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Summary

A high flux molten salt (plutonium chlorides) fast reactor
(7 GWth) with internal thermal zone for transmutation of Sr-90
and Cs-137 is here discussed . These fission products have been
produced by breeder reactors with total power of 23 GWth and by the
the 7 GWth fast burner reactor .

For the case when the power breeder reactors achieve a breeding
gain G >0 .2 the doubling time for whole system, including the
high-flux burner reactor, equals -30 years .

The transmutation of Sr-90 and Cs-137 in a total flux of
3,8-10 16 n cm -2 s -1 , and thermal flux ~2.0,1016n cm-2 s -1 can
achieve the steady-state which corresponds to an effective
half-life of 1,8 year for Sr-90 and of 8,9 years for Cs-137 .
In terms of hazard coefficient the transmutation system gives
an improvement of 14 times .

The impact of numerous parameters is discussed, e .g ., chemical
form of both nuclides, nature of moderator in thermal zone,
moderator, layer, fuel composition, radius of thermal zone,
ratio of burner/breeder reactors etc . The effects of replacing
chlorides with fluorides as fuel for fast core is also dis-
cussed .



l . Introduction

The aim of this work was to study the concept of transmuting
Sr-90 and Cs-137 in a very high-flux reactor . These two
isotopes are of particular interest because of their high
yield in fission, their longevity and their biological hazard .
The rather high yields (Y : mol %) from fission are

U-233 U-235 Pu-239

Sr-90

	

-6,2 '_5,1

	

2,2
Cs-137

	

6,6 -6,0

	

-6,7

Assuming each of the above fissile fuels to be equally prevalent
in the future, the mean yield is 4 .1% for Sr-90 and 6,4% for
Cs-137 .

The half-lives (28 years for Sr-90 and 30 years for Cs-137)
indicate the longevity of the isotopes . To "significantly" reduce
their activity (by a factor of 1000) through natural decay would
take 300 years .

The biological hazard is reflected in the maximum permissible
concentrations (IAEA, 1973) :

Nuclide

	

in air

	

on water
(uCi/cm 3 ) (uCi/cm3)

Sr-90

	

1 " 10 -9	1 " 10 -5
Cs-137	6-10- 8	4-10-4

This indicates that Sr-90 is roughly 50 times more hazardous than
Cs-137 and warrants prime attention .



These facts have understandably prompted numerous transmutation
studies (Schneider 1974 ; see also Taube, 1975) . The most opti-
mistic has been transmutation in a controlled thermonuclear
reactor CTR (Wolkenhauer, 1973) . However, even unrealistic flux
levels in CTR could only reduce the transmutation half-life
from 30 years down to 5-15 years . The time required for
"significant" reduction is five to ten times longer than indi-
cated above . That would be longer than the usual life of a power
plant . Furthermore, Lidsky (1975) has pointed out that for any
reasonable ratio of fusion burners to fission reactors, the
burners soon contain a much higher radioactive burden than the
fission reactors themselves . This is certainly undesirable, and
probably intolerable . A motivation for alternate solutions

remains .

This work examines the basic requirements to obtain a system of

reactors which provide adequate breeding and self-destruction of

fission products . These requirements lead towards the inclusion

in the system of a molten salt burner reactor with a central

flux-trap (Taube 1974) .



2 . Formulation of Reactor Requirements

2 .1 Minimal System Doubling Time Requirements

It was assumed at the outset that a very-high flux reactor for
fission product transmutation would be special, only one being
built for every L (breeder) power reactors . Such a system of
L+1 reactors should provide a doubling time T <30 years ;
this is estimated to satisfy the needs of future world power
development .

