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PREFACE

This compendium of selected papers/reports on various topics
related to the technology of Thorium Fuel Cycle represents the
work carried out at the Bhabha Atomic Research Centre and other
units of the Department of Atomic Energy over the last decade.
We are grateful to all the authors who have sent us copies of
their papers. Some authors were kind enough to condense their
work in the form of an extended abstract for inclusion in the
present compendium. It is noted that some of the material is
repeated in more than one paper but in the interest of speedy
publication we have retained the original papers in the form in
which they were received.

This report comprises of 72 papers and is divided into ten
Chapters relating to various aspects of the Thorium Fuel cycle.
Although very commendable work has been done in the development
of various technologies, unfortunately not many reports were
readily available in a form suitable for inclusion in this
report. Hence there may appear to be some imbalance in the
contents of various Chapters. The number of papers in a given
chapter should therefore not be taken as a true representation of
the amount of work done in that particular area. However,on the
whole we hope that this report would give an overview of the
progress of work carried out in India in the important area of
Thorium utilisation.

The Editors would like to place on record their special
thanks to Shri D.V. Periera for entering the manuscript into the
word-processor, Dr. Anurag Shyam for help in taking the final
print out and Shri S.S. Ranganekar for redrawing some of the
figures from the original papers using "Publishers Paintbrush"
Program.

November 10, 1990 T.K. Basu, M. Srinivasan
Neutron Physics Division EDITORS



FOREWORD

India is in a unique position with regard to nuclear fuel
resources in the sense that while its natural uranium reserves
are somewhat limited (70,000 tons), its thorium reserves are very
large (360,000 tons). This fact was well appreciated by Homi
Bhabha,. the founder of the Indian nuclear r i ogrammc-. light from
its inception. It was obvious to him that in the long term
India's nuclear programme would have to eventually depend on
thorium. Unfortunately since thorium does not contain any
fissile component, equivalent to the U-235 of natural uranium,the
exploitation of fertile thorium involves -an additional step of
first converting it into fissile U-233 by absorption of a
neutron. It has long been recognised that this conversion can be
accomplished quite efficiently in fast breeder reactors. A three
stage approach was accordingly formulated to develop nuclear
technology in India. But while evolving an optimum strategy for
progressively incorporating thorium into the nuclear fuel cycle,
considerations of achievable installed nuclear capacity growth
rates under various scenarios have resulted in a continuing
debate as to the most appropriate time frame in which the shift
away from U-235/U-238 based fuel cycles should be effected.
However, it is clear that any question of thorium entering in a
significant way arises only after our natural uranium reserves
are exhausted, which would happen only on completion of the first
stage of our nuclear power programme comprising essentially of
natural uranium fuelled PHWRs. The vast amount of plutonium that
will become available from the PHWRs would be the starting point
for the second stage of our programme which would involve the use
of fast breeder reactors and possibly also some form of advanced
or near-breeder thermal reactors. Meanwhile the progress
registered in recent years in fusion and accelerator technologies
has opened up prospects for direct conversion of thorium into U-
233 using one of these non fission neutron sources. This develop-
ment could prepone the time table for the exploitation of thorium
as an energy source in India to the earlier part of the next
century.

In view of the potential role of thorium in our future
nuclear programme, R & D work on various aspects of the thorium
fuel cycle have been underway at BARC and other units of the
Department of Atomic Energy over the last three or four decades.
The status of development of thorium cycle related technologies
in India was reviewed earlier in two Symposia held at BARC in
1974 and 1976. The present report is a compendium of selected
papers/reports describing the progress registered in this field
of research during the decade of the eighties. It is being
brought out on the occasion of the "Indo-Japan Seminar On Thorium
Utilization" being held in Bombay during December 10th to 13th
1990.

P.K. Iyengar

November 10, 1990 Chairman, Atomic Energy Commission
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1.1 STUDY OF ALTERNATE SCENARIOS FOR THE UTILISATION OF THORIUM
IN ADVANCED REACTORS

S.M. Lee, T.M. John, P.T. Krishnakumar and S. Ganesan

Indira Gandhi Centre for Atomic Research, Kalpakkais - 603 102

The role of LMFBRs in utilizing India's thorium resources
was investigated under an IAEA Co-ordinated Research Programme
^Requirements for Future Application of Advanced Reactors'.
Compared to U-Pu fuels, thorium fuels for LMFBRs offer a better
coolant expansion reactivity coefficient, superior fuel element
stability under irradiation /I,2/ and a diversification of the
energy resource base. The lower breeding capability and
remotization of the reprocessing and refabrication processes are
its major disadvantages.

The main points investigated in the study are summarized
below /3/:

a. Definition of an advanced LMFBR concept with good breeding
characteristics,

b. Establishment of data base for LMFBRs on Pu-U and U-Th cycles,
c. Definition of strategy for utilisation of uranium and thorium

resources,
d. Definition of alternate scenarios to achieve target electrical

demand.

The reference design carbide fuelled LMFBR/4/ showed poor
growth characteristics for the U-233/Th cycle/5/. Based on
reasonable extrapolation in technology, the following modifica-
tions were made for the advanced LMFBR using carbide fuel:

a. Clad thickness at 4% of pin diameter as compared to 8% for
the reference design.

b. Fuel smeared density at 80% instead of 75%.
c. Cycle losses at 2% instead of 3%.
d. Axial blanket thickness at 35 cm instead of 30 cm.
e. Peak burnup at 100 MWd/kg instead of 50 MWD/kg.

These modifications resulted in a reasonable growth
capability for the U-233/Th carbide fuelled LMFBR.

Using the above advanced LMFBR design concept, calculations
were made to obtain the data base for three kinds of LMFBR cvcles
(Table 1) :

a. LMFBR-1 : Advanced carbide LMFBR with Pu/dep.U driver zones
and dep. U blankets.

b. LMFBR-2 : Advanced carbide LMFBR with self sustaining
Pu/dep.U driver zones and dep.U axial blankets while the
radial thorium blankets produce excess U-233,

c. LMFBR-3 : Advanced carbide LMFBR with U-233/Th driver zones
and Th blankets.



Table 1. Summary of performance data advanced tor LMFBR

Parameter

Fuel type
Axial blanket
Radial blanket
Fissile PuC zone-l(%)
or U-233C
Volumetric zone-2(%)
content in
fuel
Breeding ratio
Inpile fissile inventory
(kg)
Out of pile fissile
inventory (kg)
Cycle losses (kg/yr)

Fissile loss by
burnup (kg/yr)
Fissile production
(kg/yr)
Fissile gain (kg/yr)

Simple doubling time (yr)

LMFBR-1

(Pu-dep.U)C
dep.UC
dep.UC
13.05

18.64

1.406
1449

462

6.64

355

499

137

14

LKFBR-2

(Pu-dep.U)C
dep.UC
The
13.18

18.82

1.388
1463

461

5.31 Pu +
1.15 U-233

347

362 Pu +
115 U-233
13 Pu +
114 U-233

—

LMFBR-3

(U-233-Th)C
dep.ThC
ThC
2.0.08

14.40

1.098
1482

575

7.56

374

410

28

72

Using the above calculated data base three alternate
scenarios were developed. It was assumed that the present PHWR
installed electric capacity of 1.3 GWe grows to about 10 GWe by
the year 2000 and the entire recoverable natural uranium
resources are committed to these reactors on a once through fuel
cycle. The natural uranium requirement has been computed using
an inpile inventory of 209 kg nat. U/MWe and an average discharge
burnup of 7400 MWD/te.

The plutonium produced in PHWRs is used to develop the
following three scenarios:

a. Scenario 1 : Plutonium and depleted uranium from the PHWR
base capacity is used for advanced carbide LMFBRs with
Pu/dep.U fuel and dep.U blankets (LMFBR-1).

b. Scenario 2 : Plutonium and depleted uranium from the PHWR
base capacity is used for advanced carbide LMFBRs with Pu-
Dep.U fuel, dep.U axial blankets and Th radial blankets
(LMFBR-2). These reactors are self sustaining on Pu/dep.U
cycle and supply U-233 to fuel advanced carbide LMFBRs with
U-233/Th fuel and Th blankets (LMFBR-3). Alternate
strategies within this scenario involve introduction of
LMFBR-1 till a certain LMFBR capacity is attained id
subsequent switch over to the LMFBR-2/LMFBR-3 symbiotic
combination.

c. Scenario 3 : This scenario is similar to Scenario-2 except
that in place of LMFBR-3 the use of self sustaining



equilibrium thorium cycle PHWRs is considered with initial
U-23 3 concentration in Th uf 1.47%, discharge burnup of
16000 MS-'D/Te and specific fissile inventory of 3 kg U-233/
MWe.

The hybrid fuel combinations Pu/Th and U-233/U-238 have not
been studied because the resource position does not necessitate
the use of these fuel combinations. Further, use of these
combinations lead to requirements for 3 way reprocessing and
LMFBRs with these hybrid fuels do not hava as attractive safety
characteristics (Na void) as the U-233/Th system. Thus the
strategy chosen for the alternate scenarios is to maintain a
minimum capacity of Pu/dep.U carbide fuelled LMFBRs with radial
thorium blankets and a large capacity of either U-233/Th carbide
fuelled LMFBRs with thorium blankets or U-233/Th SSET PHWRs.

Boundary conditions for the scenarios come from the
available nuclear, fossil and hydro resources, present and
projected electricity demand and present and projected total
energy .demand. These conditions have been earlier evaluated /6/
and the values used for the scenarios studied are summarised in
Tables 2, 3 and 4. The target energy demand is an important
parameter governing the results and reasonable values for India
with a stabilised population of 10 and in a state of technologi-
cal and industrial advancement have been used. The post-2000
growth rates upto target demand values have been considered at
two alternate values viz. same as pre-2000 or 3%'.

Table 2. Conventional commercial energy resources in India

Type Estimated Total Reserves

Coal 148 E+09 Te
Oil 526 E+06 Te
Gas 475 E+09 M3

Hydro 400 TWh/yr
Uranium 73,000 Te U3 O8
Thorium 3,60,000 Te

Year

Table 3

Total (TWh)
Hydro (TWh)
Coal/Nucl (TWh)

Electricity

1983

155
40

1.15

demand

2000

458
118
340

projection

Target

2000
400
1600

A computer program was developed to study the alternate
scenarios and to calculate as a function of time the following
parameters :

electric power demand,
coal demand,
nuclear electric power growth



.162

.129

.136

.427

. 7 2

. 5 7

. 6 4

1.93

- Th/U-233 production,
U/Th demand,
reprocessing and refabrication capacity requirements.

Table 4. coal demand projection
(10 Te/year)

Year 1983 2000 Target

Non-energy use .054
Other than electric .050
energy use
Electricity .046
Generation
Total .150

For no nuclear contribution.

Fig.l presents the electric energy demand for .the two diffe-
rent demand growth rates as well as the possible nuclear contri-
bution in the different scenarios. The times at which nuclear
electricity could contribute a major fraction of the total elec-
tric energy demand are clearly seen from the figures. The intro-
duction of thorium in LMFBR blankets in Scenarios 2 and 3 enables
limiting the Pu/dep.U fuelled LMFBR capacity to only about 15 to
25% of the total nuclear electric capacity, and enhances the
flexibility of the nuclear programme by enabling use of U-2 3 3 in
SSET-PHWRs or in U-233/Th cycle LMFBRs. However, this is offset
by delays of the order of 20 to 60 years in attaining the maximum
nuclear electric capacities as compared to Scenario 1.
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6A: Pu-dep.U fuelled LMFDR component of Curves kA and 5A

7' Natural uranium fuelled PKWR component

Fig. 1 Electric energy demand and supply



1.2 GROWTH SCENARIO WITH THORIUM - HWT< CYCLES

Kamala Balakrishnan and S.K. Mehta

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay - 400 085

IAEA had carried out a Co-ordinated Research Programme on
Contribution of Advanced Reactors to Energy Supply during the the
period 1984 - 1986. This CRP consisted of seven projects in six
countries (Austria, Brazil, India, Republic of Korea, Romania and
Yugoslavia), each supported by a research contract, which
consider the use of advanced light water reactors, advanced heavy
water reactors and fast breeder reactors. RED had taken part in
this CRP through a case study titled "Growth Scenario for HWR
with THorium Cycle".

In this study, we have postulated a scenario which considers
a reference reactor and an advanced reactor concept. Resource
requirements for different postulated growth rates are worked out
for both cases and comparisons effected.

The reference reactor chosen is a natural uranium fuelled
PHWR. The advanced system considered is a thorium cycle in the
PHWR. The following cycles are studied.

1. A self-sustaining equilibrium thorium (SSET) cycle initiated
by self-generated plutonium.

2. For the purpose of comparison, the SSET cycle initiated by
U235 is also studied.

3. A U233-thorium converter cycle with plutonium topping.

For the first of the above cycles, studies were made for
four different growth rates. These are 2% 4%, 6% and 8%. The
growth was assumed to start from a beginning of 1000 MW(e) in the
year one. The study was carried out for a period of 60 years, at
the end of which the installed capacity is about 100,000 MW(e)
for the fastest growth rate and about 3000 MW(e) for the slowest
growth assumed. This slowest growth, showing an increase in
installed capacity of only about a factor of three in 60 years,
is evidently of relevance only to the highly advanced countries
where the growth is now levelling off. The 100-fold increase as
shown by the fastest growth curve is of interest to developing
countries which are looking for that kind of growth. However, the
resources required for this kind of growth may well be beyond
what they can command. Thus the two intermediate growth rates,
leading to a 30-fold and 10-fold increase in 60 years, also take
on importance. The projections made in this study can provide, at
a single glance, some idea of how a country stands with respect
to capabilities and intentions as far as growth is concerned,
assuming of course that the path to growth chosen by the country
is that through thorium cycles in the HWR.



The parameters which have been chosen as representing a
cross-section of the resource requirement are che following :

1. Cumulative uranium requirements.
2. Cumulative thorium requirements.
3. Fabrication requirements for uranium fuel.
4. Fabrication requirements for Th-Pu fuel.
5. Fabrication requirements for Th-U233 fuel.
6. Reprocessing requirements for uranium fuel.
7. Reprocessing requirements for Th-Pu fuel.
8. Reprocessing requirements for Th-U233 fuel.
9. Storage requirement for unreprocessed uranium spent fuel.
10. Storage requirement for unreprocessed Th-Pu spent fuel.
11. Storage requirement for unreprocessed Th-U233 spent fuel.
12. Amount of Pu recovered during reprocessing.
13. Amount of U233 recovered during reprocessing.

In the case of the reference reactor, only (1), (3), and (9)
are relevant. Spent fuel storage requirements in this case will
be quite large.

Fabrication requirements for the thorium-plutonium fuel do
not rise above 7 00 tons a year for the highest growth rates. For
the lowest growth rates, it is within 50 tons a year.
Fundamentally this is because the thorium plutonium fuel is only
a transition stage in the reactor and does not last for long in
the lifetime of any reactor.

The fabrication requirements for thorium U233 fuel, or in
other words, requirement for remote fabrication, go up to some
1600 tons per year for the highest growth rate at the end of our
60 year period and are still continuing to rise. For the lowest
growth rates the requirement goes up to about 200 tons a year.

Spent fuel storage requirements increase much more slowly
for the advanced reactor than for the reference reactor. This of
course is a direct consequence of the fact that for the reference
reactor, all the spent fuel is to be stored indefinitely, while
for the advanced reactor, storage is required only during the
cooling period, which we have assumed to be one year,

The quantity of plutonium recovered by the reprocessing
plants rises to nearly 45 tons for the highest growth whereas the
U2 3 3 goes up to about 8 tons. The much larger quantity of
plutonium is a reflection of the fact that plutonium is not a
very efficient fuel under thermal reactor conditions so that a
comparatively much larger quantity of plutonium needs to be used
for a reactor which will in its equilibrium stage, be needing a
lower turnover of U233.

Some cost calculations were also made for both the advanced
and the reference reactors. International values for the year
1984 were used for the prices of the various inputs, like uranium
price, thorium price, cost of conversion, cost of fabrication,
etc. The fuelling cost was calculated to be 4.19 mils/Kwhr for



the reference reactor and 3.30 mils/Kwhr for the advanced
reactor.

The advanced cycle described so far is the SSET initiated by
self-generated plutonium. Reactor physics-wise, this is not a
very elegant way of initiating the SSET. One can look at this as
follows : Since thorium does not have any natural fissile content
and the fissile material it produces is U233, the initial feed of
U233 has to be generated using the only naturally occurring
fissile nuclide, namely U235. This could be done by either
directly using natural uranium, wherein tha U235 converts thorium
to U233, or indirectly by using natural uranium to produce Pu239,
and then using this Pu-239 to convert thorium to U233. The
plutonium initiated SSET uses the latter route. In the process,
it passes through an intermediate transition stage in which
Plutonium is being burnt in thermal reactors, in which its fuel
utilisation characteristics are quite bad. However, this is the
only route available to those utilities which do not have access
to enrichment facilities. All the same, it will be interesting
to study the penalty that is paid for the plutonium route. With
this objective, we have analysed the SSET initiated by U235.

The physics study assumes that the reactor starts its life
with thorium fuel enriched with U-235. As the spent fuel comes
out, it is reprocessed to obtain U233. This U233 naturally is
present along with residual U235. This is used for fabricating
enriched bundles for the next feed. If the reprocessed U233 is
insufficient, fresh U235 is brought in as make up. The amount of
make up needed decreases from cycle to cycle and finally
disappears altogether, leaving the reactor on the self systaining
cycle. In both stages, the engineering characteristics and
operational parameters of the core, such as heat transfer
characteristics, channel power, bundle power/ etc., will be the
same as that of the reference reactor.

It turns out that the natural uranium requirement with this
cycle is almost half of that of the plutonium initiated cycle.
However, the cumulative uranium requirements during the growth
period do not show the same dramatic decrease owing to the fact
that as compared to the plutonium initiated cycle, uranium is
required here earlier though over a shorter period. The
difference becomes visible only after growth has levelled off.

Yet another scenario is the thorium U233 converter cycle
with plutonium topping. This cycle is similar to the plutonium
initiated SSET with a slight modification. As in that case, we
start with an all natural uranium core, recycle the self-
generated plutonium with thorium, reprocess this thorium to
extract U233 for the equilibrium stage. The difference from the
SSET comes at this point. One of the major disadvantages of the
SSET is its comparatively low discharge burnup. In the RAPS kind
of reactor, the SSET would give a burnup of 13000-14000 MWD/T.
This is often looked upon as too low to compensate for the added
burden of fabrication and reprocessing. This burnup could be
increased by adding a small topping of plutonium in each cycle.



The equilibrium stage of this reactor is then taken as self
sustaining as far as U233 is concerned. in order to provide
Plutonium for the topping, it is assumed that a PHWR working on
the natural uranium cycle will be installed and will provide make
up plutonium for one or more thorium U233 converters of the kind
described. The support ratio, which is a quantity giving the
capacity of convertors that can be fuelled by having unit
capacity of natural uranium PHWR, shows an inverse dependence on
the discharge burnup of the convertor. The discharge burnup can
be increased to about 20000 MWD/T, a fairly respectable value,
for a support ratio of close to 10. For discharge burnups
exceeding 40000 MWD/T, the support ratio becomes about 2.



1.3 SELF-SUSTAINING THORIUM CYCLE IN PHWR USING SELF-GENERATED
PLUTONIUM

Kamala Balakrishnan and S.K.Mehta

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay -400 085

The strategy for the long term exploitation of nuclear
energy in India is well recogni2ed to be the use c£ natural
uranium in heavy water reactors during the initial stage, and the
use of plutonium produced in the heavy water reactors to install
fast breeder reactors, which will be capable of making effective
use of all the depleted uranium that will be discharged from the
heavy water reactors. In the third stage of the program, we
expect to be able to use our extensive deposits of thorium.
Studies on what would be the best way of utilising thorium, and
what would be the best reactor system in which to use thorium are
under way. While other reactor designs are also being examined,
it is logical to study thorium cycle in our existing system,
namely the PHWR. The most significant advantage of this scheme is
that no development work is required on the reactor system
itself. The existing heavy water reactors can be directly used
with thorium fuel without any engineering modification.

Recycling the plutonium recovered from the irradiated
uranium fuel with thorium in heavy water reactor itself offers
certain advantages. If plutonium generated in a reactor is
recycled in the same reactor in the form of (Pu+Th) oxide and if
the U233 that will be produced from the thorium is recycled in
the same reactor in the form of (Th+U233) oxide, then the reactor
will gradually become a completely (U233+Th) fuelled one. Such a
core can be designed to be a seli-sustaining one by adjusting the
U2 3 3 content in the initial fuel. The transition from the fully
natural uranium fuelled to the fully thorium+U233 core takes
about 2 0 years of operation during which period the quantity of
natural uranium required for fuelling tha reactor will show a
gradual decline. Once the reactor has reached equilibrium, it
will be self-sustaining in fissile material and thorium will be
the only external material needed to run the reactor. The fissile
material present in the discharged fuel will be adequate to meet
the fissile requirements for the reload fuel. The reactor can be
run with this fuel cycle for as long a period as thorium
continues to be available. At the end of the physical life of the
reactor, U23 3 contained in its core can form the initial fissile
inventory for a new reactor working on the SSET. The physics
feasibility of this concept is discussed later on.

Thorium does not contain any naturally occurring
fissile isotope. As such, it can be used in reactors only by the
addition of an external fissile material. Concentrated fissile
material is about four times as expensive as the U235 contained
in natural uranium. It is this fact which comes as the biggest
resistance to the use of thorium anywhere. However, U233, which
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is the fissile material produced by tha irradiation of thorium,
is a very good fuel in thermal reactors. Of the three fissile
materials, viz., U235, Pu239 and U233, the only one capable of
giving breeding in the thermal spectrum is U233. Thus it is
possible, by suitably designing a thorium reactor, to so have it
that once it has attained equilibrium fuelling, the reactor
produces its own fuel. In other words, a certain amount of
fissile material is needed to initiate the reactor, but once it
has reached what is commonly called the self-sustaining
equilibrium stage, it can continue to operate with no further
addition of external fissile material.

Here we present the results of a preliminary study that
was made to investigate the possibility of extablishing the self-
sustaining cycle in a PHWR, as also the stages through which it
has to pass before achieving the final stage. Physics
optimisation of the final (Th+U23 3) stage has not been attempted.
The normal 19 rod cluster of the PHWR has been assumed in these
studies. It is arranged on a square lattice of 22.86 cms pitch.

the study assumes that the reactor starts its life with
an all natural uranium core. As the uranium fuel gets discharged
after irradiation, it is reprocessed and the plutonium present in
it is mixed with thorium and fabricated into fuel bundles and fed
into the reactor. When these assemblies are reprocessed after
irradiation, U233 is obtained and can be used for the fabrication
of (Th+U233) bundles for the last and self-sustaining equilibrium
stage. The reactor thus passes through three stages: the initial
natural uranium stage, the intermediate thorium-plutonium stage,
and the final self-sustaining thorium+U233 stage.

We have assumed that the heat transfer characteristics,
channel power, etc. of all three stages will be reasonably
similar and roughly equal to that of the natural uranium stage.
Only point burnup calculations have been reported here. Possible
power distortions that can occur when two kinds of fuel are
present together in the core have been investigated to a limited
extent. Our conclusion is that with proper fuel management, this
will not pose a problem. These results have not been reproduced
here.

The study necessarily involved burnup calculations on a
large number of cases. So a two group calculational model was
chosen which was very economical in 'computer time. All
calculations were made for a PHWR with 306 channels, producing
200MW(e) power and having a thermal power of 693 MW(th). A
parametric study was carried out for different U233 enrichments
in the thorium. The important quantities are the fissile
inventory ratio and the effective multiplideation factor keff>
Fissile inventory ratio should obviously be greater than unity
for a self-sustaining cycle. This criterion is found to be
satisfied provided the initial enrichment is less than about
1.5%. As enrichment decreases, the fissile inventory ratio (FIR)
increases, but the discharge burnup decreases. Since it would not
be economical, (considering fuel fabrication and reprocessing
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costs) to settle for very low burnups, we recommend an
enrichment of about 1.48% which will give a discharge burnup of
nearly 14,000 MWD/T.

The intermediate thoriun+plvtcniun stage was also
subjected to a similar parametric analysis. For different
Plutonium contents in the initial charge, the discharge burnup
was found to have a l^rge variation. The initial enrichment also
decides the number of years it takes to attain the self-
sustaining equilibrium stage, and also the number of years it
will take to attain this goal. Both increase as enrichment
increases. Increased enrichment thus has three effects: Higher
discharge burnup (desirable), increased natural uranium
requirement (undesirable), and longer time to reach equilibrium
(mildly undesirable). On the whole it might be preferable to fix
the enrichment of this stage mainly from considerations of power
distribution than any other consideration. A plutonium content of
about 2.5% could be an appropriate value. It could give nearabout
12000 MWD/T burnup, and yield a change-over time of 18 years. It
is not advisable to go straight to this figure. One should start
with a lower plutonium content, and gradually increase the value.
This will be helpful in avoiding power peaking problems during
the change-over phase.

For the second and third stages, fuel fabrication could
pose problems of a kind not encountered in natural uranium
fabrication. The main difference between Pu and U233 on the one
hand and natural uranium on the other hand is that the former two
are extracted from irradiated fuel and are therefore radioactive.
Plutonium is alpha-active, and so it does not require any large
amount of shielding; however, they have to be handled in alpha-
tight glove boxes. This is because the power reactor fuel is
sintered ceramic powder, and could get into the atmosphere of the
fabrication room, and get breathed in by the workers, and inside
the lungs of course, alpha is very dangerous. The other material
U233 is in itself quite harmless; but is inevitably accompanied
by U232 since it cannot be separated from U233 by chemical
processes used in reprocessing plants. U232 decays to Th228 with
a half-life of about 70 years. Th228 decays further giving rise
to a chain of daughter products, some of which are heavy gamma
emitters. This results in U233 bearing fuel needing, remote
fabrication.

Companion papers in this volume have described the
fabrication of both Pu-Th fuel and U233 bearing fuel in India.
The U233 fuel has so far been fabricated in the form of U233-A1
alloy. Mixed oxides of thorium and U233 have not so far been
done. But considering the experience available in U-Pu mixed
oxide, this is not expected to be a bottle-neck. Also, the U233
used had come out of thorium rods irradiated in the reflector of
the research reactor CIRUS, and as such had only very low
concentrations of the troublesome U232. However, we now have
four bundles of thorium irradiated in the MAPS power reactor, and
three thorium assemblies irradiated in lattice positions in
DHRUVA. These will yield U233 with higher U232 content and will
give us experience in handling this material.
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1.4 SELF SUSTAINING THORIUM CYCLE IN HTGR

Kamala Balakrishnan

Reactor Engineering Division
3habha Atomic Research Centre, Bombay - 4 00 085

Possibly a very good system for the utilisation of thorium
is the pebble bed kind of high temperature gas cooled graphite
reactor. In this system, the fuel is in the form of coated
particles, which are then formed into balls. The reactor core
vessel is filled with such balls and they are cooled by helium
passing through it. The specific features which make this system
attractive for thorium - U2 33 cycles are the relatively hard
spectrum, the continuous refuelling facility, and the absence of
structural material inside the reactor core. All these tend to
raise the conversion ratio in the core.

The HTGR core designs that one comes across in literature
come mostly from the UK, the USA and Germany. The nuclear design
in these is generally optimised for power generation cost, and
acts to the great detriment of fuel utilisation characteristics.
The conversion ratios guoted in these designs are generally of
the order of 0.85 or less. We have made some studies in optimi-
sing on fuel utilisation.

The reactor system that has been considered is very similar
to the THT£ reactor. The fuel is assumed to be in the form of
tiny particles of (Th + U233) 0 2 mixed oxide surrounded by soft
graphite and coated with pyrocarbon. Large numbers of such
coated particles are embedded in a graphite nature and formed
into spheres of 60 mm diameter. The core is assumed to be cylin-
drical in shape, with a diameter of 560 cms and a height of 600
cms. A conical shaped tower and loading into a fuel element
discharge pipe permits spent fuel to be continuously discharged,
while fresh fuel is continuously fed in from the top.

The hard spectrum in such a core results on low cross-
section and large mean free path leading to high leakage. In the
geometry described above, the leakage of neutrons is about 15%.
In order to improve the fuel utilisation, it is necessary to
capture these neutrons. To do this, this core is surrounded by a
thorium blanket which absorbs these neutrons and raises the
conversion ratio Since this study was intended as a survey kind
of study, thus entailing a large number of calculations, the few
group treatment was used, even through a rigorous calculation
would require multigroup treatment.

Four grovips of neutrons were used for the calculations. The
group structure was at, follows: Group 1 is above 821 KeV. Group 2
is 5.5 KeV - 821 KeV. Group 3 is 0.625 eV to 5.5 KeV and Group
4 lies below 0.625 eV. This group structure was assumed to be
adequately accurate for a survey type calculation, for the
following reasons :
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In Group 1, the spectrum would correspond to the fission
spectrum. In thermal reactors, the internal spectrum of group 1
is likely to stay constant from system to system and so it is
permissible to treat it as one group.

In Group 2, the priinary effect is slowing down and so the
intra group spectrum could well depend very strongly on the
moderator. However, in this group, all cross-sections are quite
low and fairly constant, so that even if the spectrum within the
group is not very well calculated, the error caused by any
inaccurancies in the calculated group 2 cross-section for any
thermal reactor will be small.

In Group 3, the overwhelming effect is that of resonances.
In the high temperature graphite reactor, with its hard spectrum,
the effect is likely to be felt in the third group. The internal
spectrum in group 3 could be different from what it is in other
thermal reactors. It is possible that the spectrum is more
peaked for the HTGR towards the lower edge of the group. The
third group spectrum will thus peak towards the lower group
boundary. Since roost of the larger resonances are near the lower
end of the group, this will cause the resonance absorption to
increase when compared to the normal thermal reactors.

Because of this, some increase in the resonance integral of
thorium is in order. To estimate the magnitude of this increase,
this method of calculation was applied to the THTR core, as
provided in the Nuclear Reactors Directory. The data gives the
core description as well as the burnup, which is quoted as
113,000 MWd/T. The maximum excess reactivity quoted is 111 mk.
On the basis of these, it was decided to increase the resonance
integral in the third group by about 15%.

Our conclusion is that conversion ratios exceeding 1.0 are
possible for low power densities (3-4 KW/litre). U233 content of
about 6-7% in thorium with a heavy metal content of 25% in carbon
look to be promising. Detailed results of our studies have been
published in IAEA - TECDOC - 436, pp 461 - 469.
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1.5 THE EMERGING OPTION OF FUSION BREEDERS FOR THE EARLY
EXPLOITATION OF THORIUM IN THE INDIAN CONTEXT

M. Srinivasan, T.K. Basu, K. Subba Rao and P.K. Iyengar

Neutron Physics Division
Bhabha Atomic Research Centre, Bombay - 400 085

Fusion reactors with relatively lower gain v,uuia be used as
a neutron source for generating larye quantities of fissile fuel
for use in fission reactor power stations well before pure fusion
reactors become commercially viable. This paper examines the
growth rate capability of coupling sub-engineering breakeven
fusion breeders with near breeder PHWR reactors. It is found
that power growth doubling times of "14 years predicted to be
required in India can be achieved with diversion of hardly 5% of
grid electrical power to such fusion breeders. This finding has a
significant bearing on the prospects of exploiting India's vast
thorium reserves earlier than presently envisaged.

INTRODUCTION

India has more than 360,000 tons of thorium reserves as
against only 45,000 tons of economically recoverable natural
uranium /I/. In order to use these resources in the most effec-
tive manner, Homi Bhabha first conceived of a three stage str-
ategy /2/ for the Indian nuclear programme. As per this, at the
end of the first stage of PHWRs we would be left with about 100
tons of plutonium. This would be sufficient to set up an initial
fast breeder capacity of 25 to 30 GWe, since it requires 3.5 to
4.0 tons of Pu to instal 1 GWe capacity. However the projected
growth of demand for electric power and the environmental con-
straints imposed on large scale burning of our poor quality coal
reserves point to the need for establishing for an installed
nuclear capacity of 250 GWe at least by the middle of the next
century. This would require almost 1000 tons of fissile fuel to
constitute the initial inventory of breeder type fission reactors
(several hundreds of them) warranting a 10 fold multiplication of
the country • s fissile fuel stocks in a period of about 40 - 45
years; this corresponds to a doubling time requirement of 14
years. Thus the success of the strategy of using fast breeder
reactors in the Indian context depends crucially on the achieva-
ble doubling times/3/. The doubling time of the presently devel-
oped LMFBRs operating with mixed oxide fuel (PuO2 - UO2) is as
high as 40 years. Doubling times as short as 14 years seem to be
achievable only if advanced fuels such as carbides, nitrides or
metal are used in our fast reactors. It was realised earlier that
incorporation of thorium into LMFBRs while significantly impro-
ving their safety characteristics due to large negative sodium
void and Doppler coefficients of reactivity, highly degrades the
breeding gain leading to unacceptably large doubling times /4/.
The long doubling time of thorium bearing fast breeder reactors
has so far been a dampening factor in initiating serious R & D
work towards the exploitation of the Th/U-2 3 3 fuel cycle in
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India..In this context availability of some non-fission method of
converting thorium into fissile U-233 could add an entirely new
dimension to our nuclear programme. This can be accomplished by
bombarding thorium with a copious flux of neutrons generated
either in spallation reactions or fusion reactions.

This paper examines the potential benefits to the Indian
nuclear power- programme of the development and installation of
such fissile fuel factories in the early part of the next centu-
ry, particularly the prospects of breeding "unprecedented quanti-
ties" of U-233 and its role in the early exploitation of our vast
•chorium resources.

CHARACTERSTICS OF FUSION BREEDERS

The fusion breeder we have considered is based on a magneti-
cally confined D-T fuelled low gain fusion driver having a
blanket in which fissions are suppressed so that fissile fuel
production per unit thermal energy deposited in the blanket is
maximised. The blanket apart from containing thorium, also
contains lithium so that it breeds tritium to compensate for its
consumption in the plasma core, the tritium breeding ratio being
marginally in excess of unity.

Fusion breeder is characterised by the following parameters :

a) The plasma energy gain Q = i n

where Pf is the time averaged power generated due to fusion
reactions in the plasma, P^ is the time averaged input electrical
power supplied to the auxiliary heating systems and n n is the
total efficiency of all these devices in converting electrical
power to power injected into the plasma.

b) The blanket thermal power Pb = [0.8 PfM] + [0.2 Pf] + [P^n^]
where M is the blanket energy multiplication defined as trie
energy released in the blanket in MeV per D-T reaction divided by
14.

c) The U-233 production rate U = 4.3 Pf F Cffc) tons/y
or U = [J] Pb

where C ^ is the capacity factor and F is the fissile breeding
ratio defined as the number of fissile atoms produced per D-T
reaction. The constant 4.3 takes into account all the conversion
factors required to express U in units of tons/y when Pf is in
units of GWth. J is the fissile fuel production rate per unit
blanket power and is given by

4-3 Q F C f b
j =

1 + Q (0.8M + 0.2)

The sensitivity of coefficient J to variations in Q and M
was studied in detail /5/ and it was found that for fission
suppressed blankets (M<2) J ~ 1 kg/MWth-y. Thus for example a
fusion breeder having a blanket of low multiplication and thermal
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power of 1500 MWth would typically produce 1500 kg of fissile
fuel annually which is an order of magnitude higher than that
produced in a fission breeder of identical thermal power rating.

(d) Energy cost of fissile fuel production

E c = [ 1 - nf A ]/ nn A J GWe-y/ton

where n^ is the thermodynamic efficiency of. converting blanket
thermal power P^ into electrical power. For a sub-engineering
break-even system, the second factor is less than unity, hence

E c < l/(nh A J)
or E c < l/(4.3nh Q F Cfb)

It is shown in Ref./15/ that for a typical fusion breeder,
Ec<0.5 GWe-y/ton. This is equivalent to stating that to produce
one atom of U-235, less than 35 MeV of electricity is consumed.

PHWRs OPERATING ON THE TH/U-233 CYCLE : NEAR BREEDER PERFORMANCE

As noted earlier, India has adopted the PHWR line of reactors
tor the first stage of its nuclear programme. It is known since
long that the PHWR is an ideal reactor for being operated on the
Th/U-2 3 3 cycle as it is capable of attaining a breeding ratio of
unity, provided the burn-up is kept low. This mode of operation
is also known as Self Sufficient Equilibrium Thorium (SSET) cycle
mode. Table 1 summarises the characteristics of a 235 MWe PHWR
operated on the Th/U-233 cycle normalised to 1 GWe capacity/6/.

Table 1. Characteristic of a standard 235 MWe PHWR operating on
Th/U-233 cycle (normalised to 1 GWe capacity;

Specific power (Ps) =17.8 Kw/Kg)

U-233
content
(e)
%

Core
loading
U-233
(tons)

Discharge
Burn-up
Db
(MWd/ton)

Fissile
Inventory
Ratio
(FH T")

U-233 Make-up Advantage
Requirement * factor
% of Kg/ % of Th
core GWe-a converted

loading (xad> u" 2 3 3

fissions

1.48
1.50
1.55
1.60
1.65
1.75
1.85

2.440
2.480
2.b60
2.645
2.730
2.895
3.060

10,100
12,500
16,900
20,700
24,100
30,000
35,200

0.998
0.988
0.963
0.935
0.908
0.857
0.810

0.1%
0.5%
1.0%
1.5%
1.8%
2.3%
2.6%

2.6
11.9
27.6
40.0
50.3
86.9
80.3

320
70
30
21
16
12
10

99.
98.
96.
95.
93.
91.
90.

7%
6%
6%
2%
8%
7%
0%

* Assuming capacity factor Cn^ = 0.685 (250 days of operation in
a year)

Columns 5 & 6 give the annual fissile fuel make-up requirement
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and column 7 gives the advantage factor Xa(j which is defined as
the total energy produced in units of MWd per gram of the initia-
lly loaded fissile material that is actually consumed in the
reactor.
Thus

xad
10"4 Dv

e (1 - Fir)

where D^ is the fuel burn-up (MWd of energy produced by each ton
of fuel discharged from the reactor), e % is the initial fissile
enrichment and F.j_ is the fissile inventory ratio (ratio of the
inventory of all fissile nuclides present in the discharged fuel
to that in the initially loaded fuel) . However, since we know
that the complete fissioning of 1 gram of fissile material typi-
cally generates ~ 1 MWd of energy, Xa(j would be approximately
unity if there were no in-situ breeding-burning phenomena occur-
ring. Thus the factor Xa(j is a measure of the number of such
"bonus" fissions occurring in the reactor.

It can be seen from Table 1 that X~J values of the order of
20 to 30 are obtainable depending on the initial fissile U-233
enrichment in the freshly loaded fuel which determines the final
burn-up achievable. From the last column of the table which
presents the corresponding percentage of energy derived from in-
situ breeding-burning processes in thorium, it is seen that this
contribution is well above 90%. For example even when the F^r is
only 0.935,95% of the energy comes from thorium and only about 5%
comes from consumption of the initially loaded U-233. More im-
portantly, the annual fissile fuel make-up requirement is hardly
about 1.5% (see column 5) of the U-233 loading. This renders the
PHWR operating on the Th/U-233 cycle a "near breeder".

SYMBIOTIC COMBINATION OF FUSION BREEDERS AND PHWR NEAR-BREEDERS

The growth rate dynamics of a two component symbiotic system
wherein a few fusion breeders supply not only the initial fissile
inventory requirements of newly installed near breeders but also
their annual fissile fuel make-up requirements have been analyti-
cally studied by the authors/5,7/. The modified doubling time
(Tm) of growth of the symbiotic system is found to be related to
the characteristics of the near breeders as follows:

1 3.33

Tm 0.693 I

0.365
RJ —

Xad

where 0-^ is the capacity factor of near breeder reactors. R is
the ratio of total blanket power of all the fusion breeders to
that of all the PHWR near breeders. In the special case of the
unit thermal powers of the two being the same, R directly repre-
sents the number (<1) of fusion breeders per fission reactor in
the system. I is the specific fissile inventory (Kg/MWe) of the
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fission reactor and J the fissile fuel production rate of the
fusion breeder,is in units of (Kg/MWth-y). The constant 3.33 acc-
ounts for the thermodynamic efficiency of the fission reactors.

Taking J"—1 corresponding to a fission suppressed blanket,
and a typical value of 2.65 Kg/MWe for I (Fir = 0.935), we find
that an R value of 0.05 is required to obtain a 14 year doubling
time.

For SSET mode of operation, F^ = 1.0 and hence the
above equation can be simplified to give R as follows :

R =

The number of near breeder reactors which can be supported
by a single fusion breeder of identical thermal power is called
the support ratio. The support ratio S r can be derived as

0 .693

3 .330

I

J

1

Tm

Sr = J (0.365 Cnb)

For the case of a fission suppressed fusion breeder (J 1)
suppling fuel to a near breeder PHWR having a capacity factor C-^
= 0.685 (250 days of operation in a year), the support ratio
becomes

S r = 4.0 X a d

As an example, for a high burn-up case for which F^r = 0.93 5
(see Table 1) support ratio of a fusion breeder (having Q = 3.0,
M = 1.6 and C = 0.8) is as high as 90. This means that one fusion
breeder of blanket power 3.33 GWth can support as many as 90 near
breeder type PHWR reactors of lGWe unit capacity.

POTENTIAL IMPACT OF FUSION BREEDERS ON INDIAN NUCLEAR PROGRAMME

A numerical study was carried out to assess the actual
growth rate of installed nuclear capacity achievable in the
Indian context under various realistic scenarios in the presence
of fusion breeders/5/. The various scenarios based on PHWRs and
FBRs discussed earlier by Lee et al/8/ for the growth of nuclear
power in India in the next century was taken as the starting
point. The reference case used for our study was Scenerio 1 of
Lee et al/8/ i.e. wherein FBR1 type short doubling time breeders
begin operating from the year 2005. The growth of nuclear power
is fastest in this scheme attaining levels of 250 GWe by mid-
twenty first century.

The objective of the numerical study was to determine the
characteristics of fusion breeders whose installation beyond the
year 2025 will yield a growth curve similar to that of Scenerio
1, but using only PHWRs operating on the Th/U-233 cycle. Details
of the various assumptions made in the numerical simulation are
presented in Ref./5/. The installed capacity of PHWRs is assumed

19



to reach 10 GWe by the year 2000 and stay at that level for 8
subsequent years. The Pu produced from these first generation
reactors at the rate of 300 Kg/GWe-a, is used as initial fissile
inventory for starting new PHWR reactors operating on Pu-Th fuel
from the year 2005. These reactors produce U-233 which can be
used as initial inventory to start new PHWR reactors operating on
the Th/U-233 cycle.

The fusion breeders used in our study bed the following
fixed parameters corresponding to a fission-suppressed helium
cooled molten-salt blanket /9/ with M = 1.6 and F = 0.6. nf

is assumed to be 0.3 and C f b s 0 > 8 > T h e v a r i a b l e parameters of
the fusion breeder were : n , and Q.

The study showed that with only about 5% of grid power
diverted to sub-engineering fusion breeders having a Q of 1.5 and
n" of 0.5, nuclear capacity growth rates similar to Scenario 1 of
Ref./8/ can be achieved without going in for FBRs.

SUMMARY AND CONCLUSIONS

The primary objective of the present study was to assess the
extent to which fusion breeders can help in achieving the re-
quired rapid growth of fission reactor capacity in India during
the next century u=ing only the presently developed PHWR reactor
system but operating on the Th/U-233 cycle. The main conclusions
of our study are :

(i) Since the fusion breeder can make do with a "technologically
less challenging design than that demanded by electricity genera-
ting pure fusion reactors" /10/, it is expected that the first
practical exploitation of fusion will be as a neutron source
for fissile fuel breeding. It is noteworthy that even a sub-
engineering breakeven fusion driver can be developed into a
useful fissile fuel factory provided the energy cost is kept
below the 200 MeV per fissile atom limitation.

(ii) We find that the required growth rates can be achieved with
just a few fusion breeders supplying not only the initial U-233
inventory requirements for new thorium fuelled PHWR units but
also the annual fissile fuel make-up requirements of an all PHWR
nuclear economy based on the Th/U-233 cycle. The realisation
thatthese PHWRs need not necessarily operate on a Self Sufficient
Equilibrium Thorium (SSET) cycle mode is particularly signifi-
cant. The feasibility of this type of "support role" has also for
example been investigated in the USA for serving their power
requirements in the next century /ll/.

(iii) Although the present analysis is based primarily on a
tokamak or mirror driven fusion concepts, we have > Iso carried
out recently feasibility studies on two types of U-233 7enerating
electronuclear breeders using fusion reactions. The first of
these is based on a Z-pinch device/12/ and the second on
colliding beam D-D neutron source /13/. Both these are found to
have the potentiality to generate approximately 10 kg of fissile
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U-233 annually which is just adequate to provide the annual U-233
make-up requirement for one 235 KWe PHWR near breeder.

(iv) Early availability of U-233 producing fusion breeders would
prepone the date when our thorium reserves can begin to be ex-
ploited. It would also give us the option of adopting an advanced
thermal converters/near breeders in our future power programme,
without compromising on growth rate constraints.
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2.1 A NOTE ON THE NEW THORIUM PLANT BEING SET UP IN ORISSA

V.M. Karve

Indian Rare Earths Ltd, Bombay - 400 020

The DAE's Thorium Plant at Trombay under IRE's management is
in operation since 1955. The plant is based on chemical
purification process, for production of thorium nitrate (mantle
grade) utilising thorium concentrates being produced in IRE's
Rare Earth Plant at Udyogamandal, Kerala. The existing process
is a batch process and is labour intensive. It also involves
handling of a number of hazardous chemicals like KC1, HF, HNO3
etc. In view of this a process based on solvent extraction was
developed in the Chemical Engineering Division of Bhabha Atomic
Research Centre and a pilot plant was installed in the Thorium
Plant in 1973. Since then the pilot plant is in operation. In
the existing Thorium Plant, the plant and machinery as well as
the plant building have outlived their useful life, and it has
become difficult to keep the plant in a serviceable condition.
In view of this DAE has decided to set up a New Thorium Plant
(NTP) at OSCOM based on solvent extraction process for production
of thorium nitrate (m.g.) from thorium concentrates.

Taking into consideration the existing demand of thorium
nitrate for the production of gas mantles and the sales potential
in the country, it is proposed to set up a plant for the
production of 150 tonnes of thorium nitrate per year. Thorium
nitrate will be produced from thorium concentrates available from
Rare Earths Division of Indian Rare Earths Ltd., Udyogamandal.

The process description of New Thorium Plant at OSCOM is
given below :

Thorium concentrates in 200 kg drums from Rare Earths
Division, Udyogamandal, will be soaked in caustic soda solution
in an agitated tank. The slurry will be filtered and washed in a
filter press. The filtered cake will be dissolved in dilute
nitric acid to which hydrogen peroxide and gelatine will be
added. The slurry thus formed will be filtered and washed (first
with acidified water followed by ordinary water) in a filter
press. The cake will be sent for neutralisation with solid
waste.

The filtrate and washing will be collected from the filter
presses and used as feed for solvent extraction process. 10%
tri-n-butyl phosphate (TBP) in kerosene will be used as solvent
for extraction. The pure uranium solution obtained from solvent
extraction will be used for recovery of uranium as ammonium-di-
uranate. The raffinate will be used as feed material for thorium
solvent extraction. 40% TBP in kerosene will be used for this
extraction.

The pure thorium nitrate solution obtained from thorium
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solvent extraction will be partly concentrated in a long tube
evaporator. To the partly concentrated solution, mother liquor
from first and second crystal stages will be mixed. This
solution will be then fed to the second long tube evaporator for
further concentrating it to the super-saturation. The super-
saturated solution will be cooled to form thorium nitrate
crystals. The crystallised slurry will be centrifuged to get
thorium nitrate crystals and mother liquor will be recycled for
concentrating the same in the first long tube c-.vaporator.

The thorium nitrate crystals will be dissolved in
demineralised water to form cone, solution of thorium nitrate.
Then super-saturated solution will be prepared by steam heating.
The solution will be cooled to form thorium nitrate crystals with
better purity. The pure thorium nitrate crystals will be
dissolved in demineralised water, filtered and solution will be
evaporated in glassiined evaporator. The concentrated slurry
obtained from glass lined evaporator will be dried in tray drier.
The dried thorium nitrate will be crushed to form lumps and these
will be packed and sold as thorium nitrate (m.g.)

The pure uranium solution obtained from uranium solvent
extraction will be treated with liquor ammonia to precipitate
uranium as ammonium-di-uranate (ADU). The ADU slurry thus formed
will be filtered, the cake washed and dried to get approximately
2 tonnes per annum ADU as a by-product. This will be sent to
uranium processing units of Department of Atomic Energy.

The raffinate obtained from thorium solvent extraction will
be treated with caustic soda solution to precipitate the active
waste. The filtrate and washings will be processed with sodium-
silico-fluorid-e to form insoluble rare earths fluoride. The rare
earths fluoride slurry will be filtered, the cake washed a~.a
dried to get approximately 3 5 tonnes per annum of another by-
product rare earths fluoride.

The repulped cake, (active), obtained in above operations
will be neutralised with soda ash solution. The cake will be
further filtered, washed and disposed as waste by storing in
specially constructed trenches.

The liquid wastes generated in the above operations will be
collected together and neutralised with soda ash. The slurry
will be filtered and cake will be washed and disposed with solid
waste. The filtrate and washing are to be disposed along with
the liquid effluents. A suitable disposal scheme for liquid
waste is under finalisation by CWMF, Kalpakkam.

Acidic fumes and vapours are to be scrubbed in a scrubber
with dilute caustic soda solution before letting them off to
atmosphere.
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2.2 THORIUM FUEL CYCLE RESEARCH IN FUEL CHEKISTPY DIVISION

D.D. Sood

Fuel Chemistry Division
Bhabha Atomic Researcch Centre, Bombay - 400 085

Fuel Chemistry Division has been involved in the various
aspects of thorium fuel cycle research. In the past the Division
has worked on the development of chlorination volatility techique
for reprocessing thorium based fuels and on the molten salt
reactor concept. Presently the Division is carrying out work on
the chemical aspects of mixed oxides fuels of relevance in ther-
mal and fast reactors. A brief description of the work is given
below:

CHEMICAL STUDIES FOR PREPARING THORIUM/URANIUM-23 3 BASED FUELS

Sol-gel process for ThO2 and (U, Th)O2 fuels

Fabrication of thorium based fuels by conventional powder
metallurgical routes poses problems because uranium-233 is always
accompanied by uranium-232 whose daughter products are highly
radioactive and demand shielded facilities for fuel manufactu-
ring. The sol-gel process which eliminates handling of powders is
very attractive for application in thorium fuels programme. In
this context the Division has carried out extensive invetigations
on the internal gelation process for the preparation of U02 and
(U, Pu)O2 microspheres. These studies have been extended to the
preparation of thoria microspheres by studying the chemical con-
ditions which could lead to the preparation of gels suitable for
making high density ceramics. Preparation of thorium based fuels
by this process had not been reported todate. The studies have
been extended to the preparation of (U,Th)O2 microspheres and
work is in hand for making (Pu,Th)O2.

Plans are being finialised in consultation with Radiometal-
lurgy Division for making fuel pins using sol-gel pelletisation
method and for irradiation of these pins in CIRUS and DHRUVA.

Uranium-233 metal

Process parameters have been standardised for conversion of
UO2 to metal. The process was used for making uranium metal

required for KAMINI reactor.

Cermet fuel

One of the advanced concepts in thorium fuels envisages a
UO, kernel coated with Ni/Cr metals dispersed in thorium metal
matrix. Possibility of coating U02 microspheres with Ni has been
successfully explored by electroless plating in collaboration
with Metallurgy Division.
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CHEMICAL QUALITY CONTROL OF THORIUM

Dissolution

Thorium and thorium oxide are refractory materials and
difficult to dissolve. Quantitative dissolution is mendatory for
precise chemical analysis and development of techniques for this
purpose is therefore of utmost importance. Techniques have been
developed for quantitative dissolution of U-Th-Zr-Al alloys, Pu-
Th-Zr-Al alloys, ThO2, (U,Th)O, and (Pu,Th)O2 fuels as part of
the fuel development programme in RMD.

Chemical analysis of thorium

Thorium is normally analysed by complexometric method but
the presence of plutonium requires suitable modifications to
obtain precise result on solutions obtained after dissolutions as
described above. The modified methods are now in routine
application for the analysis of thorium based fuels.

Trace Constituents by spark source mass spectrometry

Spark source mass spectrometry is a powerful technique for
the analysis of trace constituents in fuel materials and is being
adopted for plutonium based fuels. In order to extend this
technique to thorium based fuels it is necessary to obtain
relative sensitivity factors for various impurities in thoria
matrix. To obtain these factors thoria standards having known
impurity contents have been prepared and the data is being
generated.

PROCESS CHEMISTRY

Aqueous methods

If plutonium is used as fissile material in thorium based
fuel the spent fuel contain thorium, plutonium and uranium. The
process chemistry for reprocessing these fuels would require
significant development effort. Currently ion exchange studies
using macroporous resins are being carried out for separation
of Th(IV), U(VI) and Pu(IV). Decontamination behaviour of Ce and
Zr under the standardised condition is also being investigated.
Extensive studies would be required for meeting future challanges
in this area.

Non-Aqueous methods

Non-aqueous methods of reprocessing give low decontamination
factors which are however acceptable for thorium based fuels
since remote fabrication is almost mendatory. Chlorination
volatility method has been studied in the Fuel Chemistry Division
on a laboratory scale and experiments with irradiated specimens
gave decontamination of 10 - 104 which should be adequate for
thorium based fuels. Studies on engineering scale could be taken
up as and when required.

25



BURN-UP MEASUREMENTS

In uranium based fuels " J Ju and Pu are the m a m
fissioning isotopes and burn-up is measured by techniques such as
2 3 5U depletion, 148Nd monitor and Nd isotope ratio method. These
are not directly adaptable to thorium based fuels in view of
significant contribution from U. New techniques based on
1 4 5 + 1 4 6Nd, 139La and I40Ce would be explored for measuring burn
up in thorium based fuels. Some experience would be gained when
ThO9-PuO2 bundles under irradiation in CIRUS loop become
available for post-irradiation examination.

MOLTEN SALT CHEMISTRY

The Division was evolved in major programme for the
development of molten salt reactors in collaboration with ORNL,
USA. Studies carried out at BARC have demonstrated the
feasibility of a plutonium fuelled molten salt reactor.
Sufficient expertise has been built up to take up work in this
area for any future requirements.

THERMODYNAMIC INVESTIGATIONS

Studies are being planned to investigate the behaviour of
thorium based fuels at high burn up by carrying out measurements
on thermodynamic properties of relevant systems. Studies on
oxygen potentials of (Th,U)O, are in progress using solid state
emf and gas equilibration techniques.
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2.3 DEVELOPMENT AND FABRICATION OF HIGH DENSITY THORIA PELLETS

R. Vijayaraghavan

Atomic Fuels Division
Bhabha Atomic Research Centre, Bombay - 400 085

High density thorium oxide pellets are required for use in
the radial and axial blanket assemblies of Fast Breeder Test
Reactor (FBTR). Typical requirements for such a reactor are
givsn in Table 1.

Table - 1. Details of radial and axial blanket of FBTR

RADIAL AXIAL

THORIA PELLETS PER ROD 1.9 Kg 320 g
NO. OF RODS PER ASSEMBLY 7 14
TOTAL NO. OF ASSEMBLIES IN REACTOR 3 42 65
TOTAL WT. OF THORIA IN THE
BLANKET ASSEMBLY 4548.6 Kg 300 kg

After extensive development work which is highlighted later
under the heading ^Sintering studies on thoria1, parameters were
standardized for thoria powder preparation and pellet production.

