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ABSTRACT

Utilizing the high thermal neutron flux of an accelerator
driven transmuter to driv:z 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 tiie cases considered. the “optimum’ equilibrium
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.

1. 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 srator.! 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 1o de-
sign a self-contained, self-sufficient transmuter which breuds
and bums its own fuel, transmutes its own waste, and pro-
duces sufficient energy 10 power the accelerator and the trans-
muter’s supporting facilities. Excess geiterating capacity would
be placed on the power grid for off site commercial use. The
design goal is to have the transmuter/energy producer operate
at 3000 MW,

The Thorium/Uranium fue! 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 inter:se thermal neutron flux of approximately 2x 10'8
neutrons/cm?-s which enhances the production of ?3*Pa and
the fissioning of 23U and **3U, The second region is a LFR
(Low Flux Region), a region of low therm 21 neutron flux which
provides a hold-up area for the decay of 233Pa to 27U, Pan
of the molten salt solution is diverted to a separate stream
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1o extract the fission products which have accumulated in the
solution. ?Th 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/fertile material present in the
system. Due to safety and nuclear proliferation concems and
to minirize the risk to the environment in case of an acci-
dent, it is desired to keep the matenal inventory at a minimum,
However th= minimization os the fuel inventory is only one
aspect of the design. From a neutron economy and subcrit-
ical blanket multiplication factor standpoint, it is desired to
minimize parasitic absorption within the molten sa't juel. 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" equilibium 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.

Il. METHOD OF SOLUTION
A. Rate Equatinns

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

dN,(F.t)

T (7, 1) x Y~ N,(Fit) o, (F)
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Vigure 1 Schemanc of the advanced ATW min-aqueuus system hlanket regiun

where:
N/(F.tv - number density ol puclide 1 at umie £,
at posiuon F;
&(F.t; = 1otal flux at ime ¢, at positian rl
n, o{F1 = micruscopic cruss section lar changing
nuclide n into nuclide p at psition r,
\, .. - decay constam lor nuclide q changine
intu nuclics a:
S(r.te = extermal source of nuclide & at umie ¢,

at pusition r:

and whem all relerences ta niultigroup lluxes and spectra av-
craged cross secuons have been suppressed. 1he nmial cundh
tions are that N,(F,0) = N,.(r).

Equation ! cant be cast inta a general matnx equatiun
(where the spanal vanable has been suppressed).

iy

- Av Xty S oy
where
Y = nulide dennity vectur
= [N, Nt L N
Su) - extermal source vectur
ISy Sae). . L Saenl),

A - wmanx (a,,].
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al! micnscopIc destructnm Cinss section

ol mcinle 1;
il T NUCRUSCoMeE prawlucting cross section
al mdude 3 fommng nachde 1,
\, decav o onstam ol nuchde 1,

1 1*
r.
h. ., - branching ratio of a decay from
nuclide 7 to nuclide 1.
*. = the Kronecker delta

Scveral numen:al alganthms have been developed for
the solution uf lzrge matrix systems as obtained in the above
general mainx form. The method employed in this paper to
determine the eyuilibnuni actizzide concenurations t#'*Th ta
%' Am) is a vanant of the MEM method (Matrix Exponenual
Method)?-! which we nave termed the EMEM method tEigen
value Matnx Exponential Method.* As with the standard MEM
method. EMEM operates on the gencral salution of matrix
Equatun 2. Fur a tise independent external source (5(f1 -
%) Equation 2 has the solutian,

Ty ATy (1A AT (D

where 1 is the identity matrix, A" 15 the matrix expuriential
function aml N10) s the intial concemimian vectur

It the MEM niethod the matrx exponential functian 1t
repiesented v ats senes expansim;
2 1 "

s l|%r+.%t"o:—'\“—t't I’T\.rl"l (1)
To evaluate the expamential functiom at a speuilic time 1, the
tme pernd (interval) £, i sabdivaled inda mne steps of width
A e wnes e Fguation 41 nucated memparatmg sl
hewent wcins soahat the wnswer aclneves a specilic degree ol
accuany at the end al Imte step A 1he cosnpma,innal spee!
assocaied wih the method s thus dependent mit the size ol the
e step windm mm s depeident an the magmtudes al the
sdestimonan ates omtased mmamx 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 xeMx P! (5)
where

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

o>
|

P-

This decomposition is only valid if matrix A has a complete
set of cigenvectors. The cxponential matrix function is eval-
uated explicitly at a specific time t.; no scrics expansion is
necessary 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/Unanium fuel cycle depicted in Figure 3. Fer this
case the exponential function raised to the diagonal cigenvalue
matrix of A has the following form: '

[ e 0.0 0.0

0.0 e 0.0

Al
0.0 00 2 09

{ : : 0.0

where
T, = —(U,D¢+z\.) .

