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ABSTRACT

Utilizing the high thermal neutron flux of an accelerator
driven transmuter to drive a Thorium-Uranium fuel production
scheme, it is possible tc produce enough energy in the trans-
muter not only to power the accelerator, but 1o have enough
excess power available for commerical use. A parametric study
has been initiated to cetermine the “optimum’™ equilibrium op-
cration point in terms of the minimization of the equilibrium
actinide inventory and the fuel a for various residence times
in the High Flux Region {HFR) and in the Low Flux Region
(LFR). For e cases considered, the “optimum™ eguilibrium
operation point was achieved for a HFR residence time of 45
days and a LFR residence time of 60 days. For this case, the
total actinide inventory in the system is about 20 tonnes and
the fuel a approximaicly 1.46.

I. INTRODUCTION

An advanced ATW {Accelerator Transmutation of Nuclear
Waste Concept) design, utiliziag a Thorium-Uranium fuel cy-
cle, is one of several acceleraior driven transmuter concepts
under consideration at Los Alamos National Lal rator.! The
proposed design, as shown in Figure 1, consists of a liquid lead
spallation target surroundea by a molten salt, helium cooled.
graphite moderated blanket. The goal of this concept is to de-
sign a self-contained, self-sufficient transmuter which brecds
and bums its own fuel, transmutes its own waste, and pro-
duces sufficient energy to power the accelerator and the trans-
muter’s supporting facilities. Excess generating capacity would
be placed on the power grid for off site commercial use. The
design goal is to have the transmuter/fenergy producer operate
at 3000 MW,

The Thorium/Uranium fuel mixture is slowly circulated
through the blanket region in the form of a molten salt solution.
The molten salt solution flows through two distinct regions as
depicted in Figurc 2; the first is a HFR (High Flux Region), a
region of interse thermal ncutron flux of approximately 2x 1045
neutrons/cm?-s which enhances the production of ***Pa and
the fiscioning of 2°U and ***U. The sccond region is a LFR
(Low Flux Region), a region of low therm -1 neutron flux which
provides a hold-up area for the decay of 2¥Pa to 23U. Pan
of the molten salt solution is diverted to a separate stream
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to extract the fission products which have accumulated in the
solution. 22Th is continuously added to the HFR to provide a
steady source of fenile fuel.

One of the concems associated with this advanced con-
cept is the inventory of fissile/fertilc material present in the
system. Duc to safety and nuclear proliferation concems and
to minimize the risk to the environment in case of an acci-
den, it is desired to keep the matenial inventory at a minimum,
However th= minimization oi the fuel inventory is only one
aspect of the design. From a ncutron economy and subcrit-
ical blanket multiplication factor standpoint, it is desired to
minimize parasitic absorption within the molten sa't fuel. A
measure of the parasitic absorption taking place in the fuel is
provided by a, the capture-to-fission ratio of the fuel, which
affects the subcritical multiplication factor of the transmuter
system. A parametric study has been initiated to determine the
“optimum” equilibrium operation point in terms of the min.
imization of the equilibrium actinide inventory and the fuel
a for the Thorium/Uranium fuel cycle of the advanced ATW
concept for various residence times through the HFR and LFR
regions.

1. METHOD OF SOLUTION
A. Rate Equations

The actinides comprising the Thorium/Uranium fuel cycle
and their interdependency are depicted in Figure 3. The rate
equations for the nuclides involved in the fuel cycle form a sys-
tem of coupled first order linear differential equations which
govem the time rate of change of the nuclide densities resulting
from radioactive dccay and transmutation by neutron absorp-
tion. The cquations are of the form
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Figure 1 Schemauc of the advanced ATW non-agueous system hlanket region

where:
NJ(F.t1 - number densuy of nuclide 1 at ume f.
at positon
&(F.t; = otal flux at tme ¢, at posion r;
m, plF1 = microscopic cross section for changing
nuclide n into nuclide p at position r;
\, .. - decay constant for nuclide q changing
into nuclic.s s;
Sif.n = extermal source of nuclide @ at ume 1,

at position 1

and whem all references to multigroup fluxes and spectra av-
eraged cross secuons have been suppressed. The inntial conda
tions are that MV (F,0) -~ N, (7).

