and residual nuclei 
(including fission products) from inelastic re
actions. 

4. Decay energy from the residual nuclei (via so
lution of the Bateman equation for the sys
tem) followed by electromagnetic cascade cal
culation of the gammas (and possibly betas). 

5. Prompt nuclear gamma rays (residual nuclear 
excitation) and w" decay gammas as source 
terms for gamma transport. Note: the x° has 
a lifetime of 8.28 - 10~ lT seconds and decays 
into 2 high-energy (about 70 MeV) gamma 
rays. 

6. Fast (evaporation) neutrons from interac
tions as source terms for further transport. 

• Fast Neutron Transport (Source term from high-
energy transport) 

1. Recoil kinetic energy of light ions produced 
as inelastic scattering products (also, where 
appropriate, fission products). 

2. Nuclear recoil kinetic energy from elastic and 
non-elastic scattering. 

3. Gammas from capture (and non-elastic scat
ters) - implies the need for thermal neutron 
transport. 

4. Decay particles from activation products. 

• Gamma transport with source terms from high-
energy and fast-to-thermal neutron transport and 
decay power. 

Radiation damage is intimately linked with energy de
position. Both damage energy and displacement cross-
section estimates [57,58] are based on calculation of the 
fraction of ion recoil-energy transferred to the material 
lattice (for example by the Lindhard [59] efficiency fac
tor). The required information on charged particle en
ergy loss and ion recoil energies (residual nuclei and 
evaporation fragments) is available from the HETC 
and 05R.PSI history files. The rates for the other 
main aspects of radiation damage (gas production and 
transmutation products) also come from analysis of the 
history tapes for stopped protons, evaporation ions and 
residual nuclei. 

The calculated results of energy deposition through 
SINQ (with the old Pb-Bi target) are summarised in 
Fig. 9 which gives a plot of the power density along a 
radial line outwards from the target through the inner 
region of SINQ. 

8 . 2 S h i e l d i n g E s t i m a t e s 

The calculations have to demonstrate that the bulk 
shield design fulfils the three major functions: 

(i) to reduce the dose rates at normally accessible po
sitions to below 2.0 n Svfk. 

(ii) to reduce particle fluxes irradiating the ground 
outside the limits of SINQ such that activation 
is below 1 Bq/g. 

(iii) to limit the dose rate from induced activation in 
caverns to be accessed a short time after beam 
switch-off to less than 1 mSv/h. 

The essential task is to estimate particle fields at rel
evant locations in and around a very large inhomoge-
neous structure and then to fold these particle fields 
with suitable response functions to estimate dose rates 
and/or induced activation levels. 

The calculations are based on the exponential shielding 
model mainly used in the 'straight-ahead' point kernal 
mode and, where appropriate, with smearing. It has 
been linked with the 3-dimensional geometry package 
of HETC, which is capable of representing quite de
tailed models of the shield. 

In the case of SINQ, the thickness of the shield reduces 
the thermal neutron flux to users at the beam-tubes 
and the aim is to produce as thin a shield as possible. 

The point-kernel method, with varying degrees of ap
proximation, has been in use for shield design at high-
energy physics laboratories for many years and repro
duces the essential physical processes. 

The major advantage of the method is that it is cal-
culationally transparent: the effect of parameter errors 
are straightforward to see and at the design stage de
fects may be identified for correction. 

'Discrete ordinates'-style calculations of highly ide
alised models for the shielding have been made [60, 61 j 
and results from these calculations incorporated into 
the conceptual design. These results are also used for 
model parameter selection and to obtain estimators for 
other quantities of interest. 

8.2.1 The Exponential Shielding Model 

The dose rates outside the bulk-shield are generated 
by high-energy neutrons produced in inelastic primary 
proton interactions in the target. For deep penetration 
(greater than about 5 shielding lengths), the dose rate 
caused by high-energy neutrons external to a shield 
may be calculated using the rather straightforward 
formula:-

D{6) = »JdE {*(£, 9) T{E) B(E) exp" £. £ } 

where D{6) is the dose at some angular position sub
tending a solid angle U to the source, • ( £ , # ) is the 
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Figure 9: Distribution of Power Densities in the inner region of SINQ. 
(a) A plot of Logio power density in mW/g at 1 mA proton current as a function of radial distance from the target 
and for a height about 10 cm above the level of the beam window. 
(b) The same information as in (a) but displayed as Logio power density times solid angle vs radial distance in g/cm2 

(the solid angle factor is taken as for a line source of length 15 cm). 
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source particle spectrum in this direction, f(E) the 
conversion (actor from flux to dose (in the form of 
the equation as written, these are for the source parti
cles), B{E) the dose build-up factor and the exponen
tial term is the dose absorption by the components of 
the shield. The shielding lengths (A,) are also a func
tion of energy. 

The formula describes the shielding process as observed 
with more sophisticated calculational methods (see for 
example, references 62, 63, 64, 53), but to obtain 'cor
rect' answers, values for the parameters must be chosen 
with care and the limitations of the method kept well 
in mind: to a certain extent, the parameters tend to be 
somewhat specific to the ikielding situation being con-
sidend. 

The formula is used in the point-source straight-ahead 
approximation, that is the source is considered to be a 
point and the external dose calculated on the basis of 
the material composition of the straight-line path from 
the source to the detector position. In some cases, dose 
rate- distributions are calculated outside regions where 
large material inhomogeneity are present. Such distri
butions require smearing. The selection of parameter 
values will be discussed in section 17 of the Appendix. 

8.2.2 High-energy Neutron Shielding Process 

In this subsection the characteristics of neutron inter
actions are given in terms of extended captions for fig
ures presenting results for iron and these results used 
to describe the high-energy neutron shielding process. 
Cross-section information for iron is shown in Fig. 10. 
Only inelastic interactions are effective and these tend 
to disperse the incident particles energy via multiplic
ity (see Fig. 11), with the net result that initially more 
neutrons are present in the system than were incident. 
The secondary neutrons may be split between high-
energy and fast. The 'high-energy' secondary particles 
go on to make further interactions, giving a particle 
cascade through the material (see Fig. 12). The fast 
neutrons are slowed down (see Fig. 13) and eventu
ally lost by absorption (mainly in the slowing down 
region). As the fast neutron source is distributed (due 
to the spreading of the high-energy neutron cascade) 
and the percolation distance quite large, the resultant 
spectrum is an average over a substantial spatial vol
ume (see Fig. 14). 

The complete spectrum deep inside a shield ranges 
from thermal energies up to several hundred MeV. The 
shape is stable mainly due to the fairly constant high-
energy cross-sections and the large volume average. It 
is maintaining the equilibrium between the production 
by high-energy interactions and absorption in the in
termediate energy region. 

The approximate representation of the secondary high-
energy cascade in Fig. 12 may be convoluted with the 

lo"fc io"T 'o'1 * 1c i 

Figure 14: The energy spectrum for lower energy neu
trons in a shield. This is a weighted average of the 
spectra shown in Fig. 13 with weighting according to a 
120 g.cm~z exponential. Also sho-vn is the spectra as 
calculated by Uwamino [60]. 

interaction probability to give estimates for the contri
bution of secondary particle escapes. For a 500 cm 
thick shield, about 90% of the escape dose due to 
high-energy particles comes from secondary particles. 
About 60% of these secondaries are the result of colli
sions in the first 1 m and 20% from the next metre. 
These results are in general agreement with those from 
modelling of the SINQ shield by Uwamino 160! u s i n g 
the 1-D ANISN [68] code and by Hernberger k Stiller 
[61] using the 2-D DOT [691 code. The fractional dose 
and flux as a function of energy are shown in Fig. 15. 
About 94% of the dose comes from neutrons in the 
energy range 0.3 to 30O MeV and about 74% up to 
100 MeV. 

8.3 Activation Estimates 
Under this heading comes a set of tasks as follows:-

1. Estimating the required radiological safety for the 
plant. 

2. Design of the target transport flask. 

3. Prediction of the active material inventory at end 
of plant lifetime. 

4. Radiation dose rate estimates in plant rooms from 
circulating fluids. 

5. Radiation dose estimates for caverns accessible af
ter beam switch-off. 

These all require calculation of the nuclide production 
followed by analysis of the decay chains by ORIHET 
and finally consideration of the decay radiation. For 
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Figure 10: Cross-sections for Iron in the region 50 to 600 M e V . Results f re t ) 

experimental measurements are taken from BNL-325 [65] and Schmidt [66] and 

the calculated results come from Alsmiller and Barish [67] and a calculation made 

using the code M E C C R L . 

The characteristics are ( i ) an inelastic cross-section that falls to a roughly constant 

value in the energy region above about 200 M e V and (i i ) a dying out of elastic 

scattering in this energy region mainly due to the anisotropy (for example, with 

Iron at 100 M e V the elastic cross-section is about 1 b but the mean cosine of the 

scattering angle is 0 .979 giving, in the transpoit limit, an effective mean free path 

for elastic scattering of about 6 m) 
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Figure 11 : The general characteristics of high-energy neutron induced interactions 

with iron as calculated by the H E T C programme. 

( a ) high energy nurleon multiplicity 

(b ) high energy neutron multiplicity: these neutrons can go on to make further 

interactions. The protons will make their interaction at a lowei energy as they 

will be slowed by ionisation loss. 

(c ) average kinetic energy of the high energy nucleons. 

( d ) fast neutron multiplicity 

(e) total energy taken by pions 

(f) fract ion of the incident particles' energy taken by secondary particles. 
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Figure 12: The spatial distribution of the forward high-energy neutron current. 
The figure shows the high-energy neutron current as a function of radius for 5 
distances beyond the interaction point. The cascades art induced by a neutron 
spectrum corresponding to that at 90° to the SINQ target. 
The results fit approximately (1 .8 S.D on average) to the expression: 

N(Z,r) = 0.79expi" - — , e x p ^ 

with o = 1 + 0 . 4 8 2 0 9 * . 

The effective absorption length for the cascade (17.2 cm) is slightly longer than 

the inelastic mean free path (average about 16 cm) hence the secondary intensity 

escaping the shield will be higher at the surface of the shine 
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Figure 13: The evolution of the low energy neutron spectrum in iron. The spectra 
at various distances from a 1 MeV neutron source at the centre of a 2 m radius 
iron sphere are shown. Because of the characteristics of the iron cioss-section the 
neutrons percolate quite large distances. Aboul 82% of the neutrons are lost by 
absorption during slowing down and 12% in the thermal group. The remaining 6% 
escape the sphere. 
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Figure 15: The fractional contribution from the various parts of the shield neutron spectrum to the dose. 
(a) An iron shield: 93% of the dose comes from neutrons below 15 MeV 
(b) The spectrum from the same shield after adding a 20 cm layer of boron-loaded concrete. This curve is normalised 
to the same scale as (a) - the dose is a factor of 13 lower. 
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the target and moderator system nuclide production 
rates are calculated by the HETC package to give the 
contributions of the primary protons, the cascade par 
tides and fast neutrons slowing to thermal energies. 
For the outer regions of the system the techniques em
ployed so far exploit various approximation methods 
dependent on what is being looked at and the 'neu-
tronic' position. These are described in section 18 of 
the Appendix. 

Part II 

Considerations of 
Nuclide Burning 
Facilities 

9 The Relevance of the SINQ 
results 

In the following subsections, some comments on the 
relevance of the SINQ calculations described in part 1 
to an accelerator based nuclide burning facility will be 
given: the subsections will be headed by that of the 
relevant section of part 1. 

A first general comment is that an accelerator can sup
port several facilities simultaneously so that the end 
result of a nuclide-burning study need not consist of 
a single arrangement capable of doing everything but 
could consist of separate facilities optimised for given 
classes of nuclide. 

9.1 Conceptual Design and Aspects of 
Optimisation 

The major difference in the case of a nuclide burning 
facility is that the energy (and type of accelerated par
ticle) is free. From the standpoint of a neutron source 
of the highest intensity 590 MeV is too low. The ques
tion of proton energy choice for a neutron source will 
be considered in section 10. 

9.2 Neutronic Generalities 

A nuclide burning facility which is to use thermal 
neutrons will have to take note of neutron economy 
with similar rigour. The advantage of the spallation-
neutron approach is the lower heat of production 
(about 40 MeV per neutron compared to typically 
100 MeV for a fission source). This advantage will be 
lost if fission channels are to augment spallation. 
Dimensional considerations for the moderator will be 
different. Burning would be through a (large) fission 

cross-section and capture density would be the appro
priate optimisation parameter. 

The albedo effect is relevant as some moderator out
side the burning region will bring advantages (use of 
the neutrons from fission). Limitation of power den
sity in the inner shield layers will be necessary. 

The spallation neutron source spectrum in the moder
ator tank will still include the high-energy tail. One 
would need to demonstrate that these neutrons do not 
cause the production of other undesirable species. 

9.3 Target Systems 

The design of the target system (i.e. the block of mate
rial to be directly struck by the accelerated beam) will 
be the major headache (technological challenge). The 
problems of heating, radiation damage, etc. will be 
common to a burning system - possibly rather worse if 
fissionable/fissile material is to be burnt in this region. 

If a liquid Pb target is considered, bringing the beam 
in from above would ease the major technical difficulty 
of window design. 

For a thermal neutron based burning system, the need 
to keep the target small should be less stringent: larger 
target size would allow larger beam size and hence re
duction of power densities. Selection of higher proton 
energy would also reduce power densities for equal in
cident beam power. 

9.4 Alternative Targets 

For the ease of 'direct burning', the pebble bed con
cept might provide a useable geometry. More details of 
this system, including preliminary estimates of the hy
draulics and mechanics of such a system may be found 
in reference 70. 

9.5 Power Deposition 

The HETC package seems to make a good job for the 
nuclear part of the estimate. As it is likely that a burn
ing facility will involve more gamma energy (higher 
primary beam energy, strong fission sources) the treat
ment of this contribution would have to be improved 
(eg EGS or MORSE [71]). 

9.6 Shielding Estimates 

The point kernel approach should be more than ade
quate for the design of the shielding for a burning facil
ity. The need to minimise the thickness should not be 
present and it will become more a question of finding a 
cost optimum. The shielding will not be dramatically 
thicker with the probably higher energy and current of 
such a facility as (up to several GeV) the high energy 
neutrons dictate the size and the shielding effective
ness of concrete and iron is not significantly worse (see 
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reference 72 and references therein). The picture will 
change somewhat at the high 10's of GeVs when muons 
start to dominate the situation. 

0.7 Activation Estimates 
A large volume of the shielding and all the materials 
of construction in the inner regions will end up as ac
tivated materials. This will need quantification and 
considered <n the over efficacy of an accelerator based 
nuclide burning system. 

One would imagine that remote handling will be a nor
mal feature of such a plant system and hence consid
erations of activation dose rates will be different. 

10 Choice of Proton Energy for 
a Burning System Based on 
Neutrons 

The choice of optimum proton energy depends on what 
criterion is adopted: the highest useable thermal neu
tron flux with a given proton beam power or at a 
given power level in the target. For contiuous neu
tron sources, the results of Fraser [73] and of Coleman 
and Alsmiller [74] show that undisturbed thermal flu* 
in terms of beam power has passed the maximum by 
1500 MeV but is still rising in terms of beam power de
posited in the target. Recent calculations by the author 
comparing neutron intensities produced by 3490 MeV 
and 570 MeV protons agree with these results but dis
agree on potential win. 

A summary of the results of the calculation are given 
together with those obtained at 570 MeV in Table-I, 
which gives some statistics on energy deposition and 
neutron production and loss, and in Fig. 16, which 
shows maps of the 'thermal neutron' source in the mod
erator tank (this is taken to be the positions of the 
scatters that resulted in the neutron energy dropping 
below 1.4 eV) and maps of undisturbed thermal neu
tron flux in the tank at 1 MW beam power. 

Comparison of the 3490 MeV and 570 MeV results for 
equal beam power shows that the higher energy brings 
advantages and also potential disadvantages:-

• The neutron flux at 25 cm from the target axis 
is about 8% higher with 3490 MeV protons (2.5 • 
1014 /cm2/sec/MW compared to 2.3 • 10"). 

• The maximum power density in the target is about 
a factor of 2 lower and the total power to be re
moved from the target a factor of 1.4 lower with 
3490 MeV protons. The detailed calculation re
sults show that in terms of MeV/cc/proton, the 
contribution from ionisation loss by primary pro
tons and secondary high-energy charged particles 
(79% of the total power density at 570 MeV and 
38% at 3490 MeV) increases by a factor of ibout 
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Figure 17: Undisturbed thermal neutron flux for 1 mA 
beam current, 1 MW beam power and 1 MW power depo
sition in the target as a function of energy of the incident 
protons. 

2 and the contribution from ion recoils (15% and 
46% at 570 and 3490 MeV) and also of gammas -
E* and T" - (5% and 15%) increase by a factor of 
about 10. This explains somewhat, why the power 
density reduction is not higher. 

• The power deposited in the moderator system and 
radiated as escape high-energy neutrons are both 
higher (by factors of 1.8 and 3.0 respectively). 
This might be a serious drawback for materials 
mounted in the moderator tank. 

The results of Fraser [73] (1000 MeV), Coleman and 
Alsmiller [74] (540, 750, 900 and 1500 MeV) are for 
5 cm radius Pb targets with 2 cm standard deviation 
proton beam and those at 570 and 3490 MeV for a 
9 cm radius target and approximately 4.4 cm standard 
deviation proton beam. 

The results show a reasonably smooth trend in terms 
of equal beam current and equal beam power (see 
Fig. 17). The flux/MW for 3490 MeV confirms the 
downward trend and that the most efficient use of ac
celerator power is to select a proton beam energy some
where in the region of 1000 MeV. 

The calculated values for power deposited in the target 
are inconsistent but do agree that there is a downward 
trend as the proton beam energy is increased. The 
results of Coleman and Alsmiller give lower power de
positions (about 12% less at 540 MeV rising to about 
25% at 1500 MeV). This can be partly explained from 
the different target/beam-size combinations used and 
differences in approximations. Consequently, two sets 
of results have been constructed, the first using the 
calculated target powers and the second rescaling the 
Coleman and Alsmiller results to values interpolated 
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Table ! 

Neutronic Parameters from the Calculation of SINQ with 3490 MeV and 

Component 
Target 
Central Column 
D20 
D20 Tank wall 
H20 
H20 Tank wall 

570 MeV protons. 

Energy Deposition 
3490 MeV 570 MeV 

MeV/p 
1870 
9.6 
454 
4.8 
20 
1.1 

MeV/p 
425 
1.1 

43.1 
0.26 
1.1 

0.09 

570 MeV 
MeV/6.12 P 

2610 
6.6 
266 
1.6 
6.8 
0.55 

Totals 

Component 
Target 
Central Column 
D20 
D7O Tank wall 
H20 
H20 Tank wall 
Totals 

Component 
Maximum Thermal Flux (1 mA) 
Thermal Flux at 
25 cm radius (1 mA) 
Neutrons/Int. in Target 
Int./proton in Target 
Neuts/p in Target 
Neuts/p outside Target 
Neuts/p from fast neutrons 
Fast & Epi Escapes 
Thermal Escapes 
Escape H.E. neuts K.E. (MeV) 
Peak Energy Density 
MeV/cc 

2360 472 2890 

Neutron Absorption 
3490 MeV 

/P 
16.9 
3.7 
7.41 
5.84 

45.62 

79.46 

570 MeV 

/P 
2.0 

0.53 
1.05 
0.79 
6.08 

10.45 

570 MeV 
/6.12 ps 

12.2 
3.3 
6.43 
4.82 
37.25 

63.98 

Other Parameters 
3490 MeV 

1.3-1015 

8.7-1014 

6.81 
9.12 

62.12 
14.06 
6.58 
0.51 
1.37 
285 

10 

570 MeV 

2.0 • 1014 

1.3 • 1014 

6.53 
1.37 
8.93 
1.36 

0.582 
0.06 
0.304 
16.1 

0.36 

570 MeV 
(6.12 p) 
1.2-1015 

8.2 -1014 

(8.39) 
54.7 
8.33 
3.56 
0.37 
1.86 
98.6 

2.2 
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(a) Contours enclosing given fractions of the thermal neutron source. On the right for 3490 MeV protons and '->n 
the left for 570 MeV. 

(b) Contour lines for equal undisturbed thermal neutron fluxes at 1 MW beam power. On the right for 3490 MeV 
protons and on the left for 570 MeV. 
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from the other target power deposition values. 
Both sets of results show that if power in the target 
is the major problem in the fight for highest possible 
neutron fluxes, then increasing the beam energy is a 
good thing to dr. The Coleman and Alsmiller results 
indicate a far better win. For the 'other' results, there 
may be a flatish maximum somewhere between 2 and 
3 GeV: a couple more points would be needed to es
tablish this. 

11 Calculational Requirements 
Specific to Nuclide Burning 

The fundamental job is to decide on the transmutation 
channel(s) to be expoited. Once this is decided then 
will follow the choice of accelerator system (type and 
energy of particle). 

The calcnlational needs are obvious: a means of calcu
lating the nuclide production by all contributing chan
nels for the 'spectrum' of plausible candidate burning 
particles; a Baieman equation solver and (most impor
tant) a figure of merit that allows judgement of how 
well (or badly) a particular system is perfoming. 

Plausible candidate burning particles are electrons 
(and/or synchrotron-radiation, these will not be con
sidered in this paper), medium to high-energy nucle
oids, fast and thermal neutrons, negative pions, light 
ions and heavy ions. 

The calculations for fast-to-thermal neutrons should 
present no problems as extensive codes systems and 
data bases of cross-section information exist. 

11.1 Medium Energy Nucleon and 
Meson Cross-sections 

The main features of high-energy particle interactions 
are (i) the trend for the mass of the residual nucleus to 
be increasingly lower than that of the parent as the en
ergy is raised, (ii) the increasingly large (with higher in
cident energy) spread of the masses of the products and 
(iii) the possibility of fissioning comparatively light nu
clei. The available cross-section information is sparse 
particularly in relation to the size of the energy range 
and target mass range available. The need for calcu
lation is almost self evident. The major question is 
whether available codes are adequate for the main task 
which is, to predict the production rates for nuclides 
with similarly unpleasent characterises to those being 
burnt (i.e. properly assessing the gain of carrying out 
the procedure) 

The two part Intranuclear Cascade Evaporation model 
based on the Serber model [24] is available in at least 
three basic forms (Bertini [25], Chen et al. [75, 76, 
77], Barashenkov [78]). The results from these basic 

forms were compared [78] and apart from some notica-
ble discrepancies arising from detailed difference in the 
implementation of the Serber model, were generally in 
good agreement. 

Here at PSI, the Bertini version is available for the cal
culation of the partial cross-sections for the interaction 
of nucleons in the energy range 15 to 3495 MeV and 
charged pions from 2 to 2200 MeV. Target nuclei in 
the mass range 5 to 260 (Note: in the original version 
the upper limit is 239) can be calculated but results for 
nuclei of mass below about 20 are to be treated with 
caution (Note: hydrogen and deuterium interactions 
are treated separately). 

The second stage is treated with the EVAP code of 
Dresner [29] based on the statistical model, but ex
tended to treat fission for all nuclei of Z greater than 70. 
It should be noted that the EVAP code and also the fis
sion treatment are somewhat a balance between (i) the 
need to treat a very wide range of nuclear states, (ii) ac
curacy and (iii) speed (a spin independent level density 
formulation with global parameterisation, rather sim
ple parameterisation of the inverse cross-sections, etc). 
The Bertini code allows calculations over the full range 
of nuclides and the intranuclear cascade results in prod
ucts that are spread over a range of charge, mass, and 
excitation states: EVAP has to treat all possibilities in 
a reasonable fashion. 

More accurate prescriptions for treating evaporation 
are available [79, 80, 81, 82, 83] but are more suited 
to the calculation of limited numbers of specific cross-
sections. They are too complicated for a 'workhorse' 
nuclear physics code such as HETC. 

It should be noted that the region from 15 to 50 MeV 
(where the interaction can be considered to be chang
ing from 'full' compound nucleus to 'full' Serber) is 
not well treated. Calculated cross-sections using the 
optical model for neutrons up to 40 MeV have been 
produced [e.g. 86]. 

11.2 Ion Cross-sections 

A locally written code for calculating light ion cross-
sections using the Thomas method [87] in combination 
with the EVAP code has been used for fission work 
(fission probabilities information at high excited states 
have been studied with ions [89, 90, 88, 91, 92, 93, 94. 
95, 96, 97]). Potential function parameters are taken 
from Igo [98] foi a-partides and are available from the 
work of Sikkeland [91] for UC, UN, 10O and "Ne. 

For heavy ions, the recent survey of Schmidt and 
Morawek [99] in the context of the synthesis of heavy 
nuclei gives much relevant information. 
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Figure 18: Measured fission barrier heights as a function of the ftssllity parameter. The data comes from Dahlinger 
et al. [101]. 

11.3 Fission Cross-sections 

The fission treatment [30] used in the PSI version of 
the HETC package can be considered as a three step 
process- (i) the intranuclear cascade, (ii) evaporation 
with fission competition and (iii) when fission occurs, 
the choice of the parameters (Z, A, E") for the scis
sion fragments. The main emphasis for waste trans
mutation is on the residual mass distribution. In the 
'spallation' region this is considerably influenced (or 
dominated) by fission competition. 

The fission cross-section is determined at the evapora
tion stage using fission probabilities based OR (low ex
citation energy) systematics [100] for nuclei of charge 
number 89 and above. Below this Z value (and down to 
a programmed minimum of Z — 70) statistical model 
extrapolation of measured data is used. TH:„ is nec
essary while little or no experimental information on 
fission in the region Z = 8b to Z =88 has been found. 
The change in the character of fission across this re
gion is clearly seen from a plot of fission barrier values 
(Fig. 18). The need to have a wide range treatment 
comes from the spread of the possible nuclei. These 
will be both directly produced in the high-energy part 
of the interaction and also arise from multiple chances 
during the evaporation process. 

The choice of scission product parameters (Z, A, E*) is 
based on 'complete' splitting and the nuclear state at 
the moment of fission. Parameterisation of mass and 
recoil energy spread is based on available experimen
tal data and the final fission fragments reached after 

any evaporation has taken place. That is, the sum of 
the production cross-sections for the fission fragments 
is constrained but their (Z,A) distribution is somewhat 
decoupled. 

A selection of results from cross-section calculations 
over a range of heavy-mass systems made using the 
Bertini code, the Thomas Model, compound nucleus 
and EVAP code (as modified to treat fission) are given 
as follows:-

• a-partic!e induced fission cross-sections (Fig. 19). 
The experimental data was used as the basis for 
the parameterization of the statistical model used 
up to Z = 88. 

• Some a-particle cross-sections for heavy elements; 
fission and spallation for 2MU and "BPu (Fig. 20) 
and (Q, 4n) cross-sections for "GRa, 23"77i, 2i2Th 
and UiCm (Fig. 21). 

• Some fast neutron induced cross-sections - mainly 
fission cross-sections and calculated using the com
pound nucleus model with total cross-sections 
taken from ENDF/B-IV (Fig. 22 to 25). These 
basidy show the quality of the Vandenbosch and 
Huizenga correlation [100] but also indicate that 
there is a problem in the energy region where the 
transition from full compound-nucleus to full Ser-
ber models takes place (see results for 73SU in 
Fig. 23). 

• High energy proton fission cross-sections (Fig. 26). 
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In general the agreement is reasonable. 

Measurements of both fission and spallation products 
for the same particle-nucleus system have been found 
for 2MU bombarded by 340 MeV protons: some of 
the fission products were measured by Stevenson et 
al. [104] and some spallation products by Lindner and 
Osborn [105]. The calculated and measured results are 
shown in Fig. 27. The two experiments disagree on the 
total fission cross-section (1590 mb compared to 1370 
mb [105]). 

The width for the fission products mass distribution 
is a little higher than the measured values (the calcu
lated cross-sections at the peak are about 40% lower) 
and comparisons for spot nuclides are up to a factor of 
10 lower. 

Quite good agreement for the high-mass end of the 
spallation products is obtained and spot-nudide cross-
section values are within a factor of 2 to 4. For the total 
production rate of the heavy elements the agreement is 
also quite good (Np, 0.4 for measured over calculated; 
U, 11; Pa, 1.3; Th, 2.1; Ac, 1.2). The sum production 
cross-section for the mass 210 nuclides At, Po, and Bi 
was measured to be 4.5 mb (calculation gave 5.1 mb 
but shifts the peak production to At). This gives a 
tentative indication that a rise in cross-section toward 
the region mass 200 may be real. It occurs in the cal
culation by needing to restrict fission competition to 
neutron emission (we only have indications of fission 
to neutron widths ratios and putting all evaporation 
in competition disadvantages charged particle emission 
too severely) and hence as this low mass region is only 
reached via charged particle emission it is relativdy lit
tle affected by fission as may be seen in Fig. 27 from 
the fictional spallation yield curve as calculated by dis
abling fission. 

1 1 . 4 F i n a l C o m m e n t 

The comparisons between calculation and experiment 
are for thin target systems. In any realistic waste burn
ing system, the production will be in 'thick' targets and 
hence an average over a wide spectrum - the slowing 
down of the primary particle and also the accompany
ing cascade/evaporation neutron spectrum. The cou
pling of the errors in calculating single events to the 
error in the prediction of a thick target system is not 
known. This will need checking by experimental mea
surement. 
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Appendix: Some Further Considerations of SINQ Calculations 

Further detailed considerations of SINQ and some 
calculation^ results have been collected into this ap
pendix. In the original concept for the paper they were 
included into the main body of the text but interrupted 
the main purpose too much. 

12 Moderator Considerations 

In this and the following two sections, the "Neutronic 
Generalities" of section 7 are pursued further with 
more detailed considerations of the moderator and tar
get design. 

DjO is clearly the best moderating material for a con
tinuous neutron source. The fast neutron spectrum 
from spallation reactions is not significantly different 
from that from the fission reaction so the dimensional 
requirements from the slowing down process are similar 
to those for a research reactor. The main differences 
in optimising the dimensions come from: 

• The neutron production process is decoupled from 
the thermal flux in the moderator - essentially this 
allows greater freedom in the choice of beam-tube 
dimensions and in particular the window cross-
section may be larger. 
Tbis also means that the target/moderator neu-
tronics can be studied without the need to con
sider the beam tubes (by exploitation of symme
try, the undisturbed thermal neutron flux distribu
tion can be estimated comparatively quickly and 
accurately by a variety of methods, diffusion the
ory, Sn methods, Monte-Carlo, etc). 

• The presence of high-energy neutrons. 

• The biological shield is significantly thicker as it is 
to handle high-energy neutrons. 

The choice of tank radius is a balance between the gain 
in thermal flux in the inner region against transmission 
loss. This does mean there has to be some compromise 
as the transmission loss is different for beam-tubes and 
guides: for beam-tubes up to the monochromator it is 
a straightforward solid angle effect, for the guides the 
transmission is almost independent of tank radius and 
maximising the thermal flux in the region of the cold 
source is best. 

A further consideration is the thermal neutron albedo 
of the material outside the DjO . The thermal neutron 
reflection coefficient for water is considerably better 
than for iron (80% compared to 30%). The flux gains 
at a H2O /DjO compared to a Fe/£>jO interface are 
shown as a function of H20 layer thickness in Fig. 28. 
The thermal flux increase at the position of the max
imum is about 8%. In addition, the reduced thermal 
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Figure 28: Calculated flux gain 
at the D2O /H2O interface compared to a DiO /Ft, as 
a function of thickness of the HiO layer. 

flux at the innermost iron of the shielding bring great 
advantages in terms of cooling. 

The beam tube tips should be positioned as close to 
the undisturbed thermal flux maximum as possible but 
subject to: 

• Flux perturbation by the beam tubes 
SINQ is to use "trouser-leg" beam tubes - two 
monochromator plus instrument systems to a 
beam tube. The flux perturbation constrains the 
choice of tube size and the radii for the beam tube 
tips. Two effects need consideration: (i) the cou
pling between beam tubes and (ii) the effect of 
dimensions on thermal neutron intensity at the 
monochromator. 

• Backgrounds 
The major difference between aspallation-neutron 
source and a research reactor is that the neutron 
spectrum extends to higher energies (this leads to 
the very much larger thickness for the bulk shield). 
These only make-up a very small part of the over
all unwanted neutron intensity but are awkward to 
shield against. The potential sources of such neu
trons are illustrated in Fig. 29 and a representa
tive spectrum for a beam tube is shown in Fig. 30. 
As far as moderator tank design is concerned, this 
means that the beam tubes will be mounted tan-
gentially to the target to minimise the high-energy 
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Figure 30: A representative spectrum in a tangential 
beam tube. 

neutron component in the beam (see Fig. 31). 

• Power deposition in cold sources. 

13 Target Considerations 

The considerations of the target are particularly rele
vant for all forms of accelerator bayed transmutation 
systems. The SINQ target is a complete system con
sisting of several parts: 

- a replaceable unit consisting of (a) the beam win
dow, (b) the neutron producing region and (c) a 
shielding plug. 

• an external cooling loop 

- a system to dismount and transfer used targets to 
the storage area and to mount new targets. 

The layout of SINQ in the region of the target is shown 
in Fig. 32. 

The major constraining influence is activation and/or 
the consequences of activation: 

• of the target material itself and its accompanying 
after-heat - the consequences of escape of target 
material from the target. 

• of the coolant and hence the imposition of con
straints for the layout and handling of the external 
plant. 

• radiation damage to the target container (mainly 
the proton beam window) and its consequences on 
the mechanical integrity of the containment. 

IO t ' 1 1 1 T 1 ! r-

10 

5o So 
»»3lc •«•' Wy] 

Figure 31: The variation of the intensity of high-energy 
neutrons in a beam tube as a function of angle (see inset) 
to the target. 
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Figure 29: The Potential sources of Background at SINQ 

The difficult part is the neutron-producing region, the 
design of which has to solve the problems of (i) how to 
do the cooling and (ii) how to contain the activation 
with a high enough safety margin and with the mini
mum degradation of neutronic performance. Coolant 
activation and the effect of activation on target han
dling depend somewhat on the design of the neutron 
production region and will be discussed below. 

The best target material from a neutron produc
tion standpoint is Pb and this together with a 
DiO moderator system will produce the highest use
ful neutron intensity for the users. The target mate
rial will need containment and other technical details 
that make the whole thing practicable. An essential 
part of target design is to minimise their degradation 
of performance, with the major concern being loss by 
absorption. 

14 Target Neutronics 

Over the past few years several target options have 
been examined. The neutronic calculation results are 
summarised in the following subsection. 

14.1 Neutronic Performance of Vari
ous Target Systems 

Calculations of the performance of six representa
tive target systems have been made using HETC and 
05R.PSI. 05R.PSI uses cross-sections from ENDP/B-
IV (Doppler broadened resonance unfolding was used 
for W and Ta) and the 'perfect-gat' approximation for 
treating the thermal region. The same model for the 
moderator system (without beam tubes) and proton 
beam parameters were used for all targets. A sketch of 
the moderator tank complex is shown in Fig. 33. The 
proton energy was 570 MeV and the transverse current 

density distribution came from beam transport calcula
tions. An angular bias of 30 mrad is added to simulate 
the diverging away from the focus in the collimator be
low the target. The peak current density for 1 mA on 
target is 16.8 /iA/cm2. 

The neutronic calculations are made in three parts:-

1. High Energy Calculations: These start with the 
570 MeV primary proton beam and follow- all 
products till the cut-off energy (15 MeV for neu
trons) is reached or the particle escapes the sys
tem. The fast neutrons produced are written to 
a file for use by OSR.PSI. Information for calcu
lating energy deposition distributions is collected. 
Typically 20'000 protons were started. 

2. Slowing Down: In this part, the fast neutrons are 
followed to the indium point (1.4 eV). This allows 
'high-statistics' estimation of the energy deposi
tion by the fast neutrons, the production of fur
ther neutrons and of the fast, intermediate and 
epithermal neutron escapes. 

3. Thermal Fluxes: This part of the calculation uses 
a reduced number of batches from the fast neu
tron production of part 1 but follows them to the 
death (the calculation time per neutron is about 
a factor 40 higher than terminating at the indium 
point). A 'perfect-gas' thermal scattering model 
is used for D20 and H20 and Russian roulette is 
played. Thermal fluxes are calculated using both 
path-length and collision-density estimators. Sep
arate runs are made using 'randomly' selected fast 
neutron batches and the results merged. 

The target systems which have been calculated are> 

(i) The original liquid Pb-Bi eutectic target [110'j. 

(ii) A Tungsten plate target roughly following the de
sign of G.Heidenreich [111]. As a refractory metal, 
this has engineering safety advantages. 
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(iii) A Tantalum plate target with an alternative 
water-cooling manifold. This is included as be
ing the next 'normal' metal below Pb (Tungsten 
would most likely have to be in the form of a sin
tered material; its ability to withstand the radia
tion damage may be questioned). 

(iv) A 'pebble-bed' target of Pb-buckshot as suggested 
by G. Heidenreich [70]. 

(v) A plate target built from sircalloy. Such a tar
get system could piovide a safe option for use on 
'day 1'. 

(vi) A liquid Pb target with lircalloy beam window 
and container. This would represent about the 
best we can do (it is not known if liquid Pb and 
Zircalloy are compatible so is treated as the best 
possible option). 

The calculation results are summarised in Table-II 
which gives the gross energy partitioning through the 
inner layer components and other relevant information 
and Table-Ill which gives neutronic data. A map of 
the thermal neutron source and undisturbed thermal 
flux for the Pb target with a sircalloy container may 
be seen in Fig. 16 (left-hand curves). Comments on 
the results will be made below. 

The calculated undisturbed thermal neutron flux for 
the Pb systems are consistent with an experimental 
measurement [112] of the neutron current in a beam 
tube for a model spallation source closely resembling 
SINQ. The measured value translates backwards to an 
undisturbed flux of 1.3 • 1014 n°/cm2/sec/mA which 
compares well with the value of 1.4 • 10" for the sir
calloy container Pb target and with the value for the 
Pb-Bi target when the 37% loss due to the steel of the 
container and guide tube is removed (1.3 - 10M). 

14.2 A Best Target 

Subject to the solution of various auxiliary problems, 
liquid Pb is the best target material: 

- Pb is the highest mass element with a low thermal 
neutron absorption cross-section (Bi has a lower 
thermal neutron absorption cross-section but as 
absorption by Pb corresponds to about 4% of 
the neutron production, the problems of handling 
21nPo and materia] compatability outweigh the 
potential flux gain). 

- The target material filling factor in the beam re
gion can be close to 100%. 

- It may be flowed and so used to transfer the heat 
away from the high particle flux region (i.e. there 
is no need to have a secondary cooling fluid in 
the beam region degrading the performance and 
becoming highly activated). 

- As it is a liquid, mechanical property changes due 
to radiation damage are not particularly relevant. 

The major difficulty is the selection of material(s) for 
the container, etc: not only must it satisfy 'mechanical' 
criteria but it also has to be neutronically acceptable 
(at least for the bottom 100 cm). There are compara
tively few elements which have a low thermal neutron 
absorption cross-section:-

< 10 mb Be, C, O, F 
< 100 mb He, Ne, Mg, (Bi) 
< 200 mb Si, P, 2r, Pb 
< 500 mb H, Al, Ca, Rb 
< 700 mb Na, S, Ar, Ce, Sn 
< 1000 mb 
< 2000 mb N, Zn, Sr, Y, Nb, Ba 
< 3000 mb K, Fe, Ga, Ge, Mo, Ru 

Approximating the container wall as a 50 cm long and 
20 cm diameter tube in an average thermal flux of 
5 • 1013 /cm2/sec, the thermal neutron loss is roughly 
0.2 /proton (some 2% of the production) for a 5 mm 
Al wall and 1.6 /proton (some 16% of the production) 
for 3 mm of Fe. 

14.3 Alternative Targets 
The first choice alternative design concept is the Kugel-
belt target. This has Pb-shot cooled by DtO , with Al 
(or tircalloy) for the material of construction. It gives a 
neutron intensity a factor of 1.3 lower than for a 'good' 
liquid Pb target but as it has good heat transfer prop
erties it can maintain the Pb in the solid state. There 
are several potential-problems/undesirable-features: 

(a) Corrosion/erosion of the Pb (corrosion enhance
ment by radiation) 

(b) the rather low melting point of Pb (327.5"C) 

(c) high induced activation in the DjO coolant 

The high induced activation in the D%0 is mainly a 
shielding problem as short lived products are involved. 
The long half-life nuclides (mainly tritium) make it nec
essary to contain the circuit properly and to impose 
appropriate handling procedures during maintenance 
work. 

The first two effectively lead to the need to consider 
how to handle rather large quantities of active Pb re
leased into the external part of the cooling circuit (ei
ther regularly in the case of (a) or under fault con
ditions) or the cost of implementing a cooling system 
designed to handle it. 

If the handling of such (real cr potential) levels of ac
tivation is unacceptable then possible actions are: 

(i) Clad the material. The choice of cladding material 
should be restricted to the low thermal neutron 
absorption cross-section elements. If such a choice 

39 



TABLE-II 

Energy Dietribution (McV/p) in Inner Rcgione o( S1NQ 
with the various targete. 

Target Syetem 

Component 
Target Complex 
Central Column 
0,0 
D,0 Tank Wall 
U,0 layer 
H,0 Tank Wall 
TOTALS 
Energy taken by H.E escape* 

n*/lnteraction 
Inter aclioni/p 

(M«V) 

Maximum Energy Dcneity (keV/g) 
1 y Activation (Decays/p) 
Decay Energy (MeV/Dccay) 

PbBi 

444.43 
3.45 
54.07 
7.36 
13.83 
0.10 

533.34 
1S.9 

6.33 
1.37 
31 
1.8 
1.1 

W-plate 

458.76 
3.69 
40.18 
4.80 
8.61 
0.07 

516.11 
31.4 

TaPlate 

439.50 
3.83 
37.70 
3.99 
7.33 
0.10 

491.44 
16.0 

Pbihot 

438.03 
6.03 
57.33 
8.09 
14.31 
0.09 

513.67 
33.0 

Pb 

440.69 
6.84 
50.07 
8.76 
14.89 
0.09 

531.35 
16.1 

Additional Target Results 
S.64 
1.50 
31 
3.4 
0.55 

5.80 
1.51 
34 
• 
• 

5.68 
1.30 
37 
1.6 

0.67 

6.53 
1.37 
38 

-

Zircalloy 

433.03 
4.63 
53.58 
4.88 
9.11 
0.10 

495.33 
30.0 

• 
43 
0.9 
1.3 

Table-Ill 

Ncutronic Date and Neutron Balance 

Component 

(i) Target Complex 
(ii) Moderator Complex 
(iii) Fait Neutroni 

Target System 
I'i Di W.plate TaPI.lt I'b.hol 

Neutron Production 

8.700 8.483 8.760 
1.300 1.103 1.140 
0.455 0.453 0.560 

7.375 
1.331 
0.336 

I'b 

II
I 

Zircalloy 

5.376 
1.713 
0.359 

TOTAL PRODUCTION 

(i) Faat/Epilh. Escapes 
(ii) Thermal Eecapea 
(iii) Abiorption in: 

(a) Target Material 
(b) Target Auxiliaries 
(c) Heavy Water + CC 
(d) Light Water + TWt 

TOTAL LOSS 

10.455 10.038 10.46 

Ntutron Lou 

0.078 
0.313 

0.335 
3.983 
1.093 
5.800 

10.401 

0.035 
0.131 

4.961 
0.473 
0.768 
3.645 

10.030 

0.053 
0.110 

6.086 
0.510 
0.609 
3.103 

10.473 

9.033 

0.063 
0.175 

0.630 
0.449 
1.330 
6.358 

8.995 

10.807 

0.060 
0.373 

1.997 

1.584 
6.673 

10.786 

5.538 

0.037 
0.100 

1.014 
. 

0.769 
3693 

5.513 

Approx. Flux Maximum 
Radius of flux Max (em) 
Max. Flux at 33cm radiui 
Fluence/proton (•) 
+/H,0 capture 

8 •10" 6.5 10" 1.3 • 10" 3.0 • 10" 
email amall 

9 10" 
70 15 17.5 

8.5 •10" 6 10" 4.5-10" 
0.0136 0.00961 0.00731 
0.00334 0.00364 0.00333 

1 • 10" 
0.00160 
0.00353 

8.10" 
•mall 

1.3 10" 5.9 10" 
0.00315 
0.00313 

0.00945 
0.00363 

1. The Pb-Bi target had a steel container and guide tube. 

3. The W- U -Ta plate and Pbihot target! had Al ai material of construction. 

3. The Pb target had a aircalloy container and guide-lube 

4. The sircalloy target had only lircalluy! 

5. The averag* fluence per proton per 11,0 capture over all six target systems is 0.00361 
± 0.0003. 

http://TaPI.lt
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is not practicable, then thermal neutron absorb-
tion will just reduce performance. 
In general for the geometry of SINQ, the neutron 
flux (n" tcm2 isec/mA) fits 

1.04 1014 

1 -f 0.242aah, 

where <T0J, is the thermal neutron absorption 
cross-section (barns) for the target material. 

