Fusion Report

Considerations of Fusion R&D in India

by C. Sivaram

1. Spin Polarised Nuclei Can
Augment Reaction Cross Sections

ecently the concept ol using spin
Rpolansed nucles to boast up the
rate of thermonuclear reachions in
controlled fusion reactors has been
proposed. This makes use of the fact
that the cross-secuon for the re-
actions between two nucler 15
boosted up when they are bothinthe
sptn state; in general the fusion cross-
section 1s dominated by only one
total spin state

The nuclear forces between inter-
acting nucle: are dependent on thewr
spins of 1sospins, this betng respon-
sible among other things for the non-
existence in nature of nucler made up
of only two protons (the so-called
diproton) or two neutrons (the dineu-
tron). If, however, the couphing con-
stant of the nuclear forces had been
hardly twog percent stronger the
diproton would have been hound
and the conscquences would have
been quite disastrous

Under those circumstances the
hasic thermonuclear reaction m the
sun would not have been the com-
fortably slow P+P+D+e' +Mwhich
has been keeping the sun luminous
for a few billion years), but the ex-
tremely rapid P+PeHe!2+Y(subs-
cnpt p s the proton, He'2 the dip-
roton, D deutenum, e*  the positron,

Y the neutnno and Y the photon)
which could make the sun explode in
no time,

On the other hand. «f the coupling
had been about five per cent weaker,
even deuternum (@ toosely bound
state of a proton and a neutron)
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would not have been bound The sun
and other stars would not have been
able 10 use nuclear energy 10 shine,
and 4l matter in the universe would
have remained as hydrogen

The extremely slow rate of the reac-
tion hetween two protons, Jas in the
first reaction shove (p+p), explains
why the so-called hydrogen bomb
uses the heavier 1sotopes of hydro-
gen, 1€ deutenum (D) and tntium
¢ The lifetime for half the mixture
to react even at several million de-
grees 15 a few bilhon yearst 1t alvo
explains why these are the sotopes
which the modern Prometheus will
have to use in trying to rekindle the
stellar fire on earth in the form of
-controlied thermonuciear fuston

The Principle involved

We can explain the principle invol-
ved n spin polansed nudler quite
simply as lollows Let the two reacting
nucler be tabelled 1 and 2 and let the
spin of nuddeus 1 be S| and spin of
aucleus 2 be S and further assume
5,5, )

Then the spin of the total system of
the two nucler <an take on values
from (5, +5,)to (S -5,)insteps of
one. In genecral the fusion cross-
section s dommnated by only one
tatal spin state which contnbutes
most Let 3 be this dommant spin
state through which the reaction pro-
reeds Now assocated with thrs spin
state are (25 1) quantum states (1 e
ditferent ornentatrons the state can
take)  Theretore the fracton ot
collisions hetwoeen the nucler which
result 1 nuydlear reacons are the
number ot states that can redact, 1 e
(25 +1) disudedd by the 1ot number

194"

ol spin states which n this case is
{2 (S,+S.,)+l) + (2(5,-5,)+1)

Howevaer I it were possible to hine
up the nuclear spins, te f it were
possible to polarise them >0 that the
total spin 1s always S then we could
enhance the reactivity or reachion
rate, since now every catliston could
rosult 1n 3 reactron From what has
heen said above, the ratio by whinh
we would be enhancing the reaction
rate would simply be the total
number af spin states for the un-
polansed nucler divided by (25 +11.

We will now ilfustrate the idea by
taking specilic examples ol nucles
which are being senously considered
for use in controlled nuclear fusion

Boron Reaction

One instance where there could be

sigruficant incredse in the reaction
rate 1s the p+_B'' system (8 s the
horon nuclcus‘ This reaction pro-
duces 3 particles and releases 8
MeVof energy (pt B'' = 3K+8 MeV),
Besides the fairly large cross-section
<TV>~10" at 10 Kev tempe-
rature {1 KeV2¢ 10" K), an attractive
teature s that the products are ali
energetic charged  particles.  The
power may be directly extracted by
clectromagnetic  medns  without
posng through steam driven or vapour
driven tutbines which charactenze
edctors run on neutron producing
reactants ke the wusual uranmium
water reactors. Neutrons are un-
charged and therefore can only he
cooled by dissipating therr energy by
collision conversion into heat