About 2.5 tonnes of sintered thoria pellets required towards
initial blanket of FBTR were fabricated and AFD. Meanwhile it
was decided to set up a separate fabrication facility at NFC,
Hyderabad for,the fabrication of various core sub-assemblies for
FBTR. The plant layout and other project details were worked out
and the plant was successfully set up and commissioned by AFD
personnel who were subsequently transferred to NFC, Hyderabad.

This plant has taken up further fabrication of thoria
pellets for FBTR blanket and for other requirements like J-rods,
thoria special elements etc. Development work on thoria is also
continued at the plant and as mentioned earlier low temperature
sintering process has been developed at this plant for making
high density thoria pellets.

THORIUM/THORIA J-RODS FOR CIRUS

In CIRUS reactor 64 positions are provided in the J-Rod
annulus for insertion of thorium/thoria J-rods. Average resident
time of thorium J-rods is about 1.5 years while that of thoria J-
rod js about 2.5 years. Fig.l shows schematic view of a typical
J-rod. As of March 1988, 17 thorium metal J rods and 133 thoria
J-rods have been fabricated and supplied to CIRUS reactor. All
the 17 thorium metal J-rods and 85 thoria J-rods have been irra-
diated in the reactor. Plans are on hand for the fabrication and
supply additional 50 thoria J-rods to CIRUS reactor by end 1988.
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The 17 thorium metal J-rods which were supp ied to the.
reactor could not be loaded in the reactor for iiiany years because
of some reasons and hence had to be stored for over a decade. On
visual inspection of these J-rods some small blisters and cracks
were observed on the cladding tubes at some location. On cutting
the clad at this location it was seen that thorium metal pellets
showed some swelling and weathering attack at these points. It
was inferred that this swelling might be due to moisture attack
on thorium metal. All the 17 thorium metal J-rods were hence
decanned. The pellets were reinspected and accepted pellets were
dried at 150 C for 2 hrs and loaded in dried tubes immediately.
The welding of tubes after loading was carried out on the same
day in order to ensure that no moisture is left in the welded
elements.

These reassembled thorium metal J-rods have shown no signs
of any defects and have performed satisfactorily in the reactor.

THORIA CLUSTERS FOR DHRUVA

As a part of thorium utilization programme and for the
purpose of increasing power in Dhruva Reactor it was decided to
irradiate some Dhruva cluster in which thoria pellets are used
isteady of U rods.Fig.2 shows a typical thoria element for Dhruva
cluster : 7 such elements are used per cluster. 5 clusters con-
taining thoria pellets have been fabricated and supplied to
Dhruva as on March 31, 1988. Thoria pellets for these clusters
were received from FBTR facility, NFC, Hyderabad. Procurement/
machining of all other hardware components and welding/assembly
of elements was carried out at AFD. Stringent quality control
was exercised at all stages of fabrication and especially during
end plug welding.

SINTERING STUDIES ON THORIA

Thorium oxide is preferred to Thorium metal in nuclear
applications specially as a breeder fuel material or blanket
material since thoria has better irradiation stability, neutron
reflectivity and compatibility with cladding and coolant as
compared to thorium metal.

Extensive studies on the fabrication of thoria by P/M route
and especially on sintering of thoria have been carried out at
BARC. It is knwon from literature that thoria powder requires
high temperatures of about 1800 C for sintering to densities
greater than 90% TD (T.D. = 10 g/cc) and that some additives such
as CaO or MgO in small percentages bring the sintering
temperature to the range of 1400 - 1600 . Development work was
taken simultaneously to prepare thoria powder of sinterable grade
and to investigate the influence of various additives on the
sintered density.

Thoria powder prepared from thorium oxalate was found to
give highest density as compared to the powders obtained from
hydroxide, hydro-carbonate and nitrate. Hence thorium oxalate
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was taken as a starting material for praparat.ion of thoria powder
batches to be studied for sintering behaviour. Flow sheet for
production of thoria powder by oxalate route is shown in Fig. 3.

During our earlier work on activated sintering of thoria, it
was seen that CaO or MgO additives to the extent of 2500 ppm are
necessary for getting densities > 94% T.D. Although 2500 ppm
level additives were acceptable for use of thoria in research
reactor, for thoria blanket in fast breeder reactor additives are
restricted as per specifications to 25C pp,?. level. Development
work was hence continued towards this objective and it was
established that MgO addition in the form of 2% MgSO4 at the
precipitaion stage of oxalate gives the desired uniform
distribution of less than 250 ppm of MgO after calcination of the
oxalate at 900 C.

Thoria powder prepared by this route can be sintered to
densities > 94% T.D. by conventional P/M route of cold compaction
and sintering as shown in Fig.4. Fig.5 shows a typical micro-
structure of thoria pellet.

In recent development work at NFC, Hyderabad, Shri P.
Balakrishna et al have observed that ThO2 pellets of acceptable
densities can be obtained at low temperatures of the order 1100 C
- 1200 C by using Nb2O5 additive.

In conclusion, it can be said that sintering studies on
thoria have resulted in standardising the sintering route for
making high density thoria pellets on production scale.

Al 60TTCM!
ENDPLUQ O 1 »< EWPPUJG

CROSS SECTION

All dimensions are in mm

Fig. 1 J-rod for CIRUS Fig. 2 Thoria element for DHRUVA cluster
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2.4 THORIUM CYCLE - EXPERIENCE AND DEVELOPMENT AT NFC

K. Balaramaoorthy

Nuclear Fuel Complex, Hyderabad

EXPERIENCE

Thorium Cycle in Fast Reactors

About 4.5 T of high density thorium oxide pellets have been
fabricated at NFC for use as axial as well as radial blankets in
FBTR core. The fabrication parameters optimised for this fabrica-
tion work was presented in a meeting in Vienna in December, 1985
and is published in IAEA - TEC DOC 412 (1987).

Another 2 T pellets have been fabricated for Indo-Swiss joint
studies.

Thorium Cycle in Thermal Reactors

More than 2.5 tonnes of thorium oxide pellets have been
fabricated for use in PHWRs, CIRUS and DHRUVA, pellet diameters
varying from 10 mm to 26 mm have been used.

Thoria-pellet fabrication facility with an annual capacity
of about 3 tonnes of Thoria-contained blanket assemblies,
has been in operation since 1981.

DEVELOPMENT

Low Temperature Sintering Process for Thoria

Thorium oxide is normally sintered at 1600 C in hydrogen
atmosphere. The powder is doped with magnesium oxide for
obtaining specified high densities at this temperature.

Successful attempt has been made at NFC probably for the
first time in the world, to lower this sintering temperature, if
possible to a range where the sintering could be carried out in
air(!) in conventional air furnaces. Thorium oxide powder contai-
ning 0.25 mole per cent of niobium pentoxide was found to sinter
at a temperature of 1150 C in air to high densities (higher than
those normally obtained with magnesium oxide doped powders). Some
preliminary data on this work have been presented at the
National Powder Metallurgy conference, Bhopal - March, 1987.

Micro Structural Studies on Sintered Thoria

It is known that revealing microstructure in the case of
'thoria1 is the most difficult one. Etching sintered thoria
pellets to reveal the microstructure presents the first' hurdle in
studies of microstructure. Etching thoria by etchants such as
mixtures of nitric acid and hydro fluoric acid or ammonium
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fluoride has certain limitations in revealing the microstructure
with sufficient clarity. Thermal etching developed at NFC pro-
duced much better results. Further studies on the development of
simple and superior etching methods and microstructure is being
continued.

Production of High Surface Area Powders

Thorium oxide powder obtained by calcination of thorium
oxalate in air (supplied by M/s Indian Rare Earths Limited)
has BET surface area of 3 to 4 H2/g. The surface area of
the powder increases 5 to 6 folds when this oxalate is first
calcined in hydrogen and then in air. The powders so produced at
NFC show a BET surface area of 15 to 18 M2/g. This finding may
open-up new avenues for use of ThO2 ultra-fine powders.
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2.5 FABRICATION OF Al CLAD Al-2 0 w/c U22'' PLATE FUEL ELEMENTS
IN THE RADIOMETALLURGY DIVISION, BARC FOR KAMINI REACTOR

C. Ganguly

Radio Metallurgy Division
Bhabha Atomic Research Centre, Bombay - 400 085

The KAMINI fuel core consists of seventy two Al clad Al-20
w/o U-233 plates arranged in nine sub-assemblies of eight fuel
elements each.

Based on our earlier experience in the fabrication of Al
clad Al-Pu plate fuel elements, a flowsheet for KAMINI fuel has
been finalised. The starting materials are aluminium and uranium
metals. The major steps are melting, casting, rolling, picture-
framing and roll-bonding. Small amounts of Zr addition in the
melt has been found to minimise the formation of brittle phase,
UA14, and prevent cracking of the alloy during rolling. A roll-
swaging technique has been developed for assembling the fuel
elements.

Several NDT technique have been adopted for quality control
of the casting, the rolled alloy plate and the final fuel
elements. X-ray radiograph and its microdensitometric scan have
been used for core location and for confirming u homogeneity
respectively, see Fig.l. The bond between the core plate and
cover plates are inspected by blister test and ultrasonic
technique.

Fabrication of KAMINI fuel core is nearing completion.
KAMINI would be the first reactor to use Al-U233 alloy as driver
fuel.

67.40mg/em

in 62.48 mg/cm'
UJ
o

8

Fig. 1 X-ray radiograph and Microdensitometric scan of Kamini
fuel element showing the distribution of uranium
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2.6 A HIGH TEMPERATURE STUDY OP CHEMICAL DI?i"JSION IN THORIA-
20 MOLE % CERIA SOLID SOLUTION

P. Sriramamurti

Radiochemistry Programme
Indira Gandhi Centre for Atomic Research, Kalpakkam - 603 102

High temperature gas-solid reactions in nonstoighiometric
actinide and rare earth oxide systems involving oxidation or
reduction over a limited range of oxygen-to-metal ratio are
usually diffusion controlled in nature /I, 2/. Reactions of this
type, especially when carried out under controlled oxygen
potential conditions are of interest in understanding the high
temperature behaviour of these materials. Rates of these
oxidation-reduction reactions are controlled by chemical
diffusion of oxygen and hence a kinetic study of these reactions
offers possibilities for the measurement of oxygen chemical
diffusion coefficients. In the present work oxygen chemical
diffusion in Thg.g Ce0.2 °2-x s o l i d solution was studied in the
temperature range 1273 -1473 K employing thermogravimetric
technique /3/. Thoria - 20 mole % ceria solid solution was
prepared from the constituent oxides by the method of mechanical
mixing followed by sintering and the formation of fee single
phase solid solution was verified by x-ray diffractometry. The
reduction behaviour of the sample from the stoichiometric to the
hypostichiometric state (x < 0.02) was thermogravimetrically
followed at various selected temperatures and this study was
carried out under controlled oxygen potential conditions
employing H2/H2O technique. Eulicidation of the diffusion
controlled nature of the reaction as well as evaluation of the
oxygen chemical diffusion coefficients was done employing the
calculational method developed in our laboratory. Detailed
description of the experimental measurements and results has been
given elsewhere /3/. The diffusion coefficient data from the
present study could be represented as follows :

D = 1.22 x 10~2 exp [-22.88 (K.cal mole~1)/RT] (cm2 sec"1)

Further studies of chemical diffusion in actinide and rare earth
oxide systems are in progress.
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2.7 DEVELOPMENT OF THORIA BASED SOLID ELECTROLYTE

P. Sriramamurti

Radiochemistry Programme
Indira Gandhi Centre for Atomic Research, Kalpakkam - 603 102

Thoria doped with 7-5 w/o yttria behaves as an oxide-ion
conducting solid electrolyte at high temperatures and this
property of yttria doped thoria (YDT) has been used in high
temperature electrochemical cells which find use in measuring
thermodynamic properties of many oxide compounds including
nuclear materials. These cells are also used for monitoring
oxygen concentration in liquid metals. Since YDT is a highly
stable oxide it is compatible with sodium metal and has a very
low Lower Electrolytic Domain Boundary (LEDB). These properties
make YDT the electrolyte of choice in the oxygen meters for
sodium coolant. These meters are essential for detecting the
onset of steam generator leaks and for checking the performance
of reactor sodium purification system.

The YDT electrolyte to be used in the oxygen meter for
sodium coolant is the form of a thimble. In order to keep the
electronic conductivity as low as possible the impurity content
in the starting material must be kept to a minimum. Use of any
sintering aid is thus precludid in the fabrication process. Any
non-unifonr.ity in the composition and micro structure also will
lead to sodium attack on the electrolyte. So, processes such as
isostatic pressing and sintering at 2200 C are required for
obtaining tubes of satisfactory quality. The above factors make
these tubes very costly and there are only very few suppliers of
this material.'

A programme to develop these tubes was undertaken at the
Radiochemistry Laboratory of IGCAR. A mixture of Thorium and
Yttrium oxides was prepared by coprecipitating their oxalates by
adding oxalic acid to the mixed nitrate solution and calcining
the oxalate at 900 C. The mixture thus obtained was having
particulates of submicron size with high surface activity. The
powder was then granulated using carbowax as the binder and was
isostatically pressed in a tube form at NPL, New Delhi. The
green tubes were then sintered at 2200 C under vacuum for four
hours. The brown tubes thus obtained were heated in air at
1000 C to get white tubes of about 94% of theoretical density.
Further work is in progress to obtain tubes of higher density
suitable for use in oxygen meters.
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2.8 DETERMINATION OF TRACES OF RARE.-EARTHS IN HIGH PURITY
THORIUM OXIDE BY NEUTRON ACTIVATION ANALYSIS

S.R. Kayasth, H.B. Desai and M. Sankar Das

Health Physics Division
Bhabha Atomoc Research Centre, Bombay -400 085

India has large reserves of monazite which is essentially
made up of rare earths phosphate with appreciable amount of
thorium and much less amount of uranium associated with it.
Though the present reactors use mostly natural uranium India will
have to look to its thorium resrves in future for providing
nuclear power.

The use of thorium as a fertile material for fast breeder
reactor has necessiated the preparation of this material
specification of purity especially with respect to individual
rare earths at 0.08 - 1 ppm level. Because of the high capture
cross section possessed by several rare earths for slow neutrons
trace quantities of these elements in thorium matrix can markedly
affect the neutron economy; therefore a check analysis of rare
earths is required below 1 ppm. A method is standardised to
determine rare earths at level mentioned above.

Element

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Neutron activation analysis is sufficiently sensitive for
the purpose but a preseparation of rare earths from the matrix is
essential to avoid large amount of 3Pa activity. In the
proposed method thorium dioxide is dissolved in concentrated
nitric acid with few drops of dilute hydrogluoric acid. After
evaporation to dryness thorium is complexed with ammonium
carbonate and the solution passed through a small column of
chelex-100 resin which retains the rare earths quantitatively
without retaining thorium. The rare earths are then eluted with
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Indian Rare Earths
specification

_
1
1
-
0.2
0.08
0.08
-
0.2

0.2
-
0.2
—

Found in ThO2
Sample from IRE

0.04
0.15
0.01
0.1
0.014
0.017
0.01
0.01
0.01

0.004
0.03
0.01
0.001



dilute nitric acid concentrated to small volume and irradiated
along with standards. After irradiation the above rare earths
are collected on a lanthanum carrier and measured by X-ray
spectrometry.

The recoveries of rare earth were checked with tracers and
by standard addition to thorium dioxide matrices. The limits of
detection are adequate for certification of nuclear grade
material.
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3.1 R £, D ON FABRICATION, CHARACTERISATION' Ml\j IN-PILE
PERFORMANCE OF THORIUM FLELS

C. Ganguly

Radiometallurgy Division
Bhabha Atomic Research Centre, Bombay - 400085

BARC
The R & D programme in the Radiometallurgy Division (RMD),
, on thorium fuels encompasses the following area :

- Preparation of high density fuel pellets of ThO2 for LMFBR
blanket and ThO2-PuO2 «4%) and ThO?-U

233O2 &2%) fuels
for PHWRs.

- Thermophysical properties including thermal conductivity
and hot hardness of these pellets.

- Irradiation testing of thoria based "pellet-pins" in CIRUS.

The industrially viable methods developed in RMD /I/ for
fabrication of high density ThO2, ThO2-PuO2 and Tho2-UO2 pellets
are :

1. Powder Pellet (POP) route.

2. Sol Gel Microsphere Pelletisation (SGMP) process.

3. Pellet Impregnation (PI) method.

The "vibrosol," route has not been pursued because it has the
limitation of a maximum achievable smear density of 90% T.D.
which comes in the way of achieving high breeding/conversion
ratio. Further, in the event of an early failure significant
quantities of fuel microspheres could be washed out from a
"vibrosol pin" and cause gross contamination of the primary
coolant circuit.

The POP route involves simultaneous mixing-grinding of the
starting ThO2 powder with U02 or PuO2 powders, followed by cold
pelletisation and sintering. Addition of MgO dopant (~0.05%) to
ThO2 powder was found to enhance the sintering of ThO2~PuO2 and
ThO2-UO2 pellets /2/. In case of ThO2 and ThO2-UO2, nigh pellet
density was achieved at a relatively low temperature (<1673 K) by
admixing a small quantity of Nb2O5 or by sintering in nitrogen
atmosphere /3/ (Fig.l).

A test fuel cluster consisting of 5 zircaloy-2 clad ThO2-4%
PuO2 fuel pellets (prepared by POP route) is undergoing
irradiation in the pressurised water loop of CIRUS reactor. The
fuel pins have already exceeded a burn-up of 15,000 MWd/t without
any failure.
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The SGMP process has been developed xur fabrication of high
density ThO2, ThO2-UO2 and ThO2-4% CeO2 (Ce as simulator for
Plutonium) pellets /4,5/ starting from the heavy metal nitrate
feed solutions. Here gel microspheres prepared by external or
internal gelation processes are calcined, pelletised and sintered
to high density. The dust free and free flowing microspheres
minimises "radiotoxic dust hazard" and are ideal for remote and
automated fuel fabrication. Three major modifications were
needed in the gelation process in order to get "gel microspheres"
which after calcination were found to be suitable for direct
pelletisation and sintering. First, a lower concentration of
heavy metal nitrate feed solution was used. Secondly, carbon
black poreformer was added to the sol prior to gelation. The
carbon black was subsequently removed during the calcination step
thus forming porous microspheres of low crushing strength.
Thirdly, around 1% Ca(NO3)2 or MgSO4 was added to the heavy metal
nitrate feed solution in order to have around 0.4% CaO/MgO
(sintering aid) in calcined microspheres. The soft porous
microspheres could be easily compacted at 350 MPa and sintered at
1773 K to obtain high density pellets. The pellets prepared by
SGMP route had uniformly distributed, nearly spherical "closed"
pores in the ideal diameter range of 2-5 micron which would
minimise fission gas release and provide space for accommodation
of fuel swelling /6/ (Fig.2).

The pellet impregnation (PI) method of RMD developed for
fabrication of high density ThO2-2% U0 2 pellets consists of
fabricating partially sintered low density (<80% T.D.) ThO2
pellets, impregnating these pellets in uranyl nitrate solution,
and sintering at 1923 K for densification and ThO2-UO2 solid
solution formation /7/. Thus it would be possible to restrict
handling of highly gamma active U 2 3 3 bearing material only to
certain parts *of the fuel fabrication plant.

Of the three fabrication route developed, the SGMP process
appears to be most suitable for secured, automated fabrication of
highly gamma active u 2 3 3 and Pu1 bearing ThO2 based oxide fuels
for the PHWRs.
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2 0 5 doped Th02-U02 MgO doped Th02-Pu02

Fig. 1 Microstructures of ThO2-U02 and ThO2-PuO2 sintered
pellets

Optical photomicrograph
showing grain structure

SEM showing pore size &
distribution

Fig. 2 Microstructure of ThO2-UO2 sintered pellet prepared by
the SGMP route
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3.2 IRRADIATION EXPERIENCE WITH THORJA BASED FUELS

K.Anantha raman

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay -400 085

INTRODUCTION

The main thrust of fuel development programme is towards
the UO2 fuel which is used in power reactors. The work on PuO2 &
ThO2 based fuels are also carried out in parallel. Our experience
includes a) irradiation of Zircaloy clad Tho2 fuel in MAPS-l
b) irradiation of Aluminium clad ThO2 fuel in Dhru^a and
c) irradiation of (ThO2-PuO2) fuel in Pressurised Water Loop,
CIRUS. The following paragraphs describe in detail the
irradiation experiments.

IRRADIATION EXPERIMENTS

Irradiation of ThO2 fuel in MAPS-l

Pressurised Heavy Water Reactors (PHWRs) use natural U0 2
fuel bundles in all channels. RAPS-1 was loaded with natural U0 2
fuel bundles during initial core loading. Such a loading does not
have the necessary power flattening and so RAPS-1 could achieve
only 70% full power during initial stages. In order to reduce
power peaking in the centre of the core and achieve full power as
early as possible, RAPS-2, MAPS-l & 2 and NAPS-1 reactors were
fuelled initially with depleted fuel bundles in the centre of the
core. As an alternative, ThO2 fuel bundles can also be used for
initial power flattening. The ThO, fuel bundle design was carried
out in such a way that the bundles are similar to natural UO2
fuel bundles to a large extent ; at the same time it should be
possible to identify an irradiated ThO2 fuel bundle easily in the
spent fuel pool. A minor modification to the end plate profile
was done to locate ThO2 fuel bundles distinctly from UO2 fuel
bundles. To prove the design, four bundles were loaded in MAPS-l
reactor during 1985. All the four bundles have been in the
reactor for about 275 full power days. The details of irradiation
are given in Table 1.

Table 1. Irradiation of ThO2 fuel bundles in MAPS-l

BUNDLE NO DATE DATE TOTAL BURN UP
INSTALLED REMOVED EFPD MWD/Te Th

AY-151
AY-152
AY-153
AY-154

2-5-1985
3-5-1985
4-5-1985
4-5-1985

21-11-1986
16-12-1986
29-08-1986
20-11-1986

277.75
281.4
223.8
275.1

1674.3
1668.0
1070.0
1621.6
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Irradiation of thoria assemblies in Dhruva reactor

During initial days of operation of Dhruva reactor, the
available excess reactivity was high since the fuel irradiation
level was very low and the other experimental loads had not been
installed. This led to a lower level eft moderator in the reactor
vessel posing problems to achieve full power operation without
exceeding thermal limits on fuel, one of the possible means of
adding reactivity load was to replace few natural uranium fuel
assemblies with ThO2 fuel assemblies. To minimise the development
efforts, the design of ThO2 assemblies was made similar to the
standard fuel assemblies. To cater to the change from uranium rod
to ThO2 fuel pellets and to increase the rigidity of the
assembly, the cladding strength was increased. One of the
assemblies was flow tested in Flow Test Station at Dhruva. Three
assemblies containing ThO2 fuel assemblies were irradiated at
Dhruva. These assemblies have successfully completed the
irradiation.

Irradiation of (ThO2-PuO2) assembly in PWL, CIRUS

To obtain data on the performance of high burn up ThO,
based fuels under reactor operating conditions, an experimental
assembly containing ThO2-PuO2 pellets was irradiated in
Pressurised Water Loop (PWL), CIRUS. The fuel pin design was
similar to TAPS fuel pin and used all the standard hardware like
tubes, plugs and springs.The operating conditions in the loop are

Flow = 16800 Kg/hr
Temperature = 204 deg.C
PH = (9.5-10.5)
Coolant - Demineralised light water
Heat flux = 85 W/sq.cm

The irradiation was carried out from May 1985 to Jan
1988 and the burn up achieved was 18500 MWd/Te.

CONCLUSION

All the ThO2 fuel assemblies designed have performed
well even though the design conditions and operating parameters
were widely different. This gives us the confidence in our design
and fabrication procedures.
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3.3 IRRADIATION EXPERIENCE OF THORIUM BUNDLES IN MAPS - I

M.V. Parikh, B. Krishna Mohan and A.N. Kumar

Madras Atomic Power Station, Kalpakkam - 603 102

It was proposed to use thorium bundles for initial flux
flattening in PHWR reactors. It was decided to load some of them
in MAPS-I to gain irradiation experience. After examining the
possible locations in core and its immediate and long term
effects, it was decided to load four thorium bundles in string
positions 6/7 of channels H-8(s); J-12(N); P-12(s) and 0-9(N).
They were irradiated for a maximum of 275 FPD of reactor
operation. All initial calculations and actual followup of
thorium bundles irradiated were done using the fuel management
code TRIVENI.

In the proposed paper, the following aspects will be
discussed.

1. Selection of location for loading thorium bundles so that it
will not impose any restriction on operating power.

2. Estimation of expected thorium bundle power for proposed
irradiation period.

3. Actual irradiation data and observations - this includes
TRIVENI simulation results at actual operating conditions as
given below :

a. The bundle power distribution in the respective channel
at selected FPD of operation.

b. Variation of thorium bundle power as a function of its
burnup.

c. Relative variation of maximum bundle power and thorium
bundle power as a function of FPD.

The observations and conclusions drawn from the above data
is discussed and briefly summarised in Table 1.

Table

DATE OF
LOADING

2-5-1985

3-5-1985

40501985

4-5-1985

1. Summary of tjorium bundle

EPD OF
LOADING

302.15

303.00

304.00

304.00

CHANNEL
NUMBER

H-8 (S)

J-12(N)

Q-12(S)

0-9 (N)

MAXIMUM
BUNDLE

POWER(KW)

203

215

163

203

irradiation

BUNDLE
BURNUP

MWD/TeTH

1674.3

1688.0

1070.0

1621.6

in MAPS - I

U-233
CONTENT
(GMS)

86.48

86.38

73.66

85.47
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3.4 THORIUM TB»T PIN RATINGS ACHIEVABLLE IN CIRUS PWL

Umashankari P.

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay - 400 085

Fuel utilisation in a PHWR can be improved by recycling the
Plutonium extracted from the discharged fuel. Recycling • could
either be done ion the form of (U,Pu)MOX or (Th,Pu)M0X. The
Plutonium could also be used in the reactor in a combined loading
with plain ThO? bundles. It is thus necessary to develop the KOX
fuel and the xho2 fuel, so that it can perform adequately under
power reactor conditions and also upto adequately high burnups.
It is proposed to undertake the testing of these bundles by in-
pile irradiation in the pressurised water loop (PWL) of Cirus.

One of the main criteria in irradiation tests is the linear
heat rating. Since the fuel bundles in PHWRs see a maximum heat
rating of 500 watts/cm, it is desirable that these bundles also
have the same heat rating. We have calculated the plutonium
content for each of these bundles to have a heat rating of 500
watts/cm when they are fresh. We present here the results of
these calculations and the variation of the loop parameters with
burnup.

The fuel element in the Cirus PWL is a hexagonal cluster
with a central zircaloy tie rod housed in a zircaloy pressure
tube using light water as coolant, the pressure and temperature
corresponding to power reactor conditions. The (U,Pu)MOX bundle
will be placed in the centre of the loop with the (Th,Pu)MOX and
ThO9 bundles on either side.

The calculation essentially consisted firstly of a lattice
cell analysis, entailing the modelling of: the loop with its
heterogenities and then a 3-D whole core calculation giving the
power distribution. The bundle power and hence the ht*at ratings
were calculated for various enrichments and the plutonium content
for the required rating of 500 watts/cm was read out from the
graph individually for each type of bundles. The flux
distribution also was obtained for the cluster.

The amount of fissile content has an effect on the power
produced. The presence of plutonium will increase the power in
the fuel pins. The enrichments for the (U,Pu)MOX was found to be
3.0%, while that of (Th,Pu)MOX was found to be 6.75%. The ThO,
bundle would start producing power after some time. The heat
ratings and loop power decreased gradually with burnup. The heat
ratings of the ThO2 bundles was only 10% of the values of MOX
bundles even at a burnup as high as 15000 MltfD/Te C~400 FPD).
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4.1 LABORATORY STUDIES ON THE RECOVERY OF URANIUM2 33 FROM
IRRADIATED THORIUM BY SOLVENT EXTRACTION USING 5% TBP

SHELL SOL-T AS SOLVENT

G.R. Balasubramaniam*, R.T. Chitnis+, A. Ramanujam"1"
and M. Venketasan+

* Fuel Reprocessing Development Laboratory
Indira Gandhi Centre for Advanced Research, Kalpakkam 602 103

+ Fuel Reprocessing Division
Bhabha Atomic Research Centre, Bombay 4 00 085

Laboratory extraction studies were carried out to propose an
extraction scheme for the recovery of U233 from irradiated
thorium using 5% TBP in Shell SolT as solvent. A wide range of
distribution data were collected for Th and U between HNO3 and
TBP under various concentrations of Th, U, TBP and HNO-j. Based on
the data, two extraction schemes were proposed. The theoretical
stage requirements for the proposed schemes were evaluated by
McCabe Thiele Diagrams. The stage requirements were verified by
counter current extraction using a 20 stage air pulsed mixer
settler unit. Using these schemes, it was possible to get a
loaded organic containing uranium with only 5 to 10% thorium
contamination, when the aq. feeds contained 200 g/L thorium with
0.12% U.

INTRODUCTION

With the aim of separating Uranium233 from the irradiated
aluminium clad thorium and thorium oxide fuel rods, laboratory
studies were .carried out at Fuel Reprocessing Division, BARC to
arrive at a suitable aqueous separation method based on solvent
extraction.

EVALUATION OF 5% TBP EXTRACTION SCHEMES FOR URANIUM RECOVERY

With the help of a air pulsed twenty stage glass mixer settler
unit, counter current extraction runs were carried out to test
various 5% TBP extraction schemes for the recovery of uranium
233. The acidity of the feeds were 4 M in HNO-, as against the
scrub acidity of 2 M. The extraction schemes had 12-14 stages
for extraction of uranium and 6-8 stages for scrubbing out the
thorium that gets coextracted. The runs were conducted at
different flow ratios as given below:

1) AQ. Feed : Org: AQ. Scrub = 1:2:0.6
2) AQ. Feed : Org: AQ. Scrub = 1:1:0.3

Using these schemes, it was possible to get a loaded organic,
containing uranium with only 5 to 10% Thorium contamination
when the aqueous feed contained 200 g/1 thorium with 0.12% U.
The schemes tested are given in Fig. 1 along with product values.
The stage wise profiles are given in Table 1 and 2.
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Fresh Org.
5% TBP in SST
Flow 7 ml/min.

| 1 Extraction
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HN03 : 3.41M
Th : 123 g/1

U : 0.38 mg/1
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Th :
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Flow : 4 ml/min.
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Fig. 1 Extraction schemes



Table l. Scheme l - Analysis of stage samples

AQ.Feed
Th = 200 g/1
U = 240 mg/1
H+ - 4M
Flow: 3.55ral/min.

org.Feed
TBP : 5% SST
Flow: 7 ml/min

Scrub
HNO3 : 2M
Flow : 2. 5ml/ir.in

Stage
No.

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

HNO3

3.41

3.41

3.41

3.47

3.47

3.41

3.47

3.4l'

3.41

2.20

2.20

2.14

2.20

2.20

AQUEOUS

M Th g/1

123.0

131.2

128.4

128.4

128.5

132.6

127.0

113.4

20.5

6.00

0.54

0.54

0.54

U mg/1

0.38

0.24

0.50

1.12

2.10

5.00

•

24.00

41.80

38.50

40.93

40.06

40.93

37.50

ORGANIC

HNO3

0.07

0.07

0.10

0.10

0.10

0.10

0.09

0.09

0.09

0.09

0.07

0.07

Th g/1

4.20

7.40

7.60

7.20

7.20

7.20

6.50

2.3

0.56

4'2 *mg/1

U mg/1

0.70

1.02

1.99

17.20

33.13

64.66

130.70

125.0

130.0

137.5

137.5

118.0*

* Mean of hourly exit samples.



Table 2. Scheme 2 - Analysis of stage samples

AQ.Feed
Th - 206 g/1
U = 247.2 mg/1
Flow : 4ml/min

Org.Feed Scrub
TBP : 5% in SST HNO3 : 2M
Flow: 4 ml/min Flow : l.25ml/min

Stage
No.

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

* Mean

HNO3 M

3.63

3.68

3.68

3.68

3.67

3.58

3.35

3.58

3.63

3.58

3.63

4.01

2.14

2.08

2.14

2.08

2.08

2.14

of hourly

AQUEOUS

Th g/1

158.2

165.1

170.6

167.9

162.4

167.9

167.9

189.9

30.30

9.44

4.72

1.58

0.55

0.16

samples

U mg/1

0.21

0.32

1.55

6.20

10.27

15.95

136.0

148.0

178.0

212.0

156.0

142.5

124.0

120.0

90.0

ORGANIC

Th g/1

6.15

7.05

7.05

6.85

6.95

7.05

7.20

7.20

7.50

7.40

7.40

7.55

7.55

2.15

1.45

24.0 mg/1*

U

1.

2.

3.

4

10

27

45

74

93

172

256

287

267

275

271

257

mg/1

60

09

11

.83

.28

.71

.85

.39

.09

.70

.8

.4

.8

.6

.7

.4*



4.2 SEPARATION OF THORIUM FROM URANIUM IN 5% TBP ON AMBERLYST-15

M.N. Nadkarni, P.C. Mayankutty, N.S. Pillai, S.S. Shinde, S. Ravi

Fuel Reprocessing Division
Bhabha Atomic Research Centre, Bombay - 400 085

Separation of thorium and uranium in 5% TBP-SST medium on
macroreticular cation exchanger Amberlyst-15 has been described.
The results indicate that the procedure can be used for the
purification of uranium-233 from traces of thorium contamination
in the aqueous processing of thorium-uranium-233 fuel cycle.

INTRODUCTION

Introduction of macroreticula*- ion-exchange resins has faci-
litated the investigations of ion-exchange separations in purely
non-aqueous media. It is reported that these resins possess
rigid sponge like structure with well defined pores which allows
diffusion of external solutions irrespective of their dielectric
constant. Investigations were carried out to purify uranium from
traces of thorium contamination by directly treating a 5% TBP
solution of these metals on macro reticular cation exchanger
Amberlyst-15. This has a direct bearing on the aqueous processing
in the thorium-uranium-233 fuel cycle.

The uranium-233 recovery facility at Trombay employs Thorex
process in which a 5% solution of TBP in Shell Sol T is used to
preferentially extract uranium (233U) from 4M nitric solution.
It was observed that the final uranium product is often
contaminated with traces of thorium. To obtain a nuclear grade
uranium product excess thorium contamination has to be removed.
In the present investigations attempts were made to carry out the
uranium purification by directly treating the uranium product
solutions in 5% TBP with macroreticular cation exchanger.

RESULTS AND DISCUSSION

Distribution ratios given in Table 1 indicate the preferential
absorption of thorium by Amberlyst-15 under the conditions
studied. In 5% TBP medium, the separation factors are
significantly high to allow simple separation of thorium from
uranium. The acid concentrations given in this Table and all the
subsequent Tables refer to the acid concentrations of the aqueous
solutions from which thorium and/or uranium were extracted into
5% TBP.

The breakthrough profiles of thorium and uranium under
varying conditions revealed that higher flow-rate decreases the
breakthrough capacity while lower acidity increases it considera-
bly. Though the break through capacity is higher at lower the
acidity, a higher acidity of 4M was selected for further studies
to suit the requirements of the Thorex process facility.
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Table 1. Distribution ratios of thorium and uranium on
Amberlyst-15 from 5% TBP

TBP Con-
centration

5%
5%

30%

Volume of liquid phase
Weight of resin
Time of equilibration
Temperature
(Th); (U)

Aq. HNO3
Concentration

3
4
5

Kd

Th

3100
1860
364

U

21
12
8

: 10 ml
: 0.5 g
: 6 hrs
: 25 C + 2 C

0.5 mg/inl

Separation factor
Th
U

147.6
155
45.5

At the range of feed compositions studied, the Th/U concen-
tration ratios do not exhibit any significant effect on break-
through values. This is also evident from Table 2 where the

Table 2. Effect of nitric acid and uranium concentration on
breakthrough capacity,

Resin bed : 0.9 (ID) x 10.5 (H) cm
Weight of Resin : 3.0 g.
Flow rate : 3 B.V./hr

Feed composition
Th

(mg/ml)

1.0
1.0
1.0
1.0
1.0
0.5
0.5

U
(mg/ml)

0
0
0
1.0
0.5
0.5
1.0

Aq. HNO,
Cone.(M)

3
4
5
4
4
4
4

Th capacity at 1%
breakthrough
(mg/g resin)

75
40
39
37
41
40.6
39

precent breakthrough values are listed at varying Th/U concentra-
tions. In the process conditions standardised by mixer settler
studies the uranium concentration was not found to exceed 1 mg/ml
with a thorium contamination of only one-tenth the value in the
organic product solution. The present studies show that, under
these conditions, the resin can be loaded very safely to the
extent of 35 mg of thorium per gram of resin before any thorium
leaks through.
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Attempts to obtain 100% recovery of uranium from the column
encountered some difficulties (Table 3). 5% TBP solution

Table 3. Recovery of uranium from loaded resin bed

Run

1
2
3
4

5

6

Resin bed
Weight of resin
Wash volume
Flow rate

Eluting agent

1 M HNO3
4 M HNO3
6 M HNO3
5% TBP equil. with
6 M HNO3
10% TBP equil. with
4 M HNO3
5% TBP equil. with
4 M HNO4

: 0.6 (ID) x
: 1.0 g
: 20 B.V.
: 3 B.V./hr

U recovery
(percent)

70
74
99

98-100

98

96-98

7.5 (H) cm

Th
Contamination

Nil
High
High

High

Low

Nil

containing a mixture of uranium and thorium was passed through
the column and various wash solutions were tested to assess the
uranium recovery. In all the cases studied long tailing was
observed before getting t quantitative recovery of uranium
requiring more than 20 B.V. of wash solution. In runs 3 and 4,
where about 100% recovery was obtained, the product was found to
be contaminated with thorium. Though the recovery was only 96-
98% when wash solution used was 5% TBP equilibrated with 1 M HNO,
it has obviously several other advantages. To avoid any final
loss of uranium to the waste, the small amount that remains on
the resin bed may be desorbed in 6M nitric acid along with the
bulk of thorium and sent to the dissolver solution. The resin
bed may be regenerated by passing about 10 B.V. of a solution 3M
ammonium acetate-1.5M acetic acid buffer which completely removes
thorium and subsequently conditioned for the next loading cycle
as described earlier.

In Table 4 the result of a few model, runs is given. In runs
1-6 the feed solutions were equilibrated with 4M HNO3. In runs 7
and 8 the feed was equilibrated with 2M HNO3. The latter two
runs were carried out to study the column performance with
uranium product solutions which are subjected to a 2M HNO3 scrub
in Thorex process to obtain a better decontamination from fission
product elements. As seen from the results a complete removal of
thorium is possible in most of the cases. At low acid runs,
especially, even a substantially higher flow-rate yielded a pure
uranium product.

51



Table 4. Separation of uranium from thorium contamination
- Effects of flow rates and feed compositions

Resin bed
Weight of resin

0.9 (ID) x 10.5 (H) cm.
3.0 g (for runs 1-6) and
5.0 g (for runs 7 and 8).

Run Feed composition Total feed
U (mg/ml) Th (mg/ml) (B.V.)

Th contamina-
Flow-rate tion in U
B.V./hr product

1
2
3
4
5
6
7
8

1.0
1.0
1.0
0.5
0.5
0.5
1.0
1.0

0.5
0.1
0.1
0.5
0.5
1.0
0.05
0.10

40
40
40
40
40
16

200
150

3
3
6
3
6
3
8
8

Nil
Nil
Low
Nil
High
Nil
Nil
Nil

98% when wash solution used was 5% TBP equilibrated with 1M HNO3

REFERENCE

"Ion Exchange in Organic Solvents II. Separation of Thorium from
Uranium in 5% TBP on Amberlyst - 15 ", Radiochem. Radioanal.
Letters, 31(6), 347-356(1977)
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4.3 ANION EXCHANGE SEPARATION OF URANIUM .ROM THORIUM FOR THE
TAILEND PURIFICATION OF 2 3 3U IN THOREX PROCESS

A. Mukherjee, R. T. Kulkarni, S. G. Rege and P. V. Achuthan

Fuel Reprocessing Division
Bhabha Atomic Research Centre, Bombay - 400 085

Anion exchange studies for the separation of U from the Th are
described. The studies include (1) collection of equilibrium
data for U as a function of acetic acid concentration (2)
determination of column breakthrough capacity of the exchanger
for U and (3) development of separation scheme to obtain U
product with least amount of Th contamination.

INTRODUCTION

In "Thorex Process1 of separation of 2 3 3u from irradiated
thorium at Trombay 2 3 3u solution obtained as the end product of
the process contained Th to an appreciable extent. The adequate
decontamination of the separated 2 3 3u from Th was achieved by
anion exchange process in 8 M HCl. As an alternative to HC1,
acetic acid was considered since like HCl, acetic acid also forms
anionic complexes. Studies were therefore carried out to develop
anion exchange separation process in acetic acid medium for the
final purification of U from Th.

RESULTS AND DISCUSSIONS

U forms three predominant species in aqueous acetic acid
medium. These are U02(0AC)

+, UO2(OAC)2 and UO2(OAC)3~. In the
presence of moderately high concentration of acetic acid (0.5 M
and above) U exists maintly as UO2(OAC)3~. The presence of
higher acer.ate-tetra acetate is reported in the resin phase only.
Th forms mainly Th(OAC)3+ Th(OAC)2

2+, Th(OAC)+
3 and Th(OAC)4. In

addition, it forms hydroxy acetates which are insoluble. When
Th(OH)4 comes in contact with concentrated acetic acid most of it
gets converted to tetra acetate which has a low solubility in
concentrated acetic acid. The tetra acetate has maximum solubi-
lity in pure water ("15 g/litre).

While preparing thorium acetate solution, Th is first preci-
pitated as hydroxide, the precipitate washed free from nitrate
ions and suspended in water. The amount of water taken should be
atleast 200 ml per gram of Th taken. 50% acetic acid is then
added drop by drop under stirring conditions till the solution
acquires a pH of 2.5. The free acetic acid concentration of the
solution at this stage will be between 2-3M. The preparation
of uranium acetate by dissolving ammonium diuranate in acetic
acid does not pose any problem.

Dowex 1x4 (50-100 mesh cl" form) was converted to acetate form
by treatment with 3M sodium acetate. It was washed, air dried
before use.
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The data on the variation of Kd with acetic acid concentration
are given in Table 1. The Kd values decrease with the increasing
acidity because of the increase in free acetate ion concentration
at the higher acidity. Table 2 gives the results of column
breakthrough runs of uranium in presence of 2-3 M acetic acid as
a function of flow rate. The column capacity for uranium at 1%
breakthrough is found to decrease from 95% to 75% with respect to
its capacity at 50% breakthrough as the flow rate is increased
from 4 bed volumes to 10 bed volumes. The presence oi thorium
has no effect on uranium loading. Table 3 shows the results of a

Table 1. Distribution coefficients of uranium at varying
acetic acid concentration

Resin - Dowex 1 x 4 (50-100 mesh) acetate form
Weight of resin - 0.2 gm V (aq) - 10 ml.

(CH3COOH)
M

0.5
1.0
2.0
3.0
5.0
6.0
8.0

Initial U
Aq. Cons.

Ui
(mg/ml)

1.036
1.012
1.012
1.0-.2
1.012
1.012
1.012

Equi. U
Aq. Cons.

Uo
(mg/ml)

0.046
0.0504
0.062
0.070
0.080
0.083
0.084

Equi. U
Cons, in
resin
(mg/g)

49.484
48.081
47.477
47.095
46.574
46.433
46.410

Distri.
ratio
(Kd)

1068
954
760
672
578
557
554

Table 2. Column breakthrough capacity as a function of flow
rate, uranium concentration and presence of thorium

Resin - Dowex 1 x 4 (50-100 mesh) acetate form.
Column - 9.2 x 150 mm (Vol 10 ml)

Weight of resin - 4.5 g air dried resin.
Acidity of the solution - 2 - 3M CH3COOH

Feed Composition
mg/ml

U Th

Flow rate
B.V./hr

Capacity for
1% breakthrough

of U (mg/g resin)

Capacity for
50% breakthrough
of U (mg/g resin)

10.65
10.65
9.69
23.1
11.80
9.69

--
—
—
—
5
5

4
6

10
10
6
10

590
530
450
460
500
430

633
605
604
590
560
580

few separation experiments. The column was loaded upto 50%
capacity with respect to Uranium and washed with 2M CH3COOH to
remove thorium. Uranium was eluted using 0.5M HN03. Thorium
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contamination in the uranium product was in the range of 200 ppm.

Table 3. Separation of Uranium from Thorium

Column 9.2 x 150 mm,Weight of resin - 4.5 g air dried resin

U mg/ml
Th mg/1
Feed Volume
Column capacity
Used up (U)
Flow rate (loading)
B.V/hr.
Eluent
Flow rate (elution)
B.V./hr
Uranium recovery
Thorium Contamination
(ppm)

Run No.1

11.7
—

110
58%

6

0.5 M HNCU
2 3

"100%
150

Run No.2

11.08
4.99

110
54%

6

0.5 M HNO-,
2 3

"100%
180

Run No.3

12.35
4.30

100
55%

6

0.5 M HNO-,
2 3

"100%
200

Table 4. Results of simulated purification runs

Resin - Dowex 1x4 (50-100 mesh) Acetate form,Column - 23.2x240 mm
Feed Volume - 1 litre,Feed Acidity :2-3 M CH3COOH
Eluent - 0.5 M HNO3,Elution rate - 100 ml/hr

Uranium mg/ml
Thorium mg/ml
Column capacity
Used up (U)
Loading rate BV/hr
Uranium recovery
Thorium contami-
nation (ppm)

Run No.1

4.85
1.90
30%

4
"99%

100

Run No.2

4.89
2.37
30%

6
"100%

50

Run No.3

13.18
4.70
60%

6
'99.5%

150

In order to investigate the performance of the system at
higher throughputs experiments were carried out using larger
column, keeping the residence time the same as that in the
smaller column. The results of these experiments are shown in
Table 4. The results show quantitative recovery of uranium with
thorium contamination in the range of 50 to 150 ppm.

REFERENCE

"Anion Exchange Separation of Uranium From Thorium For the
Tailend Purification of 233U in Thorex Process", Symp. on
Radiochem. Radiation Chem., SC-12, Pune, (1982).
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4.4 CATION EXCHANGE SEPARATION OF URANIUM FRwtf THORIUM

R.T. Chitnis, K.G. Rajappan, S.V. Kumar and M.N. Nadkarni

Fuel Reprocessing Division
Bhabha Atomic Research Centre, Bombay 400 085 •

Cation exchange studies were carried out *• _, i ;-i>rara a sepa-
ration scheme for U233 from thorium for the tail e:id purification
of U233 in the Thorex Process . The studies involved;(1) colle-
ction of equilibrium data for thorium as well as uranium at
varying HN03 concentrations, (2) determination of the break-
through capacity of the exchanger for thorium and uranium and (3)
preparation of the flow sheet for obtaining U233 with as little
thorium contamination as possible. Based on these studies a
column has been designed which can be operated at higher through
puts so that the final purification of U233 is achieved at the
process rate. Two purification runs are demonstrated.

INTRODUCTION

Thorex process of separation of U2 3 3 from irradiated thorium
consists of either the co-extraction of U233 and thorium or
preferential extraction of U233. During the separation of U233
from irradiated thorium at Trombay, U233 alone is extracted with
5% solution of tributyl phosphate in kerosene type diluent and
after scrubbing the loaded organic solution to remove the co-
extracted thorium, U233 is stripped with water and finally
purified by anion exchange in hydrochloric acid medium to
achieve the desired decontamination of the U233 product from
thorium. This method of purification involves a number of steps
such as concentration of the product solution, precipitation,
washing of the precipitate and finally dissolution of the
precipitate to obtain the feed for the ion exchange purification.
Besides, the method has certain disadvantages such as corrosion
to the equipment, gassing in the ion exchange column due to high
concentration of hydrochloric acid etc., though it gives
excellant decontamination from thorium.

As an alternative, anion exchange in acetic acid medium was
also considered as uranium forms anionic complexes with acetate
ions. Here again, the preparation of feed solution in acetate
medium was equally cumbersome though the corrosion problems were
less. Subsequently, a cation exchange procedure was studied in
detail which involved the preferential sorption of thorium from
0.5 M HNO3 feed containing U233 and thorium (at 1:1 ratio) by
cation exchanger, Dowex 50 W X 8 in H+ form. This procedure
yields an effluent and washing stream containing more than 99%
U23 3 which is almost free from thorium. As the medium of
operation is nitric acid, this method has several advantages for
large scale processing in plant as the uranium product solution
from the process can be directly fed to the column. A satisfac-
tory separation of uranium from thorium is achieved in this
technique by careful manipulation of feed and wash acidities and
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by controlling the thorium loading to w^cnin 60 - 80 % of the
total column capacity.

RESULTS AND DISCUSSION

The separation scheme proposed for the decontamination of
U233 from the accompanying thorium was tested by column opera-
tions. The feed solution used for the column experiments with
Dowex 50 W X 8 cation exchanger contained " 1 g/1 thorium with an
acidity of "0.5 M HNO3 and uranium ranging from 0.3-3 g/1. For
the preferential elution of uranium from the column, 1 or 2 M
HNO3 was used depending upon the amount of thorium present. When
the amount of thorium in the feed solution was such that after
the completion of the loading, 60% of the column capacity was
utilised by thorium, the elution of uranium with 1 M HNO3 was
found to give satisfactory product. However, when the solution
contained less thorium so that < 30% of the column capacity was
used up by thorium, the elution with 1 M HNO3 required larger
volumes, thus giving a uranium product of low concentration.
Under such situation, elution of uranium with 2 M HNO3 gave more
concentrated product. These results are shown in Table 1.

Table 1. Results of simulated purification runs

Column : 23.5 X 235 mm, Dowex 50 x 8 (100-200 mesh)

Feed Volume
Feed rate
Elution rate
Feed acidity

5 liters
500 ml/hr
250 ml/hr
0.5 M HNO3

Feed composition g/1

Thorium
Uranium

Column Capacity used up by Th
Eluent
Uranium recovery
Thorium contamination %

Run No. 1

1.083
0.743
65%
1 M HNO3
> 99 %
< 0.025

Run No. 2

0.532
0.763
33%
2 M HNO3
' 100 %
< 0.025

After eluting out uranium preferentially, the column is
first washed with 3-4 M HNO3 so as to elute the bulk of thorium.
The remaining thorium is then eluted by washing the column with 3
M ammonium acetate - 1.5 M acetic acid mixtutre(pH=5.5).

REFERENCE

"Cation Exchange Separation of Uranium from Thorium", BARC Report
- 1003,(1979).
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4.5 SEPARATION AND PURIFICATION OF URANIUM PRODUCT FROM THORIUM
IN THOREX PROCESS BY PRECIPITATION TECHNIQUE

A. Ramanujam, P.S. Dhami, V. Gopalakrishnan, A. Mukherjee
and R.K. Dhumwad

Fuel Reprocessing Division
Bhabha Atomic Research Centre, Bombay 400 085

A sequential precipitation technique is reported for the
separation of uranium and thorium present in the uranium product
stream of a single cycle 5% TBP Thorex process. It involves the
precipitation of thorium as oxalate in 1 M HNO3 medium at
6 0 - 7 0 c and after filtration, precipitation of uranium as
ammonium diuranate at 8 0 - 9 0 C from the oxalate supernatant.
This technique has several advantages over the ion-exchange
process normally used for treating these products. In order to
meet the varying feed conditions, this method has been tested for
feeds containing 10 g/1 uranium and 1 - 5 0 cr/1 thorium in 1 - 6 M
HNO3.

INTRODUCTION

When U2 3 3 alone is to be recovered from irradiated thorium,
1-5% TBP in kerosene type diluents is used as extractant for
preferential extraction of U233. In this process, the ""oaded
organic phase containing U233 is scrubbed with nitric acid to
remove the co_extracted thorium and then the U23 3 is stripped
from the organic phase with water. Because of the various
constraints encountered while processing, the uranium product
thus obtained often contains significant amounts of thorium as
contaminant and requires additional TBP extraction or ion
exchange steps for further purification from thorium.

In the pilot plant at Trombay, the fitnil purification of
uranium from tliorium was Ccirried out by anion exchange in hydroc-

hlori' medium MI J ea»i- sbi'-ldi'l gl< ve boxcL>. This involved a
number of process steps and the use of HC1 resulted in the
corrosion of the process equipment and the decontamination from
iron was poor.

As an alternative, anion exchange in'acetic acid medium was
also considered but it was found to be equally cumbersome though
the corrosion problems were less. Subsequently, a cation exchange
procedure was also studied in detail which involved the preferen-
tial sorption of thorium from 0.5 M HNO3 feed containing U2 33 and
thorium (at 1:1 ratio) by cation exchanger, Dowex 50 W X 8 in H+
form. Though good separation of uranium from thorium was
possible, for feeds with fluctuating Th/U ratios and acidity
the design and routine operation of this cation exchange column
can pose some problems as the thorium loading pattern and feed
and wash acidities are required to be rigidly controlled. For
uranium233 products with high thorium content the processing rate
depends more on the thorium content than on U233. Further, after
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the separation of uranium, the complete removal of the loaded
thorium from the column is difficult with nitric acid alone as
eluting agent and requires complexing agents such as ammonium
acetate- acetic acid buffer(pH=5.5) in the final stages. The
resin would also require periodic replacement.

Considering these points, a lab scale backup procedure has
been developed for the removal of thorium from uranium product
based on precipitation technique. It involves the precipitation
of thorium as oxalate in 1 M HNO3 medium and after filtration,
precipitation of uranium as ammonium diuranate from the oxalate
supernatant. This technique has several advantages over the ion-
exchange process. In order to meet the varying feed conditions,
this method has been tested for feeds containing 10 g/1 uranium
and 1 - 5 0 g/1 thorium in 1 - 6 M HNO3. Various parameters like
feed acidities, uranium and thorium concentrations, excess
oxalic acid concentrations in the oxalate supernatant,
precipitation temperatures, precipitate wash volumes etc. have
been optimised to obtain more than 99 % recovery of uranium and
thorium as their oxides with less than 50 ppm uranium losses to
ammonium diuranate filtrate. The distribution patterns of
different fission products and stainless steel corrosion
products during various steps of this procedure have also
been studied.

PRECIPITATION OF THORIUM AS OXALATE

The feed solutions were heated to about 70 deg centigrade and
after taking into account the thorium content of the feed, a
calculated quantity of 10% oxalic acid in water was slowly added
with constant stirring so as to bring the free/excess oxalic acid
concentration to approximately 0.1 M. After 1-2 hours settling
the precipitate was separated by filtration through a Whatman no.
54 2 filter paper and washed with 0.5% hot (60 deg centigrade)
oxalic acid solution. The filtrate and washings were collected
together for the subsequent ADU precipitation step. After drying
under infra red lamp, the oxalate cake was heated for 4 hrs at
750 degree centigrade for its conversion to oxide and weighed as
ThO2.

PRECIPITATION OF URANIUM AS AMMONIUM DIURANATE

The filtrate after thorium oxalate separation together with
washings was mixed with 4 gms of ammonium nitrate at the rate of
4 g of ammonium nitrate/100 ml feed uranium and heated to 90
degree centigrade. To the hot solution concentrated ammonia (25%)
solution was added with constant stirring till the ADU
precipitation was complete and the supernatant attained a pH of
9.5 + or - 0.3.

Immediately after settling (15 minutes), the ADU precipitate
was separated by filtration under hot condition through Whatman
no. 541 filter paper and washed with 2% hot ammonium nitrate
solution containing little ammonium hydroxide. During precipita-
tion and filtration care was taken to avoid interference from
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carbon di oxide.

