UC Berkeley
UC Berkeley Previously Published Works

Title
Neutronics and activation analysis of lithium-based ternary alloys in IFE blankets

Permalink
https://escholarship.org/uc/item/1z6480m{

Authors

Jolodosky, Alejandra
Kramer, Kevin
Meier, Wayne

Publication Date
2016-06-01

DOI
10.1016/j.fusengdes.2016.03.071

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1z6480mj
https://escholarship.org/uc/item/1z6480mj#author
https://escholarship.org
http://www.cdlib.org/

Fusion Engineering and Design 107 (2016) 1-12

Contents lists available at ScienceDirect ~ Fusion Engineering
- and Design

Fusion Engineering and Design

journal homepage: www.elsevier.com/locate/fusengdes s

Neutronics and activation analysis of lithium-based ternary alloys in @CmMﬂk
IFE blankets

Alejandra Jolodosky ®*, Kevin Kramer ¢, Wayne Meier", James DeMuth”, Susana Reyes”,

Massimiliano Fratoni®
2 University of California Berkeley, Berkeley, CA 94706, USA

b TerraPower, Bellevue, WA 98005, USA
¢ Lawrence Livermore National Laboratory, P.O. Box 808, Livermore, CA, USA

HIGHLIGHTS

® Monte Carlo calculations were performed on numerous lithium ternary alloys.

® Elements with high neutron multiplication performed well with low absorbers.

® Enriching lithium decreases minimum lithium concentration of alloys by 60% or more.
® Alloys that performed well neutronically were selected for activation calculations.

e Alloys activated, except LiBaBi, do not pose major environmental or safety concerns.

ARTICLE INFO ABSTRACT

Article history: An attractive feature of using liquid lithium as the breeder and coolant in fusion blankets is that it has
Received 28 August 2015 very high tritium solubility and results in very low levels of tritium permeation throughout the facility
Received in revised form 22 March 2016 infrastructure. However, lithium metal vigorously reacts with air and water and presents plant safety

Accepted 28 March 2016 concerns. The Lawrence Livermore National Laboratory is carrying an effort to develop a lithium-based

ternary alloy that maintains the beneficial properties of lithium (e.g. high tritium breeding and solubility)

Keywords: and at the same time reduces overall flammability concerns. This study evaluates the neutronics perfor-
IFE r- . . . . . .

Ternary mance of lithium-based alloys in the blanket of an inertial fusion energy chamber in order to inform
TBR such development. 3-D Monte Carlo calculations were performed to evaluate two main neutronics per-
EMF formance parameters for the blanket: tritium breeding ratio (TBR), and the fusion energy multiplication
Enrichment factor (EMF). It was found that elements that exhibit low absorption cross sections and higher g-values
Activation such as Pb, Sn, and Sr, perform well with those that have high neutron multiplication such as Pb and Bi.