Equation ! can be cast into a general matnx cquation
(where the spaual vanable has been suppressed),

dN - -
— - Av Nyt N LA
ot
where
Ny = nuclide denmity vegtor
= [N N N
iy = cxtemal source vector
S S S )
A - manx ({a,,].
fy, ("!'0 ] \.)f“ ) (n:'_llh LA ).
al! nicrscopic destruction cross section
ol nuchde 1;
ot MILTUSCOPIC prvduchion Cross section

ol miclide 3 fonmng nuchde 1,
\, decav constant of nuchde o,

h, .. - branching rauo of a decay from
nuclide j to nuclide 1.
A, = the Kronecker delia

Several numen:al algonthms have been developed for
the solution of lzrge matrix systems as obtained in the above
general mainx form.  The metwxd emploved in this paper to
determine the equilibnum actizide concenurations (#'4Th w
‘Y1 Am) is a vanant of the MEM method (Matrix Exponenual
Mecthod)?! which we have termed the EMEM method (Eigen
value Matnx Expanenual Method.* As with the standard MEM
method, EMEM operates on the general solution of matrix
Equaton 2. For a tinie independent exiernal source (5(1) -
%) Equation 2 has the solution,

Ty AT (1A A 'xT

where 1 s the dentity matrix, « A" 15 the matrix exponential
function and V10 is the innial concentranon vector

In the MEM miethod the mainx exponential function 1t
represemied by its senes expansuam:

A Al Al AT,
M llﬁfl'--_:-!l"!:—ﬁ-l'l "T-"'l‘ (n

To evaluate the exponenual funcuon at a specific time /., e
tume penod Ginterval) £, is subdivided into ume steps of width
A The senes in Fguation 4 s tuncated  incorporaung su!-
hcient erms so that the answer achieves a specilic degree of
accuracy at the end of tme step A The compuadional speed!
assacrated with the mcthod s thus dependent on the size ol the
tme step which m um s deperdent on the magmitudes of the
desttncnon nates contamed i matny A
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Figure 2. Schematic cf the material flow through the HFR :nd
LFR regions.

In the EMEM method the matrix exponential function is
decomposed as follows;
A= P x e x p! (5)
where

diagonal eigenvalue mauix of A;
cigenvector matrix of A;
inverse of P;

-0 >
nouon

P_

This decomposilion is only valid if matrix A has a complete
set of cigenvectors. The exponential matrix function is eval-
uated explicitly at a specific time t.; no scrics cxpansion is
nccessary or time step conirol which as noted above increases
the computational time. The evaluation of the eigenvalues and
cigenvectors »f matrix A is greatly simplified if matrix A is
written in lower triangular matrix form: as is the case for the
Thorium/Uranium fuel cycle depicted in Figure 3. Fer this
case the exponential function raised to the diagonal cigenvalue
matrix of A has the following form: '

[ et 00 0.0

0.0 ' (0

0.0 00 ' 00

{ : : 0.0

where
My = —(U,D¢+z\.) .

B. Equilibrium Coixentrations

vigure 2 depicts a schematic of the molten salt fuel flow
through the HFR and LFR regions of the advanced ATW

- [

1
E1
PR P
™ 1201 T2 Y 243
-\ % f— — —

Py

7 L 2 r
. o .
. - M=
—_— — —_ ——
4 r o 4
T T e T T L T e T —
u W et e m——zl e e g ey
— — —_ —_— — — —_
r r
Py . m.:.m

"h 272 e

Figure 3. Actinides considzred in the Thoriun, v, “nium fuel
cycle and their interdependency.

graphite blankeL The fuel residence time in the HFR region
is denoted as Aty and the time spent in the low flux region is
denoted as At,;. The actinide equilibrium concentrations are
computcd al 1wo locations in the sysiean; the first is at the >n-
trance 1o the 1.FR and the second is at the entrance to the HFR.
The calculation of the equilibrium concentrations at these two
locations is required for the determination of the equilibrium
actinide inventory.

