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Abstract

239

Hybrid reactors to directly enrich LWR fuel bundles with Pu

are described. The fuel distribution across a bundle is found to be

more uniform in this case than when 233U is produced from thorium. As

238U than from 232Th per fusion

expected, more fuel is produced from
event although the fuel production per unit thermal power can be greater
in the Th-U cycle. The hybrid can be used to produce fissile fuel at a
secure fuel production, reprocessing, and fabrication facility. The high
support ratio of the hybrid would then allow 10 to 50 external fission
reactors to be supported per secure site, depending upon the conversion
ratio of the off-site fission reactors. It is found that fuel to be

shipped away from the secure site can be rendered resistant to diversion

by irradiation in a low power, on-site fission reactor to a burnup of

0.4 MWd/t.



I. Introduction

The use of fusion neutrons to produce fissile fuel is one of the earliest
proposed applications of fusion and the idea has recently been the subject
of renewed attention.(]'g) Most studies have concentrated on using a hybrid
fusion reactor as an electrically self-sufficient fissile fuel factory which,
together with reprocessing, can assure the fuel supply for a number of fission

convertor reactors. The power in fission reactors, PFR’ which can be supported

by a hybrid of fusion power PFUS is given by(]o)
poiir ol (1)
PFUS (T - CR)(1 + a)

where CR is the conversion ratio of the fission reactors, CH is the total
breeding capacity of the hybrid per fusion neutron (including captures to
make both tritium and fissile fuel), a is the capture to fission ratio in
the fission reactors, and € is the ratio of the energy released per fusion
event (~20 MeV) to the energy released per fissionevent (~200 MeV). Clearly,
P can be a large number typically ranging from 10 to 40 for fission reactors
with CR of approximately 0.6-0.75 (typical of Tight water reactors) to 30 to
80 for advanced convertor reactors with CR approximately 0.9. The range of

233 239

P is also atfected by whether the fissile fuel is Uor Pu.

Most earlier work has concentrated on the fuel production capabi]ity

of hybrids assuming fuel reprocessing. This work has not in general addressed

233 239Pu and

238,239

the proliferation issues associated with the production of U or

233 Pu oxide)

the formation and shipment of mixed oxide fuels (Th-"""U oxide or
to fission reactors. Schultz first discussed the concept of direct fuel
irradiation and enrichment in a hybrid reactor followed by shipment and use

of such fuel in a high temperature gas cooled reactor (HTGR).(ll) The concept is



aimed at avoiding fuel reprocessing although, as noted by Schultz, this implies -
a rather severe penalty in terms of overall utilization.

More recently, we have examined the idea of direct irradiation and
enrichment of light water reactor fuel bundles of ThO2 in a hybrid reactor to

233

produce properly enriched UOZ-ThO2 fuel which has an acceptable enrichment

distribution across the bund]e.(]2’13)

It is found that a uniform enrichment
distribution could be achieved in which the difference in peak to average
enrichment across a bundle is about 10%. Further, it is found that the time

233

to reach 4% enrichment of Uin ThO2 is less than 3 years and that the accumulated

fueJ‘burnnnminqiheuhybrjd'is about 4000 MWd/t. After direct enrichment, the shipment
of hot fuel, either as "fresh fuel" to_a_reactor or spent fuel fro*_a_reactor.
provides a fuel cycle with resistance to proliferation. (14) We summarize
these arguments in the next section.

A related concept is to use direct irradiation in the hybrid in con-
junction with reprocessing in the context of a secure fuel production and
reprocessing site.(]s) The original suggestion of a secure site was put
forth with the idea of using breeder reactors at the site. We replace
the breeder with a hybrid and use direct irradiation rather than denatur-

ing uranium as the approach to proliferation resistance.