Untartunatety the p-8"" reaction, it
turns out, does nat guite produce
enouph energy to mantain the hision
mbion unless we could samehow
double the cross-section This could
prossibly he done by the above idea of
spun polansation

The spn of boron cleven s 372
('s|' the spun at the geatan o %
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(S.). Much means that the total spin
of'a B'' nuchde plus a proton is ether
20r1(5+5 orS.-S) We must now
know whlch one of ‘these total spmn
states contrnibutestotheresonance at
800 KeV which supplies all the reac-
tivity From tables of excited states of
carbon 1t appears thatitis the spin-2
intermedate state through which the
fuston proceeds Thu« we should
align the spins of 8'' and p By sur-
table polansation we have $5=2

According to our earlier formula, the
enhancement factor would be

2(S,+5)+2 (5,-8 )42
25 +1

=8/5 = 1.6

(e putung $=2,5 =3/2, S =)

We would lherelore mcrcaso the
reaction rate by a factorof 1.6 by spin
polansing the nucle.,

Now consider the thermonuclear
reactions tnvolving the 1sotopes of
heavy hydrogen, deutenum and
tntium Ffirst take

D + T+He' + neutron + 17 6 MeV

which 1s the favourite fuel today for
most reactors for nuclear fusion
mainly because 1t has the largest of all
fuston cross-sections at the compa-
ratively low 10 KeV temperature The
spinof Disone (S =1) and the spin of
T s ¥2 (S,=%) The resonant reaction,
1e the dominant spin state, comes
from the spin 3/2 state for the total.
1e $=3/2

If we take the spin 3/2 state as the
one which leads to the reaction we
find from the above formula, we get
an enhancement factor of 1.5 for this
reaction This means we can reduce
the Lawson criterion n (the product of
the number density of the reacting
nuclei times their confinement time
inthe device) by afactorof 1.5, which
ts @ good gain as far as getting the
react:ion started 1s concerned.

Other Reaclions

Similarly we also find an enhance-
ment factor of 1.5, for the D-He’
reaction

D+He'»He'+P+18.3 MeV

spm of He' (S)="v, 15=3/2) The D-
He' reaction is (avoured by many as a
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TEMPERATUKE REQGUIREMENTS
FOR FUSION BREAKEVEN®
1n degrecos Kelvin

Fuel Cycle Unpolarized Polarized
D-T 100 000.000 80,000,000
DD 350.000.000 220,000,000~
300,000.000
D-He’ 700.000 000 400 000 000-
1,000,000.000 500,000,000

*Assuming standard tokamak cond tns for denxity conlinement e

good alternative to D-T, for unlike
tntum He' 1s stable and already
available in volcanic gases The reac-
tion products are all charged par-
ticles from which energy may be di-
rectly extracted by a suitable con-
figuration of electnc and magnetic
ficlds By contrast, with D-T the bulk
of the energy, or 14 MeV, 1s carried
away by neutrons from which the
energy can be extracted only by heat
via collisions.

The D-D reaction is also interesting
from the spin polarnsation pont of
view We have D+DwsHe'+n, or
T+P about 4 MeV energy being pro-
duced The cross-section 15 much
lower than fot D-T, and one requires
about 300 MeV to efliciently utilise
the reaction, unlike only 10 KeV for
O-T The chief advantage 1s that D 1s
plentiully available and one does nol
require the rate He' or T which has to
be bred separately

The chief disadvantages are the
very high temperatures (300 KeV,
more than 30 times that for D-T) se-
quired to ignite the reaction and the
large amount of energy (A 40%)
dissipated as neutrons The T pro-
duced also reacts producing more
neutrons of a different energy range
Thus lor reactors running on D-T or
D-He' —especially the latter—n
would be useful «f the D-D reaction 1s
switched off This would ensure that
all of the energy of the D-He' (18
MeV perreaction) is released in chat-
ged particles and the contaminant
neutrons are not produced cartying
away a large fraction of the energy.
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The D-D reaction mainly goes
through total spin states of zero or
one, the D havingaspinof 1 Soif the
spins of the neutrons are hned up
(total spin=2=5 +S .5 =5 =1), the
D-D reaction is turned off as it cannot
proceed through total spin states of 2
Thus by ahgning the spins of the
reacting nuclei, one can turn off the
D-D reaction, and increase the reac-
tion rates of D-Tand D-He' by afactor
of 3/2.