It can be shown that after n cycles through the HFR re-
gion and n — 1 cycles through the LFR region, the actinide
concentrations at the entrance to the LFR ar given by the
cr.pression:

N(nat + (n - DAL
= D" x eA8h x N (V)
-(D™'4+D" %+ + D +1)
x(l—e“‘")xA" xS (6)
~here

eAdt cBAl,:

= the radioactive decay/transmutation
matrix for the HFR;

B = the radioactive decay/transmutation

matrix for the LFR.

The equilibrium concentrations of the actinides compris-
ing the radioactive decay/transmutation scheme of Figure 3
which cnter the LFR region are obtained as the number of
cycles n becomes infinite (i.e. n — oo). Utilizing the follow-
ing relationship obtained from the matrix exponential furction
cigenvalue-cigenvector decomposition of mawrix A

(l-eA‘“‘) xA'xT =

P x (1-.-A°")xA-' xP'x3



. &y the following limiting values as n — ~o;

limaw (D' D" ?4-..4D+I)=(1-D)"
and

limya—w D"'=0.
Equation 6 becomes:
e = —(-Dy'xPx(1-can)
x A'xP'x3§. (7)

The cxpression derived above is for the actinide equilibrium
conceny ‘ations of the molten salt fuel at the entrance 1o the
LFR region. The actinide equilibrium concertrations at the
entrance to the HFR region are computed from the expression;

HFR LFR
Vg, =eBau LR (R)

C. Equilibrium Inventory Caiculation

Now that the equilibrium concentrations have been ob-
tained for a given feedrate, Equations 7 and 8 can be inegrated
over the time interval that a unit volume of molten salt fuel
spends in the HFR and LFR regions. The total inventory of
actinide material contained within the HFR is obuined froin
the intcgration;

—HFR an LU
th =L [E] 3]d! _/o
[eA" xN(©0) - (I-eA")x A" xT|ar  (3)

where N'(0) holds the equilibrium concentrations entering the
HFR region (ic. N(0) = Nar 7). Utilizing the cigenvalue-
cigenvecior decomposition of matix A and performing the
indicited integration, Equation 9 has the solution;

FHFR . _ px (l - eAA") xA'xP ' x N_’,f,""

Inv
- Px iAtl 1+ (1= eha) x A7
x AT'xP'x3T. (10)

The inventory of actinide material conwind in the LI'R region
is:

Tl = —Qx (1-eF21) xr' x Q7' x N, (11)
where

PBAI: = Q x 'l"m-, X Q—i‘
and

diagonal cigenvaluc matrix of B,
cigenvector matrix »f B:
inverse of Q.

Fo)
Lo~
n ]

Once the total actinide inventory has been established, the
thermal power pmduced in the HFR is computed. Six nuclides
are assumed to contribute to the power of the transmuter, they
are, ¥y, 23y, 18Ny, 238p,, 29py and 242Pu. Each fissile
species is assumed to produce 190 MeV/ffission. I the com-
puted thermal power does not equal 3000 MW, then the 27Th
feedrate is adjusted. Two iterations are required 10 obtain the
acunide toual inventory.

D. Calculation of Alpha - The Capture-to-Fission Ratio
of the Fuel

The molten salt subcritical blanket multiplication factor,

M, is related to the neutron multiplication factor. k. by the
following expression

where

[S]
o2
[

= macroscopic lission cross section

of the i'th fuel nuclide.
= macroscopic absorplion cross secticn

of the i’th fuel nuclide,
Lother = macroscopic absurption cross section

of non-fuel const. uents, and

v; = the average nun.ber of neutrons relcased

per fission for the i‘th fuel nuclide.

%
2

Defining an cflective average number of neutrons released
per fission for the fuel 7, Icads to the following expression for
k; )

I

k= —
l+ao+e
where
N N
3wy PR S scother
|7='=;, , u=':' , and c=h;'
fs fn Ls

We note that « is the ratio of the capuwre (o fission cross secticns
of the fuel and that it plays an importart role in determining k
and hence the multiplication, Af, of e subziitical sysiem. A
lower value of a (fewer parasitic absorpticr:s in the fuel) im-
plies a larger value of k which in tum implics 1 larger value of
M. All nuclides in the #?Th transmutation ang decay scheme
(see Fipuare 3) are considered fuel constituents and are included
in the calculation of o,

E. Data

A bricl comment on the data usced fur the calculations, The
molten salt fuel within the adva ced ATW system is assumed
1o
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Figure 4 Equilibnum Composition for the 45 day HFR - 90 day LLFR residence time case.