In this paper, the direct irradiation concept is developed further by
examining hybrid blanket designs to directly produce 239Pu in 238U02 light
water reactor fuel bundles. We find important differences in blanket design
concepts from those developed to produce 233U. In addition, we develop
further the concept of a secure fuel production, fabrication, and reprocessing

site where the hybrid serves as the fuel factory and a low power fission reactor



is employed to irradiate the fission power reactor fuel bundles prior to
off-secure-site shipment. Fuel shipped to or from the secure site is always
highly radioactive. Within the secure site, fuel reprocessing is accomplished
and fresh fuel fabrication can be done with a minimum of remote handling.
This is in contrast to the recently proposed CIVEX process(]s) in which fuel
at every stage of reprocessing and fabrication is hot. In such a process, fresh
fuel fabrication must be performed remotely. The secure site concept avoids
this need (and concomitant economic penalty) while the use of the hybrid
allows one to minimize the number of secure sites. This last point follows
from the fact that P, the ratio of external fission reactor power to the
fusion power of the hybrid, is large.

In the next section, we describe the material flow patterns associated
with the concepts of direct irradiation and enrichment without reprocessing,
and fuel production and reprocessing followed by fresh fuel irradiation prior
238

U02 LWR fuel

using a hybrid is discussed in Section III along with a comparison of

239Pu from 238U versus 233U from 232

to shipment to fission reactors. The direct enrichment of
blanket designs to produce Th. In
Section IV, the irradiation of fuel bundles prior to shipment from a secure
site is discussed. Irradiation is possible in either a low power fission
reactor or in the hybrid itself. We close the paper with a summary and

final discussion.



II. Once-Through Direct Enrichment and Secure Site Reprocessing

To set the stage for the specific results reported in the next two
sections, we describe here two hybrih scenarios. The first involves the
direct enrichment of LWR fuel assemblies in a fusion hybrid reactor
followed by shipment of .this irradiated:fuel to the fission reactor, (12) -
Fuel reprocessing is not fncluded. The second scenario assumes fuel
reprocessing is allowed inside a secure site and the hybrid functions as
a fuel factory and enrichment facility. Enriched assemblies can be exposed
for a short time in the hybrid or a Tow power fission reactor to render them
radioactive and more resistant to diversion. In both scenarios, the fuel
shipped to and from the LWR is resistant to diversion by the nature of the
hot fuel(lo) and by the fact that the fissile material occurs only in hot
fuel bundles rather than as fresh fuel pellets.

The details of the first scenario are outlined in Fig. 1. The cycle
includes four steps:

1. Fertile fuel, ThO2 or U02, is fabricated in a form that is directly
usable 1in a LWR. (Other fission reactors could be included but the LWR
is used here because it is the workhorse of the U.S. fission reactor industry.)

2. The cold, clean fuel assemblies, containing only fertile fuel, are
placed in the hybrid blanket and enriched to a nearly uniform concentration
of 3-4% fissile fuel as required by the LWR. |

3. The enriched, and now highly radioactive assemblies, are transferred
as units directly to the LWRs for burning of the fuel.

4. The spent fuel from the LWR is stored until a decision is made on
reprocessing or storing or both. If feasible, the spent fuel can be reinserted

into the hybrid to be re-enriched for further burning in the LWR. This
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possibility depends on both the importance of fission product buildup to
LWR performance and the radiation damage to the fuel and cladding.

One attractive feature of this cycle is that the system is resistant
to diversion because fissile material occurs only inside highly radio-
active fuel assemblies. Also, the reserves of fissile fuel are extended
substantially. If the average LWR fuel enrichment is assumed to be 3%,
the fissile fuel reserves are extended by 4.3 x (Thorium Resources +
Uranium Resources). Here, if we assume the thorium resources are no
larger than the uranium resources, the fissile fuel supply is extended
a factor of 8-9 without reprocessing. By extending fhe fissile fuel
supply using the hybrid, additienal time becomes available. to make deliber-
ate decisions on issues such as internationally controlled, physically
secure fuel production and reprocessing centers. Finally, the manufactur-
ing of fresh fertile fuel pellets can proceed without the handling problems
inherent in the use of radiation to self-protect the fuel during reprocess-
ing and refabrication, such as in the proposed CIVEX system.(]6)

The major disadvantage is that this approach does not take full
advantage of the fertile fuel reserves. To achieve a fuel supply mea-
sured in thousands of years, fuel reprocessing is essential. Without
reprocessing one hybrid reactor is only able to supply fissile fuel to
about 2 LWRs of the same thermal power. This has the economic impact of increasing
the effective fuel cost. With reprocessing of the spent LWR fuel,
approximately 10 LWRs can be fueled by one hybrid of equivalent power,
depending on the conversion ratio of the LWR or other convertor reactors.