Doubling time is defined by

1 GWatt thermal operating day

	

1 year
T =

	

x
1 .1 kg fuel fissioned

	

365 days

1 kg fissiles destroyed (absorbtion)

	

ln2 doubling time
x

	

x
G kg fissiles net gain per e-folding time

	

e-folding time

(I+F) kg fuel fissioned

	

1

	

kg fissile fission i
X

	

X
kg fissile fissioned

	

l+a

	

kg fissile destroyed (abs)

1 calendar day

	

SI kg fissile s in system
x

	

x
C operating day

	

MWatt thermal

(I+F)SI Sys ln2

	

1 .73 (I+F)SIS
Ys=

(1+a)CG sys x 1 .1 x 365

	

(1+a)CG sys



where fuel - fertiles and fissiles

fissiles = Pu-239, U-235 and U-233

SI i	=

	

specific fissiles inventory in the reactor sub-
system i = I ./P . .

I z.

	

=

	

fissiles inventory in reactor subsystem i (inclu-
ding fuel cycle) .

Pi	=

	

thermal power level in reactor type i

F

	

=

	

fertile to fissile fission rate - .2
a

	

=

	

capture to fission cross section ratio ~ .2
C

	

=

	

fraction of time at full power - .8

BI Ibu /I br

bu

	

=

	

burner reactor, subsystem
br

	

=

	

breeder reactor subsystem
r3T = Pbu/Pbr

hen	 1 " G . P

	

+ G. " P

	

LG

	

+ B G
G

	

=

	

br br

	

bu bu =

	

br

	

P bu
Sys

	

L-Pbr + Pbu

	

L + BP

SI

	

= Isys = Llbr + Ibu = (L +
BI) SIsys

	

Psys

	

LPbr	+

	

Pbu

	

(L

	

+

	

BP)

	

br

Letting (conservatively) Gbu = -1, and dropping "br" subscripts
one has

SI sys

	

(L+BI ) SI

Gsys	LG-Bp

Then, assuming the previous nominal values for a, C, and F, the

doubling time requirement is

2 .16 (L+B I ) SI
T =	<30

Sys

	

LC - BP



Solving for X = L/B P , the ratio of thermal power in the L bree-
ders to that consumed in the burner, the requirement becomes

B I /B P + 13 .89/SI
X >_

(13 .89/SI) G - 1

In Table 1 this relation is studied over reasonable ranges of
values for G,

	

SI and B I /B P .

	

As one might expect,

	

the possible
variations in G produce the largest changes in the requirements
on X . Furthermore, Table 1 suggests a minimum requirement that
X >3, with nearterm practical requirements approaching X = 10 .

Table 1

	

1 Minimum "X" Requirements to Accomplish a Burner/Breeder
System with 30 Years Doubling Time

G = Breeding Gain = BR-1

MWatt thermal

	

Advanced

	

Current
specific fissile

	

Breeder

	

Breeder
inventory

	

Art

	

Art
kg fissile in system

SI

	

BI /BP	G = .4

	

G = .2

1

	

3 .09

	

7 .43
0 .8

	

2

	

3 .26

	

7 .83
3

	

3 .42

	

8 .24

1

	

3 .27

	

8 .37
1 .0

	

2

	

3 .49

	

8 .94

3

	

3 .71

	

9 .50

1

	

3 .47

	

9 .57
1 .2

	

2

	

3 .74

	

10.33
3

	

4 .02

	

11.09



2 .2 Need for Central Flux Trap

To accomplish a significant fission product transmutation rate
will require high neutron absorption rates . For both Sr-90 and
Cs-137, the thermal absorption cross section (in barn) is one
or two orders of magnitude greater than in the fast neutron
region :

FP

	

x( .0253 eV),b

	

x(fast reactor),b

	

6( .0253 eV)/xfast

Sr-90

	

0 .8

	

0.0076

	

-100
Cs-137

	

0 .11

	

0 .0137	~ 8

Consequently, the transmutation might be best accomplished in a
central thermal flux trap surrounded by a fast fuel region (for
high flux levels) . If x(total spectrum, flux trap) =

x(E

	

_

	

.0253 eV)

	

the estimated total flux (D tot	just to
match (K=2) the natural decay rates is

for Cs-137 :

8137 .
2 = 1

	

16

	

2 1 1 137 =

	

-10 -1
tot -

	

.3'10 n cm s ( ~

	

7,35 .10

	

s )
0 .11

for Sr-90 :

. 2 = 2 .0'1015 n cm-2s-1_

	

(XQ90 = 7 .88'10-10s-1tot

	

)
0 .8



2 .3 Determination of Flux-Trap Size from Destruction-Production
Balance Requirement

Another important requirement will be that the FP transmutation
rate in the burner flux-trap (FT) exceed the production rate in
the power and burner fuels :

Nflux

	

~`transm . Nflux

	

LNbr + Nbu
trap

	

trap

where

	

IN,1

	

=

	

dt
dNi

	

=

	

P1.