The tdea can also be extended to
other reactions Forinstance we have
the radiative capture of neutrons by
protons to form D

ntpeD + Y + 22 MeV

This reaction which may be used to
regenerate part of the deutennum can
have an increased reaction rate of a
factor of 1.3 if the neutrons and
protons (S =S =v;) are spin pola-
rnised

Other reactions which could get
enhanced are

D+Lteli+p»'Be+n
or 2 He‘ + 220 MeV

the reaction producing a large
number of daughter nucler with more
than 80% of the energy going into
charged particles

Several techniques are known for
polarising different kinds of nucler
and neutrons, even nucleiwith higher
atomic numbers like rubidium and
xenon

Survival Time

However one crucial

auestion
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which may be asked is whether these
polansed nuclei can survive for a long
enough time in the plasma for fusion
to take place The energy associated
with having the spin lined up along
the magnetic field as opposed to the
antiparallel case, that i1s, the energy
required to polarise or depolanse a
nucleus 1s very small—equivalent
only to an energy diffetence of about
1/100 eV in a 10 KeV plasma If we
ctan create the polansed nuclel to
begin with, they will survive long
enough for the fusion to occur as
there 1s very weak coupling between
the plasmaandthespin Infact, itisso
weak that depolarnisation 1s very slow

The cross-section for fhpping the
spin duning collisions ts only as10 *
cm®, several orders of magnitude
smaller than the fuston reaction cross
sections n T for depolansing turns
out to be »10’° and as the fusion
reactions require only 7Tz 10"
there s far more than enough time for
the fusion reactions to occur Thus
the nucler would retain their instial
polansed state till the fusion reaction
s aver Thus by hining up all the
deuterons and tritons with the mag-
netic field it 1s posaible to increase
the fusion rate by 50% as seen above

The alignment of the nuclear spins
relative to the magnetic field in a
fusion device can influence the
direction in which the fusion pro-
ducts emerge from the plasma. If the
deuterons in a D-T reaction are
polansed the neutrons come out of
the plasma perpendicular to the
magnetic freld Since in a Tokamak
the teld runs around the torordal
contauner, the neutrons travelling
perpendicularly through the walls of
the reactor are following the shortest
poussible path through the wall ma-
terial and thereby creating least
radiation damage 1o the walls Spin
polansation can also enable the
fusion device to contain the fuel
more easily, by pushing out —part-
cles parallel to the magnetic field

The use of spin polansed nucler

apens up many new possihilities in
controlled  nuclear

2. Fusion-Fission Hybrid
Breeder Reactor Systems

The use of fission neutrons to breed
more fisstonable matenal s well
known For instance, the neutrons re-
leased i1 the fission of U-235 can be
abhsorbed by a blanket of ordinary
natural U-238 (which constitutes 99 3
percent of any uranium sample) to
produce Plutonium-2319 (Pu-239)
which s fissionable Simiarly Thonum-
232 (Th-232), which 1s not fissionable,
can absorb neutrons to produce the
tissionable wotope U-2311  This 18
particularly suttable tor the Indian sit-
uation where vast deposits of thonum,
for example 1n the monazite sands
of Kerala, are available Thus even if
a breeder readtor 15 not designed to
produce commercial power it should
maintain a steady intense flux of neu-
trons to carry out the converston, that
15, to breed fissionable matenal,
which can later be used in other reac-
tors

We have seen s Section T how the
first nuclear fusion reactors would use
deuterium and trittum mixtures as
fuel A major reason for this choice
1s that the reaction