The proliferation resistant fuel cycle can be extended to include
reprocessing of the spent fuel if one follows a structure such as out-

lined by Feiveson and Tay]or(]s) of internationally controlled, physically



secure fuel production and repfocessing sites combined with many national
convertor reactors "outside the fence." This process involves the six
steps outlined in Fig. 2.

After mining for fertile material or utilizing the stockpile of
depleted uranium (Step 1), fertile fuel is fabricated into any form
suitable for use in the hybrid reactor (Step 2) and inserted into the
hybrid (Step 3) where fissile material is pfoduced. The fuel need not
be in a form directly usable in a fission convertor reactor even if
this were feasible. The fuel produced in the hybrid is reprocessed
(Step 6) and returned to Step 2 for refabrication intd properly enriched
fission reactor fuel.

This fuel is irradiated in a lower power fission reactor‘(Step 4)
to a burnup level of about 0.4 MWd/t. As discussed in Section IV, for
LWR type fuel, this level of burnup is sufficient’to render the fuel
self-protecting under the guidetines of the Code of Federal Regu]ations.(zz)
At this point, the hot fuel is shipped from the secure site to the fission
convertor reactors (Step 5). Upon completion of fuel utilization in the
fission reactor, the hot spent fuel is returned to the secure site for
reprocessing (Step 6) and re-use of both the fertile material (in Step 3)
and the fissile material (in Step 4).

The advantages of this approach are several. First, the fuel supply
is measured in terms of the fertile material abundance. A1l estimates
show such fuel supplies will last for thousands of years. Second, fuel
shipped to and from the convertor reactors is always radioactive and
would be resistant to diversion and reprocessing for the reasons described

earlier. Third, the convertor reactor need not be restricted to a LWR,
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although using these reactors will minimize the need to develop additional
fission reactor technology. Fourth, the ratio of power production outside
to inside the secure site is very large. This minimizes the number of
required secure sites. Finally, the use of a low power fission reactor to
effectively "spike" the fresh fuel assemblies eliminates the concern about’
the fissile fuel distribution in an assembly that arises when the direct
enrichment process is used.

The potential technical success of these hybrid fuel cycle scenarios
depends upon two key technical questions: (1) Can the hybrid reactor pro-
duce uniformly enriched fuel at an acceptable fusion performance level when
the blanket design is constrained to accommodate LWR fuel assemblies?

(2) Can a standard LWR burn the irradiated fuel?
We have addréssed the first of these questions in earlier work on the

15233

U cycle and describe results of analysis for the U-Pu system in the
next section in detail. After describing the results on direct enrichment
of LWR assemblies in Section III, we analyze in Section IV the irradiation
of LWR bundles in a low power fission reactor to achieve self-protection.
Detailed analysis of LWR performance with directly enriched fuel bundles

has not been undertaken as yet.
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III. Direct Enrichment of 8U09 LWR Fuel

We have studied the design of a fusion hybrid blanket to produce
239Pu with an acceptable enrichment distribution in a typical PWR fuel assembly
and refer to this approach as "direct enrichment". In order to place the
fuel assembly directly in a PWR without reprocessing, the design constraint
applied is that the fissile fuel distribution. in. the fuel assembly is as
uniform as possible. The blanket should also produce tritium. However
the hybrid for which this blanket is designed(]2’13) has regions devoted
completely to tritium breeding where the local tritium breeding ratio
(TBR) 1is greater than 1. Therefore the fissile fuel blanket regions can
have TBR less than 1. Since:the exact TBR needed in the fissile fuel blanket
regions will not be known until 3-dimensional calculations are carried out,
we have maximized the sum of the fissile breeding ratio (FBR) and TBR with
the constraint that 0.6 < TBR < 0.8. This approximation is derived from
considerations of the reactor geometry. The fissile fuel blanket regions
occupy about 50% of the total solid angle. TBR in the remainder of the
blanket should be between 1.2 and 1.4. The following is a description of the
optimization process used to design the blanket and of the fuel burnup

calculations. We close with a comparison of 239

Pu blankets described here
233 ‘

to (13)

U producing blankets described previously.