(ii) Look for a Pb based alloy which has better prop
erties (again, low absorption cross-section alloying 
elements). 

(iii) Select a different material. 

The selection of a different material for the Kugelbett 
(i.e. higher melting point, better corrosion properties) 
is not considered a good idea as, from a neutron pro
duction point of view, Pb is so far removed from its 
nearest rival that any alternative material would be 
better used in another geometry. 

Some relevant physical and neutronic parameters for 
materials in the high atomic-mass region are given in 
Table-IV. Estimation of how some of them would per
form in a Kugelbett geometry is set out in Table-V (Sn 
and Zr are added as being the next highest mass el
ements below Pb which have acceptable thermal neu
tron absorption cross-sections). 

The dominance of absorption is clearly seen in the re
sults of Table-V. The relatively poor primary neutron 
production with Sn and Zr is compensated by their 
weak absorption to make them better than W. Of the 
elements calculated in Table-V, Tl and Sn would be 
eliminated on ground of having a low melting point. 
This would only leave Pt as a contender from the heavy 
elements as Zircalloy would out-perform Re, W and Ta 
neutronically and also has a fairly high melting point. 

If plate geometry targets are compared with the same 
material used in a Kugelbett geometry:-

Flux at 25 cm Loss Factor Loss Factor 
(calculation) as plate as Kugelbett 

W 6 • 1013 2.2 2.6 
Ta 4.5 • 1013 2.9 4.3 
Zr 5.9 • 1013 2.2 2.2 
Pt - 1.8? 2.0 

We see that a rather better performance is obtained for 
the absorbing materials in a plate system (we ought to 
expect this if only on fill-factor grounds). The differ
ence between the two forms for Zircalloy is very small 
giving the trend that the gain in moving from a Kugel
bett to a plate system is larger the higher the absorp
tion. From this trend, it is estimated that a Pt plate 
target would give useful thermal neutron intensities 
just under a factor of two lower than for an ideal Pb 
target. 

15 System Performance Esti
mate Calculations 

The following sections of this appendix give more de
tails of system performance estimates (section 8) and 
includes some results. 

16 Power Deposition 

The calculated results of energy deposition through 
SINQ (with the old Pb-Bi target) are summarised in 
Table-VI which shows the distribution of energy in 
given components and by type of mechanism together 
with source strengths. 

The power density as a function of radial distance from 
the target has been shown in Fig. 9: when given in 
terms of distance in g-cm"2 and with the solid angle 
factor removed, rather clearly shows the cutting in of 
contributions from the separate mechanisms and the 
propogation of the energy at large distances by the 
high-energy neutrons (the 120 g/cm2 trend line will be 
met again in the section on shielding). 

The nuclear heating contribution comes from analysis 
of the cascades from HETC calculations of the target 
and of a system consisting of a model of all compo
nents inside a 2 m radius, 4 m high cylinder centered on 
the target (roughly containing all the important source 
components plus the first metre of shielding). This part 
accounts for 86% of the power. In the target ionisation 
loss by the primary proton beam accounts for roughly 
80% of the deposited energy. 

16.1 Contribution from Gammas 

The contribution of gammas has been made mainly 
using point kernel integrations: they only make signifi
cant contributions in regions where power densities are 
quite small (see Fig. 9). The main sources are target 
material activation, nuclear gammas (residual excita
tion), (high energy) gammas from i ° decay (mainly 
produced in the target) and capture gammas. 
For the target, an EGS [23] calculation was used to 
estimate the energy remaining in the target and also 
to define a surface source for use in point-kernal inte
grations for the rest of the system In the point-kernel 
integration the target is represented as an absorbing 
cylinder and the integration carried out over the gen
erated surface source (varying in both position and en
ergy). Parameter values (energy attenuation lengths 
and build-up factors) were taken from reference 72 

The treatment of capture gamma-rays in the D2(~> . Al 
of the tank walls and H2O layer was made by dividing 
the distributed source, as estimated from the captures 
calculated with 05R-PSI, into a series of overlapping 
(gamma absorbing) cylinders, cylindrical annuli and 
disks with uniform volume source strengths and then 
superposing the results. 
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Table-IV 

Some Physical and Neutronic Parameters for Various Elements. 

Element 
Z, A 
Density p (g .cm - 3 ) 
Thermal Absorption CX (b) 
Thermal Scattering CX (b) 
Resonace Integral (b) 
Nuclear Density ( /A 3 ) 
Thermal Scattering Length (cm) 
Thermal Absorption Length (cm) 
590 MeV Range (cm) 

g (MeV.cmVg) 
Tmen °C 

Conductivity K (w /cm s /K) 
Expansion a x 10* 

Pb 
82, 207.2 

11.35 
0.17 
11.4 
0.16 

0.033 
2.66 
178.3 
25.6 
1.37 

327.5 
1740 
0.344 

29 

Tl 
81, 204.4 

11.85 
3.4 
9.7 
12 

0.035 
3.04 
8.42 
24.4 
1.37 

303.5 
1457 

0.17 (?) 
? 

Hg 
80, 200.6 

13.55 
375 
20 
73 

0.041 
1.23 

0.066 
21.0 
1.39 

-38.87 
356.6 
0.095 

Au 
79,197 

18.88 
98.8 
7.3 

1560 
0.058 
2.37 

0.175 
15.0 
1.40 

1064.4 
3080 
3.13 
14.2 

Pt 
78,195 
21.45 
10.0 
11.2 
140 

0.066 
1.35 
1.51 
13.4 
1.39 

1772 
3827 
0.717 

9 

Re 
75, 186 
21.02 

88 
11.3 
830 

0.068 
1.3 

0.017 
13.4 
1.41 
3180 
5627 
0.466 

? 

W 
74, 183.9 

19.3 
18.5 
2.9 
352 

0.063 
5.46 
0.86 
14.6 
1.40 

3410 
5660 
1.63 
4.5 

Ta 
73, 181 
16.654 
21.0 
6.3 
710 

0.055 
2.91 
0.86 
17.0 
1.40 

2996 
5425 
0.577 

6.5 

Sn 
50, 119 

5.75 
0.63 

8.5 
0.029 

55 

1.4 
232 

2270 
0.64 
20 

Zr 
40,91 

6.5 
0.22 
6.4 
1.1 

0.043 
3.63 
122 

1.4 
1840 

0.138 
5.2 
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Table-V 

Neutronic Performance Estimate for Several Materials. 

Element 
Pb 
Tl 
Pt 
Re 
W 
Ta 
Sn 
Zr 

n°/pW 

9.23 
9.12 
8.78 
8.44 
8.36 
8.26 
5.69 
4.69 

n°/pW 

9.04 
8.96 
8.68 
8.41 
8.35 
8.27 
6.21 
5.41 

SDL/p(3> 
0.001 
0.084 
0.944 
5.37 
2.26 
4.50 
0.027 
0.004 

Abs/pW 
0.625 
2.310 
2.170 
0.97 
1.77 
1.11 
1.02 
0.46 

"7P ( 5 ) 

8.414 
6.57 
5.57 

2.07 
4.32 

2.66 
5.16 
4.95 

FluxW 
9.8 
7.6 
6.5 
2.4 
5.0 
3.1 
6.0 
5.8 

10" 
10" 
1 0 " 
10" 
10" 
10" 
10" 
10" 

LF<7> 
1.3 
1.7 
2.0 
5.5 
2.6 
4.3 
2.2 
2.2 

Notes: 

1) Neutron Production per proton from Fraser et al. 

% r^^(A + 40.5)(£ - 120) n°/p, E in MeV 

(2) From Pb Kugelbett calculation, 80% of production under (1) plus 1.66 n"/p from pro
duction external to target. 

(3) Loss d':.ing slowing down. Calculation with W and Ta targets suggest a factor 
0.0007 . loo • 0.8 . n°/pll\ 

(4) Absorption by target = [n°/pW - SDL] . i(<rth). i{<rth) comes from absorption study. 

(5) n°/p effective for useful flux generation 
= n7p<2> - SDL - Abs 

(6) n7p<6> x 0.76 x 1.53 • 1013 to give flux at 25 cm (from target study). 

(7) Loss factor = 13 • 10" / (Calculated Flux). 
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Table-VI 

The gross distribution of energy in the inner regions of SINQ. 
System of Moderator with Pb-Bi Target with steel container and 570 MeV Protons. 

All values in units of MeV/Proton 

Component 
Pb-Bi 
Guide Tube 
Vessel Wall 
Cooling Jacket 
Window Complex 
Central Column 
D70 
D,0 Tank WaU 
H30 Shield 
H20 Tank WaU 
Shielding 
Totals 

Gamma 
E' + JT° 

11 
0.6 
01. 
0.02 
0.8 
0.03 
2.0 
0.04 
0.1 
0.01 
3.2 
18 

Sources 
Capture 

1.6 
8.0 
10 
1.7 
0.4 
2.4 
5.2 
6.2 
11 

9.4 
57 

Gamma 
24 

0.44 
0.92 

0.42 
23 
1.8 
5.5 
0.79 
18 
75 

Deposited Energy 
High Energy 

370 
15 
1.4 

0.29 
9.1 

0.33 
24 

0.21 
1.0 

0.09 
9.3 
430 

Past Neutron 
11 
1.3 
0.63 
0.11 
0.16 
0.57 
23 

0.03 
0.16 

3.5 
40 

Total 
406 
16 
3.0 
0.4 
9.3 
1.3 
69 
2.1 
6.7 
0.88 
31 
550 

Table-VII 

The Dispersion of Gamma Energy in the Inner Regions of SINQ. 
AU values are given in MeV per 570 MeV proton incident on the target. 

Source 

Pb-Bi + Guide-tube 
Target Wall + C.C. 
DjO 
HjO + Tank Walls 
Shielding 
Totals 

Strength 

21.4 
15.6 
7.24 
17.86 
12.6 
74.7 

Tatget Target Central D20 D30 Tank HjO B20 Tank Shield 
System Wall Column WaU WaU 
16.85 0.7 0.15 3.56 0.03 0.O9 0.02 
7.42 0.21 0.25 6.04 0.06 0.18 0.04 1.4 
0.36 0.01 0.01 5.95 0.15 0.42 0.08 0.26 
0.11 u.Ol 6.84 1.49 4.46 0.60 4.35 

0.11 0.11 0.36 0.05 11.97 
24.74 0.92 0.42 22.5 1.84 5.51 0.79 17.98 
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The contribution of thermal neutrons to heating in 
the inner shield layer comes from the (approximately 
7 MeV) capture gammas. This was treated using the 
results for the HjO layer estimates (see section 12) and 
using a broad beam attenuation of the capture gamma 
spectrum [114]. The H20 layer was included into the 
design of the moderator tank to bring about a large re
duction of thermal flux; without this layer power den
sities would be dominated by the thermal neutron cap
tures. 

The results for the distribution of the gamma ray en
ergy are summarised in Table-VII. 

17 Parameter Values for 
Shielding Estimates 

The source to be shielded is the neutron production 
target. The high-energy neutron production is limited 
to about a 25 cm length, 10 cm radius cylinder and 
for general bulk shield performance considerations it is 
adequate to consider this to be a point. 
The formula requires values for the source spectrum, 
build-up factors, flux-to-dose conversion factors and for 
the shielding lengths. 

17.1 The Particle Source Term 

The source spectrum affects the estimation of shield 
performance, directly by providing the strength term, 
and indirectly through the energy dependence of flux-
to-dose factors, build-up factors and shielding lengths. 
The estimates have to rely on theoretically predicted 
neutron spectra: in the first instance, these have been 
calculated with the HETC [17] programme but to allow 
for possible underestimates of spectral distributions by 
HETC (see Fig. 34 and section 5) they have been ad
justed based on the work of Pearlstein [115]. This also 
gives a convenient mathematical representation of the 
spectra for use in the computer code. 
Except for forward angles, where shadowing by the 
thick target and hence multiple interactions will have 
a significant effect, neutron escape spectra do not vary 
too much between "thin" and "thick" targets (see 90" 
thick target data compared to the "thin" of Pearlstein's 
correlation in Fig. 34): there will be about a 30% con
tribution from multiple scatters at 90°. The measured 
double-differential spectra for thin target (p,xn) reac
tions for Al, Fe and Pb have been fitted [115] to a 
four-component evaporation spectrum with a 'global' 
set of parameters: 

^ = I > ( M ) £ e x p - ^ 
n = l 

where On(p) and T„(ji) are second order Legendre poly
nomial expansions in the cosine of the scattering angle 
(/i) and the coefficients vary systematically with mass 

of the struck nucleus and energy of the incident pro
ton. 

The predicited l total neutron production in the re
gion 15 to 590 MeV and 40° to 180° has been scaled to 
match the HETC prediction in the same energy and an
gular ranges (it is safer to normalise on the particle in
tensity rather than energy). The resulting normalised 
angular distributions for intensity, energy-flux, average 
energy and unshielded dose are shown in Fig. 35. The 
large discrepancies at forward angles come from the 
difference between thin and thick targets: when using 
this modified spectrum, the target material needs to 
be included but only as part of the shielding. The neu
tron angular intensity distribution for several systems 
that have been used in shielding estimates are shown 
in Fig. 36. In general, the difference between them is 
small. 

17.2 Build-up factor 

The build-up factor relates the dose calculated using 
an exponential thickness dependence to the 'true' ex
ternal dose. It takes into account three, somewhat re
lated, effects: (i) the multiplicity of high-energy inter
actions, (ii) these created particles are produced inside 
the shielding (and hence 'see' less shielding material) 
and (iii) the external dose is an integral over all escap
ing particles (e.g. thermal and epithermal neutrons, 
capture gammas, etc). It is convenient to consider it 
as two separate terms. 

The geometric effects, (i) and (ii) above, have been 
estimated from the results of calculations [64, 122] ex
amining the shielding 'effect' of iron. The results are 
shown in Fig. 37. 

The second term to be incorporated into the build-up 
factor, corrects for the energy cut-off (15 MeV) em
ployed in the calculations used for the geometric factor 
estimates (that is, the contribution of the neutrons be
low 15 MeV and capture gammas are not included). 
The tabulated spectral contributions to the dose [60] 
for the case where iron is followed by a 20 cm thick 
layer of borated concrete shows that 59% of the dose 
comes from neutrons above 10 MeV and 48% from 
those above 30 MeV. This shows that the calculations 
only account for 50% of the dose and hence a further 
factor of 2.0 is required. 

The value for this factor will depend on the exact 
shielding situation: in the case of an iron shield with
out concrete, the results of Uwamino suggest a factor 
of 27 is required (this comes from the high epithermal 
fluxes from the poor shielding characteristics of iron in 
this energy range - see Fig. 13). 

Attenuation Factors 

A selection of values of attenuation factors for iron 

1 The values for 150" scattering by lead quoted in reference 115 
were recalculated based on the data of CierjacJcs et al (as quoted 
in reference 117) to be 8.2 nb/ir.MeV7 and 62.5 MeV. 
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Figuie 34: Double differential cross-sections for neutron production by 590 M e V 

protons on a thick Pb-Bi target ( i ) as calculated with H E T C . ( i i ) from the mea

surement of Cierjacks et at. [116] and ( i i i ) from the Pearlstein data | ] 15} fit. 

Note: The discrepenry between H E T C and measurement is rathei less with more 

recent experimental results (41) 
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F igure 35: Comparison of H E T C results (histograms) for neutron production in 

the energy range 15 to 590 M e V as a function of angle with those for the adjusted 

Pearlstein spectra. 

( a ) integrated neutron intensity (n" /proton/sr ) 

( b ) average neutron energy ( M e V ) 

(c ) integrated energy flux (MeV /pro ton /s r ) 

(d ) unshielded dose ( m r e m / h / m A at 1 cm distance) 
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Figure 36: The intenaity distribution for high-energy neutrons around thick targets: 
( i ) HETC for SINQ [118], (ii) Adjusted spectrum used in the calculations for the 
SINQ shielding, (iii) from the calculation of Fullwood et al. (33], (iv) from the 
measurements of Thoi«on and Moritx |119] (v) Spot values at 90° (a) corresponding 
to 1 n"/p with an isotropic distribution, (b) 800 MeV protons on a uranium target 
as used for the ISIS sSield ng estimates (120] and (c) SOO MeV protons on a 
tungsten target as used 1c the KENS estimate (121]. 
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Figure 37: Geometric contribution to build-up for neutrons as a function of inci
dent energy (from Monte-carlo calulations (64,122]) together with results of the 
approximate polynomial representation. 
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and concrete are shown in Fig. 38 and Fig. 39. The 
data show a considerable spread in actual value but do 
agree on a small variation for high-energy neutrons (en
ergy greater than about 100 MeV). The main spread of 
values comes from the various concretes and is partly 
due to the composition variation. The basic shielding 
mechanism is to inelastically scatter the neutrons and 
hence there should be a A* (or A« [123]) dependence 
on the mass of the nuclei. 

Iron and concrete have roughly the same mass attenu
ation lengths for high energy neutrons: the superiority 
of iron comes from its greater density giving a factor 
of about 3 less thickness. It is important to note that 
such values only give the high-energy neutron atten
uation and should be used in conjunction with dose 
build-up factors appropriate to the shielding situation. 

The values of Broome [124] for both iron and concrete 
have been used. 

17.3 Smearing Function Estimate 
In using the exponential model in a straight-ahead 
point-kernel mode, localised inhomogeneities will show 
up numerically rather clearly. The spreading of the 
high-energy cascade and of the neutrons during slowing 
down mean that the distribution will be smeared. The 
smearing is carried out by convolution of appropriate 
calculated dose distributions with a radially symmetric 
gaussian function. This is selected on the grounds of 
simplicity and also having a transparent effect on the 
results. 

Taking the approximation for the forward current 
distribution in the high-energy cascade as shown in 
Fig. 12, the radial distribution at some escape plane 
may be explicitly calculated and then used to estimate 
standard deviations as a function of thickness: 

Thickness (cm) 
< a > (cm) 

100 
14 

200 
26 

300 
41 

400 
60 

500 
83 

The convolution is carried out using a discrete Fourier 
transform of 'complete' 2-dimensional dose distribu
tions (i.e. these are taken to represent a complete pe
riod) and zero framed to avoid pollution. 

17.4 Comparison with Results for 
Shielding at Other Facilities 

It is difficult to ascertain a realistic uncertainty in abso
lute terms for the parameter values (as distinct to th« 
effect of uncertainties on calculated values) so some 
brief details of the shielding and its performance es
timation for other neutron sources are given together 
with (where appropriate) an estimate of external dose 
rate as calculated using SINQ parameters:-

1. Shielding lengths for iron and concrete of 134 and 
121 g e m ' 2 at 90". 

2. A source strength (at 90°) corresponding to 3 • 
1014 mrem/h at 1 cm distance and 1 mA proton 
current. This includes the build-up factor. 

In the main, these are all working facilities which im
plies that the shielding satisfies local dose-rate criteria. 

K E N S Reference 121 

1.5 fiA of 500 MeV protons on 12 cm long, 
7.8 x 5.7 cm2 tungsten target (target and proton 
beam horizontal V 
Dose to be less than 1 mrem/h at shield surface. 
Top shielding 165 cm Fe + 80 cm heavy (3.35 
g/cm3) concrete. 
Side shielding 125 cm Fe + 240 cm heavy (3.35 
g/cm3) concrete. 
Design basis of 3 neutrons/(cm2 .sec) for 
1 mrem/h. 
Unshielded dose 8.2 • 10"1 0 rem/h m2 per pro
ton/sec on target. 
No build-up factor used. 

ISIS Reference 120 and 126. 

200 iik of 800 MeV protons onto a 30 cm uranium 
target (target and proton beam horizontal). 
External dose to be less than 0.05 mrem/h at 6.5 m 
from the target at 90°. 
Path from source at 90°: 160 cm void + 330 cm 
iron + 100 cm concrete (2.3 g-cm - 3) and the outer 
25 cm of concrete 1% boron loaded. (Note: the 
shielding is strengthened by use of blocks at more 
forward angles). 
Calculated using attenuation lengths of 17.3 and 
56 cm for iron and concrete and no build-up factor. 
Source strength taken as for 'bare' target hence ef
fect of moderator neglected. 
The shielding as built satisfies the dose specifica
tion (Note: where iron does not have a concrete 
skin it does not meet the specification). 

1. Using SINQ parameters, the dose at 6.5 m is pre
dicted to be 0.08 mrem/h (about a factor of 2.0 
higher than ISIS calculation). 

W N R Reference 127 

20 fxA of 800 MeV protons onto tungsten (vertical 
target with beam from above). 
Path from source: 90 cm void + 280 cm iron and 
60 cm heavy (magnetite) concrete as a sandwich 
+ 30 cm boron loaded magnetite concrete. 
Design aim: an external dose rate of less than 
1 mrem/h. 
Used attenuation length of 20.2 cm for the sand
wich (calculated and measured values [128]) and 
NMTC-MCN 2 calculations. 
Measurement by foil activation through an iron 

2MCN was an early fasl-neutron transport code used at 
Los Alamos 
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plug inserted into this shield gave an attenuation 
of 19.6 cm [54] 

2. Taking a density for the magnetite concrete of 
3-4 g-cm~3 and using scaled SINQ source strength 
and shielding parameters, gives an external dose 
rate of 0.25 mrem/h which compares well with 
0.2 mrem/h at 20 fiA from Fig. 6 of reference 127 
(value at beam-line height and depth of 15'). 

L A N S C E Reference 129 

This is an upgrade of the WNR facility (see 

above). 
30 cm iron mounted in the void vessel plus the ef
fect of part of a 30 cm thick Ni reflector around 
the target to upgrade the WNR shield for opera
tion at 200 pamps. 

3. These dimensions are not inconsistent with a fac
tor 10 improvement of the shielding attenuation 
when SINQ parameters are used. 

17.5 Skyshine 
Skyshine is an important consideration for the dose at 
large distances from the facility (for instance outside 
the controlled area and in areas occupied by the pub
lic). Neutron doses on the over-source shielding can be 
higher as the area is not normally occupied. Part of 
the neutron current escaping (i.e. integrated over the 
total surface area) will be reflected back from the atmo
sphere to contribute to the dose-rate at large distances. 
The shielding has to be thick enough that radiological 
requirements are satisfied. Estimates for SINQ have 
been based on work in reference 130. 

Measurements summarised in reference 130 (see 
Fig. 40) lead to an empirical relationship for the vari
ation of dose with distance given by:-

Q -x. 
* ( p ) = 4 ^ e X p " ' 

where t is the distance from the source of strength Q 
and A is the effective absorption length (this is about 
650 m for the SINQ escape spectrum - see Fig. 41). 
The source term is approximated by a 620 cm radius 
disk with 25 n°/cm.2/sec and a dose conversion factor 
of 3 • 10"13 rem.m2 per neutron as suggested in refer
ence 130. 

The data displayed in Fig. 40 suggests a variation of 
the contribution at distances less than R given by:-

* (r) = f-Lexpr* 

with R of the order of 100 m and 4(R) as given above. 
Such a form is not valid for estimation of the contribu
tion within the building where the roof of the building 
will make a large contribution. 

The dose variation at large distances will also contain 
a contribution from leakage from the side-shielding. 

18 Activation Estimates 

More details for activation estimates are given in the 
following subsections. 

18.1 Inner Region Activation 
For the target and moderator system, activation esti
mates come from nuclide production rates as calculated 
by the HETC package. The calculations are straight
forward and give the required information for the 'haz
ard' rating of the target, for the shield design of the 
transport flask and for nuclide production rates in cir
culating coolant. The nuclide production by high en
ergy particles is spread over a wide mass range. This 
led to the need to extensively enlarge the nuclide-data 
library for ORIHET. 

18.2 Induced Activation Dose Rates in 
Accessible Caverns 

The principal caverns are for access to (i) the top of 
the target (ii) the top of the proton beam channel and 
(iii) the vertical section of the Dj-cold neutron source. 
The aim is to allow hands-on maintainance in these 
regions when beam is switched off. A vertical section 
showing some of these may be seen in Fig. 4. 

The activation dose rates depend on the neutron inten
sity and energy spectrum and also on the materials. All 
of these are only rather poorly known and hence rather 
simple but clear calculational methods are employed. 
The basis of the estimate is as follows: 

• the energy distribution of the neutrons irradiat
ing the region is the equilibrium spectrum of the 
shielding material in the vicinity. 

• the shape of high-energy neutron part of the spec
trum is not dependent on the shielding material. 

Induced activation in steel by 'typical' shield spectra 
have been estimated on the basis of the work of Barbier 
[131] and the results may be summarised in terms of 
a dose ratio: that is, the surface dose rate from the 
activation divided by the direct dose of the incident 
neutron spectrum. 

• Iron + boron loaded concrete (thermal neutron 
suppressed spectrum): 2.0- 10"4 x the irradiating 
dose after 1 hour cooldown and 1.0 • 10"4 after 
50 hours. 

• Iron -I- normal concrete: 1.1 • 10"3 of the irradiat
ing dose after 1 hour cool down and 3 • 10~4 after 
50 hours. 
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Figure 40: [Taken from reference 130] 

• Iron (without conciete): 4 • 10~4 after 1 hour and 
2 • 10~4 after 50 hour cooldown. 

These estimates may be combined with dose rates as 
calculated for the shielding to give activation dose-
rates. 

18.3 Ground Activation 

The estimates are based on similar assumptions to 
those used for induced activation dose-rate estimations. 
In this case, the calculation of Janett [132] show that 
a current of 1000 high-energy neutrons/cm2/sec irra
diating soil induces activation of 1 Bq/g. 

The Uwamino spectrum [60] for a calculated dose of 
1 M Sv/h has a high-energy neutron current component 
of 0.34/cmJ/sec. 

Combining these two values gives that a calculated 
dose rate of 2.9 mSv/h at a concrete/ground inter
face corresponds to a high-energy neutron intensity of 
1000/cm2/sec and hence leads to induced activation of 
1 Bq/g. 

18.4 Active 
Shield 
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The bulk shield is a roughly 5 m thick layer of iron 
with a 'skin' of concrete outside. This is a very large 

Figure 41: Effective absorption length as a function of 
upper neutron energy for 1/E spectra [Taken from ref
erence 130]. 

volume of material and has been treated by the follow
ing technique. 
The interactions giving the shielding process (see sec
tion 8.2.2) lead to the production of activation, which 
means that a very broad range of neutron energies 
(from several hundred MeV down to thermal) cause 
the actual nuclide production. This energy spectrum 
is being generated within the medium itself: (i) a high-
energy 'out-going' current which is a mixture of the un-
collided spectrum from the target and of the (mainly 
forward) secondaries and (ii) a slowing down spectrum 
from the fast neutrons produced in spallation reac
tions. The shape of the spectrum will be rather stable 
(section 8.2.2). This means the integrated intensity 
will follow the approximately 120 g/cm2 attenuation 
length exponential from the shielding calculations and 
the production rates may be estimated for the 'equilib
rium' spectrum. 

The specific activation level for a given nuclide due to a 
neutron flux/current 1(E) irradiating the material for 
a period UTr and after a decay period of t,{rr is given 
by 

iV(l - exp-A, i")exp-"'" /dE {l{E).o{E)} 

where A is the decay constant for the nuclide, a(E) the 
production cross-section and N the nuclear density. 
Cross-section values vary (with energy and target nu-
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cleus) over many orders of magnitude as do the decay-
modes (radiation type and energy, half-life etc.). This 
leads to the situation where rather small quantities of 
particular elements (Co, Eu) significantly contribute 
or dominate the activation. The activation after spe
cific decay times is normally dominated by one or two 
nuclides - those that optimally combine cross-section, 
half-life and a strong decay-mode. 

18.4.1 Nuclide Product ion by High-Energy 
Neutrons 

The interaction cross-section and branching ratios to 
specific channels vary rather slowly with target mass 
(e.g. there is none of the dramatic variation typical of 
the intermediate energy region). The interaction cross-
section is also a slowly varying function of incident par
ticle's energy. The relevant factor for activation esti
mates is the wide charge-mass range of the products 
and the width increases as the incident particle energy 
rises as more end states become energetically possible. 
Also there will be no interference between members of 
the mixture. 

18.4.2 Fast and Intermediate Energy Region 

These regions are taken together as the formulism 
used is the same. For a heavy absorbing moderating 
medium, the production rate for a specific channel with 
a (macroscopic) cross-section Ec is given by an expres
sion of the form 

p< ~ L, E , ( f B 0 11 [l
 s , ( m 0 J W 

where the equation is in terms of lethargy units with 
lethargy zero taken as the incident particle's energy, 
E„ and E, are the total neutron loss and total inter
action cross-sections respectively and £ is the lethargy 
gain pei collision. This expresses that the interaction 
rate will be the sum over all collisions but with the rate 
at any particular lethargy reduced by the probability 
that the neutron reaches it. 

The fast neutron region is taken to be from 0.1 to 
20 MeV and the intermediate from 0.1 MoV to 0.1 eV. 
The break between the regions is chosen as being the 
point where (i) direct neutron production (via spal
lation) makes a small contribution, (ii) inelastic pro-
ducion channels have mainly died out and (iii) absorp
tion is not particularly strong. 

The fast neutron part of the spectrum comes mainly 
from direct production by spallation reactions. The 
calculated spectrum of Uwamino [60] in the fast re
gion is broken into five energy sub-groups and the pro
duction estimated from equation 1 using cross-sections 
from ENDF/B-IV [19]. 

For intermediate energy neutrons, infinite dilution res
onance integrals are used in the first instance. These 

arise directly from equation 1 by dropping the absorp
tion term and converting the sum to an integral ! 133}. 
The major problem is that components of the mixture 
can interfere. 

As an example absorptions in iron containing 420 ppm 
caesium and 160 ppm cobalt have been estimated from 
equation 1 using ENDF/B-IV cross-sections, starting 
with neutrons of energy 0.1 MeV and following down to 
0.1 eV. The calculation was checked by simultaneously 
generating resonance integrals and results are shown in 
the following table: 

Element 
J . (calc) [b] 

Ix (BNL1) [b] 

hn W 
Absorptions 
/Ol MeV n° 

Fe 
2.85 
2.82 
0.36 

0.902 

Cs 
397 
431 
80.1 

0.0876 

Co 
97.7 
98.4 
25.2 

0.0093 

(*) The *• contribution from 0.1 to 0.5 eV has been 
added to the BNL-325 [65] results. 

That is, the neutron loss in the <ron (and caesium) dur
ing slowing down is screening the loss at the low energy 
end of the band. As more than 50% of the resonance 
integral for iron comes from the £ tail, the use of an 
average flux per unit lethargy in combination with the 
resonance integral is overestimating the production. 

Cross-section information from BNL-325 [65] can be 
used to estimate production rates rates from thermal 
neutrons. 

18.5 Activation in Water Cooling Cir
cuits 

There are four main regions of SINQ that require forced 
'water' cooling of components in 'high' radiation fields: 
target and collimator, D2O -moderator, H20 -shield 
and the inner shield layers. The coolant itself (D20 or 
H2O ) will be directly activated as will any impurities 
(e.g. corrosion products from anywhere in the circuit). 
In addition, any corrosion in the cooled regions will 
be from activated material and will be accompanied 
by products recoiling directly from the surface into the 
coolant. The activation will be carried round the cir
cuit and into the plant room. The calculation of snch 
indirect contributions will not be discussed. 

The activation of water coolant comes from spallation, 
fast, epithermal and thermal neutron interaction prod
ucts of oxygen and (in the case of heavy-water) from 
thermal-neutron capture by deuterium. Nuclide pro
duction rate estimates come from HETC package cal
culations for the inner region of SINQ. 

The build-up of activation in circulating coolant will 
depend on the flow parameters of the circuit: for an 
irradiation volume V in which the coolant is irradiated 
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for a time t , r r . a coolant circulation time of tCXTC and 
a total time in operation T (= N - t„Tr ), the specific 
activation at the end of the irradiation volume is given 
by:-

^ v o , ( l - e x p - T ^ " ) ( l - e x p - T - T ) 

, , V (1 - e x p - ' - 1 — ) 

where a, is the equilibrium activation and r, the decay 
constant for nuclide t (in the one or two cases where 
there is a decay chain, this expression needs an obvi
ous modification to treat the daughters). The specific 
activation at some position with a time-delay from the 
end of the irradiation volume of t ^ c is given by:-

For very short half-life nuclides, equilibrium is reached 
in one passage through the irradiation volume. For 
very long half-life products, the equilibrium specific ac
tivation is reduced by the obvious factor r*"" • 

18.5.1 S h o r t Half-life Activat ion 

The pipe runs will approximate to long line sources 
with strength per unit length given by the cross-section 
and the specific activation. The specific activation 
varies with distance from the irradiation sone: the ages 
of the nuclide mixtures are given by the flow rates. To 
give a feel for the orders of magnitude involved, 'long-
pipe' doses for a 1 m distance from the pipe of the 
order of 100 to 200 rem/h have been calculated for 
water irradiated in the Pb-shot target at 1 mA. The 
activation is quite short lived and decays to negligible 
levels in a couple of hours. The persistent component 
is 20.38 m 11C with significant contributions at inter
mediate times from 0.38 m I3JV. Both these are j3+ 

emitters so that the main contribution to the gamma 
dose comes from annihilation radiation and the dose 
rates outside shielding will drop more rapidly. 

There will also be some neutron dose caused by 4.17 sec 
17N and 0.75 sec 1 6 C 

Shielding Considera t ions . 

The external gamma dose through the concrete walls of 
the plant room mainly comes from the 6.13 MeV gam
mas from 7.2 sec 16N and the 2.3 MeV gammas from 
70.59 sec l*0\ the rest of the source dose comes from 
0.5 MeV annihiliation gammas (these have a factor of 
about 50 greater attenuation by 1 m of concrete). The 
dose attenuation coefficients [72] for normal concrete 
for 16N T'S is 6 m" 1 , for I 4 0 8 m" 1 and 0.5 MeV an
nihilation radiation 12 m"1 . 

The dose rate at a perpendicular distance S and dis
tance Z from the start of a line source consisting of 
a nuclide with decay constant r and outside a shield 
wall having D attenuation lengths (perpendicular to 

the line source) for the gammas is given by: 

where r is the flow velocity and Q is the unshielded 
gamma dose at unit distance from the activation in 
the pipe at the start (Z - 0). 

18.5.2 Long Half-life Nucl ides 

The long half-life nuclides are 12.3 year 3H, 53.29 day 
TB«, 1.6-106 year 10Be and 5730 year 1 4 C . These wiil 
give a base load activation which will mainly concern 
the extent to which spillage in occupied regions should 
be controlled through permitted air concentration lim
its. 

The major producer of tritium is the D20 of the mod
erator by thermal neutron capture. Production in the 
target, HjO shield and shielding coolant is via high 
energy oxygen spallation reactions (e.g. the oxygen 
spallation contributes about 70% in the case of the 
DtO target coolant). 

The other major contributors to long lived activa
tion are 7Be, inBe and M C . These are mainly 
spallation products. Production in the moderator 
DzO dominates because of the large volume. 

18.6 Activation in Gas Systems 

The major concerns are the air in the proton beam line 
for considerations of ventilation before entry into the 
tunnel and the helium and nitrogen in the innermost 
regions of SINQ. 

18.0.1 P r o t o n Beam Line Air Act iva t ion 

The activation will come from thermal neutrons which 
are created by fast neutrons entering the tunnel and 
being thermalised. The fast neutrons come from 
backscattering by the target down the proton beam 
vacuum tube and interactions by protons lost on beam-
line components. 

The elemental compositions, cross-section information 
and the fraction of thermal neutron captures by each 
element are shown in the Table-VIII. The composi
tion of air is taken from (135i. This information may 
then be used to calculate relative weights for the pro
duction of specific nuclides. **Ar and W C dominate 
The activation calculation is completed by making an 
estimation for the thermal flux using the following 
approximations:-

1. Fast neutrons backscattered from the target. 

2. Fast neutrons from proton loss (multiplicity is 
< 5.5 for 590 MeV protons on iron). 
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3. The fast-neutron number albedo for concrete is 
0.45 [72] giving a reflection factor of 0.82. 

4. The thermal neutron albedo for concrete is 0.66 
[72] giving a reflection factor of 2.9. 

18.6.2 H e and N 2 gas systems 

These gas systems handle the filling for the 'contain
ments' of the SINQ moderator tank. Activation levels 
are required for assessing the dose rates in the external 
plant room and consideration of handling and safety 
procedures- The activation is caused by a broad band 
neutron spectrum consisting of high-energy neutrons 
radiating from the target and fast, intermediate and 
thermal neutrons resulting from high-energy interac
tions in the iron of the shielding. The radiation field 
is quantified using the spectra calculated by Uwamino 
[60]. 

Direct activation of the helium will come from tri
tium produced by high-energy interactions - this has 
a threshold of about 22 MeV. The tritium production 
cross-section has been measured for neutron energies 
in the range 22 to 22.5MeV [136] and rises to about 
40 mb. Measurement of tritium production from light 
nuclei (Li to Al) with 22 MeV protons [137], 450 MeV 
protons [138] and 2200 MeV protons [138, 139] give 
cross-sections of the order of 5 to 10% of the total. 
The neutron measurement [136] corresponds to about 
7% of the total cross-section. 

The tritium production cross-section at high energies 
for *He is expected to be consistent with other light el
ements and is therefore taken to be 5 to 10% of the total 
inelastic interaction cross-section. For the spectrum in 
the irradiation region, the average energy is of the or
der of 100 MeV and the total inelastic cross-section of 
the order of 100 mb [140,141]. The tritium production 
cross-section is therefore estimated to be 8 mb ± 25%. 
The high-energy neutron intensity is 0.93/proton, giv
ing a tritium production rate of 1.5 -101 0 /sec/mA. 

For nitrogen, high energy neutron cross-sections are es
timated using HETC for an average neutron spectrum 
in shielding. Values are shown in Table-IX. The calcu
lation gives a total interaction cross-section of 340 mb 
which is consistent with values measured for neighbour
ing elements [140] and the triton production is also 
based on the approximation that it corresponds to 10% 
of the total inelastic cross-section (see above). 

Fast neutron cross-sections are taken from ENDF/B-
IV [19] and energy averaged over the range 0.1 to 
20 MeV with spectral weighting according to the 
results of Uwamino [60] and intermediate, epither-
mal and thermal neutron crosj-sections from BNL-325 
[141]. 

Only I3W and " C give significant contributions to dose 
rates in the region of the pipework (these are both 
products of high-energy neutron spallation reactions). 
The decay along the length of the circuit is small (0.972 

and 0.986 respectively) hence the dose at 1 m from a 
long length will be 0.11 pSv/h. After beam switch-
off, the dose will decay with 20% having a half-life of 
20.38 m and 80% 9.96 m 

There will be production of some long half-life nuclides 
and also contributions by impurities. Impurities will 
come from outgassing of the tank walls and residuals 
in the system after cleaning. The quantities and com
ponents are unknown. 

55 



495 

Table-VIII 

Thermal Neutron Activation Data for Air. 
(P = 1.013 bars, T = 288.2 K, density 1.225 kg/m3 ) 

Element 

N 
0 
Ar 
C 
Xe 
Kr 
Ne 
He 
H 

Nuc. Den. 
/cc 

3.98 
1.07 
2.38 
8.05 
2.22 
2.90 
4.63 
1.33 
2.29 

10" 
10" 
10" 
10" 
10" 
10" 
1014 

1014 

10M 

<rs 
barns 
10.6 
3.76 
0.644 
4.75 
4.3 
7.5 
2.42 
0.76 
20.43 

Gear 

barns 
1.85 

0.00027 
0.678 
0.0034 
24.5 
25.0 
0.038 
0.05 
0.332 
Total 

cm-1 

4.22 • 10-" 
4.02 • lO"5 

1.53 lO"7 

3.82 • 10-" 
9.53 • 10"" 
2.18 • 10"" 
1.12 10"» 
1.01-10-" 
4.68-10-9 

4.62 -10"4 

cm-1 

7.36 • 10~s 

2.89 • lO"9 

1.61 • 10-7 

2.74 • 10"" 
5.43 • 10"" 
7.26 • 10"" 
1.76 -10-" 
6.67-10"12 

7.61 • 10 ' " 
7.37 • 10"s 

Fraction of 
captures 

0.998 
3.9 • 10"8 

2.2 • 10"3 

3.7 • 10"7 

7.4 • 10"7 

9.8 • 10"8 

2.4 • 10"7 

9.0 • 10"8 

1.0-lO"8 

Table-IX 

Cross-sections (mb) for N™' + Shield Neutron sp^trum 

Mass 

7./V 

,c 
tB 

ABe 
iLi 

2He 

15 
0.15 
0.025 

14 
41 
3.3 

13 
22 
88 
0.1 

12 

0.43 
55 
5.0 
0.43 

11 

0.075 
3.8 
23 

0.18 

10 

0.08 
76 

0.78 
0.025 

9 

1.1 
5.6 

0.025 

8 

0.15 
3.0 
0.9 
0.2 

7 

0.18 
0.35 
0.15 
0.05 

6 

0.18 

5 

0.15 

1.7 

4 

2.4 

3 

1.7 
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ABSTRACT 

The minor actinides in the high-level waste from LWR spent fuel are contributors to 

the long-term radiological risk. In the present study a theoretical transmutation system 

for minor actinides is investigated which relies on die direct use of high-energy fission 

and spallation reactions alone. 

The advantages of utilising the high-energy reactions themselves as transmutation pro

cesses are the high fission probability and die tendency to directly reduce the mass of 

die bombarded nuclei (no build-up of undesirable higher reaction products). 

The purpose of the study is to find die theoretically achievable reduction of the long-

term risk by assuming different recycling and partitioning schemes. The transmutation 

system is simulated by a quasi-infinite minor actinide target irradiated by 1 GeV protons. 

It is shown that die reduction of die radiological toxicity is highest for a system in which 

all spallation products are recycled. Beyond 200 years the overall toxicity decreases by 

3 orders of magnitude and reaches 5 orders of magnitude at 1000 years compared, with 

die direct decay of die original minor actinide mixture from LWR spent fuel. 

The disadvantages of the above theoretical transmutation system are a poor energy 

balance and die necessity of a powerful proton accelerator. However, the system pro

vides a very intense neutron source which can be used to breed fissile material for 

high-conversion reactors or to transmute fission products widi very low capture cross-

section. 
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Introduction 

In many countries vitrification and geological disposal techniques are being investigated 

or applied for the safe storage of long-lived high-level waste from nuclear power and 

reprocessing plants. The residual long-term radiological hazard of such waste comes 

from actinides and fission products with half-lives of millions of years. In the longer-

term future, technical progress may make it practicable to transmute such nuclides to 

products with half-lives of hundreds of years. This does not render geological depos

itories unnecessary, but the consequent reduced long-term risk should have a positive 

influence on their design requirements. 

The transmutation methods being investigated at present may be split between those 

considering incineration in fast (burner) reactors (this is outside the scope of the meeting 

and not considered here) and accelerator based methods. 

The accelerator-based methods may be further subdivided between those that use high-

energy particle induced spallation and fission reactions directly ([1],[2],[3],[4]) or neu

trons generated by such processes to produce intense thermal neutron fields ([5],[6]) 

or to drive subcritical fast assemblies ([7],[8]). Presendy, no one of these possibilities 

stands out as a 'best' transmutation concept: all of them are based on a consider

able extrapolation beyond present technology and/or involve die combination of several 

complex systems. 

Purpose of the study 

The present study investigates die theoretically achievable reduction of die long term 

radiological risk of minor actindes (MA) from the combined use of (') direct irradiation 

with high-energy protons and (ii) selected recycling and partitioning schemes. This is 

an essential first step in an investigation of a 'direct irradiation' transmutation system; 

a schematic diagram of such a facility is shown in Figure 1. 

High energy particle-nucleus interactions result in secondary particles (neutrons, protons, 

pions with a wide band energy spectrum reaching close to that of the incident particle), 

evaporation products (fast neutrons, protons, a-particles etc.) and residual nuclei spread 

over a wide range of mass and charge but which are mainly below that of the struck 

nucleus. For nuclei in the actinide region mere is a high (about 80%) probability of 

fission occuring. In a thick target, the secondary particles in the high energy region 

go on to make further (and similar) interactions and this carries on through successive 
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Minor Actinides or 

Fission Products 

ACCELERATOR 

P 
TRANSMUTATION 

TARGET 

n 

BLANKET 

Fissile Material 

or 
Stable Nuclides 

Figure 1: High-energy reaction transmutation system. The minor actinides are part of 
the target. The blanket is used for breeding and/or incinerating fission products. 

generations. 