After drying under infra red lamp, the ADU cake was"
heated for 4 hrs at 750 degree centigrade for its conversion to
oxide and weighed as U3O8. The uranium recovered was calculated
from the weight of U3O8 and confirmed by wet analysis. The ADU
supernatant was analysed for Th and U.

RESULTS AND CONCLUSIONS

The concentrated U233 product from a single cycle 5% TBP
extraction step of Thorex process containing thorium in the ratio
Th/U = 0.1 to 5 can be separated from thorium in a satisfactory
manner. The uranium and thorium recoveries above 99% are
possible. The optimum feed acidity should be about 1M with feed
uranium concentration less than lOg/1. However, acidities upto 5M
HNO3 could be tolerated in the feed. The excess oxalic acid
concentration was restricted to 0.1M. The fission product
distribution pattern indicates that among the fission products,
RulO6 partly follows the ADU cake. Further improvement in
decontamination is possible by prolonged washing of the ADU cake.
Results of few schemes tested are given in Figs.1-4

The thorium thus separated, can either be disposed off as
oxide or recycled back to the process after dissolution. The ADU
supernatant can be disposed off as such or after scavenging the
residual traces of U233 with Fe(III) as carrier in ammonical
medium. The U3 08 obtained has good product purity.

Large scale experiments with 25g and lOOg lot uranium have
yielded good results confirming the applicability of the method.
This technique has been used in the recent Thorex campaigns of
FRDL, IGCAR, KALPAKKAM with satisfactory results

REFERENCE

" Separation and Purification of Uranium Product from Thorium in
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Fig. 4. Distribution of activities during the separation of thorium
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4.6 SEPARATION AND PURIFICATION OF U 233 FROM BORON
AND OTHER IMPURITIES

R.T. Kulkarni, V. Gopalakrishnan, P.V.E. Kutty, A.Mukherjee,
A. Ramanujam and R.K. Dhumwad

Fuel Reprocessing Division
Bhabha Atomic Research Centre, Bombay 400 085

The solvent extraction and ion exchange techniques were
employed for the repurification of U233 from experimental wastes
containing boron and other impurities. For the removal of many
cationic impurities from U233 including trace level boron, TBP
extraction procedure was adopted. Anion exchange sorption of U233
in acetate medium was also useful for the separation of U23 3 from
many cations except boron. Cation exchange sorption of U23 3 in
nitric acid medium was satisfactory for the removal of boron in
an otherwise pure product.

INTRODUCTION

In the U233 subcritical neutron multiplication experiments
conducted by Neutron Physics Division with Be reflected
UO2(NO3)2 solution systems, Fuel Reprocessing Division was
responsible for the supply of U233 and for its subsequent
recovery and repurification from experimental wastes.These U233
bearing solutions contained significant amount of boron added
during subcritical experiments. The U23 3 present in the form of
uranyl nitrate in dilute nitric acid was required to be purified
from boron and other impurities. For this task, the ion exchange
and solvent extraction techniques were considered as the most
suitable ones and were adopted. Among the ion exchange
techniques, anion exchange absorption of U2 3 3 as anionic acetate
or chloro complex reported earlier for the bulk separation of
U233 from cationic impurities like thorium was not found to be
suitable for the removal of boron as it was being absorbed on
the exchanger as borate. H«nce, whenever boron was the major
impurity to be removed, depending on its concentration level in
the solution either cation exchange or solvent extraction with
30% TBP in Shell Sol T was adopted.

CATION EXCHANGE PROCEDURE

U233 containing boric acid (with B content as high as 4% in
some lots) in approximately 0.2 M nitric acid was loaded on
cation exchanger. Uranium was absorbed on the resin while boric
acid was removed by washing with distilled water till the
effluent did not show acidic reaction to indicator. Uranium from
the resin phase was eluted with HC1 and the product after testing
for boron content was converted to U-jOg through ammonium
diuranate precipitation route. The typical experimental
conditions used are given in Table 1. This procedure was used for
large scale processing of U233 for the removal of boron when it
was the only major contaminant and the material was reasonably
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Table l. Cation exchange purification of U233 from boron

Cation exchange
Column ID

Feed uranium =
Acidity = 0
Boron =
Feed Volume = 1
Loading rate =140 ml/hr
Vol. of U Band = 95 ml

X 8 H Form
Resin Volume

resin : Dowex 50
: 2.6 Cm. ;
20 g/1

2 to 0.4 M HNO3
15ppm to 4% Wash Agent
litre Wash Rate

Elution Agent
Elution Rate

Average (U) in Loading Effluent =3.6 mg/1
Average (U) in Washing Effluent = 0.7 mg/1

(100 -200 Mesh )
: 200 ml

1 litre Water
180 ml/hr
1 litre 3M HC1
180 ml/hr

pure otherwise. The method does not remove other cationic
impurities. In one cation exchange cycle of U233,the boron
content was brought down to 15 ppm and in the repeat cycle
this level decreased to 1 ppm on U3O8 basis as given in Table
2 col.A. When purification from other cationic impurities was

Table 2. Spectrographic Analysis Of Impurities In U233
Product (ppm on U 3o 8 basis)

Element

Al
B
CO
Be
Bi
Ca
Cd
Cr
Cu

Fe
Mg
Sb
In
Mn
Mo
Ni
Pb
Ti
V
Zn

After cation
exchange for

anion & cation
exchange puri-

B removal. ,fication of
(A)

2
1
2
.5
2
50
4
25
2
200
4
50
20
1
5
10
2
4
2
10

very impure lot
(B)

5
3
<4
<.5
<2
>100
<4
40
30
>200
>200
<10
<4
50
25
10
20
<4
<2
60

Before
TBP
extn.
(C)

>100
10
<4
<.5
<2
»100
20
10
115
>200
>200
<10
<4
50
<20
55
>100
4
<2
>200

After
TBP
extn.
(D)

2
2
<4
<.5
<2
<50
<4
10
10
>200
175
<10
<4
5
<20
25
20
4
<2
200

also required, U233 was first subjected to anion exchange
purification in acetate medium to remove cations other than boron
and then boron was removed by cation exchange procedure described
above. The results of one such campaign are given in Table-2
col.B.
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TBP EXTRACTION PROCEDURE

Unlike the cation exchange procedure, the TBP extraction
procedure offers good decontamination from many cations that are
poorly extracted by TBP. Since boric acid gets extracted to some
extent in TBP, this procedure was used only for final
purification of U233 after the bulk of boron has been removed.
In this procedure, U 233 was processed in 10-15 g lots. U233 in
approximately 3 M HNO-, was extracted by successive contacts
with 30% TBP in Shell Sol T. After one scrub with 2 M HNO3, the
organic phase was stripped with water till the organic was free
from uranium. The stripped product was acidified before
precipitation as ADU. The spectrographic analysis of a typical
lot (before and after purification) are included in Table 2, col.
C and D.

CONCLUSION

Our experience indictates that for the removal of cationic
impurities,including trace level boron, the TBP extraction
procedure appears to be a good alternative to anion exchange.
Purification by anion exchange in chloride medium gives a poor
separation from iron and that in acetate medium is not
satisfactory for removal of boron. The cation exchange technique
for the removal of boron is satisfactory when this alone is the
major impurity in an otherwise pure product. Based on these
experiences, U23 3 purification by TBP extraction procedure was
adopted for the recovery of U233 from U233 -Al alloy scraps.

REFERENCE

"Separation and Purif icat ion of U233 from Boron and Other
Impurities", Radiochem. RadiationChem. Symp.,CT-5,BARC, Bombay,
(1988).
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4.7 RECOVERY AND PURIFICATION OF U233 FROM U2:!3-A1 ALLOY SCRAPS

V. Gopalakrishnan, R. Kannan, A. Ramanujam, R.K. Dhumwad

Fuel Reprocessing Division
Bhabha Atomic Research Centre, Bombay-400 085

The proposed KAMINI reactor at IGCAR, Kalpakkam will use
U233-A1 alloy as fuel. During the fuel fabrication stages
recovery and recycling of scraps like alloy filings, powder and
graphite crucible residues were required. The technique adopted
was nitric acid dissolution of the alloy with mercuric nitrate as
catalyst followed by purification of U233 using TBP extraction
procedure.

INTRODUCTION

The KAMINI reactor under construction at IGCAR will use
U233-A1 alloy having the composition 20% U233 and 80% Al as fuel.
The U233 required for the fabrication of the alloy was supplied
by Fuel Reprocessing Division in the form of oxide for further
conversion. During the fuel fabrication, the recovery and recycle
of U233 from scrap arisings from fabrication work like alloy
filings, powder and graphite crucible residues was necessary to
keep the material losses to minimum.

DISSOLUTION

Among the different techniques reported , it was felt that
the dissolution of the alloy in nitric acid with mercuric nitrate
as catalyst would be the most suitable one. As the dissolution
reaction is very vigorous, various parameters involved in the
reaction were first optimized with natural U-Al alloy dissolution
studies and these were later adopted for the dissolution of U23 3-
Al alloy scraps. For each mole of Al to be dissolved
approximately four moles of nitric acid were required. For
dissolution, 4M nitric acid containing 0.005M Hg(NO 3) 2 as
catalyst was used, when the dissolution is done at higher acid
medium (greater than 4M) the off gases generated are mainly
nitric acid fumes together with other oxides of nitrogen. When
the acidity of the system is low, reactions leading to the
evolution of hydrogen become more predominant. As the dissolution
was to be carried out in glove box, high acid dissolution was
favoured so that the off gases are mainly oxides of nitrogen and
not hydrogen. Heating was required only to initiate the reaction
and subsequently the dissolution rate was maintained by slow
additions of scrap.The reaction rate decreased slightly as the
A1(NO3)3 concentration in the solution increased and this gave a
better control over the dissolution. Further, in practice, the
dissolution rate was controlled by restricting the quantity of
alloy undergoing dissolution. The undissolved residue in one
batch was carried forward to the next batch. After the
dissolution reaction subsided,the solution was boiled, cooled and
decanted. The off gases, after passing through necessary traps
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were exhausted by suction pump located in fume hood.The alloy
trapped in graphite crucible residues were also dissolved in a
similar manner but the resultant solution was dark brown in
colour because of the possible presence of organic acids
generated by the interaction of nitric acid with uranium bearing
graphite residues. The control of the reaction during dissolution
was more difficult in this case as the exact amount of alloy
trapped in the crucible was not known and the graphite fines had
a tendency to froth and rise up the dissolution vessel. The brown
solution resulting from the dissolution was double filtered to
remove all unreacted graphite lumps and fines. The treated
graphite residues were monitored for beta,gamma radiation levels
which gave an approximate indication of the presence of U233/U2 32
in the residue.

RECOVERY AND PURIFICATION OF U23 3

From the filtered solution U233 was recovered and purified
by TBP extraction procedure. In the case of alloy, the feed to
the extraction step usually had 10-15 g of U233 per litre in 3-4M
HNO3 with associated A1(NO3)3 usually in the w/w ratio of 1:4
(U:A1). During extraction, the excess A1(NO3)3 present in aqueous
phase had a tendency to salt out the nitric acid into TBP phase,
thus increasing the acidity of the organic phase and acid carry
over. It posed difficulties during stripping. To minimize this
problem, only 5% TBP was utilized for extraction. The loaded
organic was given a scrub with 3M HNO3. The uranium from the
organic phase was stripped with 2% ammonium carbonate solution
till the organic was free from uranium. After acidification of
the stripped product solution, uranium was precipitated as
ammonium diuranate and filtered. The brown solution from graphite
lot did not pose any serious problem during extraction and
stripping as long as they were well filtered.

Table 1. Spectrographic analysis of impurities in U23 3 after
TBP extraction(ppm on U3O8 basis)

Element

Al
B
CO
Be
Bi
Ca
Cd
Cr
Cu
Fe
Mg

First
Extn.

15
2.5
<4
<0.5
<2
<50
<1
30
5
»200
>200

Second
Extn.

15
2.5
<4
<0.5
<2
<50
<1
20
5
214
45

Element

Sb
In
Mn
Mo
Ni
Pb
Ti
V
Zn
Si

First
Extn.

<10
<4
20-
<20
10
30
<4
<2
>200
10

Second
Extn.

<10
<4
2
<20
3
6
<4
<2
150
10

The spectrographic results of uranium product obtained from
dissolution of a typical batch after a single TBP extraction
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cycle are given in Table 1. The Table also includes results
obtained after the product was subjected to a second cycle of
extraction with 30% TBP/SST. The results indicate that a single
step extraction and precipitation gives products of acceptable
purity which can be further improved, if required, by a second
extraction step with 30% TBP.

REFERENCE

"Recovery and Purification of U233 from U233 - Al alloy Scraps",
Radiochem. Radiationchem. symp.,CT-4, BARC, Bombay, (1988).
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4.8 EXTRACTIVE SPECTROPHOTOMETRIC METHOD FOR THE DETERMINATION
OF MICROGRAM AMOUNTS OF URANIUM IN MILLIGRAM AMOUNTS OF THORIUM

A. Mukherjee and S.G. Rege

Fuel Reprocessing Division
Bhabha Atomic Research Centre, Bombay 400 085

An extractive spectrophotometric method for the determina-
tion of micrograni amounts of uranium in milligram amounts of
thorium is described. The method involves extraction of uranium
by oxine in presence of EDTA followed by its spectrophotometric
determination with the help of dibenzoyl methane (DBM). The
effect of oxine on the spectrophotometric determination of
uranium by DBM has been investigated and conditions are
established to achieve maximum absorbance of the complex even in
the presence of oxine.

INTRODUCTION

While recovering 2 3 3U from irradiated thorium rods, the dissolver
solution obtained after dissolving the irradiated rods in HNO3 is
required to be analysed for 2 3 3u. For this, a spectrophotometric
method has been developed which involves separation of uranium
from thorium by oxine in presence of EDTA prior to its
determination.

Dibenzoyl methane has been used for the direct estimation of
uranium in aqueous solutions. Oxine has been used for the
separation of uranium from thorium while analysing dissolver
solution by radiometry. In the present work using this
separation procedure attempt is made to estimate uranium by
spectrophotometry instead of radiometry.

RESULTS AND DISCUSSION

U forms complex with DBM which has maximum absorbance at 405 nm
with molar absorbance index of 18000 L mol"1 cm"1. However, when
small amounts of thorium are suspected to be present in the
solution, wave length of 416 nm is recommended to avoid the
interference of thorium. Initially experiments were carried out
with uranium solution without following the separation procedure
to know the appropriate absorbance of the complex. The same
experiments were then carried out in presence of oxine
equilibrated with EDTA to understand its interference. It was
found that the absorbance observed in the presence of oxine was
slightly lower than that observed in its absence. Since this
could be due to the complsxing action of oxine, the same
experiments were repeated by increasing the DBM concentration in
the solution. The results of these experiments are given in
Table 1. It is seen that by increasing the amount of DBM from 1
ml to 3 ml the interference due to the presence of oxine is
overcome. Table 2 gives the result of extractive
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Table 1. Absorbance of U-DBM complex in prc.;̂ . ,ice of oxine
(0.5 ml of Equilibrated Oxine was used )

OD In absence of oxine

DBM(2%) 1.0 1.5 3.0

OD in presence of oxine

1.0 1.5 3.0ug

10
20
30

0.
0.
0.

050
105
250

0.
0.
0.

050
100
255

0.
0.
0.

050
105
250

0
0
0

..050
<0-j0

.225

0.
0.
0.

050
100
245

0.
0.
0.

050
105
250

U in the aliquot
(ug)

10
20
40
50

Ext. in absence of Th
0 D

0.045
0.095
0.185
0.235

Table 2. Extraction of U with oxine and its determination by DBM
(0.5 ml of the Oxine aliquot used for estimation)

Extn. in presence of
(Th : 50 mg) OD

0.050
0.105
0.200
0.255

spectrophotometric determination of uranium. Uranium was
extracted with oxine in presence of EDTA at a pH-7 and an aliquot,
of the oxine was taken for the spectrophotometric determination.
Two sets of experiments were carried cut, one set in the absence
of thorium and the other in the presence of thorium. The results
in the absence of thorium were slightly on the lower side whereas
those in the presence of thorium agreed closely with the expected
results. This was due to the salting action of Thorium nitrate
which was separately confirmed by addition NH4NO3 in place of
thorium nitrate in the above experiments. Table 3 gives the
result of synthetic U-Th mixtures. The precision and accuracy of
the analysis is found to be within +2%.

Table 3. Analysis of U-Th Synthetic Mixture -1 ml of the Mixture
was extracted with 2 ml of oxine and 0.5 ml

of the extract taken for colour development.
Mixture

No.

1
2
3
4

REFERENCE

(U)
ug/ml

51,
123,
154,
206,

.60

.92

.84
,48

(Th)
mg/ml

180
180
180
180

0
0
0
0

OD

,07
.16
.197
.266

U

12
31
39
52

found
ug

.75-

.50

.00

.25

(U)
ug/ml

51.00
126.00
156.00
209.00

%

-1
+ 1
+ 0
+ 1

Dev.

.16

.68

.74

.20

"Extractive Spectrophotometric Method For The Determination of
Microgram Amounts of Uranium in Milligram Amounts of Thorium",
Symp. on Radiochem. and Radiation Chem., RA - 7, Pune (1982).

72



4.9 ESTIMATION OF MICROGRAM AMOUNTS OF URANIUM
IN THORIUM BY ICP-AES

R.K. Dhumwad, A.B. Patwardhan, M.V. Joshi,
V.T. Kulkarni, K. Radhakrishnan

Fuel Reprocessing Division
Bhabha Atomic Research Centre, Bombay-400 085

A spectrometric method has been standardised for the estima-
tion of microgram amounts of uranium in thorium matrix without
any separation or pre-treatment of the process samples.

The paper describes the analytical support in the process
development studies being carried out using solvent extraction
technique with natural uranium and thorium. The method is to be
adopted for the separation of U-233 by processing irradiated
thorium. A very high resolution spectrometer (with a practical
resolution of 0.008 nm) and inductively coupled argon plasma
(ICP) source have been employed. Details of detection limit,
wavelengths used, etc. are given.

INTRODUCTION

Extraction of U-233 from irradiated thorium rods by
Thorex process necessitates quick and precise estimation of
uranium in the presence of large amounts of thorium. The process
samples usually are analysed by spectrophotometric method after
separation of thorium which is time consuming. In contrast,
ICP source combined with a very high resolution spectrometer, as
in the present method, makes it possible to estimate uranium, in
a short time, at PPM levels. Some of the salient features of
the present studies are that it neither involves any pre-
treatment of the sample nor any separation of thorium.

RESULTS AND DISCUSSION

Uranium spectral line 424.437 nm has been used for the analysis
since it is adequately separated by interfering thorium matrix
line 424.392 nm (Wavelength separation 0.045 nm).

Other more sensitive uranium lines could not be used because of
thorium line interference. Perhaps better detection limit could
have been achieved if there was no interference of thorium for
the more sensitive lines of uranium. The detection limit achieved
is 30 ug U/g Th.

Table 1 shows the typical annalytical results of samples at
different stages during the simulated Thorex process studies
using natural uranium and thorium. In the actual Thorex process
an appropriate U-233 spectral line will be selected which is free
from thorium interference. For U-233 estimation, the ICP torch is
to be located in a beta gamma glove box.
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Table 1. Analytical Results of Samples of Simulated Thorex Process

Sample No. Nature cf the sample U in mg/1 Th* in g/1

PESD-203

206

208

210

212

214

216

218

*Th values were determined spectrophotometrically.

In conclusion it may be mentioned that ICP-AES technique is
useful in the Thorex processing for the estimation of U-233 at
microgram levels.

REFERENCE

"Estimation of microgram amounts of uranium in thorium by ICP-
AES11, Radiochemistry & Radiation Chemistry Symposium, Kalpakkam,
RA-17, Jan. 4-7 (1989).
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6.1
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99.5
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5.1 NEW COMPARISONS OF INFINITE DILUTION CROSS SECTIONS, SELF
SHIELDED CROSS SECTIONS AND THEIR DOPPLER CHANGES FOR TH-232
CALCULATED USING JENDL-2 AND ENDF/B-V (REVISION 2) FILES

S. Ganesan, M.M. Ramanadhan and V. Gopalakrishnan

Nuclear Data Secti.cn
Indira Gandhi Centre for Atomic Research, Kalpakkam - 603 102

The resonance parameters in various data files for Th-232 do
not agree with each other. The differences in resonance
characteristics in two evaluated neutron cross section data files
reflect as differences in infinite dilution cross sections and
the associated self-shielding effects. The data in the two
evaluated basic data files may be considered to represent mean
values of two populations (or samples) of the ensemble. If the
background dilution agree with each other, that is, there is no
discrepancy, it does not necessarily mean that there is no error
in the data. A systematic error may still exist and the
effective group constants of two data files my differ from the
true values. A comparison is nevertheless certainly helpful to
identify possible problem areas in the resonance region.

In order to make sure that processing of basic data files do
not introduce additional errors of significant amount only the
processing codes that passed (Ganesan et al., 1987) the first,
second and third rounds of the IAEA nuclear data processing code
verification project (Cullen, 1985; Ganesan et al., 1986b; 1987)
were used as shown in Fig.l.

Complete details of the comparison results are presented in
(Ganesan, 1987).

REFERENCES

BNL (1985) ENDF/B-V (Revision 2), Private Communication in OCt.

1985 from S. Pearllstein, BNL, U.S.A.
Ganesan S. (1987) "Neutron Cross Sections for U-233 : (a)
Processing and Intercomparison of JENDL-2., ENDF/B-IV and ENDL-84
Basic Evaluated Data Files (b) Integral Validation Study in the
Fission Source Energy Range by Analyses of U-233 Spherical
JEZEBEL Assembly (c) The Analyses of U-233 Irradiation Experiment
in RAPSODIE Experimental Fast Reactor", Report submitted to
Interntional Atomic Energy Agency Co-ordinated Research Programme
on Validation and Benchmark Testing of Actinide Nuclear Data
(Research Contract No. 3690/R3/RB). August, 1987.
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ENDF/B-V : LINEAR 0.1% ERROR; TIME TAKEN : 0.0217 HOURS
TOTAL NUMBER OF POINTS : 1996

T
RECENT 0.5% ; TOTAL NUMBER OF POINTS : 2.51,399

TIME TAKEN : 3.19 HOURS
f

LINEAR 0.5% ; TOTAL NUMBER OF POINTS : 1,12,767
TIME TAKEN : 0.407 HOU2S

Y
RUN SIGMAL AT 300K ; ERROR CRITERION 0.0% ;

OUTPUT POINTS : 86,924 ; COMPUTER TIME FOR SIGMAL : 2.49 HOURS
RUN SIGMAL AT 2100K; ERROR CRITERION 0.0%; OUTPUT POINTS:52,543

COMPUTER TIME FOR SIGMAL ; 2.16 HOURS
Y

EXPECTED COMBINED ERROR IN PRE-PROCESSING
0.73% : LINEAR 0.1%, RECENT (0.5%) LINEAR (0.5%) SIGMAL (0.0%)

JENDL-2 :>LINEAR 0.1% ERROR; TIME TAKEN : 0.017 HOURS
TOTAL NUMBER OF POINTS : 3031

Y
RECENT 0.5% ; TOTAL NUMBER OF POINTS : 1,89,249

TIME TAKEN : 1.8 HOURS
y

RUN SIGMAL AT 300K; ERROR CRITERION 0.0%;
OUTPUT POINTS : 90,105 ; COMPUTER TIME FOR SIGMAL:3.98 HOURS

r
RUN SIGMAL AT 900K; ERROR CRITERION 0.0%; OUTPUT POINTS:72,769

COMPUTER TIME FOR SIGMAL : 2.29 HOURS
RUN SIGMAL AT 2100K; ERROR CRITERION 0.0%; OUTPUT POINTS:57,869

COMPUTER TIME FOR SIGMAL : 2.67 HOURS

EXPECTED COMBINED ERROR IN PRE-PROCFSSING
0.52% : LINEAR 0.1%, RECENT (0.5%) SIGMAL (0.0%)

REX2-86
f

OUTPUT OF REX2-86
SELF-SHIELDED CROSS SECTIONS AT THE GIVEN TEMPERATURE

r
PROGRAM COMREX2-8-7

COMPARISON TABLES OF SELF-SHIELDED CROSS SECTION AND THEIR
DOPPLER CHANGES FOR ALL DILUTION CROSS SECTIONS NOTE : REX3-86 IS
USED IN PLACE OF REX2-86 FOR PROCESSING UNRESOLVLED RESONANCE
REGION

Fig. 1 Calculational flowchart developed at,IGCAR, Kalpakkam for
obtaining comparison tables of self-shielded x-sections &
their Doppler changes for all dilution cross sections
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5.2 INVESTIGATION OF THE LARGE DISCREPANCY IN 10 TO 25 EV RANGE
FOR <<TC > FOR TH-232

S. Ganesan, M.M. Ramanadhan and V. Gopalakrishnan

Nuclear Data Section
Indira Gandhi Centre for Atomc Research, Kalpakkam - 603 102

Only through an intercomparison of available data files, the
discrepancies can be identified in the data files as a function
of energy. It should be clearly understood that discrepancies
between, say, two evaluated data files for a given reaction cross
section merely represents deviation of one data from another and
is thus a systematic discrepancy. This is not the magnitude of
the error in the individual data. Nevertheless such a comparison
does represent a starting point in the attempts to identify
problem areas for further work, when the differences (or
discrepancies) between two data sets are larger than the
individually assigned error bars. The comparisons can be done at
various levels for data files, either in multigroup form (for an
energy region) or in pointwise comparison (i.e. at each energy).
The former level involves mult."grouping after processing and the
latter involves pre-processing (resonance reconstruction etc.) of
the data files.

It was pointed out/1/ that the large discrepancy in the
capture group cross section for Th-232 for the energy region 10
eV - 25 eV needs further investigations. We give below recent
results giving a comparison of available values of infinite
dilution cross sections :

Isotope : Th-232 ; Energy region : 10 - 21.5 eV

ENDL-84

JENDL-2

ENDL-78

(Howerton, Ref.2)
IGCAR Kalpakkam
IGCAR Kalpakkam ;

;flat weighted : 1.32
;flat weighted : 1.32
E weighted : 1.735

IGCAR Kalpakkam ; E weighted : 0.654

(Paviotti and Chalhoub, Ref.3);
E weighted . : 3.25

ENDF/B-IV : (Paviotti and Chalhoub, Ref.3);
E weighted : 0.852

barns
barns
barns

barns

barns

barns

The E weighted value is higher than flat weighted value
because the group boundaries 10 eV - 21.5 eV covers the lower
portion of 21.78 eV resonance. The cross section on the lower
side of the peak increases with energy ; hence E weighting which
gives increased weights to higher values of cross sections in the
group gives a higher value of the group cross section. It thus
appears that ENDL-84 and ENDL-78 have too high capture cross
sections for Th-232 in 10 eV to 21.5 eV energy region.
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5.3 EXPERIENCES IN THE THEORETICAL PREDICT!>.;>;& -JF NEUTRON
CAPTURE CROSS SECTIONS FOR TH-232 USING ABAREX CODE

IN 400 KEV TO 2 MEV ENERGY REGION

S. Ganesan, S. Subbarathnam*, M.M. Ramanadhan & V. Gopalakrishnan

Nuclear Data Section
Indira Gandhi Centre for Atomic Research, FaJpaWcam - 603 102

* Department of Physics, J. Mohammed College, Trichy, Tamil Nadu

The optical-statistical model program ABAREX of late Prof.
Peter Moldaeur has been successfully commissioned at IGCAR,
Kalpakkam and several test runs were performed. The sample case
for the calculation of neutron capture cross sections for U-238
given by Moldaeur in Ref.l was successfully reproduced by us.

For Th-232, a spherical optical potential with a derivative
Woods-Saxon form factor and Thomas spin-orbit term (in the
conventional notation) is followed. The optical parameters used
for the present run for Th-232 are : V = 46.4 - 0.3 E MeV; W =
5.8 + 0.4 E MeV; r = ro' = 1.26 fin; a = 0.63 fin; a' = 0.52 fm;
Vso = 6.2 MeV; (r0 ) s 0 = 1.12 fm; a s o = 0.47 fm; here E
represents the laboratory energy of the neutrons in MeV.

We specified 27 levels, the energy of the last level being
at 1182.5 keV. A continuum level density starting at the highest
discrete level and derived from a Fermi gas temperature of 0.385
MeV, a shift of -0.25 MeV and a spin cut off of 5.93. The
energies, spins and- parities of the 27 discrete levels are taken
from Ref.2. The neutron binding energy for the compound nucleus
Th-233 is specified to be 4.7864 MeV.

In our calculations, we found, as expected, that the effect
of WFCF on calculated capture cross sections decreases with
increase in the incident neutron energy. Around 20 keV ignoring
the WFCF increases calculated capture cross section by 30% and at
200 keV by less than 2%. The T ray strength function was
varied from 0.0015 to 0.002 and it was found in the present
calculations that the value of 0.002 gives a good visual fit in
400 keV to 2 MeV energy region. For energies less than 200 keV a
lower value of 0.0015 was found to be preferable for a good
visual fit. . The calculated capture cross sections at energies
0.4 to 2 MeV for Th-232 corresponding to one set to parameters
input to ABAREX code are shown in Fig.l. Several sensitivity
studies have been performed which are reported in Ref.3.
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5.4 INTERCOMPARISON OF BASIC DATA FILES FOR U-233 IN
MULTIGROUP FORM

M.M. Ramanadhan, S. Ganesan and V. Gopalakrishnan

Nuclear Data Section
Indira Gandhi Centre for Atomic Research, Kalpakkam - 603 102

The following three basic data files obtained from IAEA
Nuclear Data Section/1-3/ represent the latest versions of the
respective originating laboratories. 1) ENDL-84 (1984) basic
evaluated data library/4/ of Lawrance Livermore Laboratory,
(LLL), U.S.A.,2) ENDF/B-IV (1974) American basic evaluated data
file/5/ released by Brookhaven National Laboratory, U.S.A.
(BNL).,3) The second version of the Japanese Evaluated Nuclear
Data Library JENDL-2/6,7/

The pre-processing, processing and intercomparison of
multigroup constants of these libraries were carried out at IGCAR
using the IGCAR pacakage codes LINEAR/RECENT/SIGMAL/ REX1/ REX2/
REX3/LCAT/COMPLOT.

All the three basic data files JENDL-2 ENDF/B-IV and ENDL-84
were accurately processed and multigrouped. The experience for
the processing of JENDL-2 is shown in the flowchart given in Fig.
1. Complete sets _pf intercomparison tables for < <*\ >, < ̂ y >,
< G~c >, < °~f >, < ̂  °J >, < ô in > and self-shielding factors are

available/8-11/ with the authors. The French set /12/ which is
already available in multigroup form at IGCAR has also been
included in the intercomparison study
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and Benchmark Testing of Actinide Nuclear Data fResearch
Contract NO.3690/R3/RB) Release Date : (August, 19£>7)

9. GOPALAKRISHNAN V. and GANESAN S. Updated version of Internal
note REDG/RP-243 (1987)

10. GOPALAKRISHNAN V. and GANESAN S. Updated version of Internal
note REDG/RP-248 (1987)

11. GOPALAKRISHNAN V. and GANESAN S. Updated version of "RAMBHA",
IAEA (IND)-30, Vienna (1987)

12. BARRE J.Y. Proceedings of the Conference on the Physics of
Fast Reactor Operation and Design, pp.165-179, British
Nuclear Energy Society, London, June 24-26 (1969)

JENDL-2 I LINEAR 0.1% ERROR
ENDF/B-IV \ —>- TIME TAKEN : 0.2517 HOURS
ENDL-84 J TOTAL NUMBER OF INPUT POINTS : 3285

TOTAL NUMBER OF OUTPUT POINTS : 4899

RECENT 0.5%
TOTAL NUMBER OF OUTPUT POINTS :19,231
TIME TAKEN : 0.079 HOURS

RUN SIGMAL AT 300 K
ERROR CRITERION 0.0%; OUTPUT POINTS : 21,595
COMPUTER TIME FOR SIGMAL : 0.2206 HOURS

RUN SIGMAL AT 900K
ERROR CRITERION 0.1% ; OUTPUT POINTS : 14,856

COMPUTER TIME FOR SIGMAL : 0.2747 HOURS

RUN SIGMAL AT 1500K
ERROR CRITERION 0.1% ; OUTPUT POINTS : 13,530

COMPUTER TIME FOR SIGMAL : 0.3108 HOURS
RUN SIGMAL AT 2100K

ERROR CRITERION 0.0% ; OUTPUT POINTS : 15,570
COMPUTER TIME FOR SIGMAL : 0.3308 HOURS

EXPECTED COMBINED ERROR IN PRE-PROCESSING
0.52% : LINEAR 0.1%, RECENT (0.5%) SIGMAL (0.0 OR 0.1%)

REX1 >• REX2 »- REX3 *- LCAT
<r« * * $—* '

INTERCOMPARISON OF IGCAR MULTIGROUP CROSS SETS USING COMPLOT

Fig. 1 Flowchart for intercomparison of basic data files in
multigroup form developed at Kalpakkam with Honeywell
Bull Computer
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5.5 STATUS OF NUCLEAR DATA FOR 232Th - 2 3 3U FU- ' CYCLE

M.K. Mehta and H.M. Jain

perimental Reactor Physics Section
Bhabha Atonic Research Centre, Bombay - 400 085

The 2 3 2Th- 2 3 3U fue^ cycle is ver^ hnpurtant for Indian
Nuclear Power Programme. For this, the existing Nuclear Data are
not satisfactory and sufficient. This paper reviews the status
of neutron nuclear data for the nine important isotopes relevant
to this fuel cycle above 50 keV. A brief description is given
for the evaluation of 232Th capture and fission cross sections
and Vp performed for INDIAN file for 232Th.

INTRODUCTION

This paper gives the current status and accuracy of neutron
cross section data for each of thenine important isotopes
2 3 I 2 J 2 2 J 3 2 3 1 2 3 2 2 ^ 232, 253, 234 U } relevant to

thorium fuel cycle in fast energy range, i.e., between 50 keV and
20 MeV. It is an update of our earlier review paper (Ref.l) and
includes the work completed and in progress.

Fig.l summarises the important nuclides and the - correspon-
ding reactions resulting in production and the build up of
transactinide involved in 2 3 2Th - 2 3 3 u fuel cycle. The two
reaction sequences of importance to this fuel cycle are :

232mu./n on\ 231mi. x- 231-p- /— y\ 232p_ «̂  232™

233Th ^*\> 233Pa J l > 233U
(n,2n)

Z5" ̂  233/

(n,2n)

JU

Thorium fuels are not yet of commercial significance, but
there is considerable interest in utilizing thorium fuel in
adaptions of existing reactor types (e.g., LWR, Breeder and
CANDU). For this fuel, the range of other actinides of interest
is small (mainly 2 3 2u and its decay products, 2 3 3Th and 2 3 3 P a ) ,
apart from the fertile 232Th and fissile 2 3 3U nuclei.

REQUIREMENT FOR THE NUCLEAR DATA

Nuclear data are needed for the following reasons :

a. Core design

The neutron total, fission and capture cross sections for,
2 3 2Th, 2 3 3Pa and 2 3 3u are needed for the physics design and
safety studies of nuclear reactors based on 2 3 2Th - 2 3 3u fuel
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cycle.

With large neutron capture cross sections, the 233Pa is
harmful because it results in a loss of a neutron and a potential
fissile nuclei 2 3 3U at the same time. , % (n,2n) reaction
cross section is much higher than that of 2 3 8U, it apts as a
neutron multiplier and also leads to the production of 2 3 2U.

b. Decay heat removal

The heat mainly produced by & and V emission from 233Th
and 2 3Pa up to some hours after reactor shut down, has to be
predicted to an accuracy of less than 20% besides the
contributions from fission products.

c. Transportation, reprocessing and refabrication of fuel

After a sufficient period, the discharged fuel has to be
transported for reprocessing. Cooling and shielding of the
transportation flasks have to be designed. For this, the ^"em-
itters 2 3 3Th, 233Pa and hard gamma ray (2.65 MeW emitter 2 3 2U
and the 231Pa which leads to production of 2 3 2u by neutron
capture are important nuclei.

Thus, an adequate nuclear data base is essential for
computing the buildup of these isotopes in a reactor as well as
in solving the problems connected with transportation,
reprocessing and refabrication of fuel for 232Th - 2 3 3U fuel
cycle.

REQUEST AND PRESENT STATUS OF MEASUREMENTS

WRENDA 87/88 is used to establish the relative importance of
each cross section, however, some subjective elements are also
included. CINDA 89 is used as the main information source for
the concerned literature.

WRENDA 87/88 requests exist for 232Th {n,Y), (n,2n), (n,f),
233Pa (n,/), (n,f), 2 3 4U (n,Y), (n,2n) reactions with priority l
and 3 and accuracy of 5 to 15% over fast energy region. For 2 3 3U
requests are there with priority 1 and 2 of accuracy 3 to 10% for
thermal to 20 MeV energy region.

No measurements are reported for 2 3 1Th, 2 3 3Th, 2 3 2Pa, 233Pa,
2 3 2U (n, -Y ) and 23*U (n, y ). Theoretical predictions are
reported for 2 3 1Th, 233Th and 2 3 3Pa. Measurements exist for
2 3 2Th, Pa (n,f) reaction and 2 3 3u. Requirements are not fully
met for 2 3 3U. Except for 232Th (n,f> cross section, the present
status of data is very poor for other neutron reactions. It is
noticed that even among the new measurements for 2 3 2Th (n, y )
cross section, there remain discrepancies of 5 to 10%.

231Pa {n,Y) and 2 3 2U {n,1/") cross sections are also needed
with an accuracy of 10% and 30% respectively for fast energy
region.
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EVALUATION AND MODEL CALCULATIONS

For creating the INDIAN nuclear data files for 232Th - 2 3 3U
fuel cycle, partial evaluations were performed for 232Th (n,y) ,
(n,f) cross sections /2/ and for Vp /3/. Integral validation of
these evaluations was done by Ganesan et.al /4/ to compare the
calculated and measured integral parameter alpha (i.e., the ratio
of average capture to fission cross sectix;;} . The Indian evalua-
tion gave the value of ratio of calculated to experimental alpha
as—1.1. To reduce this discrepancy new /5/ measurements for the
capture cross section were conducted.

In evaluating the neutron cross section data, it is often
necessary to supplement the available experimental data with
calculatled ones. For this, the best one can do is to calculate
the cross section over the energy range of interest with a
nuclear model, fit the calculated data to experimental results by
adjusting the nuclear parameters involved, and then assume that
the calculated data are accurate for the entire incident neutron
energy range. This type of calculations were carried out for
2 3 2Th (n,Y) cross section /6/ based on the statistical model
Hauser-Feshbach theory using spherical optical model. This
exercise of model-aided evaluation and parameterization is in
progress for simultaneous fits to total, capture and inelastic
scattering cross section data for 232Th using HAUSER-V program.
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Fig. 1 The important isotopes and relevant reaction cross
sections
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ions for the 232Th-233U fuel cycle
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5.6 EVALUATION OF FISSION NEUTRON MULTIPLICITY DATA FOR Th-232

H.M. Jain and M.K. Mehta

Experimental Reactor Physics Section
Bhabha Atomic Research Centre, Trombay, Bombay - 400 085

This paper describes the evaluation of the energy dependent
experimental data for the average number of prompt neutrons, Vp ,
for the neutron induced fission of Th-232 in the energy range
from 1 - 2 0 MeV. The evaluation takes in account not only the
actual numerical data of Vp (En) but also certain physical
concepts based on the _enrgy balance in nuclear fission. The
energy dependence of Vp is represented by two SPLINE fitted
curves becaue of the anomalous behaviour near threshold and
multiple chance fission which introduces a non-linear dependence
on En. Data are renormalised wherever necessary to the latest
recommended value of (3.757) for Uf for spontaneous fission of
Cf-252. The present evaluation is compared with the existing
ones. Recommended values of Vp (En) are given over the energy
range 1 - 2 0 MeV.

INTRODUCTION

Energy dependence of fission neutron multiplicity (̂ p) data
for Th-232 neutron induced fission are valuable for testing the
nuclear models predicting the distribution of fission energy
between the collective and internal motions. Since the neutron
emission is one of the_ principal de-excitation mechanism for
fission fragments, the E^ (average kinetic energy of the fission
fragments) and 3?f> __data should be correlated. In fact the
measured data for Ejj and Vp indicates that there', is a
redistribution of fission energy between the collective and
internal motions and that this redistribution depends on the
excitation energy of the fisioning nucleus. Moreover, the even-
odd compound nucleus Th-233 is interesting to study because the
Th-232 (n,f) cross-section exhibits large,resonances in the
threshold region and also the behaviour of Vp is different from
that observed for all other fissioning nuclei. The energy
dependent Vp data are important for fast breeder reactor
analysis (i.e., reactivity and breeding ratio calculations). For
reactor physics calculation evaluated data are more useful. This
paper describe the evaluation of directly measured data for
Th-232 (n,f) reaction over the energy range from 1-20 MeV. The
data derived from fission energy balance equations are not
included for this evaluation.

DATA BASE

In all there are eleven /l-ll/ reported measurements for ^p
for Th-232 (n,f) reaction. These data sets are scrutinised for
the following points:

(a) Measurement technique and standard used
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(b) Corrections applied and
(c) Errors reported.

The majority /^3,6,8,9 and 10/ of the measurements have been
made relative to s/p for the spontaneous fission of Cf-252 and
in some cases /2,4,7 and 11/ relative to Ĵ ? for U-235. The
general technique for these experiments is to use a fission
chamber, which contain the Th-232 sample and standard Cf-252 or
U-235 in different sections, to detect the /ission event. This
fission chamber is surrounded by neutron detects.-.. c-it.:ar liquid
scintillator /3,5,6,8,9 and 11/ or BF3 /2,4 and 7/ or He-3 /10/
counter to detect the fission neutrons. In the present evalua-
tion, Jill the data used are renormalized to common standard Cf-
252 ( y p = 3.757 + 0.0048). The existing measured data below 6
MeV are plotted in Fig.l and above 5 MeV in Fig.2 and total
number of data points amount to 143 in all. From the Figs. 1 & 2,
one find that within reported errors an overall good agreement
is observed. The latest /9,10 and 11/ three measurements cover
large energy range (i.e., 1.3 to 14.74 MeV, 1.35 to 6.35 MeV and
1.084 to 22.80 MeV respectively) and are the major data sets for
this evaluation. Rest of the data points are few in numbers,
scattered and also old. Both BRC /9/ and FEI /10/ data sets are
having very small errors of the order of ' + 1%. The accuracy of
the latest measurement /ll/ is quite poor due to low counting
statistics but the data agree on the average with the BRC / 9 /
measurements. FEI /10/ data are higher by about 4% than the BRC
data below 2.37 MeV incident neutron energy. At higher energies
the differences is about 2%.

In general any >̂ f measurement involved two simultaneous
steps,i.e., recording of fission event and subsequent detection
of the prompt fission neutrons. In most of the experiments the
detail about the recording of well defined fission events are not
given so it is not p_ossible to discuss its contribution to the
uncertainty in the V? measurement. As mentioned earlier the
fission neutrons are detected either by BF3 or He-3 embeded in a
polythylene block used as a neutron moderator or by large Gd or
Cd loaded scintillator tank. Recent review paper /12/ have
discussed in detail the essential difference between these two
techniques and only a brief mention would be given here. Liquid
scintillator technique has a large neutron detection efficiency
(€rv~ 80 to 90%), is quite isotropic, require small corrections
for the spectrum difference (since al-1 neutrons are first
moderated in the scintillator tank prior to capture in Gd or Cd)
and angular anisotropy of the fission fragments in laboratory
system. But, because of the higher sensitivity to gamma ray and
long counting time (~ 50 psec during which the neutrons are
moderated and captured), liquid scintillator technique have
large delayed gamma rays and dead time corrections. Moreover,
this delayed gamma rays correction is estimated from the
published data on fission fragments having isomeric half-lives in
the 0.15 to 80 yxsec range and emit cascade gamma rays which
exceed the threshold of the liquid scintillator in total energy.
On the contrary BF3 or He-3 counter detector technique has small
neutron efficiency (£r\~30%), less isotropic so require a large
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correction for the spectrum difference and ar̂ f " "•".: anisotropy of
the fission fragments, £ ̂  depends on the position of fission
chamber along'the neutron detector axis and this correction is
quite large when long fission chamber is used. An incorrect
estimation of the angular anisotropy correction could explain the
large difference observed between the measured BRC and FEI dat
in the threshold region. In Th-232 (n,f) the fission ftcujiutsni--.
are emitted preferentially at large angles relative to the
direction of incident neutron inducing fission. ;ince the
angular distribution of the fission neutrons is correlated to the
fragment direction, these neutrons are detected with a better
efficiency than in the case of an isotropic emission. This
correction is quite negligible in the case of the liquid
scintillator, but not for the BF3 of He-3 counter detector. Only
advantage of this type of detector is its insensitivity to gamma
rays and therefore the measured ratio does not have to be
corrected for delayed gamma rays contribution.

As mentioned in /12/, if the external random generator is
used to trigger the neutron background measurements, it would
underestimate^ the real background rate and subsequently, overes-
timate the Up . In fact, from Figs. 1 & 2 it is seen that the
measured data of /ll/ which have used external random generator,
are comparatively higher than BRC but have been retained fox-
evaluation with less weightage in the SPLINE fitting because this
measurement cover the largest energy range.

Thus the ^p data measured by these two different
experimental techniques have systematic difference due to
improper estimation of corrections applied and inherent
limitations of the techniques involved.

METHOD OF DATA EVALUATION

From Fig.l it is noticed that near _the threshold the
measured data show an increase ( ~" 12%) in >*p with decreasing
energy En, which though statistically not significant because of
the large errors associated with each individual point, seems to
be confirmed by the results of five different experiments. From
these Figs, JL & 2 it is also noticed that there is a strong
increase in V? near the onset of the (n,n'f) i.e., second chance
fission. Because of this anomalous behaviour near threshold and
the non-linearity introduced by the onset of (n,n'f) and
(n,2n,'f), i.e., multiple chance fission, a single linear least
square fit cannot be used for fitting the experimental data.
Therefore, to take into account these observed facts, the present
evaluation is performed in two parts, one below (n,n'f) threshold
and other above it, using two separate cubic SPLINE curves.
Fitting in segments is also necessary because the value at
different energy by their process origin are only partially
correlated. Single SPLINE fitting produces unjustified structure
in curve. Below the second chance fission threshold (""6 MeV) the
fission neutrons are all evaporated from the fission fragments.
Above this threshold, first some neutrons are scattered followed
by the fission of residual nuclei. Although the neutrons emitted
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prior to fission have no direct connection with the fission
process, whereas those emitted following fission do, both groups
are nevertheless in coincidence with the fission event for any
physical measurements.

As explained in previous section, these Vp data are derived
from ratio measurments after subtracting the neutrons background
and applying certain corrections. The background correction is
statistical in nature while the other corrections are systematic,
positive or negative depending on their contributions. The
reported errors (+ Ai'p) on measured values are statistical only
and for evaluation these measured data are least square fitted
with weights Wi = l / 2

RESULTS OF EVALUATION

In all 143 experimental data points from eleven different
measurements are SPLINE fitted in two segments of energy i.e.,
from threshold to 5.14 MeV, 93 points and from 3 to 22.8 MeV, 78
points respectively. The smooth curves representing the present
evaluation are shown in Figs. 1 & 2 along with the data points.
The evaluated data in tabulated form at energy interval suitable
for linear interpolation are given in Table 1. In Fig.3 the
present evaluation is compared with ENDF/B-V (Revision 2),
Davey's /13/ and Russian /14/ evaluations.

Table - 1 Evaluated Î p for Th-2 3 2

*E n

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3

Vp

2.43
2.30
2.21
2.16
2.14
2.13
2.13
2,14
2.16
2.17
2.19
2.20
2.21

E

2
2
2
3
3
4
4
5
5
6
6
7
7

n

.5

.7

.8

.0

.5

.0

.5
,0
.5
.0
.5
.0
.5

2
2
2
2
2
2
2
2
2
2
2
2
3

^P

.22

.23

.24

.25

.30

.34

.38

.47

.60

.74

.88

.99

.06

E

8
8
9
9
10
10
11
11
12
12
13

n
14

n

.0

.5

.0

.5

.0

.5

.0

.5

.0

.5

.0

.5

.0

Up

3.12
3.17
3.22
3.26
3.31
3.37
3.44
3.51
3.60
3.68
3.77
3.86

. 3.95

E

14
15
15
16
16
17
17
18
18
19
19
20

n

.5

.0

.5

.0

.5

.0

.5

.0

.5

.0

.5

.0

5

4.
4.
4.
4.
4.
4.
4.
4.
4.
4.
4.
4.

P̂

04
12
20
28
36
43
50
57
63
70
75
81

* E n is in MeV

DISCUSSION AND CONCLUSION

In Table 2, the evaluated data at twelve incident neutron
energy E n are compared with calculated Ĵ p /15/. The calcu-
lations nave been performed in the framework of (TSM-GMNM) a
semi-empiritical scission point model with temperature-dependent
shell effects. The calculated Vp do not show any increase in
with decreasing E n near threshold and are little lower than the
evaluated î p but agree within calculation uncertainties +0.08.
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According to the conservation of total energy released in
fission, the average total kinetic energy, Ek, ajnd Up are
inversely related. Near threshold the evaluated*,data shows a
decrease as E n increase from 1.2 to 1.7 MeV, whereas the measured
E^ data of D'yachenko et al (Ref.16) show an increase. Thi.
behaviour of j>p and E^ indicate that the calculation methoa
should be improved in the threshold energy region._ In the pre-
sent evaluation the errors estimated for fitted ^p values are
~ + 5% in the energy range (1.0 to 3 MeV) and ^ + 3 % above 3 MeV.

Table - 2 Evaluated and Calculated 2Jf> for Th-2 32

E n (MeV) Evaluation Theory

1 . 1
1 . 5
2.0
3 . 0
4 . 0
5 . 0
6 . 0
6 . 5
7 . 0
8 . 0
9 . 0

10.0

2.43
2.14
2.17
2.25
2.34
2.47
2.74
2.88
2.99
3.12
3.22
3.31

2.07
2.06
2.08
2.18
2.32
2.49
2.66
2.98
3.02
3.09
3.18
3.37

It can be seen from Fig.3 that the preent evaluated curve
deviate appreciably from linerarity and this deviation is larger
than the required accuracy of ~ 2%. The evaluation would be
improved once the known systematic discrepency between two
technique of measurements is reduced.
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5.7 USE OF NUCLEAR THEORY IN THE EVALUATION OF NEUTRON
CROSS-SECTIONS FOR ACTINIDE ELEMENTS PERTAINING TO

THORIUM FUEL CYCLE

S.B. Garg

Neutron Physics Division
Bhabha Atomic Research Centre, Bombay - 400 08 5

INTRODUCTION

Neutron nuclear cross-sections are the most basic input
requirements for a variety of applications in nuclear science and
technology. Current concepts of fission reactors and the
emerging advanced concepts based on fusion and spallation
processes need nuclear data in the energy range extending from
thermal energy to several tens of MeV. The limitations of
appropriate neutron sources and complexity of measuring
techniques have, however, resulted in many energy gaps where the
data measurements have not been carried out. To fill the energy
gaps, nuclear theory and a number of nuclear reaction models are
employed to generate the following types of cross-section dat^;

(i) Total, elastic, radiative capture, and discrete and
continuum inelastic cross-sections.

(ii) Angular differential elastic and inelastic scattering cross-
sections.

(iii)Binary, tertiary and multiparticle reaction cross-sections
such as (n,p), (n, oi ) , (n,2n), (n,np) , (n,pn) , (n,n'oO,
(nfl7<Ln), (n,2p), (n,2pn), (n,3n) etc.

(iv) Energy spectra of the emitted neutron, proton, alpha-
particle and gamma-rays.

(v) Energy-angle correlated double differential cross-sections
for the emitted neutron, proton and alpha-particle.

(vi) Total production cross-sections for neutrons, protons,
alpha-particles and gamma-rays.

Optical model, multistep statistical model, geometry
dependent hybrid model, unified exciton model, distorted wave
Born approximation of the direct reaction theory and the Brink-
Axel model are some of the salient calculational tools to
generate various types of cross-section data. Several computer
codes dealing with these models have been commissioned, tested
and vised in various cross-section investigations.

CROSS-SECTIONS FOR THORIUM FUEL CYCLE ELEMENTS

In December 1977 a Research Contract had been executed with
the Nuclear Data Section of International Atomic Energy Agency to
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evaluate neutron induced reaction cross-sections of Th-232 and
other allied actinide nuclides taking part in the thorium fuel
cycle in the energy range 0.1 MeV to 20 MeV. Under this agree-
ment total, elastic, discrete level inelastic and total inelas-
tic, (n,2n) and (n,3n) cross-sections have been evaluated for Th-
231, Th-232, Th-233, Pa-231, Pa-232, Pa-233, U-232 and U-234 in
the energy range 0.1 - 20 MeV using spherical and deformed opti-
cal model, Hauser-Feshbach statistical model and serci-empirical
preequilibrium-statistical model. Charged particle emission such
as (n,p) and (n, ot ) reactions are not included in this study
since in heavy nuclides such emission is minimal due to large
Coulomb potential barrier and is not significant in reactor
oriented applications.

Actinide nuclides Th-231, Th-233, and Pa-232 having short
half lives (" minutes) are also considered in this evaluation
since these nuclides affect the production of other stable
isotopes through the various nuclear reactions taking place under
neutron irradiation in a reactor assembly which utilizes thorium.

Evaluation of measured cross-section data especially for
Th-232 has been carried out to derive only one value of total and
elastic scattering cross-sections at a given energy point from
out of several sets of measured data at that point. The evaluated
measured total and elastic ross-sections have then been used to
derive good optical model potential parameters which yield cross-
sections at those energy points where no measured data exist.
For most of the nuclides considered in this investigation only
sparse measured data are available. Nuclear model based
consistent cross-section data are adopted in such cases.

The relevant details and the evaluated cross-section data of
the various nuclides included in this study are given in
references /I,2,3,4,5,6,7,8,9,10,11,12/.

Some of the typical evaluated cross-section data are shown
in Figs 1 to 6. No discussion of these figures is however given
here to save space. The optical model potential parameters
derived and used in this study are given below:

(i) Energy ^2.0 MeV

vo
av

'to
aso

(ii) Energy > 2.0 MeV

VQ = 46.387 - .461 E MeV
rv = 1.227 f, av = 0.765 f
Ws = 8 . 2 1 5 + 0 . 6 7 E MeV

46
0

1.
5.
0.

.53 MeV,

.757 f,
032 f,
52 MeV,
757 f

rv
Ws
as
rso

= 1.16
= 8.15
= 0.479
= 1.16

f,
MeV
f,
f,

r s = 1.124 f, a s = 0.49 f
VSQ = 8 . 4 1 MeV, r s o = 1.227 f
aSQ = 0.765 f.
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5.8 PROCESSING AND GENERATION OF MULTIGROUP CROSS-SECTIONS
FOR NUCLIDES OF IMPORTANCE TO THORIUM FUEL CYCLE

S.B. Garg

Neutron Physics Division
Bhabha Atomic Research Centre, Bombay - 400 085

INTRODUCTION

The processing branch of nuclear data technology makes use
of a basic evaluated nuclear data file containing all possible
neutron induced reaction cross-sections to generate relevant
energy group averaged cross-section data for application in
neutronics, safety, shielding, dosimetry, radiation damage, fuel
burn-up and waste management studies of nuclear reactors. The
following types of cross-section data are usually derived from
the basic cross-section file:

(a; Generation of energy point cross-sections in the resolved
and unresolved resonance energy regions.