B. Equilibrium Coucentrations

vigure 2 depicts a schematic of the molten salt fuel flow
through the HFR and LFR regions of the advanced ATW
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Figure 3. Actinides consid~red in the Thoriun, u. “nium fuel
cycle and their interdependency.

graphite blankeL The fuel residence time in the HFR region
is denoted as At, and the time spent in the low flux region is
denoted as At;. The actinide equilibrium concentrations are
computcd al two locations in the syste.n; the first is at the :n-
trance to 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 afier n cycles through the HFR re-
gion and n — | cycles through the LFR region, the actinide
concentrations at the entrance to the LFR ar given by the
er.pression,

N(nay + (n - 1)Aty)
= D" x eAdh x N (1)

-(D"'+D" 4 4D +1)

x (1-eAOM) x A-' x T (6)
~here
D = eAAll X CBAH:
A = the radioactive decay/transmutation

mairnix 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 (l—r""")xA" xP'x¥



. xyd the following Limiting values as n — »o;

liMa—o (D"' D" ?4...4+D+ 1) =(1-D)"'
and

liMmp—ao D" '=0.
Equation § becomes:
-/vléfn = -(I-D)"'"xPx (l - el"“')
x AT'xP'x3§S. (7)

The expression derived above is for the actinide equilibrium
concery ‘ations of the molien salt fuel a1 the entrance to the
LFR region. The actinide equilibrium concertrations at the
entrance to the HFR region are computed from the expression:

HFR LFR
-‘vK = eBAh X NEq . (R)

C. Equilibrium Inventory Caiculation

Now that the equilibrium concentrations have been ob-
tained for a given feedrate, Equations 7 and 8 can be integratcd
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 integration;

_ an , ay,
Nr“l:R =/o [E] 3]dl =/o
[e‘“‘ x N(0) - (1- A')x AT x 5| ' (2)

where N(0) holds the equilibrium concentrations entering the
HFR region (i.c. N(0) = N ™). Utilizing the cigenvalue-
cigenvestor decomposition of matsix A and performing the

indicited integraiion, Equation 9 has the solution;

NHFR= _ PX(I—PAA“)XA—IXP-IX-IV;-":.R

Inv
- PxiAl|l+(l—eAA")xA"]
x A"'xP'x§ (10)

The inventory of actinide material conwimd in the LI R region
is;

Tl = —ax (1-eM) xr'x Q' x Ng, ™ (11)

where
?BAh - Q x ',I"A(, X Q—;-

and

diagonal cigenvaluc matrix of B
cigenvector matrix of B:
= inverse of Q.

L
Lo ™=
1 h

Once the total actinide inventory has been established, the
thermal power pmduced in the HFR is computed. Six nuclides
are assumed (o contribute to the power of the transmuter, they
are, Iy, B8y, BN, 28py, 9y and *?Pu. Each fissile
species is assumed to produce 190 MeV/fission. If the com-
puted thermal power does not equal 3000 MW, then the 22 Th
feedrate is adjusted. Two ilcrations are required 0 obtain the
actinide total 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

1

1 -«

M=

where

N
P

k = = 1= -
"::I E:Ihtr

S‘, = macroscopic lission cross section
of the i'th fuel nuclide,
= macroscopic absorption cross secticn
of the i'th fuel nuclide,
Loher = macroscopic absurption cross section
of non-fuel const. uents, and
vi = the average nun.ber of neutrons released
per fission for the i'th fuel nuclide.