That is: the primary protons induce particle cascades through the material resulting in die 

removal of several actinide nuclei per proton incident on the target and replacing them 

with products spread over a very wide mass and charge range created by interactions 

induced by a range of particle types and energies. 

Table 1 gives a summary of the results for the irradiation of three quasi-infinite actinide 

targets by 1 GeV protons. About S actinide nuclei are removed per proton with about 

80% undergoing fission. The large fast neutron production gives die strong possibility 

of making such a transmutation target system part of an energy-efficient assembly (e.g. 

by using diem to produce an intense neutron source for breeding or transmuting fission 

products). 

Assumptions and calculations! methods 

The system modelled in the calculation consists of a quasi-infinite cylindrical target 

containing a typical minor actinide (MA) mixture from LWR spent fuel and irradiated 

by 1 GeV protons. 
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Target: 

No. of spallation products 
No. of high-energy fissions 
No. of transmuted nuclei 
No. of neutrons below 15 MeV 
Total energy deposited (GeV) 

Pure 
Np-237 

1.1 
4.2 
5.3 

30.9 
1.60 

Minor actinide 
mixture 

1.0 
4.0 
5.0 

30.5 
1.56 

Actinide 
mixture 

1.0 
4.1 
5.1 

31.0 
1.58 

Table 1: Efficiency of high-energy reactions in a quasi-infinite target (per incident 1 GeV 
proton) 

A sample of cascades induced by the protons has been calculated using the Monte-Carlo 

programme HETC [9] in a version including a treatment of high-energy particle induced 

fission [10]. A lower energy cut-off of 15 MeV is used; the dimensions of the system 

are such that the majority of the cascades are terminated by particles reaching the cut-off 

energy rather than escaping. The residual nuclei (which represent all possible products 

created by all generations of particles above 15 MeV) are collected and used to give 

the nuclide distribution for a chain-yield analysis, and hence time-dependant toxicities, 

with the program ORIHET (this is a modified version of the ORNL code ORIGEN [11] 

for use with HETC). 

The contribution of the neutrons below 15 MeV is not included as it is only meaningful 

in the case of a finite target when the majority will leak from the surface after inducing 

(n,xn) and fission events. 

Nuclide 

Np-237 

Weight (%) 

57.0 

Nuclide 

Am-241 

Am-242m 

Am-243 

Weight (%) 

29.5 

0.1 
11.0 

Nuclide 

Cm-243 

Cm-244 

Cm-245 

Cm-246 

Weight (%) 

0.04 

2.26 

0.09 

0.01 

Table 2: Minor actinide composition of of high level waste from an LWR reprocessing 
plant, 4 years after discharge of the fuel ([12],[13]) 

The composition of the initial MA mixture is given in Table 2. This is modified by 

the irradiation/recycling strategy and an equilibrium mixture has been obtained from 
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an iterative calculation which was terminated when the individual change of the 10 

most abundant nuclides in the transmutation target was less than 0.1% by weight (Note: 

HETC only allows a maximum of 10 different nuclides in a material). The composition 

of this 'equilibrium' transmutation target is shown in Table 3. 

Nuclide 

U-232 
U-235 
U-236 

Weight 
(%) 

1.3 
1.5 
2.2 

Nuclide 

Np-237 

Weight 

(%) 
52.5 

Nuclide 

Pu-239 
Pu-240 

Weight 
(%) 
05 
2.0 

Nuclide 

Am-241 
Am-242m 
Am-243 

Weight 
(%) 
272 
0.7 

10.0 

Nuclide 

Cm-244 

Weight 

(%) 
2.1 

Table 3: 'Equilibrium' composition of transmutation target consisting of the 10 most 
abundant nuclides 

Different recycling schemes 

The time evolution of the activities and the related toxicities of the waste depends 

strongly on the recycling and partitioning scheme. Two recycling strategies are consid

ered: 

1. After transmutation, the newly generated MAs are separated and recycled (Fig

ure 2). Three cases are then distinguished: 

(a) Only the MAs are partitioned. All other spallation and fission products 

(including uranium and plutonium) are part of the waste. 

(b) Plutonium as well as the MAs are partitioned. The waste consists of the 

remaining spallation and fission products. 

(c) In addition to plutonium of case (b) also uranium is partitioned. The waste 

contains neither MAs nor plutonium and uranium, but the rest of the spal

lation and the fission products. 

2. All spallation products are separated and recycled after irradiation (Figure 3). The 

waste only contains high-energy fission products. 
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Np.Am.Cm 
from LWR 

89.1 93.0 
Trans

mutation 
Sepa-
ration 

I 
Np.Am.Cm 

3.9 
I 

L_ 

Waste 79.4 

other spall.prod. 4.8 
fission products 74.6 

Uraniur 5.4 
(48% U-236) 

Plutonium 4.3 
(55% Pu-240) 

Figure 2: Different schemes for minor actinide recycling. Pu and U partitioning belongs 
to case (c), Pu partitioning alone to case (b), and no further partitioning to case (a) above. 
The mass balance (in kg/year) holds for a 300 MW proton beam and a load factor of 0.8. 

Np.Am.Cm 
from LWR 

76.4 95.1 

all S 

Trans
mutation 

pallation pro 
18.7 

ducts 

Sepa-
ration Waste 76.4 

(high-energy 
fission products only) 

Figure 3: Scheme with recycling of all spallation products. The mass balance (in 
kg/year) holds for a 300 MW proton beam and a load factor of 0.8. 

Toxicity and activity of the minor actinide transmutation products 

The evolution of activity and toxicity for the different recycling schemes was evaluated 

for the mass yields in the quasi-infinite geometry. The decay time was assumed to 

begin after a short irradiation period, during which no radioactive decay and build-up 

was considered. All results are normalized to 1 kg of fully transmuted MA mixture. 

Mass yield and activity over a period of 107 years were calculated for all decay products, 

and the activities were then multiplied by dose conversion factors for ingestion compiled 

from ICRP-30 [14] with recommendations of ICRP-48 [15]. The dose factors taken into 

account are summarized in Table 4. 



518 

Toxicity 

The differences between various recycling schemes are more pronounced in terms of 
radiological toxicities than in terms of activities (This is a consequence of the larger 
dose conversion factors related with a-decay of the long-lived spallation products). 

Figure 4 shows the spallation product toxicities (doses for ingestion) in the waste stream 
of recycling scheme l.(a) [MA recycling, no partitioning]. Between 500 and 5104 years 
the total toxicity is dominated by plutonium. The main contributors between 105 and 
106 years are Ra-226 and Pb-210, and above 107 years Pa-231 and Ac-227 (these are 
decay products of U-234 and U-235, respectively). 

Additional Pu partitioning besides MA separation and recycling [recycling scheme l.(b)] 

reduces the overall toxicity between a few hundred and a few tenthousand years (Fig

ure 5). The maximum reduction of a factor > 30 at 103 years decreases to 13 at 

104 years. 

By partitioning of uranium in addition to plutonium [recycling scheme l.(c)] the spalla
tion product toxicity can be reduced below 103 and above 104 years (Figure 6). Below 
200 and above 2.5 -10s years, however, the overall toxicity of the remaining waste is 
dominated by fission products. 

In recycling strategy 2 [recycling of all spallation products] die waste stream contains 

only high-energy fission products. Their total toxicity is shown in Figure 7. Below 300 

years it is dominated by Sr-90 and Cs-137, between 300 and 2105 years by Sn-126, 

and above 2105 years by 1-129. 

In Figure 8 a comparison of the total toxicity of the remaining waste is made between 

the different recycling schemes. Figure 8 also contains the decay product toxicity of 

the original MA mixture under the assumption that the reference amount of 1 kg of MA 

mixture simply decays. (The individual components of the decay product toxicity are 

given in Figure 9). 

Some observations can be made: 

• The total transmutation product toxicity is lower than the decay product toxicity 
for all recycling schemes and over die whole time range. 

• The larger toxicity of recycling scheme l.(a) [MA recycling without further parti

tioning] between 500 and 5 104 years is caused by plutonium spallation products. 

These should therefore always be separated from the waste stream. 
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• From the viewpoint of toxicity reduction, recycling scheme 2 with recycling of 

all spallation products has the greatest potential. Beyond 200 years it reduces the 

overall toxicity by 3 orders of magnitude and reaches 5 orders of magnitude at 

1000 years. 

Activity 

The results for the different recycling schemes are given in Tables 5 to 9. Figure 10 

compares the overall activities with the total activity of the original MA mixture and 

its decay products. 

• Below ~ 100 years the transmutation product activity is larger than that of the 

original MA mixture for all recycling schemes. 

• The previous observation that Pu spallation products should always be separated 

from die waste stream is already obvious if the activities are compared. Except 

for recycling scheme l.(a) [MA recycling without additional partitioning] the 

reduction in activity is comparable for the other schemes. 

• Above a few hundred years the reduction in activity is 1 to 2 orders of magnitude 

compared with the direct decay of die MA mixture for all recycling schemes with 

Pu partitioning. 

Mass and energy balance 

Witii a 300 MW proton beam and a load factor of ~ 0.8, 75 to 90 kg (depending on the 

recycling strategy) of minor actinides per year (i.e. the yearly production from 3.0-3.5 

LWRs) could be transmuted by high-energy reactions alone. 

However, with die calculated energy multiplication factor of 1.6, a thermal efficiency 

of 33%, and an estimated maximum efficiency of 50% for converting die electric power 

into beam power, this (hypothetical) transmutation system would have a self-sufficiency 

of only about 25%, i.e. 450 MW - or 13-15 % of the power produced by die LWRs 

- would have to be supplied externally. It is clear diat a better overall energy balance 

is desirable, and this could be achieved by using the 31 free neutrons below 15 MeV 

to generate additional fission power in a surrounding blanket from fertile material (in 

addition to the diermal power, about 1 t of new fissile material could be recovered from 

an appropriately optimised breeding blanket). 
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Conclusions 

HETC calculations for a quasi-iniinite minor actinide target bombarded by 1 GeV pro

tons show: 

• A theoretical high-energy reaction transmutation system for minor actinides has 

a favourable fission to spallation ratio of ~ 4 (a^ ~ 1.3 b for 1 GeV protons, 

<7tot,ineJ ~ 1-9 b). 

• The potential toxicity reduction strongly depends on the recycling and partitioning 

scheme. 

• For recycling schemes without uranium separation, the residual toxicity beyond 

107 years is about the same as that of natural U308 . Its time behaviour is gov

erned by the U-235 decay O V J = 710* y). For recycling schemes with uranium 

separation, the residual toxicity is about 1/3 of that of natural U308 . Its time 

behaviour follows that of 1-129 (T1/2 = 1.59-107 y). 

• A maximum toxicity reduction is achieved with a system in which all actinides 

and spallation products are recycled. 

• The toxicity reduction in this best system is better than 3 orders of magnitude be

yond 200 years and reaches S orders of magnitude at around 1000 years compared 

with the direct decay of the original minor actinide mixture. 

• A practicable high-energy reaction transmutation system needs a powerful proton 

accelerator. 
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Table 4: Dose conversion factors (mrem/Ci) for ingestion (from ICRP-30 [14]) 
and half lives (years) 

Nuclide 

Mn-53 

Co-60 

Se-79 

Zr-93 

Nb-94 

Tc-99 

Sn-126 

Cs-135 

Sin-151 

Tb-157 

Pt-193 

Pb-202 

Ra-226 

Th-229 

Pa-231 

U-233 

U-235 

U-238 

Pu-238 

Pu-240 

Pu-242 

Am-241 

Am-243 

Cm-244 

Toxicity 

9.8 E4 

1.0 E7 

8.5 E6 

1.6 E6 

5.2 E6 

1.3 E6 

2.7 E72 

7.0 E6 

3.4 E5 

1.0 E5 

1.1 E5 

3.9 E7 

8.2 E92 

3.9 E92 

1.1 E10 

2.7 E8 

2.5 E8 

2.5 E82 

3.1 E9 

3.6 E9 

3.3 E9 

3.6 E9 

3.6 E9 

2.0 E9 

Half life 

3.74 E6 

5.27 

6.50 E4 

9.49 E5 

2.00 E4 

2.1 E5 

9.99 E4 

2.3 E6 

9.29 El 

1.50 E2 

5.0 El 

3 E5 

1.60 E3 

7.34 E3 

3.28 E4 

1.6 E5 

7 E8 

4.47 E9 

8.77 El 

6.57 E3 

3.8 E5 

4.32 E2 

7.37 E3 

1.81 El 

Nuclide 

Fe-60 

Ni-59 

Sr-90 

Nb-93m1 

Mo-93 

Pd-107 

1-129 

Cs-137 

Gd-148 

Tb-158 

Hg-194 

Pb-210 

Ac-227 

Th-230 

U-232 

U-234 

U-236 

Np-237 

Pu-239 

Pu-241 

Pu-244 

Am-242mI 

Cm-243 

Cm-245 

Toxicity 

1.6 E8 

2.0 E5 

1.3 E8 

5.3 E5 

1.3 E6 

1.4 E5 

2.7 E8 

5.0 E7 

2.1 E8 

4.0 E6 

6.0 E6 

5.0 E9 

1.5 E102 

5.6 E8 

1.3 E9 

2.6 E8 

2.5 E8 

4.1 E9 

3.6 E9 

6.7 E7 

3.3 E9 

3.6 E9 

2.5 E9 

3.7 E9 

Half life 

3 E5 

7.50 E4 

2.81 El 

120 El 

3.7 E3 

65 E6 

1.59 E7 

3.01 El 

9.75 El 

1.50 E2 

2.60 E2 

223 El 

2.18 El 

8.0 E4 

7.17 El 

2.4 E5 

2.34 E7 

2.14 E6 

2.41 E4 

1.44 El 

8.1 E7 

1.52 E2 

2.85 El 

8.5 E3 

'nuclide with metastatic state 
2 including contribution of snort-lived daughter nuclides 
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NUCLIDE RADIOACTIVITY, CURIES 

BASIS - 1 KG FULLY TRANSMUTED MA MIXTURE 

TIME UKIT-TRS 

TL207 
TL208 
TL209 
FB20S 
PB207M 
PB2C3 

PB210 
PB211 
PB212 
PB214 
BI207 
BI20B 
BI210 
BI211 
BI212 
BI213 
31214 

P020B 
PO209 
P0210 

P0211 
P0212 
P0213 
P0214 
P021S 
P021£ 
P0218 
AT217 

RN219 
RN220 
RN222 

FR221 
FR223 
RA223 

RA224 
RA225 
RA226 

RA228 
AC225 
AC227 

AC228 
TH227 

TH228 
TH229 
TH230 
TH231 
TH232 
PA231 

PA, 33 
U232 
0233 
U234 
U23S 
U236 

NP23S 
NP237 
PU23£ 
PU238 
PU239 
PU240 
PU241 
PU242 
AM241 
CM242 

INITIAL 

8.98E+04 
2 .36E-05 
1 .S1E-08 
2 .20E-05 
2.26E+00 
4.38E+03 
6 .81E-06 
0.00E+00 
8 .87E-09 

O.OOE+00 
8.29E+00 
1 .15E-03 
1.27E+04 
7.48E+07 

6 .92E-02 
5 .57E-04 
O.OOE+00 

1.09E+02 
1.22E+01 
1.62E+03 
1.57E+10 
7.17E+09 
1.64E+0S 
2.43E+04 
O.OOE+00 
2 .22E-03 
O.OOE+00 
6.92E+00 
O.OOE+00 
3 . 8 8 E - 0 3 
O.OOE+00 
6.92E+00 
O.OOE+00 
O.OOE+00 
9 .36E-01 
5 .81E-09 
1 .65E-21 
2 .13E-17 
5.75E+03 
4 .6SE-12 
O.OOE+00 
O.OOE+00 
1 .26E-08 
2 .1SE-02 
4 . 0 4 E - 1 0 

3 . 2 1 E - 1 1 
1 .12E-08 
9 .61E-03 

3 .84E+03 
2.20E+00 
8 . 9 1 E - 0 3 

l . « 7 £ - 0 2 
8 . 5 0 E - 0 6 
8 .94E-04 
1.71E+04 
2 . 4 8 E - 2 3 
1.S6E+02 
1.08E+01 
1 .44E-01 
2.08E4OO 
2.65E+02 
7 . 1 2 E - 0 3 
7 . 2 5 E - 0 9 
1.77E+03 

1. 

6. 
8 
1. 

1, 
3 , 
6 

5. 
6, 
2. 
7, 

4 . 
1 . 
5. 
6, 
2 
6 
7, 

6, 
1, 
5, 

1 
1, 
6, 
7, 
£. 
2 
7, 
6. 
6. 
2 . 
7, 

6, 
9. 
6. 

2. 
6. 
7. 
7, 
6, 
6, 
7, 
6 . 
2 . 
6. 
1 . 
3 , 
1 . 
2 . 
6 . 
2 . 
1 . 

3 . 
3 . 
1 , 
2 . 
£ . 
7, 

2, 
4 . 
6 . 
1 . 
7 . 
3 . 
3 . 

.OOE+01 

.53E-03 

.90E+01 

.41E-03 

.27E-04 

.44E+01 

.43E-02 

.68E+00 

.55E-03 

.47E+02 

. 71E-06 

.14E+01 

.80E-03 

.68E+00 

.55E-03 

.47E+02 

.43E-02 

. 71E-06 

.33E+01 

.95E+01 

.68E+00 

. 97E-05 

.S6E+02 

.29E-02 

.71E-06 

.S5E-03 
•47E+02 
. 71E-06 
.43E-02 
.55E-03 
.47E+02 
.71E-06 
.43E-02 
.17E-05 
•55E-03 

.47E+02 

.43E-02 

.71E-06 

. 8 1 E - 0 9 

.43E-02 

.SSE-03 

.81E-09 

.46E-03 

.47E+02 
•43E-02 
•78E-03 
.60E-05 
.12E-08 
.40E-02 
.31E-06 
.81E+02 
.68E-02 
.03E-02 
.COE-OS 
.85E-03 
.91E+01 
. 31E-06 
.13E+02 
,fi£E+01 
.96E-01 
.10E+00 
.76E+02 
.12E-03 
.60E+00 
.11E-04 

1. 

2 , 
4, 
1. 

1, 
6, 
£. 
3 . 
2 . 
1 . 
7, 
8 . 
1 . 
3 . 
2 . 

1. 
6, 
7, 

2 . 
1 . 
3 . 
6, 
8. 
fi. 
7 . 
2 . 
1 . 
7. 
6. 
2 . 
1 . 
7. 

6. 
3 . 
2 , 

1. 
6. 
7. 

1, 
6. 
2 . 

1 . 
2 . 

1 . 
6. 
1 . 
3 . 

1 . 
2 . 
2 . 
1 . 
1 . 
3 . 
3 . 
1 . 
0 . 
2 , 
2 . 
1 . 
4 . 
£ . 
2 . 
7 . 
8 . 
0 . 

.OOE+02 

. 2 9 E - 0 2 

.81E+01 

. 4 1 E - 0 3 

. 9 0 E - 0 4 

.68E+00 

. 3 9 E - 0 2 

. 4 5 E - 0 1 

. 3 0 E - 0 2 

.34E+02 

. 6 1 E - 0 5 

.02E+00 

. 8 0 E - 0 3 

. 4 5 E - 0 1 

. 3 0 E - 0 2 

.34E+02 

. 3 9 E - 0 2 

. 6 1 E - 0 5 

. 8 7 E - 0 8 

.06E+01 

. 4 5 E - 0 1 

. 9 0 E - 0 5 

.SfiE+01 

. 2SE-02 

. 6 1 E - 0 5 

. 3 0 E - 0 2 

.34E+02 

.G1E-05 

. 3 9 E - 0 2 

. 3 0 E - 0 2 

.34E+02 

. 61E-05 

. 3 9 E - 0 2 

. 22E-04 

. 3 0 E - 0 2 

.34E+02 

. 3 9 E - 0 2 
•61E-0S 

. 1 2 E - 0 8 

. 3 9 E - 0 2 
•30E-02 
. 12E-0S 
. 2 7 E - 0 2 
.34E+02 
. 3 9 E - 0 2 
. 8 1 E - 0 3 
. 61E-05 
12E-08 

. 4 0 E - 0 2 
28E-04 

.30E+02 

. 6 8 E - 0 2 

, 5 2 E - 0 2 
•61E-0S 
. 8 7 E - 0 3 
.OOE+00 
. 28E-04 
. 2 7 E - 0 7 

.31E+01 
94E-01 

.OSE+00 
29E+00 

. 1 2 E - 0 3 

.27E+00 
OOE+00 

5 

2 , 
1 
1 
2 
4. 
£. 

3 . 
2. 
2 
3 , 
5, 
1 . 
3 . 
2, 
2 
6 
3. 

0. 
6. 
3 
7 
1, 
£. 
3 , 
2 , 
2 
3 . 
6. 
2 . 
2 . 
3 . 
6. 
3 . 
2 
2. 
6. 
3 , 

1. 
6 
2, 
1, 
2 . 
2 . 
6. 
1. 
3 . 
1 . 
2 . 
1 . 
2 , 
1 . 

3 . 
3 , 
1, 
0. 
1 . 
0, 
5, 
4, 
5. 
9. 
7, 
4, 
0. 

.OOE+02 

. 3 7 E - 0 2 

.O1E+00 

. 3 7 E - 0 3 

. 6 1 E - 0 4 

. 5 5 E - 0 3 

. 2 2 E - 0 2 

. 63E-04 

.3BE-02 

.BOE+OO 

.62E-04 

. 4 6 E - 0 3 

. 8 0 E - 0 3 

.63E-04 

. 3 8 E - 0 2 

.80E+00 

. 2 2 E - 0 2 

. 6 2 E - 0 4 

.OOE+00 

. 9 9 E - 0 1 

. 6 3 E - 0 4 

. 1 4 E - 0 5 

.79E+00 

. 0 8 E - 0 2 

. 62E-04 

. 3 8 E - 0 2 

.80E+O0 

.62E-04 

. 2 2 E - 0 2 
•38E-02 
.80E+00 
.62E-04 
. 2 2 E - 0 2 
. 33E-04 
. 3 8 E - 0 2 
.80E+00 
. 2 2 E - 0 2 
. 62E-04 
. 1 2 E - 0 8 
. 2 2 E - 0 2 
. 3 8 E - 0 2 
. 12E-08 
. 3 5 E - 0 2 
.80E+00 
. 2 2 E - 0 2 
•93E-03 
•63E-05 
. 12E-08 
. 3 8 E - 0 2 

. 0 3 E - 0 3 

.73E+00 

. 6 8 E - 0 2 

. 9 6 E - 0 2 

. 63E-0S 

. 9 4 E - 0 3 

.00E+0O 
•03E-03 
.OOE+00 
. 54E-01 
. 89E-01 
.80E+00 
•53E-09 
•11E-03 
.4OE+0O 
.OOE+00 

1, 

2. 
8. 
1, 
2. 
5, 
£. 
£. 
2. 
2. 
£. 
£. 
1 . 
6. 
2. 
2. 
6. 
6. 

0. 
2. 
£. 
7, 
1. 
5. 
£. 
2. 
2. 
6. 
£. 
2. 
2. 
6. 
£. 
3 , 
2, 
2. 
£. 
6. 

1, 
£. 
2. 
1. 
2 . 
2 . 
6. 
2, 
3 . 

1. 
2 , 
1 . 
2. 
1. 
3 . 
3 . 
2. 
0, 
1. 
0, 
1. 
4. 
5, 
3 , 
7. 

I . 
0. 

. 00E+03 

. 3 5 E - 0 2 

.05E-O3 

. 3 2 E - 0 3 

. 6 5 E - 0 4 

.OOE-07 

. 0 1 E - 0 2 

. 8 5 E - 0 4 

. 3 5 E - 0 2 

. 2 4 E - 0 2 
•85E-04 
• 0 0 E - 0 7 
. 7 9 E - 0 3 
.B5E-04 
. 3 5 E - 0 2 
. 2 4 E - 0 2 
. 0 1 E - 0 2 
. 8 5 E - 0 4 
.00E+0O 
. 3 4 E - 0 2 
. 8 5 E - 0 4 
.OfiE-05 
. 4 3 E - 0 2 
. 8 8 E - 0 2 
. 8 5 E - 0 4 
. 3 5 E - 0 2 
. 2 4 E - 0 2 
. 85E-04 
. 0 1 E - 0 2 
. 3 5 E - 0 2 
. 2 4 E - 0 2 
. 8SE-04 

.01E-O2 

. 3 0 E - 0 4 

. 3 5 E - 0 2 

. 2 4 E - 0 2 

. 0 1 E - 0 2 

. 8 S E - 0 4 

. 1 3 E - 0 8 

. 0 1 E - 0 2 

. 3 S E - 0 2 

. 1 3 E - 0 8 

. 3 2 E - 0 2 

. 2 4 E - 0 2 

. 0 1 E - 0 2 

. I 0 E - 0 3 
, £ 5 E - 0 5 
. I 3 E - 0 8 
. 3 5 E - 0 2 
. 5 2 E - 0 3 
. 1 8 E - 0 2 
, £ 8 E - 0 2 
. 9 8 E - 0 2 
. 6 6 E - 0 5 

. 0 2 E - 0 3 
,OOE+00 
. S 2 E - 0 3 
,OOE+00 
. 0 7 E - 0 2 
.B2E-01 
.S0E+0O 
. 1 9 E - 1 9 
. U E - 0 3 
,97E+00 
.OOE+00 

s. 
2 
4 
1. 

2 
0, 
4, 

2 . 
2 , 
1, 
2 . 
0. 
1 . 
2 . 
2. 
1 
4 
2 
0, 
3 , 
2. 
6. 
7, 
4, 
2 . 
2 . 
1. 
2. 
4 . 
2 . 
1 . 
2 . 
4. 
3 . 
2, 
1. 
4, 
2. 
1. 
4, 
2. 

1. 
2 , 

1 . 
4. 
3 . 
3 . 

1. 
2. 
1. 
3 . 
1. 
3 . 
3 . 
2. 
0. 
1, 
0. 
2. 
4. 
3 . 
0. 
7, 

3. 
0. 

.O0E+O3 

. 1 6 E - 0 2 

. 2 2 E - 0 9 

. 0 2 E - 0 3 

. £ 6 E - 0 4 

.OOE+00 

. £ 4 E - 0 2 

. 5 2 E - 0 3 

. 1 6 E - 0 2 

. 1 7 E - 0 8 

. 5 2 E - 0 3 

.OOE+OO 

. 7 8 E - 0 3 

. S 2 E - 0 3 

. l £ E - 0 2 

. 1 7 E - 0 8 

. 6 4 E - 0 2 

. 5 2 E - 0 3 

.OOE+00 

. 7 2 E - 1 4 

. 5 2 E - 0 3 

. 4 9E-0S 

. 5 0 E - 0 9 

. S 4 E - 0 2 

. 5 2 E - 0 3 

. 1 6 E - 0 2 

. 1 7 E - 0 8 

. 5 2 E - 0 3 

. 6 4 E - 0 2 

. 1 6 E - 0 2 

. 1 7 E - 0 8 
•52E-03 
. 6 4 E - 0 2 

. 0 3 E - 0 4 

. 1 6 E - 0 2 

. 1 7 E - 0 8 

.E4E-02 

. 5 2 E - 0 3 

. 1 7 E - 0 8 

. £ 4 E - 0 2 

. 16E-02 

. 1 7 E - 0 8 
•13E-02 
. 1 7 E - 0 8 
. £ 4 E - 0 2 
. 3 7 E - 0 3 
. 8 3 E - 0 5 
. 1 7 E - 0 8 
, l£E-02 
. 9 1 E - 0 3 
• 5 7 E - 1 9 
. 6 5 E - 0 2 
. 9 3 E - 0 2 
, 8 3 E - 0 5 
. 5 6 E - 0 3 
.OOE+00 
. 9 1 E - 0 3 
.OOE+00 
. 0 3 E - 1 6 
. 3 0 E - 0 1 
.61E+00 
.OOE+00 
.OSE-03 
. 2 3 E - 0 3 
.OOE+00 

l .OOE+04 

1 . 9 4 E - 0 2 
4 . 4 £ E - 0 9 
7 . 7 2 E - 0 4 
2 . C 3 E - 0 4 
O.OOE+00 
3 . S 1 E - 0 2 

4 . 1 7 E - 0 3 
1 . 9 5 E - 0 2 
1 . 2 4 E - 0 8 
4 . 1 7 E - 0 3 
0.OOE+OO 
1 . 7 6 E - 0 3 

4 . 1 7 E - 0 3 
1 . 9 5 E - 0 2 
1 . 2 4 E - 0 8 
3 . S 1 E - 0 2 
4 . 1 7 E - 0 3 
O.OOE+00 
6 . 6 S E - 2 9 
4 . 1 7 E - 0 3 

5 . S 4 E - 0 5 
7 . 9 4 E - 0 9 
3 . 4 3 E - 0 2 

4 . 1 7 E - 0 3 
1 . 9 S E - 0 2 
1 . 2 4 E - 0 8 
4 . 1 7 E - 0 3 
3 . 5 1 E - 0 2 
1 . 9 S E - 0 2 
1 . 2 4 E - 0 8 
4 . 1 7 E - 0 3 
3 . 5 1 E - 0 2 
2 . 7 3 E - 0 4 
1 . 9 S E - 0 2 
1 . 2 4 E - 0 8 
3 . 5 1 E - 0 2 
4 . 1 7 E - 0 3 
1 . 2 4 E - 0 8 
3 . 5 1 E - 0 2 
1 . 9 5 E - 0 2 
1 . 2 4 E - 0 8 
1 . 9 2 E - 0 2 
1 . 2 4 E - 0 8 
3 . 5 1 E - 0 2 
4 . 8 8 E - 0 3 
4 .03E-OS 
1 . 2 4 E - 0 8 
1 . 9 5 E - 0 2 
1 . 9 1 £ - 0 3 
0.OOE+OO 
1 . 6 2 E - 0 2 
3 . 8 8 E - 0 2 
4 . 0 3 E - 0 5 
2 . 9 7 E - 0 3 
O.OOE+00 
1 . 9 1 E - 0 3 
O.OOE+00 
1 . 4 3 E - 3 3 
3 . 7 2 E - 0 1 
2 . 1 3 E + 0 0 
0.OOE+OO 
6 . 9 9 E - 0 3 
1 . 0 6 E - 0 £ 
0.OOE+00 

5 

8 
£ 
3 

2 
0. 
1. 
1 . 
8, 
1, 

1. 
0. 
1 . 

1 . 
8. 
1 
1 
1. 
0 
0. 
1 
2 
1 
1. 
1, 
8. 
1, 
1, 
1, 
8. 
1 . 
1 . 
1 . 
1, 
8 
1, 
1, 
1, 
1 
1. 
8. 
1, 
8. 
1 . 
1. 
1, 
4. 

1 . 
8. 
1 . 
0, 
1. 
3 . 
4. 
3 , 
0. 
1. 
0. 
0, 
1, 
3 . 
0. 
6, 
0. 
0. 

.00E+04 

. 3 £ E - 0 3 

. 8 9 E - 0 9 

. 2 8 E - 0 4 

. £ 5 E - 0 4 

.OOE+00 

.4 9 E - 0 2 

. 4 2 E - 0 2 

. 3 8 E - 0 3 

. 9 1 E - 0 8 

. 4 2 E - 0 2 

.OOE+00 

. £ 4 E - 0 3 

. 4 2 E - 0 2 

. 3 8 E - 0 3 

. 9 1 E - 0 8 

. 4 9 E - 0 2 

. 4 2 E - 0 2 

.OOE+00 

.OOE+00 

. 4 2 E - 0 2 

. 5 2 E - 0 5 

. 2 2 E - 0 8 

. 4 £ E - 0 2 

. 4 2 E - 0 2 

. 3 8 E - 0 3 

. 9 1 E - 0 8 

. 4 2 E - 0 2 

. 4 9 E - 0 2 

. 3 8 E - 0 3 

. 9 1 E - 0 8 

. 4 2 E - 0 2 

.4 9 E - 0 2 

. 1 7 E - 0 4 

. 3 8 E - 0 3 

. 9 1 E - 0 8 

. 4 9 E - 0 2 

. 4 2 E - 0 2 

. 9 1 E - 0 8 

.4 9 E - 0 2 

. 3 8 E - 0 3 

. 9 1 E - 0 8 

. 2 7 E - 0 3 

. 9 1 E - 0 S 

.4 9 E - 0 2 

. 4 1 E - 0 2 

. 9 0 E - 0 5 

. 9 1 E - 0 8 

. 3 8 E - 0 3 

. 8 8 E - 0 3 

.OOE+00 

. 3 9 E - 0 2 

. 4 £ E - 0 2 

.90E-OS 

. 5 5 E - 0 3 

.OOE+00 

. 8 8 E - 0 3 

.OOE+OO 

.OOE+00 

. 1 8 E - 0 1 

. 1 4 E - 0 2 

.OOE+00 

. 4 9 E - 0 3 

.OOE+00 

.OOE+00 

1. 

2. 
1. 
2 . 
2 . 
0, 
1 . 
2 . 
2 . 
2 . 
2 . 
0. 
1 . 
2 . 
2. 
2. 

1. 
2, 
0. 
0. 
2. 
8. 
1. 
1 . 
2 . 
2 . 
2 . 
2 . 
1 . 
2 . 
2 . 
2 . 
1 . 
4 . 
2 . 
2. 
1 . 
2 . 
2. 
1. 
2 . 
2 . 
2 . 
2 . 
1 . 
2 . 
5. 

2 . 
2 . 
1 . 
0. 
1 . 
3 . 
5. 
3 . 
0. 
1. 
0, 
0. 
2 . 
1 . 
0. 
5, 
0. 
0. 

.OOE+05 

. 9 4 E - 0 3 

.OOE-08 

. 64E-04 

, £4E-04 
.OOE+00 
•20E-02 
.06E-O2 
. 9SE-03 
. 7 9 E - 0 8 

, 0 £ E - 0 2 
.OOE+00 
. 4 9 E - 0 3 

. 0 6 E - 0 2 

. 9 5 E - 0 3 

. 7 9 E - 0 8 

. 2 0 E - 0 2 

. 0 6 E - 0 2 

.OOE+00 

.OOE+OO 

. 0 £ E - 0 2 

. 8 4 E - 0 6 

. 7 8 E - 0 8 

. 1 8 E - 0 2 

.06E-O2 

. 9 5 E - 0 3 

. 7 9 E - 0 8 

. 0 6 E - 0 2 

. 2 0 E - 0 2 
•95E-03 
. 79E-08 
. 0 6 E - 0 2 
.20E-O2 
.12E-C5 
. 9 5 E - 0 3 
. 7 9 E - 0 8 
. 2 0 E - 0 2 
, 0 £ E - 0 2 
. 7 9 E - 0 8 
. 2 0 E - 0 2 
•9SE-03 
. 79E-08 
•90E-03 
. 79E-08 
. 2 0 E - 0 2 
. 0 5 E - 0 2 
. 2 0 E - 0 5 
. 7 9 E - 0 8 
. 9 4 E - 0 3 
.BSE-03 
, OOE+00 
. 1 5 E - 0 2 
•01E-02 
. 2 0 E - 0 5 
. 5 6 E - 0 3 
.OOE+OO 
. 85E-03 
.OOE+00 
.OOE+OO 
. 8 1 E - 0 2 
. 61E-04 
.OOE+00 
. 9 2 E - 0 3 
.OOE+OO 
.OOE+00 

l.OOE+Ofi 

S . 2 8 E - 0 S 
fi.59E-08 
3 . 7 3 E - 0 5 
2 . 5 3 E - 0 4 
0.OOE+OO 
1 . 7 0 E - 0 3 
3 . 5 1 E - 0 3 
5 . 3 0 E - 0 5 
1 . 8 3 E - 0 7 
3 . 5 1 E - 0 3 
O.OOE+00 
2 . 7 4 E - 0 4 
3 . 5 1 E - 0 3 
5 . 3 0 E - 0 5 
1 . 8 3 E - 0 7 

1 . 7 0 E - 0 3 
3 . 5 1 E - 0 3 
O.OOE+00 
0.OOE+OO 
3 . 5 1 E - 0 3 
1 . 5 9 E - 0 7 
1 . 1 7 E - 0 7 
1 . 6 6 E - 0 3 
3 . 5 1 E - 0 3 
S . 3 0 E - 0 5 
1 . 8 3 E - 0 7 
3 . 5 1 E - 0 3 
1 . 7 0 E - 0 3 
5 . 3 0 E - 0 5 
1 . 8 3 E - 0 7 
3 . 5 1 E - 0 3 
1 . 7 0 E - 0 3 
7 . 4 1 E - 0 7 
5 . 3 0 E - 0 5 
1 . 8 3 E - 0 7 
1 . 7 0 E - 0 3 
3 . 5 1 E - 0 3 
1 . 8 3 E - 0 7 
1 . 7 0 E - 0 3 
5 . 3 0 E - 0 5 
1 . 8 3 E - 0 7 
5 . 2 2 E - 0 5 
1 . 8 3 E - 0 7 

1 . 7 0 E - 0 3 
3 . 5 1 E - 0 3 
5 . 3 0 E - 0 S 
1 . 8 3 E - 0 7 
5 . 3 0 E - 0 5 

1 . 3 9 E - 0 3 
O.OOE+00 
l . £ 9 E - 0 3 
2 . 3 6 E - 0 3 
S . 3 0 E - 0 S 
3 . 4 6 E - 0 3 
O.OOE+00 
1 . 3 9 E - 0 3 
O.OOE+00 
0.OOE+OO 
1 . 6 9 E - 1 3 
O.OOE+00 
0.OOE+OO 
1 . 1 3 E - 0 3 
0.OOE+OO 
O.OOE+00 

1. 

5. 
5, 
1. 
1. 
0. 
7. 

5. 
5. 
1. 
5. 
0. 
1. 
5, 
5. 
1. 
7. 
5, 
0, 
0. 
5, 

1, 
9. 
7. 

5. 
5. 
1. 
5. 
7. 
5. 
1 . 
5. 
7, 
7, 
5, 
1. 
7, 
5. 
1, 
7, 
5. 
1, 
5. 
1. 
7, 

5, 
S, 

1. 
5, 
7. 
0, 
7, 

5, 
5 
2, 
0. 
7 
0 
0 
0 
0 
0 
7 

0 
0 

.00E+07 

.23E-0S 

. 5 0 E - 0 7 

. 6SE-06 

.£4E-04 

.OOE+00 
•52E-05 
. 98E-07 
. 25E-05 
. 53E-06 
. 98E-07 
.OOE+00 
2 0 E - H 

.98E-07 

. 25E-05 

. 5 3 E - 0 6 
•52E-05 
•98E-07 
.OOE+00 
.OOE+00 
. 9 8 E - 0 7 
. 5 7 E - 0 7 
. 7 8 E - 0 7 
. 35E-05 
. 98E-07 
. 25E-05 
•53E-06 
. 98E-07 
.S2E-05 
.2SE-05 
. 53E-0£ 
.98E-07 

.52E-05 
•35E-07 
. 25E-05 
. 5 3 E - 0 £ 
. 52E-05 
. 98E-07 

. S 3 E - 0 6 

. 5 2 E - 0 5 

. 2 5 E - 0 5 
, 5 3 E - 0 £ 
•18E-05 
.53E-0fi 
. 5 2 E - 0 5 
. 9 8 E - 0 7 
. 2SE-05 

, 5 3 E - 0 £ 
. 25E-05 
.S2E-0S 
.OOE+00 
. 5 2 E - 0 5 
. 9 8 E - 0 7 

. 2 5 E - 0 5 

. £ 5 E - 0 3 

.OOE+OO 

. 5 2 E - 0 5 

.OOE+00 

.OOE+00 

.OOE+00 

.OOE+00 

.OOE+00 

. 0 9 E - 1 1 

.OOE+00 

.OOE+00 

TOTAL 3.14E+11 3 . 1 4 E + 0 3 1 .12E+03 3 .51E+01 8 . 9 4 E + 0 0 I.101+00 3 . 0 7 E + 0 0 5 . 5 1 E - 0 1 4 . 1 4 E - 0 1 £ . 1 2 E - 0 2 4 . 2 5 E - 0 3 

Table 5: Spallation product activities for recycling scheme l.(a) 
[minor actinide recycling without further partitioning]. 
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NUCLIDE RADIOACTIVITY. CURIES 
BASIS - 1 KG FULLY TRANSMUTED MA MIXTURE 

TL207 

TL208 

TL209 

PB205 

P3207M 

PB209 

PB210 

PB211 

PB212 

P3214 

BI207 

BI2C8 

BI21Q 
BI211 

BI212 

BI213 

BI214 

PO208 

PO209 

PO210 

P0211 

P0212 

P0213 

P0214 

P0215 

P0216 

P0218 
AT217 

RN219 

RN220 

RJ«222 

FR221 

FR223 

RA223 

RA224 

RA225 

RA226 

RA228 

AC225 

AC227 

AC228 

TH227 

TH22B 

TH229 

TH230 

TH231 

TH232 

PA231 

U232 

U233 

U234 

U235 

U23G 

NP23S 

INITIAL 

8 

2, 

1, 

2 

2. 

4. 

6, 

0. 

8. 

0, 

8, 

1, 

1 
7. 

6 

5. 

0, 

1. 

1. 

1. 

1, 
7. 

1, 

2, 

0. 

2. 

0. 
6. 

0, 

3 . 

0. 

6 

0. 

0 . 

9. 

5. 

1. 

2 . 

5. 

4 . 

0 . 

0 . 

9. 

2 . 

4 . 

3 . 

1 . 

9. 

1 . 

8 . 

1 . 

8 . 

1 . 

1 . 

.98E+04 

. 36E-05 

.6IE-G8 

. 2 0 E - 0 5 

.26E+00 

.38E+C3 

. 8 1 E - 0 6 

.OOE+00 

. 87E-09 

.00E+00 

.29E+00 

.19E-03 

.27E+04 

.48E+07 

.92E-02 

.57E-04 

.OOE+00 

.09E+02 

.22E+01 

.62E+03 

.57E+10 

.17E+09 

.64E+08 

.43E+04 

.OOE+00 

. 2 2 E - 0 3 

.OOE+00 

.92E+00 

.OOE+00 

•88E-03 

.OOE+00 

.92E+00 

.OOE+00 

.OOE+00 

. 36E-01 

•81E-09 

.85E-21 

.13E-17 

.75E+03 

.8SE-12 

.OOE+00 

.OOE+00 

.33E-07 

•15E-02 

.04E-10 

•21E-11 

.12E-08 

.61E-03 

.63E+02 

91E-03 

,67E-02 

,50E-06 

86E-03 

.71E+04 

1, 

6 

5, 

1. 

1, 

3 . 

6. 

5, 

6. 

1, 

7 

4, 

1, 

5 

6 

1, 
6 

7 

6, 

1. 

5. 

1. 

9, 

6, 
7. 

6, 

1 

7. 

6 

6. 

I . 

7, 

6, 

9. 

6. 

I , 

6, 

7, 

7, 

6, 

S. 

7. 

6, 

1. 

6. 

1. 

3 . 

1 . 

2 . 

1 . 

1 . 

2 . 

3 . 

1 . 

2 . 