(b) Generation of Doppler broadened cross-sections at various
temepratures of interest.

(c) Generation of inultigroup cross-sections, resonance self-
shielding factors, and anisotropic group-to-group scattering
matrices.

(d) Generation of displacement cross - sections and heat
generation coeficients for the radiation damage estimates.

(e) Generation of inultigroup cross-sections and group-to-group
scattering matrices including up-scattering and down-
scattering terms in the thermal energy regions with the
appropriate neutron thermalization law.

(f) Generation of reactor region dependent cross-sections by
including the temperature and composition dependent effects
for neutronics and nuclear safety studies.

In order to accomplish the above mentioned task, a number of
computer codes given in Table 1 have been' modified, updated and
commissioned. Three general purpose basic cross-section
libraries namely, ENDF/B-IV, ENDL-84 and JENDL-2 have been adop-
ted to derive the multigroup cross-section data.

THORIUM FUEL CYCLE

The prominent elements of importance in the thorium fuel
cycle are Th-232, Pa-231, Pa-233, U-233 and U-234. The basic
cross-section data of Pa-231 is not contained in any of the basic
cross-section files. Nuclear model based evaluations of the
various neutron induced reaction cross-sections of this element
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have been carried out at BARC /I/ in the energy range 1-20 MeV.
In order to complete the basic cross-section file of this element
the BARC evaluated cross-section data in the 1-20 MeV energy
range has been combined with the Pa-233 data of JENDL-2 file
below 1 MeV. Cross-section data for Th-232, Pa-233 and U-233 are
also taken from JENDL-2 file since it includes the updeted,
evaluated and measured cross-section data and resonance parame-
ters. U-234 data are taken from ENDF/B-IV file.

Table 1. Nuclear data processing codes

AUTHORSCODE FUNCTION

1. NJOY

2. MINX

R.E. Mac Farlane
et al LA-9303-M
(1982)

C.R. Weisbin et
al. LA-6486-MS
(1976)

3. XLACS-IIA N.M. Greene et
al ORNL/TM-3646
(1972) updated
by G.S.Robinson
(1982)

4. SUPERTOG-JR T. Taji et al
JAERI-M-6935
(1977)

It is a complete code package
for producing multigroup neutron
and photon cross-sections.It can
meet most of the requirements
given in the text.

This code generates multigroup
cross-sections for neutrons.
Doppler broadened cross-sections
are produced along with reson-
ance self-shielded factors and
anisotropic scattering matrices.

TJiis code generates multigroup
cross-sections and is parti-
cularly suited to the thermal
energy range.

This code produces multigroup
cross-sections, atomic displace-
ment functions and heat genera-
tion coefficients.

5. SPHINX W.J. Davis et al It generates problem dependent
WARD-XS-3045-17, self-shielded multigruop cross-

sections for every region of a
given reactor assembly and pro-
vides one dimensioal diffusion
theory based computational
capability.

(1977) modified
version, R.Q.
Wright (1978)

6. LINX

7. BINX

8. I2D

R.E. Mac Farlane It merges two ISOTXS or BRKOXS
and R.B. Kidman, files generated by MINX and NJOY
LA-6219-MS (1976) codes in binary mode.

R.E. Mac Farlane
and R.B. Kidman,
LA-6219-MS (1976)
W.M. Resnik-II

It converts the binary files
produced by MINX, NJOY or LINX
into BCD format or vine a versa.
It converts ISOTXS file data to

LA-6857-MS (1977) DTF or ANISN formats for appli-
cation in neutron transport stu-
dies.
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MULTIGROUP CROSS-SECTIONS

35 group cross-sections with P3-anisotropic scattering
matrices and resonance self-shielding factors have been generated
for Th-232, Pa-231, Pa-233, U-233 and U-234 in the energy range
0.005 MeV to 15 MeV weighted with a fission - 1/E - thermal
Maxwellian Spectrum utilizing the NJOY code given in Table 1.
Above 0.6081 MeV fission spectrum, below 0.1 MeV Maxwellian
spectrum and in between1 these energy limixi, l/£ spectrum have
been used to obtaii: the average group cross-sections.

The energy structure of groups is shown in Table 2 and has
been selected so that the derived cross-section set may be
employed to carry out reactor physics studies of fusion and
thermal and fast fission based reactor systems.

Table 2. BARC 35 Group energy structure in electron volts

Group No.

l
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

1
1
1
1
8
6
5
2
1
6
3
1
8
4,
2
7,
3,
1.
4.
1.
4.
2.
1.
5.
2.
1.
6.
4.
2.
1.
7.
4.
3.
2.
1.

.5000

.3500

.2214

.0000

.1873

.7032

.4881

.4660

.1080

.0810

.3370

.8316

.6517

.0868

.4788

.1010

.3546
,2341
,5400
,0130
,7851
,2603
0677
0435
3824
1250
5000
5000
5000
4000
0000
0000
0000
0000
0000

Energy -

+ 7
+ 7
+ 7
+ 7
JL C mm,

T o
+ 6
+ 6
+ 6
+ 6
+ 5
+ 5
+ 5
+ 4
+ 4
+ 4
+ 3
+ 3 —
+ 3
+ 2 -—
+ 2
+ 1
+ 1
+ 1 "
+ 0
+ 0
+ 0

1

- i
_ i
- 2
- 2
- 2
- 2
- 2

Range

1.3500
1.2214
1.0000
8.1873
6.7032
5.4881
2.4660
1.1080
6.0810
3.3370
1.8316
8.6517
4.0868
2.4788
7.1010
3.3546
1.2341
4.5400
1.0130
4.7851
2.2603
1.0677
5.0435
2.3824
1.1250
6.5000
4.5000
2.5000
1.4000
7.0000
4.0000
3.0000
2.0000
1.0000.
5.0000

+ 7
+ 7
+ 7
+ 6
+ 6
+ 6
-!- 6
+ 6
+ 5
+ 5
+ 5
+ 4
+ .4
+ 4
+ 3
+ 3
+ 3
+ 2
+ 2
+ 1
+ 1
+ 1
+ 0
+ 0
+ 0
- 1
- 1
- 1
- 1
- 2
- 2
- 2
- 2
- 2
- 3
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The energy point cross-sections in the resonance energy
regions have been calculated with the resonance parameters and
have been combined with their background corrections to generate
the point energy-cross-section tables. The point cross-sections
have then been Doppler broadened to 300 K, 900 K and 2100 K using
the bootstrap procedure of Cullen and Weisbin /2/. Resonance
self-shielding factors have been evaluated at the above noted
three temperatures and at five potential scattering cross-
sections i.e. 0.1, 10, 100, 1000 and 100,000 barns.

In the unresolved resonance energy region the average cross-
section at a given energy point has been obtained by
interpolating the unresolved parameters and then utilizing the
interpolated parameters. In other words, cross-sections
calculated with the unresolved resonance parameters are not
interpolated to obtain a cross-section at a given energy point
lying in the unresolved energy region.

Processing and generation of multigroup cross-sections from
basic cross-section file involves several numerical techniques
dealing with resonance reconstruction, linearization, Doppler
thinning and adaptive integration of cross-sections. Error
tolerances for these various phenomena used in the derivation of
3 5 group cross-sections respectively are 0.5%, 0.2%, 0.2% and
0.1%.

Besides the thorium fuel cycle elements, 35 group cross-
sections have also been generated for about 65 reactor elements
u^ing the basic cross-section files ENDF/B-IV and ENDL-84. The
group cross-sections have been stored into two binary files
ISOTXS and BRKOXS which are used to extract the self-shielded
group cross-sections for application in reactor physics studies
of a given reactor assembly.

35 group cross-section library is given to Radiation
Shielding Information Centre of Oak Ridge National Laboratory,
USA and is available to the International users community on
request.

35 group cross-section library has been tested against the
measured multiplication factors in fast multiplying assemblies
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5.9 ADEQUACY OF INDIAN CROSS-SECTION LIBRARIES IN
THE REACTIVITY PREDICTION OF THORIUM SYSTEM

Kamala Balakrishnan

Reactor Engineering Division
Bhabha Atomic Researc Centre, Bombay-400 085

INTRODUCTION

Reactor physics design in India is normally done with
the help of cross-section libraries acquired from advanced
countries. These libraries, created by processing ENDF/D
data, tend to emphasize the requirements of uranium systems.
This makes them somewhat less desirable for thorium systems;
more so in the resolved resonance energy range. The adequacy of
these libraries for thorium systems has been assessed by using
them for predicting the effective multiplication factor of expe-
rimentally measured lattices.

The reactor physics design methods used here in India
are on three different level : the two group, the few group,
and the multigroup treatments. One representative code from
each level has been used for the present analysis.

DUMLAC : This code uses Westcott cross-sections in the
thermal region, Hellstrand's measured resonance integrals in
the resonance region, and cross-sections integrated over the
fission spectrum in the fast region.

RHEA : This is a few group code which uses Ombrellaro
cross sections in the fast range and Ainster corss sections
in the thermal range.

HYGES : This multigroup code makes use of the Muft
cross section set in the fast region and the Thermae library
in the thermal region.

MEASUREMENTS AND CALCULATIONS

Literature survey for thorium D20 systems, where the primary
interest of India lies, revealed some lattice measurements
conducted at AECL and some at BNL. The result are summarised in
Table 1.

CONCLUSIONS

It would appear that at least as far as reactivity
predictions go, these libraries are acceptable. For thoriure
reactors however, the most important as well as the most
sensitive quantity is the conversion ratio. Due to the pancity
of experimental information, it has not yet been possible to
evaluate the adequancy of our libraries for this quantity.
Efforts are being made to acquire relevant data in this regard.
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Table 1. Keff Values as Calculated

Pitch(cms) DUMLAC RHWA HYGEA

AECL Experiments D20 cooled. (ThO2 +1.5% U235 02)

2 2 . 0
2 4 . 0
28 .0

0.985
0.987
0.988

BNL Experiments (Th, U233)02 2.5% U233

2.17
3.76
4.34
5.74
6.51
7.82
9.46

11.48

1.111
0.995
0.996
0.985
0.988
0.973
0.975
0.971

0.996
0.997
0.998

0.973
0.994
,000
.003

1.
1.
0.996
1.
1.
0.

006
016
098

1.005
0.997
0.996
0.988
0.993
0.981
0.985
0.980

AECL Experiments (Th, U233) H20 cooled 1.5 % U233

2 2 . 0
24 .0
2 8 . 0
3 2 . 0

1.004
1.007
1.008
1.010
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6.1 INTEGRAL VALIDATION OF <<TC> AND <<5"{> FOR THORIUM-232 IN
FISSION SOURCE ENERGY RANGE BY ANALYSIS OF ALPHA IN THOR
ASSEMBLY

S.Ganesan, M.M.Ramanadhan, V.Gopalakrishnan, & R.S. Keshavamurthy

Nuclear Data Section
Indira Gandhi Centre for Atomic Research, Kalpakkam - 603 102

We obtained /I/ interesting results highlighting the extent
to which evaluations in JENDL-2, INDIAN, ENDF/B-V, ENDL-84,
FRENCH SET (1969), INDL/A-83, (RUMANIAN), ENDF/B-IV and JENDL-1
files are consistent with the measured vlue of for Th-232 at the
centre of THOR critical assembly which emphasizes transport of
neutrons in the fission source energy range. THOR assembly, in
equivalent spherical model/2,3/ has a core of 5.310 cm radius
centered in a reflector of 29.88 cm outer radius. Experimental
values of <*f (U-238)/ £j"f(U-235), tTf (Th-232)/ tff (U-238) , <*"r(U-238)/
tff(U-235) and <T"r (Th-232)/ <3""r(U-236) have been published along
with the associated uncertainties. We deduced the value of alpha
from these ratios as 1.9645 + 0.146 for Th-232 at core centre of
THOR assembly.

Shown in Fig. 1 are our results for *C/E' (calculated to
experimental ratio) of the value of alpha at the centre of THOR
assembly. The error in 'C is taken as 4%, as the uncertainties
in cross sections of Pu-239 and those of Th-232 influence "C by
as much as 4%, on the average, through corresponding uncertainity
in calculated neutron energy spectrum. It is clearly seen that
the evaluations in ENDF/B, INDL/A-83 (RUMANIAN), JENDL-1 and the
FRENCH set overpredict alpha for Th-232 by 25 to 46%. The
relative error (in C/E) of 8.43% (4% in "C1 and 7.43% in E1)
could be as large as 11.43% if we treat the error in *C as
systematic. Then INDIAN and JENDL-2 files are consistent and
ENDL-84 and ENDF/B-V would appear, within 5%, consistent with
integral measurement of alpha at core center of THOR assembly.

The uncertainty in °~f for Th-232 in recent files introduce
an uncertainty of about 5% in the interpretations of "C/E1 for
alpha. The use of recent data of Ref./4/ for <**£ of Th-232 brings
the C/E value to 1.08 for INDIAN file. We therefore conclude
that the INDIAN evaluation /5/ for &~c with G~f from Meadows/4/
and the JENDL-2 for &~c and of are consistent with the integral
value of <J~~c/ 0~f deduced by us from the measured values of
spectral indices at the core centre of THOR assembly. Since
JENDL-2 uses data of Ref.6, for &~c our analysis validates
integrally, to Lindner's data. New and accurate measurments of

0"c are needed to reduce further the existing discrepancies 15 -
20% in <S~c (E) for Th-232. Further details are given in
Ref./7,1/
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Calculated to experimental ratio for alpha for Th-2 3 2
at core centre of THOR assembly. The use of recent
data of Meadows for f of Th-232 brings the C/E value
to 1.08 for INDIAN file.
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6.2 INTEGRAL VALIDATION OF (n,2n) CROSS SECTIONS FOR TH-232

S. Ganesan, V. Gopalakrishnan and M.M. Ramanadhan

Nuclear Data Section
Indira Gandhi Centre for Atomic Research, Kalpakkam- 603 102

The (n,2n) cross sections of Th-232 plays an important role
in predicting the production of U-232 which leads to hard gamma
rays in thorium cycle. The present work attempts to intercompare
and validate in an integral sense the (n,2n) cross sections of
various available basic data libraries for Th-232.

Experimental values of spectral ratios given at the Centre
of THOR /I/ assembly are as follows/2/:

n, 2n (U-238)> /<(5^(U-238)> = 0,053 + 0.003

<Cjf(Th-232)> /<crf (U-238)> = 0.26 + 0.01

n (Th-232)> /<lcrn,2n (U-238J> = 1.04 + 0.03

The direct interference from (n,2n) and fission cross
sections of U-238 while interpreting the effects of changes in
cross sections for Th-232 is eliminated as follows. We cross-
multiply and eliminate the cross sections of U-238 and obtain the
ratio of experimental value of effective one group (n,2n) cross
section to one group effective fission cross section for Th-232
at the centre of THOR assembly as

< c rn f2n> /<?"£> = 0.212 ± 0.0157 = E

This ratio is calculated using various data files and fluxes at
core centre of THOR assembly using

<<3~n,2n> (3~"n

where g is the energy group index. The fluxes <f>^ are calculatled
using one dimensional transport theory DTF-IV /3/and the group
cross sections <*~n,2n and &"f are derived from various basic
nuclear data files.

The error in 'C is taken as 4% in previous section. This
coupled with the error in E' of 7.4% gives a net error of 8.4%
in C/E. The results are given in Table 1.
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Table 1. Integral validation of (n,2n) cross section for Th -232

File

ENDF/B-1V
ENDF/B-V
JENDL-2
ENDL-84
INDIAN
INDL/A-83

Calculated
<<*n,2n >

<0f >

0.283
0.255
0.225
0.259
0.258
0.270

C/E

error .
+8.4%

1.335
1.202
1.063
1.221
1.22
1.275

< ̂ "n^n >

< f(JENDL-2)>

0.257
0.243
0.225
0.257
0.247
0.250

" < ̂"a^n >

<*f(JENDL-2)>
~ Error 10%

1.21
1.15
1.06
1.21
1.17
1.18

* i

Except JENDL-2 file all other data files overestimate the
< ̂ n, 2n > /<&~£> ratio. The entire (n,2n) contribution comes only
from the first group in our present study. "rom the results
presented in the Table 1 we find that JENDL-2 is consistent
within the interpretational error bar and the other files show an
overprediction of (n,2n) cross section by about 5 to 11% outside
the interpretational uncertainty which is assessed to be about
10% (Error of 8.4% plus error in <̂ "f of JENDL-2) for the last
column. This work has been presented in Ref./4/.
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6.3 SYSTEM CRITICALITY CONSIDERATIONS FOR U-233 METAL ASSEMBLY
USING NEUTRON CROSS SECTION DATA FROM FOUR DIFFERENT SOURCES

S. Ganesan, V. Gopalakrishnan and M.M. Ramanadhan

Nuclear Data Section
Indira Gandhi Centre for Atomic Research, Kalpakkam - 603102

The critical assembly JEZEBEL-23 as a bare sphere of U(98.13
at/w% U-233) metal, is especially suited /I/ for testing U-233
cross sections in the fission source energy range.

The reactor region cross sections were prepared using
EFFCROSS code /2/ and the one dimensional transport calculations
in spherical geometry were performed using DTF-IV code /3/. The
results are presented in Table 1.

Table 1. System criticality considerations for U-233 metal
assembly using neutron cross section data from
four different sources

Measured Eigen Value : 1.000 + 0.001 /I/

Case File Usaed
for U-233

For Minor
Isotopes

U-234, U-235
and U-2 38

K-eff, Calculated

1
2
3
4
5

French (1969)
French (1969)
ENDF/B-IV
ENDL-84
JENDL-2

FRENCH
ENDF/B-IV
ENDF/B-IV
ENDF/B-IV
ENDF/B-IV

1.0376
1.0374
0.9682
1.0072
1.0008

Very interestingly both the recent files ENDL-84 and JENDL-2
libraries predict K-eff within 1%. It is interesting to note that
the French set /4/ over-predicts K-eff by 3.76% whereas ENDF/B-IV
based multigroup set under-predicts K-eff by as much as 3.2%.
Thus a spread of nearly 6.94% exists in the calculated values of
K-eff for the U-2 3 3 system calculated from these two older files.

In the present analysis of JEZEBEL-23 critical assembly the
most important groups contributing to capture and fission
reaction rates are in 500 keV - 3 MeV energy region. From all the
results of intercomparison /5/ we conclude that the higher
calculated value of K-eff obtained by the use of the French set
is mainly explained by the fact that the French set has higher <

> values. The lower value of K-eff calculated by END_F/B-IV is
explained to be mainly due to the lower value of < 7^ °~f> in
ENDF/B-IV.

Ref.
Complete details of this study have been documented in
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BASIC EVALUATED DATA FILE
e.g. ENDF/B-IV

or
JENDL-2

LINEAR : LINEARIZE ENDF/B

RECENT : RECONSTRUCT RESONANCE CROSS SECTIONS

SIGMAL at 300 K : DOPPLER BROADENING

REX1, REX2, REX3 : MULTIGROUPING; SELF-SHIELDING FACTORS

LCAT : FORMAT CONVERSION
V INPUT

MULTIGROUP SET ^ FAST
V REACTOR

EFFCROSS COMPOSITION
\

MIXTURE CROSS SECTIONS

DTF-IV TRANSPORT CALCULATIONS ONE DIMENSIONAL SPHERICAL MODEL

RESULT : Neutronic parameters of the system

Fig. l. Code system and calculational flow chart for neutronic
studies calculations of a fast reactor system at IGCAR
Kalpakkam, starting from basic evaluated data file, as
developed at IGCAR, Kalpakkam.
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6.4 ANALYSIS OF U-233 IRRADIATION EXPERIMENT IN RAPSODIE
FAST REACTOR

S. Ganesan, V, Gopalakrishnan and M.M. Ramanadhan

Nuclear Data Section
Indira Gandhi Centre for Atomic Research, Kalpakkam - 603 102

This report summarises results of additional calculations
performed since our earlier report /I/ for analysis of U-233
irradiation experiment conducted in RAPSODIE reactor /2/. In
Table 1, we present the fission and capture cross sections
calculated using the four different multigroup sets and also the
data of /3/ for fission cross section.

Table 1. Comparison of integral cross sections (in barns) for
U-2 33 in RAPSODIE reactor

FISSION CAPTURE

Experimental values (E)
(RAPSODIE)

Calculated values (C)

KEDAK (Ref.2)
C/E
CADARACHE
C/E
ENDF/B-IV (Ref.2)
C/E
ENDL-84
C/E
JENDL-2
C/E
MEADOWS
C/E

IGCAR

IGCAR

IGCAR

IGCAR

2.31 + 6%

2.12
0.92
2.28
0.99
2.11
0.91
2.195
0.95
2.141
0.93
2.196
0.95

0.155 + 0.2

0.155
1.0
0.182
1.17
0.156
1.01
0.164
1.06
0.165
1.065

: The standard deviations for the experimental values were
calculated /2/ either from duplicate or triplicate
capsule results.

The KEDAK file based calculated value was taken from Ref./2/
and reproduced in Table 1 by us. It is interesting to see that
the "C/E" for fission is close to unity in the case of French set
and 0.93 and 0.95 respectively for ENDL-84 and JENDL-2 based
multigroup sets. The recent /3/ fission cross sections also give
an effective fission cross section as seen from Table 1
coinciding with that of ENDL-84. However, in the analysis of
JEZEBEL-23 assembly the K-eff was/4/ over-predicted by 3.76% by
the French set and under-predicted by 3.2% by ENDF/B-IV based
set._ The reason was traced /4/ to be mainly due to lower values
of <"*> e~f> in ENDF/B-IV and higher values of <^°f> in the most
important groups in the French set. It is that the calculated
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values presented in Table 1 for effective one-group fission
cross section in the TACO experiment for ENDL-84 and JENDL-2
based sets are in between those of the French set and the ENDF/B-
IV based set. Thus, there is relative consistency in the "C/E"
value of effective one-group fission cross sections of the French
"TACO" experiment presented in Table 1 and of K-eff of JEZEBEL-23
assembly. It i^ interesting to note that the experimental value
of fission cross section in Table 1 has an error of + 6%. Thus a
"C/E" of 0.95 is well within this error of 6%, thus making the
analysis less effective. Unfortunately, therefore, this integral
validation study cannot strictly claim to lead to any definite
recommendation on U-23 3 fission or capture cross sections.

If one were to take the mean experimental value of fission
cross sections for comparison with calculated values, then from
the discussions presented here, we may be inclined to suggest
that probably due to poor characterisation of neutron spectra the
calculated one group cross sections may have a systematic error
of about -4 to -5%. If this conclusion were to be accepted the
effective one group values in Table 1 for fission should all be
increased by about 4 to 5%. This suggestion may be further
examined, if the current program of experiments underway in a
group as mentioned by pe Meester et a.\ ./5/ would throw light on
this aspect further. The experiments proposed by Demeester et
al. are expected to avoid the weaknesses of the "TACO" experiment
by characterizing the neutron spectrum accurately at the
irradiation position.
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6.5 DEVELOPMENT AND VALIDATION OF A MULTIGROUP LATTICE PHYSICS
COMPUTER CODE FOR THORIUM AS FUEL IN PHWRS

P.D. Krishnani and K.R. Srinivasan

Theoretical Physics Division
Bhabha Atomic Research Centre, Bombay - 400 085

The computer code CLUB is used for lattice calculations of
PHWR lattice cells. It uses a method based on combination of
small scale collision probability (CP) method and large scale
interface current technique/1-3/. Earlier it was solving brunup
equations for uranium fuel cycle only. Now, Thorium burnup chain
has also been introduced in the code CLUB. There are two options.
In the first option when the thorium is enriched with some
fissile material, the absolute value of the one group flux is
calculated from the linear heat rating. In the second option, it
is possible to burn pure thorium bundle with a given value of
flux in the input. Nephew scheme is used to treat fission
products. In this scheme the fission of thorium, uranium and
plutonium isotopes would yield five pseudo fission products and
elements 105Rh and 1 3 5Xe. Due to short half lives of 105Rh and
1 5Xe, these elements are assumed at saturated concentration
always.

The lattice calculations are performed by using the WIMS
cross section library. A large number of experiments with
enriched uranium and mixed oxide fuel in light water moderated
reactors have been analysed using this library/4/. This library
has also been used for analysing a large number of experiments in
heavy water moderated reactors with natural uranium fuel (of
different type of clusters like 7, 19, 28 and 37 rod cluster) and
various coolants, namely D2O, air and organic coolants/2,5-6/.
The results obtained using WIMS library were generally in good
agreement with experiments for all these cases.

Recently, this library was used to analyse the lattice
experiments done in Canada with 19-rod clusters of ThO2 fuel
containing 1.5 weight percent enriched U0 2 in heavy water
moderated reactors. Three coolants, namely, D2O, air and H20
were considered. The analysis was done using computer code CLUB
along with WIMS cross section library/7-8/. The Keff was under-
predicted and the average of Keff was 0.994 for these
experiments. The conversion ratio (ratio of Th 2 3 2 captures to
U 2 3 fissions) was predicted within 3%. We also compared other
reaction rates and neutron density measurements.
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6.6 EXPERIMENTAL CHECK ON THE CALCULATIONAL MODEL BEING USED
FOR POWER DISTRIBUTION IN THORIUM LOADED CORES

Kamala Balakrishnan

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay - 400 085

One of the key calculations that the loading of thorium into
an operating reactor involves is that of the power distribution
in the composite core. Some sort of check on the adequacy of
these calculations would give confidence that a natural uranium
PHWR can be changed over to thorium fuelling without fear of
either de-rating the reactor, or of fuel failure. With this and
in view, we have calculated the loop power in CIRUS Pressurised
Water Loop (PWL) with a thorium plutonium cluster present in it,
and compared the calculated value with measured values.

The calculational model that we use is as follows : Lattice
parameters are calculated using a five group method. There are
three fast groups for which ombrellaro cross-sections are used,
and two overlapping thermal groups in which Amster cross-sections
are used. Cluster geometry is taken into account explicitly.
Resonance group cross-sections are obtained using Dancoff factors
calculated at pin level. Transport theory is used in the fast and
thermal regions to obtain the hyperfine structure. There is
provision for having different enrichments in different rings of
fuel pins.

For every kind of lattice cell present in the core, the
lattice parameters are collapsed into two group cross-sections
which are then used in whole core calculations in which the
actual core loading is exaactly simulated in three dimensional
geometry.

The whole core calculations are done in diffusion theory.
The diffiusion equations are solved numerically using the finite
difference method. To do this, a mesh structure is laid down
upon the reactor. the mesh is cartesian for MAPS and hexagonal
for CIRUS. The numerical solution gives the flux distribution in
three dimensions, from which the power distribution is obtained.

The A-C-4 duster, with which the loop power in CIRUS was
measured, consisted of six pins of ThO2~PuO2 which, together with
a control rod of zirconium, formed a seven rod cluster. The
thorium is enriched with 4% plutonium. This is inserted into the
light water cooled PWL of CIRUS reactor. The active length of
the cluster is 435 mm. Th° power in the loop is estimated by
calorimetric measurements. Cher data for the cluster are :

Total fuel stack weight = 2.39 kg.
Pellet radius = 6.11 mm.
Plutonium content in the cluster = 82.8 gms.
Fissile contect of the plutonium =93.7 %
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Reactor power = 39.2 MW.
Measured value of loop power = 78.7 KW.
Calculated power in the loop = 76.8 KW.
Difference = 2.5 %

In the calculational model that we have used, we expect the
error margins to be about +10%. In the calorimetric measurements
made in CIRUS, an error margin of +7% is quoted.. Together, this
implies that the calculated and measured values should agree
within +17%. The actual difference of 2.5% is well within the
expected margins.

Although one does not set much store by the agreement in one
single measurement, this agreement, combined with the fact that
the code system has been checked against a large member of cold
clear experiments collected from literature, gives a reasonable
level of confidence in the adequacy of the calculational model.
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6.7 CRITICALITY CONFIGURATION STUDIES USING Pa-231, Pa-233,
U-233 AND U-234 ACTINIDES

S.B. Garg

Neutron Physics Division
Bhabha Atomic Research Centre, Bombay - 400 085

INTRODUCTION

Vast deposits of thorium (*v3,60,000 tonnes) are available
in India. Thorium is a fertile material which can be converted
to very useful fissile material U-233 by utilizing it in nuclear
reactors. In this process actinide elements such as Pa-231, Pa-
233 and U-2 34 are also generated. In fact Pa-231 is also found
in the isotopically pure form in nature and it is present in
large quantities in the spent fuels of nuclear reactors operated
with Th-U233 fuel cycle. The path to the production of U-233
lies through Pa-233 when the latter undergoes a (i -decay; and if
it captures a neutron, Pa-234 is formed which |3 -decays to U-234.
Th-233 generated in the reactor by capture of a neutron in Th-232
gives rise to Pa-233 again by jl -decay. The half life of Pa-
233 is about 27 days and the other actinides, namely, Pa-231, U-
233 and U-234 are stable, their half lives varying from 104 years
to 105 years. So, the criticality aspects of all these nuclides
are relevant from the considerations of nuclear safety and
safeguards. Critical configurations of these elements have been
determined and reported in this paper.

A detailed investigation of the criticality data for a large
number of actinide nuclides has, however, been recently carried
out and reported in a separate paper /I/.

MULTIGROUP CROSS-SECTIONS

35 group cross-sections, resonance self-shielding factors
and P3-anisotropic scattering matrices have been generated for
Pa-231, Pa-233, U-233 and U-234 utilizing NJOY /2/ and MINX /3/
data processing codes with ENDF/B-IV and JENDL-2 basic cross-
section files. Since Pa-231 is not included in any of these
files, the nuclear model based BARC evaluated cross-sections of
this element /4/ in the energy range 1-20 MeV are combined with
the Pa-233 data of JENDL-2 file of Japanese origin below 1 MeV.
The ENDF/B-IV cross-section file has been used for U-2 34 and for
rest of nuclides data are taken from JENDL-2 file.

The derived 35 group cross-sections and anisotropic
scattering matrices have been converted to DTF-IV /5/ format by
I2D code /6/ for reactor physics oriented studies.

It may be mentioned that all neutron induced reaction cross-
sections given in basic cross-section files have been processed
to derive group averaged cross-sections, some of the salient
cross-sections being total, elastic, inelastic, fission, capture,
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transport, (n,p), (n, oL) , (n,2n), (n,3n) and discrete inelastic
functions.

CALCULATIONS AND RESULTS

Bare core critical radii have been calculated in spherical
geometry for the fast multiplying assemblies of Pa-231, Pa-233,
U-233 and U-234 utilizing P3-S16 approximation of neutron
transport theory with DTF-IV code. One of the important
criticality parameters computed in this study is QT which is
given by the product f.Rc/3, f -being the density and Rc-being
the critical radius of the bare core. G~ is a measure of the
critical core size in- units of neutron mean free path and
therefore is independent of core density. The relevant
criticality parameters are given in Table 1. This study shows
that each of the actinide nuclides generated in Th-U233 fuel
cycle can sustain neutron multiplying chain reaction and this
aspect is of consequence from the point of view of nuclear safety
and safeguards.

Table - l. critical data of bare fast spherical assemblies

Nuclide

Pa-231
Pa-233
U-233
U-234

Density
(g/cm3)

15.37
15.37
19.05
19.05

Critical
Radius, Re

(cm)

13.61
17.72
5.75
13.66

Critical
Mass
(Kg)

162.4
358.0
15.2

203.2

(g/cm2)

69.74
90.77
36.52
86.74

2
1

1

KOO

.199

.811

.477
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6.8 VALIDATION OF CROSS SECTION DATA USED IN THE DESIGN OF
U-2 33 FUELLED REACTOR EXPERIMENT AT TROMBAY

K. Subba Rao and M. Srinivasan

Neutron Physics Division
Bhabha Atomic Research Centre, Bombay 400 085

INTRODUCTION

Purnima II, is the first 233 U fuelled homogeneous zero
power reactor in BARC. The fuel is in the form of uranyl nitrate
solution and BeO is the reflector material. One of the primary
objectives in building this reactor is validation of 233 U and Be
cross section data. The Safety Analysis Report for Purnima II
/I/ give details regarding reactor assembly, physics
calculations, safety and control system, safety evaluation etc.

SHORT DESCRIPTION

Purnima II attained first criticality on 10th May 1984 and
various experiments have been carried out since then. The fuel
inventory is about 500 g of 233 U in the form of .~5 litres of
0.5 molar uranyl nitrate solution. The solution which is
normally kept in a stainless steel tank is pumped into the
zircaloy core vessel that is surrounded by 30 cm thick BeO. Fuel
solution operations are carried out inside a twin glove box
system maintained at a negative pressure of 10-15 mm WG. The
safety features include gravity drop of BeO safety block and two
aluminium clad cadmium safety plates. Fine control of reactivity
is by a cadmium blade and a B4c filled SS tube. Figs. 1 and 2
show the plan and elevation views of the assembly.

VALIDATION OF CROSS SECTION DATA

233U and hydrogen cross section sets

An 18 gr set /2/ was used by C.B. Mills et al to predict
criticality of solution systems and the 16 gr HR set /3/ used by
McNeany and Jenkins for similar studies were selected for
validating 233U, H, 0 and Be cross sections that are required for
the physics design calculations. Four published experimental
bare critical 233 U solution systems /4/ having H/233U ratios in
the range of 195 to 1986 have been studied for this purpose. The
analysis was carried out using DTF-IV code with and without
consideration of the anisotropic scattering of Hydrogen.

Table 1 gives Keff and K ̂ j values for four reference
systems. It can be seen that there is a discrepancy of as much
as 50 mk in the Keff value obtained with 18 gr set for the
reference system 9. The PI treatment of hydrogen did not improve
the situation and this may be due to some adjustments made in
deriving the isotropic cross section set of hydrogen. However 16
gr HR set with PI treatment for hydrogen gave excellent results
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agreeing with the experimental Keff values within a few mk.

Table 1. Analysis of four bare critical experiments with
16 gr HR set and 18 gr MILLS set

System Number

9

10

11

12

Mills

Keff

1.050
(1.049)

1.022
(1.021)

0.984
(0.982)

0.978
(0.976)

Set

K co

2.046
(2.045)

1.875
(1.875)

1.205
(1.204)

1.057
(1.036)

HR

Keff

0.959
(1.002)

0.913
(0.992)

0.887
(1,005)

0.915
(0.998)

Set

K co

2.002
(2.016)

1.866
(1.870)

1.233
(1.230)

1.086
(1.086)

Note : Values within brackets are with anisotropic treatment for
hydrogen.

The 18 gr set over predicted K co values at lower H/233U
ratios and under predicted at higher ratios compared with the
well tested HR set values. The under predictions of K go for
highly dilute cores is attributed to the fact that the thermal
absorption cross section of hydrogen in 18 gr set is ~12% higher
than the HR set value of 0.29 barns. Study of fl values for the
18 gr and 16 gr sets in the reasonance region shows that they are
over estimated by the former set explaining the over prediction
of K oo of the concentrated solutions. The above study
demonstrated that the 16 gr HR sets for 233U, Hydrogn and Oxygen
are very satisfactory for the design calculations of Purnima II.
However the possibility of accidental campensatory effects cannot
be ruled out.

Berryllium Cross Section Set

Criticality data for Be/BeO moderated/reflected systems is
scanty. In order to validate 9Be cross section data, particularly
in (n,2n) cross sections, the source neutron multiplication
factor M co defined as the number of neutrons absorbed per fission
energy neutron released into an infinite beryllium was calculated
using DTF-IV code. The data is compared with the experimental
values reported by Krasin et al/5/. Table 2 gives the M«s values.
It is seen that while ABBN set estimates M co value (1.106) well,
HR set over predicts by about 10%.The discrepancy was attributed
to the incorrect (n,2n) cross section values for Be in HR set.
Modified Be cross section data for (n,2n) was then generated /6/
from ENDL-78 point cross section data with fission spectrum
weighting. Table 3 gives (n,2n) modified cross section data
along with HR values for the top two groups. M eo values of 1.1
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obtained with modified 16 gr Be cross section data agreed with
the Krasin's experimental value of 1.12 + 0.05. The modified set
for Be was used in the physics design calculations.

Table 2. M^, in Be due to fission neutron

Cross Section Set Used : M ^

16-group HR set : 1.21
26-group ABBN set : 1.106
16-group modified HR set : 1.130
Experimental (Krasin) : 1.12+0.05

Table 3. Modified 9Be(n,2n) cross sections

Energy
(n,2n) gg g ->• g+1 g

range

10-

3-1

3 MeV

.4 MeV

0.41
(0.35)

0.037
(0.12)

0.447
(0.432)

0.898
(0.934)

0.920
(0.818)

0.469
(0.509)

0.355
(0.35)

0.037
(0.12)

Transfers include elastic transfers also. Values within brackets
pertain to HR set

Keff calculations

Keff calculations were carried out using KENO IV which is a
Monte Carlo code to solve the multigroup neutron transport
equation. The advantages of using this code are that more or
less exact three dimensional reactor geometry can be simulated
and all the 16 groups of HR set can be used in the calculations
(unlike in DSN codes) . In a typical run 300 neutron per batch
and 30 batches were used giving a standard deviation of + 10 mk
on absolute keff values. The atom number densities used for in
the calculations are summarised in table 4 for fuel concentration
of 70, 90, 110 and 130 g/1.

The variation of keff as a function of core solution height
for different fuel concentrations was obtained and the results
are summarised in Table 5. Figure 3 shows a plot of keff as a
function of the normalised core height h/hc. It is interesting
to note that the curves for all the • different concentrations
merge yielding a universal curve. Table 6 summarises the
critical heights and the correspondng critical masses deduced
from KENO results as a function of solution concentration.
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Table 4. Number densities of nuclides in core fuel soluiicn as
used in the computations at 0.525 molarity

(Units of 10 2 4 nuclei/cm3)

Nuclide
70 g/1

Solution Concentration

90 g/1 110 g/1 130 g/1

U-233 1.7754-04 2.2826-04 2.7898-04 3.2970-04
U-238 3.6233-06 4.6580-06 5.6934-06 6.7286-06
O-16 3.4522-02 3.4693-02 3.4855-02 3.5020-02
N-14 6.7898-04 7.8261-04 8.8592-04 9.8944-04
H 6.4560-02 6.4075-02 6.3573-02 6.3078-02

Table 5. Keff as a function of core solution height
for different concentration

Core Keff (KENO)
Height ~
(mm) 70g/l 90g/l llOg/1 i30g/l

200 0.844 0.908 0.942 0.973
250 0.912 0.970 1.014 1.035
300 0.985 1.030 1.080 1.123
350 1.003 1.090 1.120 1.145
500 1.087 1.145 1.210 1.235

Table 6. Calculated (KENO) critical heights and critical masses

Solution
Concentration

Critical
Height
(mm)

Critical
mass
(g)

70
90
110
130

350
278
240
218

416
425
449
474

Trombay Criticality Formula (TCF)

An important feature of TCF is the emphasis placed on the
advantage of measuring core size in terms of its mean chord
length 1 given by four times the volume to surface area ratio
(4V/S) . The KENO keff results are replotted in Figure 4 as a
function of 1 of the core. The remarkable linearity is
noteworthy and the variation of keff with 1 can be expressed by a
simple relation of the form:

Keff = (1 - lo)/(l_-lo)
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where 1_ is intercept on 1 axis and lc is mean chord length for
the critical core.

Experimental Results

Critical core heights and hence critical masses were
obtained using standard approach to critical method. Beginning
with 116.6 g/1 solution concentration, the critical heights were
obtained for 103.8, 90.9, 87.5, 70.7 and 60.5 g/1 concentrations
also. The experimental critical heights and masses are
summarised in Table 7 along with KEKO calculated values. The
agreement between the predicted and experimental critical heights
and critical masses is very good. The lowest interpolated
critical mass was 379 g of 233U at a concentration of ^78 g/1.
This is possibly the smallest critical mass for any operating
reactor in the world at present.

Table 7. Experimental/calculated critical heights and masses

Solution
Concentration

(g/D

116.6
103.8
90.9
81.5
70.7
60.5

Expt

228.0 +
241.7 +
264.4 +
290.0 +
333.1 +
404.0 +

Critical
Height
(mm)

0.1
0.1
0.2
0.2
0.2
0.2

Calc

232.
251.
277.
302.
348.

—

0
0
0
0
0

Critical

Expt

457.0 +
431.5 +
414.0 +
407.0 +
405.1 +
421.0 +

mass
(g)

0.2
0.2
0.3
0.3
0.3
0.3

Calc

453
436
425
421
417
—
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7.1 ONCE THROUGH THORIUM CYCLE WITH SELF GENERATED
PLUTONIUM IN I'HWR

Kamala Balakrishnan and Anil Kakodkar

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay - 400 085

India's three stage nuclear power program emphasizes three
different cases in its three stages. These are :

In the first stage which generates plutonium through PHWRs,
it emphasizes the economy of fissile material.

In its second stage, the stress is on the fast multiplication
of fissile material through fast breeders using Pu-U238 system.

In the final stage, the accent is on the use of the fissile
inventory so generated to utilise out vast thorium resources.
The time table of the scheme turns out to be such that any
industrial/semi-industrial level of activity using thorium for
power program does not get justified at the present time in
competition with fast breeder system although we have a very
strong long term interestinthorium utilisation.

The situation can change some what if there is a build up of
surplus stocks of plutonium and the need to recycle plutonium in
alternative systems becomes urgent. Such a situation could
develop in the medium term. In view of our long term interest in
thorium, advantage can be taken of this situation for irradiating
significant quantities of thorium. At the same time, by t&king
advantage of the nuclear properties of thorium, plutonium
utilisation itself can in fact be made slightly more efficient,
while at the same time we retain an element of flexibility in
terms of the reprocessing of irradiated thorium. The basic
elements of the cycle we have considered are as follows :

1. A combined loading of uranium and thorium fuel bundles in
the reactor is envisaged.

2. The uranium fuel will be enriched with plutonium.
3. The thorium fuel will be plain ThO2 : no enrichment being

considered.
4. Different rates of fuelling are assumed for the uranium and

thorium fuels, the thorium fuel having a much larger
residence time than the uranium fuel. '

The scheme has three degrees of freedom : viz.

1. e = plutonium enrichment in the uranium bundles

2. "y = feed rate ratio of thorium bundles to uranium bundles

3. SL -j = thorium fuel discharge irradiation
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In our study we have taken an enrichement of 2% total
Plutonium in uranium. The relative refuelling rate of thorium
fuels is taken as 15% of uranium fuel, i.e., when 100 bundles of
uranium fuel are discharged, 15 bundles of thorium are
discharged. The discharge burnup of thorium i'i-T was used as a
variable parameter. For each value of - ^ T , the corresponding
discharge burnup -O-y. of the uranium fuel has been calculated. An
increased value of T the implies that the residence time of the
thorium in the core is increased (since the rate of fuelling of
the thorium bundles is held constant at 15% of that of uranium
bundles). The residence time of thorium reflects into an
increased loading ratio of thorium , i.e., the fraction of the
core containing thorium fuel increases.

The K oo of thorium is zero when it is unirradiated. With
irradiation Koo starts going up due to the buildup of U233. But
it never rises above 0.95. In other words, the thorium fuel is
always a load on the uranium fuel. The energy extracted from
uranium fuel is not -Q.p ; credit should be for energy coming from
thorium." The burnup obtained from the uranium fuel can be
written as

Total = -^(a + 0.15 * 0.92 *

Since it can assumed that every bundle of uranium is also
driving 0.15 bundles of thorium. The factor 0.92 is to account
for the lower weight of the thorium bundles, -"-T is then coverted
into energy extracted ( -O. ) per ton of uranium mined by taking
into account the uranium from which the plutonium used for
enriching was obtained. A plot of JT1 vs-^-T will show-O- starting
from a value of about 9500 Mwd/T, decreasing steadily until it
becomes about 9010 Mwd/T, increasing again to 9870 Mwd/T and then
decreasing again. But always it is higher than 6200 Mwd/T, which
is the value for natural uranium.

The objectives of the cycle are the following :

[a] Demonstration of power production from thorium
[b] R and D on thorium
[c] Increased energy extraction from each unit of mined uranium

On [c] it is found that as the irradiation [~Z] of thorium
increases, £~L first decreases, then increases back to its initial
value at T.'*'6.9 n/kb. At this point thorium gives no energy
advantage, but the discharged thorium contains recoverable U233.

For the specific case of Indian reactors, some schemes were
worked out. One of the most energy effective schemes gives a
uranium saving of 39%, reduces fabrication requirements by 57%,
reduces fabrication cost by 15% and produces about 8 kg of U233
a year in the discharged thorium. The MOX fuel is discharged at
12,900 Mwd/T and the thorium at 50,500 Mwd/T.
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7.2 INITIAL FLUX FLATTENING IN PHWR USING THORIUM BUNDLES

Kamala Balakrishnan and Anil Kakodkar

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay - 400 085

The PHWR is so designed that it can give full power only by
following a fuel management strategy that gives a certain degree
of power flattening. Normally, this is effective only after
equilibrium fuelling has been reached. In the initial core, when
all the fuel is fresh, this mechanism of power flattening is not
available, with the result that, if the reactor were to be fully
loaded with natural uranium fual, it is possible to get only
about 69% power from the reactor. This can be rectified by
loading either depleted uranium or thorium bundles in the central
part of the core. of these two, in our view, thorium should be
preferred for the following reasons :

[a] The number of thorium bundles required is only about 40,
whereas the number of depleted uranium bundles needed is of the
order of 400.

[b] Use of thorium bundles results in the production of a
certain quantity of U233.

[c] There is also the intangible advantage: the satisfaction of
making a beginning with thorium in power reactors.

The Indian PHWR has two sets of shut down devices which
enter the core when called upon to scram the reactor. The two
sets are called the primary shut down system (PSS) and the
secondary shut down system (SSS). Wherever the thorium bundles
are positioned, there will be sharp flux depressions, and if
these are close to the PSS or SSS locations, there is the danger
that the shut down system worth could get reduced. Such a
reduction was actually observed when a loading worked out from
power considerations alone was evaluated for shut down worths.
The SSS worth was found to get reduced by nearly 50%, A thorium
loading should thus ensure that the PSS and SSS worths do not get
affected. The loading was worked out under the following
constraints :

[1] The maximum bundle power permitted is 420 KW.

[2] The coolant outlet temperature should be within 299 C.

[3] The PSS and SSS worths should not be lower than in an all
uranium loading.

[4] The freshly loaded core should contain enough reactivity
reserve to be above to go for about 120 EFPD without
refuelling.
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The study has three parts, viz, power ,..:.., :ijution,
reactivity worth, and fuel management. The pov/ar distribution
calculation has been done following the method described in
another abstract given in this volume. For the reactivity worth,
we have assumed that both PSS and SSS rods are black to neutrons.
The cylindrical rod can thus be replaced by an internal boundary
at which there is a boundary condition :

J /<(> = oC

Standard values of oL for black cylinders were used. A variable
mesh cartesian geometry code which permits an internal boundary
was used to calculate the K e f f of a bare core the lattice
material with the control rod used as an internal boundary. Next,
the calculation was repeated without the internal boundary, but
with the control rod replaced by a control cell. The lattice
parameters of the control cell are adjusted by trial and error
until the same K_f£ is obtained as was done with the internal
boundary. The cells containing control rods are now represented
by these parameters in whole core calculations to obtain shut off
system worths.

To do the fuel management calculations, the burnup equations
are first written in the form of a set of coupled linear
differential equations, one equation for each isotope. These are
solved to give isotopic compositions as a function of burnup, and
with these compositions, the lattice parameters are obtained.

After the power distribution is obtained, a time step is
chosen. This is multiplied by the power to give the incremental
burnup in the time step. With this, the new burnup distribution
can be obtained. This is used to get the lattice parameter at
each bundle position, which is then used to calculate power
distribution at the new time step.

The validation of this code system has been discussed in two
accompanying papers. The code has also adequately duplicated the
initial criticality of two Indian PHWRs startup experiments which
measured the worth of reactivity devices and were adequately
predicted by these methods. Isotopic compositions as a function
of burnup were compared with some values available from AECL.

A loading of thorium bundles which satisfies all constraints
has been found. It uses 35 thorium bundles with a total
reactivity load of 12.6 ink, gives 91% full power, has a maximum
coolant outlet temperature of 296 C and changes the reactivity
worth of PSS and SSS by less than 1%. The worths of control
devices do change by somewhat larger amount, notably the Xenon
over-ride rods and regulating rods, both increasing by about 10%
while shim rod worth decreases by some 25%. Minor loading errors,
to the extent of 1 or 2 thorium bundles misloaded, do not mate-
rially affect either shutdown worth or total power.

The most important problem to be solved in the thorium
loading is the fuel management. When the thorium channels are
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reiuelled, a thorium bundle is either discharged, or it moves
£IU:H one end of the channel to the other. In either case, it can
load to significant flux changes in the channel. This can cause
power peaking, and could also change the reactivity worth of the
;;!.'jLdown systems. A fuelling scheme which avoids both these
{i_ilo;i;̂  has been worked out upto about 600 full power days. The
Ĵ Lv-ilii of the core follow-up giving identification of the
channel fuelled, maximum bundle power and coolant outlet
tf-Kf-orature, highest value of the ripple power seen by the
bundles in nearby channels consequent to refuelling, and the
change in worth of PSS and SSS each time a thorium bundle is
moved ; all this data is available, but is obviously too bulky to
be included in the write-up.

It can be concluded that thorium bundles for power
flattening is an acceptable way of getting full power at
beginning of life.
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7.3 SELF SUSTAINING CYCLES IN PRESSURE VESSEL SYSTEMS

Kamala Balakrishnan

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay - 400 085

The pressurised heavy water, pressure vessel type of reactor
in which the fuel is moderated and cooled by heavy water is, in
the opinion of this write-up, undeniably the best system for
thorium in thermal reactors. The chief disadvantage of the
pressure vessel system is the high neutron temperature which
leads to unfavourable fuel utilisation characteristics. In
thorium systems, this disadvantage practically vanishes since
U233 is practically insensitive to such changes in neutron
temperature. On the other hand, it is in a position to derive
the full benefit of the pressure vessel system; where the
pressure boundary is outside the core and so structural materials
inside the core can be greatly reduced. There is no need for the
thick pressure tube and calandria tube of the tube type reactors,
and so the neutron economy in pressure vessel systems is very
good. Present day designs of pressure vessel systems, like the
ATUCHA, are even capable of on-load refuelling.

In the study that we have made, we have assumed continuous
refuelling, we have assumed a open lattice of single rods with
zirconium clad, fuel in the form of thorium oxide with fissile
enrichment. No other parasitic absorption has been considered.
The enrichment is with U233. This U233 will need to be generated
either in the same reactor or in some other reactor by irradia-
ting thorium alongwith plutonium or U235. One could start the
reactor with natural uranium, then recycle the self generated
plutonium with thorium till such a time that sufficient U233 has
been produced. At this stage, this question is not being addres-
sed. We have restricted ourselves to the thorium-U2 3 3 stage.

The studies have been made for two specific powers, Viz.
23.8 KW/Kg and 11.9 KW/Kg. At the higher specific power, the
decay of Pa233 to U233 is unfavourably placed vis-a-vis its
conversion to Pa234 by neutron absorption. This would thus be
the less attractive case. For enrichments below 1.35% the
systems cannot be made critical, and for those above 1.55% the
conversion ratio is below unity. However, it is possible to get
burnups of the order of 18,000 MWd/T with conversion ratio of
1.035 for 1.45% U233, while for 1.4% enrichment, one could get
burnups of 11,000 MWd/T with conversion ratio of 1.045. One
should remember that these are point reactor calculations, and in
a actual reactor the situation will be less favourable.

The studies using the lower specific powers of 11.9 KW/Kg
have predictably shown much more favourable results. Even with
1.35% enrichment burnup of 20,000 MWd/T was found and conversion
ratio exceeding unity was found even for 1.55%. Discharge burnup
could go upto 35,000 MWd/T.
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7.4 HIGH BURNUP HIGH CONVERSION RATIO THORIUM-U233 CYCLES IN PHWR

Kamala Balakrishnan

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay-400 085

This cycle draws on the fact that with thorium fuels,
the rate at which reactivity decreases with burnup is small
compared to that with uranium fuels. This is due to the large
conversion ratio of the U233 cycle. For very low initial fissile
contents, the burnup of the uranium fuel is higher than that of
the thorium fuel. This is because for low enrichments, most of
the burnup comes from the burning of the initial fissile
inventory in the fuel. Due to the higher absorption in thorium,
the point at which the remainder of the depleted fissile content
in the burnt fuel is no longer capable of sustaining cri'ticality
arrives earlier in the thorium fuel. If the initial fissile
content is large enough to sustain sufficient reactivity till
such time that converted fissile material has built up, then the
effect of U2 3 3 starts becoming visible. Beyond this point, the
incremental burnup for the same increase in initial fissile
content is much more for thorium fuel than for uranium fuel. The
break-even point is at somewhat below 2% fissile content. At
initial enrichment of about 5%, thorium can give a discharge
burnup of the order of 100,000 MWD/T, while uranium can only go
up to 50,000 MWD/T.

Burnups of this magnitude have not yet become common.
Still, a PHWR aiming at very high burnups will find fuel
management simpler if thorium fuel is used. Since the initial
fissile content with thorium fuel will not be proportionately
high, local power peaking problems associated with refuelling
will be relatively easier to handle.

This cycle is obviously not possible using U233
enrichment, since U233 is not freely available. The way in which
we have considered this cycle is to assume that the thorium fuel
is enriched with U233 to such a level that it is self-sustaining
in U233. This value comes out to be about 1.48% U233 in thorium.
As mentioned in a companion paper in this compendium, this self-
sustaining cycle can give a discharge burnup of about 13000-14000
MWD/T. If we wish to increase the discharge burnup, from
considerations of fabrication cost or fuelling machine load, we
could do it by adding plutonium topping to this thorium-U2 33.
This fuel will then produce sufficient U233 to make itself self-
sustaining in U233. But the additional plutonium added will
increase the burnup through the production of U2 3 3 with its very
efficient convertor properties. Addition of 1.5% of PHWR grade
plutonium, which contains less then 75% fissile component, takes
the burnup from 13000 to nearly 42000 MWD/T. The plutonium will
have to be provided from another PHWR. But the energy extracted
from every ton of mined uranium will be more in this scheme than
with any other manner of recycling plutonium in thermel reactors.
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7.5 PRODUCTION OF U 2 3 3 IN DHRUVA REACTOR

Kamala Balakrishnan

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay - 400 085

Before being loaded into a power reactor, ThO2 U
2 3 3O 2 fuel

has to undergo fuel development and in-pile testing. While a
certain amount of plutonium is available for fabricating
(Th,Pu)02 Pi-AP required for in-pile testing, present indications
are that U 2 3 3 will not be available until the first batch of
thorium bundles is dischared from the PHWR. If it were possible
to obtain some U 2 3 3 from some alternative source, the fuel
development and in-pile testing of the U233-Th mixed oxide pins
can be carried out. About 1 kg of u2"3 is all that is needed.

With this idea in mind, we have examined the possibility of
genrating some u 2 by irradiating thorium in Dhruva in the
initial years of its operation when some of the operational
loads, notably the two engineering loops, will be absent.

Only preliminary studies have been conducted, there having
been no effort at optimisation. However, a detailed study with
full optimisation is unlikely to have any significant impact upon
the quantity of U 2 3 3 that can be produced.

The design which we have considered for thorium is a seven
rod cluster, identical to the normal R5 fuel cluster. Like the
R5 cluster, this too is clad in aluminium, cooled by heavy water,
and has an aluminium coolant tube. The thorium is in the form of
oxide.