Table 1. Actinidz Mass Within the ATW Systcm

—
"read as | 165 « 10**

45 HFR/ | 45 HFR/ | 30 HFR/ |
Nuclide 9) LFR 150LFR 75 LR

Mas, [hg] { Mass |kg) | Mass Ikg_l__
“T2Th [.165¢+4° [ 2.116e+4 | 1.709e+d
3Th 7.334¢-2 | 7.334e-2 | 7.332e-2
IMThH 209521 29531 2.954c-1
<*Pa 1.191e+2 | 1.200e42 | 1.208e+2
LMp,y 1.OOO4e-1 | 9.395¢-2 8.237¢c-2
Sy 2.752¢+2 | 4.423c+2 | 2.989¢+2
iy 1.936c+2 | 2737c+2 | 2.094¢+2
sy 3.554¢+1 | 4992c+1 | 3.831c+l
1y 1935c+2 | 2.718c+2 | 2URSc+2
Yy 6.56de-1 | 6.385¢-1 | 6.204e-1
el § 66i7c+l | 9MNe+] | 6.461c+]
1y 1580e<d | 3.774e¢4 | 3.247c.4
Moy 20536 | 1.9972-6 | 1.718e-€
BTNp 1.292e+1 | 1.84%e+1 | 1.416e+]
N 1.392¢-1 1.354¢-1 | 1.330¢-1
MINp S704e-2 | 5.549¢-2 | 4.807c-2
HONp 2.39Rc-S 2.333e-5 1.93Y9¢-5
My 4.569¢+0 | 6.459¢+0 | 5.102¢+0
iy 1153e+0 | 1.645¢+0 [ 1 21040
HOpy 1531e+0 | 2.149¢+0 | 1.647e+0
Uipy 1470c-) ) 48S53e-l | 37Me-
uipy 1792¢+1 | 2.514e+] | 1.Y27¢+1
MlAm 23703 | 5.270e.3 | 2.586c¢-3
Total Mass 1 558¢+ 4 2247¢c+d 1 ROR+d
Fisstle Mass 1170c+2 S(MWe42 | Tdd)es?
DITh Feedrate | 2.530413 | 2.54¢411 | 3 8ic+ |}
[atomvs] ] ]

be at a iemperature of 1500°C. The cross section dara utlized
for the calculations was taken from MONP® cross section data
hles at the operaung tempemture

. RESULTS

The cquilibrium acumide inveniones for the advanced
ATW concept for a 45 day residence time in tne HIFR and
a 90 day residence ume in the LFR (45 HFR/A) LFR) are de-
picted in Figure 4. *2Th dominates the inventory of the system
contributing to over 94% of the mars 1n the system. The large
inventory of **2Th is required for the production of “*U and
10 a lesser degree <" U as they dominate the encrgy production
in the system. A comparison of the acunide inventones for the
45 HFRMO LR, 45 HFR/150 LR and the 30 HFR/75 LIR
cases is presented in Table 1. Of the 3 cases presentied. the
45 HFR/) LI'R case has the luwest total actinide and fissile
inveniori ss.

The percentage of power produced by each fissile isotope
considered is presented i1n Table 2. For all cases presented
‘YU produces over 4% of the power followed by *%U w'th
approximately 13%. Of iz other fissile isotopes only “*'Pu
contnibutes more than 1% of the power.