These elements meet TBR constrains ranging from 1.02 to 1.1. However, most alloys do not reach EMFs
greater than 1.15. Additionally, it was found that enriching lithium with 6Li significantly increases the
TBR and decreases the minimum lithium concentration by more than 60%. The amount of enrichment
depends on how much total lithium is in the alloy to begin with. Alloys that performed well in the TBR
and EMF calculations were considered for activation analysis. Activation simulations were executed with
50 years of irradiation and 300 years of cooling. It was discovered that bismuth is a poor choice due to
achieving the highest decay heat, contact dose rates, and accident doses. In addition, it does not meet
the waste disposal ratings (WDR). Some of the activation results for alloys with Sn, Zn, and Ga were in
the higher end and should be considered secondary to elements such as Sr and Ba that had overall better
results. The results of this study along with other considerations such as thermodynamics, and chemical
reactivity will help down select a preferred lithium ternary alloy.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Lithium is often the preferred choice as breeder and coolant in
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ity and results in very low levels of tritium permeation throughout
the facility infrastructure [1]. However, lithium metal vigorously
reacts with air and water and exacerbates plant safety concerns
[2]. For this reason, over the years, numerous blanket concepts have
been proposed with the scope of reducing concerns associated with
lithium [3,4]. The European helium cooled pebble bed breeding
blanket (HCPB) physically confines lithium within ceramic peb-
bles [3]. The pebbles reside within a low activation martensitic
ferritic steel structure and are cooled by helium. The blanket is com-
posed of the tritium breeding lithium ceramic pebbles and neutron
multiplying beryllium pebbles. Similar concepts are being inves-
tigated in China, Korea, and India [5-8], while Japan is exploring
a ceramic breeder cooled by pressurized water [9]. Other blanket
designs utilize lead to lower chemical reactivity [10]; LiPb alone
can serve as a breeder, coolant, neutron multiplier, and tritium car-
rier. India is taking advantage of this with its Lead-Lithium cooled
Ceramic Breeder (LLCB) design. Europe is developing a He cooled
lithium lead (HCLL) blanket which utilizes helium as the coolant
and lithium-lead as the breeder, with reduced activation ferritic-
martensitic steel (RAFM) as the structural material [11]. The US
is also utilizing LiPb in their blanket design with the dual-coolant
lead-lithium concept (DCLL); helium is used to cool the first wall
and structural components made up of low-activation ferritic steel,
whereas lithium-lead (LiPb) acts as a self-cooled breeder in the
inner channels of the blanket [3]. The helium-cooled steel and
lead-lithium alloy are separated by silicon carbide flow channel
inserts which thermally insulate the self-cooled breeder region
from the helium cooled steel walls. This creates a LiPb breeder with
a much higher exit temperature than the steel which increases
the power cycle efficiency and also lowers the magnetohydrody-
namic (MHD) pressure drop [12]. Additionally, it produces low
afterheat and low operation pressures [3]. China is designing a dual
functional lithium-lead (DFLL) test blanket module (TBR) which
allows both a helium-cooled quasi-static lithium-lead (SLL) concept
and a He/PbLi dual-cooled lithium-lead (DLL) concept to be tested
[13,14]. Molten salt blankets with a mixture of lithium, beryllium,
and fluorides (FLiBe) offer good tritium breeding, low electrical
conductivity and therefore low MHD pressure drop, low chemical
reactivity, and extremely low tritium inventory [3]; the addition of
sodium (FLiNaBe) has been considered because it retains the prop-
erties of FliBe but also lowers the melting point [4]. One of the most
recent designs is the Korean He-cooled molten lithium (HCLM)
blanket with ferritic steel as a structural material [15]. Although
many of these blanket concepts are promising, challenges still
remain. The limited amount of beryllium available poses a prob-
lem for ceramic breeders such as the HCPB. Additionally, ceramic
breeders require high porosity in the pebbles to allow tritium to
be extracted, significantly reducing the thermal conductivity [16].
FLiBe and FLiNaBe are highly viscous and have a low thermal con-
ductivity [3]. Corrosion issues occur between lithium-lead blankets
and the steel constituents from structural materials. This negatively
impacts the structural integrity of the blanket structures due to wall
thinning and transport of corrosion products throughout the liquid
metal loop. An important common issue found in all three blanket
technologies is tritium permeation. Tritium has a high partial pres-
sure in each of the blankets and thus, low solubility. Tritium then
permeates into structural material, heat exchanger, first wall, and
containment structure potentially releasing into the environment
and posing a high safety concern[16]. Lawrence Livermore National
Laboratory (LLNL) decided to combat many of the issues found with
the blanket concepts by attempting to develop a new lithium-based
alloy—most likely a ternary alloy—which maintains the beneficial
properties of lithium (e.g. high tritium breeding and solubility)
while reducing overall flammability concerns for use in the blan-
ket of an Inertial Fusion Energy (IFE) power plant [17,18]. The IFE
engine employs inertial confinement fusion (ICF) through the use of

Table 1
Composition and dimensions of the blanket components.