The two engineering loops together would mean a reactivity
load of 12.6 mk^1' . It is likely that for a year or two, the
loops may not be installed. In c~ise a case, this amount of
reactivity will be available initially for any other purpose. We
propose to use this for thorium irradiation. In addition to
this, about 9.6 mk has been provided for isotope production, and
if any part of this is left free, this can also be used. Thus we
have considered two cases in which the available reactivity is
12.6 mk and 22.2 mk respectively.

Two uranium channels have been replaced by thorium.
Calculations have been made for 100% load factor, and 40% load
factor. For lower load factors, the u production will
decrease in the same proportion.

Case 1 : The two engineering loops are assumed to be absent,
thus making available an extra reactivity of 12.6 mk.

U 2 3 3 production/year = 686 gms (100% load factor)
272 gins ( 40% load factor)
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•Case 2 : In addition to the above 12.6 mk, the 9.6 rok provided
for isotope production also taken as available for
thorium irradiation thus making 22.2 mk in al.

U 2 3 3 production in this core = 1.21 kg/yr. (100% load factor)
0.483 kg/yr. ( 40% load factor)

As already mentioned, no optimisation has been attempted.
However, optimisation is not likely to charge the results because
of the presence of two opposing effects. Any change that
increases the absorption in thorium will increase u 2 production
in the cell, but will also increase the reactivity load per
channel, thus decreasing the number of thorium cluster that can
be loaded. Some advantage could be gained by using Zr in place
of Al clad and coolant tube, but this will most likely to a 2nd
order effect.
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7.6 PRELIMINARY PHYSICS DESIGN OF ADVANCED HEAVV WATER REACTOR
(AHWR)

Kamala Balakrishnan and Anil Kakodkar

Reactor Engineering Division
Bhabha Atomic Research Centre, Bombay - 400 085

INTRODUCTION

India's nuclear power program has been conceived of as
evolving in three phases. The first phase will consist of Candu
type PHWR's, the second phase will be fast breeders, and the
third phase will be primarily intended for utilising our vast
deposits of thorium. The first phase is ow well under way with
five PHWR units operating, three nearly completed, and a large
number of further units already sanctioned. For the second phse,
a test fast breeder is operating and the design of a prototype
fast breeder is well advanced. As such, it is time to start
thinking about the reactor system that should be deployed in the
third phase.

Since x.his phase is to be based on thorium, the choice of a
heavy water reactor in the light of its excellent fuel
utilisation characteristics and the flexibility it provides in
adopting different fuelling strategies is obvious for this role.
Further, in the Indian context, it would be a small extension of
a technology well assimilated in our infrastructure.

REQUIREMENTS TO BE SATISFIED BY THE ADVANCED .REACTOR SYSTEM

As already mentioned, we are looking for a system suited to
thorium utilisation. We also like to retain all the desirable
features of PHWR and of the pressure tube construction as
described earlier. We also like to look for low capital costs
and low operating costs.

One of the main short-comings of the PHWR is the leakage of
heavy water from the PHT system. This is both an economic
penalty and a source of high man-rem expenditure due to tritium
activity. Use of boiling light water coolant will save the
capital cost of the heavy water inventory by about 30%, reduce
the D2O make up requirements by 90%; eliminate the need for
having extreme leak tightness in all the seals and valves of the
PHT, thus saving on cost; eliminate the tritium problem, thus
saving on man-rem expenditure; enable the use of direct cycle,
thus doing away with the steam generator and saving on cost. The
major disadvantage of light water coolant is the positive void
coefficient. This can pose a safety problem, even more so when
the coolant is two phase.

The SGHWR of UK had solved this problem by making the
coolant act as part moderator. This necessitated enriching the

135



fuel to compensate for the loss in reactivity due to the
relatively hard spectrum. In India, since we lack enrichment
facilities, this will have to be done by additng plutonium. The
PHWR has a comparatively high capture to fission ratio in this
spectrum.

The other constraint we imposed on the AHWR design is that
it should be suitable for serving as the work house of our third
phase, which is to operate on thorium fuel. Thorium reactors
have to be initiated by external fissile material anyway, and in
the Indian context this has per force to be plutonium. We thus
have an incentive for designing a heavy water reactor in which Pu
will be positioned in a favourable spectrum.

In short then, the requirements are :

(a) Use of boiling light water as coolant.
(b) Avoiding of positive coolant void coefficient.
(c) Placing the plutonium fuel in a favourable spectrum.

THE PHYSICS DESIGN : A QUALITATIVE DESCRIPTION

Given the above requirements, the design is almost self
evident. There have to be two distinct regions, with different
spectra. The seed and blanket concept immediately suggest
itself. The Blanket region in this case will differ from the
commonly understood blanket region in that it will not be made of
pure fertile material.

The blanket region will be similar to an ordinary PHWR
lattice - but the coolant will be boiling light water and the
fuel will be thorium, suitably enriched with U . The
enrichment will be so adjusted that the thorium fuel will be
self-sustaining in U . The burn-up of the outer region will be
adjusted according to the fuel performance capability. For a
start, it is being taken as 20,000 Mwd/T. As fuel development
proceeds and better performance fuels become available, the
burnup could be increased to any level. The thorium lattice will
naturally be subcritical. The seeds will act as driver zones.

The seed will be made of a lattice of (U,Pu) MOX pins. Each
seed region will be sufficiently large that the spectrum in the
seed will be decided by the seed alone. Boiling light water will
act as coolant-moderator in this region. The spectrum CE n be
made hard to favour Pu 2 3 9. In the outer pins of the seed
however, the spectrum will get softened by the presence of D2O
outside so we can expect power peaking in these pins. This is
avoided by using lower enrichment in the peripheral pins.

The thorium region with its soft spectrum will be having a
positive void coefficient. But the composite core can be
designed to have a negative void coefficient. This is done by
having the coolant of the blanket region and the coolant-
moderator of the seed region in one single primary heat transport
(PHT) circuit, and ensuring that the thermal hydraulic coupling
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is sufficiently strong that the void conditions in the seed and
the blanket will be the same. The void coefficient of the seed
will be negative. This has to be ensured by properly adjusting
the enrichment and the VF/VF2O ratio. With proper thermohydraulic
coupling, the composite core will have neagative void
coefficient. Fig. 1 shows a schematic of the reactor.

RESULTS

For a start, a parametric study was carried out varying the
following quantities :

a) Fissile plutonium content in the various pins in the driver
zone

b) size of the driver zone
c) Number of driver zones
d) Fuel-to-coolant ratio in the driver zone
e) Positioning of the driver zone in the core
f) Thorium cluster design

The total power has been claculated assuming fuel design
limits. Results are shown in Table 1. We can see that it
possible to reconcile the conflicting demands of negative void
coefficient, acceptable power distribution and reasonably low
plutonium consumption.

Table 1. Results of the survey calculations

Case

1.
2.
3.
4.
5.
6.
7.

C i. J.

1.010
1.026
1.026
1.026
1.030
0.010
1.015

Total
Power
MW(th)

750
779
769
756
659
750
750

Fraction
of Power
from Seed

14.6
16.5
16.5
16.5
18.0
9.0
10.0

Void
Coefficient
mk/% Void

-1.44
-0.61
-0.61
-0.60
-0.96
-0.90
-0.87

Yearly
Plutonium

Consumption
(Kg fissile)

39.1
46.0
45.4
44.5
42.4
24.9
26."

Clearly the design can be optimised still further. But
sufficient data has been generated to establish the feasibility
of the concept. Wcrk is continuing on both the reactor physics
and engineering &-»pects.

137



CO
CO

COOLANT CHANNCLS-i FUELLING MACHINE

0 , 0 MODERATOR

D?0

HX-

- • YM1.T

NITROGEN

CYLINDER

-ACCUMULATORS
FOC ECCS

- REACTOR VESSa

-LIGHT WATER FILED VAIA.T

FROM F€ED WATER ORCUTT

-CXh

DRAIN

Fig. l Schematic of the Advanced Heavy Water Reactor (AHWR)



7.7 USE OF THORIUM BUNDLES IN INITIAL COKL LOADING OF
PRESSURIZED HEAVY WATER REACTORS

A.N. Nakra and K.R. Srinivasan

Theoretical Physics Division
Bhabha Atomic Research Centre, Bombay - 4 00 085

Pressurized heavy water moderated pressure tube reactors
such as of RAPP-1, when fuelled by natural uranium fuel do not
have flux flattening in the initial stages. Due to absence of
flux flattening, only about 70% of the full power is produced to
begin with. To achieve full power as early as possible, it is
proposed to fuel RAPP-2 and MAPP reactors initially with depleted
fuel. Studies have been made to obtain flux flattening and
thereby higher power with the introduction of thorium bundles in
place of depleted fuel in these reactors.

Thorium oxide bundles were loaded in the central regions of
the core in such a pattern that the central channels had 1 or 2
bundles per channel to have the symmetry as well as flux
flattening. A large number of patterns with different number of
bundles were studied. The following conclusions were arrived at:

i) For a reactor, in which all the adjusters are IN, then 65
ThO, bundles placed in 37 channels would be adequate for
initial flux flattening as against 656 depleted uranium
bundles, to produce about 95 percent of full power. The
refuelling has to start after 135 effective full power days
of operation (EFPD) in case of ThO2 loading compared to 110
EFPD with depleted fuel. These thorium oxide bundles would
yield about 2.4 kg of U 2 3 3 at the end of the first 135
EFPD's in each reactor.

ii) In a case when all the adjusters are out (i.e. a RAPP type
reactor with boosters) , then 74 ThO-, bundles are required to
be put in 39 channels for initial flux flattening to obtain
about 98 percent of full power. In this case, the reactor
has to be refuelled after 160 effective full power days of
operation, and about .3.16 kg of u 2 3 3 would be produced at
this stage.

iii) If more quantity of U 2 3 3 is required then irradiation of 140
ThO2 fuel bundles placed in 14 selected fuel channels lead
to production of 5.8 kg of U 2 3 3 in about 180 effective full
power days of reactor operation with 80 percent load factor.
The total reactor power is to be reduced to 80 percent of
rated power. In this case, the adjusters are considered to
be fully out.

iv) Reducing the equilibrium discharge burnup would give some
excess reactivity which could be utilised to irradiate ThO2

bundles. For example, reducing the discharge burnup from
8600 MWD/TeU (a RAPP type reactor with boosters) to 6500
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MWD/TeU could give about 4.5 kg of U 2 3 3 per year. The
relevant data are given in the Table - 1. It could be
noted from the table that even though the total plutonium
production for year increases, the total fissile material
that could be obtained from one tonne of natural uranium has
decreased.

Table 1. Thorium irradiation in equilibrium condition

1. Number of Thorium channels 0 0
2. Average discharge burnup of U channels 8619 6565

MWD/TeU
3. Average discharge burnup of Th chanels — 30082
4. Maximum channel power for a total power 2.792 2.729

of 655 MWth
5. Amount of U needed per year in Tonnes 24.1 30.3

(1 year = 300 Full Power Days)
6. Amount of Th needed per year, tonnes. — 0.31
7. Total plutonium produced per year, kgms 102.0 110.8
8. Fissile Plutonium produced per year, kgms 70.2 81.3
9. u 2 3 3 produced per year, kgms — 4.5
10. (Fissile - Pu + U233) produced 70.2 85.8

per year, kgms
11. Total fissile material (fissile Pu + 2.99 2.83

U ) produced per Tonne of Nat.
U(Kgm/Te of N.U)



7.8 USE OF THORIUM OXIDE BUNDLES FOR INITIAL CORE
LOADING OF NARORA REACTOR

M. Lakshmi and A.N. Nakra

Theoretical Physics Division
Bhabna Atomic Research Centre, Bombay - 400 085

Studies related to use of thorium oxide bundles vis-a-vis
depleted uranium in NAPP reactor for initial loading of the core
have been done in order to obtain initial flux flattening and
thereby higher power to begin with.

For these studies pure thorium oxide bundles identical
to natural uranium oxide bundles of 19 elements with respect to
geometry and dimensions wre considered. The density of Tho2 was
taken to be 9.33 g/cc whereas density of U02 is 10.6 g/cc .
Instantaneous values of the lattice parameters as a function of
burnup for natural UO2 and ThO2 clusters were obtained using the
lattice code DUMLAC.

Thorium oxide bundles were loaded in the central region of
NAPP core in such a way that the central channels had one bundle
per channel to have symmetry as well as desired flux flattening.
A large number of patterns with different number of thorium
bundles, varying from 40 to 80 placed in different channels in
order to have an optimised loading pattern, were studied. These
studies are somewhat different from what were done earlier for
MAPP-2. The difference comes mainly from (i) the extension of
the flattened zone in NAPP core and (ii) the comparison of
channel powers with that of flow matched for total power of 722
MWt in MAPP-2.

Simulations were made for the channel power distributions
for all the patterns using the code TRIVENI. These power
distributions were compared with those obtained with 656 depleted
fuel bundles having 0.64 wt.% U-235. It was found that for the
same total power 754 MWt of the NAPP core, the channel powers in
some of the channels with thorium oxide cases were higher by 10
to 15% than the values attainable with depleted fuel, depending
on the pattern of loading of thorium fuel. The power distribution
with depleted fuel loading is very close to the flow matched
power distribution. Therefore to get a comparable power distri-
bution with flow matched power distribution for thorium loading
the total power of the reactor has to be reduced by 10 to 15% for
thorium cases.

A pattern having loading of 58 thorium oxide bundles was
selected among these patterns, because in this case less number
of channels were having deviation of about 10 percent. Follow-up
studies of this case were done. The results at each effective
full power days (EFPD) were compared with those of the
corresponding data with 656 depleted fuel bundle loading. These
results are shown in the Table 1.
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Table 1. Comparison of follow-up studies of ThO2 and depleted
fuel bundles in NAPP core

EFPD

Total Power of the Core =754
Maximum Bundle Power = 420

Power obtained in percent

656 depleted fuel bundles
having 0.64 wt. 96 U-235

MWt
kW

Of

58

total

ThO2

power

bundles

0.0 96.19 90.21
10.0 98,03 88.38
20.0 96.24 87.14
30.0 94.51 87.16
40.0 92.66 87.37
50.0 92.30 88.26
60.0 92.68 90.54
70.0 94.22 93.48
80.0 96.69 96.29
90.0 99.43 99.20
100.0 102.63 102.79

At this stage, total power has to be reduced to 100 %.

From this Table, it is observed that there is a difference
of about 10 percent in total operating power initially up to 30
EFPD of operation. This means that initial thorium loading in
the core would give total power less by about 10% than the
depleted uranium loading up to 30 EFPD at least. Thereafter, the
difference goes on decreasing due to formation of fissile
material U-233 and at 60 EFPD, it is about 2 percent. At about
80 EFPD the reactor power matches in the two cases. It is
worthwhile to mention that worths of primary and secondary safety
systems have to be estimated in the presence of thorium loading.
These worths may become less because of depression of flux near
the thorium bundles.
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7.9 THORIUM BUNDLES LOADING IN MAPP-2 REACTOR FOR
INITIAL FLUX FLATTENING

A.N. Nakra

Theoretical Physics Division
Bhabha Atomic Research Centre, Bombay - 85

INTRODUCTION

Pressurized heavy water moderated pressure tube reactor,
RAPP-l was initially fuelled with natural uranium fuel in all the
channels and it did not have the designed flux flattening in the
initial stages, and hence could produce only 70 percent of the
full power /I/. In order to reduce power peaking in the centre of
the core and to achieve the full power as early as possible, the
RAPP-2 and MAPP-1 reactors were fuelled initially with 656
depleted fuel bundles in the centre of the core /2/, which is the
high neutron flux zone, rest being the natural uranium fuel.
These depleted fuel bundles had 0.64 wt. percent of U-235.

In order to get some experience of thorium irradiation, use
of thorium bundles in place of depleted uranium fuel in MAPP-2
reactor for initial loading is considered in order to reduce the
power peaking in the centre of the core as well as to obtain flux
flattening and thereby higher power to begin with. This method
of loading has an additional advantage that a nuclear fissile
material U0233 is also produced from Th-232, which can be further
used.

A large number of cases of initial loading of thorium
bundles at various positions in the different channels were
studied for using thorium in MAPP-2 reactor. However in the
report /3/ some of the important cases which are worth
considering from maximum power production point of view and
refuelling to be done after long full power days of operation are
presented. Summary of these results is given here.

The calculations indicate the order of power obtained and to
establish the feasibility of irradiation of thorium bundles in
the initial core. Recently the data of channel power
distributions have been available, which were derived from actual
flow distributions used for fixing the orifieces. There is a
variation between calculated channel power distributions using
thorium bundles loading and flow based channel power
distributions. These deviations are shown in the tabular form
for a number of cases, in Ref./3/. However the final loading of
thorium oxide bundles may change some what when attempt is made
to match the actual flow based channel power distributions.

METHOD OF FLUX FLATTENING

From physics consideration, the flux flattening increases
the neutron leakage from the core thereby reducing the reactivity
of the system. The decrease in reactivity reduces the discharge
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burnup and increases the fuelling cost. Therefore, a balance has
to be obtained between these two effects as the reactor flux or
power is flattened. Hence an optimization study is to be carried
out /2,4/.

The method of power flattening due to thorium loading is
made possible due to significant features of ThO 2 which
distinguish it from U0 2 due to the following factors/5,6/:

(a) The thermal neutron absorption cross sections of Th-232 is
large, which is 2.7 times greater than the thermal neutron
absorption of U-238. ( a, Th-232 = 7.5 b and a, U-238 =
2.72 b ) . Thus absorption in Th-232 in the centre of the
core reduces the flux peaking in the centre.

(b) In a typical power reactor spectrum the fission cross-section
of U-233 production in Th-232 is 2.5 to 3 times smaller than
the fission cross section of Pu-239 produced in U-238. This
factor helps considerably in the exposure variation of the
power distribution when Tho2 is used for power flattening in
a UO2-fulled reactor.

(c) A greater number of neutrons are produced per absorption in
U-233 than in either U-235 or Pu-239. This results in signi-
ficant improvements in neutron economy in thorium reactors.

(d) The ratio of thermal to epithermal conversion is greater in
Th-232 than in U-238. Thus, Th-232 has a conversion advantage
in a reactor with large fast leakage & small thermal leakage.

(e) The prompt negative Doppler resonance-integral coefficient of
Th-232 is 2 to 3 times greater than that of U-238. This
results in a greater prompt negative shutdown safety
mechanism, but a greater temperature reactivity defect for a
ThO2 lattice.

(f) The melting point of ThO2 is approximately 1000 F greater
than the melting point of UO2.

(g) The ratio of fission to absorption cross section for U-233
remains approximately constant at high value throughout the
thermal range and to approximately 1 eV. While the fission-to
-absorption cross section ratio of U-235 begins to fall at
approximately 0.1 eV. In case of fissionable plutonium
isotopes, this ratio falls with increasing neutron energy
throughout the thermal range. The fission to absorption ratio
of U-2 3 3 is also greater in the epithermal range and the
resonance integral of U-233 is greater than that of U-235.

As a results of the above stated factors, distringuishing
Th-232 from U-238, a power flattening is made feasible by use of
Th-232 in a uranium fuelled reactor. In a natural uranium
fuelled lattice the power peaking takes place in the centre of
the core, which can be reduced by location of Th-232 containing
sufficient fissionable material in the high neutron flux zones.
Therefore use of Th-232 in the centre of the core for power
flattening has the following advantages over simple enrichment
variation method i.e. use of depleted fuel etc.

1. The large absorption of Th-232 reduces the neutron flux

144



peaking. When enrichment variation is used to flatten the
power, the neutron flux increases as a result of reduced
absorption .

2. The conversion ratio in the thorium-compensated region is
large compared to the U-region and the reactivity worth of
the fissionable material, U-233 produced is great. This
results in increased exposure or reduced control
requirements for the same exposure.

3. The time dependence of the power peaking in the Th-232
regions is favourable, in spite of the large conversion, as
a result of the small relative fission cross section of U-
233.

Thus loading of ThO2 bundles in the centre of core, act
somewhat as a fertile poison similar to U-238 in depleted fuel,
decreasing the initial excess reactivity and increasing the final
reactivity as a result of U-233 production.

CALCULATIONS OF LATTICE PARAMETERS

Thorium oxide bundles considered were identical to natural
uranium oxide bundles of 19 elements in respect of geometry and
dimensions. The cross section of 19 rod fuel assembly is shown
in Fig.l in which dimensions of fuel, sheath, coolant, pressure
tube are calandria tube are given. The density of the ThO2 was
taken to be 9.33 gm/cc whereas density of U02 is 10.6 gm/cc.
Instantaneous values of lattice parameters of natural UO2 and
ThO2 clusters, as a function of burnup were obtained using zero
dimensional lattice code DUMLAC /?/. Instantaneous means, when
it is assumed that the fuel has been irradiated to that burnup.
These instantaneous values are required for day to day operation
of the reactor. In case of natural U02 cluster, the averabe guel
temperature was assumed to be 625 V and effective specific power
was taken to be 20.21 KW/KgU02 in order to take into account
xenon absorption. These lattice parameters as a function of
burnup are given in Ref./3/. In case of pure ThO2 cluster, the
fuel temperature was taken to be 300 C, whereas effective
specific power as zero, but the flux is kept constant as 6 x 10
n/cm2/sec. These lattice parameters as a function of burnup in
n/kb were obtained.

PATTERN OF THORIUM BUNDLES LOADING

DUMLAC generated lattice parameters as a function of burnup
for both natural UO2 and ThO2 were used for core calculations.
These calculations of power and reactivity at full moderator
level as a function of time were done using 2 group, 3
dimensional diffusion theory code TRIVENI /8/. This code has the
special characteristics that it uses the bidirectional fuelling
and one can get fluxes and power distribution in axial direction
as well as channel power distribution at various days of
operation. This code also does the simulation of the reactor as
a function of time, as well as takes into account the shift etc.

Thorium oxide bundles were loaded in the central region of
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MAPP core in such a pattern that the central channels had 1 or 2
bundles per channel to have the symmetry as well as flux
flattening. Even though there are 12 bundles in a channel only
10.1 bundles are inside the core, hence in all these studies 10
bundles in a channell have been assumed. The loading of thorium
bundles in a particular channel is done in such a way that
bidirectional fuelling is maintained to a great extent. A large
number of patterns with different number of loading thorium
bundles at various positions in different channels were studied
/3/. The total number of bundles considered were varying from 48
to 240 in all, which were placed in the different channels in
order to have an optimised loading pattern. The criteria for
selecting an optimized pattern was to obtain a minimum deviation
of calculated channel power distribution from flow matched
channel power distribution. Therefore channel power distributions
were calculated for all the patterns and these power
distributions were compared with flow matched channel power
distributions. Total obtainable design power is 722.241 MWth, to
the coolant, if the coolant flow is the criterion (9) . The
assumptions in this case are that

L\ Toutlet " Tinlet = 4 4 c

ii) Core pattern is similar to RAPP having 50 and 256
channels in inner and outer zone respectively.

iii) Flow through the core = 26.05 x io6 lbs/hr
iv) Enthalpy = 214.98 KJ/Kg

The percentage deviation is defined as

Channel power
deviation in = 100 X

Actual calculated Power used
power by TRIVENI - for orifice

percent
Power used for orifices

For all these studies, normal operating conditions of the
adjusters such as corner adjustors fully IN, and central
adjustors 78 percent IN (i.e. 4 lattice pitch apart) were
considered. The deviations of calculated channel powers from
flow matched channel powers are given in Table-1, for number of
feasible cases. All these cases are at zero days of operation.

DISCUSSIONS

(1) We have selected a pattern of thorium bundle loading which
gave minimum deviations at all the operational conditions.
Once an optimized pattern at zero burnup is achieved, then
the same can be followed as a function of time with various
days of operation. In this situation as the time passes,
deviations should decreases because, calculated power will
increase due to build-up of U-233.

(2) From design criteria, the deviations between calculated and
flow matched design powers should be about 5 to 10 percent.
In case it is higher than this value, then one may have to
reduce the power.
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(3) We are mainly concerned with the positive values of the
deviations. When the deviations are positive, it means that
heat generation is higher and design flow is not able to
extract the power produced. Therefore one may have to lower
the power produced from those channels. This in turn will
reduce the total power.

(4) Designed bundle power is 420 KW.
(5) Designed channel power is 3.08 MW.

ANALYSIS OF RESULTS FROM VARIOUS PATTERNS

To produce more quantity of U-233, one may have to use large
number of ThO2 bundles in the core. For this purpose, a number
of cases were studied having the thorium oxide bundles varying
from 88 to 240. From the results given in Ref./3/, and
considering the criteria of bundle power and deviations, it is
seen that one may have to reduce the reactor power by 10 to 4 0
percent depending on the pattern of loading.

The following conclusions are arrived at from Table 1.

Table 1. Power distribution and maximun deviations in channel
power for various feasible cases

(Zero days of operation)

Total designed thermal power required = 722.241 MW (to match the
flow) Central adjusters 78% Fully- IN (4 lattice pitch apart)
Corners adjusters 100% Fully IN. Assuming 10 bundles in a channel

Number of (Keff-1) Maximum Maximum
S.No. ThO2 • mk channel bundle

bundles power power
(MW) (KW)

Total Maximum +ve
thermal deviation
power to in channel
coolant(MW) power(%)

1
2
3
4

48
56
65
75

15.28
13.77
11.67
9.61

2.85
2.89
2.78
2.83

420
420
377
384

669
660
650
650

3
8

10
10

1) In case 1, 48 bundles are loaded symmetrically in the centre
of the core with one bundle per channel in central position of
the channel. These bundles are at the respective position 5th and
6th of alternate channels to have the concept of bidirectional
fuelling. The calculated bundle power is 7.3 % higher than the
designed value of bundle power.

At stated earlier, that the margin of +10 percent deviation
is allowed, from operational point of view. This would mean a
reduction of about 7.3 percent total thermal power. Therefore
this ase may be suitable from loading as well as operational
point of view. However it could produce about 8 percent less
power and hence the total thermal power would be 669 MWth to the
coolant. In that case maximum channel power deviation from home
values will be 3%.
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2) In case 2 56 bundles are being loaded at 2nu and 9th
positions of the alternate channels in order v.o .iave bi-
directional fuelling concept. This case may bs preferable,
because one may have to reduce the total power by 8 percent to
match the calculated channel powers with flow matched channel
powers.

3) In case 3 deals with loading of 65 bundles, with two bundles
in a channel at position 2nd and 5th in one channell and at
position 6th and 9th in adjoining channels. In fact the loading
is unsymmetric as these 65 bundles have been considered for
loading in 3 7 channels. This case seems to be most feasible as
the bundle power is 377 KW, which is within the designed value of
420 KW. The maximum percentage deviation is +10 percent.

4) Case 4 of 75 bundles loading has slight different pattern
that the one stated above. In this case, bundles are reorganized
to have more bundles in radial direction. Therefore these
bundles are loaded in 41 channels. But loading is at 2nd and 5th
position in one channel and at 6th and 9th possition in adjacent
channel to have bidirectional fuelling symmetry. Excess
reactivity in this case is 9.61 ink whereas bundle power is 2
percent higher than the design limit of 420 KW. However to have
10 percent deviation maximum power may have to be reduced by 10
percent, from the designed values.

CONCLUSIONS

Following the normalization within operating constraints,
the total power along with maximum channel powers, maximum bundle
powers and deviations etc. from 4 feasible cases are given in
Table 1. From this it is found that case number 1 of above table
having 48 bundles seems to be the best pattern for consideration
of loading, if the total power is reduced to 669 MW thermal to
the coolant, then all the conditions are satisfied. Other cases
are also tolerable. Since the number of thorium bundles is only
48 to 75, their in-core management and handling at the reactor
station is also simplified in comparison to 656 depleted uranium
fuel bundles.

In order to get the proper channel powers with a limit to
obtain full power, one has to consider a new design of 19 rod
cluster. In that case one may have to use plutonium enrichment
about 0.2 to 0.3 percent. Other alternative is to use few pins
of natural uranium fuel out of 19 rods in the ThO2 clusters.
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8.1 SUBCRITICAL MULTIPLICATION MEASUREMENTS WITH A BeO REFLECTED
U-233 URANYL NITRATE SOLUTION SYSTEM

P.K. Job, M. Srinivasan, V.R. Nargundkar, K. Chandramoleshwar,
C.S. Pasupathy, S. Das and P.C. Mayankutty+

Neutron Physics Division
Bhabha Atomic Research Centre, Borrbay - 400 085

+ Fuel Reprocessing Division, BARC, Bombay-400 085

INTRODUCTION

A series of subcritical multiplication measurements were
carried out in PURNIMA on a BeO reflected U-233 uranyl nitrate
solution system. The purpose of this experiment was to determine
the minimum critical mass for this system and to make an estimate
of critical mass for the PURNIMA-II /I/ Reactor, which would be a
U-233 uranyl nitrate, solution core reflected with BeO.

EXPERIMENTAL SET UP

The experimental set up is shown in Fig.l. The core vessel
is an 11 x 11 cm square cross-sectional aluminium tank
surrounded by 30 cm thick BeO. The core vessel is connected to
the bottom of a standard glove box and thus isolated from the
vault atmosphere. The glove box was kept at a pressure of -25 mm
water gauge with respect to the vault atmosphere.

A 10 x 10 x 35 cm3 BeO top reflector plug encased in
aluminium could be moved up and down using a motorised (rope
drive pully).arrangement. There were sensors at the bottom of
the plug so that when it touched the solution surface the power
to the motor drive was automatically cut off and simultaneously a
visible indication was given.

Fig. 2 gives the schematic plan view of the experimental set
up. There were six neutron detectors arranged just outside the
BeO reflector assembly, five mounted verticality and one
horizontally.

EXTERNAL NEUTRON SOURCES

In order to measure the relative multiplication of the
system two C^252 neutron sources were placed just outside the
core-vessel. Californium source was chosen because its spectrum
is similar to fission neutron spectrum. An ideal condition would
have been to keep the source at the centre of the core so that
the source neutrons would have maximum probability of causing
fissions in the U-233 fuel. This was not done to prevent source
contamination. Further, the structure to hold the source in the
central position would interface with the placement of the top
reflector plug.
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However, keeping the source outside the core nosed a problem
of counts caused by direct unmultiplied virgin aource neutrons.
This was present as a background in all the data. This
background term was a function of counter location because of the
asymmetric location of the sources. So the observed
multiplication shown by the neutron detectors would be much
smaller and cannot be interpreted as the true multiplication of
the system. Also as the solution height changes the effective
source strength, defined as the number of primary U-233 fissions
caused by Cf252 neutrons changes. Hence the observed multiplica-
tion data would have to be corrected for this effect.

To overcome these difficulties the source-detector-assembly
system was calibrated using standard boric acid solution. It can
be seen from the basic nuclear data that X gms of U-233 have the
same absorption properties as 0.21X gms of boric acid (H3BO3).

EXPERIMENTAL PROCEDURE

To start with, counts were taken when the BeO plug was fully
inside the empty core tank. This is referred to as standard
counts and all the counts were normalised with respect to this.
Standard counts were taken everyday before commencing the
experiment and also at the end of the day's run. Thus procedure
avoided the error due to long term electronic drifts.

Boric acid solutions of various concentrations were prepared
(25 gms/1, 20 gms/1, 15 gms/1, 10 gms/1, 5 gms/1).

Counts were taken as a function of solution height for
various concentrations of boric acid. Relative variation of
observed counts with solution height are plotted in Fig.3 for
several boric acid concentration for a typical neutron detector.

120 gms of U-233 in a solution of concentration 150 gms/1
was stored inside the glove box prior to the commencement of the
experiment. Counts were taken as a function of solution height
for 150 gms/1 solution. After the completion of this set of
experiments the solution was diluted to 120 gms/1 and pumped back
to the storage tank. Counts were again taken as a function of
solution height for 120 gms/1 U-233 solution. This procedure was
repeated for 100 gms/1, 80 gms/1, 70 gms/1, 55 gms/1, and
40gms/l. Normalised counts with U-233 solution are shown plotted
in Fig.3.

Fig. 4 shows the variation of the directly measured
multiplication as a function of U-233 solution concentration for
different detectors. Note that the maximum multiplication is 2.6
and different detectors give different multiplication values.
This is because the background contribution due to virgin
neutrons is different for different detectors.

METHOD OF ANALYSIS

To extract true multiplication from the counts data the
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following method of analysis was adopted.
the system may be defined as

The multiplication of

M

where
Y u = Counts with U-233 solution relative to top BeO plug

fully in.
Y B = Normalised counts with boric acid solution having

identical absorption and slowing down-scattering
properties as U-233 solution.

Under these conditions Y U - Y B is a direct measure of the
total number of neutrons emitted due to U-233 fissions; (1-YB) is
proportional to the number of primary source neutrons absorbed in
the boric acid (or U-233 solution) . Hence it may be taken as a
measure of effective source strength.

To obtain the critical mass, 1/M was plotted as a function
of U-233 mass. Fig.5 shows a typical inverse counts plot for a
given concentration. Critical mass was obtained by linearly
extrapolating such inverse multiplication plots to zero.
Extrapolated critical mass values were obtained by ploting 1/M vs
(mass)*'3 also.

RESULTS AND DISCUSSION

Table 1 gives the summary of corrected multiplication as a
function of U-233 solution concentration for four different
neutron detectors. The multiplication data now show better
consistency, confirming that we have correctly accounted for
virgin neutron background. The maximum average multiplication
obtained for 120 gms of U-233 is 5.44, corresponding to a Kef£
"0.8. M values as a function of concentration for 120 gms of
U-233 is plotted in Fig.4 along with direct multiplication counts
for detectors P2 and P6 which had the widest disparity in virgin
neutron contribution.

Table 1. Corrected multiplication values as a function
of U-233 solution concentration

(For 120 gms of U-233)

U-233 U-233 U-233 . MULTIPLICATION (M) Ave- Av.
cone. Soln. Mass rage M

Volume Detec- Detec- Detec- Detec- M corr
tor 1 tor 2 tor 3 tor 4 to

g/1 cm3 gms 120 gm

150 0.C 120 5.29 5.43 5.20 5.00 5.20 5.20
120 0.96 115 5.13 5.55 4.90 5.26 5.21 5.44
100 1.13 113 5.23 5.00 5.05 4.90 5.07 5.38
80 1.48 118 5.64 5.07 5.84 4.85 5.35 5.44
70 0.70 119 5.68 5.21 5.92 4.75 5.32 5.36
55 2.16 119 5.18 4.85 5.15 4.40 4.90 4.94
40 2.95 118 4.11 4.11 4.34 3.70 4.07 4.14
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Fig.6 shows the variation of extrapolated critical mass with
U-233 solution concentration, obtained from 1/M vs U-233 mass
plots. It may be seen that the minimum critical mass
corresponding to a rectangular parallelopiped geometry is "235+10
gms in the concentration region of ~100 gms/1.

The critical mass results are summarised in Table 2. This
Table gives the extrapolated critical mass data obtained both
from 1/M vs mass plots as well as 1/M vs(mass)1' plots. The
latter are found to give lower extrapolated critical mass values
for all concentration. However the discrepancy between the two
results reduces when the extrapolated critical mass data are
corrected for shape effects using published shape factor data.
The last two columns of Table 2 give the experimental critical
mass corrected to spherical geometry. These results may now be
compared with published spherical critical mass data /2/. The
agreement is quite satisfactory considering the errors and
approximations involved in correcting for the shape effects.

Table 2. Extrapolated critical mass

U233
cone.
g/i

55
60
70
80
100
120

Extrapo.lated
critical mass
1/M

vs M
(1)

265
244
237
235
237

1/M
VS MV3
(2)

260
39

200 30
205 26
216 20
216 17

Solution
height

For
1

.00

.83

.20

.61

.47

For
2

41.83
-
25.28
22.67
19.11
15.92

H/D

For
1

_

3.2
2.57
2.18
1.72
1.45

ratio

For
- 2

3.48
-
2.11
1.89
1.59
1.32

Shape
from

i-i

1,
1.
1.
1.

1

,56
.40
.30
,14
,07

factor
TID 7028

2

1.64
-

1.27
1.20
1.12
1.04

Estimated
spherical
critical
mass (g)
1 2

158*1 7 0I *
174 160
182 180
204 192
220 207

These values are on the lower side as linear extrapolation of
inverse counts vs U-233 mass cannot be expected to be applicable
since H/D becomes > 2.
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8.2 U-233 FUELLED EXPERIMENTAL REACTOR FUR MA II

M. Srinivasan, K. Chandramoleshwar, C.S. Pasupatny, K.K. Rasheed
and K. Subba Rao

Neutron Physic Division
Bhabha Atomic Research Centre, Bombay - 4 00 085

India's first U-233 fuelled, water moderated, BeO reflected
small reactors PURNIMA II is described. PURNIMA II is a solution
fuelled zero energy experimental reactor commissioned at Trombay
in May 1984. KAMINI is a 30 KW power neutron source reactor
under construction at Kalpakkam near Madras to be used mainly for
neutron radiography of irradiated fast reactor fuel assemblies.

BRIEF DESCRIPTION

PURNIMA II is a homogeneous zero power solution reactor
experiment using U-233 as fuel, H2O as moderator and BeO as
reflector. The fissile inventory of about 500 g of U-233 is in
the form of 0.5 molar uranyl nitrate solution. The primary
objectives of the PURNIMA II experiment are to (a) Validate
available U-233 cross-section data (b) Obtain experience in
handling of U-233 fuel (c) Study variation of critical mass with
fuel solution concentration in order to experimentally explore
the minimum critical mass region and (d) Generate physics data
base for the design optimisation of the neutron source reactor
KAMINI being installed at Kalpakkam (near the city Madras.)
PURNIMA II reactor is possibly the only operating U-233 reactor
anywhere at the present time.

The fuel solution is contained in a cylindrical zircaloy
core vessel surrounded by a 300 mm thick radial BeO reflector.
Nuclear pure graphite blocks above and below the core serve as
axial reflectors. A pair of safety plates operating vertically
on opposite sides of the core vessel screen off reflector
returned neutrons for rapid reactor shut down. Gravity drop of a
large BeO "safety block" from the vicinity of the core
constitutes an independent shut down device. The fuel solution
which is normally kept in an SS storage tank is pumped-up into
the core vessel at a controlled rate for reactor start-up.

Due to the radiological hazards of U-233 all the fuel
solution handling equipment are housed inside a pair of glove
boxes mounted one on top of the other. A weir cup overflow arran-
gement located in the upper glove box helps limit the fuel
solution level to the desired value and also monitors the core
solution height by means of a level probe device. Table 1 gives
the main characteristics and Fig.l a schematic elevation of
PURNIMA II.

156



Table 1. Characteristics of V ;i,i. .1 II

Fuel U-233 uranyl nitrate solution
Critical mass 400-450 g of U-233
Cone, range 120-60 g/1
Core vessel 148 mm dia zircaloy cylinder
Reflector 3 00 mm thick BeO
Safety device Gravity drop of BeO block

and Cd plates
Control device Cd and B^C absorbs

SPECIAL DESIGN FEATURES

Some of the considerations which influenced the design of
PURNIMA II are briefly discussed below:

(a) Since the BeO was available in the form of sintered bricks
the reflector modules were fabricated as rectangular parallelepi-
peds. The radial gaps formed when the cylindrical core vessel is
surrounded by the rectangular reflector boxes were filled with
suitably shaped nuclear pure graphite pieces to reduce neutron
leakage. The resultant complicated geometry necessitated the use
of a 3-dimensional neutronics Monte Carlo code KENO (along with
the well tested 16-group Hansen & Roach cross-section set) for
computing the critical heights and reactivity worths of safety
devices.
(b) Since the U-233 fuel had been chemically separated several
years earlier, even the 3 ppm of U-232 associated with it gave
rise to gamma radiation fields of 1 R/hr on the surface of the
storage tank requiring the use of appropriate lead shielding
around the tank.
(c) Critical core height being in the range of 200-400 mm, only a
2 to 3 mm level rise above critical height is sufficient to
render the system prompt critical since p€j£ is -0.0033. Strin-
gent measures were thus called for to control the solution level
in the core vessel and to prevent accidental pump-up of the fuel
solution beyond a preset level. This was achieved by means of
the adjustable weir cup system. An ultrasonic level monitor
enables measurement of level variations independently to an accu-
racy of 0.1 mm. Necessary precautions were taken to avoid fuel
solution oscillations in the core.

(d) In homogeneous solution reactors fission fragments which are
directly in contact with the H20 moderator induce its radiolytic
dissociation to release H^, and 0 2 gases. In the event of a criti-
cality excursion the resultant gas void formation coefficient of
reactivity and serves as an inherent self shut down mechanism.

EXPERIMENTAL RESULTS

(a) An important observation made during the first approach to
critical experiments was that plotting of inverse counts (1/C)
data against the core mean chord length (given by four times the
volume to surface area ratio of the core) yielded extremely
linear plots for all the neutron detector channels (see Fig.2).
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This type of behaviour helped accurate estimation of expected
critical heights even from a highly subcritical state (Keff=0.8).

(b) The results of the critical height/mass experiments are
shown plotted in Fig.3 along with KENO calculated values. The
experimentally deduced minimum critical mass is 397 grams of 0-
233 and occurs at a uranium concentration of 78 g/1. This is
presently the lowest critical mass for any operating reactor in
the world.
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Fig. 1 Schematic elevation of Purnima-II reactor
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8.3 PHYSICS AND INSTRUMENTATION OF U-233 FUELLE. iitUTRON SOURCE
REACTOR *KAMINI'

* * • • • • * +

C.S. Pasupathy , M. Srinivasan , K.K. Rasheed ,R.K. Patil ,
Jose Joseph"*" and V. Annndkumar"""

Neutron Physics Division, BARC, Bombay-4 00 085

Reactor Control Division, BARC, Bombay-400 085

Material Science Laboratory, IGCAR, Kalpakkaro 603 102

INTRODUCTION

A research reactor of new type called *Kamini' (acronym for
Kalpakkam Mini reactor) fuelled with uranium-23 3 is being commis-
sioned at Indira Gandhi Centre for Atomic Research, Kalpakkam.
This 30 kW reactor will act as a neutron source facility for
various research and development activities of the centre. The
characteristics of this reactor are given in Table 1. This reac-
tor has a compact core volume of * 10 1 and a high flux of ~1012n
cm** s~". This small core results in a high leakage flux of fast
neutrons which is useful for neutron radiography as well as
activation analysis.

Table 1. Characteristics of reacto

Power
Fuel

Inventory
Moderator and coolant
Reflector
Flux
No. of beam tubes

Flux at radiography site
Sample irradiation sites
Pneumatic fast transit facility

30 KW
U233-A1 Alloy (20 wt%)

flat plates
600 g
Deminaralised light water
20 cm BeO -Followed by water
10^2 n.cnf ,s~1 (average)
Three

Active sample radiography
Non-active sample radio.
Radiation physics

106-107n.cm-2 s~1

Two (1011 n om"2.s"1)
One (0.5x10 n.cm"2.s"*)

This reactor will be primarily used for examining the irra-
diated Fast Breeder Test Reactor (FBTR) fuel and other active
components by neutron radiography. In addition, it will be uti-
lised for neutron activation analysis of material samples and
radiation physics studies. In view of its primary use for radiog-
raphy, this reactor is located underneath one of the hot cells of
the Radiometallurgy Laboratories (RML) where irradiated fuel is
examined (Figs. 1 & 2) . This choice of location has the dual
advantage of avoiding transportation of the highly active irra-
diated FBTR fuel and at the same time sharing many of the infras-
tructure requirements available at RML which are also required
for Kamini reactor.
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Comments on Uranium-233

Uranium-233 does not occur in nature. It is obtained by
irradiating the naturally occurring element thorium (derived from
the monosite sands of Kerala) in a reactor. The chain of nuclear
reactions leading to the formation of uranium-233 is shown below.

The uranium-233 used for Kamini fuel is a product of indige-
neous technology. Thoria rods fabricated at the Atomic Fuels
Division, Bhabha Atomic Research Centre (BARC), Bombay were
irradiated in the CIRUS reactor, BARC. The U-233 produced in
these rods were separated using a pilot plant at the Fuel Repro-
cessing Division, BARC.

Uranium-233 is of great interest to the indian nuclear
programme as this fissile isotope opens up possibilities of
exploiting the vast reserves of thorium available in this coun-
try.

SPECIAL FEATURES OF KAMINI REACTOR

Kamini reactor uses as its fuel uranium-233 which as men-
tioned earlier is a new man-made fissile isotope of uranium.
Further, the total amount of fuel contained in the reactor is
approximately 600 g. These two features distinguish this reactor
from other research reactors in operation currently.

Kamini reactor uses beryllium oxide (BeO) canned in zircaloy
as reflector material which has a high reflection efficiency and
consequently reduces the fuel inventory. Instead of adding fuel
to compensate for reactivity loss due to burn up of fuel as is
done in most of the reactors, additional reflector material is
added in this reactor.

Demineralised light water is used as moderator, coolant and
shield. The reactor core is cooled by natural convection. There-
fore, any"sudden power increase (as in an accident; results in a
rapid increase of temperature in the vicinity of the core. This
usually, causes a shutdown of the reactor due to the high negative
temperature coefficient of ractivity thereby providing inherent
safety.

Control system of the reactor uses microprocessors and co-
lour graphic display systems. This provides the operator with
essential information in a condensed and efficient format. A
complete conventional hard wired back-up is provided to ensure
safety under all circumstances.

ROLE OF KAMINI REACTOR IN RESEARCH AND DEVELOPMENT

One of the crucial areas where development work is needed
for fast breeder reactor is in the domain of materials. This
includes both the fuel and various structural materials which
have to perform under stringent operating conditions. The re-
search reactor Kamini acts as a versatile tool providing facili-
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ties for studying fuel and control material (before and after
irradiation) by neutron radiography, characterization of mate-
rials by activation analysis, and radiation physics research for
the study of shielding materials and development of dosimeters.

Neutron Radiography

A key non-destructive testing tool which helps in studying
materials before and after irradiation is neutron radiography.
Neutrons like X-rays can be used to study defects in materials
and take pictures of the same. Unlike X-rays which interact with
electrons of a material, neutrons interact with the nucleus that
too selectively. Because of the interaction mechanism X-rays get
rapidly depleted in fuel elements which have a large number of
electrons (High Z materials). Neutrons on the other hand do not
suffer the same amount of depletion. Further, their selective
interaction capability can be used to study depletion of one
isotope, e.g. boron-10 in the presence of boron-ll or uranium
migration in the presence of plutonium, and detect hydrogen in
heavy metals like steel. None of these studies can be performed
using X-rays. Yet another advantage with neutron radiography is
that even highly radioactive objects can be examined. This is
possible by letting neutrons passing through the object fall on a
neutron sensitive foil and make it radioactive. This radioactive
image can later be transfered to a photographic plate (Fig. 3)
On account of its sensitivity to hydrogen neutron radiography is
used for examining explosives (pyrotechnic devices), bonded mate-
rial composites etc. Neutron radiography thus provides both com-
plementary as well as selective information.

Activation Analysis

Presence of small quantities of impurities has always affec-
ted material behaviour or performance. Neutrons can be used to
make these impurities radioactive and by studying their characte-
ristic emissions determine their presence as well as amount of
material.

Naturaxly this technique finds applications in man^ areas
apart from material development as listed below:

(1) Forensic science for determining traces of poisons and
gunpowder.

(2) Mineral exploration for detecting small concentration of
ores as in uranium prospecting.

(3) Tribology where wear and tear of machine parts are evaluated
by activating them.

(4) Archaeology for finding out the period of an article by
looking for specific materials used.

Radiation Physics Studies

Shielding reduces radiation dose to operating personnel and
dosimeters help in measuring the same. So development of new
shield materials and dosimeters which are cost-effective or vo-
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lume effective has an important role in radiation work. Under-
standing transport of radiation in shield materials is an impor-
tant aspect of this activity.

Other Uses

Activation of samples for radio-chemical studies, production
of isotopes like Cu-64 as positron sources and calibration of new
neutron detectors.

DESCRIPTION OF REACTOR SYSTEM

Reactor Tank and Internals

The reactor system consists of the reactor tank, internals,
core-reflector assembly and the biological shield (see Fig. 4) .
The reactor tank is a flat bottomed stainless steel vessel having
a diameter of 2 m and a height of 4.25 m . This tank sits inside
another SS vessel called catcher vessel having a smaller height
of 400 mm. The second vessel helps to trap any water that may
come out of the reactor tank in case of a leak and also provides
a warning if such an unlikely event takes place.

The core reflector assembly sits on a platform inside the
reactor tank and this platform is firmly attached to the floor of
the reactor tank. The reactor tank also accommodates various
inlet outlet pipes, fuel storage boxes, underwater tools and
spent fuel cask guide structure.

The top of the reactor tank is attached to a special struc-
ture which acts as a floor for people to work on the top. The top
structure houses the safety control plate drives and a trolley
moving on rails which helps in doing maintenance jobs in the
ractor tank.

Core Reflector Assembly

The reactor core consists of nine fuel subassemblies. Each
fuel subassembly has eight flat plates of uranium -233-aluminium
alloy firmly held between spacers fixed rigidly to an aluminium
box (Fig.5). A rectangular pipe at the bottom of each subassembly
acts as a guide in locating the subassembly while allowing free
coolant flow. The fuel subassemblies sit in suitable recesses
provided in the bottom axial reflector.

The reflector for this reactor is Made in the form of mo-
dules which can be arranged all around the core (Fig.6). The BeO
bricks are encased in zircaloy modules having different shapes
and sizes. These boxes have cavities for accommodating beam
tubes, safety control plates and sample irradiation tubes. These
modules are held firmly by attaching them to each other as well
as to the base plate.
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SHIELDS FOR REACTOR AND RADIOGRAPHY FACILITY

Specially made double hexagonal interlocking concrete bricks
are used in the biological shield surrounding the reactor tank.
The concrete shield upto a height of three metres has a high
density (4.8g/cc) and thereafter blocks of normal density con-
crete are used to have an overall shield height of "4.2 m. This
method of shield arrangement helps in reducing the total shield
thickness and the shape of shield blocks is so chosen that it
reduces radiation streaming to a minimum.

In order to project personnel from the highly active irra-
diated FBTR fuel (10 R/hr gamma dose ) a lead shield is erected
around the radiography sample tube. This 150 mm thick lead shield
is arranged in sections on a steel support structure upto the
full height of 6.7 m. Individual sections can be dismantled if
desired for maintenance of radiography sample tube.

NUCLEAR INSTRUMENTATION AND CONTROL

The nuclear instrumentation and control system of Kamini
reactor does the following functions : (1) enables start-up,
shutdown and power regulation of the reactor, (2)provides emerge-
ncy shutdown and (3) provides the operator with easy to follow
colour coded information about system parameters on CRTS reducing
operator search area. The data logging and mimic operation have
been accomplished with the help of two independent INTEL 8085
based microprocessor systems and INTERTECHNIQUE colour graphic
display systems. Two microprocessors have been provided to take
care of failure or malfunction in any one of them. In addition to
the microprocessor based data logging system, the conventional
hard wired displays and warnings are available on panel meters
(digital as well as analog) and annunciator systems. All reac-
tor trips are based on tried and tested hard wired systems with
the microprocessor system providing the back-up. Provision is
also available for a computer keyboard start up in addition to
the conventional key switches and the performance of this would
be tried out for a gradual and long term takeover. This system
can be treated as a hybrid between the older hardwired type and
the modern computer based highly automated control system.

A central control panel houses all these instruments,meters,
colour graphic CRTS, switches, recorders and aununciators. The
nuclear and process part of instrumentation of the panel are
separated and the illuminated self indicating switches are
mounted in accordance with the sequence required for start up and
operation.

Nuclear Instruments

The nuclear instrumentation for Kamini consists of two pulse
counter channels and four current chamber channels. Either fis-
sion counters or boron coated counters are employed in pulse
channels while boron coated ion chambers are used in current
channels. The pulse channels are mostly used during start up and
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the current channels take over with an appropriate overlap(two
decades) for critical and power operation. The functions of the
current channels are as follows.

(1) One current channel is used for linear roultirange flux measu-
rement .

(2) Second current channel is employed for log rate as well as
log power measurement.

(3) Third current channel is employed as a linear safety channel.
(4) The fourth current channel performs the function of regula-

ting the power of the reactor using a closed loop servo
control system.

Safety Control Plate Drives

Control of the reactor during start-up, power regulation and
emergency shutdown is done by two neutron absorber plates called
the Safety Control Plates. These plates perform the task of regu-
lating the reactor power in the driven mode and help in emergency
shutdown in the gravity drop mode. These are made of cadmium
plates (minimum 1 mm thickness) sandwiched in between aluminium
cover plates. These are 300mm in length (absorber section) and
have a traverse of the same length. These Safety Control Plate
(SCPs) drive systems use stepper motors, electromagnetic
clutches, rotary shock absorbers, syncros and synchro-to-digital
converters for position indication. A special solenoid operated
latch prevents accidental removal of these safety control plates
during maintenance operations.

Process and Health Physics Instruments

The process instrumentation consists of flow meters (orifice
type), thermocouples, air purge and differential pressure cells
for level measurement, conductivity meter, and leak detection
probes. Signals from these are fed to the data logger.

Area radiation monitors are located at various places for
determination of radiation fields. Activity of water is monitored
frequently and the air in the reactor area is checked regularly
using Uranium-in-air and Plutonium-in-air monitors.

Use of Computer Graphics in Kamini Control System

The' control system of Kamini reactor employs microprocessor
based data acquisition followed kj colour coded parameter and
trend display of all essential reactor and process parameters on
colour graphic terminals (inter-colour). Mimic diagrams of va-
rious systems, e.g. reactor, water system, etc.are made available
on these graphic terminals indicating the states of various
systems and which part of the circuit is ON along with data on
flow rate, conductivity, etc.

Designed in a user friendly fashion as in present day perso-
nal computers, a general menu is provided to the operator indica-
ting various displays available (mimic, trend, table, etc.). Once
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a particular mode is selected, e.g. mimic, a table of mimics is
available like Reactor, Demineralised Water System (OMWS), Waste
Disposal System (WDS), etc. In a similar fashion, tables, trends,
etc. can be selected and in each mode the desired menu can be
chosen. In the case of trends (linear power/log power) it is
possible to choose the current value and also display past values
of upto five minutes if required.

USER FACILITIES

Beam Facilities

There are three beam tubes available in Kamini reactor
(Fig.4) for extraction of neutron beams. Two of these beams tubes
are for neutron radiography while the third beam tube is availab-
le for radiation physics research. These beam tubes extend from
the core-reflector boundary to a length of "2.0 m and consist of
an inner and outer section. The inner sections of the beam tubes
(from core periphery to reactor tank wall) are made of zircaloy
while the extentions outside the reactor tank are made of stain-
less steel tubes. The zircaloy section is fixed to the reactor
tank wall by a high pressure rolled joint while the stainless
steel extension is bolted to the tank surface. The diameter of
the beam tube varies from 50 mm at the core reflector boundary to
250 mm at the outer extremity. Collimators made in sections can
be inserted into the beam tubes and absorber plates having fixed
apertures are used for controlling the L/D ratio i.e the degree
of collimation.

Each beam tube is provided with a motorised beam shutter
made of 200 mm thick lead covered with cadmium. This beam shut-
ter reduces the neutron and gamma dose and allows sample mounting
or changing of samples in front of the beam tube.

Pneumatic Fast Transfer Facility

A pneumatically operated sample irradiation facility is
provided for studying short lived activity. Using compressed air,
samples in special PVC containers are shot into the irradiation
site located adjacent to the west face of the core and are again
retrieved rapidly using pressurised air.

The sample loading station, the valve manifold, and detec-
tors are located in the activation analysis laboratory.