	

,

	

YFP

	

.

	

3 " 1 " 1010

	

(fiss/Ws)

where Ni = the number of F .P . atoms in subsystem i .

~transm . _ (cr(D + XQ)FP
= KFPX~FP

using Pbu

	

BP Pbr and X = L/Bp get

YFP p

NFp

	

FP bFP (X + 1) " 3 .1 " 1010
fine K XQtrap

(Any additional transmutation beyond this would help to remove FP
inventory from reactors outside this system . However, for trans-

mutation to be a significant improvement over t-.-.e 1000-fold

decrease in 300 years by natural beta decay, it should then be
accomplished in a much shorter time . A reasonable goal is 30 years

(K=10), the lifetime of a power plant .)



Assuming a central thermal flux trap in spherical geometry, the
radius is then

h

	

(cm)	=	_3

	

.

	

3 .1-1010 (X+1)109	P

	

(gigawatts)

	

.

	

YFP 1/3

flux

	

4Ti

	

6 023

	

1023 atoms

	

KFPPFP X FP
-

	

mole

	

SJtrap

where prP = density of FP nuclei (moles cm -3 ) in the flux trap
region .



3 . Neutronic Consideration

3 .1 Burner Reactor Calculations

To analyze the burner reactor, calculations were made by ANISN-
code in the S 4 transport-theory approximation and checked in S 8
with 23 energy groups and approx . 100 spatial positions (checked
by 160 spatial positions) . P 1 -approximation cross sections were
produced mostly with the GGC-3 code which utilizes ENDF/B-1 and
-2 and GAM data . Sets for Cs-137, Sr-90 and F were made in
less exact fashion from AAEA and Hansen-Roach data . Fig . 1
shows the group structure .

A reference burner reactor model is shown in Figure 2 . The flux
trap is surrounded by a BeO spectrum-converter, a critical fuel
thickness, and an outer wall (see Table 2) .

Figure 3 shows the calculated flux distributions . The total flux

in the fuel is similar to that in the flux trap . The calculated
fluxes lead to the conclusion (used in section) that a(total
spectrum, flux trap) = 112 " 6(E = .0253 eV) .







Table 2 h=igh-flux burner reactor with chloride fuel
Total power 7 GWth

Zone Components Neutron flux Specific power
Radius (cm) atom 10 24 /cm-3 10 16 n cm -2 s-1 (kW cm-3 )
Volume (cm3 ) total transmutation

thermal rate (s -1 )

I

0 : 78 .5 cm Cs-137 0 .0116 Cs-137 - 1,7'10-Target 6 3 Sr-90 0 .0016 3,83
Vol . 2 " 10 cm 0 0 .0145 2,05 Sr-90 ~ 1i1-10-8

0 .0145

II

78 .5 - 88 cm Be 0 .060 4,48
,Moderator 0 0 .060 1,70

with thin 4, 365
graphite layer 0,201

III

88u0 - 94 .6 cm Pu-239 0 .0014
Fuel Pu-240 0 .0004 4 3 03 10 1 1 kWcm-3Pu-241 0 .0002 0,0156
Vo1 .6 .9-10 5 cm3 Na 0 .120

Cl 0 .0180

IV

94 .6 - 97 .6 cm Fe 0 .08 4,00
~,Iall

5-10 -5

V

97 .6 - 200 cm Fe 0 .08 3,39
Reflector 1,8 " 10 -5

2 , 4 10 -3

10 -12



3 .2 Moderator Requirements

To accomplish a thermal neutron flux trap one must naturally
employ neutron moderating materials in and about it . As is well
known, light materials can scatter neutrons past the neutron-
absorbing intermediate-energy resonance region . 1 H is the most
efficient nuclide in this respect but also exhibits appreciable
thermal absorption . 1D, 9 Be and 12 C are usual alternatives .