.00E+O1 

. 5 3 E - 0 3 

.44E+01 

. 4 1 E - 0 3 

. 2 7 E - 0 4 

.44E+01 

. 4 3 E - 0 2 

.68E+00 

. 5 5 E - 0 3 

.51E+02 

. 7 1 E - 0 6 

.14E+01 

. 8 0 E - 0 3 

.68E+00 

.S5E-03 

.51E+02 

•43E-02 

. 7 1 E - 0 6 

.33E+01 

•95E+01 

.68E+00 

. 9 7 E - 0 5 

.67E+01 

. 2 9 E - 0 2 

. 7 1 E - 0 6 

. 5 5 E - 0 3 

.51E+02 

. 7 1 E - 0 6 

. 4 3 E - 0 2 

. 5SE-03 

.51E+02 

. 7 1 E - 0 6 

. 4 3 E - 0 2 

. 1 7 E - 0 5 

. 5 5 E - 0 3 

.51E+02 

. 4 3 E - 0 2 

. 7 1 E - 0 6 

. 8 1 E - 0 9 

. 4 3 E - 0 2 

•55E-03 

. 8 1 E - 0 9 

. 4 6 E - 0 3 

.S1E+02 

. 4 3 E - 0 2 

. 7 8 E - 0 3 

.60E-OS 

.12E-08 

. 4 0 E - 0 2 

.52E+02 

.6SE-02 

. 9 6 E - 0 2 

. 60E-05 

.8CE-03 

.91E+01 

1 .00E+02 

2 . 2 9 E - 0 2 

2 . 3 5 E + 0 1 

1 . 4 1 E - 0 3 

1 . 9 0 E - 0 4 

6 .6SE+00 

6 . 3 9 E - 0 2 

3 . 4 5 E - 0 1 

2 . 3 0 E - 0 2 

6 .53E+01 

7 . 6 0 E - 0 5 

8 . 0 2 E + 0 0 

1 . 8 0 E - 0 3 

3 . 4 5 E - 0 1 

2 . 3 0 E - 0 2 

6 .S3E+01 

6 . 3 9 E - 0 2 

7 . 6 0 E - 0 5 

2 . 8 7 E - 0 8 

1 .06E+01 

3 . 4 5 E - 0 1 

6 . 9 0 E - 0 5 

4 .18E+01 

6 . 2 S E - 0 2 

7 .6OE-05 

2 . 3 0 E - 0 2 

6 .S3E+01 

7 . S 0 E - 0 S 

6 . 3 9 E - 0 2 

2 . 3 0 E - 0 2 

6 .53E+01 

7 . 6 0 E - 0 5 

6 . 3 9 E - 0 2 

3 . 2 2 E - 0 4 

2 . 3 0 E - 0 2 

4 . 5 3 E + 0 1 

6 . 3 9 E - 0 2 

7 . 6 0 E - 0 5 

1 . 1 2 E - 0 8 

6 . 3 9 E - 0 2 

2 . 3 0 E - 0 2 

1 . 1 2 E - 0 8 

2 . 2 7 E - 0 2 

6 .53E+01 

6 . 3 9 E - 0 2 

1 . 8 1 E - 0 3 

3 . 6 0 E - 0 5 

J . 1 2 E - 0 8 

2 . 4 0 E - 0 2 

6 .3SE+01 

1 . 6 8 E - 0 2 

2 . 9 6 E - 0 2 

3 . S 0 E - 0 5 

1 . 8 6 E - 0 3 

0.OOE+00 

5, 

2. 

4. 

1. 

2. 

4, 

6. 

3 
? , 

x, 

3 

5. 

1. 

3 

2 

1. 

6, 

3 , 

0, 

6. 

3 . 

7, 

8. 

6. 

3 , 

2. 

1. 

3 . 

£. 

2. 

1, 

3 . 

6. 

3 , 

2 . 

1. 

i. 

3 . 

1. 

6. 

2. 

1, 

2. 

1. 

6. 

1, 

3 . 

1 . 

2. 

1 . 

1 . 

2. 

3 . 

1 . 

0, 

.00E+02 

. 3 7 E - 0 2 

. 9 3 E - 0 1 

. 3 7 E - 0 3 

. 6 1 E - 0 4 

. 5 5 E - 0 3 

. 2 2 E - 0 2 

. 6 0 E - 0 4 

. 3 8 E - 0 2 

•37E+00 

. 5 9 E - 0 4 

. 4 6 E - 0 3 

. 8 0 E - 0 3 

. 6 0 E - 0 4 

•38E-02 

.37E+00 

. 2 2 E - 0 2 

. 5 9 E - 0 4 

.00E+OO 

. 9 9 E - 0 1 

. 6 0 E - 0 4 

. 1 4 E - 0 5 

. 7 6 E - 0 1 

.O8E-02 

.S9E-04 

. 3 8 E - 0 2 

.37E+00 

. 5 9 E - 0 4 

. 2 2 E - 0 2 

. 3 8 E - 0 2 

.37E+00 

. 59E-04 

. 2 2 E - 0 2 

. 33E-04 

. 3 8 E - 0 2 

.37E+0O 

. 2 2 E - 0 2 

. 59E-04 

. 1 2 E - 0 8 

. 2 2 E - 0 2 

. 3 8 E - 0 2 

. 12E-08 

. 3 5 E - 0 2 

.37E+00 

. 2 2 E - 0 2 

•90E-03 

. 6 0 E - 0 5 

. 12E-08 

. 3 8 E - 0 2 

•33E+00 

. 6 8 E - 0 2 

. 9 5 E - 0 2 

. 60E-0S 

. 8 6 E - 0 3 

.OOE+00 

TIKE UNIT-

1 .00E+03 

2 . 3 5 E - 0 2 

3 . 9 3 E - 0 3 

1 . 3 2 E - 0 3 

2 . 6 S E - 0 4 

5 . 0 0 E - 0 7 

6 . 0 1 E - 0 2 

6 . 7 2 E - 0 4 

2 . 3 5 E - 0 2 

1 . 0 9 E - 0 2 

6 . 7 2 E - 0 4 

6 .00E-O7 

1 . 7 9 E - 0 3 

S . 7 2 E - 0 4 

2 . 3 5 E - 0 2 

1 . 0 9 E - 0 2 

6 . 0 1 E - 0 2 

6 . 7 2 E - 0 4 

0.OOE+00 

2 . 3 4 E - 0 2 

6 . 7 2 E - 0 4 

7 . 0 6 E - 0 5 

6 . 9 9 E - 0 3 

5 . 8 8 E - 0 2 

6 . 7 2 E - 0 4 

2 . 3 5 E - 0 2 

1 . 0 9 E - 0 2 

6 . 7 2 E - 0 4 

6 . 0 1 E - 0 2 

2 . 3 5 E - 0 2 

1 . 0 9 E - 0 2 

6 . 7 2 E - 0 4 

6 .O1E-02 

3 . 3 0 E - 0 4 

2 . 3 5 E - 0 2 

1 . 0 9 E - 0 2 

6 . 0 1 E - 0 2 

6 . 7 2 E - 0 4 
1 . 1 3 E - 0 8 

e . 0 1 E - 0 2 

2 . 3 S E - 0 2 

1 . 1 3 E - 0 8 

2 . 3 2 E - 0 2 

1 . 0 9 E - 0 2 

6 . 0 1 E - 0 2 

2 . 0 2 E - 0 3 

3 . 6 0 E - 0 5 

1 . 1 3 E - 0 8 

2 . 3 5 E - 0 2 

1 . 0 6 E - 0 2 

1 . S 8 E - 0 2 

2 . 9 5 E - 0 2 

3 . 6 0 E - 0 S 

1 . 8 6 E - 0 3 

0.OOE+00 

s, 

2. 

4. 

1, 

2 

0 

4. 

2 

2 

1, 

2 

0. 

1. 

2 

2. 

1. 

4 

2 

0, 

3 , 

2, 

6. 

7, 

4. 

2. 

2 . 

1 

2, 

4. 

2 

1. 

2. 

4 

3 , 

2 . 

1 . 

4. 

2 . 
1, 

4. 

2. 

1 . 

2, 

1, 

4 . 

2. 
3 . 

1. 

2, 

1. 

1 . 

2, 

3 , 

1 . 

0, 

•YRS 

.OOE+03 

. 1 6 E - 0 2 

. 1 8 E - 0 9 

. 0 2 E - 0 3 

. 6 6 E - 0 4 

.OOE+00 

. 6 4 E - 0 2 

. 2 7 E - 0 3 

. 1 6 E - 0 2 

. 1 6 E - 0 8 

. 2 7 E - 0 3 

.OOE+00 

. 7 8 E - 0 3 

. 2 7 E - 0 3 

. 1 6 E - 0 2 

. 16E-0S 

. 6 4 E - 0 2 

•27E-03 

.OOE+00 

. 7 2 E - 1 4 

. 2 7 E - 0 3 

.4 9E-05 

. 4 4 E - 0 9 

. 5 4 E - 0 2 

. 2 7 E - 0 3 

. 1 6 E - 0 2 

. 1 6 E - 0 8 

. 2 7 E - 0 3 

. 6 4 E - 0 2 

. 1 6 E - 0 2 

. 1 6 E - 0 8 

. 2 7 E - 0 3 

. 6 4 E - 0 2 

. 03E-04 

. 1 6 E - 0 2 

.16E-0B 

. 6 4 E - 0 2 

. 2 7 E - 0 3 

. 1 6 E - 0 8 

.S4E-02 

. 1SE-02 

. 16E-08 

. 1 3 E - 0 2 

. 1 6 E - 0 8 

. 6 4 E - 0 2 

. 9 5 E - 0 3 

. 60E-05 

. 16E-08 

. 1 6 E - 0 2 

. 7 4 E - 1 9 

.S5E-02 

. 9 2 E - 0 2 

. 6 0 E - 0 5 

. 8 « E - 0 3 

.OOE+00 

1 .00E+04 

1 . 9 4 E - 0 2 

4 . 3 S E - 0 9 

7 . 7 2 E - 0 4 

2 . 6 6 E - 0 4 

0.OOE+00 

3 . 5 1 E - 0 2 

3 . 5 3 E - 0 3 

1 . 9 5 E - 0 2 

1 . 2 1 E - 0 8 

3 . 5 3 E - 0 3 

0.OOE+00 

1 . 7 S E - 0 3 

3 . 5 3 E - 0 3 

1 . 9 5 E - 0 2 

1 . 2 1 E - 0 8 

3 . 5 1 E - 0 2 

3 . 5 3 E - 0 3 

0.OOE+00 

4 . 6 5 E - 2 9 

3 . 5 3 E - 0 3 

5 . 8 4 E - 0 5 

7 . 7 3 E - 0 9 

3 . 4 3 E - 0 2 

3 . S 3 E - 0 3 

1 . 9 5 E - 0 2 

1 . 2 1 E - 0 8 

3 . 5 3 E - 0 3 

3 . 5 1 E - 0 2 

1 . 9 5 E - 0 2 

1 . 2 1 E - 0 8 

3 . 5 3 E - 0 3 

3 . 5 1 E - 0 2 

2 . 7 3 E - 0 4 

1 . 9 5 E - 0 2 

1 . 2 1 E - 0 8 

3 . S 1 E - 0 2 

3 . S 3 E - 0 3 

1 . 2 1 E - 0 8 

3 . S 1 E - 0 2 

1 . 9 5 E - 0 2 

1 . 2 1 E - 0 8 

1 . 9 2 E - 0 2 

1 . 2 1 E - 0 8 

3 . 5 1 E - 0 2 

4 . 0 5 E - 0 3 

3 . 6 0 E - 0 5 

1 . 2 1 E - 0 8 

1 . 9 5 E - 0 2 

0.OOE+00 

1 . S 1 E - 0 2 

2 . 8 7 E - 0 2 

3 .60E-OS 

1 . 8 6 E - 0 3 

0.OOE+00 

S, 

8 

5 

3 

2 

0 

1 

1 

8 

1 

1 

0 

1 

1 
8 

1 

1 

1 

0 

0. 

1 

2 

1, 

1 

1 

8. 

1 

1 

1. 

8 

I 

1. 

1 

1 

8. 

1 

1 

1 

1 

1. 

8 

1, 

8 

1. 

1. 

1 

3 

1. 

8 

0. 

1, 

2 

3 

1. 

0 

.O0E+O4 

. 3 5 E - 0 3 

.6CE-09 

. 2 1 E - 0 4 

. 6 5 E - 0 4 

.OOE+00 

. 4 6 E - 0 2 

. 0 9 E - 0 2 

. 3 8 E - 0 3 

. 5 7 E - 0 8 

. 0 9 E - 0 2 

.OOE+00 

.E4E-03 

. 0 9 E - 0 2 

. 3 8 E - 0 3 

. 5 7 E - 0 8 

. 4 6 E - 0 2 

. 0 9 E - 0 2 

.OOE+00 

.OOE+00 

. 0 9 E - 0 2 

. 5 1 E - 0 5 

. 0 1 E - 0 8 

. 4 3 E - 0 2 

. 0 9 E - 0 2 

. 3 8 E - 0 3 

. S 7 E - 0 8 

. 0 9 E - 0 2 

. 4 6 E - 0 2 

. 3 8 E - 0 3 

. 5 7 E - 0 8 

. 0 9 E - 0 2 

. 4 6 E - 0 2 

. 1 7 E - 0 4 

. 3 8 E - 0 3 

. 5 7 E - 0 8 

. 4 6 2 - 0 2 

. 0 9 E - 0 2 

. 5 7 E - 0 8 

. 4 6 E - 0 2 

. 3 8 E - 0 3 

. 5 7 E - 0 8 

. 2 6 E - 0 3 

. 5 7 E - 0 8 

. 4 6 E - 0 2 

. 0 8 E - 0 2 

. 6 0 E - 0 5 

. 5 7 E - 0 8 

. 3 7 E - 0 3 

.OOE+00 

. 3 5 E - 0 2 

. 5 7 E - 0 2 

• 6 0 E - 0 5 

. 8 S E - 0 3 

.OOE+00 

1.0OE+05 

2 . 9 3 E - 0 3 

7 . 3 0 E - 0 9 

2 . 5 1 E - 0 4 

2 . 6 4 E - 0 4 

0.OOE+00 

1 . 1 4 E - 0 2 

I . 5 5 E - 0 2 

2 . 9 3 E - 0 3 

2 . .03E-08 

1 . 5 5 E - 0 2 

0.OOE+00 

1 . 4 9 E - 0 3 

1 . 5 5 F - 0 2 

2 . 9 3 E - 0 3 

2.03E-OB 

1 . 1 4 E - 0 2 

1 . 5 5 E - 0 2 

0.OOE+00 

0.OOE+00 

1 . 5 5 E - 0 2 

8 . 8 0 E - 0 6 

1 . 3 0 E - 0 8 

1 . 1 2 E - 0 2 

1 . S 5 E - 0 2 

2 . 9 3 E - 0 3 

2 . 0 3 E - 0 8 

1 . 5 5 E - 0 2 

1 . 1 4 E - 0 2 

2 . 9 3 E - 0 3 

2 . 0 3 E - 0 8 

1 . 5 5 E - 0 2 

1 . 1 4 E - 0 2 

4 . 1 1 E - 0 5 

2 . 9 3 E - 0 3 

2 . 0 3 E - 0 8 

1 . 1 4 E - 0 2 

1 . 5 S E - 0 2 

2 .03E-OB 

1 . 1 4 E - 0 2 

2 . 9 3 E - 0 3 

2 . 0 3 E - 0 8 

2 . 8 9 E - 0 3 

2 . 0 3 E - 0 8 

1 . 1 4 E - 0 2 

1 . 5 4 E - 0 2 

3 . 6 0 E - 0 5 

2 . 0 3 E - 0 8 

2 . 9 3 E - 0 3 

0.OOE+00 

1 . 0 9 E - 0 2 

2 . 2 3 E - 0 2 

3 . 6 0 E - 0 5 

1 . 8 5 E - 0 3 

0.OOE+00 

1.00E+O6 

3 . 5 9 E - 0 5 

3 . 6 4 E - 0 8 

4 . 9 8 E - 0 6 

2 . 5 3 E - 0 4 

0.OOE+00 

2 . 2 6 E - 0 4 

2 . 6 0 E - 0 3 

3 .S0E-OS 

1 . 0 1 E - 0 7 

2 . 6 0 E - O 3 

0.OOE+00 

2 . 7 4 E - 0 4 

2 .60E-O3 

3 .60E-OS 

1 . 0 1 E - 0 7 

2 . 2 6 E - 0 4 

2 .60E-O3 

0.OOE+00 

0 .00E+0O 

2 . 6 C E - 0 3 

1 . 0 8 E - 0 7 
6 . 4 6 E - 0 8 

2 . 2 1 E - 0 4 

2 . 6 0 E - 0 3 

3 . 6 0 E - 0 5 

1 . 0 1 E - 0 7 

2 . 6 0 E - 0 3 

2 . 2 6 E - 0 4 

3 . 6 0 E - 0 5 

1 . 0 1 E - 0 7 

2 . 6 0 E - 0 3 

2 . 2 6 E - 0 4 

S . 0 4 E - 0 7 

3 . 6 0 E - 0 5 

1 . 0 1 E - 0 7 

2 . 2 6 E - 0 4 

2 . 6 0 E - 0 3 

1 . 0 1 E - 0 7 

2 . 2 6 E - 0 4 

3 . 6 0 E - 0 5 

1 . 0 1 E - 0 7 

3 . 5 5 E - 0 5 

X.OIE-07 

2 . 2 6 E - 0 4 

2 . 6 0 E - 0 3 

3 . S 0 E - 0 5 

1 . 0 1 E - 0 7 

3 . 6 0 E - 0 5 

0.OOE+00 

2 . 1 6 E - 0 4 

1 . 7 S E - 0 3 

3 . 6 0 E - 0 5 

1 . 8 0 E - 0 3 

0.OOE+00 

X.00E+07 

3 . 5 6 E - 0 5 

2 . B 8 E - 0 7 

4 . 6 4 E - 2 3 

1 . 6 4 E - 0 4 

0.OOE+00 

2.XXE-2X 

2 .32E-X4 

3 . 5 7 E - 0 5 

8 . 0 0 E - 0 7 

2 .32E-X4 

0.OOE+00 

X.20E-XI 

2 .32E-X4 

3 . 5 7 E - 0 5 

8 . 0 0 E - 0 7 

2 .1XE-21 

2 .32E-X4 

0.OOE+00 

O.OOE+OO 

2 . 3 2 E - 1 4 

I . 0 7 E - 0 7 

5 . I 2 E - 0 7 

2 . 0 6 E - 2 I 

2 .32E-X4 

3 . 5 7 E - 0 5 

8.0OE-O7 

2 .32E-X4 

2 . IXE-21 

3 . 5 7 E - 0 5 

8 . 0 0 E - 0 7 

2 . 3 2 E - 1 4 

2 . 1 1 E - 2 I 

4 . 9 9 E - 0 7 

3 . 5 7 E - 0 5 

8 . 0 0 E - 0 7 

2.XXE-2I 

2 . 3 2 E - I 4 

6 . 0 0 E - 0 7 

2.1XE-2X 

3 . 5 7 E - 0 5 

8 . 0 0 E - 0 7 

3 . 5 2 E - 0 5 

8 . 0 0 E - 0 7 

2 . 1 1 E - 2 1 

2 . 3 0 E - 1 4 

3 . 5 7 E - 0 5 

8 . 0 0 E - 0 7 

3 . 5 7 E - 0 5 

0 .00E+00 

2 . 0 1 E - 2 1 

X . 5 5 E - I 4 

3 . S 7 E - 0 S 

I . 3 8 E - 0 3 

0 .00E+00 

TOTAL 3.I4E+XX X.4XE+03 5 .47E+02 I .24E+0X 8 . 6 I E - 0 1 S . 3 9 E - 0 I 5 .40E-0X 3 . 4 4 E - 0 1 3 . 1 0 E - 0 1 3 . 2 5 E - 0 2 I . 9 4 E - 0 3 

Table 6: Spallation product activities for recycling scheme l.(b) 
[minor acrinide recycling with additional plutonium partitioning]. 
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NUCLIDE RADIOACTIVITY, CURIES 

BASIS - 1 KG FULLY TRANSMUTED MA MIXTURE 

TIKE WIT-TRS 

TL207 

TL208 

TL209 

PB2C5 

PB207M 

PB209 

PB210 

PB211 

P8212 

PB214 

BI207 

BI208 

BI210 

BI211 

BI212 

BI213 

BI214 

PO208 

PO209 

PO210 

P0211 

P0212 

P0213 

P0214 

P02IS 

P0216 

P021S 

AT217 

RN219 

RN220 

RN222 

FR221 

FR223 

RA223 

RA224 

PA225 

RA226 

RA228 

AC22S 

AC227 

AC228 

TH227 

TH228 

TH229 

TH230 

TH232 

PA231 

TOTAL 

INITIAL 

8.98E+04 

2 . 3 6 E - 0 5 

1 . 6 I E - 0 8 

2 . 2 0 E - 0 5 

2.26E+00 

4 .38E+03 

6 . 8 1 E - 0 6 

O.OOE+00 

8 . 8 7 E - 0 9 

O.0CE+00 

8 .29E+00 

1 . 1 9 E - 0 3 

1.27E+04 

7.4BE+07 

6 . 9 2 E - 0 2 

5 . 5 7 E - 0 4 

O.OOE+00 

1.09E+02 

1.22E+01 

: . 6 2 E + 0 3 

1.57E+10 

7 .17E+09 

1.64E+08 

2.43E+04 

O.OOE+OO 

2 . 2 2 E - 0 3 

O.OOE+00 

6.92E+00 

O.OOE+00 

3 . 8 6 E - 0 3 

O.OOE+00 

(.92E+00 

O.OOE+00 

O.OOE+00 

9 .36E-01 

5 . 8 1 E - 0 9 

1 .8SE-21 

2 . 1 3 E - I 7 

5.75E+03 

4 . 8 5 E - 1 2 

O.OOE+00 

O.OOE+00 

O.OOE+00 

2 . 1 5 E - 0 2 

4 . 0 4 E - 1 0 

1 .12E-08 

9.(l*-03 

3.14E+11 

1 

6 

2 

1 

1 

3 

6 

5 

6 

6 

7 

4 

1, 

5 

6. 

6 

6, 

7. 

6 

1, 

5. 

1, 

4. 

6 

7, 

6 

6 

7. 

6 

6, 

6, 

7, 

6. 

9. 

6. 

6, 

6, 

7. 

7. 

6, 

6. 

7, 

6 . 

6. 

6. 

1 . 

1 . 

2 . 

1 . 

.OOE+01 

. 5 3 E - 0 3 

. 2 6 E - 0 9 

. 4 1 E - 0 3 

. 2 7 E - 0 4 

.44E+01 

. 4 3 E - 0 2 

.ESE+OO 

. 5 5 E - 0 3 

. 2 9 E - 0 9 

. 7 0 E - 0 6 

.14E+01 

. 8 0 E - 0 3 

.68E+00 

. 5 5 E - 0 3 

.29E-0 9 

. 4 3 E - 0 2 

. 7 0 E - 0 6 

.33E+01 

.95E+01 

.68E+00 

. 9 7 E - 0 5 

. 0 2 E - 0 9 

. 2 9 E - 0 2 

. 7 0 E - 0 6 

.SSE-03 

. 2 9 E - 0 9 

. 7 0 E - 0 6 

. 4 3 E - 0 2 

. 5 5 E - 0 3 

. 2 9 E - 0 9 

. 7 0 E - 0 6 

. 4 3 E - 0 2 

.17E-0 5 

. 5 5 E - 0 3 

• 2 9E-09 

.4 3E-02 

. 7 0 E - 0 6 

. 8 1 E - 0 9 

. 4 3 E - 0 2 

•SSE-03 

• 8 1 E - 0 9 

. 4 6 E - 0 3 

•29E-09 

. 4 3 E - 0 2 

•78E-03 

.12E-0S 

•40E-02 

.76E+02 

1 

2, 

4, 

I. 

1, 

6 

6. 

3, 

2. 

1. 

7, 

8. 

1. 

3 . 

2. 

1. 

6. 

7. 

2. 

1 . 

3 . 

6. 

7. 

6. 

7. 

2. 

1. 

7. 

6. 

2. 

1. 

7. 

6. 

3 . 

2 . 

1 . 

6. 

7. 

1. 

6. 

2 . 

1 . 

2. 

1 . 

e. 
l . 

l . 

2 . 

2 . 

.OOE+02 

. 2 9 E - 0 2 

. 0 2 E - 0 9 

• 4 0 E - 0 3 

. 9 0 E - 0 4 

.68E+00 

. 3 8 E - 0 2 

. 4 5 E - 0 1 

. 3 0 E - 0 2 

. 1 2 E - 0 8 

. 5 5 E - 0 5 

.02E+00 

.80E-O3 

. 4 S E - 0 1 

. 3 0 E - 0 2 

. I 2 E - 0 8 

. 3 8 E - 0 2 

. 5 5 E - 0 5 

. 8 7 E - 0 8 

.06E+01 

. 4 5 E - 0 1 

. 9 0 E - 0 5 

. 1 5 E - 0 9 

. 2 4 E - 0 2 

. 55E-05 

. 3 0 E - 0 2 

. 1 2 E - 0 8 

.55E-0S 

. 3 8 E - 0 2 

.30E-C2 

. 12E-08 

. 55E-05 

. 3 8 E - 0 2 

. 22E-04 

. 3 0 E - 0 2 

. 12E-08 

38E-02 

, 55E-05 

12E-08 

. 3 8 E - 0 2 

30E-02 

. 12E-08 

27E-02 

.12E-0B 

.3BE-02 

78E-03 

12E-08 

4DE-02 

.70E+01 

5 

2 

4 

1. 

2 

4 

6. 

3 

2 

1 

3 

5. 

1, 

3 , 

2 . 

1 . 

6. 

3 . 

0 . 

6 . 

3 , 

7 . 

7. 

6 

3 . 

2 . 

1, 

3 . 

6, 

2 . 

1 . 

3 , 

6 . 

3 . 

2 . 

1 . 

6 . 

3 . 

1 . 

6, 

2 . 

1 . 

2 . 

1 . 

6, 

1 . 

1 . 

2 . 

1 , 

.OOE+02 

. 3 7 E - 0 2 

. 0 2 E - 0 9 

. 3 5 E - 0 3 

. 6 1 E - 0 4 

. 5 5 E - 0 3 

. 1 4 E - 0 2 

. 4 8 E - 0 4 

. 3 8 E - 0 2 

. 1 2 E - 0 8 

. 4 6 E - 0 4 

. 4 6 E - 0 3 

. 8 0 E - 0 3 

. 4 8 E - 0 4 

. 3 8 E - 0 2 

. 1 2 E - 0 8 

. 1 4 E - 0 2 

. 4 6 2 - 0 4 

.00E+00 

. 9 9 E - 0 1 

. 4 8 E - 0 4 

. 1 4 E - 0 5 

. 1 5 E - 0 9 

. 0 0 E - 0 2 

. 4 6 E - 0 4 

. 3 8 E - 0 2 

. 1 2 E - 0 8 

. 4 6 E - 0 4 

. 1 4 E - 0 2 

. 3 8 E - 0 2 

. 1 2 E - 0 8 

. 4 6 E - 0 4 

. 1 4 E - 0 2 

. 3 3 E - 0 4 

. 3 8 E - 0 2 

. 1 2 E - 0 8 

. 1 4 E - 0 2 

. 46E-04 

. 1 2 E - 0 8 

. 1 4 E - 0 2 

. 3 8 E - 0 2 

•12E-08 

3 5 E - 0 2 

. 1 2 E - 0 8 

. 1 4 E - 0 2 

. 7 7 E - 0 3 

. 1 2 E - 0 8 

. 3 8 E - 0 2 

.42E+00 

1.0CE+03 

2 . 3 5 E - 0 2 

4 . 0 2 E - 0 9 

1 . 2 9 E - 0 3 

2 .6SE-04 

5.O0E-O7 

5 . 8 6 E - 0 2 

6 . 2 3 E - 0 4 

2 . 3 5 E - 0 2 

1 . 1 2 E - 0 8 

6 .23E-04 

6 . 0 0 E - 0 7 

1 . 7 9 E - 0 3 

6 .23E-04 

2 . 3 5 E - 0 2 

1 .12E-08 

5 . 8 6 E - 0 2 

6 .23E-04 

0 .00E+00 

2 . 3 4 E - 0 2 

6 .23E-04 

7 . 0 6 E - 0 5 

7 . 1 5 E - 0 9 

5 . 7 3 E - 0 2 

S .23E-04 

2 . 3 5 E - 0 2 

1 . 1 2 E - 0 8 

S .23E-04 

5 . 8 6 E - 0 2 

2 . 3 5 E - 0 2 

1 .12E-0S 

6 .23E-04 

5 . 8 6 E - 0 2 

3 . 3 0 E - 0 4 

2 . 3 5 E - 0 2 

1 .12E-08 

5 . 8 6 E - 0 2 

S .23E-04 

1 .12E-08 

5 . 8 6 E - 0 2 

2 . 3 5 E - 0 2 

1 . 1 2 E - 0 8 

2 . 3 2 E - 0 2 

1 .12E-08 

S .86E-02 

1 . 7 7 E - 0 3 

1 . 1 2 E - 0 8 

2 . 3 5 E - 0 2 

7 . 1 3 E - 0 1 

5 . 0 0 E + 0 3 

2 . 1 6 E - 0 2 

4 . 0 2 E - 0 9 

B . 8 3 E - 0 4 

2 . 6 6 E - 0 4 

0.00E+0O 

4 . 0 1 E - 0 2 

1 . 5 3 E - 0 3 

2 . 1 6 E - 0 2 

1 . 1 2 E - 0 8 

1 . 5 3 E - 0 3 

O.OOE+00 

1 . 7 8 E - 0 3 

1 . 5 3 E - 0 3 

2 . 1 6 E - 0 2 

1 . 1 2 E - 0 8 

4 . O 1 E - 0 2 

1 . 5 3 E - 0 3 

O.OOE+00 

3 . 7 2 E - 1 4 

1 . 5 3 E - 0 3 

6 . 4 9 E - 0 5 

7 . 1 5 E - 0 9 

3 . 9 3 E - 0 2 

1 . 5 3 E - 0 3 

2 . 1 4 E - 0 2 

1 . 1 2 E - 0 8 

1 . S 3 E - 0 3 

4 . 0 1 E - 0 2 

2 . 1 6 E - 0 2 

1 . 1 2 E - 0 8 

1 . 5 3 E - 0 3 

4 . 0 1 E - 0 2 

3 . 0 3 E - 0 4 

2 . 1 S E - 0 2 

1 . 1 2 E - 0 8 

4 . 0 1 E - 0 2 

1 . 5 3 E - 0 3 

1 . 1 2 E - 0 8 

4 . 0 1 E - 0 2 

2 . 1 6 E - 0 2 

1 . 1 2 E - 0 8 

2 . 1 3 E - 0 2 

1 . 1 2 E - 0 8 

4 . 0 1 E - 0 2 

1 . 7 1 E - 0 3 

1 . 1 2 E - 0 8 

2 . 1 S E - 0 2 

5 . 3 3 E - 0 1 

1.O0E+O4 

1 . 9 4 E - 0 2 

4 . 0 2 E - 0 9 

S . 5 1 E - 0 4 

2 . 6 6 E - 0 4 

O.OOE+00 

2 . 5 0 E - 0 2 

1 . 6 4 E - 0 3 

1 . 9 5 E - 0 2 

1 . 1 2 E - 0 8 

1 . 6 4 E - 0 3 

O.OOE+00 

1 . 7 6 E - 0 3 

1 . S 4 E - 0 3 

1 . 9 S E - 0 2 

1 . 1 2 E - 0 8 

2 .SOE-02 

1 . 6 4 E - 0 3 

O.OOE+00 

S . 6 S E - 2 9 

1 . 6 4 E - 0 3 

5 . 8 4 E - 0 5 

7 . 1 5 E - 0 9 

2 . 4 5 E - 0 2 

1 . 6 4 E - 0 3 

1 . 9 5 E - 0 2 

1 . 1 2 E - 0 8 

1 . 6 4 E - 0 3 

2 . 5 0 E - 0 2 

1 . 9 S E - 0 2 

1 . 1 2 E - 0 8 

l . M E - 0 3 

2 . 5 0 E - 0 2 

2 . 7 3 E - 0 4 

1 . 9 5 E - 0 2 

1 . 1 2 E - 0 8 

2 . 5 0 E - 0 2 

l . M E - 0 3 

1 . 1 2 E - 0 8 

2 . 5 0 E - 0 2 

1 . 9 5 E - 0 2 

1 . 1 2 E - 0 8 

1 . 9 2 E - 0 2 

1 . 1 2 E - 0 8 

2 . 5 0 E - 0 2 

1 . 6 3 E - 0 3 

1 . 1 2 E - 0 8 

1 . 9 5 E - 0 2 

3 . 9 4 E - 0 1 

5 . 0 0 E + 0 4 

8 . 3 3 E - 0 3 

4 . 0 2 E - 0 9 

1 . 2 6 E - 0 S 

2 . 6 5 E - 0 4 

O.OOE+00 

5 . 7 4 E - 0 4 

1 . 1 8 E - 0 3 

8 . 3 5 E - 0 3 

1 . 1 2 E - 0 8 

1 . 1 8 E - 0 3 

O.OOE+00 

1 . 6 4 E - 0 3 

1 . 1 8 E - 0 3 

8 . 3 5 E - 0 3 

1 . 1 2 E - 0 8 

S . 7 4 E - 0 4 

1 . 1 8 E - 0 3 

O.OOE+00 

O.OOE+00 

1 . 1 8 E - 0 3 

2 . 5 1 E - 0 5 

7 . 1 5 E - 0 9 

5 . 6 2 E - 0 4 

1 . 1 8 E - 0 3 

8 . 3 5 E - 0 3 

1 . 1 2 E - 0 8 

1 . 1 8 E - 0 3 

5 . 7 4 E - 0 4 

8 . 3 S E - 0 3 

1 . 1 2 E - 0 8 

1 . 1 8 E - 0 3 

5 . 7 4 E - 0 4 

1 . 1 7 E - 0 4 

8 . 3 5 E - 0 3 

1 . 1 2 E - 0 8 

5 . 7 4 E - 0 4 

1 . 1 8 E - 0 3 

1 . 1 2 E - 0 8 

5 . 7 4 E - 0 4 

8 . 3 5 E - 0 3 

1 . 1 2 E - 0 8 

8 . 2 4 E - 0 3 

1 . 1 2 E - 0 8 

5 . 7 4 E - 0 4 

1 . I 6 E - 0 3 

1 . 1 2 E - 0 8 

8 . 3 5 E - 0 3 

9 . 3 4 E - 0 2 

1 .00E+05 

2 . 8 9 E - 0 3 

4 . 0 2 E - 0 9 

1 . 1 3 E - 0 7 

2 . 6 4 E - 0 4 

O.00E+00 

5 . 1 2 E - 0 6 

7 . 6 5 E - 0 4 

2 . 9 0 E - 0 3 

1 . 1 2 E - 0 8 

7 . 6 5 E - 0 4 

O.OOE+00 

1 . 4 9 E - 0 3 

7 . 6 5 E - 0 4 

2 . 9 0 E - 0 3 

1 . 1 2 E - 0 8 

5 . 1 2 E - 0 6 

7 . 6 5 E - 0 4 

O.OOE+00 

O.OOE+00 

7 . 6 5 E - 0 4 

8 . 7 1 E - 0 6 

7 . 1 5 E - 0 9 

5 . 0 1 E - 0 6 

7 . 6 5 E - 0 4 

2 . 9 0 E - 0 3 

I . 1 2 E - 0 8 

7 . 6 5 E - 0 4 

5 . 1 2 E - 0 6 

2 . 9 0 E - 0 3 

1 . 1 2 E - 0 8 

7 . 6 5 E - 0 4 

5 . 1 2 E - 0 6 

4 . 0 6 E - 0 5 

2 . 9 0 E - 0 3 

1 . 1 2 E - 0 8 

5 . 1 2 E - 0 6 

7 . S 5 E - 0 4 

1 . 1 2 E - 0 8 

5 . 1 2 E - 0 6 

2 . 9 0 E - 0 3 

1 . 1 2 E - 0 8 

2 . 8 6 E - 0 3 

1 .12E-0B 

5 . 1 2 E - 0 6 

7 . 4 9 E - 0 4 

1 . 1 2 E - 0 8 

2 . 9 0 E - 0 3 

3 . 5 5 E - 0 2 

1 .00E+06 

1 . S 7 E - 1 1 

4 . 0 2 E - 0 9 

O.OOE+00 

2 . S 3 E - 0 4 

O.OOE+00 

O.OOE+00 

3 . 1 S E - 0 7 

1 . 5 7 E - 1 1 

1 . 1 2 E - 0 8 

3 . 1 5 E - 0 7 

O.OOE+00 

2 . 7 4 E - 0 4 

3 . 1 5 E - 0 7 

1 . 5 7 E - 1 1 

1 . 1 2 E - 0 8 

O.OOE+00 

3 . 1 S E - 0 7 

O.OOE+00 

0 .00E+00 

3 . 1 5 E - 0 7 

4 . 7 2 E - 1 4 

7 . 1 5 E - 0 9 

O.OOE+00 

3 . I 5 E - 0 7 

1 . 5 7 E - 1 1 

1 . 1 2 E - 0 8 

3 . 1 5 E - 0 7 

O.OOE+00 

1 . 5 7 E - 1 1 

1 . 1 2 E - 0 8 

3 . 1 5 E - 0 7 

O.00E+00 

2 . 2 0 E - 1 3 

1 . 5 7 E - 1 1 

1 . 1 2 E - 0 8 

O.OOE+00 

3 . 1 5 E - 0 7 

1 . 1 2 E - 0 8 

O.OOE+00 

1 . 5 7 E - 1 1 

1 . 1 2 E - 0 8 

1 . 5 5 E - 1 1 

1 . 1 2 E - 0 8 

O.OOE+00 

3 . 0 9 E - 0 7 

1 . 1 2 E - 0 8 

1 . 5 7 E - 1 1 

S .30E-04 

1.00E+07 

O.OOE+00 

4 . 0 2 E - 0 9 

O.OOE+OO 

1 .S4E-04 

O.OOE+00 

O.OOE+OO 

O.OOE+00 

O.OOE+OO 

1 .12E-08 

O.OOE+00 

O.OOE+OO 

1 . 2 0 E - 1 1 

O.OOE+00 

O.OOE+00 

1 .12E-08 

O.OOE+OO 

O.OOE+OO 

O.OOE+00 

O.OOE+OO 

O.OOE+OO 

O.OOE+00 

7 . 1 4 E - 0 9 

O.OOE+OO 

O.OOE+00 

O.OOE+00 

1 .12E-08 

O.OOE+OO 

O.OOE+00 

O.OOE+00 

1 .12E-08 

O.OOE+00 

O.OOE+00 

O.OOE+OO 

O.OOE+00 

1 .12E-0S 

O.OOE+00 

O.OOE+00 

1 .12E-08 

O.OOE+OO 

O.OOE+00 

1.12E-0B 

O.OOE+00 

1 .12E-08 

O.OOE+00 

O.OOE+00 

1 . 1 2 E - 0 8 

O.OOE+00 

1 .64E-04 

Table 7: Spallation product activities for recycling scheme t.(c) 
[minor actinide recycling with additional piutonium and uranium partitioning]. 
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NUCLIDE RADIOACTIVITY. C'JRIES 
BASIS - 1 KG FULLY TRANSMUTED MA MIXTURE 

TIME UNIT-YRS 

MN 53 
MM 54 
FE 55 
FE 60 
CO 57 
CO 60 
NI 59 
NI 63 
ZS 65 
SE 75 
SE 79 
KR 81 
KR 85 
R3 83 
RB 87 
SR 90 

Y 88 
Y 90 

ZR 88 
ZR 93 
N3 93M 
NB 94 
MO 93 
TC 97 
TC 98 
TC 99 
RU106 
Rril 01 
RH102 
RH106 
PD107 
AG109M 
AG110 
CD109 
CD113M 
SN113 
SN119M 
SN123 
SN126 
S312S 
SB126 
SB126K 
TE123 
TE125M 
TE127 
TE127M 

1129 
CS134 
CS135 
CS137 
BA133 
BA137M 
LAI 38 
CE139 
CE142 
CE144 
PRH4 
PRH4M 
PMU3 
PM144 
PKH5 
PM146 
PM147 
SMI 4 5 
SMH7 
SMI 51 
E0149 
EU150 
EU152 
EU154 
EU155 
GDI < 8 
GD150 
GDI 51 
GDI 53 
TBI 57 
TBI 58 
DY159 
HO 163 
TM168 

TOTAL 

INITIAL 

4 
3 
1 
3 
6 
8 
2 
1 
7 
1. 
2 
4 
2 
6 
1 
1. 
5 
S 
2 
5 
4 
1. 
1 
1. 
4 
1. 
9, 
2. 
8, 
4, 
4. 
3 , 
5. 
1. 
1, 
3 . 
2. 
2. 
B. 
3 , 
1. 
2. 
3 . 
5, 
5. 
4. 
2. 
2. 
3 . 
3 . 
2. 
7. 
4, 
4. 
3 . 
£. 
7, 
6. 
3 . 
3 . 
6. 
2, 
5. 
5. 
1 . 
9. 
2 . 
1 . 
3 . 
7. 
3 . 
1 . 
9. 
5. 
1 . 
1 . 
2 . 
4 . 
2 . 
6. 

2 . 

.SOE-OS 

.93E+02 

.25E+02 

. 9 2 E - 0 3 

.78E+02 

. 1 7 E - 1 2 

. 2 4 E - 0 3 

.18E+01 

.55E+02 

.56E+03 

. 3 3 E - 0 2 

.01E-03 

.82E+02 

.41E+03 

.11E-07 

.92E+02 

.76E+03 

.OfiE+05 

.21E+03 

.13E-03 

.47E-12 

. 51E-01 

. 36E-01 

. 1 0 E - 0 3 

.80E-04 

. 5 1 E - 0 2 

.39E+03 

.55E+02 

.70E+02 

.S6E+09 

.40E-04 

.63E+04 

.36E+03 

.08E+03 

.36E-04 

.20E+03 

.23E-01 

.84E+04 

.92E-02 

.14E+03 

.83E+05 

.63E-05 

.22E-10 

.0OE-O5 

.99E+06 

.00E-03 
•96E-04 
.94E+03 
.07E-03 
.36E+02 
.37E+02 
.18E-01 
•97E-08 
.92E+03 
. 53E-08 
.52E+03 
.16E+07 
•26E-02 
.03E-01 
.52E+02 
.6SE+01 
.13E+02 
.13E+02 
.42E+02 
26E-08 

.OSE+OO 
64E+03 

.41E+01 
88E+01 
82E+01 

,15E+02 
.72E+00 
.4SE-0S 
-12E+02 
02E+03 

-12E+00 
24E+00 
26E+02 
04E+O1 
60E+02 

50E+13 

1 

4 
1 
i 

3 
6 
2 
2 
1 
2 
8 
8 
7 
2 
1 
3 
5 
6 
5 
1 
3 
1 
1 
1 
1 
4 
2 
3, 
4. 
7. 
3 , 
6, 
5, 
2. 
5. 
2, 
9, 
5. 
1. 
1. 
7. 
2, 
1, 
4, 
1, 
1. 
1. 
2, 
1, 
1, 
8, 
2, 
8, 
4, 
7, 
2 , 
3 , 
3 , 
4, 
3 , 
2, 
7, 
6, 
4, 
4 . 
1 . 
8. 
6, 
1 . 
2 . 
3 , 
2 , 
1 . 
9. 
7. 
3 . 
5. 
2 . 
5. 
2 . 
1 . 

5. 

.00E+01 

.SOE-OS 

. 1 9 E - 0 1 

.42E+01 

. 9 2 E - 0 3 

. 1 0 E - 0 2 

. 8 7 E - 0 3 

. 2 4 E - 0 3 

.S7E+01 

. 3 7 E - 0 2 

. 1 4 E - 0 7 

. 2 8 E - 0 2 

. 2 1 E - 0 3 

.1SE+02 

. 5 3 E - 0 9 

. 6 5 E - 0 7 

.4SE+02 

. 7 2 E - 0 7 

.45E+02 

. 4 7 E - 1 0 

. 3 5 E - 0 2 

. 4 0 E - 0 2 

. 5 1 E - 0 1 

. 3 6 E - 0 1 

. 2 3 E - 0 3 

. 8 0 E - 0 4 

. 0 7 E - 0 1 

.87E+01 

.37E+01 

.98E+01 

.87E+01 

. 2 9 E - 0 3 

.64E+00 

. 3 3 E - 0 1 

.64E+00 

.06E+01 

. 0 8 E - 0 7 

. 3 4 E - 0 3 
•71E-04 
. 8 7 E - 0 1 
.96E+02 
. 6 1 E - 0 2 
. 8 7 E - 0 1 
.07E-1O 
.94E+02 
. 0 2 E - 0 6 
• 05E-06 
. 0 1 E - 0 3 
.02E+02 
. 7 0 E - 0 2 
.70E+02 
.22E+02 
.23E+02 
. 97E-08 
. 01E-05 
. 69E-07 
.51E+00 
.S1E+00 
. 2 1 E - 0 2 
. 3 1 E - 0 2 
.5OE-01 
.21E+01 
.08E+01 
.48E+02 
• 2 5 E - 0 1 
. 57E-07 
.73E+01 
. 4 5 E - 0 9 
.16E+01 
,28E+01 
.49E+01 
.07E+02 
.61E+00 
45E-0S 

.14E-07 

.48E-02 
,35E+00 
.14E+00 
22E-0S 

.48E+01 

. 04E-09 

,5£E+03 

1. 