D+TeHe'+n+17 6 MeV

has the largest of all cross-sections
cven at comparatively low energies
of a few KeV, and requires a temp-
erature of only about 10 KeV to ach-
ieve the energy bhreakeven (energy
produced > energy used to heat and
conhine) to start producing power.
As can be seen, the reaction pro-
duces a coprous quantity of neutrons
(in fact the bulk of the energy, about
14 MeV. 15 carried away by the neu-
trons) even at still lower tempera-
tures
Fusion Breeder

The major disadvantage 1s that tn-
tiurm is an unstable 1sotope and does
not occur naturally Ut s therefore

fusion  re-
search - necessary to hreed o The usual sug-
gestans lor this are (o ¢ ause part of
the neutrons reteased in the reacion
to be trpped 0 g hthium blanket
24 FUSION ASIA july 1945

surrounding the reactor In iquid form
the lithium can also play the role nf
coolant and take away the heat dis-
sipated by cothsions hetween neu-
trons and the blanket The reactions
undergone by ithium with neutrons to
hreed Lack tntium are

Ly +n(fast) - T+He'+n(slow)
Lit4+n(slow) = T+He'+4.6 MeV

It 1s seen that the neutron surviv-
es the first reaction with the L’ 1so-
tope and emerges at a much lower
energy (velocity) to be captured by
L* This double reaction fortunately
ensures that more than one tntium
nucleus is produced per necutron
absorbed and thus a kind of balance
is maintained between the tritium
produced and the tritium consumed
in the O-T reactor. This therefore
would be the simplest example of
the thermonuclear breeder reactor
producing its own fuel We shall see
more possible examples in the next
section

One drawback with the above
scheme is that Iithium 15 also not
very abundamt n rocks, etc. and is
not so easily mined An aiternate
suggestion involves using boron, since
boron 1s probably more easily mined
occurning as borates and other salts
The neutron reactions with boron
1sotope (B'") provides a supply of
L also, through the reaction:

B'+n » Li'+He'+3 0 MeV

and a smaller fraction undergoes the
reaction (with slower neutrons)

B'""—n » He'+He'+T

thus breeding tnium also.

The Li" produced would of course
capture neutrons and produce trn-
trum as in the first set of reactions
i beteyhum s also used in the blan-
ket d remarkable reaction doubling
the number of neutrons occurs
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ENERGY MULTIPLICATION AND FUEL PRODUCTION IN THE HYBRID BREEDER REACTOR
Fast neutrons from the fusion reaction enter the reactor blanket where they trigger lission of uranium nucle: Each
such reaction releases energy (about 100 MeV) and two or three additional neutrons. The additional neutrons
tngger further fission reactions, while being slowed down. When they enter the breeding region proper, the
neutrons are absorbed in fertile thorium or uranium nucler in the first step of nuclear transmutation into lissile
material, In each case (uranium and thorium) two successive beta (electron emission) decays lead to the nuclear
fuel Uranium-233 or Plutonium-239.

Neutron shsomtion
(transmuytation)

o—+4—-—0O----0O--
= ro—4+O——-0--

T~ ot O-- - -@--

Beta Reusable
decay fission fuel
(ready for

feprocessing

Be'+n(fast) *He'+He'+ 2n(slow)

A berrylium blanket would therefore
multiply the number of neutrons
which would then react with a sur-
rounding lithium blanket to produce
trtium

Thus a fusion reactor working on
D-T and surrounded by a berrylium-
hithium blanket would be a very
coptous source of neutrons. A 500
megawatt (MW) D-T reactor with
such a blanket would produce about
10%' neutrons every second It would
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indeed be wasteful to use all these
neutrons to breed only tntium; con-
siderning that lithium s not all that
abundant there is a himit to the
amount of tritium that could be pro-
duced
Also Breed Fission Fuel

However the copious supply of
neutrons in such a reactor naturally
suggests the possibility of using these
excess neutrons to breed fissionable
isotopes such as U-233 by using a
thorium blanket or PU-239 by using
natural uranium as the blanket mat-

July 1985

erial These fissionable isotopes thus
produced by using thermonuclear
neutrons could then be used sep-
arately in usual fission reactors of
the lhight water type. In the Indian
context it would be ideal to breed
U-233 from the abundant Th-232,
In fact it would not be necessary to
get pure U-233; one can mix U-23)3
and natural uranium to get denatur-
ed U-233 which can be used as a
substitute for ennched uranium In
light water reactors.