Calculation of the flux and activities is carried out in spherical
geometry using the one-dimensional discrete ordinate heutron transport code
ANISN.(]7) The energy multiplication is calculated using the ACTEN codé,(]8)
which employs reaction rates and reaction Q values to calculate energy

deposition. A 25 neutron group cross section library has been used which was
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created from the RSIC DLC-41B/VITAMIN-C AMPX(19) master interface library
based upon ENDF/B-1V data.

A general schematic of the blankets considered is shown in Fig. 3 and

the purpose of each zone is given. A summary of significant results is

238

given in Table 1. As a starting point (case 1), ThO2 is replaced by uo

in the original SOLASE-H blanket design.(12f]3)75ince 238U has a high fast
23

2

fission cross section, lead is replaced by 8U02 in the neutron multiplier
zone in case 2. This results in an 80% increase in the total FBR, but the FBR

for the fuel assembly decreases by 25%, leading to the conclusion that the neutron

multiplier zone should be eliminated. In case 3 zones 2 and 3 are eliminated and a

double row of fuel assemblies is used. This leads to a 9% increase in total
captures over case 1. However, a double row of fuel assemblies is undesirable
because fuel management is difficult, the total fertile inventory is

increased, and the time to reach a specified enrichment is likewise increased.

In case 4, a single row of fuel assemblies is used. A 10 cm lead
zone is placed in back of the Tithium zone behind the fuel zone to multiply
14 MeV neutrons which pass through the fuel assembly and reflect neutrons
back to the fuel and Tithium zones. The back reflector is reduced to 40 cm
and the lithium zone behind this is eliminated. The results show a significantly
more uniform fissile fuel distribution since the fuel assembly is at the
front of the blanket and 14 MeV neutrons have a long mean free path. The
fissi]e'production rate vs,fuel zone position is shown in Fig. 4 for

cases 1, 4, and 6, the final design. In case 4, a large increase in leakage
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@ ® ® \® ® \® @,
FIRST NEUTRON Li FUEL Li |REFLECTOR 1|Li REFLECTOR 2 | Ll
WALL MULTIPLIER ASSEMBLY,

Zone Purpbse

1 Surface heat removal and radiatioh protection. Combined
First Wall with Zone 2 for neutronics analysis,

2 Multiplication of 14 MeV neutrons.
Neutron Multiplier

3 and 5 Tritium'breeding and thermal neutron filter, decreases
Lithium depletion of fissile fuel. Use to make flux trap of Zone 4.

4 Typical PWR fuel assemb1y,(5) surrounded by 0.5 cm of
Fuel Assembly stainless steel.

6 | For blankets without Zone 2, multiplies 14 MeV neutrons
Reflector 1 which pass through fuel assembly and reflects neutrons

into fuel zone.

7 and 9 Tritium breeding.
Lithium :

8 Neutron reflection and leakage reduction.

Reflector 2

Figure 3 - Schematic of the Blanket
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Blanket Designs and Neutronics Performance Results