4. 
0. 
1, 
3, 
0. 
3, 
2, 
8. 
0. 
0, 
8. 
7, 
6, 
0. 
3. 
S, 
0, 
5. 
0. 
3, 
3, 
1, 
1, 
1. 
4. 
2. 
0. 
2, 
3. 
0. 
6. 
0. 
0. 
0. 
2. 
0. 
0. 
0. 
1. 
9. 
2. 
1. 
4. 
2. 
0. 
0. 
2. 
7, 
1, 
1. 
6. 
1. 
4. 
0. 
2. 
0. 
0. 
0. 
0. 
0. 
2. 
7. 
2. 
0. 
1. 
4. 
0. 
2. 
1. 
2. 
4. 
8. 
9. 
0. 
0. 
3 . 
1. 
0. 
3 . 
0. 

4 . 

.OOE+02 

.SOE-OS 

.00E+00 

. 1 7 E - 0 9 

. 9 2 E - 0 3 

.OOE+OO 

.92E-03 

. 2 4 E - 0 3 

.41E+00 

.OOE+OO 

.OOE+OO 

.27E-02 

.21E-03 

.44E-01 

.OOE+OO 

.65E-07 

.93E+01 

.OOE+OO 

.93E+01 

.OOE+OO 

.35E-02 

.17E-02 

. 51E-01 

. 34E-01 

.23E-03 

.80E-04 

.07E-01 

.OOE+OO 

.72E-07 

.67E-08 

.OOE+OO 

.29E-03 

.OOE+OO 

.OOE+OO 

.OOE+OO 

.87E-01 

.OOE+OO 

.OOE+OO 

. OOE+OO 
•87E-01 
•60E-08 
.61E-02 
.87E-01 
.07E-10 
.34E-08 
.OOE+OO 
•00E+00 
.01E-03 
.30E-12 
•70E-02 
•10E+02 
•41E-01 
.04E+02 
.97E-08 
.OOE+OO 
.69E-07 
.OOE+OO 
.OOE+OO 
, OOE+OO 
, OOE+OO 
.OOE+OO 
.13E+00 
.72E-04 
,13E-08 
.OOE+OO 
68E-07 

,4£E+01 
. OOE+OO 
.03E+00 
88E-01 
47E-02 
69E-04 
47E-01 
45E-05 

.OOE+OO 
OOE+00 
53E+00 

.41E+00 
OOE+OO 
7SE+00 
OOE+OO 

02E+02 

5 

4 
0 
0 
3 
0 
3 
2 
5 
0 
0 
8 
7 
3 
0 
3 
3 
0 
3 
0 
3 
3 
1 
1 
1 
4 
2 
0 
0 
0 
0 
6 
0 
0 
0 
1 
0 
0 
0 
1 
0 
2 
1 
4 
0 
0 
0 
2. 
0, 
1. 
1. 
3 , 
1, 
4 
0. 
2. 
0, 
0. 
0. 
0, 
0. 
3 , 
0. 
0. 
0. 
1. 
2. 
0, 
8. 
1. 
2, 
0. 
4. 
9, 
0, 
0, 
5, 
2 . 
0. 
8. 
0. 

4. 

.OOE+02 

.SOE-OS 

.OOE+00 

.OOE+00 

. 9 2 E - 0 3 

.OOE+00 

. 9 2 E - 0 3 

. 2 3 E - 0 3 

. 2 8 E - 0 1 

.OCE+00 

.OOE+OO 

. 2 4 E - 0 2 

. 2 0 E - 0 3 

. 9 2 E - 1 2 

.OOE+OO 

.6SE-07 

. 0 9 E - 0 3 

.OOE+00 

. 0 9 E - 0 3 

.OOE+00 

.3 5E-02 

. 1 8 E - 0 2 

. 4 9 E - 0 1 
•24E-01 
. 2 3 E - 0 3 
. 80E-04 
. 0 6 E - 0 1 
.OOE+00 
.OOE+OO 
.OOE+00 
.OOE+00 
. 2 9 E - 0 3 
.OOE+00 
.00E+00 
.OOE+00 
. 6 2 E - 0 9 
.OOE+00 
.OOE+00 
.OOE+OO 
.86E-01 
.OOE+00 
. 6 0 E - 0 2 
. 8 6 E - 0 1 
. 07E-10 
.OOE+OO 
.OOE+00 
.OOE+OO 
. 0 1 E - 0 3 
.OOE+00 
. 7 0 E - 0 2 
. 1 0 E - 0 2 
•29E-12 
. 0 4 E - 0 2 
. 97E-08 
.OOE+00 
,£9E-07 
.OOE+00 
.OOE+00 
.OOE+00 
,OOE+00 
.OOE+OO 
•38E-07 
.OOE+00 
.OOE+OO 
.OOE+00 
.68E-07 
,2£E+00 
.00E+00 
.85E-04 
. 02E-10 
. 45E-16 
.OOE+OO 
.94E-02 
.44E-05 
.OOE+00 
.OOE+00 
•57E-01 
.23E-01 
.OOE+OO 
•45E-04 
•OOE+OO 

.72E+00 

1, 

4. 
0. 
0, 
3. 
0. 
3. 
2. 
1. 
0. 
0. 
8. 
7. 
3, 
0. 
3 . 
1. 
0. 
1. 
0. 
3 . 
3 . 
1. 
1, 
1. 
4. 
2. 
0. 
0. 
0. 
0. 
6. 
0. 
0. 
0. 
7, 
0, 
0. 
0. 
1. 
0. 
2. 
1. 
4. 
0. 
0. 
0. 
2. 
0. 
1. 
1. 
2. 
1. 
4. 
0. 
2. 
0. 
0. 
0. 
0. 
0. 
l . 
0. 
0. 
0. 
l . 
5. 
0. 
5. 
2 . 
7. 
0. 
1 . 
9. 
0. 
0. 
S. 
2. 
0. 
2 . 
0. 

1. 

•OOE+03 

.49E-0S 

.OOE+OO 

.OOE+OO 

.91E-03 

.OOE+OO 

. 9 1 E - 0 3 
•22E-03 
.66E-02 
.OOE+OO 
.OOE+00 
.19E-02 
.19E-03 
. 74E-26 
.OOE+OO 
•65E-07 
•37E-08 
.OOE+00 
.37E-08 
.OOE+00 
.34E-02 
•18E-02 
•4 6E-01 
.13E-01 
.23E-03 
.80E-04 
.06E-01 
.OOE+OO 
.OOE+OO 
.OOE+00 
.OOE+OO 
.29E-03 
.OOE+00 
.OOE+00 
.OOE+OO 
.91E-20 
.OOE+00 
.OOE+OO 
.OOE+OO 
.85E-01 
.OOE+00 
. 60E-02 
.85E-01 
.07E-10 
.OOE+00 
.OOE+00 
.OOE+00 
•01E-03 
.OOE+00 
.70E-02 
.11E-07 
.S4E-26 
•OSE-07 
.97E-08 
.OOE+00 
.69E-07 
OOE+00 

.OOE+00 

.OOE+00 

.OOE+00 

. OOE+OO 

.07E-15 
, OOE+00 
.OOE+00 
.OOE+00 
,«8E-07 
4SE-02 
OOE+00 
55E-0B 

.70E-22 
66E-34 

.OOE+00 
42E-03 

.44E-0S 
OOE+00 

.OOE+00 

.53E-02 

.21E-02 

.OOE+00 

.33E-0B 

.OOE+00 

.2OE+O0 

5 

4. 
0. 
0, 
3. 
0. 
3 . 
2. 
1, 
0. 
0, 
7. 
7, 
0. 
0, 
3 , 
0, 
0, 
0. 
0, 
3 . 
3 , 
1, 
5, 
1. 
4. 
2. 
0. 
0. 
0. 
0, 
fi. 
0, 
0. 
0. 
0. 
0. 
0. 
0. 
l . 
0. 
2. 
1, 
4. 
0. 
0. 
0. 
2. 
0. 
1. 
0. 
0. 
0. 
4. 
0. 
2. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1, 
6. 
0. 
0. 
0. 
0. 
0, 
6. 
9. 
0. 
0. 
5. 
2. 
0. 
0, 
0. 

9. 

.OOE+03 

.4 9E-0S 

.OOE+OO 

.OOE+OO 

. 8 8 E - 0 3 

.OOE+00 

. 8 8 E - 0 3 
•14E-03 
• S7E-14 
.OOE+OO 
.OOE+OO 
• 8 5 E - 0 2 
. 0 9 E - 0 3 
.OOE+OO 
.OOE+00 
. 6 5 E - 0 7 
.OOE+00 
.OOE+OO 
.OOE+OO 
.OOE+00 
. 3 3 E - 0 2 
•17E-02 
. 2 7 E - 0 1 
. 3 4 E - 0 2 
. 2 3 E - 0 3 
. 8 0 E - 0 4 
. 0 3 E - 0 1 
.OOE+00 
.OOE+OO 
.OOE+OO 
.OOE+OO 
. 2 9 E - 0 3 
.OOE+OO 
.OOE+00 
.OOE+OO 
.OOE+00 
.OOE+OO 
.OOE+OO 
.OOE+OO 
.eoE-oi 
.OOE+OO 
.S2E-02 
,f ; -o i 
.0 J E - 1 0 

.OOE+00 

.OOE+00 

.OOE+OO 

. 0 1 E - 0 3 

.00E+0O 
• 7 0 E - 0 2 
.OOE+OO 
.OOE+00 
.OOE+00 
. 9 7 E - 0 8 
.OOE+00 
. 6 9 E - 0 7 
.00E+0O 
•OOE+OO 
.OOE+00 
.O0E+0O 
.OOE+00 
.OOE+OO 
.OOE+00 
.OOE+OO 
.O0E+0O 
•68E-07 
. 1 3 E - 1 5 
.OOE+00 
.OOE+OO 
.OOE+OO 
.OOE+00 
OOE+00 
4 2E-16 

. 4 3 E - 0 5 

.OOE+00 

.OOE+OO 

. 2 4 E - 1 0 

. lOE-10 
OOE+00 
OOE+OO 

.OOE+OO 

.58E-01 

1. 

4. 
0. 
0. 
3. 
0. 
3. 
2. 
1, 
0. 
0. 
7. 
6. 
0. 
0. 
3 . 
0. 
0. 
0. 
0. 
3 . 
3 . 
1. 
2. 
1. 
4. 
2. 
0. 
0. 
0. 
0. 
6. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1. 
0. 
2. 
1. 
4. 
0. 
0. 
0. 
2. 
0. 
1. 
0. 
0. 
0. 
4. 
0. 
2. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1. 
4. 
0. 
0. 
0. 
0. 
0. 
2. 
9, 
0. 
0. 
4. 
1. 
0. 
0. 
0. 

8. 

.00E+04 

.49E-OS 

.OOE+OO 

.OOE+OO 

. 8 3 E - 0 3 

.OOE+OO 

. 8 3 E - 0 3 

. 0 4 E - 0 3 

. 4 7 E - 2 9 

.OOE+OO 

.OOE+OO 

. 4 4 E - 0 2 
• 9 8 E - 0 3 
.OOE+OO 
.OOE+OO 
. 6 5 E - 0 7 
.OOE+OO 
.OOE+OO 
.OOE+OO 
.OOE+OO 
. 3 2 E - 0 2 
. 1 6 E - 0 2 
. 0 7 E - 0 1 
. 1 0 E - 0 2 
. 2 3 E - 0 3 
. 8 0 E - 0 4 
.OOE-01 
.OOE+00 
.OOE+OO 
.OOE+OO 
.OOE+OO 
. 2 8 E - 0 3 
.OOE+OO 
.OOE+OO 
.OOE+00 
.OOE+OO 
.OOE+OO 
.OOE+OO 
.OOE+OO 
. 7 4 E - 0 1 
.OOE+OO 
. 4 4 E - 0 2 
. 7 4 E - 0 1 
. 0 7 E - 1 0 
.OOE+OO 
.OOE+OO 
.OOE+OO 
. 0 1 E - 0 3 
, OOE+OO 
. 7 0 E - 0 2 
.OOE+OO 
.OOE+OO 
.OOE+OO 
. 9 7 E - 0 8 
.OOE+OO 
. 6 9 E - 0 7 
.OOE+OO 
.OOE+OO 
.OOE+OO 
.OOE+OO 
.OOE+OO 
.OOE+OO 
.OOE+00 
.OOE+OO 
.OOE+OO 
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Table 8: Fission product activities for recycling scheme 2 
[recycling of all spallation products]. 
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NUCLIDE RADIOACTIVITY, CURIES 

BASIS - 1 KG DECAYING KA MIXTURE 

TIME UNIT-YRS 

INITIAL 1.O0E+O1 1 .00E+02 5 . 0 0 E + 0 2 1.00E+03 5 .00E+03 l.COE+04 5 .00E+04 1.0OE+O5 l .OOE+06 I . 0 0 E + 0 7 

TL2C9 O.OOE+00 1 . 8 0 E - 1 0 1 . 8 6 E - 0 8 4 . 9 8 E - 0 7 2 . 1 0 E - 0 6 5 . 4 4 E - 0 5 1 .9SE-04 2 . 0 8 E - 0 3 4 . 2 2 E - 0 3 1 . 0 3 E - 0 2 5 . 2 5 E - 0 4 

P3209 0.00E+O0 8 . 1 9 E - 0 9 8 . 4 5 E - 0 7 2 .2SE-Q5 9 . S 3 E - 0 5 2 . 4 7 E - 0 3 8 . 8 5 E - 0 3 9 . 4 3 E - 0 2 1 . 9 2 E - 0 1 4 . 6 6 E - 0 1 2 . 3 B E - 0 2 

31213 O.OOE+00 8 . 1 9 E - 0 9 8 . 4 5 E - 0 7 2 . 2 6 E - 0 5 9 . S 3 E - 0 S 2 . 4 7 E - 0 3 8 .8SE-03 9 . 4 3 E - 0 2 1 . 9 2 E - 0 1 4 . 6 4 E - 0 1 2 . 3 8 E - 0 2 

P0213 O.OOE+OO 8 . 0 2 E - 0 9 8 . 2 S E - 0 7 2 . 2 1 E - 0 5 9 . 3 2 E - 0 5 2 . 4 2 E - 0 3 8 .C6E-03 9 . 2 3 E - 0 2 1 . 8 8 E - 0 1 4 . 5 S E - 0 1 2 . 3 3 E - 0 2 

AT217 O.OOE+OO 8 . 1 9 E - 0 9 8 . 4 5 E - 0 7 2 . 2 6 E - 0 5 9 . 5 3 E - 0 5 2 . 4 7 E - 0 3 8 . 8 5 E - 0 3 9 . 4 3 E - 0 2 1 . 9 2 E - 0 1 4 . 6 S E - 0 1 2 . 3 B E - 0 2 

FR221 O.OOE+OO 8 . 1 9 E - 0 9 8 . 4 5 E - 0 7 2 . 2 6 E - 0 5 9 . 5 3 E - 0 5 2 . 4 7 E - 0 3 8 . 8 5 E - 0 3 9 . 4 3 E - 0 2 1 . 9 2 E - 0 1 4 . 6 6 E - 0 1 2 . 3 8 E - 0 2 

RA225 O.OOE+00 8 . 1 9 E - 0 9 8 . 4 5 E - 0 7 2 . 2 6 E - 0 5 9 . 5 3 E - 0 5 2 . 4 7 E - 0 3 8 . 8 5 E - 0 3 9 . 4 3 E - 0 2 1 . 9 2 E - 0 1 4 . 6 « E - 0 1 2 . 3 8 E - 0 2 

AC22S O.OOE+00 8 . 1 9 E - 0 9 8 . 4 S E - 0 7 2 . 2 6 E - 0 5 9 . 5 3 E - 0 S 2 . 4 7 E - 0 3 8 . 8 S E - 0 3 9 . 4 3 E - 0 2 1 . 9 2 E - 0 1 4 . 6 6 E - 0 1 2 . 3 S E - 0 2 

TH229 O.OOE+00 8 . 1 9 E - 0 9 8 . 4 S E - 0 7 2 . 2 6 E - 0 5 9 .S3E-05 2 . 4 7 E - 0 3 8 . 8 S E - 0 3 9 . 4 3 E - 0 2 1 . 9 2 E - 0 1 4 . 6 6 E - 0 1 2 . 3 8 E - 0 2 

TH230 O.OOE+00 3 . 1 0 E - 1 0 2 . 5 1 E - 0 7 1 . 1 5 E - 0 5 3 . 7 3 E - 0 5 2 . 5 8 E - 0 4 5 . 1 9 E - 0 4 2 . 1 3 E - 0 3 3 . 2 4 E - 0 3 5 . 7 8 E - 0 4 S . U E - 1 5 

PA233 5 . 3 9 E - 0 8 4 . 0 S E - 0 1 4 . 3 2 E - 0 1 5 . 1 5 E - 0 1 5 .SSE-01 6 . 0 6 E - 0 1 6 . 0 5 E - 0 1 5 .97E-OI 5 .B8E-01 4 . 3 9 E - 0 1 2 . 3 8 E - 0 2 

U233 2 . 4 8 E - 2 1 1 . 7 4 E - 0 5 1 . 8 2 E - 0 4 1 . 0 1 E - 0 3 2 . 1 9 E - 0 3 1 . 2 5 E - 0 2 2 . S 3 E - 0 2 1 . 1 7 E - 0 I 2 . I O E - 0 1 4 . 6 S E - 0 1 2 . 3 8 E - 0 2 

U234 O.OOE+OO l . O S E - 0 5 7 . 8 6 E - 0 4 5 . 1 4 E - 0 3 6 . 3 9 E - 0 3 6 . 4 7 E - 0 3 C.38E-03 5 . 7 0 E - 0 3 4 . 9 S E - 0 3 3 . 8 8 E - 0 4 3 . 4 4 E - 1 5 

L'236 9 . 6 1 E - 2 5 2 . 5 3 E - 0 7 1 . 1 1 E - 0 S 6 . 9 4 E - 0 5 1 . 3 9 E - 0 4 5 . 8 0 E - 0 4 9 . 2 5 E - 0 4 1 . 4 1 E - 0 3 1 . 4 2 E - 0 3 1 . 3 8 E - 0 3 1 . 0 6 E - 0 3 

NP237 4 . 0 2 E - 0 1 4 . 0 5 E - 0 1 4 . 3 2 E - 0 1 5 . 1 5 E - 0 1 5 . 6 5 E - 0 1 6 . 0 6 E - 0 1 6 . 0 5 E - 0 1 5 . 9 7 E - 0 1 5 . 8 8 E - 0 1 4 . 3 9 E - 0 1 2 . 3 8 E - 0 2 

SP238 1 . 0 0 E - 0 7 5 . 0 S E - 0 2 3 . 3 5 E - 0 2 5 . 4 1 E - 0 3 S .S4E-04 6 . 7 0 E - 1 2 8 . S 0 E - 2 2 O.OOE+OO O.OOE+00 O.OOE+OO O.OOE+OO 

SP239 3 . 7 4 E - 0 5 2 . 1 9 E + 0 1 2 . 1 7 E + 0 1 2 .09E+01 1 .99E+01 I . 3 7 E + 0 1 8.56E+0O 1 . 9 9 E - 0 1 1 . 8 1 E - 0 3 O.OOE+OO O.OOE+OO 

P:.'238 8 . 3 6 E - 1 8 7 . 3 S E - 0 1 4 .48E+00 2 .08E+00 2 . 5 3 E - 0 1 3 . 1 8 E - 0 9 4 . 0 3 E - 1 9 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 

PU239 1 . 0 8 E - 1 1 1 . 2 3 E - 0 2 8 . 8 0 E - 0 2 3 . 3 3 E - 0 1 6 . 1 9 E - 0 1 2 .35E+00 3 .49E+00 2 . 2 1 E + 0 0 5 . 4 7 E - 0 1 3 . 2 9 E - 1 2 O.OOE+OO 

PU240 3 . 0 7 E - 0 9 1 .61E+00 4 .92E+00 4 .82E+00 4 .57E+00 3 . 0 0 E + 0 0 1 .77E+00 2 . 6 1 E - 0 2 1 . 3 4 E - 0 4 O.OOE+OO O.OOE+OO 

PJ241 1 . 1 6 E - 1 0 5 . 7 8 E - 0 2 1 . 4 9 E - 0 1 1 . 4 S E - 0 1 1 . 4 0 E - 0 1 1 .O1E-01 S.70E-O2 2 . 5 7 E - 0 3 4 . 3 7 E - 0 5 O.OOE+OO O.OOE+OO 

W.2tl 1 .01E+03 9 . 9 6 E + 0 2 8.f i3E+02 4 .54E+02 2 .04E+02 4 . 3 9 E - 0 1 6 . 7 1 E - 0 2 2 . 5 7 E - 0 3 4 . 3 7 E - 0 5 O.OOE+OO O.OOE+OO 

AX242 6 . 3 3 E - 0 5 1 . 0 1 E + 0 I 6 .67E+00 1 .08E+00 l . l O E - 0 1 1 . 3 3 E - 0 9 1 . 6 9 E - 1 9 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 

AK242K 1.06E+01 1.01E+O1 6 .70E+00 1 .08E+00 1 . 1 1 E - 0 1 1 . 3 4 E - 0 9 1 . 7 0 E - 1 9 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 

AM243 2 .19E+01 2 . 1 9 E + 0 1 2 . 1 7 E + 0 1 2 .09E+01 1 .99E+01 1 .37E+01 B.StE+OO 1 . 9 9 E - 0 1 1 . 8 1 E - 0 3 O.OOE+OO O.OOE+OO 

CM242 1 . 0 4 E - 1 2 1 .01E+01 6 .67E+00 1 .08E+00 l . l O E - 0 1 I . 3 4 E - 0 9 1 . 7 0 E - 1 9 O.OOE+OO O.OOE+OO O.OOE+00 O.OOE+OO 

CM 4 3 2 .38E+01 l . i S E + O l 2.O9E+0O 1 . 2 S E - 0 4 6 . 5 9 E - 1 0 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+00 

CK244 1.B4E+03 1 .25E+03 4.O1E+01 9 . 0 7 E - 0 6 4 .4BE-14 O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO O.OOE+OO 

CM245 1 . 5 1 E - 0 1 1 . 5 1 E - 0 1 1 .50E-O1 1 . 4 5 E - 0 1 1 . 3 9 E - 0 1 1 . 0 1 E - 0 1 6 . S 9 E - 0 2 2 . 5 7 E - 0 3 4 . 3 6 E - 0 5 O.OOE+OO O.OOE+OO 

TOTAL 2 .91E+03 2 .3SE+03 9 .79E+02 5 . 0 8 E + 0 2 2 .S1E+02 3 . 4 6 E + 0 1 2 .39E+0J 4.74E+0O 3 .S1E+00 S .08E+00 2 . S 6 E - 0 1 

Table 9: Activities of the original minor actinide mixture and its decay products. 
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Spallation Product Toxicity 
MA recycling without further partitioning 
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Spallation Product Toxicity 
MA recycling with additional Pu partitioning 
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Spallation Product Toxicity 
MA recycling with additional Pu/U partitioning 
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Fission Product Toxicity 
recycling of all spallation products 
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Long-term Toxicity of Remaining Waste 
for different recycling schemes 
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Toxicity of original MA mixture 
and its decay products 
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Overall Activities 
for different recycling schemes 
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Abstract 

Recently it is often said that there are some disagreemennts in the 

computational results between spallation reaction simulation codes such as 

NMTC.HETC and their modified versions. We examined the difference of 

product yields in the high energy fission reaction calculation between 

NMTC/JAERI and HETC/KFA2, which was pointed out by PSI at the first OMEGA 

Meeting at 1990. Our calculation results showed that the difference is 

mainly due to the estimation of the width of post-fission yield curve. We 

also discussed the influence of the difference on the number of neutrons 

generated in the high energy reaction procedure, which is the most impor

tant factor in the design study of accelerator-based transmutaion system. 
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I . Introduct ion 

According to the OMEGA project JAERi are performing the baisic 

research and development for * Proton Accelerator-based Transmutation in 

trie following i te»s. 

*(I) development of design code system including the spallation cascade 

code. 

(2) proton-induced spallation integral experiment. 

(3) conceptual design study of minor actinide transmutation system and 

(4) development of an intense proton accelerator. 

It is important to use computer codes with high precision for analyz

ing the physical processes in an. intense neutron source induced by the 

high energy proton beam and designing the accelerator-based transmutation 

system. In this report our study fork is restricted on the development of 

the simulation codes, especially, the spallation cascade code. It has 

been recently said that there are some disagreemennts in the computational 

results obtained using the spallation cascade codes such as NMTC.HETC and 

their modified versions (ORN'L version. BNL Version. NMTC/JAERI. HETC/KFA2, 

HETLAT e t c ) . In particular there seem some problems between High Energy 

Fission (HEF) calculation models which mere not involved in the original 

W T C and HETC. The discrepancy between the predictions by different HEF 

models was pointed out by the PSI researcher at the first OMEGA Meeting at 

19S3. We started the calculation study to find out the main cause for the 

disrepancies on fission products predicted from the spallation and cascad 

ecodes .NMTC/JAERI and HETC/KFA2 by changing the parameter values such as 

fission probabi1ity(Pf) and a of Gaussian distribution curve determining 

the yield of fission products. 

In this procceeding paper at first we tould like to explain the JAERI 

code system developed for the conceptual design study of accelerator-

based transmutation. Next brief descriptions for the calcul ationa1 model 

of high energy fission model are given. The several mass yield curves of 

products are shown for the some cases set up to a thick and a thin 2 , 7 N p 

targets irradiated by 1 GeV and 590 MeV protons. By comparing these 

calculation results discussions about the causes giving the discrepancies 

are carried out. At last we summarize the results obtained at the present 

research step and describe the calculation plan in the near future. 

n . Simulation Code System 

Figure I is the flow chart showing the mutual relations among the 
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simulation cede systens developed at JAER1. As Nuclear Reaction Simula-

tion Codes. NMTC/JAER1-NMTA and NUCLEUS codes are prepared for the energy 

range above 15 MeV and MORSE-DD. SP-ACE and TWOTRAN II for the range below 

15 MeV. ORIGEN-2 and SPCHAIN calculate the time evolution process of TRU 

transmutation products in the lower and upper energy ranges respectively. 

The High Energy Nuclear Reactions and Nucleon-Meson Transport Code NMTC/JA 

ERI is the main code in this code system. The codes included in the right 

part of thi3 figure can simulate the high energy nuclear reactions above 

15 MeV and ones in the left part carry out the neutron transport 

calculation below 15 MeV. 

(a) N M T C / J A E R I " 

The NMTC/JAERI code is used for the Monte Carlo simulations of nuclear 

spallation induced by incident p a r t i c l e s ( proton, neutron, pion ) from an 

external source in a heterogeneous medium. The subsequent internuclear 

transport processes is also calculated in the energy range of 15 MeV to 3 

GeV. In the JAERI version, the fission process (JAERI HEF model) has been 

incorporated as a competing process with particle evaporation. The range 

of mass number A of nuclides in the target has been extended from[ A=l;8< 

A< 239] to [ A=l: 6< A < 250 ] . The major part of NMTC is almost the same 

as the old version of HETC. The detail descriptions about NMTC/JAERI had 

given by Nakahara at the former conference ICANS-IV.*' This code's main 

purposes are to perform the design study of transuranium nuclides (TRU) 

transmutation target-core system driven by a proton accelerator and 

analyze the data measured in spallation experiments. Analyses of the beam 

window on the spallation target and accelerator strucutral materials 

irradiated by high energy particle beam will be carried out using this 

code also. 

(b) N M T A / J A E R I " 

In the improved version of NMTA, which is named to the routines 

analyzing statistically the Monte Carlo events in the NMTC/JAERI comput

ation, the new subroutine HEATDP have been instal'ed. HEATDP was 

developed at JAERI to calculate the energy deposition and its spatial 

distribution for each component such as ionization loss energy and 

recioling energy of fission and spallation products without r -day heating 

of excited residual nuclei in the high energy range. 

(c)NUCLEUS 4'- S)' "' 

The NUCLEUS code has been developed by modifying and combining the 

Monte Carlo codes NMTC/JAERI and a routine in NMTA/JAERI. This code 
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includes the statistical routine PROCES (poducts. particle emission) but 

the part calculating the internuclear cascade is rejected. The Uno & 

Yamada' s mass formula routine revised by the recent measured data, has 

newly been equipped as another option. The NUCLEUS simulates the nuclear 

spallation reaction between a single target nucleus and a projectile in 

order to make direct evaluations of physical and computational codels 

efficiently. The results obtained with this code can also be compared 

directly with the data of thin foil spallation experiment, in which the 

internuclear multiple scattering have little effects, 

(d) Other codes "• •>• 9) • ,0>- ,,)- 12) 

For the whole energy range less than 3 GeV, a simulation code system, 

ACCEL had been developed by connecting NMTC/JAERI with the neutron 

transport code TfOTRAN-II or MORSE-DD. This code system was often used 

for the actual design computation of the transmutation system which 

consists of an intense proton accelerator and a TRU alloy fuelled core at 

the subcritical state. The SPCHA1N code, which is being developed on the 

base of the depletion code DCHAIN2 for the decay and built-up of fission 

products in a nuclear reactor, can calculate the time evolution process of 

spallation products SP. The new nuclear data have been compiled in 

SPCHA1N data file for about 1100 nuclides needed for TRU 'spallation 

calculat i on . 

m . Calculational Model of High Energy Fission '"• 14)- ,* K " ) 

Since the theory and calculational formulation of High Energy Fission 

model were described in detail in references (1) and (13), the brief 

descriptions is given in the present report only for parameters, of which 

the effect on the HEF prediction are examined. 

As well known, the fission probability Pf is given based on the statis

tical theory in the folowing equations, 

P f = 1 / ( 1 + r n / r f ) , (1) 

r n / T f = 4 A < 2 / 3 ) a f ( E - Qn) / K O a f { 2 a f , / 2 ( E - E f ) 1 / 2 - 1} 

x e x p { 2 a n ( , / " ( E - Q n ) , / 2 - 2 a n ' " ( E - E f ) , / 2 J , 

(2) 
where 

A = Mass of fissioning nucleus, 

E = Excitation energy of fissioning nucleus. 
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Qn = Neut ron b i n d i n g e n e r g y , 

KO = h 1 / ( 8 i ! m r , : ) ~ 13 MeV. 

E f = Fission barrier height, 

a n = Energy level dendity parameter for neutron 

evaporation, 

a f = Energy level dendity parameter for fission. 

The Evaporation Probability of particle x, which makes the direct 

contribution to the HEF prediction through the particle evaporation froi 

the fisson fragment, was formulated by Weisskopf as 

P x = 

where 

S x 

m x 

£ 

Qx 

o ex 

E 

( 2 S x + l ) m x £ ffcx ( E ) O ) ( E ) (3) 

= Part icle x's spin 

= Part icle x"s mass 

Part icle X's energy 

Particle x's binding energy 

= Cross section for the inverse reaction 

Excitation energy of residual nucleus 

after x emission 

= (Excitation energy of compound nucleus) 

- e - Q x 

a> ( E ) = Energy level density of residual nucleus. 

< Hurwitz & Bethe Expression> 

(o ( E ) = &> „ e x p (2 (a ( E - 6 ) ) , / 2) 

< LeCouteur Expression > 

a = A / B O - ( 1 + Y • A 2 / A ! ) 

A = A - 2 Z 

BO = 8, 14 MeV Y ~ 1. 5 

(4) 

(5) 

The masses of fission fragment after fission is randamly selected from 

the Gaussian distributions with the mean value A. and the appropriate a -

value. In J AERI HEF model the mass number of a frament produced in the 

fission of target nuc1eus(mass numnber Ao) is determined for actinides 

from the three peak Gaussian distribution (two or one peak approximation 

in actual computations) with mean values of A»i = 0.4Ao, A B»= 0.6Ao).(A« 2 = 

0. 5Ao) and for subactinides from the one peak Gaussian with A m J = 0.5A 0. 
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When E x and E f denote the excitation energy of fissioning nucleus and 

the fission barrier height respectively. the a- value is given accordin 

g the following Neuzil and Fairhall's equation. 

a , = 0. 8 4 9 3 2 K U + 7 ) . (5) 

where U = E x - E f . (6) 

It is assumed that every Gaussian curve has the same a -value. 

On the other hand in RAL HEF model the mass number of a fragment 

produced in the fission of a target nucleus(mass numnber AO) is determined 

for Z ! / A o > 3 5 from the symmetric or asymmetric (two peaks) Gaussian 

distribution with the mean value A B J = 1 4 0 , a R = 6 . 5 and the asymmetric 

probability = F / U + F ) . where F=4870exp(-0. 3.6Ex). and for Z 2 / A „ ^ 3 5 from 

the symmetric (one peak) Gaussian with A«,2 = 0 . 5 A O and the a - v a l u e 

calculated by the following equation, 

a „ = 3.97 + 0.425U - 2.12 xlO"' U * . (7) 

The flow chart for calculating the fission probability in HETC/KFA2 is 

shown in Fig. 2 and almost the same to one in NMTC/JAER1. Figures 3 and 4 

are copies of the calculation examples representing the large difference 

in the yield curve obtained from the diferent calculation models of high 

energy fission, which was presented by the participant from PSI at the 

OECD/NEA Information Exchane Meeting held in Mito in 1990. The mass yield 

distribution of products in a thin 2 3 T N p pellet for proton energies of 1 

GeV and 590 MeV are represented in Fig. 3 and one in a thick 2 J 7 N p target 

for 1 GeV proton energy in Fig.4. Although comparing with JAERI results 

in the original figures we replaced them by the new clear images shown in 

the next session since the copy of our distribution images was very poor. 

In the present report our study work is focused on the intercomparison of 

results calculated by JAERI and RA1 models. 

IV. Calculation Results and Discussion 

To search the cause for the difference described above we set up the 

caleu lational problems in the following items, 

(1) mass yield ditribution of products in a thick cylinder target( 552 

cm ^ x 500 cm ) and a thin pel let( 10 cm # x 2 cm ), which are 

made of * " N p metal with 1 GeV and 590 MeV of incident protons, 
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(2) sass yield distribution of products and number of evaporated 

particles from a *'Fe nucleus with 1 GeV and 590 MeV protons. 

(3) mass yield distribution of products from a 2 1 7 N p nucleus with 1 

GeV and 590 MeV incident protons for some combinations of HEF 

parameters, 

(4) number of spallation neutrons generated in the thick cylinder. 

Our first approach to the problem is to certify the real differnece 

between mass yield predictions by recalculation using the NMTC/JAERI and 

HETC/KFA2 codes. The item (2) are calculated and checked as an example of 

the high energy reaction in a light nucleus with few fission. Next we are 

searching the cause by trying the reproduction of the HETC/KFA predictions 

using the NMTC/JAERI or NUCLEUS code with the change of some parameter 

values such as BO, Pf and a in the HEF model. At last the uncertainty of 

spallation neutron production are examined for esitimating the influence 

on the conceptual study of accelerator-based transmutation system. 

Mass yield distributions of products in the thin *' rNp pellet irradiated 

by 1 GeV and 590 MeV protons were recalculated using the JAERI code with 

BO = 8 MeV as seen in Figs. 5 and 6 respectively. These histograms repre

sents the distributions of fission products with the relatively lower 

height over the tide range of mass number, compared with the corresponding 

curves given by the PSI code. Conversely for the mass yields of non-

fission p r o d u c t 0 near the target nuclide the JAERI code gives the value 

larger than the PSI code. In Fig.7 the mass yield distribution in the 

thick 2 , 7 N p target irradiated by 1 GeV protons was calculated using the 

NMTC/JAERI code for the case of BO = 14 MeV. Apparently the discrepancy 

of both distribution shapes near the maiximuu height has been reduced 

considerably. However the BO is not considered to be the main parameter 

causinig the discrepancy because of the large remainig difference. Mass 

yield distributions of products from the spallation reaction in a s , F e 

nucleus were compared among the cases of a) 1 GeV and 590 MeV with HETC/ 

KFA2 and b) 1 GeV and c) 590 MeV with NUCLEUS. Table 1 summarizes also 

the number of particles emitted from the 6 * F e reaction for NUCLEUS and 

HETC/KFA2(THIN) calculations with B0 "= 8 MeV and proton energies of 1 GeV 

and 590 MeV. As seen from these results the product yield in the high 

energy reaction in a light nucleus with few fissions agrees each other 

within statistical errors. So it is not neccesary to check the part 

calculating the spallation reaction without high energy fission in both 

codes. 
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For the parameter Pf the concrete data used in both codes were checked 

up. Figure 9 shows the dependence of fission probability on the mass 

number of some actinide and subactinide nuclei with excitation energies 

of 20. 50 and 100 MeV. which is written on the code manual of HETC/KPA2. 

The Pf-values was directly compared with one computed by the NMTC/JAERI 

code for each excitation energy of fissioning nucleus in Fig. 10. The solid 

lines with the square symbol and with no symbol denote the variations of 

Pf on the mass number A of fissionning nucleus by NMTC/JAERI and HETC/KFA2 

respectively. At the excitation energy ~ 2 0 MeV Pf for actinides ( A ^ 2 2 5 

) varies only in the range above 0.1 and both curves is almost in agree

ment. At the excitation energy a b o v e ~ 5 0 MeV the Pf value by NMTC/JAERI 

is in avarage larger than one by HETC/KFA2 for actinides but HETC/KFA2 

gives some peaks representing the high fission probability for 

subactin ides. The following approximate condition has been defined instead 

of HETC/KFA2 curves as 

225 ^ A § 215 Ex ^ 50 MeV Pf = 0.95, 

211 i A ^ 209 Ex ^ 50 MeV Pf = 0.3. 

other cases Pf JAERI values. 

For convenience we call the condition " Approximate RAL Fission Probabi

lity (ARFP)". which is set temporarily in NMTC/JAERI when the calculations 

are carried out for comparion. 

As described above, the mass yield distribution of products is deter

mined through the sampling of Gaussian random number characterized with a . 

which is given in Eq. (5) or Eq. (7). In the HETC/KFA2 code(RAL model) all 

the value of a R at the excitation energy above 100 MeV is assumed to be 

equal to the value calculated by Eq.(7) at 100 MeV. In the NMTC/JAERI the 

equation (5) have been used to cauculate the value a , over 100 MeV. In 

this work we made the modification so that all the value of a ' , at the 

excitation energy above 50 MeV is assumed to be equal to the value calcul

ated by Eq.(5) at 50 MeV, taking into account the range where there exist 

the original measured data to be fitted. 

As shown in Figs. 1 1 ~ 1 4 the mass yield distributions of products per 
2 3 7 N p nucleus were computed using the NUCLEUS code for following cases to 

compare them with the corresponding distributions computed by HETC/KFA 2 ( 

T H I N ) . 

(1) proton energy : 1 GeV, Pf : ARFP, a •. a > , 
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(2) proton energy 

(3) proton energy 

(4) proton energy 

590 Me¥. 

1 GeV. 

590 MeV. 

Pf 

Pf 

Pf 

ARFP. 

JAERl. 

JAERl. 

a 

a 

a 

a R 

o , 

a , 

Here the Solid line denotes HETC/KFA2 calculations and the histogram the 

NUCLEUS ones. As seen in Figs. 11 and 12 for the cases of 1 GeV and 590 

MeV. the histograms calculated with ARFP and a R can reproduce the HETC/ 

KFA2 curves relatively well and there are some disagreements in the yield 

distribution of spallation products at A = 16 0-— 200 and near the target 

nucleus. In Figs. 13 and 14 for 1 GeV and 590 MeV protons. there remain 

small discrepancies of their maximum heights between the histograms with 

a J and the HETC/ KFA2 curves. For spallation products there are 

disagreements similar to the former cases. 

To examine the influence of HEF model in the design study of accelerator 

-core hybride type transmutation system, the dependence of number of 

neutrons emitted in the I , TNp thick target on the proton energy was 

calculated in the Fig.15, using both codes. Although the number increases 

linearly (not saturate), the line has the different gradient for each 

code. The line with the triangle symbol is the result calculated using 

the NMTC/JAERI with a' , and ~ 1 0 % more than the line with the cross 

symbol when the non-modified a , is used. For calculations using the HETC 

/KFA2 the number of neutron with B0 = 8 MeV( closed circle) is also larger 

by a factor of 1.1 than one with B0 = 14 MeV(open square). Here the HETC/ 

KFA2calcu1 at ion showed that total neutron productions with and without the 

elastic scattering agree each other within statistical errors. 

From these results we conclude that the discrepancy is mainly attri

buted to the esitamation of a determining the width of Gaussian curve on 

the base of the excitation energy deposited in compound nucleus before 

fission. The FP distribution in JAERl model seems to cover the range of 

mass number wider than one in the RAL model. It is assumed that the 

equation calculating a can be applied to the excitation energy above 100 

MeV in JAERl model, while the a is set to the value at Ex = 100 MeV for 

all fissioning nuclei wtih Ex > 1 0 0 MeV in RAL model. However as apparent 

from calculations using HETC/KFA2, the high energy fissin rection. in the 

RAL model, is dominant in the medium energy range and the spallation 

reaction minor. The trend is forced us to change the idea that the 

spallation reaction with emissions of many particles is main one in the 

range. Presumably it seems for some part of the code to give a little 
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over-estimation to the fission probability which has to be examined on the 

comparison with the measured data. Also is it reasonable for the present 

fission calculation models, which were fitted only to the measured data in 

the Ex range below 100 MeV, to be used in calculating the nuclear reaction 

of nucleus with Exof several hundreds of MeV ? Further discussions and 

studies about this applicability are necessary. 

V . S u n a r y 

We examined the difference of product yields distribution in the high 

energy fission reaction calculation between NMTC/JAERl and HETC/KFA2 codes. 

Our calculation results showed that the difference is mainly due to the 

estimation of the width of post-fission yield curve, and the contribution 

of BO and fission probability minor. It was found that the discrepancy of 

predictions from the JAERI and RAL HEF models becomes small by adjusting 

the parameter a . The range of exciation energy applicable to the width 

estimation equation seems to be less than 50 MeV for JAERI model and less 

than 100 MeV for RAL model respectively. In the real computation using 

both codes, however, it occures often for the compound nucleus to generate 

with the excitation energy above 100 MeV in the high energy nuclear 

reaction. It is the unresolved problem whether the present fission model 

can represent exactly the nuclear reaction of compounds with these high 

excitation energies or not. Hfe also discussed about the influence of the 

difference on the number of neutrons generated in the high energy reaction 

procedure, which is the most important factor in the design study of 

accelerator-based transmutaion system. The number of spallation neutrons 

in the thick target increses by a factor of 1.1 uniformly by modifying the 

parameter a in the JAERI high energy fission model. 
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Fig.2 Flowchart for calculating the fission probability 
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Table 1 Comparison on the nuiber of particles eiitted froi 
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BO = 3 MeV for proton energies of 1 CeV and 590 MeV 

Evaporated particles 

A : Mass nuibcr 

AS4 

P(A=1) 

N(A--l) 
DU^Z) 

T(A=3) 

IIE-3(A=3) 

HE-4(A=4) 

Total 

NUCLEUS 

1.389F.+00 

1. 999F.+00 

2. 578F.-01 

5 .100E-02 

3. 630E-02 

1.473F.-01 

3.881E+00 

I 

1 . 0 G c V 

HETC-KFA2 

i 1. 344E+00 

1. 501E+00 

2.018E-01 

3.355E-02" 

3.410E-02 

1.323E-01 

3.253F+00 

ncident proton energy 

NUCLEUS 

IIF.TC-KFAZ 

103.35* 

133.18!! 

124. 065 

ll'f.od 
107 .92* 

111.721] 

119.31% 

5 9 0 M e V 

NUCLEUS 

1.3I6F.+00 

1.66IF.+00 

[ 2. O30F.-0I 

4 .360E-02 

2. 160F.-02 

1.32AF.-0I 

3. 378i:+00 

HETC-KFA2 

J.006F+00 

1.085F.+00 

' i. IO1F.-OI 

I. 81SE-02 

1.6I0F.-O2 

8.185K-02 

2.3l8F.»O0 

NUCLEUS 

IIFJC-KFA2 

130. SS* 

153.095 

183.885 

2.10.225 

, 134.1'SS 

162.255 

145.785 
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Abstract: Present concepts and objectives of accelerator-based transmutation are briefly summarized. The signif
icance of nuclear data for the prediction of neutron fluxes achievable in an extended transmutation blanket and for 
the estimate of the resulting transmutation rates is outlined, and the status of available data is discussed. The data 
base for neutron production cross sections of spallation reactions with ~100-1500 MeV protons is sufficiently 
available from previous experiments. Some systematic discrepancies, however, still exist for measured double-dif
ferential neutron production cross sections, especially in the higher energy region above ~20 MeV. For radiation 
'transport calculauons the nuclear data base is reasonably well known in the energy range from thermal to about 
20 MeV. Above that energy, experimental cross section data are rather sparse. The important transmutation cross 
sections are reasonably well known for accelerator-based transmutation concepts employing thermal neutrons, 
except for some short-lived intermediate chain nuclides. A special problem in present accelerator-based transmuta
tion concepts is radiation damage in the primary target containment and other structural materials. More reliable 
estimates of the life times for such components require more accurate calculations of displacement and gas pro
duction rates in suitably selected materials. While dpa and gas production cross sections below ~20 MeV can be 
largely derived from existing evaluated nuclear data files, additional values above that energy are often merely 
extrapolations from low energy results. The role of cross-section systematics and nuclear-model calculations in 
predicting unknown data is briefly discussed. 