Irradiation Sites

Two irradiation locations are provided outside the reflector
for irradiation of samples. Because of the peaking of thermal
neutron flux in the BeO reflector, these sites will have a flux
of a 10 t o to 10^'n cm"2s"1 depending on reactor power. These
locations permit larger sample volumes and longer irradiation
times.
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CONCLUSION

Kamini reactor with its various facilities acts as a multi-
purpose instrument providing neutrons and gammas for a wide
variety of research applications. Though it has been designed to
act as a facility for the Indira Gandhi Centre, provisions have
been made in radiography and irradiation facilities to cater to
users from defence, space and other establishments.
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9.1 NEUTRON MULTIPLICATION DUE TO 14-MeV NEUTRONS
IN SPHERICAL FERTILE BLANKETS ; CALCULATIONS

Tejen Kumar Bas"

Neutron Physics Division
Bhabha Atomic Research Centre, Bombay-400 085

Fissile materials can be produced by irradiating fertile
materials with 14-MeV neutrons generated due to D-T reactions in
plasma focus devices or other similar systems. To estimate the
total multiplication (leakage + capture) of 14 MeV neutrons for
simple fertile spheres, preliminary calculations have been done
using DTF-IV code with 27-group Garg's cross-section set /I/ for
Th, ThO2, nat.U and nat.UO, spheres. The neutron source was
assumed to be uniformly distributed in a 2 cm dia void at the
centre, with energy corresponding to the 1st group of Garg's set
(15.0 - 10,5 MeV). Calculations were performed for various thic-
knesses of material surrounding the source. The total multipli-
cation value for infinitely thick mateials, M (Total captures)
are, for Th : 2.10; ThO2 : 1.78; nat.U : 3.65 and nat.UO, : 2.76-
Natural uranium has the maximum multiplication as the total (n,f)
reaction contribution is more. In our calculations, the total
multiplication for an infinite natural uranium blanket is 3.65 as
compared to 4.25 obtained by Su /2/. This may be due to the
different incident neutron energy taken in our calculations due
to the limitations in group structure.

Fertile materials can be used in fusion reactor blankets as
a neutron multiplier and also as a fissile producer. As the
thickness of the material increases the leakage falls down and
the number of captures increases as can be seen from Table 1. The
leakage neutrons can be used to breed tritium by surrounding the
fertile material with lithium. In Th and ThO,, the optimum
thickness for maximum leakage is "10 cm and in nat.U and nat.UO2
it is "12 cms.

Table 1. Total multiplication in bare fertile spheres due
to one 14 MeV neutron at the centre
Densities : Th : 11.30g/cm ; ThO2: 10.03g/cm ;
nat.U : 18.9g/cm3; nat.UO2; : 10.9g/cm

3

Radial 1st group
Thick- Fissile breeding Leakage leakage(LI)
ness ——— — —
( cm ) Th ThO2 nU nUO2 Th ThO2 nU nUO2 Th nU Th nU

5.0 0.02 0.06 0.07 0.06 1.37 1.25 2.02 1.54 0.63 0.47 2.08 3.10
10.0 0.09 0.15 0.36 0.20 1.56 1.35 2.43 1.84 0.40 0.21 2.08 3.26
15.0 0.21 0.33 0.88 0.50 1.40 1.30 2.33 1.86 0.25 0.09 2.09 3.42
20.0 0.38 0.57 1.54 0.94 1.54 1.12 1.92 1.62 0.16 0.04 2.10 3.55
25.0 0.65 0.86 2.20 1.45 1.34 0.89 1.42 1.26 - 0.01 - 3.65
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In the last portion of the Table, the first aroup leakages
(LI) are listed for different thicknesses of Th and nat.U. The
multiplication is essentially due to (1-L1) neutrons since LI
neutrons leak out without having any interaction with the medium
and hence the estimated M for 1 source neutron would be
(M-L1)/(1-L1). The estimated M values are also listed in the
last column of Table 1. Interestingly, in the case of Th, even
5.0 cm thickness where LI is as high as 0.634, gives the esti-
mated M as 2.08 which is very close to the calculated M va-
lue of 2.10. In case of natural uranium, the estimated M for
5.0 cm thickness differs by 20% from the actual calculated value.
This is due to the 2nd and 3rd group leakages which have poten-
tial to cause further (h,2n) and (n,f) reactions.

The Fissile breeding may be increased by surrounding the
blanket with some reflector. Calculations were done for graphite
and polyethylene reflectors. Table 2 summarises the results. For

Table 2. Reaction rates in fertile spheres in the presence of
graphite/polyethylene reflector per 14-MeV neutron
introduced at the centre

Reaction rates in Captures
Blanket Reflector Blanket in Leakage

. reflector
Mat. Thick. Mat. Thick. (n,2n) (n,f) (n, )

(cm) (cm)

u
u
u
u
u
u
u
Th
T
Th
Th

Th
Th

12.0
12.0
12.0
12.0

12.0
12.0
12.0

12.0
12.0
12.0
12.0

25.0
25.0

-
C
c
c

CH2
C H2
CH2

C H2
CH,
C H 2

CH2

-
5.0
10.0
20.0

5.0
10.0
20.0

5.0
10.0
20.0

_ • _
20.0

0.41
0.42
0.42
0.42

0.42
0.42
0.42

0.47
0.48
0.40
0.48

0.64
0.65

0.61
0.63
0.64
0.68

0.78
0.91
0.93

0.10
0.10
0.10
0.10

0.15
0.15

0.54
9.75
0.92
1.16

1.12
1.30
1.34

0.13
0.39
0.49
0.51

0.65
1.14

-
0.01
0.02
0.038

0.18
0.85
1.76

—

0.10
0.41
0.90

_

0.74

2.44
2.27
2.10
1.90

1.94
1.28
0.38

1.60
1.25
0.83
0.33

1.34
0.34

12 cm nat.U and Th, the (n,2n) reactions are same ("0.4) whereas
the (n,f) reactions in nat.U are 6 times that of Th. Thus, if
the blanket has to serve only as a fissile producer, thorium
seems to be the right choice. The calculations showed that
polyethylene is the better reflector in spite of the absorptions
in polyethylene being more than in graphite. In both nat.U and
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Th, the reflector effect is negligible as regards the (n,2n)
reactions. Also in Th, the (n,f) reactions are unaffected due to
the presence of reflector because the Th(n,f) reactions is a
threshold reaction having threshold energy "2.0 MeV. For a 12.0
cm thick uranium assembly surrounded by 10.0 cm thick graphite
reflector, the fissile breeding increases from 0.544 to 0.923
whereas for the same thickness of polyethylene reflector it
becomes 1.301. The presence of polyethylene substantially in-
creases the fission rate in natural uranium, particularly in 2 3 5u
and hence the captures in uranium is more in the presence of CH2
reflector. In case of 12.0 cm thick thorium, a 10.0 cm thick CH2
reflector increases the fissile breeding from 0.135 to 0.490.

To verify the calculated results, an experimental assembly
has been made in which the leakage neutrons from various fusion
reactor blanket models will be measured.

REFERENCES

1. Garg, S.B., BARC -$92 (1976)

2. Su, S. F., "A Fusion -Fission Hybrid Reactor for Producing
Uranium - 233", Ph.D. thesis, Univ. of Washington (1975)
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9.2 FABRICATION AND SUPPLY OF ThO2 PINS FOP. ' LOTUS'
FACILITY AT EPFL, SWITZERLAND AND FOR NtPD

R. Vijayraghavan and V.G. Date

Atomic Fuels Division
Bhabha Atomic Research Centre, Bombay - 400 085

Under Indo-Swiss technical collaboration, joint experiments
were planned at EPFL, Switzerland on fission-fusion hybrid
reactor system. Under this programme BARC was to supply special
thoria elements to be used in the neutronic blanket. This
blanket surrounds fusion plasma and the fusion neutrons convert
Th to U 2 3 3. The fissile material produced in the hybrid can be
burned in fission reactors or it can partially burned in-situ
releasing considerably more energy than that generated by fusion
of D-T fusion source. The aim of the experimental work was to
design, construct and test the neutronic performance of a blanket
assembly.

Fig. 1 shows a typical thoria element for LOTUS and Fig. 2
shows fabrication flow sheet. 1700 such elements were fabricated
and supplied to EPFL, Switzerland in the year 1984. The thoria
pellets for these elements were supplied by the FBTR facility,
NFC, Hyderabad. Strict quality control especially with regard to
weight of thoria in each element, surface finish of Al compo-
nents, OD of elements and documentation for identification of
elements, was maintained. As per letter received from Director
EPFL, Switzerland, all elements supplied by us were found to be
totally acceptable and highly useful for the planned experimental
work.

Similar experimental work on fission-fusion hybrid system
was also planned at Purnima, NtPD, BARC. The Thoria elements
required for these experiments were similar except for the length
of the elements. A total of 698 elements were fabricated and
supplied to NtPD by Oct. 1987. The Thoria pellets for these
elements were also received from FBTR facility, NEC, Hyderabad.

1J0O i 0-5>

SPRING Cv.M&TUfS>E

Fig. l Thoria element for LOTUS experiments at EPFL,
Switzerland
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9.3 MEASUREMENT OF 14-MeV NEUTRON MULTIPLICATION
IN THORIUM OXIDE

Vijay R. Nargundkar, Tejen Kumar Basu and Om Prakash Joneja

Neutron Physics Division
Bhabha Atomic Research Centre, Bombay - 400 085

INTRODUCTION

So far, the low breeding gain and long doubling time of
thorium-fueled fast breeder reactors have discouraged further
work in this field. In this context, fusion breeders can provide
an alternative method of converting 232Th into fissile 2 3 3U.
Theoretically, it is possible to obtain a good breeding ratio and
comparatively shorter doubling times even with a sub-Lawson
system using a fission-suppressed blanket. Nuclear data for
thorium are of great importance to pursue these ideas into
realities. Shief et al./l/ initially performed intergral
neutronics experiments in a large thorium metal assembly by
measuring the (n,2n), (n,3n), (n,f) and (n, ) interactions for
14-MeV neutrons. Kushneriuk and Wong / 2 / analyzed these
measurements and found that their calculations using the ENDF/B-
IV library closely agreed with the experimental results of Shief
et al. Kobayashi et al./3/ also made an integral check of nuclear
data of 2 3 2Th in a differential experiment by measuring angular
neutron spectra in the 1-keV to 10-MeV energy range by the time
of flight method in thoria spheres and in thorium metal slabs.
They compared these results with the calculations using ENDF/B-IV
(Ref.4), ENDF/B-V (Ref.5), and JENDL-2 (Ref.6) libraries, but
only obtained a good agreement with the ENDF/B-IV library. On the
other hand, Novikov and Chuvilin /7/ measured the leakage neutron
multiplication due to 14-MeV neutrons from thorium spherical
assemblies with radii of 3, 7, and 10 cm. They used a large
boric acid tank to absorb all the neutrons and determined that
the measured multiplication is 5 to 11% higher than the
corresponding calculated values of multiplication obtained by
using the BLANK program /8/ and the ENDL library/9/. To resolve
this discrepancy, an integral measurement, which gives better
accuracy, was performed to find the 14-MeV neutron multiplication
in a 4-cm thick thorium oxide assembly. The experimental results
and the relative Monte Carlo calculations performed using the 30-
group neutron cross-section set CLAW-IV based on the ENDF/B-IV
library are presented here'.

PRINCIPLE OF THE EXPERIMENT

The theory of the experiment is given in detail in Ref./10/.
The salient features are briefly mentioned here. The leakage
neutron multiplication from thorium is defined as the total
neutron production due to (n,2n), (n,3n) and (n,f) reactions,
minus the neutron absorption in thorium. The net leakage from
thorium can be measured in an infinite 1/v moderating and
absorbing medium surrounding the thorium assembly. The source
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term can similarly be measured when thcriuru ^ replaced by air
(void). The ratio of these two measurements yives the neutron
leakage multiplication. In practice, however, a finite medium is
used and the absorption measurements are made with a 1/v
detector, while the leakage from the system, including channel
leakage, is calculated. In this case, the ratio of the two
measurements gives the apparent multiplication. If the neutron
leakage is fairly small, then the true multiplication can be
determined after correcting for the former.

In this experiment, polypropylene was used as a solid mode-
rating medium where small BF3 detectors could be conveniently
introduced. The point measurements carried out with BF3 detec-
tors can be integrated in the entire space, because of the energy
space-independent response of the boron absorptions. The total
neutron leakage from the entire assembly was "10%. The detector
system can therefore be considered to be of the total absorption
type and has good neutron sensitivity for measuring neutron
multiplication. The experimental accuracy is limited only by
detector stability and internormalization. The ratio of integral
boron (or hydrogen) response in polypropylene with and without
thorium oxide gives the "apparent neutron multiplication," which
also can be calculated. A comparison of the two gives an asses-
sment of the adequacy of the nuclear data cross-section library
for thorium.

EXPERIMENTAL DETAILS AND GEOMETRY

A 120 x 125 x 125 cm3 near cubicle assembly (Fig.l) was
built with a 120 x 15 x 15 cm3 through channel for introducing
the neutron generator tube. This assembly had a 60 x 35 x 35 cm3

central cavity with a 6 mm thick perspex lining to hold the
thorium oxide rods. A schematic view of the experimental
assembly is shown in Fig.l. Nuclear grade thorium in the form of
ThO2 pellets was clad in 1.26 cm o.d., 1.09 cm i.d. aluminium
tubes. Thoria pellets had a 1.054 mm diameter and were stacked
to provide an active length of 55.5 cm with a 2 cm long aluminium
plug on jOne side and 2.5 cm on the other. The average weight of
the thoria was 450.5 g/pin. A total of 362 thorium pins
containing 163 kg of thoria were arranged in a rectangular
geometry, with a triangular lattice pitch of 1.30 cm as shown in
Fig.2. The rectangular thorium assembly had an overall thickness
of 5.1 dm in the y direction and 4.58 cm in the z direction. The
net constituents of this assembly were 56.24% thoria, 20.25%
aluminium, and 23.51% void. The thoria assembly had 45 cm thick
polypropylene in the y and z directions and 30 cm thick in the x
direction surrounding it. The thorium assembly was held rigidly
in position by perspex plates on the outer boundary and twr
aluminium clamps at the end of che rods of the inner boundary of
the assembly.

An indigenous 150 kV cascade neutron generator capable of
giving 100 uA peak current corresponding to a yield of 10 ° n/s
was used in the experiment. The measurements were confined to a
representative slab of the outer block by symmetry considerations
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(Fig.l). This slab was divided into two parts: . 4 - and lower.
No measurements were carried out in the end blocks. A. 2 x 2 cnr
channel was created at a time in the representative polypropylene
block along the x direction in which the neutron absorptions at
four equidistant locations were measured using a 1 cm diam, 15 cm
long BF3 detector. The detector was moved to these predetermined
locations by a motorized arrangement without distrubing the
generator operation, thus saving a considerable amount of
experimental time. The detector channel wa then horizontally
shifted in the y direction by 2.5 or 5 cm, and this procedure was
repeated. All 12 planes at differed z levels were scanned in
the representative slab. Thus, for a given assembly detector
counts were taken at 288 points in space in the representative
slab. The space point counts were then volume integrated using
Simpson's method. The volume integration for the lower and upper
blocks was performed independently. For adding these counts, the
lower block counts were given a weight of 16 and upper block
counts a weight of 8. The sum of these weighted integral counts
is the total detector counts in the entire outer block. During
the experiment, the relative variation of the neutron source
strength was normalized by two BF3 detectors suitably located in
the assembly. The monitor counts were normalized to the absolute
neutron yield, which was obtained by irradiating four Teflon
disks placed at right angles to each other around the target
holder. The stability of neutron detectors was checked
periodically by placing them in a standard position and was found
to be +1%.

CALCULATIONS

The Monte Carlo general geometry code MORSE-E /ll/ was
modified to take into account the transport of fission neutrons.
The Los Alamos National Laboratory 30-group CLAW-IV /12/ neutron
cross section set and the response functions, both based on the
ENDF/B-IV data library, were used. This cross section set has
point cross section linearization and a resonance reconstruction
tolerance of 0.5%. All the cross sections are Doppler broadened
to 300 K. The cross sections are averaged over 30 neutron groups
using the Bondarenko flux approximation with a fusion-fission 1/E
thermal weight function. The energy group structure is such that
there are 12 neutron groups in the mega-electron-volt range. In
the mega electron volt region, 1 to 3 groups are above the (n,3n)
threshold, 1 to 6 groups are above the (n,2n) threshold, and 1 to
11 groups are above the fission threshold for thorium. Thus, all
three fast neutron reactions are adequately described in this
energy group structure. In the massive polypropylene assembly
surrounding the thorium rods, "90% neutrons are absorbed in the
assembly: The breakup is "6% in carbon, 75% in hydrogen, and 9%
in structural aluminium. The remaining 10% neutrons leak out of
the assembly. The absorptions occurring in hydrogen are mostly
in the thermal region. Since the neutrons are detected by a 1/v
detector in a 1/v slowing down medium, the detector response is
space and energy independent. Therefore, a detailed thermal
group structure is not required for calculational analysis. The
P3 scattering approximation was considered sufficient to give the
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desired accuracy in calculations.

In calculations, an exact geometry of the physical
dimentions was used with homogenized constituents so that the
individual masses of thoria and aluminium were conserved. The
end aluminium plugs were treated separately and were not included
in the homogenization. The neutron soure was located at the
center of the assembly and was assigned energy corresponding to
the second group (13.5 to 15.0 MeV) for an isotropic source
distribution. An option was provided in the code for anisotropic
angular distribution and corresponding anisoergic distribution as
shown in Table 1. However, the fission neutrons were always

Table 1. Anisotropy in the angular and energy distribution of
the neutron source

Angle
(deg)

0
20
45
70
90
120
140
150
180

Direction
Cosine

1.0000
0.9397
0.7071
0.3420
0.0000

-0.5000
-0.6428
-0.8660
-1.0000

Relative
Intensity

1.00
1.00
0.98
0.96
0.94
0.90
0.89
0.88
0.87

Energy
(MeV)

15.11
15.04
14.81
14.45
14.12
13.67
13.50
13.32
13.20

Energy
Group

2
2
2
2
2
2
3
3
3

given an isotropic angular distribution at the point of
production. The PICTURE program /13/ was used to verify the
accuracy of the geometry used for the calculations by using the
printed view of two-dimentional slices through the geometry at
important places. In all the calculations, 100 neutrons were
used in<a batch, and 10 batches were used to trace the history of
1000 neutrons. In the case of anisotropic distribution, the
weight of an individual neutron was assigned as per the relative
intensify distribution in space. Typical CPU time on a DEC-10
computer was "10 min. Most of the neutron flux set up in
polypropylene is in the thermal group, and even for 1000 neutron
histories the statistical accuracy in determining thermal neutron
flux is set up in polypropylene due to fast neutron reactions
(n,2n), (n,3n), and (n,f) in thorium. These reactions are
determined to an accura"cy of "1.5%. Therefore, the overall
uncertainty in determining thermal neutron flux in polypropylene
should be considered not better than 1.5%. Since the experiment
consisted of volume integration of point detector responses in
space, the track length estimator, which volume integrates
neutron tracks over each medium, was used to calculate integral
neutron fluxes.

RESULTS AND DISCUSSION
(

Table 2 shows the experimentally measured and calculated
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Table 2 Experimental and calculated values of leakage neutron
multiplication for thorium spheres

Thickness
cm

Novikov and Chuvilin
Experiment Calculations

Present
Calculations

3
7
10

1
1
1

.351+0.

.634+0.

.824+0.

038
043
050

1
1
1

.292

.521

.642

1.
1.
1.

28 +0.
540+0.
640+0.

02
03
03

values of neutron leakage multiplication for thoria spheres
obtained by Novikov and Chuvilin /!/ and their comparison with
our calculated values. The present calculations and those of
Novikov and Chuvilin agree very well; however, the measured
values of neutron multiplication obtained by Novikov and Chuvilin
are 5 to 11% higher than the corresponding calculated values, the
discrepancy increasing with the radius of the sphere. It is
interesting to note here that the spheres used in these
experiments were not symmetric since it had only one reentrant
hole for the introduction of the neutron generator. In such a
case, the neutron distribution becomes asymmetric and the
asymmetry increases with the thickness of the sphere. In a
differential measurement, the multiplication would then very
markedly depend on the direction of the measurement. Even in an
integral experiment it would be necessary to make measurements in
4 geometry to avoid asymmetry effects.

Table 3. Calculated reaction
rates in bare'thoria and thoria
covered with PE assemblies

Table 4. Calculated reaction
rates in the PE assembly and
aluminium: with and without
Th; and expt. and calc. Mapp

Reaction

n,2n

n, 3n

n,vf

abs

n,f

Covered
with PE

0.097

0.054

0.092

0.203

0.025

Bare

0.092

0.055

0.088

0.010

0.023

Reaction

H (abs)
outer

H (abs)
end

C (abs)
outer
C (abs)
end

0 (abs)
Al (abs)

M a P P

With Th

0.690

0.103

0.039

0.008

0.023
0-025

Calc.
0.92+0.02

Without
thorium

0.743

0.084

0.057

0.009

-

Expt.
0.90+0.04
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The calculated reaction rates for oui •;- -rp-'ii.nental geometry
are shown in Table 3. As mentioned ?•<.; Uer, a homogeneous
system for the actual geometry was used with densities adjusted
so as to conserve thoria and aluminium clad masses correctly. A
separate run was made for the bare thoria assembly without
polypropylene. The main effect of polypropylene is a sharp
increase in the absorption rate in thorium due to the reflection
of thermal neutrons. This is mainly due to the small thickness
of thoria multiplier. The effect would net Le so predominant for
> 10 cm thick thoria.

The neutron absorption rates in polypropylene and aluminium
with and without the thorium assembly are shown in Table 4. The
measured apparent multiplication M a R p, i.e., the ratio of
hydrogen absorptions in the outer blocJc of polyproplynene with
and without thoria, is 0.90 + 0.04 for experiment, whereas the
calculated apparent multiplication is 0..92 + 0.02, as listed in
Table 4. It is clear that the two are in excellent agreement.
Our measurement shows that the ENDF/B-IV library data for thorium
are adequate and confirm the observations of Kushneriuk and Wong
about the Shief et al. experiment and the differential spectrum
measurements of Kobayashi et al.

CONCLUSIONS

This is the final series of experiments that measure 14-MeV
neutron multiplication. The neutron multiplication measurements
made by us for graphite, lead, and thoria have shown excellent
agreement with the corresponding calculations using the 30-group
neutron cross-section set CLAW-IV based on the ENDF/B-IV library.
However, ther is a large discrepancy between the experimental
neutron multiplication and the corresponding calculated value
both for beryilium and beryllium oxide. These results confirm
the adequacy of nuclear data representation in the ENDF/B-IV
library for carbon, lead and thorium. A fresh look at the
nuclear data for beryllium seems to be necessary.
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9.4 URANIUM-233 PRODUCTION RATE MEASUREMENT IN A THORIUM OXIDE
ASSEMBLY AT THE LOTUS FACILITY
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Institut de Genie Atomique (IGA)
CH-1015 Lausanne, Switzerland

* Visiting Scientist, BARC, Bombay-400 085, INDIA

Results of 2 3 3U production rate measurement conducted in
a vertical assembly of thorium oxide rods irradiated by the high
intensity 14-MeV neutron generator of the LOTUS facility are
presented. The amount of 2 3 3U produced is determined by measu-
ring the yield of Pa. Moreover, a method is presented to
estimate the global 2 3 3U production in the blanket module from a
limited number of "point" reaction rates measured throughout the
module. The experimental data are compared with the results of
preliminary 2-D calculations.

INTRODUCTION

Nuclear fission can be considered a long-term energy source
only in so far as technologies exist to convert the vast resour-
ces of fertile isotopes to fissile isotopes. In particular, it
would be of great interest to be dble to convert the important
world resources of thorium ore in 2 3 3u fissile fuel. This could
be achieved by liquid metal fast breeder reactors (LMFBRs) incor-
porating thorium in their blanket, the 2 3 3u produced in these
reactors being -then used in advanced converters/breeders opera-
ting on the 1'h/233U cycle. However, the incorporation of thorium
in LMFBR blankets would highly degrade their breeding gains, thus
enhancing the doubling time to a value unacceptably large to
ensure a reasonable nuclear capacity growth rate. A more promi-
sing option for the breeding of 2 3 3U is the use of fusion bree-
ders. The fact that a large fraction of the energy released in a
DT fusion reaction is carried by high energy neutrons makes such
an application of fusion highly attractive /I/. In addition to
their breeding capability, the high-energy fusion neutrons have a
multiplying potential through (n,f), (n,2n) and (n,3n) reactions,
thus improving the neutron balance of the blanket.

The irradiation of -thorium in fusion breeder blankets will
generate a lot of heat, which must be removed. For this reason,
thorium will have to be kept inside rods arranged in a suitable
lattice. Moreover, thorium oxide, which has better metallurgical
properties than thorium metal, is clearly the favourite choice
for fusion breeder blankets. Measurements of 2 3 3u breeding rate
in thorium oxide rod assemblies, which incorporate some of the
geometrical and design complexities of genuine blanket modules,
are therefore of paramount importance? they will complete and
extend integral neutronic experiments made in more compact tho-
rium assemblies using "point" 14-MeV neutron source /2/. To this
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aim, BARC and IGA initiated in 1984 a joint program of experi-
ments in thorium oxide rod assemblies using the high intensity
14-MeV neutron generator of the LOTUS facility.

This paper presents the latest measurements made in the
framework of this BARC-EPFL collaborative program. The novelty
of this experiment is to estimate the global " 3 U production in
the entire blanket module (and not only on the central axis of
the blanket as was the case in previous LOTUS experiments /3/).

EXPERIMENTAL ARRANGEMENT AND METHODS

Fig.l shows a sketch of the HAEFELY Neutron Generator
(HNG)/ Thorium Oxide Blanket Module (TOBM) assembly. The HNG is
a high intensity neutron generator of the sealed-tube type which
was originally developed for therapeutic applications /4/. Out-
standing feature of the system is the combination of a high
source strength of neutrons (up to 5 10 2n/s) with a very compact
design. A mixed beam of deuterium and tritium ions is accele-
rated radially inward from an annular source to bombard a cylin-
drical scandium-coated target containing some 500 Ci of tritium
and an equivalent amount of deuterium; 14-MeV neutrons are thus
generated by means of the D-T fusion reactions.

The TOBM is a parallelepiped assembly of 27.72 cm thickness,
with side dimensions of roughly 100 cm by 100 cm. The thorium
oxide rods are suspended from the top support of the LOTUS cavity
in such a way as to form a hexagonal lattice, with a distance of
1.70 cm between the centres of adjacent rods. The assembly has a
total of 19 rows of 60 rods each. The distance between the HNG
and the front face of the TOBM is 15 cm. The complete assembly
is placed in the 220 cm-thick normal-concrete walls of the LOTUS
cavity, with the front face of the TOBM at a distance of 175 cm
from the back wall of the cavity (the one opposite to the HNG) .
HNG and TOBM are centred on the longitudinal axis of the cavity,
the internal dimensions of this cavity are :
length - 360 cm, width = 240 cm, height = 300 cm.

The 2 3 3U production rate in the blanket module was measured
by means of thorium foils of 6.7 mm diameter and 0.2 mm thick,
having a mass of approximatively 80 mg, placed at various posi-
tions inside the TOBM as explained in next section. The chain of
reactions taking place in the thorium foils is the following :

(n,y) 2 3 3 • ( A

(22.3 min) (27 d)

The 311.89 keV gamma-rays emitted by the "iPa, are counted
by Ge-detectors whjoh were clibrated using Np-233Pa reference
sources in the form of foils of the same dimensions as that of
thorium. In these sources, the activity of the 233Pa is deduced
from the known activity of the Np given by low-geometry alpha
counting method. Neglecting the short transition from Th to
2 3 3Pa, the capture rate or 2 3 3u breeding in the sample, per Th-
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atom and per source neutron, is thus given by :

TJ / ̂  4v •&• rp \ — ^i / r v / ̂  , 4* 1~ T \ M C fi "1

where,

Kf t^ t^ t^T) = (1 - e~*fcM e " ^ ^ (1 - e"*^), with A = In 2/T

Irradiation time
Waiting time (between end of irradiation and start of
counting)
Counting time
Radioactive half-life (of

N
S

Number of thorium atoms in the sample
Estimated source intensity

n = Cs/Ca : Absolute efficiency of the Ge-detector,
with

Cs : count rate of the 311.89 keV Remitted by the Np-ref
source

Ca : activity of the Np-ref source determined from alpha-
counting

In addition to the Th-foils, few Zr-foils have also been
irradiated to serve as a common reference to normalize the expe-
rimental and calculated results with respect to the respective
intensities of the 14-MeV neutron source (as the HNG is of the
sealed-tube type, it is not possible to measure directly its
absolute source intensity). The 909.2 keV gamma-peak of the

Zr (n,2n) Zr threshold reaction is analysed in the same way as
the gamma-peak of the Th-foils, after appropriate calibration of
the Ge-detectors, using Eu source which has many well defined
peaks.

EXPERIMENTAL RESULTS

For the 2 3 3u breeding measurements, thorium foils were
placed diagonally on seven selected "planes" located between
particular rows of the TCBM as shown in Fig. 2. Each plane had
seven foils, with three more foils on the planes 1, 4 and 7 to
check the symmetry of the experimental results. Thus 58 foils in
total were used for this experiment. Twelve Zr foils were placed
between HNG and TOBM (9 foils) and inside TOBM, along the lonyi-
tudinal axis of the assembly. All the foils were irradiated for 6
hours at constant 14-MeV source intensity of mighty 3.5 x 10 1 2

n/sec according to HAEFELY table. A thorium fission detector was
placed "1 m away from the HNG to monitor the stability of neutron
yield. The foils were counted after waiting for one day, the
counting time being 100 minutes. All foils were counted twice
and good agreement was found between these two measurements.
During the counting period, which lasted several weeks, the
stability of the Ge-detectors were checked everyday by counting
the reference Np source. As our interest was in estimating the
global breeding in the TOMB, x-y-z and r-z numerical integration
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were performed. As expected, both integration methods gave
results remarkably close, the relative difference being less than
0.5%.

Table 1. Experimental reaction rates of thorium foils irradiated
in TOBM (per Th atom and per neutron, X 10 2 4),
Assuming a Source Intensity of 3.5xl012 n/s

R (cm) -
Plane
Z (cm)

Plane 1
Z = 0.0

symmetry
check

Plane 2
Z=1.365

Plane 3
Z=7.245

Plane 4
Z=13.125

symmetry
check

Plane 5
Z=19.005

Plane 6
Z=26.355

Plane 7
Z=27.720

symmetry
check

0.0

1.20-04
(±1.9%)

9.38-05
(+1.6%)

4.93-05
(+2.0%)

3.59-05
(+2.1%)

2.64-05
(+2.4%)

1.75-05
(+2.4%)

2.02-05
(+2.9%)

10.0

1.04-04
(+1.6%)

6.53-05
(+1.8%)

4.34-05
(+1.9%)

3.33-05
(+2.3%)

2.44-05
(+2.5%)

1.71-05
(+2.8%)

1.83-05
(+2.7%)

20.0

6.90-05
(+1.6%)

6.53-05
(+2.3%)

4.21-05
(+2.1%)

3.40-05
(+2.2%)

2.68-05
(+2.5%)

2.64 05
(+2.5%)

1.98-05
(±2.3%)

1.45-05
(+3.2%)

1.92-05
(+3.1%)

1.93-05
(+4.9%)

30.0

5.11-05
(+2.1%)

3.13-05
(+2.3%)

2.42-05
(+2.1%)

2.04-05
(+3.1%)

1.71-05
(+3.1%)

1.37-05
(+4.01%)

1.67-05
(±3.0%)

40.0

4.23-05
(+2.2%)

3.62-05
(+2.9%)

2.59-05
(±2.2%)

1.84-05
(+3.1%)

1.57-05
(+3.2%)

1.48-05
(+4.8%)

1.33-05
(+3.7%)

1.24-05
(+3.3%)

1.54-05
(+2.9%)

1.62-05
(+4.9%)

50.0

3.57-05
(+2.4%)

2.21-05
(+2.5%)

1.54-05
(+3.1%)

1.23-05
(+3.0%)

1.16-05
(+3.8%)

1.08-05
(+3.0%)

1.56-05
(+3.1%)

60.0

3.38-05
(+2.2%

2.98-05
(+3.3%

2.22-05
(+2.2%

1.79-05
(±3.1%

1.52-05
(+2.7%

1.79-OS
(+4.1%

1.48-05
(+3.4%

1.65-05
(+2.9%

1.76-05
(+2.4%

1.96-O5
(+4.1%

Table 1 summarizes the experimental reaction rates of tho-
rium foils irradiated at seven blanket planes. The symmetry of
the results was found to be relatively good as can be seen from
the reaction rate values of symmetrically located points in plane
1,4, and 7. The large discrepancy for R = 56.0 cm could be due
to a bad positioning of one of the foils. It can be seen from
Table 1 that the reaction rate values of the most exterior
points (at R = 56.0 cm) are generally higher than the values at
the previous locations (R = 50.0 cm). In the same way, the
values of the reaction rates at plane 7 are systematically higher
than the corresponding values at plane 6. This effect shows the
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importance of the room returned neutrons whir.h is very predomi-
nant in the present experiment since the cavity size is small and
surrounded by very thick concrete walls.

COMPARISON WITH CALCULATIONS

A series of 2-D neutron transport calculations were carried
out before and after the experiments. All these calculations are
based on a cylindrical model of the HNG-TOBM assembly which does
not inlcude the concrete walls of the cavity for practical rea-
sons (computer time, and difficulty of accurately representing
the experimental cavity geometry in a cylindrical model). Preli-
minary studies, aimed essentially at estimating the required
irradiation time, were made using the finite element code TRISM
/5/; their results have been published in Ref. /6/. Because of
the importance of the void regions in our experimental configura-
tion, and considering the fact that we had not been able to
obtain coherent results with the "Streaming Matrix Hybrid Method"
which is part of the TRISM code, we performed some calculations
using the 2-D discrete ordinates transport code DOT 3.5 /7/ and
its auxiliary code GRTUNCL to generate the numerical data needed
to make some comparisons with the experimental results; GRTUNCL,
which is part of the DOT package, calcultates an analytic first-
collision source for subsequent use in DOT in order to mitigate
the ray-effect problem caused by the presence of important void
regions. A pre-processing FORTRAN code has been developed to
carry out the different operations required to treat with GRTUNCL
the case of a source defined by a given number of cylindrical
segments (representing in our case the actual conical target of
the HNG) and prepare the source and flux input files needed by
DOT.

DOT calculations used the same 46-group neutron cross-sec-
tion library, with P3 scattering approximation, selected for the
preliminary TRISM runs. This library was prepared from the EFF
(European Fusion File) based on ENDF/B-IV, with the help of the
TBAMIX code /8/. An activation file, comprising Zr(n,2n) and

2Th(n, ) reaction cross-sections, was also generated from the
same EFF library source. With 86 x 50 mesh intervals, and a S 16
set of discrete angles, the 2-D transport calculations required
around one-and-a-half hour of CPU time on the CRAY-2 computer of
EPFL.

Fig. 3 shows the experimental and calculated 90Zr(n,2n)89Zr
rate profile on the axis of the HNG-TOBM assembly. The logarit-
hmic scale emphasize the exponential behaviour (linear variation
in the chosen scale) of the 90Zr profile inside the blanket mo-
dule. This provides a good way to normalize the calculated and
experimental results. Table 2 shows that the calculated 2-*3u
global production is around 40% lower than the experimental one.
This could be explained by the fact that the low-energy neutrons
back-scattered by the cavity walls are totally ignored in our 2-D
model, but give a significant contribution to the ^33u production
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Table 3. Experimental 2 3 3u production in TOBM and
comparison with calculation

(Production per source neutron)

Designation Thickness (cm) 2 3 3u Production

Production in interplane 1-2 1.365 4.08 x 10
Production in interplane 2-3 5.880 1.163 x 10"2

Production in interplane 3-4 5.880 8.88 x 10~3

Production in interplane 4-5 5.880 7.33 x 10"3

Production in interplane 5-6 7.350 7.73 x ID"3

Production in interplane 6-7 1.3 65 1.51 x 10"3

Global production

Calculated global production (DOT 3•5)

4

2

.116

.330

X

X

10-2

10-2

in the =• -*• : experiment. The way the calculated and experimen
'. ^ouits have been normalized could also have introduced som-

bias. In addition to the global 2 3 3u production, we have alsc
given in Table 3 the respective contributions of the six inter-
plane regions, which could be used to compare with the 3-D Monte
Carlo calculations.

CONCLUSIONS

The results obtained in the 2 3 3U breeding experiments show
that it is quite possible to get a good estimate of the produc-
tion rate in the entire blanket module, from a limited number of
measuring points only, with the procedure we propose in this
paper.

The effect of room returned neutrons is quite significant in
the 2 3 U breeding measurements, as shown by the important large
underestimation of the global production in our 2-D calculations
where this effect has not been taken into account. On the other
side, we have shown that the calculated results agree very well
with the experimental results in the high energy range where the
back-scattered neutrons do not play an important role. Hence
further calculations should be performed by taking into account
the concrete which surrounds the experimental cavity in order to
be able to make realistic comparison between calculated and
measured 2 3 3u production in the blanket.
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10.1 EXTERNAL AND INTERNAL DOSIMETRY OF PERSONS EXPOSED TO
THORIUM AND APPLICATION OF NEUTRON ACTIVATION ANALYSIS

TO STUDY ITS BIOKINETIC BEHAVIOUR

C M . Sunta, H.S. Dang, D.D. Jaiswal, R.C. Shsrma,
D.J. Mehta and P.P.V..T. Nambiar

Health Physics Division
Bhabha Atomic Research Centre, Bombay - 400 085

The article summarizes external and internal dosimetry
studies in different population groups exposed to varying amounts
of thorium.A dosimetry survey of the general population of
mcnazite areas has shown that the average external dose
equivalent in some geographical areas is as high as 10 mSv per
year. Internal exposures are investigated in the occupational
persons using the method of direct body gamma spectrometry and
the analysis of exhaled breath, urine, blood serum and blood
cells. Body gamma spectrometry and breath analysis do not have
sufficient sensitivity to detect minor exposures. The neutron
activation method, developed to analyse biological samples, is
used to make precise measurements of thorium in the body fluids.
The urine and serum concentration results so obtained are used to
derive important conclusions about the excretion kinetics of
thorium. Approximately 15% of the thorium content of the blood
serum appears to be excreted daily through urine.

INTRODUCTION

This article deals with external and internal exposures of
thorium to which different population groups are subject, in
normal high-background or different occupational environments.
The population groups who get exposed to thorium in India are
(1) people living in the south-west coastal region of Kerala
where monazite is intermingled with beach sands, (2) occupational
workers engaged inmining and processing of monazite sands and
production of rare-earth salts and thorium nitrate (this group at
present consists of about 2000 workers) and (3) workers of gas
mantle factories (in India, presently, there are about 600
persons). Thorium exposures in gas mantle factories arise from
the thorium nitrate powder which is for treating the nylon mesh
made for the gas lamp mantle.

External exposures of the high-background areas of Kerala
has been measured by us earlier using thermoluminescent
dosimeters (TLD) /1-3/. Exposures of the occupational workers of
the rare-earth and thorium industries are regularly measured
under the radiological surveillance programme /4/. A survey has
been made recently of the radiation fields in gas mantle
factories /5/. The internal exposures can be investigated by
three methods : (1) direct body counting of the individuals?
(2) analysis of biological samples like urine, faeces, blood and
hair, (3) measurement of thoron gas in the exhaled breath.
Measurements using all these techniques have been made inthe past
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and reported sporadically. The lung and .-ir r J c-.-bcdy counting
results and the urine analysis measurements for the workers of a
thorium nitrate production plant were reported by Surendran et al
/6/ and Sawant et al /!/. The baseline values of 232Th in
different human tissues, body fluids excreta samples and food
items have also been reported earlier by Jaiswal et al. /8/,
Sunta et al. /9/ and Dang et al. /10/. Kotrappa et al. /ll/ have
measured thoron in the breath of the ocupational workers of a
thorium nitrate plant.

Notwithstanding these various studies, there has so far been
no attempt to correlate the results of different types of
measurements on the same group of persons. The present article
reviews the work done in our laboratory using the different
techniques mentioned above. The application of neutron
activation analysis is specially emphasized, particularly for the
biological samples of limited size such as blood cells, serums,
hair and surgical tissues. The measurements are performed not
only in the occupational groups with different work histories,
but also for the normal subjects. An important parameter that is
determined for the first time in human subjects is the percentage
excretion appearing in urine from the serum compartment.

EXTERNAL DOSIMETRY USING THERMOLUMINESCENT DOSIMETERS (TLD)

External Exposures were measured on a population of about
75000 persons residing in the 55 km long coastal belt in Kerala's
monazite area. An indigenously made TLD detector fabricated out
of a fluorite mineral was used. Measurements were made in about
2500 dwellings and their 10000 residents selected on a random
basis from the total population under survey. The dosimetry
consists essentially of natural CaF2 powder deposited on a
Kanthal heater strip and packed inside an opaque plastic cover.
It is attached to a metal chain for wearing as a necklace. About
15% of the households selected on random basis from the survey
area were given the TLD necklaces. With about 90% recovery we
had 11108 measured values which included 8770 personal exposure
and 2338 house exposure readings from the dosimeters hung inside
the dwellings.

Fig.l shows the average exposure values in different segments
of the area under study schematically depicted by a histogram.
Additional house exposure .readings in the adjoining geographical
area are shown by dotted bars to show the radiation pattern
through the entire shouth-west coast. The exposure data of the
segments were statistically analysed by dividing the population
into three groups: (l) persons going outside the survey area for
their daily occupation, e.g. office goers, students, etc. (2)
persons staying at home, e.g. housewives, old people and infants,
and (3) fishermen. A fourth groups of radiation exposure data
consists of the measurement obtained from a TLD placed inside the
dwelling for three months duration, i.e. the time during which
the individual household members have worn their dosimeter. The
data were ranged in 1 mSv intervals. The data from all the four
groups were found to fit into log-normal plots. A typical
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example of such plots is shown in Fig. 2. When dati are combined
over the entire geographic region, they fit into a biomodal log-
normal distribution reflecting two distinctly different
background levels, namely one near-normal background, while the
other is a high level background.

One of the special features of these radiation exposure data
is that the indoor exposure values are gnerally lower than the
personal exposures. This is in contrast to the normal indoor -
outdoor pattern. Table 1 shows a comparison of the indoor-to-
outdoor ratio of Kerala data with those of other places of India.
The reversal of the ratio in this area is due to the fact that
the dwellings are made of straw (coconut leaves) supported on
wodden poles. These structures provide some shielding to external
radiation and do not permit accumulation of radon or thoron.

Table 1. Comparison of Average indoor-to-outdoor ratios
of radiation levels at different places

Location

Chavara
(monazite area)
Bombay
Hyderabad
Alwaye

Type of house
(construction
materials)

Palm leaves, wood
Concrete
Concrete of granite
Brick, mortar

Indoor-to-
outdoor
ratio

0.82
1.14
1.40
1.42

INTERNAL DOSIMETRY

Direct in-vivo Counting

232Th is the parent of a long radioactive chain. A number of
chain members are gamma emitters. Thorium can thus be measured
by the direct in-vivo counting technique. The major gamma
energies are 910 keV of 228Ac and 2.6 MeV of 2 0 8Tl. Fig.3 shows
a typical gamma spectrum for an occupational worker at the
thorium plant. For comparison, the spectrum of a 1500 Bq232Th
source (equilibrated) placed at the position of the lungs of a
human-shaped masonite phantom is also shown. This spectrum is
recorded by using a 20 • cm diameter and 10 cm thick Nal(Tl)
detector. The calibration of the in-vivo monitoring system is
done for two types of measurement geometries: (1) a static chest
counting which is used to measure radiactivity in the lungs and
(2) a scanning system in which a couch, with the persons lying on
it, moves in front of the detector. The detector thus sees each
part of the person from head to toe in approximately uniform
geometry along the linear profile. Readi; s are taken both in
prone and supine position and averaged. rhe in-vivo counting
system is housed in a well shielded steel chamber to reduce the
background radiation. The body activity calculation is carried
out by using integrated count rates within fixed energy bands,
after subtracting the background count rate from a comparable
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nonoccupational person• Table 2 shows the estimated thorax
burden values of some of the occupational workers.

Table 2. Thorium burden estimates [Bq] of the occupational
workers in a thorium nitrate plant and a gas mantle
factor by two methods:(1) direct external gamma
spectrometry, (2) thoron measurement in the breath

Identification
number

1
2
3
4
5

Burdern

Direct gamma
spectrometry
of the thorax

112 + 5
67 + 5
27 + 4
32 + 5
15 + 4

estimates8'

Thoron
measurement
in the breath

75 + 3
42 + 2
30 + 2
20 + 2
28 + 2

a' The errors are 1 standard deviation of counting statistics.

Analysis of Thoron in the Breath

The thorium-bearing aerosols deposited in the lungs can be
estimated by measuring the thoron gas exhaled in the breath. In
our laboratory the measurement of thoron in the breath was
carried out using a double filter system /ll/. The technique
consists of inhaling the aged air (thoron-free) and exhalling
into a metal cylinder fitted with glass-fibre absolute filters at
both ends. The daughter products of exhaled thoron are deposited
in the exit filter. After applying a correction for wall losses,
the thoron emanation rate can be calculated. Assuming that 9% of
the thoron produced in vivo comes out with the exhaled breath,
one can estimate the thorium in the body /12/. The estimates of
the thorium burden in some occupational workers are listed in
Table 2. ' Only those values are included for which thorax burden
values measured by body gamma-ray spectrometry were available.

APPLICATION OF ACTIVATION ANALYSIS

The physical methods of internal contamination measurement,
namely body gamma-ray spectrometry and breath analysis are not
sensitive enough. Minor exposures such as those below 1/10 of
the limits set by the International Commission on Radiological
Protection /20/ are hardly detectable by these methods. To
overcome this difficulty, the indirect method, namely the
analysis of excreta samples, is resorted to. For thorium, the
neutron activation technique was developed to analyse various
biological samples. Being highly sensitive, the technique
becomes particularly useful when the available sample size is too
small.

193



Special Samples

Low-level measurement of radioactive elements in bulk
samples is usually done either by direct counting of gamma rays
or by alpha or beta counting after chemical separation. These
methods, however, cannot be used if the available sample size is
too small. In our programme of studies onthe biokinetics of
thorium we decided to use the neutron activation technique. This
method is highly sensitive and free from problems of contamina-
tion onec the sample is irradiated. Appropriate care should,
however, be taken during sample collection and preirradiation
handling to detect Th in quantities as low as 0.025 ng.

We have applied neutron activation to determine the
concentration of thorium in blood serum, cells and urine of
normal and certain occupational groups of persons. We have also
used this technique in analysing the hair samples. A very
special application was to analyse thorium and cerium in heart
tissues collected during biopsy or necropsy.

The analysis of the biological samples was basically done as
a part of the biokinetic studies of thorium with a view to apply
them in internal dosimetry of this element. The heart tissues
were analysed in connection with a programme of investigating
the cause of endomyocardial fibrosis prevalent in the Kerala
region of India.

Sample Collection

Blood, urine and hair samples

These samples were collected from four groups of persons,
namely : (1) a control group consisting of members of the general
public or nonoccupational laboratory personnel, (2) office staff
of a thorium nitrate production plant, (3) occupational workers
with 5-10 years service in the same plant and (4) occupational
workers with 15-32 years of continuous service in that plant.
The plant processes thorium hydroxide to manufacture pure thorium
nitrate. The workers of the occupational groups, namely groups 3
and 4, normally work in rotation in different departments of the
plant, so that the exposure pattern of all of them is similar.
Blood samples of the control group were collected from healthy
blood donors at blood donation camps. 25 ml of blood was taken
from each volunteer in specially cleaned sample tubes. Control
urine samples were collected from our own laboratory personnel.
These were collected during the 8 h working period for two
consecutive days in clean polythene bottj.es. 5 ml of electronic-
grade concentrated HN03 was added to these samples immediately
after the first void collection to ensure that there was no
adsorption of Th on the walls of the polythene bottles. Hair
samples were also collected from the laboratory personnel. None
of these persons had any occupational contact with thorium
compounds. Thus, except blood, all other types of control
samples were collected from the same groups of individuals.
However, this exception is not expected to affect the conclusions
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of the study.

Samples from groups 2,3 and 4 were collected in the low-
level laboratory during the time when the individual workers of
these groups were called for internal monitoring by direct in-
vivo counting. 25 ml of blood was collected from each person in
specially cleaned sample tubes. Urine samples were collected
during their 8 h stay in the low-level laboratory on two
consecutive days. All the workers were called for internal
monitoring on Mondays, so that they had been out of the plant for
at least 60 hours prior to reporting for monitoring. By this
schedule the initial fast-clearance phase in serum and urine due
to a recent exposure could be avoided. Ideally the urine samples
should have been collected for 24 hours. But this could not be
done due to practical difficulties in achieving reliability of a
24 h collection at home.

Heart Tissue Samples

Endomyocardial tissue samples were obtained from
endomyocardial fibrosis (EMF) patients. Control samples were
collected from cases of traffic accidents or homicide. These
were confirmed normal by histopathological examination.
Precautions were taken to avoid any dust or metal contamination
during the sample collection.

Preparation of Samples for Neutron Irradiation

Serum and cells were separated by centrifugation after
allowing the blood to coagulate. These were then dried at 100 C,
powdered and packed in polythene bags. 300-500 ml of each day's
urine was preconcentrated by coprecipitation with calcium
oxalato. Electronic-gradereagents were used and the samples were
processed in a dust-free atmosphere to avoid any contamination.
The procedures were given in detail in an earlier publication
/9/. Hair samples had 100-200 mg weight. They were washed first
with distilled water, then in acetone (thrice) and finally in
triple-distilled water. After drying they were packed
inpolythene bags for irradiation. Heart tissue samples weighing
about 1 g were preserved at -20 C before they were taken up for
analysis. They were freeze-dried and 100-200 mg powdered samples
were packed in polythene for irradiation.

Neutron Irradiation

All the samples along with a comparable quantity of
standard were irradiated in a thermal-neutron flux of about
cm s for about two days. 2 Th present in the sample gets
converted into Pa by neutron irradiation. 232Th is determined
by counting the 311.8 keV gamma of 233Pa. The nuclear reaction
and other parameters are given in table 3.
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Table 3. Nuclear parameters used in the determination of 232Th
neutron activation analysis of biological samples

Nuclear reaction 232Tn (n,y)233Tn

Nuclide measured 233Pa
Half-life 27.4 d
Photons counted 311.8 keV (38%)
Neutron flux = 1013 cm~2s~1

Irradiation period 2 d
Cooling period 5 d

Past-irradiation Treatment

The irradiated sample is allowed to cool for 5 davs to
the decay of short-lived activation products like Z4Na, J OC1,
82Br, etc. Urine samples of occupational groups could be counted
directly for 233Pa without further treatment of these samples.
However, in the case of normal groups, 233Pa had to be separated
from the irradiated sample. This separation is carried out by
co-precipitatipn first with MnO2 and then with BaSO4. In this
precedure, 233Pa is carried quantitatively along with BaSO4,
whereas the interfering radionuclides like 59Fe, 51Cr, 3 2P, etc.
are left behind in the supernatent. The thorium standard,
irradiated with the sample, was also treated in an identical
fashion. The recovery factor obtained in a quality control
experiment was (90.4 + 3.9)%. The details of the chemical
procedure are given in an earlier publication /8/.

Gamma Spectrometric Counting

The irradiated and colled sample, or the BaSO4 precipitate
derived from it, is counted for 233Pa with a 54cm HPGe detector
coupled to a 1024-channel pulse height analyser. The 311.8 keV
gamma line of 233Pa was used to measure the activity of the
samples. The normal blood cell and serum samples required as
much as 16 hours of counting time, whreas other samples could be
counted in 1-2 hours.

RESULTS AND DISCUSSION

Correlation Between the Results of Body Gamma Spectrometry and
Breath Analysis

25 occupational persons of the thorium nitrate plant were
monitored both by body gamma-ray spectrometry and by breath
analysis. However, only six of them produced values above the
detection limit of body gamma spectrometry. By breath analysis
only 11 persons gave positive results. In Table 2 results are
listed only from those individual who were measurable by both
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methods. Although there is no one-to-one ccri'-pondence between
the burden estimates obtained from the two methods, a trend of
similarity in clearly discernible in the higher burden range.
The data were tested for their correlation. The correlation test
produced the following results : correlation coefficients r =
0.94, significance level p < 0.05, linear regression equation Y =
0.52 X + 12.8, where Y is the value from breath analysis and X
that from the direct gamma spectrometry of the thorax region.

Concentration in Blood Serum, Blood Cells and Urine

The results of the analysis of these samples are summarized
in table 4 in which the geometric means and geometric standard
deviations are listed for each of the groups. The consistency of
the results was examined by plotting the individual values on a
log-normal graph paper from each type of the sample. A set of
these plots for urine samples of all four population groups is
shown in Fig. 4. The pattern was the same also for the blood
serum and the blood cell samples. The results are thus self-
consistent within each group for all three types of samples. In
table 4 the published values of various authors are also listed
for the case of normal population, for comparison. It is seen
that, except for the urinary values reported by Twitty and Boback
/13/, all others are larger by at least an order of magnitude
/14-17/. No specific reason can be given for these difierences.
Intercomparison excercises have shown that such differences are
not uncommon /18/. Various sources of error, particularly lack
of sensitivity and external contamination could be responsible
for the high values obtained in the early works.

The concentration values for each type of sample, namely
blood serum, blood cells and urine, are shown in Fig.5 for
comparison between individual groups. As expected it is observed
that the values for all three types of the samples are in general
much higher in the case of occupational groups than in the normal
group. It is interesting to observe that even the office
personnel, who have no physical contact with the material being
handled in the plant have a distinctly higher serum and urine
concentration. The airborne particulates suspended in the
general environment of the plant which would be inhaled by
everyone in that area could be responsible for this increase.

A notable feature of the data is that the cells-to-serum
concentration ratio decrease with the degree of exposure. The Th
amount in cells may be considered to be that which has been
metabolized by the body, whereas that in the serum may be due
partly from the dissolution of the deposited aerosol in the
respiratory system and partly from the exchange of the
metabolized part in different body organs. The cells and serum
concentration values of different groups and their ratio in each
group are shown in fig.6. The expectd respiratory deposit in the
occupational groups being considerably higher, it appears logical
that the} serum concentration should be progressively higher in
the exposed group. Fig.6 shows that the cells-to-serum ratio is
reversed in the plant worker groups in comparison to the normal
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group. The reason for this variation in the ratio noald be the
following : in the normal group the relative contribution to
systemic uptake could be significant through food /9/, which
after metabolization may reflect more in blood cells than in
serum alone. On the other hand, in the occupational groups there
will be a considerable lung burden which will lead to a large
enhancement of the serum concentration levels.

The thorium concentrations in the serum of the two groups of
occupational plant workers do not differ significantly from each
other (see fig.6). From this observation one may first conclude
that the pulmonary burden may have saturated in both these
groups. This would further mean that the pulmonary clearance
half-life for the deposited dust should be much smaller than 5
years (the occupational duration of one of the groups being 5-10
years). Secondly, the source of thorium in serum and urine may
largely be due to the dissolution of pulmonary deposition. If
systemic deposition could contribute significantly to serum and
urine, the concentration in these fluids should have been higher
in the samples of plant group 2 in comparison to those of plant
group 1 (see table 4) since the systemic (skeletal) burden is
expected to increase with the duration of the occupation period.