1%
2

Defining an effective average number of neutrons released
per fission for the fuel 7, Icads 1o the following expression for
k;

Vv

k= ——
l+a+c
where
N N
Z”i!"f g E; Enlhﬂ
v = ‘=l:l ., a= ';,'— .and e= ; .
PR PR} PRy

=t =t =1

We note that e is the matio of the capure to fission cross secticns
of the fuel and that i1 plays an importart role in delermining k
and hence the multiplication, M, of tie subaitical system. A
lower value of a (fewer pamasitic absorptior:s in the fuel) im-
plies a larger value of k which in tum implies 1 larger value of
of. All nuclides in the 2*2Th transmutation and decay scheme
(see Figare 3) are considered fuitel constituents and are included
in the calculation of .

E. Data

A bricf comment on the daa use fur the calculations, The
molten salt fuel within the adva :ed ATW system is assumed
10
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Figure 4 Equilibnum Composition for the 45 day HFR - 90 day LIR residence nme case.

Table 1. Actinide Mass Within the ATW 3ystem

—_—
"read as 1.7 « 11*

A4S HFR/ | 35 HFR/ | 30 HFR/ |
Nuclide 9) LFR 1SOLFR 75 L'R

Mas, [hg] { Mass [kg) | Mass Ikgl_
<“Th 1.465¢+4° | 2.116e+4 | 1.7(We+d
NI ThH 7.334¢-2 7.334e-2 | 7.332¢-2
M 209521 2953¢-1 2.954¢-1
<1pa 1.191e+2 | 1.200e+2 | 1.208e+2
4py 1.0004e-1 | 9.395¢-2 | 8.237¢-C
By 2.752e¢+2 | 4423¢+2 | 2.989¢+2
My 1.946c42 | 2737c+2 | 2.(94e+2
LRy 3554c+1 | 4992¢+1 | 3.83]e+]
L b 1935c+2 | 2.718¢42 | 2 0ORSc+2
miy 6.564¢-1 6.385e-1 6.204¢-1
Ry 6617c+1 9 UNe+ ] 6.4h]c+ !
39y 1.880e< 3.774¢4 | 3.247c 4
Yy 2.053¢-6 1.977e-6 1.718e-6
B¥Np 1.292e+1 | 1.842%e+1 | 1.416c+]
8NP 1.392¢-1 1.354¢-1 1.330¢-1
19Np 5 TMe-2 5.549¢-2 | 4.807c-2
HONp 2.39Rc-§ 2.333¢-5 1.939¢-5
py 1569¢+) | 6.459e+0 | S.102c+0
Mpy 115%+0 | 1.645¢+0 | 1 204l
iy, 153le+0 | 2.149¢4() | 1.647c+0)
Mipy 3470c-1 | 4883e-l | 37Me-)
Hipy 1792e¢+1 | 2.514e+1 | 1927c+]
H1Am 23703 5.270e-3 2 5K6A¢-1
Total Mass 1 §58e+d | 2247cq+d ] ROR+4
Fissile Mass V170c4+) | SO | 343 )es?
112Th Feediate | 2.54c413 | 2.54c+12 | 1R1c+1d
[atam sl _ |

be at aiemperature of 1500°C. The cruss section daia unhzed
fin the calculatioms was taken front MONP* cruss scctian daw
files at the operaang temperalure

. RESULTS

The cquilibnum actimde invemanes far the advanced
ATW cincept fur a 45 day residence time in the HIFR and
a %) day residenze ume in the LFR (45 HFR/AX) LFR) arc de-
picted in Figure 4. #*Th dominates the inventory of the system
cuntributing to over 94% of the mars i the system. The large
inventory of **?Th is required for the production of “**U) and
10 a lesser degree “*U as they dominate the energy production
in the system. A comparisan of the actinide inventones fur the
45 11FRM0O LIFR, 45 HFR/1S) LEFR and the 30 HFR/75 LLI'R
cases is presented in Table 1. Of the 3 cases presented. the
45 HFR/A) LI'R case has the luwest tntal actinide and fissile
inventores.

The percentage of power produced by each fissile isotope
considered is presented in Table 2. For all cases presented
YU produces over 84% of the powsr jollowed by U w'ily
approximztely 13%. Of ;= other lissile isotopes only “"Pu
contnbutes mure than 1% of the puwer.