(Key words: Medium-energy protons: Cross sections for spallation and fission reactions, for neutron and secondary-
proton production; model validation from integral measurements of yields, spectra and reaction rates; nuclear-mo
del code developments for transmutation studies) 

1. Introduction 

Accelerator-based transmutation of high-level 
radioactive waste from LWRs has become an 
interesting alternative to nuclear incineration in 
thermal and fast fission reactors. Present investi
gations of accelerator-based transmitter concepts 
cover a wide scope of approaches ranging from 
incineration of single nuclides, carrying a major 
fraction of the total toxic inventory, to effective 
transmutation of all 'ong-lived actinides and fission 
products. In addition, pure transmuters, hybrid 
systems of power and burner reactors assisted by a 
proton accelerator as well as transmuters with 
additional energy production or fuel breeding from 
fertile materials are presently under discussion. For 
utilization concepts of transmutation reactions 
there are also different approaches: One is the direct 
incineration in thin and in quasi-infinite primary 
spallation targets with primary protons and direct 
products of the nucleon meson-cascade. Two other 
possiblities refer to transmutations with secondary 
neutrons in fields of either fast or thermal high-in
tensity neutron fluxes. A common feature in all 
concepts is the usage of proton (deuteron) acceler
ators for energies between about 600 to 1500 MeV. 

High-intensity cw beams with currents of a few tens 
to several hundreds of mA are typical for all appli
cations. 

In the present survey the main emphasis is on 
transmutation aspects only; data and validation 
needs for additional energy production or fuel 
breeding are not generally covered. Current con
cepts and objectives in accelerator-based transmu
tation technology are briefly outlined in Sect. 2. 
The significance of nuclear data for the special field 
is discussed in Sect. 3. Section 4 is devoted to cross 
section measurements for high-energy protons, 
neutrons and other important particles involved. 
The situation for integral validation experiments is 
discussed in Sect. 5. In Sect. 6 the status of nuclear 
model codes for the calculation of unknown nucle
ar data is summarized. Section 7 gives a brief survey 
of desirable improvements for differential cross 
sections measurements, integral data testing and 
nuclear model codes. 

2. Transmutation Concepts and Objectives 

Many years of accelerator-based transmutation 
studies have led to an increased understanding of 
the utilization of accelerators for nuclear transmu-
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tation. The virtues and shortcomings of the differ
ent concepts have been worked out in some detail. 
The general possibilities to tackle the problem of 
high-level waste from LWRs by burning instead of 
storing the most problematic high-toxicity products 
from this waste have been outlined. The different 
approaches for accelerator-driven transmutation 
technology can be divided into four main categories 
of concepts: 
1. Concepts in which the high-level waste is 
burned in the primary spallation target itself either 
by spallation or fission processes. In this case the 
critical waste can be irradiated in form of purified 
i laterial concentrated in thin samples, or as a cer
tain class of the most problematic nuclides (e.g. 
minor actinides) concentrated in a quasi-infinite 
sample (the whole primary spallation target) This 
concept has e. g. been studied at the PSI [1]. 
2. Concepts which make use of the large number 
of secondary neutrons produced by spallation 
reactions in heavy element targets. In these cases 
the transmutation is accomplished in large blankets 
surrounding the primary neutron target. High-flux 
fields of fast or thermal neutrons are being consid
ered in current concepts of different groups [2-4]. 

Tab. I. Some important fission products and minor actinides 
contained in the high-level waste from a PWR * (from Ref. 2). 

Fission products 

Nuclide 

»Tc 
13 91 

I 3 7Cs 
"Sr 

kgF 

21.5 
5.87 

30.9 
13.5 

Half-life 
(y«) 

2.1x10' 
1.6X10' 

30 
29 

Cross Section 
(b) 

20 
27 
0.25 
0.9 

Minor Acurudes 

Nuclide 

" ? N p 
" ' A m 
" ' A m 
"•Cm 

kg.'yr 

14.5 
16.6 
3.43 
0.58 

Half-life 
(vrs) 

2.1x10* 
432 

7.4xl03 

,8.1 

Atoms 
xlO" 

3.66 
4.13 
0.73 
0.13 

' All amounts are annual production for i PWR running at 3 CW thermal Willi 
ruei burnt to 3.3x10'* megiwan-aays per un. 

3. Concepts using burner reactors assisted by a 
high-current medium-energy proton accelerators 
[5-7] which are mainly advanced subcritical fast 
fission reactors for energy production and trans
mutation purposes. 
4. Concepts for advanced fuel-cycle (e.g. thorium) 
reactors and burners with low radioactive inventory 
and minimum production of long-lived high-toxic
ity actinides and fission products [3,8]. 

Also the first two concepts consider occa
sionally additional energy production or fuel 
breeding, in order to achieve a more favourable 
overall energy balance, i.e. to operate them more 
economically. Two more recent considerations of 
accelerator-based transmutation refer also to the 

use of intense electron beams and muon-catalized 
fusion [9,10],. 

Regarding the long-lived waste discharge from 
LW power reactors the most desirable goal is to 
care for both the most problematic actinides and 
fission products, simultaneously. Assuming that 
uranium and plutonium can be efficiently separated 
chemically, and reentered to the fuel cycle, only the 
fission products (FP) and the so-called 'minor 
actinides" (MA) need special consideration. In Tab. 
I some of the important nuclides contained in the 
high-level waste are listed together with their pro
duction rates, half-lifes and thermal cross sections. 
The most important MAs to be burnt in future 
transmuters are 237Np and 241Am and, possibly, 
243Am, 244Cm and 24SCm. For fission products 
major concern is presently given to "Tc and I29I 
and, with lower priority, to 137Cs and 90Sr. But 
even in very high thermal neutron fluxes of the 
order of ~lxl016 cm"2 s~\ there does not seem to 
be a reasonable chance for an efficient transmuta
tion of the latter two fission products. This is 
mainly due to the low thermal neutron cross sec
tions. 

3. Significance of Nudear Data 

It is now widely agreed that accelerator-based 
transmutation involving effective chemical sepa
ration methods and partitioning is an attractive 
possibility to deal with the long-standing problem 
of waste management for LWR spent fuel. To 
arrive, however, at a better judgement on the real
ization and the achievable specifications of such 
facilities, a large number of new and/or more reli
able nuclear data is needed. These range from pro-
ion-induced spallation reactions and fission proc
esses over v- and neutron transport cross sections, 
cross sections for various transmutation reactions 
to damage and gas production cross sections for 
materials damage calculations. The energy region 
for such data ranges from thermal to the highest 
energies involved, i e. the energy produced by the 
applied accelerators (up to ~1500 MeV). This 
paper will mainly concentrate on the energy iinge 
above ~ 20 MeV. For lower energies, there are at 
least for neutrons, various evaluated data libranes 
available or under development from previous 
work in fission- and fusion-reactor technology. 
(ENDF/B-VI, JEF-2, EFF. JENDL-3 BROND, 
CENDL-2, EAF, REAC, FENDL-2 etc.) [11-18]. 
In this lower energy range we, thus, shall consider 
only those cases for which additional or more pre
cise data are needed for the special purpose con
sidered here. 

For transmutation aspects the major data needs 
refer to the following four types. 
1. Nuclear data for high-energy proton reactions 
(including high-energy fission) on a large number 
of target materials. For those cases in which trans-
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mutation from direct proton reactions is considered 
there is a special need of cross sections for the pro
duction of direct spallation and fission products on 
the important MAs and, perhaps, FPs to be burnt. 
For concepts based on large fluxes of neutrons with 
either thermal or fast neutron spectra, neutron 
production cross sections in heavy elements such 
as Ta, W, Pb, U or the eutectic Pb-Bi nust be well 
known for the determination of the resulting neu
tron fields. For neutron field characterization dou
ble-differential neutron production cross sections 
are required. Furthermore, elastic and inelastic 
scattering cross sections for the major spallation 
target materials must be known, to get a realistic 
estimate of the neutron spectrum leaking from the 
surface of massive primary targets. 
2. For neutron transport and, eventually, effective 
neutron moderation a large number of neutron-
and y-transport cross sections need to be known 
with sufficient accuracy. Such estimates have to 
consider the effects of scattering, absorption and 
self-shielding, not only in the solvent and modera
tor materials but also in the dissolved waste. 
3. Depending on the type of the considered neu
tron field (thermal or fast), a large amout of cross 
sections for all major transmutation cross sections 
on the waste nuclides to be burnt and on the 
nuclides involved in the important reaction chains 
is needed; for thermal neutron concepts mainly 
neutron capture fission cross sections and reso
nance integrals. A large amount of these data are 
already known from fission-reactor work. But there 
is also a clear need for additional thermal data for 
short-lived nuclides such as 238Np and, possibly, 
for other short-lived MAs and FPs. 
4. For all types of concepts radiation damage in the 
primary target containment and other nearby 
structural components is a special problem, since 
these are exposed to extremely high fluences of 
high-energy neutrons. Especially in the primary 
target containment, radiation damage for fluxes of 
the order of 1016 cm*2 s*1 is much more severe than 
that in the first wall of future fusion reactors. Thus, 
for more reliable estimates of the total life-time of 
such components, a large number of damage and 
gas production cross sections in the energy region 
from thermal to several hundred MeV are needed. 
While for energies below ~ 20 MeV these can be 
largely derived from existing evaluated nuclear data 
files [19], additional values above that energy are 
often merely extrapolations from low-energy 
results. Far beyond 20 MeV, cross sections are 
typically obtained from not well established calcu
lations with special versions of the Nucleon-Meson 
Transport Code, e.g. VNMTC [20]. 

Summarizing, there is a large number of addi
tional cross sections and nuclear data that are 
required for more detailed investigations on accel
erator-based transmutation concepts. Since there is 
only little capacity for new cross section measure

ments in the future, the majority of such results 
must come from nuclear-model calculations with 
suitably validated codes. For nuclear-model vali
dations rather different types of integral exper
iments are needed to perform suitable data testing. 
In the following two sections the present status of 
cross section measurements and of integral vali
dation experiments is discussed in some detail. 

4. Differential Cross Section Measurements. 

4.1 (p,xnr) and (p,xp*) Cross Sections 
Mainly due to the previous interest in high-in

tensity spallation sources for solid and liquid-state 
physics, but also in connection with cosmology" and 
space investigations, a larger number of micro
scopic cross section measurements have been per
formed for protons and other light charged particles 
in the energy range from several tens to 200 MeV 
and in the range from ~ 600 to 3000 MeV [21]. 
A typical example for a systematic study of differ
ential neutron production cross sections is shown 
in Fig. 1. Double-differential cross sections for 585 
MeV protons and a large number of target elements 
from C to U have been measured by the KfK 
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Fig. 1. Double-differential neutron production cross sections 
for 585 MeV protons on eiglh target elements from C to L' at 
90* laboratory angle. From Ref. 22. 

group at the PSI cyclotron [22]. The figure shows 
the results at 90° emission angle. It can be seen that 
the spectra consists mainly of two contributions: 
(a) neutrons from evaporation processes which are 
characteristic for the Maxwellian-type of spectrum 
below about twenty MeV and b) neutrons fr^Ti 
direct processes produced during the intranuclear 
cascade and during high-energy nucleon transport 
creating the broad shoulder around 50 MeV and 
extending to energies almost as high as the incident 
proton energy. For very small emission angles a 
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third and fourth contribution comes from (c) qua-
sielastic charge-exchange (CEX) reactions forming 
a pronounced peak at the high-energy end of the 
spectrum, and (d) quasifree pion production proc
esses exhibiting a broader peak slightly below the 
CEX one [231 

Even more extended systematic measurements 
than at KfK have been performed at Los Alamos 
[24-29]. Especially in the last few years, double-
differential cross section measurements where per
formed for different proton energies between 100 
and 800 MeV. Even though the investigators of 
neutron production cross sections give rather small 
uncertainties for their results of the order of 
~15%, the agreement between such measurements 
does not seem, in general, to be as good as that. 
This can be judged from the example shown in Fig. 
2. It displays a typical result from a recent com
parison of the LA\L and KfK results for 597 and 
585 MeV, respectively. The diagram shows the 
measured cross sections at 30° emission angle for 
Pb. It can be seen that there is a reasonable agree
ment in the spectrum shape below ~20 MeV. But 
above that energy the cross sections sections deviate 
rapidly in absolute values, reaching a factor of 
about 2 around 100 MeV. For 150' the general 
observation is similar; in addition, however, there 
are also major differences close to the cutoff ener-
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Fig. 2. Comparison of neutron production cross sections for 
5S5 and 597 MeV protons on lead. From Ref. 27. 

gies. Similar discrepancies are found for most of the 
other commonly measured target elements. Thus it 
becomes clear that there are still large systematic 
errors in such measurements, which are not prop
erly taken into account. The two critical points in 
neutron cross section measurements are neutron 
detection efficiencies and detector thresholds. For 
all types of thin hydrocarbon scintillation detectors, 
detection efficiencies are extremely small (a few 
%) at high energies and close to the detector 
thresholds where the efficiency rises rapidly from 
zero to maximum value. Therefore, a careful con
trol of the detector threshold throughout the 
experiments and a direct measurements of the 

detector efficiency at high neutron energies is an 
important prerequisite for precise neutron cross 
section measurements. 

Other maesurements over an extended angular 
range and for several target elements have been 
made by Wachter et ai. [30]. For protons of 800 
MeV Bonner et al. [23] have performed a system
atic study of 0° neutron-production cross section 
for a number of targets between Al and U. Other 
0°, 50° and 130° neutron production cross sections 
for 647-, 740- and 800-MeV protons on Be, C, Al 
and U have been measured by Madey and Water
man [31] and by Cassapakis et al. [32]. For 120-
and 160-MeV protons Scobel et al. [33] measured 
double-differential (p,xn) cross sections for 27A1, 
»°Zr and 208Pb at 13 angles between 0° and 145°. 

For (p,xp') reactions also a number of cross 
section measurements have been performed for 
various energies between 450 and 1500 MeV. For 
this kind of experiments absolute measurements are 
more straight-forward than for neutrons, but such 
measurements typically cover only the higher parts 
of the energy spectra, because low energy protons 
are typically stopped, even in rather thin samples. 

Proton reaction cross sections for 220 to 570 
MeV protons on 8 elements and FhO, B4C, NaJ 
and CH2 have been measured by Renberg et al. 
[34] at CERN. A systematic study of double-dif
ferential (p,p) cross sections, similar to that shown 
for neutrons has been performed by Beck and 
Powell [35]. A sample result from their measure
ments is given in Fig. 3. This shows the results for 
558-MeV protons incident on Pb and for secondary 
protons emitted at 10° to 60°. For reasons men
tioned above, proton cross sections were only 
obtained for energies above 50 MeV, so that the 
evaporation part of the spectra is already cut off. 
The measured portions of the spectra are very sim
ilar to those observed for secondary neutrons. They 
show the same characteristic shoulders at energies 
around ~ 100 MeV. For the emission angle of 10° 
the elastic scattering peak is clearly visible, which 
is the equivalent to the charge-exchange peak in the 
neutron data. From theoretical arguments it is 
expected that the energy-integrated cross sections 
for both (p,xn') and (p,xp') should have practically 
the same absolute values for thresholds above ~50 
MeV, where the effect of the Coulomb barrier is 
negligible. A test of this assumption by comparison 
with the KfK neutron data for 58 5-MeV protons 
gave a positive result [22]. Energy spectra of sec
ondary charged particles produced by 660-MeV 
protons on Be, C, Cu and U targets have been 
measured by Azhgirey et al. [36] at several forward 
angles <30°. At bombarding energies of 800 MeV 
systematic cross section measurements for protons 
scattered to forward angles between 0 and 30° have 
been performed for various target elements between 
Li and Pb by Chrien et al. [37]. 
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Fig. 3. Measured secondary-proton-production cross sections 
for 558 VeV protons on Pb for emission angles 10" to 60*. 
From Beck and Powell [35]. 

4.2 Spallation and Fission Cross Sections 
Concerning spallation and fission-product cross 

sections several measurements have been made for 
medium-energy protons. Often, however, these 
data are not complete. In many cases only certain 
types of radionuclides {f}~-, y-ray-, weak X-ray-em
itters) have been investigated. Regarding spallation 
products, Pate and Poskanzer [38] measured cross 
sections for the production of isotopes of L", Pa, 
Th and Ac in the irradiation of 2 3 8U, 2 3 5 U and 
232Th with 680 and 1800 MeV protons. In addi
tion, some spallation yields were determined at 
other bombarding energies ranging up to 6.2 GeV. 
Activation cross sections for about thirty spallation 
products from 100-340 MeV protons on 2 3 8U and 
232Th targets have been determined by Lindner and 
Osborne [39]. A rather complete cross section 
measurement of the spallation products from 
3-GeV protons on Ag was carried out by Silberberg 
and Tsao [40]. Concerning high-energy fission 
cross sections, the available experimental data 
available before ~ 1980 have been summarized in 
two surveys from Takahashi [41] and Atchison 
[42]. Total fission cross sections for 1-9 GeV pro
tons on 209Bi, 2 3 5U, 2 3 8U 2 3 7Np and 259Pu are 
available from experiments of Matusevich and 
Regushevskii [43]. A large number of formation 
cross sections for fission products from several fis
sile nuclei bombarded by protons (10-340 MeV) 
and deuterons (20-190 MeV) are available from the 
experiments of Stevenson et al. [44]. For proton 
energies below 200 MeV and at energies of 600, 
800. 1200, 1600 and 2600 MeV Michel et al. [21] 

have mesured reaction cross sections for a large 
number of target elements ranging from C to Au 
and an enormous number of radioactive product 
nuclei decaying by y-ray emission. Reaction cross 
sections for a large number of fission and spallation 
products from bombardment of Pb and depleted 
U with protons of 600 and 1100 MeV have been 
determined by Amian et al. [45]. A typical example 
from this work is given in Fig. 4. This shows the 
results for 1100-MeV protons on depleted uranium 
as taken at the SATURNE machine. An obvious 
observation is that the measured data for fission 
products are clearly different in absolute raction 
rates for fi~- (alone) and (T- plus X-ray (electron 
capture) emitters, respectively. From comparisons 
with HETC calculations it can be seen that, at least 
HETC KFA-I [46], does not well reproduce the 
measured double-humped fission product distrib
ution, and gives a clear shift to lower masses by 
about 20 mass units. But due to the simplified 
treatment in the KFA calculations, a recalculation 
with more realistic assumptions would be desirable 
in this case. 

Although a large number of special measure
ments have been performed by several authors, in 
general, differential cross section and reaction rate 
results are still rather incomplete in view of the 
overall needs for transmutation applications. 

NCICUM. WCLO M » U I 

Fig. 4. Measured and calculated isotope production rates ver
sus mass of spallation and fission products. Experimental 
results are from Amian et al. [45]. Model calculations were 
performed wit the HETC KFA-1 code. 

4.2 Damage Cross Sections 
As mentioned in Sec. 3, the main interest is in 

displacement and and gas-production cross sec
tions, and relates to life-time considerations for the 
primary target container and other structural mate
rials. In this context, the main emphasis is on the 
effects of high-energy neutrons. Total displacement 
and He-production cross sections below ~ 20 MeV 
can be largely derived from existing evaluated 
nuclear data files. For 14.8 MeV Neff et al. [47] 
have recently made new extensive systematic mea
surements of He-production cross sections in pure 
elements, isotopes and alloy steels. 
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Measurements above 20 MeV are rather rare. 
At 0.6 and 3 GeV Kruger and Heymann [48] have 
measured H- and He-production cross sections for 
C. O and Si. In addition. Kwiatkovski et al. [49] 
studied mass- . energy- and angular distributions 
of reaction products formed in collisions of ISO 
Mev protons with Al target nuclei. An interesting 
new method for the measurement of element tran
smutation from irradiations with high-energy pro
tons has been established by the PSI group [50]. 
This group has demonstrated that a total reflection 
X-ray fluorescence (TXRF) spectrometer, using 
monoenergetic synchrotron radiation as the prima
ry X-ray source, is suitable to measure extremely 
small concentrations of transmuted elements. So 
far, only chemical yields from medium-weight-Z 
metal targets have been investigated. But the 
method can be also applied to high-Z targets for 
spallation and transactinide product measurements. 
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Fig- 5. The damage cross section for neutrons in iron vs neu
tron energy [20] The two branches are calculated from 
ENDFB-V (left side) and VNMTC (right side) cross section 
data. It can be seen that the two branches do not match at the 
intersection point. 

From the above description it becomes clear 
that the majority of damage cross sections above 
20 MeV must come from extrapolations of low 
energy data, or - for largely extended energies -
from suitable medium-energy nuclear model calcu
lations. Th's procedure may be a reasonable 
approach for helium production cross sections, as 
shown by Wechsler et al. [20], but does not work 
suffiently well for displacement cross sections. The 
latter deficiency is illustrated in Fig. 5 which shows 
an example from the work of the above authors, 
who used measured cross sections below 20 MeV 
aM calculated ones above that energy. It can be 
seen that there is a glaring discontinuity at the 
intersection point of 20 MeV: While cross section 
data for high energies were taken from nucleon-
meson transport calculations, the corresponding 
results for low energies were obtained by using well 
established neutron data from the evaluated neu
tron data file ENDFB-V. 

5. Integral Validation Experiments 

In principle, all types of experiments performed 
for differential cross section measurements have 
been also applied similarily to integral validation 
measurements employing realistic target sizes and 
materials. While the experimental methods are 
widely the same, such integral measurements have 
the advantage that, in contrast to cross sections, 
also the quality of transport code predictions can 
be tested simultaneously. On this basis, only the 
corresponding results that are specific for transmu
tation applications will be briefly mentioned. 

5.1 Neutron and Proton Production 
Concemig neutron production, the most gen

eral quantity is the total neutron yield, i.e. the 
number of neutrons produced per incident proton. 
The pioneering work in this field has been per
formed by Fraser and Bartholomew in 1966 [51], 
who bombarded thick elemental targets with pro
tons of energies between 500 and 1500 MeV. A 
typical result from their work is shown in Fig. 6. 
It can be seen that the number of neutrons per 
incident proton increases almost linearily with 
increasing proton energy. In addition, the integral 
yields increase rapidly with increasing target mass. 
These early measurements have been supplemented 
by experimental results from various laboratories in 
the meantime for extended proton energies and 
target masses, so that there is now a rather com
plete set of total yields. Total neutron yield data are 
presently reasonably well predicted by existing 
nuclear model codes. There is, however, a signif
icant difference in total neutron yields from integral 
thermal and differential fast neutron measurements. 
From the latter a more pronounced saturation is 
indicated around ~ 1500 MeV [52]. 
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Fig. 6. Total neuiron yields obtained from the bombardment 
of thick targets by intermediate energy protons. Targets of Sn, 
Pb and V were cylinders, the first number given is the target 
diameter, the second the target length. The Be target was rec
tangular (from Ref. 51). 

Spectral yields of neutrons penetrating the sur
faces of massive spallation targets have been meas
ured in several laboratories. These include meas-
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urements for different target diameters and cross 
sections, different incident proton energies as well 
as their dependence on emission angle and pene
tration depths into the target. In the framework of 
the previous SNQ project the Karlsruhe group 
measured thick-target yield spectra for depletcd-U 
and Pb targets at 590 and 1100-MeV protons for a 
large number of penetration depths into the target 
[52,53]. Various measurements of surface neutron 
yields from stopping-length and near-stopping-
length targets for 100 - 300 MeV protons were also 

am SIN) 

Fig. 7. Flux distribution for a D^O-moderated thick Pb cylin
drical target Measurements with 590 MeV protons where per
formed at the PSI in a heavy water tank of — 4 m3. From Ref. 
60. 

made by the Los Alamos group [25,26,54]. At 800 
MeV Fullwood et al. [55] and Waterman and 
Madey [56] measured some other thick target 
yields. At TRIUMF Wachter et al. [57] measured 
similar cross sections at 450-MeV for some light 
elements and a few emission angles. The Russian 
group at St. Petersburg performed a number of 
measurements for 1-Gev protons incidents on tar
gets of Al, Fe, Pb and composite L'-Al [58]. Neu
tron spectra at different positions of the target by 
the activation method, and total neutron yields 
where derived. Additional measurements for lead 
and other target with protons of 2 and 2.5 GeV are 
in progress [59]. A special time-of-flight spectrom
eter for use at the proton machine in Dubna has 
been and set up and is operational now. Even more 
sensitive for validation of presently used high-ener
gy nuclear transport codes are space-dependent flux 
measurements in moderated target assemblies. A 
typical result of this kind is that from the SNQ 
study obtained by Bauer et al. [60]. These authors 
measured extended flux contours for a target 
assembly using a thick Pb target inserted into a 
large cubic D2O tank. Their result for the middle-
plane of the target is given in Fig. 7. Even though 
less frequent, also a few integral measurements of 
secondary proton spectrum measurements have 
been made for thick targets, e.g. [30,57]. 

The general observations from integral neutron 
experiments are similar to those found for differen
tial cross section measurements: Neutron yields 
from different laboratories are often discrepant in 
absolute values and shapes. Especially for large 
emission angles, different portions of high-energy 
neutrons are observed by different groups. 

52 Spallation and Fission Products 
Integral validation experiments have often been 

made in combination with thin target measure
ments (see [45] etc.). For 1-GeV protons incident 
on large diameter and totally absorbing targets of 
Al, Fe. Pb and composite L'-Al, Ivanov et al. [61] 
measured various yields of radioactive reaction 
products. Results of such activation measurements 
were obtained for several penetration depths of 
protons and different target radii. Axial distrib
utions of fission and spallation products in stop
ping-length targets of Th and depleted U bom
barded by 800-MeV protons have been determined 
by Gilmore et al. [62]. Ratios of yields were meas
ured for 3 spallation and 16 fission products; inte
gration over the whole target length gave total 
production yields. A partial result from this work 
is given in Fig. 8. This shows the fission product 
yields from Th for the front face foil of the central 
rod. The mass-yield distribution is double-humped, 
and exhibits some signs for high-energy fission. The 
shape of the mass-yield curve is asymmetric, with 
the heavy peak (around mass 140) lower in magni
tude and narrower in width than the light peak 
(around mass 95). The shape and magnitude of the 
mass-yield curve can be reasonably well described 
by the RAL fission model. 
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Fig. 8. Comparison of measured and calculated fission prod
uct yields from the bombardment of Th by 800-MeV protons. 
The solid line was calculated using the RAL fission model with 
B0 = 8 MeV. From Ref. 62. 
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6. Nuckar- Model Code Developments 

For calculations of the various data needed for 
accelerator-based transmutation concepts appro
priate nuclear model codes are available. An exten
sive survey of the currently existing codes has been 
recently finalized by Takahashi [63]. One of the 
most frequently used type of codes for this purpose 
is the High-Energy Nucleon-Meson Transport 
Code (HETC) in its various incarnations. Even 
though the terminus HETC is often used in a wider 
sense as a code system for various kinds of broad-
scale Monte-Carlo transport calculations, we shall 
restrict here to its genuine meaning of a nuclear-
model code for the treatment of intermediate-ener
gy nuclear reactions only. A full description of the 
physics involved and the .outines produced for 
utilization can be found elsewhere [64-69]. Thus, 
only a very brief characterization is given below. 

The fundamental part of all HETC-code ver
sions is the intra-nuclear cascade (INC) model that 
describes the interaction of nucleons with nuclei. 
This is done with a two-stage model. The first stage 
is an intra-nuclear cascade of individual nucleon-
nucleon interactions described by the appropriate 
medium-energy kinematics, relevant conservation 
laws and 'free' particle nucleon-nucleon and 
nucleon-meson cross sections. The treatment of 
intranuclear scattering includes an estimate of Pauli 
exclusion for prohibiting scattering into occupied 
states and a consideration that the nucleons of the 
target nucleus have a Fermi momentum distrib
ution which broadens the range of energies for 
nucleon-nucleon collisions. The fate of both 
nucleons (and or one or two mesons) is followed 
until the ICN transport shows that the cascade 
products have either reached the nuclear surface or 
that all nucleons have fallen below an arbitrary low 
energy cutoff (often ~15 MeV)- This first part of 
the interaction is typically treated by Monte-Carlo 
methods using a so-called 'Nucleon-Meson Trans
port Code" (NMTC). The outcome of this stage is 
a set of escape particles and a residual nucleus left 
in a more or less highly excited state. The second 
stage is the treatment of the deexcitation of the 
residual nuclei by particle and y-ray emission. For 
this step usually a simple statistical model for a 
fully equilibrated compound nucles is employed, so 
that there is typically no consideration of preequi-
librium effects. 

The original HETC code developed at ORNL 
has been improved in the past by several groups, 
and exists now in various different laboratory ver
sions (e.g. KFA, PSI, LANL, JAERI). An impor
tant step in the new versions was the introduction 
of an adequate fission model. Presently the most 
widely used one is the RAL mode) developed by 
Atchison [42]. Modifications have also been made 
by using improved level density assumptions [70]. 
At JAERI various modifications of the NMTC 

computer files have been made (or are in progress) 
which take particularily care of the needs for 
nuclear spallation simulations and transmutation 
analyses [71]. These concern the inclusion of an 
extended range of nuclides with higher mass num
bers (up to A = 250) and a new treatment of 
high-energy fission. Another improvement made at 
JAERI is the production of a new algorithm which 
allows to treat also particle emission from preequi-
librium states. This led to an important improve
ment in the prediction of measured high-energy 
tails in the neutron-production cross sections: An 
illustration is given in Fig. 9. which shows an 
example of the KfK data measured for 585 MeV 
protons on lead. It can be seen that the inclusion 
of preequilibrium emission gives a much better 
agreement between calculations and measurements 
thanprevious standard calculations. 

NEUTRON EOGV (MeV) 

Fig. 9. Comparison of measured and calculated double differ
ential Neutron production cross sections for S8S MeV protons 
on lead [71]. xxx experimental data [22], ... HETC standard 
calculations HETC calculations with an exciton model. 

Another approach for the treament of the first-
step high-energy cascade has been recently 
described by Blann [72,73,33] (and the advantage 
has been recognized also by other groups): This 
author showed that a great simplification is possible 
over the INC-model approach, if one looks only 
at the partition in energy that results when there is 
a nucleon-nucleon scattering process. In this 
approach the exciton model, which was originally 
proposed by Griffin [74] can be applied. A hierar
chy of configurations following one, two, three etc. 
N-N scattering events is taken into account. In this 
way one can use simple statistical formulas, or 
partial-state densities to calculate tne number of 
(assumed) equally-like energy partitions for each 
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hierarchy based on number of scattering events. 
The physics of this model and the suitable selection 
of model paramters are well described elsewhere, 
and shall not be discussed here further. Instead, it 
should be stressed only that the pre-equiiibrium 
(PE) model is another interesting alternative to 
INC, which has already been successfully tested for 
energies up to ~200 MeV [21,33]. Inclusion of 
relativistic kinematics, direct contributions and ine
lastic nucleon-nucleon channels are expected to 
extend the validity of PE models also to energies 
up to 1 GeV and more [72]. First tests of this 
option have been made by several groups in differ
ent laboratories [72,75,76]. Finally, the two intra
nuclear cascade codes PHENTX [77] and SITHA 
[78] should be mentioned, which have been devel
oped at Moscow and Leningrad, and are widely 
used by the Russian physicists. To my under
standing these codes are presently also undergoing 
various modifications, in order to be most useful 
for applications in accelerator-based transmutation 
studies. 

7. Future Improvements 

In general, there is a substantial amount of 
cross sections, integral validation experiments and 
nuclear model code developments available. This 
material is, however, widely spread around in vari
ous laboratory reports, conference papers and 
journal articles. So a very useful starting point 
would be a suitable compilation in a CINDA-type 
index to literature and computer files on micro
scopic and integral nuclear data for transmutation. 
Such work has, in principle, already been started 
at the US National Nuclear Data Center in Brook-
haven [79], even though in a more general context 
of applications. 

A second worthwhile task seems to be a limit
ed evalution of the most critical microscopic data 
including integral benchmark experiments, in order 
to solve or, at least, identify important problems in 
the existing data base, e.g. for double differential 
neutron production cross sections and integral 
yields. For neutron transport data Arthur et al. 
[80] continue to develope higher energy transport 
libraries and perform the necessary benchmarking. 
More generally, it might also be timely for special 
sensitvity studies on data, for which significant and 
system-driving uncertainties exist, and identify on 
this basis urgent validation measurements to solve 
some of the most urgent problems. 

Although there are certainly many other desir
able activities for improvements of contemporary 
transmutation predictions, at least two special ones, 
stressed in the various comments, I received during 
the preparation of this paper, should be mentioned. 
One is certainly the influence of short-lived isotopes 
involved in thermal neutron transmutation chains. 
A special nucleus of this kind is clearly ^Np, and 

there are possibly several others which may have 
considerable influence on the finally achievable 
reduction in toxicity and the resulting effective' half 
lifes. Moreover, there is still a need for neutron 
reaction data on fission products such as i37Cs, for 
which significant and system-driving uncertainties 
now exist. Another example may be the data 
impacting radionuclide production that are impor
tant in determining the overall mass balance of a 
transmutation system, i.e. the mass balance of 
materials transmuted versus wastes (chemical and 
nuclear) created. 

Other areas which might need experimental and 
theoretical efforts to improve the data base are 
spallation and fission reaction that are part of the 
neutron target radionuclide production mechanism. 
In the PSI concept for 237Np in the primary target, 
the theoretically achievable reduction of the toxicity 
depends on the high energy fission model. An 
additional effect arising from neutron interaction 
on unstable nuclei is the production of long-lived 
radionuclides in the primary target, which seems 
(from present calculations) to be dominated by low 
energy neutron reaction processes. 

A final aspects to be mentioned is nuclear data 
for the investigation of radiation damage, which is 
a severe consideration at least for the primary target 
container. In general, it is an important future task 
to gather the extensive data information from 
operating spallation neutron sources, now available 
or to become available soon. 

8. Summary 

Even though many other aspects of accelera
tor-driven transmutation technology have been 
studied in the past, one of the most urgent goals is 
nuclear incineration of the high-level waste from 
LWRs. If uranium and plutonium can be effec
tively separated chemically, and fed back to the fuel 
cycle for energy production, the main task is to 
burn the long-lived toxic isotopes of the minor 
actinides and of the fission products. The most 
ambitious approach is to transmute both MAs and 
FPs in one type of facility. Present concepts for 
accelerator-transmutation-of-waste (ATW) facilities 
involving efficient chemical separation methods and 
partioning look rather promising for this major 
goal, and there are claims, that such facilities may 
transmute all long-lived waste discharge from ten 1 
GW, power reactors per year [2]. 

For all transmutation studies a large number 
of additional, not yet available nuclear data is 
needed. Although not yet well specified in detail, 
the general data needs range from high energy pro
ton reaction cross sections, via radiation transport 
data as well as transmutation reaction cross sections 
to radiation damage cross sections for the whole 
range from thermal energies up to more than 1 
GeV. Such data are not only needed for protons 
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and neutrons, but also for the various products 
generated during the nucleon-meson cascade or on 
the path of long-range particles and cascade pro
ducts on a large variety of technologically impor
tant elements and nuclei. The best situation exists 
presently for neutron data below ~20 MeV. 
Extended data libraries are well developed from 
previous fission- and fusion-reactor programs, and 
suitable upgrades for some transport cross sections 
up to ~100 MeV for ATW applications are being 
made. Present shortcomings belong mainly to spe
cial elements and isotopes especially short-lived 
isotopes such as 238Np, 2nd possibly others. Con
cerning energy ranges and angular distributions 
there is still a need for improvements in the range 
from 6-15 MeV and from 20 MeV to 1 GeV. For 
protons and other light charged particles existing 
measurements and, even more, suitable compila
tions, are still poor; some of the existing libraries 
and compilations are obsolete, since work has been 
terminated 15 to 20 years ago. Fortunately, how
ever, cosmogenic and space-research studies have 
brought considerable impact on various measure
ments and code validation experiments, primarily 
for energies up to ~200 MeV, but occasionally also 
in the region from 600 to 3000 MeV. For neutron 
and light-ions reactions, suitable nuclear-model 
codes for energies up to 200 MeV are readily avail
able, and reasonable starter libraries could, in prin
ciple, be produced by quick calculations with these 
codes. The accuracy of such data is, however, not 
yet well known, and its specification needs partic
ular data testing. This applies at least for the most 
critical cross sections determining the system- or 
specification-relevant quantities of transmutation 
concepts. Regarding radiation damage data, such 
as displacement, H-, He-production and element-
transmutation cross sections, very little information 
above ~20 MeV is presently available from exper
iments. Data obtained from model calculations are 
still discrepant with respect to those derived by 
extrapolations from low energy data. This applies 
at least for displacement cross sections in typical 
structural materials of steel alloys. 
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1.Introduction 
It is a current interest to transmute long-lived radioactive wastes by the use of an 

intense proton accelerator. There proposed several concepts for the accelerator-based 

transmutation system.^ ~*) Since these systems are driven by the proton induced spallation 

neutrons in a target, the neutron yield and the neutron spectrum from the thick target are 

important factors to decide the performances of the systems. 

Because the evaluated nuclear data files are not prepared for die energy region above 

20 MeV, nucleon meson transport codesW were used to neutronics calculation in the 

design studies. In these codes die spallation reactions and die transport of die particles are 

simulated by die intranuclear cascade evaporation (INCE) model. 
(5) 

It was indicated by 

recent works(6 J ) that die INCE model reproduced neutron emission from diin target well, 

although die model underestimated die backward component of die double differential cross 

sections. 

From the viewpoints of die target design, it is necessary to know die validity of die 

codes in comparison widi diick target experiments. Several integral experiments^"^) w e r e 

carried out to study die leakage neutron spectrum, the neutron yield and the nuclide 

production for die medium energy protons incidence. 

In this work, an integral experiment was performed to understand the transport of 

die spallation neutrons using a lead assembly, which can be regarded as a mockup of die 

transmutation system(3) based on die fast neutrons. In die experiment, several kinds of 

activation samples were inserted into die assembly and were irradiated with 500 MeV 

protons. The number of induced nuclides was obtained by y-ray measurements. 
t Present Address: Kyoto University, Yoshida-Honcho, Sakyo-ku, Kyoto, 606, Japan 
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Preliminary calculation was also performed using the nucleon meson transport code 

NMTC7JAERl(4). The calculated results were compared with the experimental ones. 

2.Experimental Procedure 
In the experiment, the lead assembly was irradiated at the beam dump room of the 

500 MeV booster proton synchrotron facility of National Laboratory for High Energy 

Physics. Figure 1 shows the cross section of the lead assembly. The size of the assembly 

was 60 cm in diameter and 100 cm in length. The 500 MeV protons were injected into the 

assembly through the hole of 16 cm in diameter and 20 cm in length. 

The activation samples were inserted into the lead assembly along the beam axis at 

the position of 0, 3,6,10,15,20 and 25 cm. The purities of the samples were as follows: 

Al(99.999%), Fe(99.99%), Ni(99.9%), Cu(99,99%), Au(99.999%) and Pb(99.99%). 

The size of the sample was 6 mm in diameter and 10 mm in length, respectively. 

The lead assembly was irradiated with 6.3xl0*4 to 3.3x10^ protons. The number 

of the protons was monitored by the pick up coil, the activation foil of Al and the faraday 

cup. After 30 hours cooling, y-ray measurement was started with a Ge-detector (relative 

efficiency of 20% to 3"x3" Nal scintillation detector). The measured data were taken on the 

computer by 4k channels and were analyzed by the program BOB^^). The reaction rate 

was obtained by the following relation: 

Y}exp = ^ 
£j T| 8P N (l-e-^Oe-^Tc (1-e W™) t (j) 

where j : jth produced nuclide, 

Xj: the decay constant, 

I j : the peak area, 

P : the number of protons, 

N : the number of atoms in an activation sample, 

ej : the peak efficiency of the Ge-detector, 

T|: the number of photons emitted per decay, 

5: the self-absorption for photons in an activation sample, 

Tr: the irradiation time, 

Tc: the cooling time and 

Tm : the measuring time. 
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The peak efficiency Ej was determined by the calibrated gamma sources of ^^Na, 

60Co, 1 3 7 Q and ^ 2 g u jhe ^if absorption for photons in an activation sample 8 was 

calculated by Monte Carlo method assuming that the photons were produced uniformly in 

the sample. The uncertainties for the decay constant and the number of photon per decay 

were not included in this estimation. Table 1 summarizes the errors with respect to die fray 

measurement. 

3. Nucleon Transport Calculation 
Preliminary calculation was performed to compare the results with the experimental 

ones. The reaction rate Yical was evaluated by the following equation: 

5 0 0 

Yjra/=X JaijCEWKE)^ , (2) 
1 Eth 

where i stands for proton or neutron, <jij(E) is the production cross section for the 

nuclides j , <j>'j(E) the flux of nucleon i and Eth the threshold energy. In this calculation, the 

reaction rate was calculated by dividing the energy range into some groups: 

Yjcal = Z I oij,g •ij.g , (3) 

where, g indicates the number of energy group. The group structure is shown in 

Table 2. 

The nucleon flux was calculated by the code NMTC/JAERI for the homogeneous 

lead assembly on condition that the number of history was 100,000 and that the cut off 

energy for the nucleon transport was 15 MeV. The beam profile was assumed to be the 

gaussian configuration which was obtained by the yield of ^N& in the Al foil at the beam 

entrance hole. The profile of 24Na yield in the AI foil is shown in Figure 2. 

As for the activation cross section, the experimental data(^-17) w e r e employed for 

proton induced reaction. For neutron induced reaction, on the other hand, the calculated 

values were employed because of lack of the experimental neutron induced activation cross 

sections above 20 MeV. We evaluated the cross section using NMTC/JAERI. 
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4. Results and Discussions 

In this experiment, we identified the nuclide whost half life is beyond 10 hours. 

Major identified nuclides are summarized in Table 2 for Alr Fe, Ni and Cu samples. 

Figure 3 shows the spatial distribution of die reaction rate of 20°Bi produced in lead 

samples. Figure 4 exhibits the proton fluence calculated using NMTC/JAERI by die surface 

cross estimation method. Since the range of the 500 MeV proton is 20 cm in die lead, die 

calculated proton fluence decreases rapidly at 20 cm in depth. It is clearly seen from Figure 

4 mat 
206Bi 

was produced even in die position beyond 20 cm on the axis. This fact 

indicates that the streaming of the high energy protons between die samples and die lead 

assembly might occur along the axis. As for die 20oBi production at r=3 cm, the measured 

data exhibited similar behavior as die calculated results, akhough significant peak was seen 

around 20 cm in depdi. 

Figure S shows the spatial distribution of the reaction rate of ^ N i produced in die 

nickel samples. The measured data seemed to be the typical profile of die intensity of die 

induced nuclides in die lead assembly. Since die protons was incident on die surface at 20 

cm in depth, the reaction rate shows the greatest value at die position and decrease 

exponentially. It should be noticed that die production of was observed at die 

position of r= 25 cm. Because die direshold energy of die ^ N i production is 12.4 MeV, it 

is indicated diat die fast neutrons transported to die periphery of die lead assembly. 

In Figure 6, the measured reaction rates for ^Co, 56QQ m^ 5 5 Q , produced in die 

copper samples are compared with die calculated ones. For diese nuclides, die threshold 

energies have almost same values of 28, 35 and 30 MeV. On the odier hand, die cross 

sections are 16.8, 5.2 and 1.2 mb for proton incidence, respectively. 
(18) 

Consequently, 

die measured data indicated die difference of die activation cross section among die nuclides 

implicitly. Comparing die results of die position of r=3 cm with those on die axis, it is 

possible to say diat die ratio of die activation cross sections between die cobalt isotope are 

larger for neutron incidence than for proton incidence. 