	

8 0
is a bit heavy though frequently already present in a molecular
combination . Other light nuclides have unacceptable nuclear or
physical limitations .

Considering chemical and physical properties, the logical mate-
rials to be used inside the flux trap are hydroxide and/or
deuteroxide compounds of the FP . Figure 4 shows that just a small
proportion of H molar fraction has a large deleterious effect on
the Cs-137 transmutation rate . This is due to the H absorption
cross section . Therefore, CsOD and Sr(OD) 2 are preferred .

As Sr - 90 and Cs-137 also have their fair share of resonances it
is advantageous to thermalize the flux before reaching the flux
trap region containing these targets . Therefore a spectrum con-
verter between flux trap and fast fuel is needed . Bearing in mind
the high temperatures to be obtained in this reactor and possible
chemical reactions with molten salt, H2 O and D2 0 are unacceptable .
This leaves Be . BeO and graphite or some variant therefore for
consideration . Be (and D) compounds, of course, have also to
their advantage a relatively low (n,2n) threshold (1 .67 MeV) .
Location next to

	

fast region can therefore produce considerable
extra slow neutrons in the flux trap - which is a main objective
of the burner reactor . Replacement of Be by C or Me wall material
should therefore lower the FP transmutation rate, and it does
(Table 3) . Figure 5 indicates an optimum thickness of about 5 cm Be .
For the sake of safety and higher melting temperature, BeO is
preferred over Be .





Table 3

	

Effect on Replacinb Be Converter upon the
Relative FP Transmutation Rates

i

Be

	

be
molten-salt

j C

	

Be
flux I

	

fast driver
trap Be Fe/Mo

aca .:e

	

materials

	

transm . (Cs-137)

	

transm . (Sr-90)

1

	

Be, Be

	

1 .0

	

1 .0

2

	

C, Be

	

0 .72

	

0 .68

3

	

Be, Fe/Mo

	

0 .84

	

0 .82

(Remarr', : transmutation rate in arbitrary units)





3 .3 Motivations for Molten Salt Fuel

In a fast plutonium reactor the average fission cross section is
estimated to be 2 .5 barns . The Pu atom density is .002 atoms
cm-lb -1 . The total flux is of the same magnitude as in the flux
trap . The specific power for the Cs-137 burnup is then (using
from section 2 .2)

N(Fu)6f D/3 .1-10 13 = 2 .1 (K-1) kW cm -3

The rise of the thermal flux in the fast fuel (Fig . 6) leads
to an order of magnitude increase in the fission density at
the inner fuel boundary . For a solid fuel core the resulting
peak power position would present extreme demands upon coolant
velocity and flow distribution .

To minimize this, the addition of boron in and about the fast
fuel was considered . Reactor calculat ions were made for 5 to
100 micron-thick intermediate walls as well as for distributed
boron inside the fast region . As seen from Figure 7 the FP
transmutation rate is always reduced ; although the spectrum in
the fuel region is harder, the loss of thermal neutrons to the
flux trap has a greater effect .

From the above one sees that the fuel melting point and the
thermohydraulic requirements effect a loss in FP transmutation
rate for solid fuels . One solution might be to use liquid fuel,
cooled out-of-core . Turbulent flow in the core will alleriate
the thermal peaking problem . Also, the melting point limitation
is removed .







The disadvantages arise from the increased fuel inventory in
the burner, e .g . a factor B 1 =2 + 0 .5 higher . To keep the
system SI low will then require an specific fissile inven-
tory SI in the burner core considerably lower to accomodate
the factor (ratio of inventory in both subsystem) B I -higher
inventory . Other problems include reduced doubling time,
increased capital costs, and decreased aeff' the effective
fraction of delayed neutrons in the core .