It can be calculated that a 500
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MW fusion D-T reactor has the po-
tentia! to produce about 3000 kilo-
grams of fissionable U-233 every year
This much fission fuel can in turn
be enough to run about a dozen
300 MW nuclear fission reactors.
Thus by using the thermonuclear neu-
trons from the O-T fusion reactor
(with appropriate blanket material)
to produce fissionable fuel, one can
increase the energy producing po-
temal of the fusion reactor by a fac-
tor of at least ten—the fissionable
fuel so produced can be used to
operate ten or maote {isston reactors,
each generating power comparable to
the orngmal nuclear fusion reactor.
Such a hybrid system increases the
power potential by a factor of ten!

Again, as light water reactors are
well developed technologically no
new breakthroughs in utiising the
fissionable fuel thus produced would
be required. Moreover if denatured
uranium 1s used, even more fission
reactors can be run with the fuel
produced trom just one fusion reac-
tor. What this could mean for the
country’s nuclear potential can be
seen as follows

Implications

At present the nuclear power pro-
gramme envisages the installed capa-
city of nuclear power plants to be
at least 10,000 MW by the end of
the century, if not earlier. Most of
them would be expected to be
based on natural uranium and heavy
water as moderator following the
well developed CANDU technology.
Light water reactors, such as Tarapur,
which are based on enriched fuel,
received a serous setback because
of difficulties in procuring enriched
fuel from advanced countries.

Now it can be estimated that to
produce 10,000 MW of power with
natural uranium reactors one requi-
res an annual consumption of about
2000 tons of natural uranium (which
contains 99.3 percent of non-fission-
able U-238). It is a moot point as to
whether we can produce or mine
2000 tons of uranium every year by
2000 A.D According to the Inter-
national Atomic Energy Agency (IAEA)
India’s attainable production would
be hardly 200 tons by 1990. More-
over the amount of heavy water re-
quired during the initial installation
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of such power plants totalling 10,000
MW would be about 8000 tons, re-
quinng further an annual consump-
tion of 1000 tons. It is again doubt-
ful it all the heavy water plants
{most of them working well below
installed capacity) envisaged could
deliver that much heavy water. Thus
achieving even 10,000 MW of nu-
clear power seems a stupendous
task even from the pomnt of view ol
the very basic availability of the re-
quisite materials,

In the hybrid system descnbed
above, each 500 MW (usion reactot
can give nse to enough enriched
fissionable fuel to run ten or more
light water fission reactors—requir-
ing no heavy water—of the same
power. The total generating poten-
tial would be several thousand mega-
watts, abundant thorium being the
raw matenal for generating the en-
riched fuel. Thus the development
of vven a modest D-T fusion proto-

type reactor at just energy break-
even or even a little below can mean
a tremendous boost for the more
conventional nuclear fission power,
in terms of production of enriched
fissionable (uel and the consequent
multiplying of power potential.

Such a scheme should therefore
receive high prionty in any nuclear
power programme envisaged for the
country. Other possible combinations
of hybrid reactor systems will be con-
sidered in the next section. Of course
pant of the neutrons released in the
fisston chain reactions can in turn
be used to generate fusion fuel via
reactions in the moderator (of the
fission reactor) as for instance:

P+n-» D+Y; D4n » T+¥

etc, apant from the lithium-berrylium
blanket The T obtained can in turn
be fed to the fusion reactor to prg-
duce more neutrons via D-T reaction
starting the process once again. W
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A thorium fast-fission hybrid provides enough fissile material to
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thermal power while a depleted-uranium hybrid could fuel 7 light-
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3. Other Thermonuclear
Breeder Reactor Systems

In Section 2 we cunsidered the
simplest example of a thermonuclear
breeder reactor We had a D-T reac-
tor using the neutrons produced in
the reaction to build up tntium 1 a
surrounding blanket Thus the tritium
not available in nature due to its
instability is regenerated