The calculated results reproduced die measured data well at r=3 cm, although some 

discrepancy was seen for 57co production. On the axis, however, die calculated results 

can not evaluate die measured data at die position deeper dian 20 cm at all. There may be at 

least two reasons for die discrepancy. One is diat die NMTC/JAERI could not estimate die 

angular distribution of die nucleons in die simulation of nuclear reactions correctly. Anodier 

one is that die measured data might include die contribution of the streaming of die high 

energy protons. 

In Figure 7, die measured reaction rates for ^Mn and ^fAn produced in die copper 

samples are compared with die calculated ones. For tiiese nuclides, die threshold energies 
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are 50 and 67 MeV and the cross sections arc 7.2 and 2.7 MeV, respectively.^) in this 

case, the calculated results agreed with the measured data fairly well for 52Mn production 

at r=3 cm. As for $4Mn production, however, the calculation underestimated the measured 

data by a few times in magnitude. The disagreements might be attributed to the 

underestimation of the activation cross section for neutron incidence. 

In Figures 8 and 9, the measured reaction rates for ^^Mn and 4&V produced in the 

iron samples are compared with the calculated results. For the 4^V production, the 

threshold energies is 35 MeV, which is die same value as the reaction natCu(n, x)5°Co. 

From Figure 6 and 9, the reaction natFe(n, x)^8v seemed to have almost equal cross 

section as the reaction natCu(n, x)^^Co. The calculated results exhibited similar behavior 

for the iron samples as is seen in the results of the copper samples at r=3 cm. Good 

agreements were obtained between the calculated and the measured results at r=6 cm for 

both nuclides. 

In Figures 10 through 12, the measured reaction rates for 5^Ni, 52^n and 4&V 

produced in die nickel samples are compared with the calculated results. For these nuclides, 

the threshold energies are 23,40 and 60 MeV, respectively. In these Figures, one can see 

fairly good agreements at the position of r=3 to 10 cm between the calculated and the 

measured results for 56pjj j ^ 48y production, respectively. For 5 2 \ j n production, 

however, the calculation could not reproduce the measured data even in the position where 

the radial distance is greater than 3 cm. The fact might be caused to the poor estimation of 

the activation cross section for die reaction natNi(n,x)52Mn. 

Since the calculated activation cross sections were used to estimate the reaction cross 

section in this work, it is necessary to know the validity of the codes. In Figures 13 and 

14, the calculated excitation functions arc compared with the experimental ones^^-17) for 

proton incident reactions. There exists the discrepancies of a couple of times in 

magnitude.between the calculated and the experimental ones. It is considered from these 

results that the degree of the agreement seen in die Figures 6 though 12 will be in the 

reasonable range. It is necessary to investigate the activation cross sections to make more 

sophisticated discussions. 

5.Summary 

An integral experiment was performed to study the transport of the spallation 

neutrons in the lead assembly using 500 MeV protons. Spatial distributions of the reaction 

rates of the induced radioactive nuclides were obtained using various activation samples. 

Measured data were compared with the results of the nucleon-meson transport code 
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NMTC/JAERI. The calculated results agreed with the measured ones fairly well at die 

position of 3,6 and 10 cm in radial distance. However, NMTC/JAERI underestimated die 

results on the axis beyond 20 cm in depth. In order to compare die results in detail, further 

investigations will be required from experimental and calculational aspects with respect to 

die production cross section and to the streaming effect on die axis. 
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Table 1. Estimated experimental errors. 

Items 

1. Number of protons 

2. Statistics of peak area 

3. Peak efficiency 

4. Number of atoms in the sample 

S. Times for irradiation, 

cooling and measuring 

Estimated errors (%) 

10 
<1 to 34.4 

2.0 to 4.0 

<0.5 

<0.5 

Table 2. Group structure for reaction rate calculation. 

Group No. 

1 
2 

3 
4 
5 
6 
7 
8 
9 
10 
11 

Lower Energy 

(MeV) 

15 
20 
25 
30 
35 
40 
45 

50 
60 
70 
80 

Group No. 

12 

13 
14 
15 
16 
17 
18 
19 
20 
21 

Lower Energy 

(MeV) 

90 

100 
120 
140 
160 
180 
200 
250 
300 
400 
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Table 3. Identified nuclides in the samples of Al, Fe, Ni and Cu. 

Samples 

Al 

Fe 

Ni 

Cu 

Identified Nuclides 
7Be, 22Na, 24Na 

42K, 4 3 K , 44msc, 46sc, 48V , 

48Cr, 51Q, 52Mn, 54Mn,56Co 

42K, 43K, 44mSc> 46sc, 48 v , 

48Cr, 51Q-, 5 2 ^ 54Mn, 52Fe, 

59Fe, 55CO, 56CO, 57Q,, 58c0 , 

56Ni, 57Ni 

42K, 43K, 44mSc, 46Sc, 4 8 v , 

48Q, 51cr, 52Mn, 54M„, 59pe, 

55Co, 56co, 57co, 58c0 , 

56Ni, 57Ni, 62zn, 65zn 
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XL XI-

1000 ( m m ) 

Figure 1. Cross sectional view of the lead assembly. The small holes (a to i) indicate the 

places where activation samples are inserted. The capitals A stands for the lead 

assembly, B the beam entrance hole, C the lead target which can be replaced 

with different one. 

2000 

3 - 2 - 1 0 1 2 3 

Figure 2. Horizontal and vertical distribution of 2 4 N 3 yield in the Al foil at the beam 

entrance hole. The width of the histogram corresponds for 1 cm. The circles 

indicates that the protons were injected from the bottom of the paper. 
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Figure 3. Spatial distribution of die reaction rate for 20^Bi produced in the lead samples for 
500 MeV protons injected in the lead assembly. 
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Figure 4. Proton fluence in the lead assembly calculated by the surface cross estimation 
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THE FISSION TRANSMUTATION OF 23rNp IN A FIELD OF 
SPALLATION NEUTRONS EMITTED FROM THICK LEAD TARGET 

BOMBARDED BY 1-3.7 GEV PROTONS AND DEUTERONS 

V.A.Nikolayev, R.G.Vassil'kov', R.M.Yakovlev, V.I.Yurevich' 

V.G.Khlopin Radium Institute, 197022 Sankt-Peterburg, Russia 
* Moscow Radiotechnical Institute, Russian Academy of Sciences (MRTI), Moscow 
113519, Russia 
** Laboratory of High Energies, Joint Institute for Nuclear Research, Dubna 

Large-scale transmutation of radioactive waste, that might be in plenty produced in 
consequence of industrial reprocessing the irradiated nuclear fuel, would be based, most 
probably, ou applying of intense neutron fluxes (both thermalized and fast) provided 
by fission reactors and accelerator-driven target-blankets. A lack of the reliable exper
imental data concerning some bothering nuchdes makes difficult to ground practical 
expediency of the very transmutation approach. 

So, up to recently consistent appraisals not always could be done even for rather 
elaborated systems with neutrons of thermal spectrum (say, transmuting rate of 137Cs/90Sr 
through capture of thermal neutron). Similarly, in the case of minor actinides (with rel
atively high fission thresholds) a scarcity of the relevant data base enables to estimate, 
for instance, a burning down of these nuchdes in complicated hard neutron spectra 
(including neutron fields around spallation target driven by ~GeV proton/deuteron 
beams of ~MW power), in essential, only on the basis of general considerations. 

In order to narrow a gap between the experimental data spreading under an ideology 
of accelerator based large-scale neutron production (say,for purposes of nuclear fuel 
cycle needs), and calculational methods requiring such data for their validation and 
testing we performed a series of experiments on fission transmutation of some actinides 
(237Np, 243Am, 210,242Pu) extracted from irradiated fuel, and some reference actinides 
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as well (:3:Th, :3i'238TJ) in a field of spallation neutrons. Neutron were generated in 

very thick lead target bombarded with proton beams (in the ~GeV region). The 

measurements have been carried out at JINR synchrophasotron (Dubna). 

The data of such a kind can be of interest, among the others, for those accelerator-

based actinide transmuter concepts that have deal with very hard neutron spectra [1,2], 

and for which one can appraise rather exactly some characteristic average values, say 

by analogy with [3], one-groupe fission cross section. 

We studied the ^ N p fission rate (by now the data for ^ N p only are ready to 

be presented) in neutron field of Pb cylinder 020 x 60 cm, (fig.l) bombarded by pro-

tons/deuterons with energies 1.0,1.5, 2.0, 2.5, 3.17, 3.65 GeV. Beam intensities on the 

front target surface were typically of the order of 10s-109 ions/second, and beam spot 

size at the same position was 2.5 ±0.5 cm (FWHM) in both the vertical and horizontal 

directions. Beam monitoring was being done with multiwire proportional chambers 

and activation reactions 27Al (f
d,X) Na. 

Fission detectors were usual solid state nuclear track detectors composed of 6-

microns organic film (polyethyleneterephtalate, PETP) in tight contact with layers of 

actinides to be studied, size of layers being 11.3 mm in diam., ~ 1 mg/cm2 thick. Trackf 

were counted automatically by spark counters AIST. The fission event detection effi

ciencies were calculated using fission cross sections of ENDF/B-V library and recently 

measured values for high-energy neutrons [4,5]; for Bi detector we used the data from 

[6]. Detectors were placed over target surface along beam direction and also at angles 

10', 30°, 60°, CO", 120° and 150° relatively to beam axes at a distance 1 m from center 

of target. 

As to the characteristics of spallation neutron field we modified the threshold de

tector technique having added high-threshold spallation detectors (thick Cu and Cd 

layers) and Bi to usual set of fission detectors. This improvement enabled to investigate 

and to measure enough precisely high-energy parts of neutron spectra; the method is 

described in detail in [7,8]. Some results of spectral measurements on above-mentioned 

lead target have been reported in [9]. 

Auxiiliary time-of-flight experiments on shorter Pb target 020 x 20 cm ahowed that 

a yield of secondary protons from the target was one order of magnitude less than yield 

of neutrons of equal energies. Nevertheless, we corrected our results for virtual proton 

contribution into the fission data; efficiencies of spallation detectors (that have been 

measured on proton beam of various energies) were supposed to be independent of a 

type of incident nucleon. 

The next step of the data processing was a reconstruction of neutron differential 
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distributions after the results of integral measurements (obtained with threshold detec

tors) by means of an iterative procedure that was realized in computer code RESTOR 

[7]. As a zero approximation of neutron energy spectrum we used the results of time-of-

flight measurements for lead target 020 x 20 cm. Integration of such reconstructed neu

tron energy distributions gives neutron yields exceeding by about 15% corresponding 

values provided from neutron moderation experiments (fig.lb). The difference seems 

to be quite reasonable taking into account features inherent to moderation technique. 

In fig.2-3 normalized distributions of fission rate of 237Np and some reference nu

clides are presented. Integration of these distributions, say for a 7 Np layer of 1 mg/cm2 

thick, fully surrounding Pb target of above-mentioned size, gives 7.09- 10~s fissions per 

1-GeV proton absorbed in lead; at proton energies 2.0,2.55,3.17 and 3.65 GeV the cor

responding numbers of fission events amounted to 1.37-10~*, 1.75 • 10"*, 2.02 10 - 4 and 

2.3-10-4 per proton respectively. For deuterons as primary projectiles analogous values 

are by about 15-20% more what is apparently due to just the same rising of neutron 

yield when proton beam is substituted for deuteron one (of equal kinetic energy). 

But it would be more properly to normalize the integral fission events on neutron 

yield, rather than on incident ion. Then the fission rates turn to be independent of 

bombarding particle initial kinetic energy, i.e. with a present level of accuracy of our 

data the yields, say, of ^ N p fissions per neutron emitted from Pb target stop to feel 

a change of ion initial kinetic energy in spite of the fact that average neutron kinetic 

energy changes quite noticeably (fig.lc). additionally, integral yields of 237Np as well as 

of reference nuclides are insensitive to a difference between neutron spectra generated 

by proton or deuteron of equal initial kinetic energies. 

It means that in our experiments for each type of projectile the ratio 

<">" MWE. -cmst 

denominator being, by definition, the measured leakage neutron yield. So, spectrum-

averaged fission cross sections < Of > have been determined by experimentally mea

sured values, the neutron yields were being used either from moderation technique mea

surements (with errors ±3.5-r4%) and from threshold detector technique supported by 

time-of-flight method (summary errors ±8 -r 12%). These mean cross sections < cj > 

are presented in barns: 
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moderation 
TD+TOF 

moderation 
TD+TOF 

2351J 2 3 7 N p 2M1J 2 3 2 T h 

Proton 
1.57±0.17 1.31±0.14 0.38±0.04 0.14±0.02 
1.37*0.14 1.14±0.11 0.33±0.03 0.12± 0.01 

Deuteron 
1.55± 0.25 1.32±0.21 0.36± 0.06 0.14± 0.02 
1.35±0.25 1.13±0.23 0.31± 0.05 0.12± 0.02 

The relationships between values of < aj > for four these nuclides are approxi
mately the same for proton and deuteron beams: 

proton 
deuteron 

235 yj 2 3 7 N p 238JJ 2 3 2 ^ 

1 0.84 0.24 0.09 
1 0.84 0.23 0.09 

Now a new series of measurements is under way with some additional actinides, 
more perfect beam monitor devices being used, that will enable to improve essentially 
accuracy of tbe data and to understand better detaib in behavior of averaged cross 
sections. 
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Figure legends 

Fig.l. General characteristics of neutron field around lead cylinder 4>2Q x 60 cm bom

barded with protons: 

a) angular distributions of various neutron groups (1 - all neutrons, 

2 - E„ > 1 MeV, 3 - E , > 6 MeV, 4 - E» > 20 MeV, 5 - E» > 50 MeV, 6 - E„ > 100 

MeV, 7 - E , > 250 MeV., 8 - E„ > 500 MeV, proton energy E, = 2 GeV) measured by 

threshold detector technique (SSNTD); 

b) Ej, - dependence of integral neutron yields measured by both moderation tech

nique (D) and SSNTD technique (o); a curve refers to the former cumulative set of the 

data (that previously have been published by several groups: Oak Ridge-Chalk River, 

KfK-SIN/ KfK-Saclay, MRTI), which is quite well approximated by function 

Y? = -8.2(±1.6) + 29.l(±1.3)£j-re n/p, 

E ; is expressed in GeV; the values (o) were obtained by integration of full neutron 

spectra and may be described similarly: 

/ ; = -4.8(±1.0) + 28.6(±2.5)£jJS n/p; 

when the upper limit of the integration is 15 MeV, what is a reasonable boundary laid 

by the very moderation technique (upper index m/t means "moderation"/"threshold") 

then the curves merge 

c) average energy of neutrons emitted from Pb cylinder at various energies of inci
dent protons (circles) or deuterons (squares). 

Fig.2. Longitudinal (a) and angular (b) distributions of fission rates measured for 
M7Np and some reference nuclides in neutron field presented in fig. 1, protcn energy 

E„ = 2 GeV. 

Fig.3. Anaioguous distributions but measured at proton/deuteron energies 3.7 GeV 

(squares) and 1.0 GeV (circles), clear symbols refer to deuterons. 
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Calonmetric measurements and investigation of the reaction 
velocities distribution of medium-energy protons bombarding 
targets. 

V. I.Bel yakov-Bod in, 6. M. Aitov, A. M. Andreev, 
V. D. Dubinsky, Y. E. T i tarenko and V. A. Sherstnev 

Institute of Theoretical and Experimental Physics, Moscow, USSR 

A calorimeter for determination of the energy deposition 
has been developed and applied to the measurements with 0. 2 m -
diameter by 0. 6 m - thick aluminium target bombarded by 0.8, 
1.0 and 1.2 GeV protons. The experimental data has been compa
red with results obtained via Monte Carlo simulation of three 
dimensional hadron-electromagnetic cascades. The experimental 
data of the reaction velocities distribution on the aluminium 
target irradiated by the protons with energy 1 GeV are given. 
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Calorimetric measurements and investigation 
of the reaction velocities distribution of 
medium-energy protons bombarding_"targets. 

V. I. Belyakov-Bodin, G. M. Aitov, A. M Andreev, 
V. D. Dubinsky, Y. E. Titarenko and V. A. Sherstnev 

Institute of Theoretical and Experimental Physics, Moscow, USSR 

Knowledge of heat release in targets during proton exposure 
is important for high-intensity spallation neutron sources 
[1,21 and spallation breeding of nuclear fuel [31. Calorimeter 
measurements of the heat deposition inside of lead and bismuth 
targets have recently been described C4L Ir. this paper, a bri
ef description is presented of the facility and the target nee
ded for understanding the problem. Detailed description of the 
facility construction, measurement blocks, principles and me
thods of calorimetric data taking can be found in ref. £41. 

Our facility is designed for researching the energy deposi
tion in solid cylindrical targets. It consists of a mobile 
bench, a test chamber with a target, a measurement block and a 
digitizer (fig. 1). The test chamber, contain a target and made 
of duraluminium, is designed to provide an evacuated volume. 
The bench provide about 10* mm Hg pressure inside the test cham
ber preventing convective heat exchange. Proton beam hits the 
target through the front end of the test chamber wich is cove
red with a 0.8 mm thick aluminium membrane. The prefabricated 
target (fig.2,3) consists of some quantity blocks, 2.5 cm 
thick, used to provide the target mass only and of 10 cylindri
cal measurements blocks, 20 cm in diameter. The measurement 
block (MBs) are used both to provide the target mass and to 
carry out measurements. An MB consists of a set of five ther
mally insulated discs of 4 mm thickness assembled together 
(fig.4). The central disc of the assembly is provided with uni-
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versal measurement probe allowing for the disc temperature be 
taken in 12 points. The signals from 120 target points go to 
120 precision low noise (0P27) amplifiers. Then they are input 
into a 128-channal digitizer. The digitized data is communica
ted to an ISKRA-226 computer. 

In accordance with two techniques of energy deposition de
termination, two types of MBs were fabricated: "whole" and 
"cut" ones [43. In a "cut" MB three central discs are divided 
into fore thermally insulated rings with outer diameters of 2, 
5, 10 and 20 cm (fig.5). With these MBs the energy deposition 
A Q is measured directly as the integrated (through an exposu
re) temperature variation At of a chosen thermally insulated 
ring. In a "whole" assembly, the instantaneous temperature can 
be derived in two orthogonal directions at distances of 5, 13, 
27, 50 and 94 mm from the disc center. The digitizing of the 
data is done approximately 0.1 s after the irradiation pulse. 
The method of deriving the spatial component of the energy de
position density from instantaneous temperature values in such 
MBs is based on the solution of the linear heat transfer equa
tion for the inverse problem [5,6]. 

The universal measurement probe (fig. 5) consists of a may-
lar membrane of 50 Mkm thickness. It is provided with 12 lead 
probes of 0. 4 mm thickness, 2.5 mm in diameter. A measuring end 
of differential thermocouple is inserted into each probe and 
sealed. For operation, thermocouples with a sensitivity of ap
proximately 7 x 10" V/K, using 300 Mkm diameter wire, were fa
bricated. All the 12 thermocouples of each MB are soldered to 
contacts inside the test chamber. Termal contact of the probe 
with the target disc is provided by thin layer of a spetial 
heat-conducting paste. 

Table 1 present obtained distribution of energy deposition 
along aluminium target for inner cylinders with a diameter of 
0.1 and 0.2 m, All results are relating to one incident proton, 

and energy deposition means heat produced in the tar
get disc area from the center to the diameter mentioned. In 
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fig. 6 longitudinal energy deposition in target obtained expe
rimentally and calculated with the MARS10 code [7,8] are compa
red. 

Then we have the results of reaction velocitis measurement 
on the targets irradiated by the protons. Experimental samples 
are mounted on the special frame, that is plased on the shiel
ding target cover. To avoid possible contribution to error from 
other reactions using higher isotopes of the same element, in 
our experiments we used the samples, having 100% nuclide compo
sition and samples with high enrichment: 12 - C (98.99%), 19 -
F (100%), 27 - Al (100%), 59 - Co (100%), 63 - Cu (99.6%), 65 -
Cu (98.7%), 64 - Zn (99.4%), 93 - Nb (100%), 115 - In (99.99%), 
197 - Au (100%). 

Calculation of the absolute values of the nuclear reaction 
velocities quantities were made in our experiments. Nuclear-
physical parameters important for these calculations were taken 
from C93. Functionals, characterizing neutron distribution we 
may submit as the reaction velocity absolute quantities (n.Xn), 
(n,<), (n,p), (n,n'), (n.f) or their ratio. Uncertainty in qu
antities of the measured values of the nuclear reactions velo
cities was calculated, taking in consideration the parameter 
root-mean-square error. It was shown that the contribution of 
the nuclear data error to the measuered quantity error constit
utes (10-23)%, stable error (2-4)%, error of falling proton 
beam monitoring flux dencity (6.5-10)%. 

The experimental results of the absolute values of the in
vestigated nuclear reactions velocities are given in Table 2. 
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Table 1. 

The longitudinal energy deposition in aluminium target for cy

linder 0t = 10 and 0Z - 20 cm. 

z 
(mm) 

55 
100 
125 
145 1 

170 • 

215 
240 
260 
285 
330 
355 
375 , 

400 1 

470 I 

515 ! 

545 ! 

590 ! 

0. 8 Gev 1 
t 
I 

q, ! 

I 
f 

1 
1 

1.0 GeV 1 

» 10 

1006+ 2511038+ 2511002+ 181 
1 
I 

1 
t 

903± 26! 

846+ 25! 

1 

1 
I 

714± 261 

668± 141 
t 
l 

1 
1 

519t 22! 

491± 19! 
1 

363± 12! 
1 
f 

285± 15! 

1041± 32! 

996± 30! 

1019+ 29! 

987± 34! 

874+ 16! 

839+ 331 

872± 271 

818+ 25! 

746+ 261 

701+ 231 

649± 301 

614+ 301 

504± 40! 

464± 161 

407± 18! 

364t 35! 

888± 21! 

883± 141 

708± 37! 

686± 9! 

543+ 29! 

515± 18! 

373+ 21! 

285± 6! 

(GeV/cm) 
i 
i 

1042+ 34! 

1114± 13! 

1063± 271 

1033± 25! 

1007± 23! 

897± 24! 

858± 14! 

853± 441 

855± 21} 

769+ 30! 

749± 13! 

727+ 461 

653± 221 

545± 14! 

501± 23! 

437± 31! 

371± 201 

1. 

q i 

888± 25 

711± 22 

541± 201 

366± 6 

2 GeV 

! 1. 

11055± 25 

11062± 26 

1 914+ 18 

923± 25 

832± 33 

710+ 37 

551± 24 

459± 20 
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Table 2. 
Measured absolute values of the nuclear reactions velocityes 
with the use of the experimental samples, containing 27-Al, 
115-In, 197-Au. 

Pa- ! 
ra- Z f 
me\mml 
t e r \ ! 

iLsTn.\ 

C1! 
H,fn. 1 

Reaction velocity in 

50 

7.0 + 
0.6 

301 + 
24 

82.0+ 
8.4 

4.6 + 
0.4 

14.2+ 
1.5 

3. 4 + 
0.5 

2.7 ± 
0.2 

(6.2 + 
0.5) 

! 

! 

! 

! 
f 

t 

f 
i 

I 
I 

t 

! 

! 

I 

! 

100 

9.0 + 
0.7 

315 ± 
25 

97.3+ 
10.0 

6.0 ± I 
0.5 1 

21. 8+ 1 
2 .3 1 

5. 4 ± 1 
0.6 1 

3. 6 .+ ! 
0.3 1 

1(6.7 + 1 
f 0.5) 1 

! 150 

the exper 

f 
i 

! 

! 10. 0+ f 
! 0.8 I 

! 332+ 
' 27 

1107.0+ 
11.1 

7.1 + 
0.6 

28. 8± 
3.0 

7.5± 
0.7 

6.3+ 
0.5 

f 

f 

200 

10.8+ 
0.9 

321+ 
26 

! 108. 0+ 
! 11.2 

f 
f 

! 

1 

! 

! 

I 

! 

( 6.2+ t 
0.5) ! 

7.8+ 
0.7 

32. 0± 
2.9 

8.2+ 
0.8 

7.8+ 
0.7 

(6.7+ 
0.5) 

I 

1 

! 

! 
t 

! 

imental 

! 

250 ! 
t 

10. 7+ ! 
0.9 ! 

301+ ! 
24 ! 

1103.6+ f 
! 10.8 ! 

! 

1 

! 

f 

! 

! 

f 
f 

! 

! 

7.8+ ! 
0.7 ! 

34. 4+ ! 
3.1 ! 

9.0+ ! 
0.8 ! 

8.5+ ! 
0.7 ! 

(6. 5± f 
0.5) f 

samples 

! 

350 ! 
! 

10. 9+ t 
0.9 ! 

310+ ! 
25 f 

95. 6± f 
9.9 ! 

7.2+ ! 
0.6 ! 

37. 4+ ! 
3.4 ! 

9.3+ ! 
0.8 ! 

9 .7 t ! 
0.8 ! 

(6.6+ 1 
0.5) f 

-clO30 

! 

450 ! 
I 

10. 4+ ! 
0.9 ! 

340+ ! 
27 ! 

80.4+ ! 
8.3 ! 

7.0+ ! 
0.8 ! 

34.9+ ! 
3.1 « 

9.3+ ! 
1.7 ! 

9.0+ ! 
0.8 ! 

(6.3+ ! 
0.5) 1 
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Decontamination of nuclear wastes by transmutation of aktinides 
and fission products to stable or shot-lived nuclides is one of 
the urgent problem of the nuclear energy industry. 

Different solutions to the problem are being studied. 
Accelerator-based installations and special reactor-burners of 
actinides on fast and thermal neutrons seem most promising today. 
Evaluation of transmuting concepts requires comprehensive 

experimental activities which can be combined into special pro-
gramms of main scientific centres. 

This report discusses possibilities to obtain the nuclear data 
neeled for evaluation of different targets and blankets for accele
rator-based transmuting systems. 

This concept,where the nuclear flux results from interaction of 
a. proton beam with a thick target,requires a solution of some pro
blems outside the scope of problems existing in conventional reactor 
physics and technology. 

It is,first of all,because of nuclear reactions in the target, 
which result in production of neutrons in a broader energy range 
compared to the fission neutron spectra. 

In accelerater-based transmuting system one has to follow 
the changes with time in the nuclide content of the target and 
accumulation of a long-lived nuclear reaction products. 

Blankets transmuting systems can have different moderator mate-
riaisCheavy water,molted salts) and .because of,the neutron energy 
spectra of broad range also. 

Measurements of general characteristics of systems for trans
mutation of Np,Am,Cm can be performd in functioning reactors with 
different neutron spectra.The need for such experiments is caused by 
poor experimental data on differential cross-sections for actinides 
available now. In these cases the libraries do not provide con
sistent calculated values of constants. 



607 

EXPERIMENTS WITH PROTON BEAMS. 

Partiaily.the data on the total cross-section for actinides, 
production cross-section in reaction of protons with taget 
nuclei.neutron yields from the target per one proton of the 
beam,as well as,absolute rates of nuclear reactions in specific 
samples resulting from secondary interactions,could be obtained 
using activation techniques with semiconductor and scintillation 
detectors of high resolution. 

Irradiation experiments in IHEPCProtvino) will be perfomed at 
different values of kinetic energy of proton beam -1200,1000, 
800,103,73,37,24 MeVD. 
The reactions 27AlCp,a)24Na and 63Cu(n,p)63Zn will be used to 
monitoring of the primary beam intensity. The weight of the 
irradiated targets will up to 100 mg. 

The study of interactions of protons with Pb-target requires 
that the target samples were enrichment to 95% of each of the four 
isotops -201.206,20f,208pb 

Correctness of the applied methods for calculation of the tar
get behavior can be verified by measurements of space distribution 
of neutron flux.In such experiments the samples of high enrichment 
can be used 12CC98,99°/.), 19FC100%) ,27A1C100%) ,59Co(100W ,63CuU00%) 
65CuC 98,7'/.), 64ZnC 99,4), 90NbC 100°/.),115InC99,99'/.),197AuC 1OOJS). 
The reactions of interest have threshold and thus rather informa
tive for comparison with the calculation predictions. 

Determination of the absolute neutron yields from targets under 
proton bombardment is performed using cylindrical targets surroun
ded by thick layer of moderator. The intensity of the primary beam 
is monitored.The distribution of the thermal neutrons on the space 
of layer is measured by conventional detectors. Absolute neutron flux 
is determined at several points. Numerical integrations of the mea
sured relative distribution and normalisation to the absolute 
neutron flux at several points will result in determination of 
the number of neutron per one proton of the beam interacting with 
the target nuclei. 

Calibration of detectors for measurement of relative and abso
lute values of thermal neutron flux will be done in thermal columns 
of functioning reactors. 
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EXPERIMENTAL STUDIES AND EVALUTION OF BLANKET PARAMETERS 

The development and design of large scale blanket requires a lot 

experimental studies covering all aspects of the problems and may 

include experiments with full scalled subsystems. 

Multiplying properties of the blanket can be successfully 

studied using critical systems of negligibleCzero)power or subcri-

tical systems with external neutron source. 

In the Institute Theoretical and Experimental PhysicsCITEP) 

a reactor of zero power MAKET has been recently commissioned 

CShvedov 0. V. ...Preprint ITEP-167,19863.It provides unique capabi

lities for precise studies of the neutron physics,maintenance and 

safety problems of the heavy water lattices of various designs. 

MAKET has specific design features.different experimental techni

ques with automated data processing and model calculation. 

The scope of studies can include determination of very specific 

parameters of lattice,as well as full scaled core model and 

blankets of heavy water nuclear installations of different type and 

purpose.Table 1 shows design parameters of MAKET which prove its 

unique capabilities for experimental studies: 

- core vessel is 19 m . It can be early increased to 35 m .This 

will allow experiments with full scalled cores of research and po-

werfull reactors,as well,as with blankets of transmuting systems. 

-the core vessel is not less 2 m distant from the floor and 

the walls of the building of its placing.lt has a removable neut

ron absorbtion cover and tube supports,to make minimal the effects 

of neutron back-scattering from construction elements on critical 

dimensions of studied lattices. 

-the shielding of the reactor allows to work at 1 kW power. 

-the core vessel has containment preventing the contact of heavy 

water with environement of the working area,decreasing thus the 

losses and depletion of heavy water, 

-continuous measurements of heavy water levels in the vessels 

of hydraulic system and safety systems prevent leakage of heavy 

water into the core vessel.The full heavy water balance can be 

determinatedat any instant with a precision of 15 kg of total 

quantity 10.000 kg 

http://placing.lt
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-the controlled temperature in the core can be changed. This 
makes possible studies of the temperature effects on reactivity. 

-the experiments on MAKET,except regular systems,are also 
supported with standard and specific automated electronic mesure-
ment systems. 

The design feature and available equipment of MAKET provide 
possibilities for reactor neutron physics studies,as well as stu
dies of maintenance parameters and safety problems of multiplying 
lattices of nuclear installations of different type. 

The results of the studies can be used for validation of compu
ter codes applied for model calculation and for the correction of 
the nuclear constants. 

The studies of blankets of transmuting systems can be success
fully carried out at MAKET equipped with external neutron source. 

This subcritcal system has a remarkable safety feature, 
an uncontrollable increase of power in such system is excluded. 

It is planned to use the shield of the dismouted reactor HWR 
ITEP for installation intended for the blanket neutron physics 
studies. The installation will have external neutron source 
produced in Be or C target by a beam of accelerated protons or 
deutrons. 

The neutron source will be surrounded by subcritical blanket on 
thermal or fast neutrons with fuel and transmuted materials as 
solids or molted salts. 

The pararmeters of such system will be sufficient to perform 
the required studies.For instance,heavy water blankets with flux 
10. n cm u can be obtaind with deutron beam of 30 MeV kinetic 
energy and curret 1 mA. 

It is worth noting that ITEP has its one know-how on construc
tion of accelerator having required beam parameters. 



610 

SOME PROBLEMS OF ACTIVATION EXPERIMENTS 

It is worth repeating that while evaluting available nuclear 

data for actinides,one has to remember,that blankets of trans

muting sistems have different neutron spectra. This requires relia

ble nuclear data in the whole range of neutron spectrum. 

In the following, the estimates of uncertainties of neutron 

cross-sections for actinides are obtained.The requirements for 

characteristics of samples and experimental apparatus are dis

cussed. The products from (n,y)reactions on actinides have very-

long life-times.Therefore.activation experiments in the low neut

ron fluxes,such it is in MAKET,become difficult.Only the reactions, 

NpCn.y) and PuCn.y) seem practical for activation technique 

studies on MAKET.The sample quantities for activation and measure

ments of y-spectra with Ge(Li) detector for those nucleides are 

0.1-2 mg. 

For measurements of 84 KeV y-radiation from Pu the planar 
-3 -1 

germanium detector of the 10 10 * efficiency depending on its 
size will be used.The studies of transmutir.. fission reactions 

1 A *2 

are accompanied by measurements of fission products of Ce and 

La on the yields of which there exist reliable nuclear data. 

The measurements are advisable under the following conditions: 

-sufficient neutron fluence for reliable detection of y-spec

tra of fission products in the presence of natural background from 

actinides. 

-the material of samples must be pure enough to have an accep-

ta ble background from reaction on other isotopes end elements. 

-there must be available precise nuclear data on fission product 

yields for the nucleides under study. 
Let's apply the stated requirements to 237Np; 238,241,242^ 

241,242m,24§Am. 244,245Cm l s o t o p e s ; 
Table 2 shows f-ray intensities from Ce and La: 

AC143Ce)/Nnucl and AC140La)/Nnucl 

as well as intensity of the background from sample irradiation for 

30 hours in the flux of 10 n cm s.The intensity of y-rays from 
5Ce is an order of magnitude larger compared to * La. 
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Besides,the measurements efficiency with a germanium detector 
having a large volume,is 10 times higher in case of Ce compared 

La.Therefore,activation studies must be based on measurements 
of 143Ce,first of all. 

Such measurements,as the data in Table 2 show,are possible for 
238,241,242pu; 241.242^. 245 C m 

However,fission cross-section measurements for Np and Am 
1 A f\ 

are only possible with La due to high background radiation near 
300 KeV. 
It seems that measurements of Am and Cm cross-sections are 
benificially to perform with La because of necessity to sup
press its low-energy y-radiation by the filtres which signi
ficantly reduce the Ce radiation. Fission cross-section of Cm 
can't be measured by the irradiation of the sample in such a low 
neutron flux due to domination of the spontaneous fission product. 

Table 3 shows the evalution results for necessary quantities 
of nuclides in samples for the event rate accumulation 
1 imp/s in maximum. 

It is worth to note that the production of highly enriched 
isotopes 238Pu-99,6%; 241Pu-99,998H; 242Pu-99.96%; 243Am-73,6%; 
244Am-99,949°/.; 244Cm-99,9%; 245Cm-99,998% is routine practise. 

Isotopes are delivered as oxides.nitrides,chlorides in ampouls 
or thin layers on support of different thickness.In case of diffi
culties with a production of large samples for measurements on 

La one can try also scintillator spectrometers,In this case 
the samples may have 20-50 times smaller amounts of material. 

The data on neutron fission yields were reported in CINDA-90 
and "Review of Fission product yields",NEANOC-300-V.1990CTable 4). 
The most complete data on fission yields exist for 2 3 7Np; 2 4 1 , 2 4 2Pu 
241Am;245Cm. 

In fact,there are two types of experiments to measure cumulative 
yields of i La 14,3Ce.The first one is the mass-spectrometric mea
surements determining total cumulative yield of the isobaric chains: 
Y Ch,Y Ch.The second type of experiments based on j'-spectrometry 
determines a cumulative yield of specific products. As the yields 
of140La and 143Ce are negligible,the cumulative yields of isoba
ric chains and 140La, Ce should practically be the same. This 
fact can be used a criterion for reliability of nuclear data. 
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The data for actinicies well fissioned by thermal neutrons exist 
for the thermal neutron energy range only.The data on fission products 
from 238Pu;243Am;244Cm are not published. So,the available data about 
the yields of fission products don't make possible activation 
y-spectrometric method for measurements of fission cross-sections 
for 238Pu; 243Am;244Cm. Measurements of cross-sections for 2 4 1Pu; 

Am; Cm may be performed with a 5% precision,whereas for 
237Np; 242Pu;242Am-with 10%. The cross-section for reaction having 
no threshold can be determined using standarting thermal neutron 
fluxes.The method could be suggested for 238Pu;243Am;244Cm. 

REACTOR EXPERIMENTS 

One of the possibilities to obtain the needed nuclear data is 
buning up of actinides in the screen of fast reactor BN -350. 
The neutron spectrum is essentially changing with the distance from 
the core,as it changes in the blankets of transmuting electronuclear 
installations. 
Therefore,the needed experimental data on reaction cross-sections 
can be obtained for characteristic intermediate spectra. 

The experimental samples placed into the screen can be irradi
ated in fluence up to 101 n cm .The measurements of cross-section 
of Cm become possible. 

The transmutation studies based on burning up of actinides in 
the highCIO n cm sDflux neutron fields with soft spectrum, 
require the data on cross-section for 2 3 8Np and 
(Nuclear Energy Generation Waste Transmutation using Accelerator 
Driven Intense Thermal Neutron Souse-C.D.Bouman et.al. ,LA-UR-91-
91-2601). The presently available data on these nuclides are shown 
in Table 5. 

The quantities of238Np and 2 4 29 Am sufficient for the experiment 
can be obtained by irradiation of samples in reactor CM-2CHMMAP); 

8Np and ^Am can be used in experiments aiming at validation 
data on thermal cross-section and resonanse integrals for these 
actinides or getting data of better precision. 
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The data can also be used for comprasion with the neutron code 

calculations for some spectra multiplied lattices. 

One-day irradiation of Np and Am samples in CM-2 core 

can provide the following ratios: 

_??%=2.5*10"2 J42Am 
237Np 241Am 

IK _p 

(neutron flux in CM-2 core is 2*10 n cm s) 

=8. 7*10~2 

coo 

The accumulated quantity of ̂  Np nuclei may be measured by 

y-spectrometry method using Np y-radiation or Pu a-radiation 

after cooling. Production of may be measured using 242Cm 

a-radiation. 

Correlations between the nuclide activities will be: 

Neptunium sample: Americium sample: 

238PuD A C238Np) AaC
242Am) 

= 600; = 107; = 85; 

AaC
237Np: ArC

233Pa) AaC
241Am) 

On the second stage the repeated irradiation of samples is per

formed and the fission quantity is measured by the track method 

relative to fissions in U sample. If the repeated irradiation 

is performed in thermal spectrum with hardness,equals 0.2,for 

example,the following ratio of partial contributions to the total 

fission quantity is espected: 

N,C238Np) 

N^C237^) 

N ^ ^ A n O 

N^C241Am) 

= 50; in cadmium screen - 6; 

= 40; in cadmium screen - 1.2; 

So,there exists the real possibility for experimental measure

ments of fission cross-section for 238Np and 2429Am with suffis-

iently high precisionCbetter then 5%). 
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CONCLUSION 

l.The experimental program going in ITEP is aimed at studies 
of neutron-physics parameters of targets of transmuting 
systems,irradiated by a proton beam of 24-1200 MeV kinetic 
energy.It is planned to obtain the estimates of the absolute 
yields,neutron spectra,changes in chemical composition of 
target under irradiation. 

2. The experimental program will include measurements of the neut
ron cross-sections for actinides with samples irradiated in ap
propriate neutron fields of reactor BH-350. Similar experiments 
will be carried out in neutron fluxes with soft energy spectrum. 

3. Validated and more precise nuclear data for 38Np and 2 4 ^Am 
will be obtained from experiments using the high flux reactor 
CM-2. 

4.Analisis of existing data on fission products yields for acti
nides shows that available data is either not sufficient or 
does not provide the reqired precision of activation experi
ments. New measurements of fission products yields are planned. 

pep 

5.Zero power reactor MAKET with external neutron sourceC^^^Cf or 
neutron source of Cd,t3 reaction spectrum} will be used for 
neutron physics studies of different blanket designs. 

6 In a pit of th? dismounted reactor HWR ITEP a subcritical model 
of a blanket of transmuting sistem with external neutron source 
will be installed.The neutron flux will originate from a target 
(Be or C) irradiated by the beam of protons or deutronsCcurrent 
1 mA) of 10-30 MeV linear accelerator.The flux in the blanket 
equal to lO-^n cm ^s is expected. 

7. The planned experimental programme with subcritical transmuting 
sistem will make it possible to verify the developed in ITEP 
computer codes for reactor calculations,such as TP.EC,a few 
groups code for geterogeneous lattices. 
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TABLE 1 

BASIC PARAMETERS OF THE ZERO POWER REACTOR MAKET 

1. Core vessel B-1 diameter 
height 
volume 

diameter 
height 

volume 

2.6 m 
3.6 m 
19 m3 

3.4 n 
3.7 m 

33 m3 

2. Safety vessel B-0 

3.Conrol rods 

automatic control rods 1 
compensation and safety rods 2 

4. Automatic heavy water level meters in vessel B-1 2 

measurement accurency of absolute level 1.5 mm 
of relative level 0.5 mm 

5. Limitater of heavy water level in vessel B-1 1 
measurement accurancy of absolute level 1.5 mm 

6. Signaller of heavy water level in vessel B-1 1 

measurement accurancy Of absolute level 1.5 mm 

7. Maximum rate of heavy water pumping into vessel B-1 0.7 1/s 

8. Channals of control and safety system 11 

9.Channels of radiation control system 

thermal neutrons 2 
intermediate neutrons 2 
fast neutrons 2 
^-radiations 30 

10. Maximal power of the reactor 1 kW 



616 

•* A "3 I/O 

Radiation intensity Ce H * La after the 
sample irradiation 

LaDie £ 

l Main background 
gamma-lines ? 

E v .KeV , (barn) 
N nucl r • 

237Mn 5.0x10"'7 5,0x10"'8 4.0x10"' 311,9 
N P C 2 33P a 3 

0.33 

238pu 3,0x10" 7 3,0x10''8 2,4x10" 3 152 

241 Pu 

242 

241 

Pu 

Am 

4,0x10"'6 

3,0xl0"'7 

4,0x10"'7 

4,0x10"'7 

3,0xl0"18 

4,0x10"'8 

1.0x10"'7 

4,4x10"'6 

9,0x10" 3 

4,5x10"8 

1,8x10"' 

7.6x10" 7 

3.0x10" * 

201 

332.3 

59,5 
C 2 4W 
103 

5.95 

322 

955 

0,2 

2.5 

0,2 

0,3 

242mAm l,5xl0"6 1,5x10"7 3,2x10"2 117 
3,0x10" * 163 

243Am 3,0x10''7 3,0x10"8 4,3x10"3 
277 

3,4x10"7 662 
C239Np) 

0,2 

244 Cm 7,0x10''7 7,0x10"8 3,0x10"3 42,8 
spont f spont f. 1,2x10"* 152,6 

9,5x10"7 9,0x10"7 8,0x10"e 817-937 

0,45 

245Cm l,5xl0"s 1,5x10"7 2,4x10 -1 3 174 
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Table 3 

Necessary nuclides quantities in sample,mg 

Flux of fast neutrons 101 n cm-1^ .time of irradiation 30 h 

Monitor 

Half-life 

Energy of detected 

K.eV 

Emission probability 

% 

143pe 

33,0 h 

593 

42,9 

140La 

12.789 d - 40.22 h 

1595 

95,4 

23'fK. ND 

238 

241 

Pu 

Pu 

242pu 

241 Am 

242m Am 

243 Am 

244 Cm 

245, Cm 

1 K 
*• r -> 

2 

0,2 

2,5 

1.5 

0,4 

2.5 

1 

0,4 

40 

50 

5 

80 

40 

10 

80 

30 

10 
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Table 4 

Fission products yieids for the transmutation 

CCINDA-90;Review of Fission Product Yields.. NEANDC-300-V.1990.) 

Nuc -
l i d 

237Np 

2 4 1 p u 

242 p u 

241Am 

242mAm! 

245Cm . 

!Neut-
!ron 
Ispect-
!rum 

fast 
fast 

fast 
fast 

fast 

therm.! 
therm. • 

' Fission products (%3 

140La 

6,08 ±0,27 
CCW5.48 ±0,027 

C140Ba)5,899±0,290 
5.36 ±0,05 
6,49 ±0,78 

CU0Ba)6,7 ±0,7 
CCW5.56 ±0,067 

5,32 ±0,21 
CCM5.23 ±0.1 

5.26 ±0.51 
5.37 ±0,07 

! 143Ce 

4,36 ±0,91 

CCW4.71 ±0,02 

4.56 ±0,05 

3,95 ±0.3 
(Ch)4,598±0,032 

3.57 ±0,11 
CCh)3,96 ±0,7 . 