Figure 5 summarizes the 45 dav HFR residence ume total
acunide inventory and fuel ¢ results for varying LFR res
dence tunes. As the residence ume in the LFR increases the
total actinide mass in the sysiem increases (i e., the inventory
of matenal residing in the LIR increasss as the holdup time is
increasedy. We note that a decreases to an asymptotic value as
the LIR vsidence time increases. This reflects the production
of #'"U fmm the decay of #'Pain the LER. Over 98% of the
*Y'Pa will nave decaved 0 MU for a residence time corre-
sponding to six “*'Pa half-lives, hence there is litde incsnuve
to increase the holeun wne beyond tis duration o decreases
because of an increase in 1) We note that the minimizauon
ot the fuel o and the il actinide mass in dhe syste:n w1 n
opposing disections. The curves intersect at approximarely 6}



Table 2. Powci P-oduction from Fissile Isotopes

45 HFRMS0 LFR T 45 HFR/150 LFR 37 HFR/75 LFR
Power | Percent of | Power | Perceru of | Pcwer | Percent of
Nuclide | [MW] Toal (%) MW} Toal (%] |[MW] Total (%)
U 3535.07 | 84.17 | 252507 | 8417 |256127} 8538
nsy 408.70 13.62 48,70 1362 377.50 12.58
238Np 18.86 063 18.86 0.63 17.43 0.58
38py 1.26 0.4 1.26 0.04 1.21 0.04
19py 34.46 115 | 446 1.15 31.85 1.06
Hipy 11.65 0.29 11.65 0.39 10.74 0.36
Toal 3000.00 100.00 3000.00 120.00 3(II).(X)_ 100.00
45 1.62 45 162
—e— Adinde Mass {Tonnes) t —=&— Actinide Mass [Tonnes| e
—eo— Alpha - 1.60 ac —e— Alpha
407 - 1.58 ) B 158
E 3s 1 L‘Ss g 35 A - 156
§ * 154 8 - 1.54
E' 307 152 « @ 30 E‘sz =
E ! 5 @ 2
2 a5 4 150« E 25 - -—1.50 3
2 - 148 2 | 1 48
c S [
2 %] 18 2 207 - 146
15 4 144 15 4 - 1.44
142 ] [ 1 42
‘0 ""'ﬁv'r'rt"#'—ﬁl'éo 10 T T | SR S 1.40
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Figurc 5. Total actinide mass and fucl a for a 45 day residence
time in the HFR and varying residence times in the LFR.

days in the LT7R. At this LFR residence time the 10l actinide
inventory in he syster is approximately 20 tonnes and the fuel
a is about .46

Figure 6 s nmarizes the 90 day LFR residence time total
actinide in orv and fuel a results for varying HFR rosi-
dence times. We note that the (01al actinnde mass in the system
decreases as the residence time ii: the HFR increases. The rca-
son fur this is that ¢ the msidence time in the HFR increases
more of the PPa decays to ***U while still residing in the
HFR. However o increases as Lthe residence time in the HFR
increases due to parasitic absorpioon in Pa and higher mass
U isotopes in the fuel. For the specific case of 90 days in the
LFR, ¢ total actinide mass and « curves intersect al approx-
imately 60 days in the HFR. The total actinide inventory and
a values are approximaicly 22.5 tonnes and 1.47, respectively.

'V. SUMMARY

A parametric study has been initated lo determine the
“optimum’’ equilibrium operation point in terms of the mini-
mizatior of ths minimum equilibriun actinide invenwory and

0 20 40 60 80 100 120 140 160 180 200
Days

Figure 6. Total actinide mass and fuel o for a 90 day residence
time in the LFR and varying residence times in the HFR.

the fuel o for vanious residence time through the HFR and LFR
regions of the advanced ATW concept. From the results of this
study, the minimization of a and the total actinide inventory
in the system are in opposing dirzctions. Fcr the cases consid-
ered, the “optimum” equilibrium operation point was achicved
for a HFR residence uime of 45 days and a LFR residence time
of 60 days. At this operation point, the total actinide inventory
in the sysiem is about 20 tonnes and the fusl « approximately
1.46. The ncxt step in the analysis of the advanced ATW con-
cept is 1o include additional Americium and Curium isotopes
and 1o investigale the actinide inventonies and fuel a duning
the cqzilibration phase of the transmuter.

A briefl note about the computer program. The computcr
code developed for “his parametric study ut..izes the Eigenvalue
Matrix Exponential Method for the solution of the system of
first order differential equation which govemn the actinide con-
centrations in the system. The method has proven itself 1o be
computational efficient; no time step control or series expan-
sion is necessary. Radioactive decay loops were not considered
in the fuel cyc ‘e analysis. they can be easily incorporated along
tke lines of the Avalanche method.®
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