Proceeding with this concept, thcJ: molten salt burner fuel is
assumed to be a mixture of PuCi 3 and NaCl . Critically will de-
pend upon the Pu concentration and the thickness of the fuel
region . Figure 8 shows the effect of PuCl 3 molar fraction upon
specific power, core exit temperature, and Cs-137 transmuta-
tion rate .

_A7 Outer-Reflector Zone Consideration

The large size of the thermal flux trap results in the fuel re-

jion approaching slab geometry with attendant high neutron
leakage . To better economize on neutrons several possibilities
arise

(1)

	

use of an optimum reflector such as Fe, Ni, Cu or Be to

minimize the critical mass

(2_)

	

use of tr7e outer neutron leakage for breeding

(3)

	

use of the outer neutron leakage for additional FP trans-

mutation .

To begin with a solid Fe reflector was assumed (Fig . 9) .







4 . Thermonydraulic Considerations

We now examine the thermohydraulic implications in more detail .
For a typical burner reactor consider (see Fig . 10) .

total power, P = 11 GW

power density in core, PC = 11 kW cm- ~

Pu density, pPu = .002 atoms cm-1 b -1 = 0 .8 g cm
fuel density, pf = 2 .35 g cm-3

volumetric specific heat,

	

Cp

	

=

	

1 .95 Joules cm -3 K

temperature rise across cope,At = 250 + 500 K

length of channel in the core, Lch = 80 + 120 cm

The crucial parameter here is core power density . The given value

is nigh but still near the present state-of-the-art (Table 4) .

Table 4

kW/cm3

	

Coolant only

in the core

	

in the core

Feinberg, research reactor

	

3 - 5

	

8 - 10

Aelekes CM-2

	

2,5

	

-5

FFTF

	

1,0

	

2

Lane (chlorides)

	

5 - 10

	

5 - 10
HFIR mean

	

2

	

4

max

	

4,38

	

8,5

Phoenix 250

	

0,46

	

-1,0

Chlorotrans (here)

	

10,9

	

10 1 9





Using the above one gets

power rating, .07 g Pu / MWth

volumetric flow rate of fuel = (2 .2 + 1 .1) " 10 7 cm 3 s -1

residence time in core

	

= 0 .045 t 0 .091 s

velocity of the fuel in the core = 26 .7 t 8 .8 m s -1

The deduced fuel velocity is similar to that postulated by Lane
(1969) for the HFIR reactor : 21 m s -1 . (The HFIR is also a high
flux irradiation facility) .

The specific power in the coolant is about 3 times higher for
the burner than for the indicated breeder concept . Furthermore,
it must be increased by BI to account for the increased fuel
inventory in the burner reactor cycle . The crucial problem will
be the efficiency of the external heat exchanger . In the follo-
wing we use some typical heat exchanger characteristics to
examine the possibilities .

Specific power for heat exchanger

	

~l kW/cm 3
(rather conservative data)

Total volume of heat exchangers for
311 GW(th) ~11 m

Ratio of fuel, volumetric

	

0,3

Fuel volume in heat exchanger

	

3,3 m 3

Fuel in the pipes core-heat exchanger

	

1,0 m3

Total fuel out of core

	

4,3 m 3

Fuel in core

	

1,0 m3

Total fuel in whole system

	

5,3 m 3

Mean specific power of the fuel in
wriole

	

system

	

5 1

	

=

	

2,07 kW/cm 3

Plutonium amount, in the fuel

	

0 ,8 gpu/cm 3



Plutonium inventory in whole system

	

4240 kg

Power rating in whole system

	

0,385 kgPu/MWth

The postulated power rating for
whole system

	

1 kgPu/MWth

In this calculated case the power
rating in the breeder power reactors

	

1,15 kgPu/MWth

The above indicates that the achievement of a total specific
power rating of about 1 kgPu/MWth may be feasible .