4,11 ±0,6 ! 

! Note 

Average from 

3 works 
6 works. 
3 works 
4 works 

2 works 
5 works 

2 works 

Table 5 

Fission cross-sections of 23%p and 2429Am 
CC.D.Bouman,E.D.Arthur et al. LA-0P-91-91-260D 

Nuclide 

T 1/2, Mac 

f ,dapH 

1^, dapn 

! 238Np 

! 50,81 

! 2200+200 

! 14541150 

! 2423Am 

! 16 

! 2900^100 

! 300 
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MINIMIZING THE INTEGRATED COLLECTIVE RADIATION DOSE AND THE 
TRANSMUTATION OF LONG-LIVED NUCLEAR WASTE 

Contribution to "PSI meeting on Accelerator based Transmutation" 
at Huerenlingen from 24-26 March 1992 

K. Abrahams 
Netherlands Energy Research Foundation ECN, Petten, 

P.O.Box 1, 1755 ZG Petten, The Netherlands 

ABSTRACT 

For more than a year, ECN is engaged in a research programme on 
transmutation of actinides as well as of fission products by 
means of respectively fission and neutron capture. It is intended 
to contribute to international efforts, which evaluate recycling 
options of the nuclear waste problem. Besides studies on strategy 
and scenarios, efforts are made to demonstrate possibilities for 
transmutation of long-lived fission products as Tc-99 and 1-129. 
Global scenario studies on light water power reactors show that 
in principle such reactors could consume their own technetium 
production by means of neutron capture only in case that some 
surplus of technetium is being situated in the core. If the Tc 
would be homogeneously mixed through the LWR fuel, the inventory 
of Tc (a few hundred kg) would be too high to be practical in 
present scenarios for reprocessing this fuel. For inhomogeneous 
combinations of waste and fuel, the inventory would have to be 
even higher, and in general it can be stated that problems with 
reactor based incineration are complicated whereas only marginal 
advantages are to be expected. Therefore incineration schedules 
have been studied, which use an inventory as low as possible, and 
which would involve a high flux thermal neutron field for example 
at accelerator based reactor systems. Such hybrid systems are 
being considered as they may reduce the risk possibly without too 
high energy cost. Finally an experimental programme is presented, 
in which the Petten High Flux Reactor may be used to support 
comparative studies on targets for incineration. 

1. Motivation for a study of transmutation of nuclear waste 

There are various arguments in favour of nuclear transmutation of 
waste, each of which deserve examination. Here the discussion 
will be aimed towards the reduction of human exposure to leakage 
of waste repositories by removing long-lived components from the 
waste. This study is motivated by the wish to minimize the time 
integrated collective radiation dose due to nuclear waste. There 
is a growing tendency to extend the time interval of integration 
to infinity and consequently the interest in incineration of very 
long-lived waste (half lives from 10.000 years up to millions of 
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years) is increasing. This is especially so because it is rather 
difficult to guarantee integrity of repositories for such a long 
time, and therefore scenarios had to be considered, which involve 
leaching out by water, possibly after human intrusion of disposal 
sites. In these scenarios the risk is enhanced, of those long-
lived components in waste, which have a large product of radio-
toxicity and geochemical mobility. Especially the long-lived 
fission products Tc-99, 1-129, and Cs-135 and the actinides Np 
and Am, may dominate the long-term risk of a waste repository 
[1-5]. Long-term risks are illustrated in table 1, which has been 
extracted from a UK study [4] on deep reposition in granite. This 
table presents, for a normal evolution scenario (without human 
intrusion) the collective dose in man Sv, due to 18.000 t of LWR 
spent fuel. This amount of fuel would arise from a hypothetical 
20 GW(e) park of light water reactors, which operates for 30 
years. Relevant nuclides have not only been presented for waste 
which has been vitrified, but also for directly stored fuel. In 
table 1 the dose is integrated over the first million years and 
over 108 years. 

TABLE 1: INTEGRATED COLLECTIVE DOSE DDE TO 18 kt OF SPENT LWR 
FUEL, IN A REPOSITORY (according to ref.[4]) 

Period : One million years Hundred million years 
Storage: Vitrified Direct storage Vitrified Direct storage 
Nuclides: 

Tc-99 100 % 98 % 17 % 46 % 
I -129 - 2 % - 1 % 
Cs-135 - - 10 % 24 % 
U -235 - - - 6 % 
U -238 - - - 14 % 
Np-237 - - 71 % 5 % 
Pu-239 - - - 4 % 
Am-243 : - 3_% z 

man Sv 40 5 300 000 340 000 11 000 000 

It has to be noted that the results of this UK study [4] rely 
heavily on assumptions on the effectiveness of vitrification and 
on geological characteristics of the repository. They may not be 
quite representative for other repositories, as calculations are 
based upon site dependent geo-chemical characteristics. If the 
waste is not in contact with oxygen, the mobility of Tc will be 
strongly reduced. In clay repositories [3] or in rock salt [5] 
repositories the 1-129 risk could dominate, especially if the 
spent fuel is stored directly. Although there are differences 
among the deep geological repositories, it nevertheless can be 
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concluded that fission products will dominate the collective risk 
in case of direct storage of spent fuel for the first million 
years. As for example follows from [4], the removal of Tc and I 
from the waste, would reduce the collective one million year dose 
to a value less than only a few hundred man Sv in stead of 5.3 
million man Sv. 

Table 1, however, would hardly give arguments for transmutation 
of waste if one merely wished to reduce the one million year 
dose. Reduction of long-term risk by vitrification is very 
important. Further reduction is possible by transmutation of the 
fission products and only if one wishes to reduce the collective 
dose as integrated over the extremely long period of hundred 
million years, one should transmute Np and Am. Then the total 
dose will be reduced to less than thousand man Sv. 

One should realise that table 1 also shows that the maximally 
expected hundred million year dose for directly stored fuel, is 
only five times higher than the dose, which would result from 
storing fresh fuel, which never has been in a reactor (this is 
the U-235 and U-238 contribution!). This observation indicates 
that dose benefits from incineration of waste are relatively 
small with respect to the dose, which would result anyway for 
example from the mine tailings. One should therefore realise that 
transmutation of waste should only be considered if cost and risk 
is moderate, at least if one's only incentive would be reduction 
of the dose risk on the extremely long term. 

2. Special motivation for study of fission product transmutation 

According to refs. [1] and [10], one may reduce the very-long-
term ingestion hazard of actinides by neutron-induced fission of 
these actinides in an extremely high thermal flux. Then, however, 
fission product waste will be formed during this incineration 
process. If the neutrons, which are needed for transmutation, 
have been generated (partly) by the fission process, one even 
forms extra new fission product waste and new actinide waste. In 
view of environmental economy, it is clear that products of 
fission, spallation, or capture, which would be formed in the 
transmutation device, should be less bothersome than the original 
waste, which was produced by means of neutron capture or by 
fission in a reactor. Useful energy, eventually produced in the 
transmutation device, should also be considered in this balance. 

As was shown in the previous chapter, fission products dominate 
the very long-term risks of waste repositories. Although actinide 
incineration is not helpful in reducing the very long-term risk, 
it is favoured by quite respectable arguments. Such arguments may 
be first of all based upon the wish to reduce the source term of 
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radioactive waste and, correspondingly, to reduce the number of 
repositories. Secondly one may wish to destroy and peacefully use 
weapons material or limit the need for safeguarding in case of 
retrievable storage of actinide waste. 

Scenario studies e.g. performed at ECN Petten [11] show how one 
may reduce the actinide activity by repeatedly recycling in power 
reactors. Hypothetically after a few cycles an extreme situation 
might develop in which the actinide radio-toxicity stabilizes 
towards an equilibrium value. Whereas light water reactors would 
reach a relatively high equilibrium alpha-activity (PWR-EQ in 
fig.l) after many recycling steps, fast reactors would reach 
their equilibrium (FBR-EQ) already rather soon. These studies 
indicate [11] that there are certainly possibilities to reduce 
the overall source term of radioactive waste by means of reactor 
based incineration systems. Besides risk reductions this scenario 
also will impose new risks for the present and future generation. 
First of all incineration of trans-uranium elements will increase 
the very long-term risk from fission products in the same way as 
the use of U-235 as a fuel would have done, but a net reduction 
will be reached in collective radiation dose because less mining 
would be needed per unit of produced energy. This reduction in 
collective radiation dose will however be offset, at least 
partially, by the build up of U-234 during the irradiation of the 
actinides, which can not be easily separated from the otherwise 
harmless depleted uranium and therefore will act for a long term 
as a source of Ra-226 in the tailings. As it is not yet clear how 
much the integrated radiation dose for the population decreases 
by actinide incineration in normal power reactors, further study 
is necessary. It should be investigated wether transmutation of 
fission products could be helpful in reducing the long-term 
radiation dose. It seems obvious that this would be so if one 
could transmute Tc-99 and 1-129 by neutron capture to harmless 
Ru-100 and Xe-130. 

3. Cost estimates for simple scenarios for Tc and I transmutation 

Before one would decide on transmuting the long-lived fission 
products Tc-99 and 1-129, it should first be shown that the 
integrated dose indeed decreases by the transmutation and that 
neither energy cost nor short-range risk will exceed practical 
limits. Because costs and risks related to reprocessing will 
decrease with the radioactive inventory, scenarios with a 
relatively low inventory are to be preferred. Such scenarios use 
a high flux of neutrons from high flux reactors, boosted 
spallation sources, accelerator-driven reactors, blankets of fast 
reactors or any other high flux devices, based on fission, 
fusion, spallation or a combination of these processes. 
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PWR PWR-MOX PWR-EQ FBR-MOX FBR-EQ 

Figure 1: Alpha radio activity in PWR and FBR reactors [11]. Here 
BOC stands for "beginning of cycle" and EOC for "end of cycle", EQ 
stands for the equilibrium situation after recycling many times. 

initial LWR inventory 

0 5 t> 1 0 ton 

100 

;ero growth 

^
0nce through a_ 

g/day Tc production 

volume fraction of Tc (in percent) 

Figure 2: Transmutation of Tc in LWR and in ATW in function of its 
concentration. For the LWR the weight inventory is about 1000 leg 
for each percent of the volume fraction. For the corresponding ATW 
the active volume is about ten times smaller, which leads to an 
inventory of about 100 leg for one percent of the volume fraction. 
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In contrast to the burn-up of actinides little energy is released 
during the transmutation of fission-products, and it is clear 
that the energy cost of fission product transmutation should be 
small with respect to the energy generated during creation of 
this waste. Further one should also consider the extra costs 
related to irradiation, recycling and even mining due to the 
extra fuel, which is needed. Obviously besides a scenario-study, 
one also needs some practical demonstrations in pilot plants in 
order to test the presumed (low) level of these costs. 

Simple incineration scenarios have been studied at ECN [9, 11] on 
light water reactors, high flux reactors and spallation sources. 
First of all a standard LWR with 1000 MW electrical power is 
considered, in which the technetium is homogeneously mixed 
through the fuel in a concentration between 0 and 1% . Consider 
one fuel batch (1/3 of the core) staying in the reactor for three 
years. In this period an amount of 30 kg technetium is produced 
in an LWR by fission in the batch. In that case a "zero growth" 
scenario, i.e. burnup of technetium equivalent to its production 
by the fission, would be realized when the initial Tc-enrichment 
would be about 0.3%, and the technetium inventory in the LWR core 
would be 300 kg (see figure 2). For the LWR the energy-economy is 
obviously good, as introduction of a fraction of technetium in 
the fuel of about one percent will only lead to a negative 
reactivity effect of the order of a few percent. Because the 
standard 1000 MWe LWR produces somewhat less than 60 g/day of 
technetium, it would be easy to reach the zero-growth option at 
an expense of only a few percent in the fuel price. 

Although the above given LWR transmutation scenario seems quite 
feasible, the high Tc concentration in the fuel could be less 
attractive from the point of view of the cost and the risk of 
reprocessing and recycling. Nearly 25 % of the technetium in 
spent reactor fuel is present in the fines, in the form of hardly 
soluble intermetallic compounds of the elements Mo-Tc-Ru-Pd, 
whereas most of the rest will end up in the high level waste 
after reprocessing. Selective extraction of this technetium from 
the high level waste streams seems possible, but this requires 
intensive study as it will present a major cost factor. This is 
especially so because in the LWR scenarios, the technetium would 
have to be reprocessed many times, and the LWR option for Tc 
transmutation seems not realistic because of the high inventories 
and the extra reprocessing costs. For iodine, the latter argument 
is much less valid, as the availability problem does not exist, 
because iodine is now already isolated on a large scale in 
standard reprocessing facilities for LWR fuel. In some special 
heterogeneous irradiation scenarios, partitioning costs might be 
reduced. It seems however to be likely that in any heterogeneous 
scenario much higher inventories are needed because effective 



625 

cross sections are lowered by self shielding. As the inventory 
related costs (size of apparatus, source term risks etc.) will 
dominate the partitioning costs, the balance may shift in favour 
of high flux devices with a small inventory. 

As a second scenario a hypothetical High Flux Reactor has been 
considered, with about a factor ten higher thermal flux, but 
about five times lower power than the standard LWR. Apart from 
discussions on the feasibility of such a reactor, one might 
discuss the features of a hypothetical scenario in which such a 
reactor is used for the burnup of waste. There are advantages in 
this scenario: first of all the much lower power of this HFR has 
as consequence that the technetium production by the fission 
process itseJ f could be less than the LWR value indicated as 
"once through" in fig.2. Further the use of special fuel or the 
use of special Tc targets could reduce reprocessing costs. In 
this hypothetical HFR only a limited amount of excess neutrons 
per fission could be available for transmutation, and from the 
yield of long-lived fission products per fission in the LWR 
(about 0.1) and from the excess neutrons per fission in the HFR 
(less than 0.5 [8]), it follows that this HFR, if it were to 
transmute all the long-lived fission products produced by a 
single standard LWR, should have at least 20 % of the thermal 
power of this standard LWR. This limit would be proportionately 
lower if one would limit one self to incineration of 1-129 for 
which the yield is less than 1 %, but in that case the inventory 
of 1-129 should be rather high because of the smaller value of 
the cross section. 

As a third scenario, incineration was considered to take place in 
a high flux of thermal neutrons from a boosted spallation source. 
In ref [1] it is claimed that transmutation is quite feasible in 
an intense thermal neutron field of a spallation neutron source, 
in which high energy protons (1 GeV), hit a target system. This 
so called Accelerator Transmutation of Waste system (ATW) would 
not only incinerate the fission products from 10 LWR's, but also 
their minor actinide waste. This can be understood by realising 
that in this system fission of actinides produces excess neutrons 
at an energy dissipation value of only about 100 MeV per neutron. 
This is much better than in a fission reactor, wherein only say 
0.25 excess neutrons could become available per fission at an 
energy dissipation of 100 MeV. For hybrid reactor-accelerator 
systems many neutrons are freed by fission, and the number of 
excess neutrons for a given energy dissipation may be expected to 
lie in between the two extreme values. In the above treatment of 
the ATW the released energy at the target is not including the 
energy consumption of the accelerator itself, and therefore a 
quite different reasoning is applied in order to derive the cost 
of the transmutation process. 
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For accelerator-based transmutation, the energy costs will be 
directly related to the electricity bill. Therefore the overall 
efficiency of the system (the number of MWe needed to produce one 
MWe of beam power) is highly relevant. If advocates of the ATW 
scheme are correct in stating that the net energy balance for the 
ATW can be made positive by simultaneously breeding Pu-239 fuel 
[1], the case of the ATW is strong. Independent upper estimates 
of the costs can be based on earlier studies [7] of accelerator 
breeding. From these studies it has been concluded that the 
neutron costs and handling costs "are not supposed to exceed 
practical limits". As it seems likely that the cost per atom is 
relatively low for 1-129 as well as for Tc-99, the relative 
transmutation cost of long-lived fission products would be less 
than their yield in the fission process, and thus less than 10% 
of the cost of the original accelerator bred Pu-239 fuel. 

One should realize that in accelerator-booster systems about 100 
MeV per excess neutron [1] is dissipated. Although this value is 
at least twice to four times as low as for nuclear reactors a 
quite large amount of heat will be liberated. This power, which 
originates from fission power to a substantial fraction, should 
be usefully applied, for example to generate the electricity 
needed to run the accelerator. In this case the cost of 
transmuting Tc-99 will only be a fraction of the cost of the fuel 
from which the Tc originated, just as for earlier treated cases 
of transmutation in an LWR. When this ideal is reached remaining 
factors in the selection procedure for specific scenarios will be 
related to cost of partitioning rather than of transmutation. 

A more modest scenario based on the same principle would be the 
smaller version of the ATW, which has been described as the 
"Hanford system" in ref [1] . For this system the product of the 
high neutron flux with the number of available Tc nuclei and the 
effective capture cross section would be about the same as for 
the standard LWR. This Hanford system would transmute just as 
well as the standard LWR, but with much lower energy dissipation. 
In such a system one may also use a lower radioactive inventory 
because for the same effective cross section, the Tc inventory 
needed will be inversely proportional with the flux. 

4. Experimental programme in the HFR at Petten 

In most scenarios one could limit the integrated collective dose 
by performing reprocessing and irradiation of Tc and I. Therefore 
some demonstrations are needed, and it would be desirable to have 
access to facilities for irradiation and for post-irradiation 
experiments. The HFR in Petten has been in use as a material 
testing reactor for a long period, and on-site experience is 
available in irradiations as well as in the post irradiation 
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experiments. As has been more fully described in ref. [9], some 
demonstrations should support scenario studies of transmutation. 
For the HFR the total flux, integrated over the full spectrum 
turns out to be about 10^5 n/cm2 s, and substantial increase of 
this value is not feasible within the frame of the present 
programme. In small samples a thermal flux of 4*1014 n/cm2 s can 
be achieved and for larger samples the flux may be about a factor 
four lower (for comparable samples this is still about ten times 
higher than in an LWR). 

No major technological problems are envisaged for technetium 
transmutation [9] but anyway the technical feasibility should be 
demonstrated by experiments on targets of a relevant scale. Most 
likely, the samples to be irradiated in a pilot plant will be 
technetium metal or oxide. However, some aspects have to be kept 
in mind. For homogeneous options, one should also give attention 
to the behaviour of a fuel pin with substantial fractions of 
technetium, whereas the behaviour of canning and target materials 
at high exposure (i.e. 1021 n/cm2) can be a concern for the 
heterogeneous option. 

Incineration- induced risks are present during and shortly after 
irradiation of 1-129. During the irradiation time one has to deal 
with the iodine, compounds of which are corrosive, volatile and 
unstable at high temperature. Further, the transmutation product 
gaseous xenon could cause swelling and problems with target rod 
pressurization. For these reasons the transmutation of iodine has 
been considered to be only marginally feasible for quite some 
time [2]. Some new ideas, involving vented pins and use of either 
ceramic iodides [6], or eutectic mixtures of iodides with metals 
such as lead or sodium as a target [9] may show a way out. 

Few iodine compounds are chemically stable especially under the 
irradiation conditions, therefore compatibility with cladding 
materials is mandatory. Iodides, with suitable properties have 
been selected but in all cases the effect of gamma-radiation on 
the stability of the samples needs further study. As most 
promising liquid the metal-iodide eutectic Pb-Ix system was 
selected. It seems desirable to first investigate the phase 
diagrams and the miscibility. Also the systems Sn-l or Zn-I may 
be suited in case additions of a second iodide (Nal) will lower 
the melting points at the iodine rich side of the metal-iodide 
phase diagram. Major advantages over the use of Sn as a metallic 
component are, in case of Pb, the lower volatility and in case of 
Zn the higher thermal stability. Especially lead di-iodide is 
attractive as this is the compound used in reprocessing plants 
for storing the radioactive fission product 1-129 . In case that 
a molten state of the matrix would not be essential, magnesium 
di-iodide or cerium tri-iodide seem to be good choices in view of 
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stability, low vapour pressure and high iodine weight content. 
Experience on vented ceramic and liquid targets is available from 
earlier projects, which aimed at research on gaseous emission 
during neutron, irradiation. 

In 1991 a programme received funding for the following items : 
- detailed characterization of the irradiation facilities, 
- selection of sample materials to be irradiated, 
- selection of geometry of the samples and canning, 
- neutron-physics calculations for optimization of the various 
options for a facility with the highest possible thermal 
flux for irradiation of small samples over long periods, 

- Considering test-irradiations with stable 1-127 compounds 
in order to study their stability under gamma radiation, 

- Supporting nuclear data compilation and evaluation. 

Regarding the nuclear data programme it can be mentioned that 
this work mainly relates to nuclear data on actinides and long-
lived fission products. Existing codes and libraries (based upon 
JEF-2) are being improved. In order to support work presented in 
this chapter, the following nuclear data are required: capture 
and possibly also (n,2n) cross sections of Tc-98, Tc-99r Ru-100, 
1-128, 1-129, Xe-130, and also of elements in carrier materials 
and cladding. These data are being extracted from the available 
libraries. For reactor physics and burnup calculations, the codes 
ORIGEN and FISPACT will be adapted together with their working 
libraries of cross sections, risk data and decay constants. 
Furthermore, a contribution to accelerator based transmutation 
schemes will be made by evaluating intermediary energy nuclear 
physics data, using experience in pre-eguilibrium and multi-step 
direct reaction models. 

5.Conclusions 

Neutrons can be used for incinerating actinides by fission, and 
transmuting long-lived fission products by capture. If one would 
transmute actinides by neutron-induced fission, in a reactor, one 
produces additional energy as well as those fission products, 
which dominate the very long-term risk of waste in a repository. 
If one uses high power accelerator-based neutron boosters, one 
would produce much less new waste than in the standard LWR. If 
the dissipated energy is usefully applied to run the accelerator 
and if reprocessing costs are small enough, transmutation of 
long-lived fission products would cost only a fraction of the 
price of nuclear fuel from future breeders. In order to reduce 
reprocessing costs, one aims for low inventory systems. Energy 
costs to run the accelerator are reduced for the highly boosted 
hybrid accelerator-reactor system (ATW), with a high neutron 
density. For the moment the most promising system, which is based 
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on accelerator technology, seems to be this ATW system described 
in ref [1]. In developing such a system, some questions regarding 
targets and irradiation conditions may arise, which may be 
answered by demonstrations in the HFR Petten. 
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ABSTRACT 

The Paul Schener Institute (PSI) has experience with experimental reactor physics, 

accelerator-based experimental physics and die development of a spallation neutron 

source which can directly be applied to problems in die field of accelerator-based 

transmutation. Building on this experience and an experimental infrastructure which 

can easily be adapted to the respective needs, PSI is about to initiate a programme 

of measurements called ATHENA which is aimed at solving some specific "data and 

methods" problems relating to the accelerator-based transmutation of actinides. 

In a first phase of this programme, thin samples of actinides will be irradiated witii 590 

MeV protons from the PSI ring accelerator using an existing irradiation facility. The 

generated spallation and fission products will be analysed using different experimental 

techniques and the results will be compared with theoretical predictions based on high 

energy nucleon-meson transport calculations. The principal motivation for these ex

periments is to resolve discrepancies observed between calculations based on different 

high-energy fission models and to confirm die high potential of die high-energy fission 

reactions for transmutation. 

In a second phase of die programme, it is proposed to study die neutronic behaviour 
of multiplying target-blanket assemblies with die help of zero-power experiments set 
up at a separate, dedicated beam line of die PSI ring accelerator. The experiments 
are intended to provide integral checks on the nuclear data (models) and calculational 
methods. The experimental mediods will mainly be those which have been developed 
for integral measurements in zero-power fission reactors. A preliminary study confirmed 
the feasibility of these experiments. 
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1. INTRODUCTION 

In Switzerland, transmutation is presenUy not considered to be a realistic option for 

simplifying the country's radioactive waste management problems. As a result of the 

acceptance of a 10-year nuclear moratorium by the Swiss voters in 1990, decisions 

for replacing existing or launching new nuclear power plants have to be deferred at 

least until die turn of die century. From a short to medium tarn point of view, the 

radioactive waste management problem is therefore limited: the National Cooperative 

for die Storage of Radioactive Waste (NAGRA) assumes a 120 GWe-year scenario 

and has a firm policy to establish low level and to plan medium and high level waste 

repositories in suitable geological formations. The associated risk for the population is 

considered to be negligible. 

On die other hand, die Swiss Government has explfcidy declared its will to keep the 

nuclear option open. Therefore, in view of the long-term potential of nuclear fission 

energy, tiiere remains an incentive for investigating advanced reprocessing and waste 

management schemes. Under boundary conditions as described above, the respective 

research is best carried out by national research centres. 

In Switzerland, the Raul Scherrer institute (PSI) has experience with experimental reac

tor physics, accelerator-based experimental physics and die development of the SINQ 

spallation neutron source which can directly be applied to problems in the field of 

accelerator-based transmutation. Research in mis field is attractive for PSI, since it 

meets the criteria for medium and long-term research with high scientific content 

Since there is no Swiss concept for a transmutation system, PSI plans to focus its 

work on basic or generic problems in areas where it can make die best use of its special 

experimental facilities. These comprise a 590 MeV proton accelerator which is currently 

being upgraded to provide a current of 1 - 2 mA, different types of irradiation stations 

with the necessary handling equipment, and a hot laboratory in which irradiated samples 

can be analysed using advanced examination methods. 

Building on this experience and experimental infrastructure, PSI is about to initiate a 

programme of measurements called ATHENA which is aimed at solving some specific 

"data and mediods" problems relating to the accelerator-based transmutation of actirudes 

(ATHENA = actinide transmutation using high energy accelerators). This paper briefly 

describes die first two phases of this programme. 
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2. MOTIVATION FOR BASIC PHYSICS-ORIENTATED STUDIES 

Actinide transmutation systems must be designed primarily to fission die actinides. 

Depending on the concept, this is achieved in different ways: for instance, in systems 

based on strong thermal neutron sources, nuclides which cannot be directly fissioned 

with thermal neutrons are converted to fissile nuclides by means of neutron capture 

reactions and the latter are fissioned before they can decay to other non-fissile nuclides, 

in fast reactors and accelerator-driven subcritical fast reactors the actinides are mainly 

fissioned by fast neutrons, and in molten-salt target systems actinides are fissioned 

directly by high energy spallation reactions. 

In another paper for this meeting [1] it is shown that the fission probability in spallation 

reactions is much higher than that in fast reactors (p/,„ ~ 0.8 for 1 GeV protons im

pinging on a thick actinide target). There is thus an incentive for designing accelerator-

driven subcritical fast reactor systems such as to enhance spallation reactions in the fuel. 

For spallation-based thermal neutron source systems, the use of actinides in the target is 

currently not considered, but spallation reactions with actinides due to high-energy par

ticles leaking into the blanket region may have to be taken into account as "background" 

reactions in die analyses of the transmutation performance of these systems. 

It therefore appears mat, for all spallation-based transmutation systems, mere is a greater 

or lesser need for a good understanding and an appropriate modelling of spallation pro

cesses involving not only medium-weight but also heavy nuclei. High energy nucleon-

meson transport codes such as HETC have usually been validated with a view to then-

use in me design of spallation neutron sources for solid-state physics applications. In 

the context of transmutation, a correct prediction of the neutron source strength and 

power distribution in the target is not the only goal, but the code has also to be capable 

of correcdy predicting the mass distribution of spallation and fission products, since the 

individual nuclides are associated with widely differing toxicities and half-lives. 

Simple code comparisons for the irradiation of thin samples of actimdes with high-

energy protons have revealed considerable differences in die total yield and die shape 

of the mass distribution for both spallation and fission products. Since pure theoretical 

models are being compared with experimentally adjusted models, tiiese differences are 

partly understood. However, in view of the more stringent requirements indicated above, 

an experimental verification is desirable, especially for actinides where die experimental 

data are scarce. 
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3. IRRADIATION OF THIN SAMPLES OF ACTTNIDES 

To check the models used in the calculation of the high-energy nuclear cascades and 

the de-excitation of the residual nuclides by fission and evaporation processes, a basic 

validation experiment, ATHENA-1, in which thin samples of actinides will be irradiated 

with 590 MeV protons from the PSI ring accelerator, has been initiated. Mass spectro

metry will be used to measure the mass distribution of the generated reaction products 

and die results will be compared with nuclide concentrations measured independently 

using the total reflection X-ray fluorescence (TXRF) technique. 

The actinides to be studied include Th-232, U-238, Np-237, Am-241 and possibly 

other minor actinides. U-238 will be used in the first experiments because it is the 

easiest to handle. Th-232 is interesting from a theoretical viewpoint, because in die 

RAL fission model [2] its atomic number is close to the lower limit (Z = 89) of die 

region in which die systematics of Vandenbosh and Huizenga for the ratio of fission to 

neutron emission is applied. 

Samples with a thickness of about 1 g/cm2 will be irradiated in an existing facility, 

PIREX, which is designed for simulating displacement damage and impurity production 

in first wall materials of fusion reactors [3]. The maximum proton beam current is 

20 fiA, allowing production rates for fission and spallation products of the order of 

0.1 ng/s. The samples will be encapsulated in aluminium and mounted in a special 

irradiation head which provides cooling with a temperature-stabilised helium circuit 

After die irradiations, the head assembly will be transported to die hot laboratory in a 

shielded flask, where die samples will be dismounted and prepared for the analyses. 

The mass spectrometric analysis will be carried out using an inductively coupled plasma 

mass spectrometer (ICP-MS). The ICP-MS method allows multielement and isotopic 

analyses to be made in a large range of concentrations with the option of performing 

quantitative measurements by utilising calibration standards. For high-accuracy isotopic 

ratio measurements, tfierrnoionic mass spectrometry is also considered The necessary 

sample preparation technique, which may involve separation steps, is currendy being 

developed. 

The total reflection X-ray fluorescence technique [4] has originally been developed for 

measuring impurities in die "first wall" materials irradiated in PIREX, but has also been 

applied successfully for low level iodine detection in a reactor safety experiment. The 

measurements can be carried out eidier at PSI using normal X-ray tubes or, under more 
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favourable conditions, at the Stanford Synchrotron Radiation Laboratory (SSRL) using 

an electron storage ring to produce extremely intense X-ray beams [5]. 

4. NEUTRONIC STUDIES RELATED TO TARGET-BLANKET SYSTEMS 

As regards neutronics, accelerator-driven thermal transmutation systems are not very 
different from continuous spallation neutron sources for solid-state physics applications 
(the main difference between the two systems is that the moderator is optimised, in 
die former case, for maximum transmutation rates and, in the latter case, for maximum 
neutron beam intensity). Therefore, in the neutronic design of accelerator-driven ther
mal transmutation systems, one can rely on the experience with die design of spallation 
neutron sources, and mere appears to be no immediate need for specific verification 
experiments. The SINQ spallation neutron source, which should become operational 
at PSI in 1995, will provide a good benchmark for checking the calculational methods 
more thoroughly. 

For accelerator-driven subcritical fast reactor systems, however, information on the 

adequacy of neutronic design methods is scarce. This applies particularly to systems in 

which protons are used directly to transmute actinides and/or actinides are exposed to 

a neutron flux with a significant spallation neutron component. In a second phase of 

die ATHENA programme, it is therefore proposed to study the neutronic behaviour of 

multiplying target-blanket assemblies for different geometries and compositions with 

the help of zero-power experiments. 

In these experiments, as in the case of zero-power experiments for normal fission 

reactors, the idea is to check the adequacy of the nuclear data (models) and die numerical 

methods by comparing calculated and measured integral parameters such as fission rate 

distributions and reaction rate ratios. The experimental methods will mainly be tiiose 

which have been developed for integral measurements in zero-power fission reactors. 

First estimations show that adequate flux levels in the assemblies can be achieved with 

a proton beam current of 1 to 10 fiA, depending on the multiplication factor of the 

assemblies, and that there will be no difficult cooling and activation problems. The 

possibility of setting up these experiments at a separate, dedicated beam line of the PSI 

ring accelerator is now being investigated more thoroughly. 
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Summary of Session 1: 
Concepts of Accelerator-Based Transmutation Systems 

H. Rief 

In the first session of the meeting concepts of accelerator-based transmutation systems 
aiming at the transmutation of actinides and long-lived fission products were reviewed. 
As already described at earlier occasions, the transmutation process is either based on 
fast or thermal neutrons generated in accelerator-driven subcritical systems. 

Both type of systems claim specific merits. While for fast neutron systems the better fis
sion properties of actinides are put in evidence, supporters of thermal systems advertise 
the advantages of a small fissile material inventory. In both cases those options which 
work with continuous reprocessing and a closed fuel cycle avoiding solid (actinide) fuel 
fabrication are considered to offer great advantages. 

Substantial modifications of the concepts proposed previously could be noticed leading 
to the conlusion that the search for optimized solutions is still going on. For the LANL 
project, which has kept its pace-maker role, a new solid tungsten target and actinide 
slurry-bearing pressure tubes were proposed and analysed. 
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Summary of Session 2 (Part 1): 
Nuclear Design Problems of Accelerator-Based 

Transmutation Systems with Emphasis on Target Facilities 
and their Interfaces with Accelerators 

T. Takizuka 

• Topics Presented 

Various concepts were presented and the relevant problems were discussed 

- Solid target/fuel, fast flux system concept. 
Engineering design problems. 

- Molten-salt target/fuel, fast flux system concept. 

- Thermal flux system, solid target/fluid blanket concept. 

- Thermal flux system, effect of flux level. 

- Criterion and requirements to the transmutation. 

- Thermal flux system, blanket design schemes. 

• Conclusions 

- All the concepts presented in the first part of Session 2 are based on the 
combination of intense proton accelerator and spallation target/subcritical 
blanket. 

- These concepts follow two approaches; some use fast flux while others use 
thermal flux. Each approach has its advantages and disadvantages. 

- A variety of design schemes were presented. 

- Many design problems were identified. 

- An important problem is that design data with sufficient accuracy are un
available. 

- It seems to be premature to evaluate the proposed systems quantitatively. 

• Recommendations for Future Work 

- Further improvements of data and methods are strongly recommended. 

- Further studies are required to detail and optimize the engineering designs. 

- It is recommended to identify priority technical problems and to evaluate 
the required accuracy of data and methods. 



640 

Summary of Session 2 (Part 2): 
Nuclear Design Problems of Accelerator-Based 

Transmutation Systems with Emphasis on Target Facilities 
and their Interfaces with Accelerators 

H. Takahashi 

A study of the reduction of toxicity (hazard) using high intensity thermal and fast 
neutron flux suggested that irradiation with a low level neutron flux like LWR below 
30 years increases the toxicity compared with the non irradiated one. The high intensity-
neutron flux is required to reduce toxicity. 

Transmutation of fission products type I (Sr-90 and Cs-137) using thermal neutron 
capture requires a very high neutron flux because of its very small cross-section. Sev
eral alternative approaches were discussed in the context of energy balance: using the 
14 MeV neutrons produced by inertial fusion, muon-catalyzed fusion, and also a trans
mutation approach using a moving target. Although the energy oalance is favourable 
when 14 MeV neutrons are used, the engineering problems involved in implementing 
this approach require further study. 

Before visiting the PSI muon experimental facility, the physics and experimental status 
of the muon-catalyzed fusion was presented by C. Petitjear who is in charge of the 
international collaboration carried out there. The possibility of creating 10!7n/rixr/sec 
neutron flux using muon-catalyzed fusion reaction was discussed. 

Summary: 
For shortening the decay process (weak interaction) of nuclei we are dealing with 
transmutation (strong interaction) by injecting medium energy protons accelerated by 
electromagnetic force. By including in our consideration the isolation of FPs into outer 
space or in the antarctic ice field (gravity), me might be able to find ways to solve 
the problem of high-level radioactive waste using a suitable combination of these four 
forces in the same way as Einstein, who discovered the theory of relativity, tried to 
unify the electromagnetic and gravity interactions more than half a century ago. Now, 
at PSI, the search for the Higgs boson to unify the four forces is being carried out by 
experiments on muon decay. 
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Summary of Session 3: 
Data and Methods for Nuclear Design of 
Accelerator-Based Transmutation Systems 

F. Atchison 

The purpose of the session was to identify important gaps in data and/or calculational 
methods for studies of accelerator-based waste transmutation systems. 

The session consisted of an overview and three contributed papers: 

(i) a review of the calculational methods available in the G.U.S. 
presented by L.V. Tochenyi (RDIPE. Moscow) 

(ii) calculational results examining the effect of high-energy proton bombardment of 
minor-actinides in terms of long term toxicity, presented by H.-U. Wenger (PSI. 
Switzerland) 

(iii) the results of calculations looking at the effect of parameter selection on the 
mass distribution in high-energy particle induced fission, presented by T. Nishida 
(JAERI, Japan). 

The session was followed by a discussion chaired by H. Kiisters (KFK, Karlsruhe) on 
the needs for, and aims of. a task-force to consider the quality of calculational methods 
for the study of accelerator-based waste transmutation concepts. 

The session overran its allotted time due to a gratifyingly large amount of discussion. 
The general conclusions of session 3 are as follows:-

1. "HETC-style" packages seem to do an adequate job for calculations of the pa
rameters essential for the engineering design of such systems Cheating, activation, 
etc). Such packages are modular and divide the physics into three parts, high-
energy transport, fast neutron transport and gamma transport. This separation is 
desirable so that the relative importance and the essential calculational differences 
of these various contributions are kept well in mind. 

• High-energy transport will have to rely heavily on theory. There are only 
three codes available, HETC (Bertini). VEGAS/ISABEL or Barashenkov 
(DUBXA). 

• Neutron transport in the region below 20 MeV may be carried out on the 
basis of measured cross-section data by a variety of methods (Monte-Carlo, 
Discrete-Ordinates. etc) and each represented by several different codes. The 
major considerations in the choice are (i) interfacing with the neutron-source 
as produced by the high-energy code and (ii) the need for representing quite 
complex geometries. 

• Gamma transport may be carried out with standard Monte-Carlo shower 
codes (EGS, Geant, etc), coupled neutron/gamma codes or by more straight
forward point-kernal integration methods. 
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• Comparison of predictions with reality is desirable in an attempt to try and 
quantify the actual accuracy of the results. Currently operating spallation 
neutron sources could provide this. 

2. The major requirement of calculations for assessment of waste transmutation 
schemes is that they make 'sufficiently accurate' prediction of nuclide invento
ries, where 'sufficiently accurate" means good enough to allow a/air comparison 
of feasible waste transmutation strategies. Any calculational programme would 
be supported by experiment. Experimental measurements of high energy particle 
produced nuclide distributions are difficult (and probably expensive) to perform. 
The codes should be able to help in the design of meaningful experiments (as 
well as predicting the results!). 

• Several activation build-up-and-decay codes are available but the nuclide 
data libraries may need 'quality control' and/or extension to handle the 
wide mass distributions resulting from high-energy particle induced reac
tions. Some work may be required to treat simultaneous bum-up of the 
produced nuclides in the case of high-intensity, high-energy bombardment. 

• The following problem areas are recognised: 

(a) High energy particle induced fission. The current models treat fission 
as a competitor to evaporation and lead to mass distributions which 
reproduce, at least qualitatively, details of measured results. The major 
open questions are (i) the choice of fission probabilities in the fission-
transition region (Z from about 84 to 89). which also has a large in
fluence on the mass distribution for the spallation products, and (ii) the 
choice of post-scission parameters, principally the positions and widths 
of the charge and mass distributions. 

(b) The energy region 20 to about 100 MeV (the transition between the 
upper limit of 'normal* cross-section data sets and the region where the 
assumptions of the Serber model are fully satisfied) is not well treated 
by the current intranuclear cascade evaporation model. This was also 
discussed in session 4 where it was pointed out that pre-equilibrium 
models seem to improve predictions for this energy region. 

3. HETC, in particular, is no longer one code but exists in several locally modified 
forms. Something needs to be done to reconcile the "physics" differences (this 
mainly concerns the fission model, evaporation treatment and the need (or not) to 
include pre-equilibrium emission). It is the writer's opinion that the selection of 
non-essential (to the physics) features (input/output presentation, geometry pack
ages, etc) should remain the priviledge of the specific user(s). 

The first work of a task-force would be to calculate the same system with these 
various versions (and any other suitable code package) and see how they inter-
compare. 

To summarise the summary: We can calculate all required parameters for the design of 
accelerator-based transmutation systems. The question to be answered is: 

Are the results accurate enough? 
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Summary of Session 4 
Related Cross Section Measurements and Integral 

Validation Experiments 
S. Cierjacks 

I. General Data Needs 

Important needs, the present status of and current activities on measurements, 
evaluations and compilations of nuclear data for transmutation were presented, 
and the related problems were discussed. 

• Total and differential cross sections for medium-energy proton reactions 
(mainly spallation and fission) on potential spallation target materials. 

• Neutron- and -• -transport cross sections for all important target, blanket and 
structural materials (all data needed for adequate calculations of scattering, 
absorption and self-shielding). 

• Cross sections for all important transmutation reactions depending on the 
transmuter concept: (a) Medium-energy proton-, neutron- and light-ion re
actions (b) Reactions with neutrons from a fast-system type of field (c) Re
actions with neutrons from a thermal-system type of field. 

• Displacement and gas production cross sections for low and medium-energy 
neutrons, light- and heavy ions produced during the intranuclear cascade. 
Energy- and angular dependences should be sufficient for particles built-up 
in the target and penetrating the surface of massive spallation targets. 

II. Conclusions: 

• Even though not yet well specified in detail, accelerator-based transmutation 
technology requires a large number of special nuclear data not - or not 
accurately enough - available from previous work. 

• A large amount of data needed is already available from previous fission- and 
fusion-reactor work (especially for neutrons with En < 20 MeV). Above that 
energy much information has been gathered also from previous cosmogenic, 
space-research and spallation-source investigations. But the whole data base 
is by far not complete and sometimes still discrepant. 

• For some of the present concepts several key-data are urgently needed: the 
corresponding data have been identified in preparation and in due course of 
this Meeting (see Annex). 

• Many of the still lacking data can certainly not be measured with the present 
capabilities of facilities and manpower. Therefore, calculations with suitably-
validated nuclear model codes are necessary. 

• This Specialists' Meeting was considered to be a suitable forum to further 
future activities on differential and integral measurements, and code devel
opments needed for the special field of radwaste transmutation. 
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m . Recommendations for Future Work 

• Production of CINDA-type indexes to literature and computer files on mi
croscopic and integral data for accelerator-driven transmutation technology. 

• Gathering of the extensive information, now available or to become available, 
from operating spallation neutron sources. 

• Performance of special sensitivity studies to identify critical and system-
driving data uncertainties and lacking data. 

• Initiation of limited evaluations of the important discrepant microscopic data 
and integral benchmark experiments. 

• OECD/NEA encouragement of already existing national and regional activ
ities on compilations (NNDC), evaluations <ANL) and data testing projects 
(IAEA). 

• Further arrangements for interlaboratory activities and international collabo
ration on data compilations, measurements and calculations as well as data 
testins. 

ANNEX: Urgent Critical Nuclear Data 

As a result of the discussions and arrangements of the Meeting, important critical 
nuclear data, that are urgently needed for the judgement of system-immanent 
characteristics, were identified. 

• Total neutron yields surface spectra and angular distributions obtained from 
the bombardment of thick targets (U, Pb, Ta, W, Fe. Al) by intermediate-
energy protons at a few energies (e.g. 0.6, 0.8, 1.0, 1.5 and 2.0 GeV). 

• Double-differential neutron and proton production cross sections on the above 
thin target materials and for the above proton energies. (Comparison of thick 
and thin target results: Do errors occasionally compensate in thick target sys
tems, only?) 

• Isotope production rates versus mass of spallation and fission products for 
medium energy protons injected into the important actinide nuclei of rad-
waste. (For a better judgement on transmutation systems burning the waste 
in the spallation target). 

• Displacement and gas production cross sections for radiation-resistant ferritic 
steels. (Both need to be correlated to the relevant mechanical and thermal 
properties of the material. Life-time of the spallation target container and 
other nearby structural materials is a severe problem!). 

• Neutron and light charged-particle activation cross sections for all target 
blanket and structural materials for energies up to 1.5 GeV. Most urgent 
are data for radionuclide production that are important in determining the 
overall mass balance of a transmutation system (i.e. the ratio of waste 
material transmuted to radioactive material (chemical or nuclear) created. 
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• Portion of delayed neutrons (J-values and related spectra) from minor ac-
tinides (including Np-237); differential fission cross sections are also desir
able. 

• Neutron reaction cross sections on 23?Xp.13rCs and possibly other shon-lived 
actinides or radioactive fission products, for which significant and system-
driving uncertainties now exist. 
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