Layer, # Material Thickness (cm)
1 2 HT9Breeder/Coolant 0.5 1

3 4 HT9Breeder/Coolant 0.5 100

5 6 HT9Breeder/Coolant 0.5 50

7 8 HT9  Graphite 0.5 100

lasers aimed at an indirect-driven target composed of deuterium-
tritium fuel. The fusion driver/target design implements the same
physics currently experimented at the National Ignition Facility
(NIF). The IFE reactor uses lithium in both the primary coolant and
breeder; therefore, lithium-related hazards are of primary concern.
Although reducing chemical reactivity is the primary motivation
for the development of new lithium alloys, the successful candi-
dates will have to guarantee acceptable performance in all their
functions. The scope of this study is to evaluate the neutronics per-
formance of a large number of lithium-based alloys in the blanket
of a fusion reactor. In particular, parameters are set on the tritium
breeding ratio (TBR) [19] and energy multiplication factor (EMF)
[20] which allow candidate alloys to be selected. Activation anal-
ysis is then utilized on the selected alloys to assess specific safety
and environmental properties. This manuscript is organized as fol-
lows: Section 2 presents the models and methodologies used for
the analysis; Section 3 discusses the results; Section 4 summarizes
findings and future work.

2. Models and methodology
2.1. Chamber model

The neutronics performance of each alloy was evaluated in the
blanket of the IFE power plant. The blanket is built around the fusion
chamber that consists of a central spherical cavity with a 13.004 m
radius. Fusion occurs at the center of the void chamber where the
laser beams impact the fuel target. The ICF target releases 132 M]
from D(T,n)a reactions; 97.45 M] is in neutrons kinetic energy and
34.55MJisin X-rays andions[21]. The target also releases 4.69-101°
neutrons from fusion and additional 1.3-10!® neutrons (2.8% of the
total) from (n,2n) reactions with the compressed DT fuel and the
lead hohlraum. Alpha particles instantly deposit their energy in the
surrounding DT fuel, in the ablator materials, and in the lead cap-
sule resulting in the release of X-rays and ions [22]. Xenon fills the
void chamber at a density of 6 wg/cm? and shields the chamber
wall (first wall) from ions and X-rays [21]. The blanket surrounds
the central chamber and consists of a series of coolant/breeder
layers separated by structural components (Table 1). The struc-
tural material is HT9 (composed of iron (85.9%), chromium (12.1%),
and the rest is carbon, silicon niobium, molybdenum, and tungsten
with density of 8 g/cm?3); it features high resistance against radi-
ation damage and low chemical reactivity. In the original design,
the coolant/breeder material is lithium; this study replaces lithium
with a ternary lithium alloy. The blanket is completed by a 100 cm
graphite reflector (1.7 g/cm3). The LIFE plant is assumed to generate
2200 MW of fusion power.

Neutron and photon transport calculations were performed
using the three-dimensional Monte Carlo transport code MCNP6
[23]. A simplified model consisting of concentric spherical regions
was assumed (Fig. 1). The model also includes 42 penetrations
through the blanket representing the beam ports, as well, the tar-
get injection port at the top of the chamber and the debris exit port
at the bottom. Modeling the indirect-driver and target is extremely
complex, and for the scope of this study the DT target was repre-
sented as a point source at the center of the chamber with a neutron
energy distribution as obtained in accurate target models (Fig. 2).
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Fig. 2. Fusion source neutron energy distribution [25].

The energy spectrum accounts for the scattering of the fusion neu-
trons with the DT target and lead hohlraum. All materials in the
model utilized ENDF/B-VILI cross sections at 900K [24].