Figure S summarizes the 45 dav HFR residence nme inal
acunide inventary and fuel + results for varying LER res
dence times. As the residence time in the 1.LFR increases the
ttal aciinide mass in the system increases (; e.. the inventory
of matenal residing 1n the LIR increasss as the haldup tme is
imcreaseiy. We nuie that o« decreases ta an asymiptotic value as
the LFR vsidence time increases. This 1eflects the production
af “*'U frun the decay af 2''Pa in the LIR. Over 98% of the
“YPa will nave decaved o U for a residence time corre-
spanding 1o six ¢ 'Pa half-lives, hence there is litde incanuive
ta increase the holewn tine beyond this duration n decreases
because af an increas: in 1) We note 1that the minimization
o1 te fuel n and the ual actinide mass m die syste:n e
npposing di.ections. The curves interseet a appixupawty ft)



Table 2. Powcs P-oduction from Fissile Isotopes

T—as HFRAO LFR | 45 HFR/150 LFR 3 HFR/7S LFR
Powu | Percent of | Power | Percent of Pcwer | Percent of
Nuclide | (MW | Total (%] | [MW] Toual (%] | IMW] | Total [%]
U 3535.07 | 8417 | 252507 | 8417 |2561.27] 8538
sy 408.70 13.62 4870 13.62 377.50 12.58
238Np 18.86 063 18.86 0.63 17.43 0.58
238py 1.26 0.04 1.26 0.4 1.21 0.04
139py 34.46 115 | 446 1.15 31.85 1.06
81 py 11.65 0.29 11.65 0.39 10.74 0.36
Toual 3000.00 100.00 3000.00 123.00 3000.00 | 100.00
45 1.62 a5 162
—a— Adinde Mass {Tonnes] f —€— Actinide Mass {Tonnes| [ | 60
—o— Alpha - 160 4 —o— Alpha
407 - 1.58 ) L 1 58
g 35 - 1.56 -g 35 - 156
s * 154 5 1 54
o g |
C 3] - 152 = - 30 El52 o
st 2 : :
Z 05 4 - 150 < 2 254 - 150 <
2 L 1 48 2 L 1 48
E i~ >
2 2] 148 2 27 - 1.46
9 4
15 o L 144 15 4 :‘ 144
- 1.42 | - 1.42
10 r—T-—T"T"T7 77T 140 1) T — ——y——r T —— 1 40

0 20 40 60 8C 100 120 140 16C 180 200

Days

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 LTR. At this LFR residence time the touwl actinide
inveniory in the syster is approximaiely 20 tonnes and the fuel
a is about }.46.

Figure 6 s nmarizes the 90 day LFR residence time total
actinide in- Jtory and fuel o results for varying HFR rosi-
dence times. We note that the iotal actinide mass in the system
decreases as the residence time in: the HFR increases. The rea-
son fur this is that ¢ the msidcnce 1ime in the HFR increases
more of the P7Pa decays to U while still residing in the
HFR. However o increases as the residence ume in the HFR
increases due 1o parasilic absoipuoon 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 at approx-
imately 60 days in the 11FR. The total actinide inventory and
i1 values are approximately 22.5 tonnes and .47, respectively.

'V. SUMMARY

A parametric study has been initiated to determine the
“optimum™’ equilibrium operanon point in terms of the mini-
mizalior of ths minimum equilibruin actinide invenwry 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 « for various 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 dir=ctions. Fcr the cases consid-
ered, the “optimum™ equilibrium operation point was achieved
for a HFR residence time of 45 days and a LFR residence iime
of 60 days. At this operation point, the total actinide inventory
in the system is about 20 tonnes and the fusl o approximately
1.46. The next step in the analysis of the advanced ATW con-
cept ;8 10 include additional Americium and Curium isotopes
and 1o investigate the acunide inventones and fuel a dunng
the egzilibration phase of the transmuter.

A brief note about the computer program. The compuicr
code developed for “his parametric study utizes the Eigenvalue
Matrix Exponential Method for the soluton of the system of
first order differential equation which 2ovem the actinide con-
centrations in the sysiem. The method has proven itself 10 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 lincs of the Avalanche method.®
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