5 . Further Parameters of the Burner Reactors

Parametric studies were made as variations about a reference

system which assumed P

	

=

	

11 CWatts,

	

(X=2 .9,

	

K=4 .2)

	

and RFT

	

= 78 .5 cm .

The flux trap is surrounded by 5 cm L,eO converter, a critical fuel

thickness of 6 .6 cm, and an outer wall . Figure 11 shows the calcu-

lated flux distributions for such a burner reactor . Note that the

total flux in the fuel is similar to that in the flux trap . The

calculated fluxes lead to the conclusion that u (total spectrum,

flux trap) = 1/2 " 6(E=0 .0253) .

Figure 12 shows the dependence of Cs-137 transmutationi rate upon

the burner power level . The higher the power, the greater the

rate . however, power must, of course, be subject to t'hermohy-

draulic restraints, such as pump and heat exchanger capabilities .

Figure 13 indicates the relative effect of X upon the ratio R

of FP transmutation rate to FP production rate for the reactor

system . One observes the need to keep X low here . Absolute results

will depend upon the Cs and Sr densities in the flux trap . An

actual case of R = 1 for both FP nuclides was achieved at X = 4,5 .

The FP atom ratio there was (Cs-137)/(Sr-90) = 7 .25 .

Another important problem is the relative high flux in the outer

zone, the leakage from the core .

This flux can be used for two purposes :

1) for transmutation of other fission products which have

rather high absorption cross section e .g .

Tc-99

	

6th = 22 barn ;

	

t(3 1/2 = 2,1'10 5 a

1-129

	

6th = 28 barn ;

	

tQ 112 = 1,7 " 10 7 a









In both cases a flux of 10 14 -10 15 n cm -2 s -1 (see fig .ll) can
result in a rather effective transmutation rate of

Tc - 99

	

6O = 7-10-9s-1

	

teff lit

	

= 3 a

I-129

	

6O = 7 " 10 -9 s -1

	

teff 1/2

	

= 2 a

For improvement of this possibility use of a beryllium moderator
in form of 5 cm wall in the outer region of core have been calcu-
lated . This gave an improvement of transformation rate of Cs-137

in the innter target region but also a very significant increase
of specific power, due to the softening of the neutron flux in
the fuel region has been obtained (Fig . 11) .

The possibility of transformation of these two longliving fission
products will be further discussed elsewhere .

The neutron flux outside of the core can be used for breeding in
an uranium blanket . The breeding ratio can be really very good,
higher than 1, but the decrease of the transmutation ratio is
critical, and seems to be too low for a reasonable burner reac-
tor .

In spite of this, in a further study the possibilities must be
checked of using part of a neutron for the breeding process in
an external uranium blanket region .



6 . Effect of Replacing Chlorine with Fluorine

is a fluoride-fuelled burner, instead of one with chloride-fuel,
possible'. (fable 3, Fig 14, 15)

For fuel in this reactor we '.gave used an arbitrarily chosen
mixture of iuF3 '3,54 " ~1aF " 2,4 ZrF4 , The calculations have been
done for a bigger burner reactor of 11 GWth and, the whole
system totaling =5 G'wt~1 .

The neutron flux in the target region was in the case of fluoride
fuel appr . 1 .05 times higher t'ian in the reference case with
chloride fuel .

The effective half-life of both the fission product nuclides

was (in years) .

In fluoride-

	

In chloride-fuelled

fuelled reactor

	

reactor (reference)

;Js-137

	

8 .57

	

8 .93

1r-90

	

1.73

	

1 .83

But all these benefits must be paid by a twice higher specific

power : irl fluoride-fuelled core of 19 .9 kWcm -3 , and 10,1 kWcm3 in
chloride-cofitaining core .

r,lso because the possibility to use graphite, instead of part of

beryllium oxide as moderator, which seems to be possible from the

point of view of neutronics, a rather important improvement of the

corrosion problems can be achieved . We must remember that the com-

pati'uility of molten fluoride fuel and graphite had been proved by

the excellent experience of Oak Ridge Nat . Laboratory (with one

difference : in 0RIvL experiments the fuel was LiF-BeF2-ThF 4-UF 4 ) .