The neutronics performance of the alloys was evaluated by the
TBR and EMF, as mentioned previously. Tritium production was
calculated by utilizing the F4 tally in MCNP [23]. The TBR in this
study accounts for losses due to radioactive decay, and only for
a limited storage inventory that is needed under emergencies to
continue operation [16]. Earlier studies on the IFE design assumed
a minimum TBR constrain of 1.02. This is lower than what other
fusion plants require due to the high fractional burn-up (~30%) in
the IFE source and lower tritium permeation in the lithium alloy
coolant [26]. Additionally, this study excludes the need to produce
a startup inventory for other reactors [16]. The EMF is given by:

Ed + Ea
Eg

EMF = (1)
where Ey is the total energy deposited in the chamber (first
wall, breeding regions, structures, and reflector) and surround-
ing regions (shield, beam dumps, etc.) as the result of neutron
reactions; Ea is the energy of the X-rays and ions (from alpha inter-
actions) absorbed in the chamber gas and subsequently the first
wall—this is calculated to be 4.607 MeV; Er is the total fusion energy

released per D-T reaction (17.6 MeV). The neutron and neutron
induced gamma energy deposited in regions outside the chamber
is included with the expectation that this power will be recovered
and will contribute to the overall power cycle. An EMF of at least
1.1 was chosen to achieve a reasonable cost of electricity.

2.2. Activation analysis

Neutron activation analysis was performed using ACAB [27].
The multigroup activation cross section library is selected from one
of the group-wise libraries available in EAF-2007 [28]. The group
structure used in this study is VITAMIN-] (175 groups). The decay
library was also from EAF-2007. MCNP6 provided the multi-group
flux required by ACAB for collapsing cross sections. Activation anal-
ysis was performed for a 2200 MW plant with an irradiation history
of 50 years and cooling time of up to 300 years. One important thing
to note is that the total blanket volume includes the 3478 m? inside
the chamber, and the 940 m3 outside during irradiation. Thus, the
alloy is inside the chamber for 79% of the total residence time.
The flux is therefore adjusted by a factor of 0.79. The results are
divided by this factor to account for the entire volume of the blan-
ket. Additionally, it is assumed that feeding additional lithium into
the chamber is not necessary due to the small éLi burn-up (rang-
ing from 2%-8%) and only 1% decrease of TBR at end of irradiation.
Tritium is assumed to be extracted from the coolant/breeder after
irradiation to be reprocessed and reused in the source. All the acti-
vation parameters, except for accident dose, are examined after
shutdown and thus do notinclude tritium in the results. An accident
is assumed to occur during operation when tritium is still mixed
with the rest of the coolant/breeder.

2.3. Safety and environmental parameters

Data from the activation analysis allowed to determine the fol-
lowing environmental and safety parameters.

2.3.1. Decay heat

Decay heat is calculated to ensure that adequate cooling is avail-
able for stored coolant at all times. According to limits employed in
previous studies, no-active cooling is required if the decay heat is
below 10W/m3, dry cooling is sufficient if it is between 10 W/m3
and 2 kW/m?3, and wet cooling is required above 2 kW/m3 [29].

2.3.2. Contact dose rate

The contact dose rate is measured to determine the feasibility of
recycling the ternary alloy. The proposed limits for fusion systems
are 10 wSv/h for hands on operation, and 10 mSv/h for remote han-
dling [30]. For this study, the hands on limit was disregarded since
the coolant after shutdown could be drained down into cooling
tanks. Only remote handling of the breeder/coolant is considered.

2.3.3. Waste disposal rating

The waste disposal rating (WDR) determines whether the alloy
meets the concentration limits for Class C low-level waste (LLW)
under NRC 10CFR61.55 [31]. It is defined as the sum of the ratio of
the concentration of a particular isotope to the maximum allowed
concentration of that isotope for Class C, taken over all isotopes of
the alloy. If the WDR < 1, the mixture is considered LLW.