Case Number

Blanket Zone

1 2 3 4 5 6
82.2% Pb As #1
9.3% Na coolant 238
Zones 1 & 2 8.5% Zirc-2 uo, (0 cm) (0 cm) (0 cm)| (0 cm)
(10 cm) replaces Pb
95% Nat. Li As #] As #1 | As #1
Zone 3 5% S.S. (0 cm) (0 cm) (2 cm)| (2 cm)
(1.5 cm)
30.3% 238y As #]1 1as #1 As #1 As #1 [As #1
9.2% Zirc=2 (42.8cm)
Zone 4 59.2% Na Coolant
1.3% Void
(21.4 cm)
0.5 c¢cm SS ea.side ‘
95% Nat. Li As #1 As #1 As #1 As #1 [As #1
Zone 5 5% S.S. (2 cm) (4 cm)| (4 cm)
(8 cm)
82.2% Pb As #4 [As #4
Zone 6 9.3% Na cool.| (40cm)|(40cm)
(0 cm) (0 cm) (0 cm) 8.5% Zirc-2
(10 cm)
95% Nat. Li As #4 |As #4
“one 7 (0 cm) (0 cm) (0 cm) 5% S.S.
(10 cm)
66.7% C As #1 As #1 As #1 100% C|As #5
Zone 8 33.3% Pb (40 cm) (40cm) | (30cm)
' (60 cm)
95% Nat. Li As #1 As #1 ‘As #1
Zone 9 5% S.S. 0 cm 0 cm
(10 cm)
Performance Parameter
Fissile Breeding Ratio .99 .74 1.50 .98 1.00 |1.00
Tritium Breeding Ratio .70 .51 .34 .64 .70 .75
Total Captures 1.69 1.25 1.84 1.62 1.70 |1.75
Leakage .010 .008 .007 .16 .06 .016
Energy Multiplication 2.6 7.2 5.2 4.2 4.0 4.0
vzf .33 1.49 1.02 .80 .74 74
Pb(n,2n) .54 017 .014 1 .12 12
38
U(n,y)
58 max 1.57 1.24 1.29 1.16 1.09 [1.09
U(n,Y)a\,g
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Figure 4 Distribution of the £§§Si]e fuel production in a LWR fuel
bundle of initially ¢°°U0, fertile fuel exposed in a fusion
hybrid. Upon rotation, the peak to average fissile content
in the bundle 33 10% at the end of exposure when the average

enrichment in 23%u is 4%.
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causes a decrease in total captures, and the Pb(n,2n) reaction rate in the
back reflector is insignificant.

In case 5, a 2 cm lithium zone is placed in front of the fuel assembly,
and the 1ithium zone in back of the fuel assembly is fncreased to 4 cm.
This further flattens the fissile fuel distribution; The lead zone in increased
to 40 cm and lead is eliminated from the back reflector. The fissile fuel
distribution improves and the total capture is approximately the same as for
case 1.

In case 6, the final design, the back reflector is reduced to 30 cm and
a 10 cm lithium zone is added to the back of the blanket. This reduces the
1eékage to an acceptable level. Total captures&re the highest of any case
with a single row of fuel assemblies.

During the blanket lifetime, significant changes will occur in FBR,

TBR, and energy mu]tip]ication. The burnup model used(2]) considers changes

in the density of 238U and 239Pu only. Fission products and radioactive decay
are ignored. In this case, the 238U and 239Pu densities are given by
M8 i) (x,t) (%, )6, (x,t)
——= L N, (x,t)¢.(x,t)o - Z N, (x,t)¢.(x,t)o
—gr— = - Z N (x,t)e;(xitdo,

i 1,1

239 238

where N2 is the Pu atomic density, N] is the "“"U atomic density, ¢i is

the neutron flux for group i, GY is the microscopic capture cross section

1,1 ‘ -
of 238U for group i, o, iS'the?hicrossopic ahsorption cpross section of
-I ,. . .

s

238U for group i, and 9, is the microscopic absorption cross section of
2,1

239Pu for group 1.



16

The object of the burnup calculations is to find the time to 4% enrichment

and the final fissile fuel distribution assuming a 180° rotation of the
fuel assembly halfway to full enrichment.

The neutron flux is calculated at 0,2, and 4% enrichment (¢0, ¢2, and
¢4 respectively). Depletion of the total fertile plus fissile atomic
densities is taken into account. ¢0 is used to calculate the burnup from
0 to 1% enrichment with a 1.92 MW/m2 neutron first wall loading. ¢2 is
used from 1 to 2%. The atomic densities are then inverted and ¢2 is used
from 2 to 3%. g is used from 3 to 4% enrichment. The time to enrichment
calculated is 2.4 years assuming continuous operation.

Significant changes which occur during the lifetime of the blanket
are shown in Table 2. The difference in peak to average enrichment
across the fuel assembly is 9.8%. Enrichment versus fuel assembly position,
assuming a 180° rotation of the fuel assembly halfway to full enrichment, is
shown in Fig. 5.