Table 4 Concentrations in urine, blood and blood cells (clot)
of normal and exposed groups of workers; numbers in nrentheses
indicate the number of samples

Ciroup

Normal
([his study)

Normal
(published
values)

Office staff
Occ. group 1

(5-10 yr service)
( Vc. group 2

115-30 yr service)

Concentration ing/I]

Urine

Range

1.2-4.7(11)

2.8 [13)
1.3113]

74 (14)
IOC (IS)

9.6-14.8(3)

34-3S0(8)

18-334(16)

G M "

2.7

_

12.0

78.1

82.9

GSDW

1.4

14

1.8

IX

Serum

Range

2.5-22.0(10)

< 40000 [16]
< 40 |17J

17.0-40.0(3)

30-1010(8)

78 749(16)

GM

7 9

27.3

2084

1W.8

GSD

1.9

1.5

3.0

1.8

(.ills

Range

6.4-41.0(7)

I6O|I7|

15-50(3)

16-450(7)

(•I 500 (If;

GM

I9.X

26.2

¥8.4

J0?.-»

GSD

l.R

3.0

I.*

5*; GM = Geometric mean.
"' GSD= geometric standard deviation.

Blood Serum Burden and Urinary Excretion

The source of the urinary excretion is the serum or the
plasma pool Assuming the serum volume to be equal to 31 (55% of
the total blood volume of 5.51), the elemental burden in serum is
computed from its measured concentration. Similarly the average
daily urinary excretion of the element is estimated from the
measured urinary concentration, the volume of the collected urine
and the time duration of the urine collection (8 hours). It is
assumed that the daily urine volume is 3 times the 8 h excreted
volume. The assumption has the limitation that urinary excretion
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may not be uniform in time during a 24 hour , . ijd but the error
due to this will not alter the conclusion sî r... iicantly. Based
on these estimates, the daily urinary excretion of thorium as a
percentage of its serum burden is computed for the four groups of
persons. The average percentage values for normals, the office
workers and the plant worker gorups are given in table 5. The
average percentage of urinary excretion from the serum
compartment thus works out to be about 15%. On the basis of
animal experiments, Stover et al. /19/ have estimated that of the
thorium injected into the blood pool 12.5% is excreted out. The
ICRP /20/ has assumed a figure of 10% The present estimate of
15% compares favourably with that of Stover et al. /19/.

The excretiorv fraction from the transfer compartment is an
important parameter in the biokinetic model of an element. The
present work has estimated it for thorium for the first time in
humans.

Table 5. Estimates of average daily urinary excretion as
percentage of serum burden for the four population groups

Geometric Geometric Daily urinary
Population Population mean of the mean of the excretion as
group size daily urinary serum burden %age of serum

excretion [ng/d] [ng] burden [%]

Normal
Office Staff
Occ.Group(1)
Occ.Group(2)
Mean

11
3
8

16

3.5
16.5
91.4
83.8

23.7
82.0
625.2
599.4

14.8
20.0
14.6
14.0
15.8

Correlation of the Thorium Concentration in Blood Serum with
its Thorax Burden and Urinary Excretion

The material from the dissolution of dust deposited in the
lungs is taken up by the blood serum. Through the serum, some
part of this material gets distributed in different tissues of
the body. The remaining material is excreted out through urine.
Serum is also the exchange pool for the metabolized material
taken up by the different tissues and the organs of the body.
Thus the serum pool is expected to reflect both the pulmonary as
well as the metabolized body burden. In the case of occupational
workers, as discussed earlier, the source of serum thorium is
concluded to be largely inthe pulmonary deposit. We therefore
examined the correlation between the thorium concentration in the
serum and thorax burden as estimated by direct counting and also
by breath thoron measurement. Further, since urine is the direct
result of filtration of serum in kidneys, also a correlation
between the thorium concentrations in serum and urine was
examined,. Linear regression equations were obtained using a
least-squares fit. These were tested by obtaining the
correlation coefficient r and the confidence level p. The
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regression equations and the r- and p-values for ec-cn of the
correlations are listed in table 6. In addition, c rank test was
carried out for each of the correlations. The results show that
the serum concentration is a good index of the lung burden. For
the occupational workers a blood sample as small as 5-10 ml would
be sufficient to carry out the analysis. We can thus measure
even very minor exposures by inhalation.

Table 6. Correlation of the thorium concentration [ng/1] in blood
serum (x) with (1) the daily thorium excretion in urine
(U),(2) the thorax burden (T) of thorium as estimated by
direct external counting and (3) the thorium body burden
(B) as estimated from thoron measurements in the breath

Correlation
of x with

U
T
B

[ng/i]
[Bq]
[Bq]

Population
size (n)

24
7

13

Linear
regression
(least

squares fit)

U=0.22x+44.4
T=0.12x-12.9
B=0.042x+ll.

Correlation
coefficient

(r)

+0.65
+0.93

8 +0.88

Significance
level

(P)
*

<0.01
<0.01
<0.001

OTHER APPLICATIONS OF ACTIVATION ANALYSIS

Hair Sample Analysis

The concentration in hair samples is given in table 7 for
normal and plant personnel. It is seen that the plant workers
have an almost 3 orders of magnitude higher thorium concentration
in their hair as compared to the normal group. A difficulty felt
in hair sample analysis was the external adsorbed contamination.
Standard washing by acetone (3 times) did not appear to produce a
stable value. A further washing by detergent reduced the
counting rate considerably, although not uniformly for all the

Table 7. Comparison of the Th concentration [ng/g] in the
hair of normal and occupationally exposed persons

Concentration
Population Popu- :
group lation Range Geometric Geometric

size (n) " mean standard
deviation

Normal 14 2.9-11 4.8 1.4
Occupational
thorium plant
workers of
5-32 year
service 11 480-59000 5000 5.7
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samples. In a majority of cases the reduction was by a factor of
3-4. In others the reduction was smaller. The significance of
the effect of detergent-washing needs to be further investigated.
The values listed in table 7 are after standard acetone-washing.
The results show that hair can be a good indicator of internal
exposure, provided analysis is done carefully. It can eventually
form an alternate method to lung or whole-body counting.

Analysis of Thorium and Cerium in Normal and EMF Heart Tissue

The results of the analysis of these samples are given in
table 8. We found earlier that EMF hearts in general show
significant increase in the concentration of thorium. A
speculation was therefore made /21/ that the presence of thorium
in conjunction with a magnesium deficiency in protein-
malnutritioned patients may be leading to a biological toxicity
resulting in EMF. Subsequently we observed that the cerium
excess appears even more pronounced (table 8) . Whether the
speculation of a geochemical role in the EMF disease is true or
not will be known after the results of further biomedical study
become known.

Table 8. Elemental concentration in normal and EMF
heart samples: (a) cerium and (b) thorium

Concentration [ng/g wet weight]
Population Popu
group lation Range Geometric Geometric

size (n) mean standard
deviation

(a) Cerium
Control 9 0 . 1 - 9 . 4 1.5 5.14
EMF 10 3.5-21.5 7.7 1.86

(b) Thorium
Control
EMF

14
16

0.
0.

05-
05-

0.
1.
7
8

0.
0.

16
31

2.
2.

73
60
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10.2 A GEOCHEMICAL BASIS FOR ENDOMYOCARDIAL FIBROSIS

M.S.Valiathan*, C.C.Kartha*, V.K.Panday+, H.S.Dang+, C.M.Sunta+

* Sree Chitra Tirunal Institute for Medical Sciences & Technology,
Trivendrum, Kerala

+ Health Physics Division, B.A.R.C, Bombay 400 085

In a search for geochemical factors that could play a role
in the pathogenesis of tropical endomyocardial fibrosis, endomyo-
cardial tissue samples obtained from patients at necropsy or
operation were analysed for major elements present in laterite
and monazite, which are important soil constituents of Kerala
State of India. Atomic absorption spectrophotometry was used for
detecting iron, silicon, aluminium, zinc, magnesium, calcium,
sodium, potassium, and manganese and neutron activation analysis
for thorium. Compared with control samples from victims of fatal
accidents, an excess of thorium, sodium, and calcium and a defi-
ciency of magnesium were present in samples from patients. It
has been shown earlier that the staple diets of people in Kerala
have high concentrations of thorium, and these data show that
thorium can become concentrated in cardiac tissues. It is specu-
lated that thorium excess in conjunction with magnesium deficien-
cy may play a role in the causation of tropical and endomyocar-
dial fibrosis.

A notable feature of endomyocardial fiborsis is its geograp-
hical prevalence. Since its original description among West
African soldiers/1/the disease has been reported largely from
Uganda/a/, Ivory Coast/3/, Nigeria/^./, Brazil/5/and Kerala State of
India/6,7/which are located within 12 ° of latitude on either side
of the equator in three different continents. None the less, the
notable geographical pattern has escaped attention in relation to
the causation of endomyocardial fibrosis, which has been
attributed to viral, immunological, hypereosinophilic, and other
factors.

In'an attempt to correlate geochemical factors with cardiac
tissue .changes, we carried out trace element analysis on
endomyocardial tissue samples obtained either at necropsy or
during operations on patients with endomyocardial fibrosis.
Endomyocardial samples from victims of fatal accidents served as
controls. The elements for initial analysis were chosen mainly
on the basis of their presence in laterite and monazite, which
are commonly found in the soils of Kerala and other regions of
the world at the same latitude.

MATERIALS AND METHODS

Sample Collection

The endomyocardial tissue samples for analysis were obtained
from nine patients in whom the diagnosis of endomyocardial
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fibrosis had been made at cardiac catheterisation and selective
cardiac angiography and subsequently confirmed during operation
(two patients) or at necropsy (seven patients). The control
samples of endomyocardial tissue were obtained from six healthy
subjects, who had undergone medicolegal necropsies after traffic
accidents or homicide. All the tissue samples obtained at
necropsy or operation were subjected to histopathological
examination and the portions for trace element analysis preserved
separately at -20 C until the time of analysis. Standard
precautions were taken to avoid metal contamination during sample
collection.

SAMPLE ANALYSIS FOR TRACE ELEMENTS

All elemental analyses were carried out by atomic absorption
sepctrophotometryexcept for thorium, which was determined using
neutron activation technique.

Atomic Absorption Spectrophotometry

One gram each of the tissue samples was wet digested with 6-8 ml
of a mixture of 3 parts of ultra pure nitric acid and 1 part of
analar grade perchloric acid. The excess acid was slowly
distilled and the clear solution made up to volume with triple
distilled deionised water. Suitable blanks were run for each
samaple. The elements iron, silicon, aluminium, zinc, magnesium,
calcium, sodium, potassium, and manganese were estimated using
flame atomic absorption spectrophotometry. A Varian Techtron AA-
1475 atomic absorption instrument was used under standard
operating conditions. An air acetylene flame was used for the
elements zinc, iron, manganese, sodium, and potassium, whereas
the samples were aspirated into the nitrous oxide acetylene flame
for determining calcium, magnesium, silicon, and aluminium.

Neutron Activation

200-300 mg of freeze dried heart tissue sample was sealed in
pure aluminium foil_ and irradiated for seven days in the neutron
flux (1O1^ n.cm s" ) in the Cirus reactor at BARC together with
100 ng of thorium standard. After irradiation the samples were
cooled for seven days to allow for the decay of short i
isotopes formed during irradiation. Irradiation converts
to z *Th, which decays to 2 3 3Pa as in the following reaction :

a33Th(n,rI z3JTh~*233Pa(t 1/2 s 27 days)

2 Pa emits main *y energy of 311.8 keV. Protactinium was
separated by coprecipitation with barium sulphate. It was then
counted on a 54 ml intrinsic germanium detector. Identical
chemical separation procedure and counting geometry were followed
for both the sample and the standard. The amount of thorium in
the sample was obtained by comparing the counts for sample and
standard. Using this technique it is possible to detect thorium
at concentrations as low as 0.02 ng./g.
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RESULTS

The concentrations of elements in the endomyocardial samples
from patients and controls are shown in the table. Two samples
obtained as surgical biopsy specimens during endocardiectomy and
atrioventricular valve replacement contained calcific plaques and
were insufficient in quantity to carry out plaques and were
insufficient in quantity to carry out the analysis for silicon,
aluminium, and manganese. The available analytical data were
subjected to the Mann-Whitney U test to detect significant
differences in the elemental concentrations between the two
groups (Table 1.) The U test was preferred to the more frequently
used t test in the present study chiefly because of the smallness
of the sample.
TABLE Concentration (ftg-g~' wet weight) of elements (median (range) values) in endomyocardial samples from patients
(n—9) and controls :'n»(J;

Group M:FAge(yr) Na K Ca Mg Zn Ft Sit Al Mn Tht

P»tfenu2:7 22 1580 2000 90 IIS 26 29 47 3.2 0.2 1.4
(M-33) (I130-4I80)»(1300-6400)(50-I820)*(60-I50) 120-32) (20-90) (31-76)1(2-9)} (0.2-0.3)1 (0.2-t.S)*

Control* J:I 27 830 1720 43 3 151 21.5 42 8 51 2.4 0.18 0.2
(22-33) (700-890) (800-2900) (42-60) (100- !fi5»--< 1(>->1) (14-51.8) (25-67) (1.6-4.8) (,09-.2S) (0.2-0.4)

tin MS'8 ' &y weight, tin ng-g~' dry weight. SEstiinniioris June only in »cvm necropsy samples.
•jKO.01; ••p<0.05; significant difference (Minn-Whitney U icsti.

The U test results showed that there was no significant
difference between the patient and control groups in respect of
potassium, zinc, iron, silicon, aluminium, and manganese
concentrations. The tests, however, showed that the samples from
the patients significantly differed from those of the controls in
that higher concentrations of sodium, calcium, and thorium
(table). The higher concentration of calcium in the patients
remained significant even when the abnormally raised readings in
two samples due to the presence of calcific plaques were excluded
from analysis.

DISCUSSION

Although cardiomyopathies due to the excess or deficiency of
trace elements such as cobalt and magnesium are well known/9,10/we
are not aware of any previous studies linking elemental
concentrations in cardiac tissue with the causation of
endomyocardial fibrosis. The knowledge that the soils of
countries' in which endomyocardial fibrosis prevails also happen
to be rich in minerals was responsible for the search for a
geochemical basis in the "present study. In addition to the
physiologically important macrometals and biologically active
elements, we chose for initial analysis silicon, aluminium, and
iron in view of their large proportion by weight in laterite
soil/1 Vand thorium in view of its high content in monazite/12/

Our analytical data showed a significant difference between
the disease and control samples only in relation to magnesium,
calcium, , sodium, and thorium concentrations. Pending
experimental elucidation, the role of the interaction of these
four elements in the pathogenesis of endomyocardial fibrosis can
remain onj.y speculative at this stage.
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In reviewing the role of magnesium deficiency in myocardial
disease, Seelig pointed out that myocardial lesions in various
cardiomyopathies were compatible with magnesium deficiency/t3/and
quoted Caddell's comment that the endomyocardial fibrotic disease
in Africa is prevalent in areas where protein malnutrition is
found/14/. Magnesium deficiency also occurs in a variety of other
clinical situations including congestive heart failure/^/and
prolonged administration of diuretics/16/both of which were
applicable to the patients in the present study. On the other
hand, under experimental conditions magnesium deficiency produces
pathological changes/10,\i/ in so generalised a manner that they
have little in common with the histopathological changes that are
cardioselective in endorayocardial fibrosis. It would therefore
appear th the deficiency of magnesium factor in the pathogenesis
of endomyocardial fibrosis and that its role, if any, is modified
by coexisting calcium, sodium, and thorium in the cardiac tissue
samples from patients call for closer examination.

High calcium concentrations have been reported in
association with magnesium deficiency in various chronic
cardiomyopathies, and the interaction of magnesium and calcium at
the level of the muscle cell has led to the designation of
magnesium as nature's calcium blocker/iQ/. The relation of
magnesium and calcium in the cardiac tissue of patients in the
present study would seem to be another manifestation of the
interaction of these cations in the presence of myocardial
dysfunction or degeneration. Since a higher concentration of
sodium in cardiac tissues has been reported in congestive heart
failure/19/the difference in the concentrations of sodium in both
groups in the present study may be no more than an expression of
the poor clinical state of the patients.

Unlike magnesium, calcium, and sodium, thorium plays no role
in human physiology, and its presence in cardiac tissues in
conjunction with magnesium deficiency may be coincidental or may
be evidence of its biological toxicity. Concentrated by plants
and animals in regions where the soil is rich in monazite,
thorium in known to migrate into the diet of people who populate
these regions. Analysis of food stuffs from the south west coast
of Kerala has shown that leafy vegetables, cucumber, and tapioca,
which are commonly eaten by the poor people, contain fairly high
concentrations of radioactive thorium/20/. It has also been
reported that children from these areas have a higher level of
radioactivity in their urine/21/. After variable absorption from
the gastrointestinal tract thorium is likely to be transported in
radiocolloidal form in biological fluids at exceedingly low
concentrations, since a similar phenomenon has been reported with
the heavier metals of group III including lanthanides and
actinides/22/. Since the binding capacity of thorium towards the
phosphate of the membrane phospholipid is very high/23/, thorium
ions could replace or displace magnesium ions, which sustain the
structural integrity of myocardial cell memberane and play a key
role in the mechanism of myofibrillar contraction and relaxation.
In effecting the ionic shift, it is possible that strong
electropositivity overcomes the possible mass restriction of
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thorium and enables the element to retain its chemical
reactivity. The resulting conformational changes in the membrane
phospholipid would be irreversible and could impair cardiac
contractility and induce structural changes leading to
endomyocardial fibrosis. Experimental studies are necessary to
confirm the hypothesis that tropical endomyocardial fibrosis is
the cardiac expression of an elemental interaction that causes a
toxic metal to replace or displace an essential element at the
cellular level.

We thank Dr. Chandan Mukherji, of the Centre for Development
Studies, Trivandrum, for the statistical analysis of data, Shri
S.D. Soman, Associate Director, Radiological Group, BARC, India
for his interest in the project, and Shri D.D. Jaiswal and Shri
M. Parameswaran for their assistance in analysis.
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10.3 DAILY INTAKE OF THORIUM BY AN INDIAN URBAN POPULATION

H.S. Dang, D.D. Jaiswal and C.M.Sunta

Health Physics Division
Bhabha Atomic Research Centre, Bombay - 400 085

Thorium intake by an urban group (Bombay) has been estimated
using neutron activation followed by simple chemical separation.
Daily intake of thorium via all the three sources: food, water
and air, is reported in this paper. The major contribution of
thorium to intake is through food (2.0 ug) , followed by water
(0.02 ug) and air (0,02 ug) . The individual food ingredients
such as cereals, pulses, vegetables, milk, etc. were also
analysed for their thorium content. The cereals were found to
contribute most to the daily intake.

INTRODUCTION

232
Thorium ( Th) is one of the naturally occurring

radioactive nuclides in the environment. It is found in
abundance in certain mineralised areas of India (Kerala), Brazil,
etc. where the exposure to thorium is high compared with other
background areas of the world. Thorium is also a potential
nuclear fuel of the future. Exposure to thorium is encountered
in the mining and milling of monazite (thorium ore) and at
various other stages in the thorium industry. In order to assess
the handling hazards of thorium minerals and compounds, it is
important to study this element in the normal environment. From
such an investigation very useful information can be obtained
about its intake and elimination from the body. The knowledge of
daily intake is also important to arrive at a metabolic model for
this element /I/.

This paper reports the daily intake of thorium by the adult
population of Bombay. This data is supplemented by the Th
analysis of the raw ingredients of composite food in order to
assess which component of food contributes most to the daily
intake.

EXPERIMENTAL

Sample collection

Food samples

Duplicate diet samples were collected from individuals who
were asked to collect the amount of food that they eat during one
full day. These samples were packed in a poly'chene bag and
stored below 0 C. Drinking water was not added to the food
sample and was collected separately.

The raw ingredients of food were collected separately in
triplicate from different parts of the city. They were then well
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mixed and an aliquot taken for analysis. Three to four such
aliquots were taken for each of the ingredients.

Air samples

Air samples were collected from five different locations in
Greater Bombay. The sampling sites were chosen in such a way
that locations with differing dust loads in air were covered.
The air samples wre collected during the day on 11 cm diameter
Whatman 41.filter paper using a high volume sampler (suction rate
400 1 min"1) .

Water samples

Drinking water samples were collected from five locations in
Bombay, in polythene bottles, and electronic grade HNO3 was added
to maintain a pH of l. All the precautions taken regarding
collection and storage of drinking water samples in order to
avoid errors due to adsorption or contamination are described
elsewhere /2/.

Sample preparation

The total diet samples were thoroughly homogenised in a
mixer. The paste, after homogenisation, was freeze dried and
then powdered. An aliquot of this powder was taken for neutron
irradiation. The raw ingredients of vegetables, fruits, milk and
neat were also freeze dried; the dry ingredients, such as cereals
and pulses, were analysed without prior treatment.

The air filter samples were packed in polythene before
neutron irradiation. A few blank filter discs were also taken in
the same way to assess blank correction.

The drinking water samples were concentrated by boiling and
when almost dry, they were taken in electronic grade HNO3 and
transferred to a Teflon beaker and digested with HF to volatilize
any silica present. The HF was finally removed by the repeated
addition of HNO3 and evaporation. The residue was then taken in
dilute HCl and calcium carrier added. Calcium oxalate was
precipitated from the solution by the addition of ammonia and
saturated oxalic acid (pH 3-4); calcium oxalate quantitatively
carried Th. The pecipitate was then sealed for neutron
irradiation.

Analysis

Irradiation

An aliquot (250mg) of dried total diet sample, the raw
ingredients and the oxalate precipitate, were taken and
separately sealed, and then irradiated in a neutron flux of
"'101 n cm s " , together with 100 ng of Th standard in a swimming
pool type Apsara reactor, for 24 h. During irradiation Jrh is
converted to 233Pa by the reaction 23ZTh (n,r) l 3 3Th — > • ^ P a .

/i
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Chemical separation

After irradiation, the samples were cooled for 7 days to
allow-for the decay of short-lived activities such as Z;*Na, 3BCl
and ° Br. The samples were then digested in HNO3/HC1O4 and
separated by co-precipitation of the z2>2>Pa activity, first v*th
MnO2 and then with BaSO4; the details of the chemical procedure
are described elsewhere /3/. The separated i33Pa activity was
then counted for 311.8 keV gamma photons using a 54 c.c. Ge
detector coupled to a 1024 channel analyser.

The reliability of the Th analysis was tested by the
analysis of standard reference material Orchard Leaves (U.S. NBS)
and also by spiking the biological samples with known amounts of
thorium. The results obtained were within 5% of the certified
value or the spiked thorium.

RESULTS AND DISCUSSION

The daily intake of thorium through food, drinking water and
air is shown in Table 1. For the calculation of Th intake
through air, it is assumed that an adult inhales 20 rtr of air

Table 1. Total daily intake of thorium

Daily intake
Source of No. of
intake samples Range Mean Median Geometric Mean

Whole diet 16 0.81 -4.29 2.24 2.24 2.02
WaterA 5 0.01-0.05 0.02 0.03 0.02
Air b 8 0.006-0.06 0.02 0.03 0.02
Total 0.83 -4.39 2.28 2.30 2.06

a Daily intake of drinking water, 1.2t/4/
b Daily intake of air, 20m J /4/.

daily and drinks 1.21 of water /4/, in addition to the water
required for cooking and that consumed by way of beverages. The
major source of Th intake is through food, followed by that via
water and air. The intake through water and air is <2% of that
through'food. However, inhalation can become a major source of
intake 'for subjects who are occupationally exposed in monazite
mining and milling operations. The concentration of Th in air
and the Th contents of lungs of normal subjects can be useful in
calculating the clearance rate of the element from the human
lungs /5/.

In Table 2 the concentration of Th in different food
ingredients is given; green vegetables contain the highest
concentration. However, the maximum contribution of thorium to
the daily intake is from cereals, followed by green vegetables
and pulses. The high contribution from cereals is because
they are consumed in larger amounts. Among the cereals, rice has
a much higher Th concentration than wheat. The highest value for
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Table 2. Daily intake through raw food ingredients

Source No. of
material samples

Cereals

Wheat
Rice
Pulses

Vegetables

Green
Other
Milk products
Mutton
Fruits
Sugar
Tea (trans-
ferred com-
ponent)
Water

4
4
4

3
3
4
4
3
2
2

5

Cone. range
(ngyg )

1.23- 4.83
• 5.97-17.6
1.2 - 5.8

14.7 -39.1
5.6 - 6.7
0.1 - 0.2
0.3 - 0.8
0.1 - 2.5
BD*
5.0

0.007-0.040

Mean
Cone.
(ngyg )

2.9
11.4
4.1

25.6
6.1
0.2
0.6
1.4
BD
5.0

0.02

Weight of
material
consumed
(g/day-1)

425
425
55

20
90

113
15
15
50g
5g

3000g

Daily
intake
of Th
(ng)

1245
4845
225

512
549
23
9

21

25

60

a Below the detection limit.

thorium in the whole diet samples (Table 1) was for an adult
whose stable food is rice. Milk and fruits were found to contain
very little thorium. Tea leaves had high concentrations of
Thorium (50 ng/g ), however the amount transferred to the tea as
drunk (<5.0 ng/g" j was a very small percentage of the total
concentration. The daily consumption of different food
ingredients is taken from data published by the National
Institute of Nutrition of India (Diet Atlas) /&/.

The average daily intake of Th for the population studied is
two-thirds of that assumed by ICRP. Published information on the
daily intakes through air and water is very scanty.

Sedlet et al. /7/ have reported the Th concentration of air
in the vicinity of the Argonne National Laboratory to be 30
aCim"-3 , which, on conversion to daily intake (based on 20 m3

inhalation rate), is "0.005 ug. Wren et al./5/ report the Th
concentration of air measured in New York from a high rise
building to be 0.34 ng 11C3, which would mean a daily intake of
0.007 pg of Th. It is important to note that the Th concentration
in air at high altitude is expected to be lower, as has been
observed during the course of our work; the Th concentration in
air at a height of 25 m was 0.14 ng m'3 compared with 0.3 3 ng m"3

at 5 m.

There is practically no published data on the concentration
of Th in drinking water.

214



CONCLUSION

The daily intake of thorium by a population living in a
normal background area is 2.1 ug. The highest contribution to
intake comes from cereals and specifically from rice. Green
vegetables and leafy material tend to concentrate Th. The data
provided in this paper could be useful for suggesting a metabolic
model for Th, when combined with the Th concentrations in human
tissues and organs /3/.

ACKNOWLEDGEMENTS

The authors thank Shri S.D. Soman, Head, Health Physics
Division for his keen interest in the work. They also thank Dr.
V.K. Panday, Shri M. Parameswaran and Dr. R.N. Khandekar for the
help in the collection of the food and air samples.

REFERENCES

1 ICRP Publication 30, Pergamon Press, Oxford, 1979.

2 H.S. Dang, C.N. Wadhawani, D.D. Jaiswal and S. Somasundaram,
Drinking water - an important source of trace element
intake, Indian J. Environ. Health, 26 (1984) 151.

3 D.D. Jaiswal, H.S. Dang and C M . Sunta, Distribution of
thorium in human tissues, J. Radioanal. Chem., 88 (1985)
225.

4 ICRP Publication 23, Report of the Task Group on Reference
Man, Pergamon Press, Oxford, 1975.

5 M.E. Wrenn, N.P. Singh, N. Cohen, S.A. Ibrahim and G.
Saccomanno, Thorium in human tissues, Report NOREG/CR-
122/U.S.A., 1981.

6 Dipt Atlas of India, National Institute of Nutrition,
Hyderabad, India, 1964.

7 J.N.W. Sedlet, N.W. Golchert and T.L. Duffy, U.S.A.E.C.
Report, A.N.L. 8007, Argonne, Illinois, 1973.

215



10.4 DIRECT ASSESSMENT OF INTERNAL RADIOACTIVE CONTAMINATION
HJ OCCUPATIONAL WORKERS OF TROMBAY THORIUM PLANT

T.Surendran, R.C. Sharma, T.K. Haridasan, P.P.V.J. Nambiar
and CM. Sunta

Health Physics Division
Bhabha Atomic Research Centre, Bombay - 400 085

Preliminary measurements of internal radioactive contamina-
tion in 14 occupational workers of Trombay Thorium Plant were made
to study the .feasibility of establishing a routine monitoring
programme. The direct measurements were made in a 50 cm arch
chair and with a single crystal multiple position technique
employing appropriately positioned single (20cm x 10cm) Nal (Tl)
detectors inside a 20 cm thick steel chamber. A human shaped
masonite phantom and standard ThO2 sources were used for calibra-
tion. The limits of Bi-212 detection were 37 and 10 Bq in the
whole body and lungs of a subject respectively. Th-228 and Nat.
Th burdens were evaluated assuming series equilibrium with 91%
thoron retention in the body. All subjects were measured 40 -
44 hrs after their leaving the plant premises.

The whole body Y -ray spectra of many subjects demonstrated
unequivocal presence of thorium in-vivo typically in excess of
27 mg Nat. Th. Ra-228 activity, in general, was unequal to Bi-212
activity in the subjects. There were evidences of systemic
depositions too. However the uncertainties caused by unknown
time elapse since intake, unknown extent of radioactive
disequilibrium, chronic exposure conditions, large variability in
the fraction of thoron retained and residual interference from
the daughters of inhaled thoron gas precluded the assignments of
firm body burden estimates,

INTRODUCTION

A problem of importance of thorium refinery is the internal
occupational exposure of the plant workers. According to ICRP
recommendations, the intake of a radionuclide by a worker is to
be limited by its ALI value which for thorium is less by a factor
of 3 in comparison with the highly toxic Pu-239, Likewise an
illustrative comparison of the calculated effective committed
dose equivalents for the cases of single intakes by inhalation of
class Y thorium and plutonium compounds respectively so as to
result in a body burden of 74 Bq for both (thorium and plutonium)
one year post intake, indicates a 3.5 times higher value for
thorium. These considerations demonstrate amply that the
monitoring of internal contamination due to Th-232 and its
daughters should be accorded even higher priority than that for
plutonium. The need for a sensitive whole body/organ counting
equipment fat the stated purpose is too obvious.

The major mode of internal contamination in the Trombay
throium plant has been recognised as the chronic inhalation of
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air borne thorium particles (AMAD-2pm) /l/3 particle of thorium
daughters, thoron gas and its decay products. Conceivably, in
terms of lung model terminology the material involved in inhala-
tion could be classified as a variable mixture of W (nitrate) and
Y (hydroxide and dioxide) classes of thorium compounds. Such
intakes by occupational workers warranted an evaluation of the
internal dose, specifically with regard to the latest ICRP recom-
mendations. In addition, to ensure compliance with the recommen-
dations, a programme of routine internal monitoring by whole body
counting would be helpful and it required a feasibility study.
To realise this objective, we have made preliminary direct measu-
rements of internal radioactive contamination due to thorium and
its daughters of 14 plant workers, selected on the basis of the
nature of their work and years of service. This paper presents
the methodology of direct in-vivo measurements, the counting
geometries adopted and their calibration and the results obtained
on individual subjects are discussed. The difficulties involved
in the interpretation of results are highlighted.

METHODOLOGY OF DIRECT IN-VIVO ASSESSMENT

The methodology of direct invivo gamma ray measurement of Th-232
and its daughters is intimately connected with the decay scheme
of the nuclides involved, particularly the various gamma ray
emissions and their abundances. A scrutiny of the decay schemes
is thus in order. Fig. 1 displays the decay scheme of Th-232. It
is clear from the figure that from Th-228 onwards radioactive
equilibrium in the decay chain would get established in a few
weeks while between Th-232 to Th-228 it requires more than 35
years. One of the daughters (thoron-55.6 sec. half life) is a
gas which can escape unless the thorium source is tightly sealed.
These aspects have to be taken into consideration while choosing
a cailbration source and attempting the interpretation of the
counting data.

Various prominent gamma ray energies and their abundances
from Th-232 and its daughters in complete equilibrium are listed
in Table 1. Noteworthy are the most prominent gamma rays from
Tl-208 (2.62, 0.58 IleV), Ac-228 (0.930 MeV), Pb-212 (0.239 MeV)
and Ra-224 (0.240 MeV). The total absorption peaks corresponding
to these y rays were clearly seen in the pulse-height spectrum
of an aged standard sealed thorium source in equilibrium with its
daughters which was recorded from a (20 cm x 10 cm) Nal(Tl)
detector* mounted inside a 20 cm thick steel chamber.

I
From the foregoing, it is clear that Th-232 cannot be

directly measured in-vivo since it has no gamma emissions. 930
keV y -2*ays from Ac-228 could only be taken as a measure of its
parent Ra-228, but it may not be an exact estimate of either Th-
228 or Th-232 in-vivo. Th-228 could be measured in-vivo from
many of jthe y -rays emitted by its daughters. Tl-208 "y -rays of
2.62 MeV being a measure of Bi-212 would be ideal for this
purpose ̂ because the inherent background would be low at such a
high energy and interference from other radionuclides in the
human body like K-40 (natural) and Cs-137 (fission product) would
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TABLE 1 Tfc-132 WITH ITS DAUGHTEBS IN RADIOACTIVE EQUILIBRIUM ,-u V,. ~HEIB PHYSICAL

HALF-LIVES AND ENERGIES AND ABUNDANCES OF IBB PROJIEKiNV --..:, " EMISSIONS

Isotope

Th-232

Ra-223

Ac-228

Th-228

Ra-224

Rn-220

Po-216

Pb-212

Bi-212

Po-212

T1.208

Hilf-Iife

1.41 X 10"Y

5.75 Y

6.15 h

1.3 Y

3.64 d

55.6 s

0.15 s

10.6 b

60.6 m

3.04 x 10's

3 .1m

Mpb>

Energy
(MeV)

3.S3

—

J 333
5.423

5.681

6.282

6.775
_

6.047

3 78

Particle

Abiud/- x
l<t/Tb-i32s)

1.00

_

_

0.28
0.72

0.95

1.00

1.00

0.238

0.66

Eoergj-
(MeV,

_

0.012

0.48
1.15

0.331
0.569

3.250

1.8

BeU Parirele

Abundance
(jJ/Th-232.)

—

1.00

0.13
0.53

_

0.88
0.12

0.64

_

0.36

GimiM

Energy
(MeV)

—.

0.323
0.338
0 SOS

a.m
0.084

0 241

0.239
0.300

0.720
0.800
1.03
1.34

2.20

0.S10
0.582
2 62

•m
Abuadiocc
C/Tb-232)

0.032
0.092
0.25
0.19

0.02

0.046

—
—

0.80
0.05

0.126
0.109
0.037
0.034

0.018

0.087
0.28
0.347

not be expected. The decay scheme does offer alternatives, for
example 240 keV •y -rays from Pb-212 and Ra-224 and 9^-rays from
3i-2l'2 in 700-800 keV region. Hov/ever, these alternatives are
difficult to implement because of high background in these energy
regions which would be contributed mainly, by the Compton
scattered Y -rays from K-40 and those of the thorium series
itself. Therefore, although we recorded the gamma ray spectra in
the 1-3.5 MeV energy region, we used the total absorption peaks
of Tl-208 (2.62 MeV) and Ac-228 (0.93 MeV) to infer the
body/organ activities of Bi-212 and Ra-228.

THE COUNTING GEOMETRIES AND THEIR CALIBRATION

In the first stage, preliminary measurements of internal
radioactive contamination in 14 plant workers were made. These
subjects were selected on the basis of, among other things, the
nature of their work and years of service in the plant. The
measurement technique adopted was whole body/organ counting. Each
subject was measured after a thorough shower and change over to a
set of premonitored clothes. Three counting geometries were used.
The geometry together with the detector employed and its purpose
is set out in the table below :

Geometry : a) 50 cm Arc chair b) Single crystal c) Chest
multiple position counting

Detector : (20 cm x 10 cm)
Nal (Tl)

Uncollimated
(20 cm x 10 cm)

Nal(Tl)

Uncollimated
(20 cm x 10 cm)

Nal(Ti)
centrlaly:chest

Purpose :Total body activity Gross distribution Activity in
thorax



The counting geometries were operated inside 20 cm thick
steel chambers. These were calibrated by measuring a series of
sealed and standardised thorium sources placed at selected
locations in a human shaped phantom. Gamma ray pulse height
spectra in the 0.1-3.5 MeV energy region were recorded on a
multi-channel analyzer. Table 2 (A & B) lists the evaluated
performance characteristics of the counting geometries employed.

Table 2-A Performance parameters of different counting
geometries in Ac-228 energy band 0.780 - 1.040 MeV

Sr.No. Geometry Det. Bkg

1. 50 cm Arc Chair
2. Linear Scanning
3. Static-Chest

Measurement

cpm

90.0
90.0
90.0

Average Contri
bution from a
normal subject

cpm

35.0
35.0
35.0

Counting
efficiency

cpm/nCi

6.8
5.9
17.9

MDA
nCi

0.8
0.8
0.3

Table 2-B. Performance parameters of different counting
geometries in Tl-208 energy band :

Sr. No. Geometry Det. Bkg

1. 50 cm Arc Chair
2. Linear Scanning
3. Static Chest

Measurement

cpm

15.0
15.0
15.0

Average Contri-
bution from a
normal subject

cpm

1.0
1.0
1.0

2.425 - 2.825 MeV

Counting
Efficiency
cpm/nCi

. 2.3
1.7
5.1

MDA
nCi

1.0
1.4
0.4

Th-228 activity and hence natural thorium content
corresponding to the estimated Bi-212 activity were calculated
assuming series equillibrium with 91% thoron retention in the
body. It may be borne in mind that such a procedure may not be
entirely* satisfactory as the percentage of thoron retained in the
body itself is subject to a large variation. Besides there could
be trapping of thoron in the finite particle sizes of inhaled
aerosols.

RESULTS

With the assumptions mentioned above we calculated the body
burdens of 14 thorium plant workers from the first series of in-
vivo measurements. It may be mentioned that all the subjects were
measured 40-44 hours after their leaving the plant premises. This
was to minimise the interferences from the accumulated Pb-212 in
the lungs of the subjects as a consequence of inhaling plant
thoron. Table 3 lists the calculated body burdens. In almost
all the cases Th-228 and Ac-228 activities above the detection
limit of the equipment used were observed as can be seen from the
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table. We have also listed the ratio of Th-228/Ra-228 activities
for these subjects. Remarkably these values are different than
the average observed for the thorotrast patients. It can be
noticed from this table that Th-228 activity is, in general,
unequal to that of Ac-228 suggesting radioactive disequilibrium
in-vivo. However, the listed body burden estimates are not
considered as accurate estimates for reasons given later.

One typical pulse-height spectrum from a subject TPK is
given in Fig.2. Distinct photo-peaks characteristically
attributable to the daughters of the thorium series in addition
to the one due to body potassium confirm the presence of thorium
in-vivo in the subject. The whole body "X-ray spectra recorded
from the majority of the subjects showed similar features. A
repeat measurement on subject TPK one year later, again confirmed
our first observation. Another repeat measurement of chest
activity on subject TPK was made 1.5 years after the first one
and the result is presented in Fig.3.

Table 3. Priliminary estimates Ac-228 and Th-228 whole body
activities in fourteen IRE workers:

Results of first series of measurements

Name of the
Subject

D.P.S.
D.G.
A.K.G.
J.S.W.
R.L.G.
T.P.K.
L.B.
N.C.
H.P.A.
D.J.B.
M.A.J.
M.G.N.
R.G.J.
L.R.

W/H

0.365
0.294
0.348
0.352
0.350
0.40
0.347
0.415
0.402
0.324
0.375
0.462
0.313
0.324

Ac-228
nCi

12.2
9.9
3.6
3.3
4.0
8.0
3.3
8.5
—
1.7
0.4
2.3
1.1
4.5

Th-228
nCi

5.4
5.8
B.D.L.
5.0
5.4
7.2
5.5
4.4
1.6
3.3
1.6
3.8
2.8
5.9

Th-228/Ac-228 or
Th-228/Ra-228*

0.52
0.59
—
1.5
1.4
0.9
1.7
0.52
—

1.9
4.0
1.7
2.5
1.3

* Average Ratio of whole body activities of Th-228/Ra-228 for
thorotrast patients =0.90.

Yet another repeat measurement was made on a subject DG.
This subject was allowed to work in a plant area rich thoron and
was counted within 20 hours of his leaving the plant. The subject
did not enter the plant for several days on which further body
countings were continued.

Figs. 4 and 5 show the time variations of the total body and
the chest activities of Bi-212 and Ac-228 respectively in this
subject DG. Following are the salient features :
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(a) Chest activity declines with time until Pb-212 of thoron
inhalation origin accumulated in lungs or migrated to the system
has fully decayed. After this time, it remains constant
indicating Bi-212 content associated with the internally fixed
thorium contamination subject to a long term retention.

(b) Chest burnden of Bi-212 assessed from the subject counting
20 hours after his leaving the plant appears to be about two
times higher than his actual burden.

(c) To get the actual Bi-212 chest burden, the subject should be
laid off from work for an optimum time of about 70-80 hrs. This
time turns out to be about twice of that employed by us inthe
first series of preliminary measurements, results of which have
been presented earlier.

(d) An optimum lay-off time seems to be very important. If a
worker is monitored after varying lay-off times less than the
optimum, different values of Bi-212 chest burdens are likely to
be obtained. This could obviously lead to the erroneous
conclusions about the reproducibility of results.

(e) The total body burden of Bi-212 in subject DG is found to be
more than its chest activity. It does decline with time but
stays more than the chest activity indicating activity elsewhere
in the body too apart from the chest.

(f) In contrast to Bi-212, the chest activity of Ac-228 appears
to remain unchanged with time indicating pulmonary/skeletal
deposition of Ra-228. The total body burden estimates again are
more than the chest activity indicative of the depositions
elsewhere) in the body too.

(g) It is apparent from the above results that the chest
activity of Bi-212 in the subject DG is not equal to that of
Ac-228.

A qualitative picture of the distribution of activities of
Th daughters elsewhere in the body was obtained by making
localised measurements on the skull and the knees of the subject
DG. The presence of thorium daughters at these body sites was
clearly indicated. No activity quantification was attempted.
These observations, though fragmentary, do suggest the probable
intakes of class W and Y compounts of thorium by the subject.

DISCUSSION AND CONCLUSIONS

Frorfi the first series of measurements on Thorium plant
workers, ,we have been able to establish unequivocal presence of
thorium internal contamination at levels above the detection
limits of the equipment used (about 1 nCi(37Bq) Th-228 or 9 mg
nat.Th). , Although nat. thorium body burdens, typically in excess
of 27 mi (3 nCi(110 Bq) Th-228), were calculated for these
subjects ' (Table 3), the uncertainties listed in Table 4 make it
difficult to assign firm and final body burden estimates for
individual subjects.
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Table 4. The difficulties in concluding body burden estimates of
nat. Th in IRE workers by direct body counting method

1 The unknown time elapse since intake.
2. The unknown extent of radioactive disequilibrium in vivo
3. The chronic exposure conditions
4. The variability in the fraction of retained thoron
5. The residual interference frcm the daughters of inhaled

thoron gas (Pb-212 in particular)
6. The expected uneven distribution of radioactivity in the

body.
7. Any possible external contamination.
8. The corrections for differing body builds of the subjects.

Likely to be small in comparison to the compounded uncer-
tainty from the first seven factors.

^ ^ *m. • * . M „- — _ . , L . „, , „ •• | — — ^ — — — — — . — — «— — — — — . . — — . — ^ — »» — — • — — — — ^ ^ ^

It is amply clear from these considerations that the
measurement of internal contamination due to thorium and its
daughters in the workers of a thorium plant is by no means an
easy task. Consequently, it is not possible to estimate
effective committed dose equivalents due to internal
radioactivity for these workers based on the present
measurements. Thus the first series of measurements, although
very informative for us, has left the twin objectives stated at
the outset only partially realised. The main reason for this has
been the lack of an exact quantification of the various
uncertainties involved so as to derive an overall error estimate
in the calculated body burden value. In order to generate such
error estimates we propose to commence soon the second series of
measurements on each of the previously measured subjects.
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Fig.l Thorium-232 and its daughters
with their modes of radioactive decay
and physical half lives.
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10.5 OBSERVED DISTRIBUTION OF THORIUM IN HUMAN ORGANS AND ITS
COMPARISON WITH ICRP MODEL

D.D. Jaiswal, H.S. Dang and C M . Sunta

Health Physics Division
Bhabha Atomic Research Centre, Bombay - 4 00 085

INTRODUCTION

Thorium is one of the radioactive element present in the
earth crust. The principal mineral of thorium is monazite
which is found in abundance in the coastal region of Kerala and
Tamilnadu. Exposure to thorium is encountered in mining and
milling of monazite and at various other stages of thorium
industry. Being a fertile material for future nuclear fuel, this
element is likely to be handled in much larger quantities in
future. The study of thorium in human gains additional
importance because of its similarities with plutonium in its
biological behaviour /I,2/.

We have initiated a programme to study the distribution of
thorium in human tissue/organs. This paper reports the estimates
of the burdens of natural thorium (Th-232) in different human
organs obtained from autopsies or the subjects from areas of
normal radioactive background.

The knowledge of the levels in normal humans is important
for understanding the metabolism of this element. The metabolic
model thus derived is very useful to estimate the incorporation
of the element in the occupationally exposed persons.

EXPERIMENTAL

The human tissue samples were obtained from autopsies in
Bombay and Baroda from sub jets who had died of road accidents.
The tissues which were found normal from gross examination as
well as histopathalogy, were only selected. The blood samples
were obtained from healthy donors in blood donation camps. 100-
200mg of freeze dried and homogenised tissue samples and 10 ml
ashed blood samples were taken for analysis.

The samples were wrapped in extrapure aluminium foil and
irradiated 3long with thorium standard for 3-7 days in a neutron
flux of io" n/cm/sec. After irradiation, the samples Wjjere cooled
for 7 days. *T.h on irradiation get activated to a 3 3 Th which
decays by jS to 23Ta. The estimation of 22>1Th is done through
a3T>a which decays with a half life of 27 days by /2> emission
followed by *y emission. The most prominent •>" is 311.8 keV
(100%).

After irradiation the soft tissues were digested in
HNO3/H2SO4 mixture and bone sample in conc.HN03 with occasional
drop wise addition of H2O2. i:i3Pa was co-precipitated first with
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MnO2 and then with BaS04. The details of chemical seperation are
described elsewhere /3/. 311.8 keV photon emitted by ^nPa were
counted using 54 cc intrinsic Ge detector coupled to a 1024
channel analyser.

RESULTS AND DISCUSSION

The tissue concentrations and the estimated thorium burden
in different organs is shown in table 1. A comparison of present
values with ICRP (1979) /I/ and with those published by other
workers is given in table 2. While the thorium burden obtained
for liver in present studies is quite in agreement with the
estimated ICRP values, the burden in bone and others (rest of the
body other than liver and lungs) are reversed. The estimated
thorium burden in bone and liver from the concentrations reported
by other workers is quite close to the value obtained in the
present work. Total estimated thorium content in the body by
assuming 30 ug in bone and applying ICRP model, turn out to be
same as obtained in the present work.

Table - 1. Distribution of thorium in human organs

Organs/ Wt. No. of Cone, ng/ fresh Wt. Organ
Tissue gm Sample Burden

Range G.M.

Skeleton 10000 10 0 . 2 - 9 . 0 0.55 5.50
Liver 1800 13 0 . 2 - 4 . 9 0.90 1.62
Lungs 1000 18 1.5-16.0 5.40 5.40
Brain 1400 7 0.33 - 1.0 0.58 0.81
Kidney 310 11 0.90 - 4.0 1.70 0.53
Heart 330 6 0.20 - 0.4 0.24 0.08
Spleen 180 6 0.10 - 2.6 0.60 0.11
Pulmonary
Lymph nodes 15 6 31.40-85.5 52.40 0.81
Blood • 5500 8 0.006- 0.03 0.012 0.07
Muscles 28000 9 0.28 - 2.2 0.56 15.68
Others : 22500 - - 0.56 12.60
(Remainder out
of 70 Kgm)

If 'we assume that the long term pulmonary deposition is
about 20% of the inhaled dust (inhalation rate 0.03 ug/day
obtained for Bombay) in the air and that lung burden is in
equilibrium, the average pulmonary clearance half time turn out
to be about 650 days. Looking to the general agreement between
the lung burden derived from the concentration given by UNSCEAR
and the present work, this value of clearance half time appears
to be reasonable and is in general agreement with the ICRP model
for Y class dust.

CONCLUSION

The present study thus shows : 1) The major pool of thorium
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is in the muscle, rather than in bone as suggested by ICRP.
2) The lungs and liver burden values are in general agreement

2.12
Table - 2. Comparison of Th burden in human organs

ORGANS

Bone

Liver

Lungs

Others

Total (excluding

+ Based on the
bone, 4% to
burden being

@ Median age -
@@ Washington D

Present

5.50

1.62

5.40

30.69

lungs) 38.21

model that 70%
liver and 16% to
30 ug.
28 years.
.C. - Median age

6@@ Grand Junction "Colorodo1 -
1. Ref./4/.
2. Ref./5/.
3. Ref./6/.

THORIUM BURDEN (

Work ICRP Value

30

1.7+

6.8+

38.5

ug)

Others

@@ 9.
§@§14.

1.
rv
U •

5.
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with the values reported by other workers. 3) The bone burden
value quoted in ICRP is too high in comparison to that obtained
in the present study as well as those of Wrenn et al. (1981) .
4) The average lungs clearance half time estimate from the
present study is 650 days. This is close to the Y class half
time of 500 days adopted by ICRP (1979).
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10.6 A SENSITIVE METHOD FOR THE DETERMINATION OF THORIUM
IN BODY FLUIDS

H.S. Dang, D.D. Jaiswal, CM. Sunta and S.D. Soman

Health Physics Division
Bhabha Atomic Research Centre, Bombay - 400085

A method involving neutron activation followed by simple
radiochemical separation was developed and applied to determine
the concentrations of Th in blood serum and urine. The method is
sufficiently sensitive to detect 0.025 ng of 232Th. The average
concentration of Th found in the blood serum and urinew|Of
subjects from normal environments is 7.9 ng L"1 a n d 2 « 7 ng L ,
respectively.

INTRODUCTION

Thorium is one of the primordial radioactive elements present
in the earth's crust. Although usually present at low concentra-
tions in soil, it is found in large concentrations in certain
countries. In addition to the industrial uses, such as in gas
mantle industry, Th is recognized as a potential source of
nuclear fuel (*53U). Exposure to Th is likely to occur at
various stages of mining, milling and separation. It is there-
fore important to study the biokinetics of Th to evaluate the
extent of health hazards to Th workers. There is also a need for
baseline data for Th concentrations in different human tissues
and body fluids against which its possible exposure could be
evaluated.

Blood serum is the fluid medium for systemic uptake or
removal of Th and other chemical elements to which the human
system may be exposed. Urine is the medium through which the
absorbed! fration of Th is excreted. The accurate knowledge of
the concentrations of Th in serum and urine are important to
develop reasonably accurate human metabolic models.

Due to the extremely low concentrations of Th in these body
fluids, there is a lack of information on their levels. The only
two values that could be found in the literature for Th are 1) in
blood plasma, <40 ng L~' /I/, and 2) in blood serum, <40000 ng L

/2/. These values provide only partial information, i.e., the
upper limit of the concentration. The four values for the normal
concentration of Th in urine /3-5/ vary by almost two orders of
magnitude. There is a need for an accurate, sensitive and repro-
ducible method for the determination of Th in body fluids. The
method of Th determination proposed by Pleskach /6/ with a
detection level of 100 ng for Th in urine is' not suitable for the
determination of Th in urine and serum of normal subjects. A
simple method which includes neutron activation and radiochemical
separatism was developed and applied to determine Th levels in
the body, fluids of subjects who were from the normal background
area and were never occupationally exposed Th.
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MATERIALS AND METHODS

Samples Collection :

When collecting biological samples for the trace analysis at
concentrations rangingbetween parts per trillion and parts per
billion, a high degree of caution must be exercised for
collection, preservation and preparation of the samples to avoid
errors due to contamination of the sample. Problems of sample
collection, preparation and the precautions required to avoid
contamination have been discussed in great detail /7/.

Compared to the Th level in dust, Th concentrations in serum
and urine are one million times lower. Therefore, precautions
were taken to collect the urine and serum samples in extra clean
glass and polyethylene containers which were soaked in Electronic
Grade nitric acid (HNO3) and then rinsed in triple distilled
water and finally dried in dust free chambers prior to use. The
drying and processing of samples was also done in a dust free
environment.

Twenty-five milliliters of blood and 1 L of urine were
collected from healthy blood donors who had no previous history
of occupational exposure to Th. Five milliliters of nitric acid
was added to urine samples to avoid adsorption of Th on to the
walls of the container during sample storage prior to processing
and analysis.

Processing of the Samples

The blood samples were allowed to coagulate and 10 mL of
serum was separated after centrifugation, which was then dried in
low heat (50-60 C) . The residue was powdered in a perspex mill
and sealed in polyethylene for irradiation.

To 1 L of urine collected, 10 mL of electronic grade
concentrated nitric acid was added and the sample digested at low
heat (70-80 C) . To this sample, 0.5 mL of phosphoric acid
(H3PO4) was added and Ca phosphate precipitated by the addition
of about 20 mL of ammonium hydroxide. The Ca phosphate, which
contained the Th, was allowed to settle overnight and later
centrifuged. It was then dissolved in 10 mL of HNO3 and heated
at 300-400 C to destroy any organic residue from urine which was
carried along with the precipitate. The residue was dissolved in
2 mL of 12 N HC1 and diluted with 20 mL of triple distilled
water. Saturated solution of oxalic acid was added to this
solution and pH was raised to four with ammonium hydroxide. The
white precipitate of Ca oxalate quantitatively carried Th with
it. The precipitate was filtered, dried and sealed for
irradiation.

A blank was also prepared by following the identical
procedure. The value for reagent blank was required only in the
case of urine, where a number of pre-concentration steps for Th
were requuired before irradiation of the sample.
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In the case of serum, there was no need to determine the
blank as the sample was directly irradiated after drying. A
reagent blank for the pre-concentration of Th from urine was
found to be 0.3 ng. Blank correction was applied for the
determination of Th concentration in urine.

Irradiation

The dried serum samples, as well as the Ca oxalate
precipitate containing Th, were sealed in polyethylene pakets and
further packed in aluminium foils. These were then irradiated
along with a standard of Th, in the CIRUS reactor, in a thermal
neutron flux of "10'3 n cm"2 s~ 1 for 2 d. After irradiation,
each sample was allowed to cool f o t ^ d to allow the decay of
short-lived interfering activities ( Na, "*TC, 3*C1, etc).

Radiochemical Separation

Serum samples were digested in concentrated HNO3 in the
presence of 40 mg of Mn carrier until a clear solution was
obtained. Calcium oxalate precipitate was also dissolved in HNO3,
and 40 mg carrier of Mn was added to the solution. After this
step, the procedure for both kinds of samples was similar.

Manganese dioxide (MnO2) was precipitated from the above
solution by adjusting the acidity of the solution to 40% HNO3 and
addition of 50 mg of potassium bromate (KBrO3) and digesting the
solution on low heat (50-60 C) . Manganese dioxide (MnO2)
provided an effective separation of 2 i Pa activity (obtained on
irradiation of Th) from isotopes of Yh, U, Np and many other
interfering activities present in the irradiated sample.
Protactinium-233 was quantitatively carried with MnO2
precipitate.

This MnO2 precipitate was dissolved in HNO3/H2Q2 and to it
40 mg of Ba carrier (BaC12 solution with 5 mg Ba mL ), 50 mg of
K2SO4,(and 15 mL of concentrated H2SO4 were added to precipitate
BaSO4. . This precipitate was redissolved by heating the solution
to acid fumes. The solution was cooled and diluted with 50 mL of
water when BaSO4 reprecipitated. Twenty milligrams of additional
Ba carrier (5 mg mL'1) was added dropwise to ensure that *^ Pa
was quantitatively carried along with BaSO4 precipitate. This
precipitate was filtered through Whatmann 42 filter paper, dried
and then mounted for counting.