Here we will briefly consider more
examples of such thermonuclear
reactors regenerating part of the fuel
consumed by them. Take first the -
D-D reactor, the fusion reactor run-
ning on deutenum alone. Unlike tri-
tium, deuterium Is plentifully available
in nature—there is one gram of D in
every 25 kilograms of water. Even 1f
all the oceans were made of petro-
leum we would still be about five
hundred times lower in energy po-
tential as compared to the ene€rgy
obtainable by using the deuterum
available in the oceans in fusion re-
actors' Since lithium 1s comparatively
rare there 1s a limit to the tntium
which can be generated or bred
Thus the ultimate goal of controlled
fusion would be to harness the D
available plentifully and this can be
done in D-D fusion reactors

The D-D reactor requires about
300 KeV to keep it running to pro-
duce power in contrast to the low
10 KeV for the D-T reactor, which is
of course the major reason why the
D-T reaction 1s being attempted first
But ultimatety the D-D reactor will
have to be used. The D-D reactions
are,

D+D + He'+n+3.8 MeV

and

D+D + T+P+4.0 MeV,
both reactions occurning with equal
probability and therefore consum-
Ing equal quantities of D. Unhke T,
D is of course plentifully available
but still we must explore the poss:-
bilty of recoverng back at least
some of 1t .

D Regeneration

The products produced in the
above reactions are the proton p.
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the neutron n T and He' the high
ter helium 1sotope The neutron can
be radiatively captured by the pro-
ton even at low energies 1n the well
known reaction

n+p = D+22 MeV

This ha< a large cross-section 50
we can get back some of the D
from the products n and p withoul
much difficulty This will give us back
25 percent of the onginal D under-
going the reaction.

The remaining products He' and

T can also react, gving
He'+T » He'+D

which would mean that we have
recovered another 25 percent of the
D Finally we end up getting back at
least half of the deutenum which
underwent the D-D reaction

We can also have a reactor run-
mng on D and He' A< D+He' »
He'+p, the p can join with the neu-
trons from D-D or D-T to gnve back
D.

A Number of Schemes

A number of such D regenerating
schemes are possible He' 1s also
quite rare in nature and can be madt
from

D+p + He'+5 0 MeV.

the He' combining with D to regen-
erate p Another possible reaction
to regencrate T 1« D+n » T More
advanced reactors can also undergo
reactions between the He' and T
produced from D as follows
He'+He' » He'+2p
and also )
T+T = He'+2n
This would enable us to recover
2p+2n » D+D, so we have the
ongmnal D we started with, Thus we
can think of sevgral fusion breeder
reactors running on Just the abun-

dant D and regenerating more than
half the D back

We have more possibilities if we
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incorporate Lt also as fusion tuel
We wou'd have the reactions

Li*+p - He'+ He?,

and at somewhat higher temperature
the producis react as

He‘+ He' -»Be '+ Y
Be® captures the fast electrons in
the plasma and we get back Lr™

Be'+c» L+

s0 we have a nuclear fusion breed-
er running on hthium It may be add-
ed that He' can also capture elect-
rons of > 18 KeV to bhecome
He'+e¢" + T, so that the trntium can
be fully regenerated via

T+T > He'+2n,
Li*"4+n »He'+He*+2T,
He'+D 4 He'+p: He'+ D @ Liv,
and back to T via Li,
L' 2T,

Of course the 2n cna be multiplied
to 4n by using

Be‘+N » 2He'+2n
and the profuse n flux used tu breed
more fissionable otopes for the hy-

bud reactor of Section 2 Also
He*+T = Li" can be made use of

Higher Temperaluares
Other chains are possible at some-
what higher temperature for instance,

Li*4+ He' +» B¢ Y

followed by
B'W4+n = L'+ He! (or He*+He'+T),

s0 we nave recovered back both the
hehum and Wthwum The reactions
can be made to go in a cycle
Again
L'+ He*' » B"+Y
and
B8"+p +» He'+He*+ He!

would be another energelic seq-
uence, which can occur with reason-
ably large cross-sectrons and 2150

recover part of the onginal fuel,
Thus we see that there are a num-

ber of possible thermonuclear bre-
eder chain reactions The optimisa-
tion of the sequence ol reactions
with respect to maximal power out-
put and maximal fuel recovery s
being undertaken. ]
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