Table 5 High-flux burner reactor with fluoride fuel
Total power 11 GWth
Power of total system 55 GWth

Zone Components Neutron flux Specific power
Radius (cm) atom 10 24 cm -3 10 10 cm -2 s -1 (KWcm -3 )
Volume (cm 3 ) total transmutation

thermal rate (s -1 )

I
0 - 98 .8 Cs-137 0 .0116 Cs-137 1,8 " 10Target 6 3 Sr-90 0 .0016 4,01 -8
Vol .~4 .1 . 10 cm O 0 .0145 Sr-90 1,2 " 10

D 0 .0145 2 ) 21

II

98 .8 - 109 cm Be 0 .060 5 09
Moderator 0 0 .060 1,

with thin 5,25graphite layer 0 ) 239

III
109 - 112 .6 cm Pu-239 0 .0017
Fuel

5 .5 " 10 5 3
Pu-240 0 .00042

kWcm-3Vol . c m Pu-241 0 .00021 0 5 0457 19,9
i~ia 0 .0075
Zr 0 .0051
F 0 .0340

IV

112 .6-118 .6 cm Be 0 .060 4,87
Wall O 0 .060 0,034

3,9
0,041

V
118 .6-218 .0 cm Fe 0 .08 0,0023
Reflector 2,8 " 10 -9







7 . Remarks about transmutation and hazard coefficients

It seems to be worthwhile to make some estimation of the
advantage given by this type of fission-product management .

To operate for sale with only one figure for both nuclides :
Sr-90 and Cs-137 the following mean values have been arbitrary
postulated here :

Ratio of
Sr-90 Cs-137 hazard

Sr-90
Cs-137

Maximum permissible (pCi/cm 3 )

water 1 " 10 -5 4 " 10 -4 40

air 1'10 -9 6 " 10 -8 60

mean value 50

yield from fission %
U-233 6,2 6,6
U-235 5,1 5,99
Fu-239 2,18 6,69

mean value for power
production

i :l :l for U-233 :U-235 :Pu-239 4,1% 6,4%

relative r:azard coefficient 50 1

hazard coeff . X yield 2,050 0,064

total hazard coefficient 2,114

in transmutation the
effective half-life 2 years 6 years

hazard coeff . in transmutation 0,144 0,013





Thus in the steady state of transmutation the amount of hazardous
substances is reduced by factor ~15 in relation to the steady-
state of beta-decay .

The amount of strontium, the most hazardous nuclide, is in a
high-flux reactor burner approximately the same as in the power
reactors after 3 years of fuel burning (fig . 16) .

But the most impressive result comes from the considerations
about the "end of the fission power era" . The storage (without
transmutation) Caesium-137 and Strontium-90 decayed within
half-life of 39 years, core after ~300 years the amount of
these nuclide will be reduced by factor 1000 (fig . 17) .

In a high-flux transmutation the reduction with factor 1000 could
be achieved after approximately 26 years, (fig . 17) i .e . in the
lifetime of one reactor generation (for more exact consideration
see (Taube, Ligou, Bucher, 1975) .





8, Conclusions

These considerations show that a high flux burner reactor for the
transmutation of selected most hazardous fission products as Sr-g0
and Cs-137 may be achieved for reasonable assumptions :

1) the whole system is a steady state transmutation system

2) in the steady-state the amount of transmutated nuclides is
more than one order of magnitude lower than in a spontaneously
beta-decay steady-state .

3) the ratio of conventional breeder power reactors to the burner
is to about 4, making it possible to organize the fission
power industry .

4) the whole system is still breeding, with a relatively long
doubling time of 30 years . The relative high specific power-
rating of 1 kgPu/MWth, inclusive of the amount of plutonium
out of core (cooling transport, reprocessing) is rather
optimistic but not impossible, especially if a more sophisti-
cated system will be used e .g . GCFBR or MSFBR (Molten Salt
Fast Breeder Reactor) with a quasi-continuously pyrochemical

reprocessing plant
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