Since we desire to place the fue] assembly directly in an LWR without
reprocessing, it is important to know the radiation damage incurred during
its lifetime in the hybrid. The quantities important to determining radiation
effects are the distribution of the heating, displacement per atom (dpa), and
helium production rates across the fuel assembly. These quantities are shown in
Figs. 6 and 7. Radiation damage in the first wall is somewhat dependent on the
characteristics of the blanket behind it. Calculations of dpa and helium pro-
duction have been carried out for 316 stainless steel and Zircaloy-2 first
walls. For 316 stainless steel, 11.6 dpa/yr per MW/m2 and 120 appm/yr per
Mw/m2 helium are produced. For Zircaloy-2 11.3 dpa/yr per MW/m2 and 7.8 appm/yr

per MW/m2 helium are produced. This very low rate of helium production is due
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Table 2

Burnup Results

Enrichment Level

0z 2% 4z
Fissile Breeding Ratio 1.00 ],06 1.14
Tritium Breeding Ratio .75 .83 .93
Total Captures 1.75 1.89 2.07
Leakage .016 .018 .019
Energy Multiplication 4.04 6.43 7.39
Zf 736 1.05 1.41

Pb(n,2n) 122 .123 .123
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Pigure 5 Enrichment vs. fuel assembly position assuming 180° rotation
of fuel assembly halfway to full enrichment.
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assembly position.
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to the high threshold (10 MeV) of the (n,a) cross section of zirconium.

This cross section rises to only 3.9 x 10'3 barns at 14 MeV.

233 239

Eventually a choice must be made between producing U and

233

Pu in

the hybrid. Although U is a better LWR fuel due to its lower capture

to fission ratio, more plutonium can be produced in the hybrid because

238U has a higher fast fission cross section than 232

233 239

Th. We find significant

differences in design between U and Pu producing blankets. The most

important difference is the absence of a neutron multiplier zone in the

23%, producer. This Teads to a much flatter distribution of fissile

production in the fuel zone. The 233U producing blanket designed for the

same hybrid (12,13) has a distribution similar to that in case 1 (Fig. 4).

239, 233

A comparison between Pu and U producing blankets is shown in Table 3

and Figs. 8 and 9.
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Table 3
Comparison Between 233U and 239Pu Producing Blankets

233U 239,
Fissile Breeding Ratio 0.94 1,00
Tritium Breeding Ratio 0.62 . 0.75
Total Captures ~1.56 - 1.75
Leakage 0.010 0.016
Energy Multiplication ].5*5.6 4.077.4
v Zf 0.080  0.736
Pb(n,2n) 0.538 0.122
Blanket Thickness 112 em 118 cm
Time to 4% Enrichment 2.75 yrs. 2.40 yrs.
Max. to Ave. Fissile 1.10 1.09

Enrichment
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IV. Direct Fuel Assembly Irradiation

An important aspect of the secure site concept is the irradiation
of the fuel bundles prior to their transport beyond the site boundary.
One approach is to irradiate these bundles in the hybrid itself or to use
a low power fission reactor to produce self-protected fuel assemblies.
Self protection is defined as the bundle exposure required to produce a
100 rem/hr radiation field three feet from a bundle after a cooling time
of 30 days. This follows the guidelines as stated by 10 CFR'73‘22) We
find that after just 0.4 MWd/t of fuel exposure in a fission reactor,
adequate self-protection for a typical fuel bundle is achieved.

To obtain this estimate of the exposure time required for self-protection,
a simple model is used. The fuel bundle is assumed to be cylindrical and

(23) Further

the calculations are pérformed using the method of Foderaro.
assumptions include the neglect of the shielding properties of both air
and the bundle itself and of the buildup of radiocactivity in the surrounding

air. The calculated dose réte is underestimated and thus conservative.

The total dose rate expression of Foderaro(23) modified for this case is
2

k(E,)E.S .R © «
- i‘"ivvio
Di 5a K(e,b) . .
k(Ei) is the energy flux to dose rate conversion factor for the ith energy

group (R/hr per MeV/cmz—sec), E. th group (Mey),

5 is the mean energy of the i

Svi is the volumetric isotropic,sdurce strength for the ith energy group
3

(cm™ sec']), R_is the cylinder radius (cm), a is the distance from the
0
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cylinder (cm), K(6,b) is defined as K(8,b) = eb fee'bsecelde', and is
tabulated by Foderaro, and 6 is the angle subtenged by the fuel bundle at
the point of interest. We have taken R0 as 10 cm, a as 90 cm and the
fuel bundle height as 380 cm. . .It is then found that 6 is 65° and
K{6,0) is 1.13. The values~for k(Ei) are ﬁébu]ated by Foderaro.