Counting

The important nuclear parameters for Th determination are
shown in Table 1. The 311.8 keV -y energy of z33Pa was counted
using 54 CC Hyperpure Germanium (HPGe) detector coupled to 1024
channel Inotech analyser.
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233Table 1. Nuclear data for Th determination through Pa.

Stable
isotope

Nuclear
reaction

Cross- Principle Abundance Half
section energy life
(barns) (keV) (%) (Tl/2)(d)

232 232 23,3
Th Th(n,>) Th 233

Pa 7.4 311.8 38 27.0

Quality Control Analysis

The urine samples were spiked with a known amount of Th as
Th nitrate solution and were analyzed by following the complete
procedure of preconcentration of Th from urine and its final
quantification. A standard reference material. Orchard Leaves
(US-NBS), was also analyzed for Th.

RESULTS AND DISCUSSION

Table 2 shows the recoveries of Th using this procedure.
Average recovery was about 90% with a standard deviation of less
than 5% indicating good reproducibility of determination. Yield
correction based on these results was applied to obtain the
normal concentration of Th in urine. The Th concentration of 60
+5 ng/g..» in the Orchard Leaves (US-NBS) obtained using this
procedure agreed well with the certified value of 64 + 7 ng/g..

Table 2. Qality assurance:Th measurement in a spiked urine sample

Sample
number

Th spiked
(ng)

Th measured
(ng)

Percentage recovery

1
2
3
4
5

110
110
110
110
110

Average Recovery + SD

97.7
93.5
105.0
99.6
101.3

88.8
85.0
95.5
90.5
92,1

90.4 + 3.9

The Th concentrations in serum and urine of subjects studied
are shown in_ .Table 3. The geometric mean concentration in urine
was 2.7 ngL . Assuming daily volume of urine excretion to be
1.3 L (as observed by the authors), the daily urinary excretion
of Th was 3.5 ng.

The mean Th concentration in the serum of 11 normal subjects
was 7.9 ng IT . The serum volume for Reference Man (ICRP 1974)
is 3 L. On this basis, Th in the total body serum pool of these
subjects was 23.7 ng.

The ratio of the daily excretion of Th through urine to that
in the serum pool, based on the data obtained in the present
work, is 14.8%. The same ratio if calculated on the basis of
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Table 3. Thorium concentrations in the
body fluids of normal subjects

Subj ect number

1
2
3
4
5
6
7
8
9
10
11

Mean + SD
Range
Geometric Mean

Th

In urine

• 2.3
2.4
2.5
3.8
3.1
3.8
2.7
2.2
4.7
2.3
1.2

2.8 + 1.0
1.2 - 4.7

2.7

Concentration
(ng L'1)

In serum

19.0
6.0
7.4
5.4
4.5
8.0

22.0
2.5
8.1

12 o 8
9.8

9.6 + 6.1
2.5 - 22.0

7.9

Table 4. Comparison of Th concentrations
in urine and serum obtained in
present work with that available
in literature

Concentration
Urine

Present Literature
work values

2.7

a
2.8

1.3d

74. 0 b

ioo.ac

of Th (ng L"
Serum

Present
work

7.9

)

Literature
values

d
<40

e
<40,000

a From Twitty and Boback (1970)
b From Picer and Strohal (1968)
c From Testa (1964)
jj From Gofmann et al. (1962)
e From Lucas and Markun (1970)

arithmetic means of both serum and urine values is 12.6%. The
excretion ratio of 10% for Th has been used by ICRP on the basis
of the studies conducted by Stover et al. (1960) on adult beagle
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dogs using *" Th activity. The results from the present study
are in good agreement with those of Stover et a 1/3/. However, the
results of the present study are more realistic since they were
obtained under natural conditions when the system was not loaded
with any outside tracer or activity and are based on human data.

The normal Th serum concentration obtained in this study
provides the baseline value against which the Th exposure of
occupational subjects could be assessed.

A comparison of our results with those from published
literature is shown in Table 4. For normal concentration in
urine there are four values available, ranging from 1.3 - 100 ng
L - . The Th concentration in urine obtained in this study was
2.7 ng L and 7.9 ng L , respectively.
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10.7 URINARY THORIUM LEVELS IN NORMAL \ND A GROUP OF
OCCUPATIONALLY EXPOSED PERSONS

D.D. Jaiswal, H.S. Dang, v.R. Pullat, K.B.S. Murthy,
P.P.V.J. Nambiar and C M . Sunta

Health Physics Division
Bhabha Atomic Research Centre, Bombay - 4 00 085

INTRODUCTION
232

This paper reports on the concentration of Thorium ( Th)
in the urine samples of persons from general population and some
selected occupational workers of a Thorium plant. Thorium
analysis was done using preconcentration followed by neutron
activation. The thorium in the urine of 10 normal subjects has
mean concentration of about 12 ng/1 (ranges from 6-22 ng/1 ).
For thorium plant subjects the concentration range from 39 ng/1
to 1353 ng/1.

The excretion rate of thorium in urine is related to the
accumulated body burden of this element as well as on the daily
intake of it through food, water and air. It is important to
measure the urinary excretion to check exposure as well as
estimate the accumulated body burden of the workers.

COLLECTION OF SAMPLE

Urine sample was collected from normal subjects as well as
the occupational workers on two consecutive days and then was
combined and measured. 500 ml aliquet out of it was taken for
analysis. The collection bottles were cleaned with aqua regia
prior tb the sample collection in order to ensure that these were
free from any contamination.

SAMPLE PREPARATION

The 500 ml aliquot of the urine sample was digested for 2
hours on the water bath by adding 10 ml of electronic grade
nitric iacid. After digestion of the sample, calcium phosphate
was precipitated by the addition of ammonia. The dense
precipitate was allowed to settle overnight and centrifuged the
next day. The precipitate was then dissolved in 4N, HNO3 and
heated to 500 C for 1-2 hours to destroy any residual organic
material. The white dry mass left after heating was taken in 1 N
HC1 and then calcium oxalate was precipitated by adding saturated
solution of oxalic acid and adjusting the pH to 3-4 with NH4OH.
The calcium oxalate precipitate was washed with hot water,
filtered,dried and sealed in pure aluminium foils for
irradiation. These precipitates quantitatively carried Th along
with it.

ANALYSIS
The calcium oxalate ppt containing Th was irradiated for 3

233



13 -o. -i
days xn CIRUS reactor at a flux of "10 n cm S along with
the thorium standard also processed in the similar manner. The
sample was^cooled for 7-10 days. Neutron irradiation converts
z 3 Th to 2^°Pa by the following reaction :

2.33The activity of Pa so obtained is proportional to the quantity
of Th present in the original sample. £-~pa w a s chemically
separated with MnO2 and then with BaSO4. The technique is
described in detail, elsewhere (Dang et al 1985).

Both the sample and the standard were counted using an
intrinsic Ge detector coupled to 1024 channel analyser. *33Pa
has a half life of 27 days and emits energy of 311.8.

The reliability of this technique was checked by spiking
the urine sample with known amount of Th and measuring it in the
manner described above. A recovery of 95 percent was obtained in
Th spiking experiments.

RESULTS AND DISCUSSION

The concentration of Th in the subjects from general
population is shown in Table 1. The results are given in the ng

Table 1. Thorium concentration in urine from normal subjects

S.No. Concentration of Th in Urine ng/L

1 18.3
2 6.9
3 6.7
4 9.5
5 12.2
6 8.6
7 18.4
8 14.1
9 22.0
10 12.0

Mean 12.9
Median 12.l
G.M. 11.9

of Th per litre of urine. The results for occupational workers
are shown in Table-2. On the average, concentration of Th in the
urine of the selected group of the occupational workers is about
25 times higher than that of the group from general population.
In this case the occupational subjects had been in the plant
13-29 years.

The urine values of occupational workers can be viewed
reference to the ICRP (1979) model of the distribution and
retention of thorium in human body. The inhaled thorium deposited
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Table 2. Thorium Concentration in Urine from occupationally
exposed subjects

S.NO.

1
2
3
4
5
6
7
8
9
10

Median
G.M.

Occupational
years

29
29
28
29
29
18
28
29
13
29

Concentration of Th
in urine ng/^.

147
39

195
1353
318
1310
1260
51

525
696
321
313

in the pulmonary region is assumed to get cleared with a half
life of 50 or 500 days depending on whether the aerosol is of W
or Y class. Of the thorium clearing out from the pulmonary
region, 20% ultimately enters the transfer compartment. Of this
70% is assumed to be translocated to bone where it is retained
with a biological half time of 3000 days. 4% is translocated to
liver and 16% is distributed among other organs and tissues
uniformly. The clearance half time for liver nad other tissues
is taken as 700 days. On account of major part going to bone and
retained with very long clearance half time, the urinary
excretion continues to build up through out the occupational life
if a continuous (chronic) intake is assumed. Fig.l shows the the
computed daily urinary excretion values for an intake rate of
1ALI/365 per day. The observed values from the occupational
workers are marked in the same figure after conversion to Bq. It
can be concluded from these results tht the average intake rate
has been less than the ICRP prescribed limit.
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Continuous exposure period (d)

Fig.i-Daily urinary excretion of individuals exposed continuously at
a rate of JLsU. per day of W or Y class aerosols

+ Urinary concentration (r/ghtordinate) of occupational workers
of known length of occupation. W2L Urinary concentration
range of 10 members of general population.
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10.8 RADIATION EXPOSURE IK Trie, K..UING AND
MINERAL SEPARATION OF COASTAL SANDS

A.C. Paul*,*, P.M.B. Pillai*£, K.C
T. Velayudhano and S. Komalan N

$ Health Physics Division, Bhabha Atomic Research Centre, Bombay

g Minerals Div.,Indian Rare Earths Ltd.Manavalakurachi- 629 252

* Health Physics Unit,Indian Rare Earths Ltd.,Udyogmandal- 683501

High natural background contributes more than 60% of the
total dose in the plants for mining and mineral separation of
coastal sands. It may be treated as occupational as it is
related to work. Operational changes have altered significantly
the radiation dose profile.

INTRODUCTION

Minerals deposits in the coastal belt of Kerala and
Tamilnadu are extensively exploited for extraction of ilmenite,
monazite, zircon, rutile, garnet and sillmenite. Two plants
operated by Indian Rare Earths Ltd. (IRE) and Chavara and
Manavalakurichi and another plant operated by Kerala Minerals and
Metals Ltd. (KMML) at Chavara are engaged in the mining and
separation of thes minerals for over two decades.

The presence of monazite in the mineral gives rise to
radiation exposure in these plants. Variatous aspects of this
problen have been studied and reported earlier (Marayan 1974;
Paul 1981). These studies have revealed that a significant
fraction of the total dose is contributed by high natural
radiation background in these plants.

' The present study summarises the salient data from Health
Physics surveillance over the past 10 years, especially in the
plants operated by IRE. The study also focuses on exposure
problems related to operational changes and evaluates the
radiation doses due to man-made factors and the high natural
background in the areas. Problems in personnel dosimetry and
application of optimization are also discussed.

EXTERNAL EXPOSURE

Table 1 gives the external doses for the different
category of workers in these plants. Per capita annual doses
range ffrom 4.5 to 15 mSv as per film badge and TLD monitoring.
Data ;for various sections generally agree with the dose
estimates. The higher estimate for monazite section is due to
limited occupancy in areas having high radiation fields. Nearly
50% of the total man-mSv is accounted for by the mining and
preconcentration operations at Manavalakurichi, whereas 65% of
the total man-mSv at chavara is due to mining - an operation in
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which a large number of persons are employed.

Table 1 External Exposures at IRE Manavalakurichi,Chavara and
KMML Plants

Percent annual dose mSv.y
No. of Radiation field

Section persons uGy.y Film badge/ Estimated for
TLD 2000 hrs

A. Manavalakurichi

Mining and
preconcen- 202 2 - 10 (7) 12.9 14.0
tration

Monazite 40 10 - 20 (15) 14.0 30.0

Other
products 154 2 - 5 ( 4 ) 7.5 8.0
and stores

Engineering
Lab & R & D 147

B.

C.

Chavara

Mining &
raw sand

Monazite

Other
products
& stores

Engineering

KMML

Monazite

448

12

162

135

25

1 - 3 (2) 4.5

1 - 3 (2) 5.1

5 - 2 0 (10) 14.7

1 - 3 (2) 5.0

0.6 - 1.0 (0.8)

5 - 2 5 (6)

4.0

4.0

20.0

4.0

1.6

12.6

Preconcentration was introduced at Manavalakurichi during
1979-80. Though mechanized mining has reduced the external doses
in the mining operation, deployment of a large number of workmen
for sun-drying and conveying preconcentrated sand has increased
the collective dose by about 1000 man-mSv per year. Operations
exclusively for monazite handling account for only 10% of the
collective dose at Manavalakurichi and 5% at Chavara. It is
interesting to note that nearly 3000 man-mSv is contributed by
high natural background in the operational areas at
Manavalakurichi. For Chavara 2000 man-mSv out of 3500 man-mSv is
contributed by the high natural background. The dose
attributable to monazite separation is about 300 mSv per year at
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the KMML plant. Detailed study is yet to be made in this plant.

ICRP differentiates between natural and man-made exposures
in the system of dose limitation, with the principle of
optimization being applicable also for enhancement in natural
background (SOMAN 1984). The mining and mineral separation
industries are located in high background areas due to
operational convenience and economic factors. A worker employed
in these plants is exposed to both sources - occupational and
natural. Therefore, the total exposure should be considered as
occupational, even if a part of it is due to the high natural
background.

Individual dose evaluation is complicated because it is
difficult to substract a "representative" normal background; even
the control dosimeter is subjected to a constant high background.
Necessary correct ion for this background is required.

INTERNAL EXPOSURE

Internal exposure is due to the short-lived decay products
of thoron and long-lived activity due to Th-nat present in fine
dust. Thoron daughter concentrations vary from 2.5 to 16.0 mWL
at Manavalakurichi, which is an order of magnitude higher than
environmental levels there. However, some of the residential
areas show levels which are comparable to those in the plant.

Table 2, Dust and Th-nat Levels at IRE, Manayalakurichi
(Dust = mg.nf-3; Th-nat = Bq.m_3 x 10 )

Year

1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984

Screening

Dust

5.9
-

12.0
18.0
20.0
30.5
69.2
50.3
34.0
69.8
45.3

area

Th-nat

1.5
9.9
13.0
12.0
15.0
38.0
96.0
99.0
45.0
43.0
140.0

H T

Dust

-
8.5
13.5
10.0
12.6
15.0

' 9.0
4.6
7.9
16.9

Sections

Plant

Th-nat

6.0
9.9
12.0
10.0
9.5
27.0
27.0
29.0
7.5
14.0
61. :.l

Monazite

Dust

1.9
-

2.1
1.5
1.8
-

4.0
2.0
2.3
2.0
4.5

Section

Th-nat

27.0
18.0
20.0
15.0
18.0
15.0
11.0
8.1
8.1
4.7
17.0

Table 2 gives dust and Th-nat levels at Manavalakurichi
plant during the period from 1974 to 1984. The levels gradually
increased until 1978, followed by a steep rise during 1979-80.
This is' attributed to the increased slime content of raw sand as
the beach washings got depleted and inland deposits of higher
slime content were progressively employed. The slime content of
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beach washing is about 0.1% and that of inland deposits is about
5%. The sharp rise in dust and Th-nat level'.; after 1979
coincides with commissioning of the preconcentration plant and
marks a major shift in the mining from beach placers to inland
deposits. Monazite handling areas at Manavalakurichi plant show
lower levels of air activity in recent years due to shifting of
the wind table to a better ventilated area.

Table 3 Specific Activity of Airborne Dj_;t at IRE,
Manavalakurichi and Chavara Plants

Section

Screening area
HT Plant
Monazite section

Th-nat in airborne dust

Manavalakurichi

13.4
15.6
60.0

, Bq.g'1

Chavara

7.5
17.0
42.5

Though beach washing is used mainly in Chavara plant, dust
and air activity levels are nearly the same as in Manavalakurichi
plant. This is because of the finer grains of the feed,
resulting in higher resuspension. This is supported by the
observation that the specific avitivity of airborne dust is
nearly the same in both plants, although the raw sand at
Manavalakurichi is 10 times richer in monazite than at Chavara
(Cf. Table 3).

Measurements carried out on respirable dust using a 1.27 cm
cyclone suggest that this fraction varies from 10% to 50% of the
total dust, depending o the feed and the operation. Further work
is in progress to find out the AMAD and clearance half-life of
the airborne activity. The plants are considering measures such
as scrubbing and extraction to reduce the dust levels.

SUMMARY AND CONCLUSION

Per caput annual range from 4.5 to 15 mSv in the mineral
plants. Personnel monitoring at IRE Manavalakurichi and Chavara
plants shows that 50 - 65 % of the collective dose is contributed
by mining operations. Preconcentration of sand increased the
personnel doses at Manavalakurichi plant. The total man-mSv in
these plants are 5000 and 3500 per year respectively, of which
nearly 60% is contributed by the high natural background. This
is considered as occupational, since it is related to work. This
high background interferes with dose evaluation using personnel
dosimeters.

Beach placer areas are getting depleted of the ore and
inland sources are being increasingly utilized in the plants.
This has resulted in higher dust and air activity levels as the
inland deposits have higher slime content than beach washings.
The main dust liberating operations are screening and drying of
raw sand. This is identified as the major industrial hygiene and
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radiation safety problem, especially when deep inland mining is
resorted to in future. Proper scrubbing of the sand by wet and
dry methods may, however, reduce this problem.
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10.8 A RAPID METHOD FOR THE MEASUREMENT OF THORON IN
MONAZITE PROCESSING PLANTS AND A REVIEW OF THE

CONCEPT OF THORON WORKING LEVEL

P.M.B. Pillai, A.C. Paul and K.C. Pillai

Health Physics Division
Bhabha Atomic Research Centre, Bombay - 4 00 085

This paper reports a new method of rapid estimation of
thoron in plant atomsphere. The performance of the method favou-
rably compares with that of double filter paper method. Radon
concentration can also be measured by this method. The thoron
daughter working level concept has also been discussed.

INTRODUCTION

One of the conventional methods of measurement of thoron
concentration in air is the alpha counting of filter paper air
samples at known time intervals. The thoron concentrations are
evaluted in terms of the ThB (Pb-212) and The (Bi-212) daughter
products (KOTRAPPA et al.# 1976). The levels thus estimated are
dependent on the ventilation rate that prevails (SOMAYAJI, 1960).
However, difficulties are encountered in using this method under
field conditions when the ventilation rates are high. Table 1
gives some typical values of ThB and ThC concentration and
corresponding ventillation rates. It is observed that at high
ventilation rates ThC concentrations become negative.

Another method using the double filter (IAEA 1976; MAYYA &
KOTRAPPA, 1978) quite often gives concentrations different from
those obtained by the above method. Table 2 gives the results of
inter-comparison of these methods. It is evident from the table
that the concentrations obtained by the gross air sample and
double filter do not agree. The concentration values obtained by
the double filter are 1.2 to 31.5 times higher than values
obtained by the gross air samplling. Both these methods suffer
from the disadvantage of having to wait for several hours before
obtaining the final result. In order to overcome the above
difficulties a new method has been developed for the rapid
estimation of thoron in .plant atmosphere, which is described in
the following sections.

PRESENT METHOD

Total alpha disintegrations from thoron (Rn-220) and ThA
(Po-216) of a known volume of air collected in a scintillation
cell are counted. Number of atoms of thoron and its activity are
then calculated.
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Table 1 Effect of Ventilation Rate on tne "j.icentration of ThB
and The

Sr. Sampling
No. location

Nature of
Ventilation

C150 *Ventila- ThB ThC
C30 tion per rain. pCi/1 pCi/1

1 Wooden tanks Natural 1.77 > 10 12.22 -0.99
platform

2 " " 1.76 > 10 57.94 -4.26
3 " " 2.58 > 10 17.31 -6.41
4 Thorium Silo Exhaust off 2.11 > 10 254.33 -45.17
5 " Exhaust on 1.70 > 10 1159.36 -56.71
6 " " 1.88 > 10 902.72 -95.00
7 " " 1.95 > 10 1251.25 -162.58

* Ref SOMAYAJI (1960).

Table 2 Comparison of Gross Air Sample with Double Filter

Thoron concentration pCi/1
Sr. Sampling location DF
No. Gross DF GS

sample sample

1 Thorium press area 275.89 4 69.82 1.7
2 Platform outside silo 1938.01 17951.20 9.3
3 ' " 2501.83 78786.26 31.5
4 " 4983.66 54600.13 11.0
5 Area near washing machine 1413.95 3259.84 2.3
6 " 878.00 10541.44 12.0
7 " 4075.41 4889.94 1.2
8 " 4990.64 7864.36 1.6

Filtered air is allowed into a scintillation cell of 150 ml
capacity (RAGHAVAYYA et al., 1979). One end of the cell is
closed by glass. The inner surface is uniformly coated with
ZnS(Ag)'. The cell is coupled to a photomultiplier which is
connected to a counting set up. A suction head with filter paper
is connected to the inlet and the outlet is connected to a vacuum
pump. (

Filter paper samples are collected at equilibrium state; and
on stoppage the sample is counted and the activity determined. A
count period of 7 minutes accounts for the near total decay
(99.9%)lof thoron and ThA inside the scintillation cell.

PERFORMANCE EVALUATION

In order to obtain a steady source of thoron, approximately
100 g of dry thorium hydroxide was taken in a carboy. Thoron
formed inside the carboy was swept out with a constant flow of
fresh air which was sampled in the scintillation cell.
Concentrations obtained in successive samplings are presented in
Table 3. It is evident from the results that the counter has
good reproducibility as the concentration of thoron is found to

243



remain constant under steady state conditions. The standard
deviation of the mean value ranges from ± 4% to +16%.

Performance of the counter was tested inside the plant
areas. Table 4 gives the results obtained when the counter was
used for sampling from an area contaminated with thorium
concentrate. The standard deviation over the mean concentration
is found to be +35%. This variation is due to the changing
thoron concentration in the air as a result of ventilation
changes under dynamic conditions.

Table 3 Measurement of Concentration of Thoron (Steady Source)

Sr.
no.

Source of thoron Thoron concentration
pci/l

B

1
2
3
4

1
2
3
4

Thoron carboy

Th contaminated carboy

10314.4 + 133.9
10885.0 + 137.6
10442.9 + 156.8
9852.7 + 135.8

496 .4 + 33 .9
544 .6 + 33 .8
410 .4 + 30 .9
610 .8 + 36 .2

Performance of the counter was compared with the double
filter both in the laboratory and in the plant. The results are
presented in Table 5. It is seen from the table that the thoron
concentrations obtained by the new method compare well with the
values from the double filter method. The values vary by a
factor of 0.99 to 1.35.

Table 4 In-Plant Measurements of Thoron Concentration

Trial Nos. Net counts for 7 mts. Thoron concentration pCi/1

1
2
3
4
5
6
7
8

3145
1147
2764
1524
3553
3996
2585
3060

5411.6
1973.6
4756.0
2622.3
6113.6
6875.9
4448.0
5265.3

+
±
±
+
+
+
±

96.6
58.8
91.1
67.4
103.3
109.5
88.6
96.4

Mean 4683.3 + 88.9

DETERMINATION OF RADON CONCENTRATION USING THE THORON COUNTER

The scintillation cell used for sampling thoron was
preserved and counted after 72 hours to estimate the radon
concentration. The concentration of radon obtained was
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Table 5 Comparison of Thoron Counter with Double Filter

Thoron concentration pCi/1 Ratio
Sr. Sampling source/ b
No. location Thoron counter double filter

(a) (b) a

1 Laboratory - carboy 10314.4 + 133.9 11302.4 ± 635 1.14
containing thorium

2 Laboratory - carboy 10885.0 ±. 137.6 12410.0 + 563.1 1.14
containing thorium

3 Laboratory carboy 51.6 + 15.9 69.6 + 19.7 1.35
containing monazite

4 Thorium handling area 1075.4 ± 47.8 1430.9 + 117.8 1.33
5 Thorium press area 5534.4 ± 98.0 5457.7 + 114.6 0.99

calculated to be 5 pCi/1 corresponding to a thoron concentration
of 10314 pCi/1 (c.f. Table 3) which amounts to less than 0.05% of
thoron activity. It is however recognised that Rn/Tn ratio in
air will change depending on the ventilation conditions and
contamination status.

DISCUSSION

It is observed that the background of the counter increases
with successive measurements from 2 ± 0.5 cpm to 38 + 2 cpm
especially at high thoron concentrations (about 5000 pCi/1).
Allowing sufficient decay times for the cell and flushing after
every sampling reduce the background to the initial levels.
Evacuation of the cell is also found to be effective in reducing
the background. However, the enhanced background may not produce
appreciable error when the concentration of thoron is high as in
the cas£ of monazite processing areas. With a background of
1 cpm, the present system is capable of detecting pCi/1 with 50%
error. This value amounts to 0.04 of MPCa (300 pCi/1) of thoron.
Hence, t'he system is suitable for routine in-plant measurements.

The amount of The (Bi-212) built up in 7 minutes is
negligible (GOPINATH & HARI SINGH, 1972) ( < 1% of the original
activity of thoron) and as such this does not require any
correction. As both calibration and sample counting are done
under identical conditions the chances of errors in sample
counting are eliminated.

ADVANTAGES

The instrument is portable. It gives instantaneous
concentrations of thoron in the atmosphere. The counter is handy
for routine monitoring of thoron and radon in monazite and
thorium processing plants and can be made adaptable for
environmental measurements.
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THORON WORKING LEVEL

A thoron daughter working level (JCRP, iS/3) concept had
been developed in analogy with radon daughter working level.
While radon is a long lived gas with short lived uaugivters, the
same is not exactly the case with thoron. The thoron daughter
working level had been defined as equivalent to the potential
alpha energy released due to the complete decay of 100 pCi of
each of thoron daughters per litre of air. '•:"::*_ . .,' \<-,-:j level in
this case is arrived at on the basis of the; uoncentiation of ThB
in a filter that the working level derived or. the above basis
does not take into consideration the decay of thoron and ThA in
the lung. The decay of these nuclides may contribute appreciably
to the energy released in the lung as their half-lives are
comparable to the ventilatory flow of air inside the lung.
Moreover, assessment of inhalation hazard due to thoron in terms
of ThB concentration may grossly underestimate the hazard in
areas where high ventilation rates prevail.

The volumes of air involved in the normal respiration
process are as given in Table 6 (ICRP, 1975). For practical
assessment of inhalation hazard, the air inside the lung may be
divided into two components, one that which is residual
(equivalent to the functional residual capacity,, FRC) and the
other which is involved directly in inhalation - exhalation
process (tidal volume VT) . It is assumed that the air in the
lung attains equilibrium with the atmospheric air within few
cycles of breathing.

Table 6 Alpha Energy Dissipated in Lung by 8-Hr
Exposare to 100 pCi/1 of Thoron and ThA

Energy dissipated
Standard man data •

(ICRP, 1975) Thoron Free ThA Total
(MeV) (MeV) (MeV)

Functional residual c

capacity 2.20 1 1.47 x 10 2.01 x 106

Minute volume 6 ,
(Tidal volume x frequency) 0.03 x 10 0.51 x 10
43 lpm

Energy dissipation inside the lung due to thoron and ThA is
assumed to take place in a two component model in keeping with
the fractionati<~i of lung volumes as given earlier. In the FKC
(2=21) complete ^ecay of thoron and ThA is expocted to take place
under steady state. However, thoron decayr only partly in the
tidal volume which is related to the frequency of breathing or
the mean residence time of the tidal air. However, preformed ThA
in the air, always in equilibrium with thoron, completely decays
in the breathing process inside the lung. The fractional energy
dissipation involved in all these processes for a steady state
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concentration of 100 pCi/1 each of thoron and ThA is calculated
and presented in Table 6.

Energy released in the process calculates to 2 x 10 MeV
during 8 hrs work, of which nearly 70% is accounted by decay
taking place in the FRC. It may be stated tht this condition is
unique for thoron and its analogy with radon, in this regard, may
not hold good. In areas where thoron concentrations encountered
are orders of magnitude higher, such as Th storage facilities,
the energy dissipated and subsequent lung dose will be
appreciably high; where measurement of thoron concentration
itself is of immediate concern for the assessment of inhilation
hazards. It may further be stated that normal ventilation rates
prescribed, in the range of 10-15 air changes/hr, may not
appreciably reduce the hazard due to thoron in view of its short
half-life.
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10.10 DISPOSAL OF VERY OLD Th/THORIA SCRAP SHOWING HIGH ACTIVITIY

R. Vijayaraghavan

Atomic Fuels Division
Bhabha Atomic Research Centre, Bombay - 400 085

Rejected thorium/thoria materials in the form of powder,
pellets, different shapes, turnings, grinding sludge etc. are
generated at various stages of fabrication. Proper precautions
are necessary during handling and storing of this scrap. Thorium,
being a pyrophorio material, has to be handled very carefully
especiallly when in powder form. Rejected turnings, grinding
sludge are to be stored under water. Thorium fires are quite
unpredictable. Hence material has to be handled in small batches
and precautions are required to be taken to see that material
does not get heated up, whenever in powder form. Prompt
firefighting equipment is a must in thorium handling area.
Another problem in storage of Th/thoria rejected material is the
build up of radioactivity due to daughter products. Activity was
found to increase four times during storage for 10 years. This
problem was faced for thoria scrap since reprocessing of thoria
was found to be quite cumbersome and costly process and hence the
scrap generated could not be reprocessed and had to be stored. In
view of the high cost involved in reporcessing, a decision was
taken in consultation with appropriate authorities to dispose off
the scrap by way of burial on non-retrievable basis. The
material was properly classified into various categories like
thorium metal powder and turnings, pellets and shapes, thoria
pellets, shapes and grinding sludge etc. and was accurately
weighed. Material of each category was then put into separate
polythene bags and then into separate metal containers. The
metal containers after proper sealing were transferred to the
special site meant for radioactive waste disposal and was buried
as per the recommended procedure. One incident which took place
during this operation is worth reporting and noting. The drum
containing metallic thorium powder scrap during unloading from
truck onto the ground caught fire, just because of the heat
generated due to impact of drum on the ground. The fire was
immediately brought under control. A decision was subsequently
taken to burn all the thorium metal scrap to thorium oxide and
then to dispose it off by burial. This procedure was found to be
safe.
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10.11 STUDIES RELATING TO THE ASSESSMENT OF HAZARDS FROM
ARTIFICIALLY PRODUCED URANIUM ISOTOPES

M.V. Dingankar

Health Physics Division
Bhabha Atomic Research Centre, Bombay - 400 085

INTRODUCTION

In Indian Atomic Energy Programme, there has been
considerable interest in the utilisation of U-233, an isotope of
uranium produced by neutron irradiation of Th-232. The interest
stems from the fact that U-2 3 3 is a fissile material and is
produced from thorium, the large deposits of which are found in
India. Technologies relating to the reprocessing of irradiated
thorium for seperation of U-233 and its utilisation in ractor
system (PURNIMA-2) have been mastered. When Uranium is seperated
from irradiated thorium, apart from U-233, many other isotopes of
uranium are also present in certain proportions, depending upon
the irradiation history of thorium. These are U-232, U-234,
U-235, U-236 and U-237. Most of these isotopes are either very
long lived or short lived except for U-232 which has a half life
of 71.7 years. Even though U-232 present in U-233 is usually
very small (ppm) levels, the daughter products formed from it are
beta-gamma emitters and cause considerable handling hazards. The
purpose of the present study is to study these hazards both
theoretically as well as experimentally.

CALCULATION OF GAMMA DOSE RATES AND EXPERIMENTAL VERIFICATION

The gamma dose rates from U-233 solution stored ir>
cylindrical tank (as in the case of PURNIMA-2 reactor core or
storage vessel) depends upon the U-23 2 content and the age after
seperation. A computer program was developed to compute gamma
dose rate from a cylindrical container containg U-233 (uranyj
nitratie solution) solution with a certain quantity of U-23:.
present in it as a function of time. The program uses a rigorous
method of eight energy groups and takes into account the build up
of all contributing daughters upto the time in question.

Theoretical computation was verified by taking U-233
solution into storage .container of cylinderical geometry and
measuring the dose rates at various distances and at various
times. Gamma dose measurements were carried out using different
types of dose measuring systems. There was reasonable agreement
between the different experimental measurements, and the
computational results.

ESTIMATION OF U-2 3 3 IN SEALED CONTAINERS AND WASTE BAGS

U-233 being a pure alpha emitter, it is not possible to know
the content of U-2 3 3 in sealed containers or in waste bags.
However, advantage can be taken of the small quantities of U-232
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always present along with U-233. With prior knowledge of U-232
content and the age after separation, it is possible to estimate
the U-233 content by external counting of Tl-208 (2.6 MeV) using
Nal system. The procedure was developed and standerdised to
detect a minimum level of 5 mgm of U-233 when 3ppm of U-232 is
present and the age after seperation is 5 years.

HIGH RESOLUTION GAMMA SPECTROSCOPY TO DETERMINE THE RATIO OF U-
232 TO U-233

Using a high resolution gamma spectroscopy system (Ge-Li
detector with associated 4 K Multi-Channel Analyser), it is
possible to compute the daughter products of U-233 (Bi-213 wi'h
440 KeV) and that of U-232 (Tl-208 with 580 KeV) in a sample.
Knowing the age after separation and the ratio of these gamma
emitting daughter products, it is possible to compute the ratio
of U-232 to U-233. The measurements carried out by this method
agreed well with mass spectroscopic measurements.

HIGH RESOLUTION GAMMA AND ALPHA SPECTROSCOPY

Using high resolution gamma spectroscopy (Ge-Li) whose age
after separation and whose U-232 to U-233 ratio are known, the
experimentally estimated quantities were compared with computer
predictions. They agreed fairly well. Similar study was made on
high resolution alpha spectroscopy. (Solid state detector in
vacuum chamber and 4K MCA).

DERIVED AIR CONCENTRATION (DAC) LEVELS FOR MIXTURE OF URANIUM AND
DAUGHTERS

There are number of alpha emitters and beta emitters in
uranium which are encontured during handling of artificially
produced uranium, depending upon several factors such as age
after seperation, U-232 content in U-233 etc. Therefore it is
difficult to choose a particular DAC value for purposes of
radiation hazards control. Using the principle of rule of
mixture as given by International Commission of Radiological
Protection (ICRP), a computer program was developed to give DAC
values based on alpha or beta measurements, taking into account
all the relevant factors.

CONTINOUS U-233 IN AIR MONITOR

Pu in air monitor was suitably modified to make it a U-233
in air monitor. The performance of the instrument was studied
and it was shown that the monitor can detect as low as 0.03 OAC-
hr for typical airborne release during handling U-233.

OTHER HANDLING HAZARDS

Some of the properties relevant to handling hazards of U-233
are also discussed. These include criticality aspects,
pyrophoricity, neutron activities etc.
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CONCLUSIONS

The experimental verification of the theoretical
developments in most of the cases gives a measure of confidence
in the computational methods. Therefore the developed methods
can be used for solving problems of unknown nature, faced in the
future while handling artificially produced uranium isotopes.

Some of the experimental methods developed such as that of
estimating U-233 in sealed containers and in waste bags and that
of estimating ratio of U-232 to U-233 by high resolution gamma
spectroscopy have added new dimentions to the radiation hazard
control while handling isotopes such as U-233. The computation
of DAC for various situations of handling U-233 is also
meaningful for routine health physics control. Without such
computation we will be erring on safer side to an unreasonable
extent. The inclusion of some of the data on other handling
hazards make the thesis /I/ more complete.

REFERENCE

1. M.V. Dingankar, 'Studies Relating to the Assessment of the
Hazards from Artificially Produced Uranium Isotopes', M.Sc.
Thesis, University of Bombay, (1982)

251



10.12. HEALTH PHYSICS EXPERIENCE IN THE OPERATION OF 2 3 3U
FUELLED PURNIMA-II SOLUTION REACTOR

M.V. Dingankar, P.P. Joshi and S. Krishnamony

Health Physics Division
Bhabha Atomic Research Centre, Bombay - 4 00 085

The health physics experience in handling of 2 3 3u solution
fo. Purnima II reactor is highlighted, in particular the measured
gamma dose rates due to the association of 2 3 2u (present in
ppm levels ) . The radiation monitoring data during reactor
operation and following shut down are given.The fall in radiation
level on account of the decay of short-lived fission product
activity as measured is presented. The special instrument used
for continuous monitoring of air-borne 2 3 3u is described.

INTRODUCTION

Purnima II, India's first 2 3 3U fuelled solution reactor,
attained first criticality on 10th May 1984. The reactor was
operated at power and also as a subcritical system as per
experimental requirements. The main objective was to determine
the variation of critical mass with uranium concentration (60 to
120 g 1 ), and to measure the level and temperature coefficients
of reactivity.

Useful health physics experience was gained in different
aspects, such as problems of handling fuel solution , measurement
of gamma radiation dose rate during and after reactor operation.
This paper presents the data obtained.

DESCRIPTION OF THE FACILITY

Purnima II is a homogeneous solution reactor using 2 3 3u as
fuel, water as moderator and BeQ as reflector. The fissile
material of about 500 gms of 2 3 3U was in the form of uranyl
nitrate solution. The fuel solution was normally kept in a
stainless steel storage tank. For start-up of the reactor, this
solution was pumped into a cylindrical core vessel of zircaloy .
All fuel handling equipment and the storage vessel were housed
inside a pair of glove boxes, one on top of the other. Detailed
description of the redactor, its control systems, and other
facilities has been given by Srinivasan M. et al./3A

HEALTH PHYSICS ASPECTS

Hazards of 2 3 3U

2 3 3U, an alpha emitter (alpha energy 4.8 MeV) with half life
of 1,59,000 years has a specific activity of 352 MBq g~1(9.5
milli curie g ) . The contribution of the daughters of " 3 U to
the alpha activity is negligible even after several years
following chemical separation. Beta radiations due to daughter
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products of both 2 3 3U and 2 3 2U are totally absorbed in the
solution and the container material and hence these do not pose
any external exposure hazards .

2 3 2 U is invariably present, alongwith 2 3 3 U . Though the
quantity of 2 3 2u is very small (generally in ppm levels) , its
daughter products grow to significant levels, because of its
comparativerv short half life (71.7 years). The daughter produts
2 0 8Tl and 2r2Bi are hard gamma (>1.5 MeV) emitters. The major
contribution to gamma, dose rate is due to these daughters and
depends on both the 2 3 2u content in the fuel and the age, i.e.
the time elapsed since the last chemical separation of uranium.
The fuel used for Purnima II had aged1 for 6 years and its 2 3 2u
content was 2.81 ppm. The variation of gamma dose rate with age
of 2 3 3u solution containing 2.81 ppm of 2 3 2u is shown in Fig.1/2/

High dose rates (about 10 mSv hr~*) were expected on the
surface of the storage tank. The storage tank was shielded with
100 mm of lead to reduce the exposure to the personnel. The dose
rate outside the tank was brought down to 35 uSv hr"1 .

Problems of handling of Fuel Solution

The handling of the fuel solution ( acidity in the range of
0.5 to 1.0 normality ) during and after reactor operation needed
constant surveillance to detect any leakages. All the solution
transfer lines were surrounded by two layers of thin PVC tubing.

Ventilation

A separate ventilation system was provided for the glove
boxes having a total volume of 1.2 m . The glove box exhaust was
discharged into the outlet ducts of the vault exhaust system.
This minimised the possibility of any airborne activity escaping
directly into the vault atmosphere. The vault ventilation
provided 12 air changes per hour in it.

The glove boxes were equipped with all safety features, (i)
Pressure Regulator, (ii) Emergency Exhaust , (iii) Standby Blower
and (iv) HEPA Filters. During manual handling of solution and
reactor operations, the glove boxes were maintained at a
negative pressure of 20 mm water gauge. However, during non-
working hours the glove boxes were kept at ambient atmospheric
pressure.

HEALTH PHYSIS MONITORING

Pre-Comissioning Checks

Prior to reactor operation, the vault ventilation was
checked. Flow rates were measured with a velometer. The air
changes inside the vault when the vault door was closed were 9.0
per hour and with the vault door open, 12.5 per hour.
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Cold runs were carried out using natural uranium solution
for checking the performance of the system. Area gamma monitors
and a Uranium-in-air monitor were checked for performance and
calibration.

Health Physics Instruments

There were three area gamma monitors (ranges 0 to 0.5 mSv-
hr , 0 to 5 mSv hr~ , and 0 to 50 mSv hr"-1-) located inside the
vault and one was located on the control room wall, (range 0 to
0.2 mSv hr"1) near the vault door.

A Uranium-in-air monitor was continiously kept on whenever
the reactor was operated and whenever operations were carried out
inside the glove box. Apart from this, portable high volume air
samplers with centripeter type sampling heads were available for
rapid assessment of Uranium in air by spot sampling. Criticality
badges, TLDs and fast neutron films were used for personnel
monitoring.

The presence of 208iri (having gamma energy of 2.6 Mev )_tbe
daughter product of 2 3 2u can be exploited to monitor 2 3 3U
activity, for example in waste packages or sealed containers
using a Nal CT1) crystal detector . Bv knowing the age and ppm
content of 2 3 2u, the quantity of 2-33u can be deduced/ 1/#

External Radiation Measurements

General

Before the start of the reactor the gamma dose rate on the
storage tank on contact measured with a G.M. probe (26 mm dia)
with different concentrations and quantities of fuel solution,
varied from 9 to 13 mSv hr" . The change in dose rate was due to
change in volume and height of the solution rather than change in
its mass.

The reactor was made critical with Uranium concentration of
112.5 g I"1. Extensive radiation surveys of the Purnima building
and the surrounding areas were done.

After each operation entry inside the vault was made only
after the air activity levels as indicated by Uranium-in-air
monitor and spot air sampling were checked. The storage tank,
and glove boxes were monitored for gamma exposure rates.

During Reactor Operation

During reactor operations the vault door was kept closed and
entry inside the vault was not possible. Areas inside the
control room and outside the building were monitored extensively
and regularly. The gamma and neutron monitoring data for a
typical power operation at 70 milliwatts is shown in Table 1.
Fast neutron personnel monitoring films (Type Kodak NTA) were
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Table 1. Radiation Dose rates outside the Vault during reactor
operation measured by G.M. Survey Meter and rem
neutron monitor Reactor operation history

Linear ion chamber reading
Power
Time of Operation

Location

1.2 x 10"8 amp.
70 mW.
Two hours.

Radiation Level
(in uSv hr"1)

Gamma Neutron

Inside the Building

1 a) Control room wall(1.5 m thick)
b) Control room operator
c) Streaming near shield trolley
d) Control room entrance

e) Corridor near (room 10-S)

2 Terrace

Outside the Building

3 0.3 m Thick wall
4 Fencing of exclusion area
5 Old Transformer Yard gate
6 Exhaust Fan room

0.3
0.4
1.6
0.2
Background

1.0
4 to 5

4.0
2.0
Background

1.3 3 to 5

41.5
1.0
10.0
1.2

4.0
1.0
2.0

Background

* The readings are due to reactor operation only.
The background is subtracted.

also exposed inside the vault at various locations. None of
them, including the one on the outer reflector surface (nearest
point to the core) showed any measurable value.

After Reactor Operation

After the end of reactor operation, personnel entry inside
the vault was possible after half an hour. At this time, the
mojor contribution to the dose rate was due to the fission
product activity.Table 2 shows the typical gamma dose rates after
r"eactor shut down inside the vault at various locations. Table 3
presents the integrated gamma dose on the reflector surface. The
integrated dose was due to mainly prompt gammas (during two
hours of reactor operation ) and fission products (about forty
minutes) . The solution was drained back to the storage tank
after reactor shut down.

Decay Of Fission Product Activity in the Storage tank

After reactor operation at 70 milliwatt for two hours the
G.M. detector was kept at a fixed position in contact with the
storage tank through the window used for maintenance of the
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Table 2. Radiation dose rates as measured by Teletector Gamma
monitor at various locations inside the vault after

reactor shut down

Reactor Operation History

Linear Ion Charaber
Power
Reactor Operation

1.2 x 10~8 amp.
70 mW.
120 minutes

Dose rate in mSv hr"1

1)
2)
3)
4)
5)
6)
7)
8)
9)

Location

Storage Tank
Storage Tank

(bottom)
(side)

Lead shield of Storage Tank
Lower glove box panel
Transfer Pipe
Top glove box
BeO Reflector
BeO Reflector
BeO Reflector

Line
pan<il
(South)
(North)
(East & West)

Time after
35 minutes

130.0
60.0

0.5 to 0.6
0.15
0.3 to 2.5
0.15 to 0.2
0.07
0.25
0.05

shut down
240 minutes

30.0
22.0
0.035 to
0.02 to 0
0.12 to 0
0.02 to 0
0.03
0.06
0.02

0.07
.03
.5
.03

Table 3. Integrated Gamma dose rate inside the Vault

(120 minitues Rector Operation & 40 minitues cooling)

LOCATION DETECTOR MEASURED DOSE (mSv)

BeO Reflector
BeO Reflector

West Side Wall

TLD
Digital
Dosimeter
TLD

32
28

1.

.0

.19

0

ultrasonic probe. The gamma dose rate due to fission products was
monitored for various cooling periods (Fig. 2). It is to be noted
that the gamma dose rates given in this figure are entirely due
to the fission product activity; tht background due to the
daughter products of 232U, was substracted from the measured
values. The dose rate decreased with a half life of 66 minutes in
the first few hours.

Uranium in air monitor

In this instrument: the problem of interference of natural
radon and thoron daughter products is eliminated by using alpha
spectrometry. This instrument consists of a silicon diffusion
junction detector, single chnnel anaalyser (SCA), a charge
sensitive preamplifier, main amplifier, suction pump, etc. The
instrument was set to alarm at 0.03 DAC-hr (W class) for 2 3 3U.
It is to be noted that determination of 2 3 3u is easier compared
to 239Pu for two reasons : the alpha energy of 2 3 3U (4.8 Mev) is
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239,lower than that of "^Pu (5.14MeV) in comparision to the alpha
particle energies of naturally occurring radon/thoron daughters ;
besides DAC of 2 3 3U is higher (10 Bq m"3) than that of ^jyPu
(0.6 Bq m~3)

CONCLUSION

233,The experience gained in the handling of fissile
solution will prove helpful in similar future work. Useful
radiological safety data were collected in an area where data
based on actual measurements are lackina. In particular, dose
rate measurements were carried out on 2-33U in solution form,
containing 2 2U. Radiation levels on account of short-lived
fission products were measured at different time periods
following reactor shut down.
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10. li LONG-LIVED ACTINIDE WASTE PROBLEM, TH-U233 CYCLE AND

FUSION BREEDERS

M. Srinivasan, M.V. Dingankar, V. Kalyansundaram and P.K. Iyengar

Bhabha Atomic Research Centre, Bombay 400 085

The quantum of long-lived Byproduct Actinides (BPA) such as
Np,Am,Crn etc generated in the Th-U233 cycle is found to be signi-
ficantly less than that from U235-U238-PU239 fuelled reactors.
It is shown that the potential biological hazard arising from HLW
generated from thorium fuelled reactors wherein fusion breeder
generated U238-free-enriched-U233 is used as the initial fissile
component is much smaller than that from present day uranium
fuelled reactors.

INTRODUCTION

The long-lived alpha emitting actinides which are present in
fission reactor wastes are generally considered as the main and
ultimate problem with nuclear fission energy. Irrespetive of
whether or not this is a real or imaginary problem/1/at least in
the eyes of the public it seems to be a cause for worry. Al-
though the magnitude of fission product activity is several
orders greater compared to that of actinides in spent fuels at
the time of discharge, the fission products themselves are not
considered as muh of a problem since their half lives are relati-
vely shorter (<30 years except for 1129 and Tc99) and consequen-
tly decay to negligible levels in the course of a few centuries
(300 to 600 years) . The problem thus appears to be mainly with
the long-lived actinides (various isotopes of Np, Am, Cm etc)
having half lives of thousands or more years. The scientific
community has sought to find a solution to this problem through
nuclear transmutation of fission reactor wastes to produce short-
lived products/2,&/. Besides fission reactors and fusion reactor
blankets, spallation neutron sources and high energy particle
accelerators have also been studied as potential candidates for
waste transmutation.

In this context it is not commonly known that the quantum of
long lived minor actinide wastes (also referred to as Byproduct
Actinides or BPA for short generated in the Th-U23 3 cycle is
smaller by a factor of over a million compared to that from thfi
U235-U238-PU239 cycle. This conies about essentially because
whereas U238 based fuels require only 2 successive neutron cap-
tures to produce nuclides with mass numbers of 240 or more. Th-
U233 fuels require as much as 7 or 8 neutron captures. The Th-
U233 fuelled reactors would however generate larger quantities of
the active isotopes of Th, Pa and U (> 233 mass number) . This
paper examines the production of actinides in the Th-U233 cycle
and compares their long term hazard potential with that from the
U-235-U238-PU-239 cycle.
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BIOLOGICAL HAZARD POTENTIAL OF HIGH LEVEL WASTES

The highly active waste products left over after separation
of the fuel actinides (U,Pu and Th) in the reprocessing plant are
proposed to be concentrated as High Level Waste (HLW) and "fixed"
into a chemically inert medium such as vitrified glass or "Syn-
roc" and disposed off in deep (>600 m) geological repositories
for long term storage. In such a situation water is likely to be
the main carrier of the leached radio-nuclides from the reposito-
ry to the biosphere, prior to ingestion by human populations
through water, vegetables, milk, meat etc. In view of this the
Biological Hazard Potential of the High Level Waste is generally
measured/4/in terms of an Ingestion Toxicity Hazaard Index given
by the amount of water required to dilute the wastes to a level
acceptable from public drinking water standards. While computing
the hazard indices, the recent changes in the recommendations
of the Interntional Comission of Radiological Protection (ICRP)
given in ICRP-30/5/have been taken into consideration. It is
assumed here that the water intake by a reference man is typical-
ly lm'Vyear.

COMPUTATIONAL METHOD

The quantum of actinides generated was calculated using
ORIGEN2/6/ an updated version of the well known ORIGEN code
developed by Bell of the Oak Ridge National Laboratory of USA.
This is a point depletion and burn-up code which keeps track of
the generation and decay of over a 1000 nucl ides in the reactor
core. It has all the necessary data base such as spectrum-
weighted fission product yields, decay constants, effective one-
group neutron cross-sections weighted with typical1 spectra of
most of the common power reactor types such as BWR, PWR, CANDU,
LMFBR etc built up.

ORIGEN2 however still uses only the old Maximum Permissible
Body Burden (MPBB) concept of ICRP-II to compute the Biological
Hazard Potential of the active constituents of spent fuel. In
order to incorporate ICRP-30 data in the computations a separate
subroutine was written. This solves the decay of the four main
radiactive series in the actinide decay chains, namely the Ura-
nium (4n-2), Actinium (4n-l), Thorium (4n) and Neptunium (4n+l)
series with their additional branches where appropriate. Very
short-lived nuclides whose contribution to the overall hazard
po.tential was insignificant were neglected in the modelling. The
simplified version of the series as modelled is depicted in
Fig.l. The validity of this simplification was first verified by
comparing the time variation of the Water Dilution Volume with
0RIGEN2 output over a decay period of 10^ years, using ICRP-II
data.

RESULTS

Actinide Quantities in Newly Discharged Fuel

Table 1 presents the ORIGEN2 results of the quantities (in
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grams per GW(e)-yrl of the main actinide nuclid<-;j in spent fuel
150 days after discharge from reactors operating on the Th-U233
cycle. The results are compared with that from -..Landard PWR and
Nat. U fuelled CANDU referred to as reactor numbers 1 & 2 respec-
tively. The fissile uranium enrichment employed in the freshly
loaded fuel elements as well as the discharge burn-up used in the
computations is also indicated in the table. Note that in the
Th-U233 cycle Th and U ar considered a:; fun] art in ides and all
the rest including Pu are treated as B!A ...mu iariy in standard
PWR and NAT. U fuelled CANDU. U and Pu are treated as fuel
actinides and rest as waste actinides. During reprocessing 0.5%
of the fuel actinides are assumed to enter the waste stream. It
is seen from Table 1 that while the amount of Cm. and Am nuclides
are less by several orders in the Thorium fuelled reactors, the
yield of Pa is significant.

It is worth noting tht the amount of Np237 ic high even in
the case of Thorium fuelled reactors whenever enriched U235 is
used as the fissile component of the Thorium (reactor numbers 3 &
7) . The Np237 appears to arise mainly from neutron capture
events in U235. Significant guantities of Pu are produced even
in Thorium fuelled reactors when 93% enriched U235 accompanied by
7% U238 is used as the enrichment material and all of this goes
into the waste stream. The surprisingly larger production of
Np237 & Pu first pointed out by pigford et ai7 has in fact been
mainly responsible for most of the earlier studies to come to the
conclusion that "comparable amounts of Np237 are produced in
reactors operating on Uranium and Thorium fuel cycles". The
results presented in Table I clearly shows that this conclusion
is not tenable when U233 is used as the enrichment material for
thorium.

Variation of Hazard Potential With Decay Time

Fig. 2 shows plots of the variation of the Biological Hazard
Potential of the waste actinides with decay time from a standard
PWR and a Thorium fuelled HTGR containing 100% pure U233 enric-
hment (reactors 5 & 6 of Table 1). The broken curve indicates
the Water Dilution Volumes for BPA only (i.e. without 0.5% of
fuel actinides considered) . In tue case of PWR the plots with
and without fuel actinides are identical since the contribution
of the fuel actinides is negligible. It is noteworthy that in
the Thorium fuelled HTGR cases in spite of the isotopic content
of U234 in the discharged U being almor.t 4 5%, the characteristic
blimp in the Water Dilution Volume between 10 ' to 10^ years of
decay due to the production of Ra226 and Pb210 (noticed earlier
by Pigford et al.) is not evident. This is presumably due to the
use of the ICRP-30 data in our calculations.

CONCLUSION

The authors undertook the present study because there ap-
peared to be an apparent contradiction between the ORIGEN code
results of Raman et al/ifand the conclusions of all the subsequent
analysis/^g/regarding the magnitidue of Byproduct Actinides pre-
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sent in HLW from Thorium fuelled reactors. Our preliminary
conclusions may be summarised as follows : (a) The quantum of BPA
of mass > 237 generated in reactors operating on the Th-U235
cycle is indeed less by over three orders of magnitude compared
to that from U235-U238-PU239 cycle. (b) The only BPA of importa-
nce produced in the Th-U233 reactor is Pa231, a nuclide which is
present in nature also resulting from the decay of U2 35. (c) If
the full potential benefit of the Thorium cycle from the view-
point of minimising long-lived waste hazards is to be realized.
the enriichment fissile material used should be U238~free-enric-
hed-U233, such as that expected to be produced in future fusion
breeders. Use of conventional highly enriched U235 (containing
7% U238) leads to significant production of Np237 and Pu iso-
topes. It is because this point was not fully appreciated by
earlier workers tht they came to the conclusion " there are
no dramatic advantages of one fuel cycle as compared with another
in terms of the radiological hazards associated with isolated
HLW "M-/,wThe relative differences of the impacts from waste mana-
gement and disposal between the reference fuel cycles are not
decisive factors in choosing a fuel cycle '^8/,

The authors are aware that the conclusions drawn from stu-
dies of Water Dilution Volumes alone can be misleading since it
does not take into account the significantly different retarda-
tion factors during the transport of waste radionuclides from the
repositories to the biosphere. The question of whether the long-
lived actinide waste problem in the Thorium cycle is indeed
significantly less than that from U cycle merits further investi-
gations.
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