The source strength is found using the one group ORIGEN isotope
generation and depletion code.(24) A typical light water reactor fuel

235 238

element composition is chosen, namely, 3.3% enriched uranium U in u.

Similar results are expected for 239Pu or 233

U fuel. The fuel bundle
exposure time is varied and the radiation dose rate from the bundle after

30 days of cooling is calculated. In this way, the burnup to achieve a given
dose rate is obtained. As a part of the ORIGEN output, photon release

rates in photons per second per tonne are obtained for the fission products and
the actinides in the fuel. As expected, the latter add little to the total
dose rate and can-be neglected.

Of the twelve photon energy groups for the fission products, only six
are found to be significant contributors to the total dose rate and are
listed in Table 4 along with their respective parameters and results. The
source strength values are given after a 30 day post-irradiation cooling time.
These values are given ds photons per second per tonne of heavy metal and
must be multiplied by 0.42 tonnes of heavy metal per fuel bundle and divided
by the bundle volume of 1.66 x 105cm3 to arrive at the isotropic volume
source strength. The results in Table 4 are for 0.3 and 0.6 MWd/t and

(22)

vary linearly with burnup. Thus, on the basis of 10 CFR 73 , we find

adequate bundle self-protection after a burnup of 0.4 MWd/t.
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In summary, we have determined the burnup of fresh fuel bundles to
achieve self-protection to be modest. Since each fuel bundle contains
about 0.42 tonnes of heavy metal, the irradiation required per bundle is
0.17 MWd, corresponding to about 4.58 x 1021 fissions per bundle. If a
low power reactor could be designed to generate 1 MW per bundle of loaded
fuel, then self-protection is achieved in an irradiation time of four hours.
For a reactor with less power per bundle, a proportionately larger time is
needed. Thus, the technique appears favorable and should apply regardless

of the type of fissile fuel used.
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V. Summary

The direct enrichment of LWR fuel bundles of initially fertile
238UO2 fuel can be carried out in a fusion hybrid reactor and a relatively
uniform fuel distribution (maximum to average enrichment less than 10%)

239

can be achieved. The blanket design to produce Pu directly in such

bundles is quite different from earlier designs(]3) developed for direct

enrichment of ThO2 in 233

U. Such fuel is highly radioactive upon removal
from the hybrid. It could be shipped directly to a LWR and be considered
self-protecting from diversion, as spent fuel is considered today.

Direct enrichment would extend fissile fuel suppiies and provide
diversion protection but there is an obvious and serious economic
penalty. Without reprocessing, fuel utilization is poor in that one
hybrid can provide fuel for no more than two LWRs, The hybrid cost must
be included in the total fuel cost. This low support ratio of fission
reactors per hybrid means the fuel produced will likely
be too expensive. Nevertheless, effective fissile fuel reserves
could be extended a factor of 4 to 10, depending on the size of the
thorium reserves relative to those of uranium and the size of the depleted
uranium stockpile.

A more desirable alternative is to use the hybrid as a fissile fuel
factory within a secure fuel production, reprocessing, and fabrication site.
A single hybrid will now support 10 to 50 off-site LWRs, depending on
their conversion ratio. Thus, the number of secure sites is smaller when

the fuel producer at the site is a hybrid instead of a fast breeder reactor.
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A low power fission reactor at the secure site can be used tc render LWR
bundles self-protecting before shipment. We have determined the burnup
of fresh fuel bundles to achieve self-protection to be only 0.4 MWd/t.
Since each LWR fuel bundle contains about 0.42 tonnes of heavy metal,
the irradiation required per bundle is 0.17 MWd, corresponding to about
4.58 x 102] fissions per bundle. If a lower power reactor is designed
to generate 1 MW per bundle of loaded fuel, self-protection is achieved
in an irradiation time of four hours. For a reactor with less power per

bundle, a proportionately larger time is needed. Thus, this technique

appears favorable and should apply regardless of the fissile fuel.
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