2.3.4. Accident dose

DOE Fusion Safety Standards limit dose in accident scenario to
10 mSv [32]. This value refers to a 50 year committed effective dose
calculated to the most exposed individual at the site boundary
(1 km) with contributions from direct cloudshine, and inhalation
during plume passage [33]. The contribution from groundshine is
not included in the limit because it doesn’t contribute directly to
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the accident and is more of public health measure. Nevertheless,
this study will include groundshine for more conservative results.
The accident dose (AD) is calculated by multiplying the following
three factors:

AD (Sv) = Radioactivity (Bq) x DCF (;—Z) x RF (2)

The radioactivity is obtained from ACAB calculations. Dose con-
version factors (DCFs) for typical radionuclides released from IFE
activation of structural materials were specifically calculated using
the dispersion and accident consequences software MACCS2 [33].
For this study, the DCFs were chosen with standard conditions
such as a 1km boundary, conservative weather, ground release,
and no building wake effects. The release fractions (RF) are usually
derived from the combination of detailed modeling of the acci-
dent and measurements of the material mobilization under such
accident conditions. This determines how much of the compo-
nent escapes from the accident, and what percentage of that is
released into the atmosphere and poses a hazard to the public.
Modeling detailed accident scenarios for each alloy would take
too long. Approximated release fractions, instead, were utilized.
Such release fractions characterize an isotope’s mobilization and
volatility according to five categories [34]:

1 Elements with species gaseous at room temperature: high mobil-
ity — 100%

2 Elements with species gaseous at typical reactor operating tem-
peratures (<500°C) — 30%

3 Elements with species gaseous at modest accident temperatures
(<1000°C) — 10%

4 Elements with species gaseous at severe accident temperature
(<1500°C) — 3%

5 Elements with species (pure element or oxide) at severe gaseous
temperatures such as tokamak dust erosion or oxide spallation
- 1%

3. Results and discussion

3.1. Preliminary evaluations

In order to understand the behavior of different elements in the
blanket that would infer the behavior of ternaries when combined,
preliminary evaluations were performed. Using a representative
blanket neutron flux (obtained from MCNP calculations with a
LiSnZn alloy), effective q-value, effective absorption cross section,
and effective (n,xn) cross section were calculated for an initial set
of elements (Na, Mg, Al, Si, Ca, Ti, Cu, Zn, Ga, Sr, Pd, Ag, In, Sn, Sb,
Ba, Au, Pb, and Bi) selected by the LLNL based on thermodynamics
properties [35]. Their values are reported in Table 2.

The effective g-value was calculated as:

Z;\ﬁl aininO';'
Zi'V:GI ai2r0£
in xm) = Qun,xn) + XQE (4)

,xn)

where i is the specific isotope of an element, r is the type of neutron
reaction, o is the cross section, Q is the Q-value, a is the abundance
fraction, and Ne is the number of isotopes in the element. From a
neutronics perspective, it is desirable to have low absorption cross
section to reduce neutron loss in unwanted reactions that would
inhibit the TBR and EMF. A large (n,xn) cross section is necessary to
increase the number of neutrons in the blanket which will enhance
the TBR.Itis assumed that the x (2 or 3) neutrons generated in (n,xn)
reactions will go on to be absorbed by lithium and this is accounted
for in the Q-value defined in Eq. (3). Lastly, a high effective Q-value

Qe = 3)

Table 2
Effective cross sections and Q-values for selected elements.

Element q-value, MeV Absorption cross section,b  (n,xn) cross section, b
Li 4.67 7.37E-02 1.53E-03
Li-6 478 9.77E-01 0.00E + 00
Li-7 -7.16 4.63E-04 1.66E-03
Na -1.79 1.53E-02 5.30E-04
Mg -2.13 2.35E-02 4.77E-03
Al -0.96 1.57E-02 1.21E-04
Si -2.67 3.21E-02 9.30E-04
Ca 0.48 5.39E-02 5.31E-04
Ti 347 2.78E-02 1.45E-02
Cu 5.12 7.24E-02 2.20E-02
Zn 4.44 5.97E-02 1.24E-02
Ga 5.45 1.33E-01 3.25E-02
Sr 1.97 1.59E-02 3.11E-02
Pd 6.86 3.72E-01 7.24E-02
Ag 6.37 6.50E-01 6.36E-02
In 6.2 6.68E-01 6.76E-02
Sn 4.18 7.51E-02 7.34E-02
Sb 5.61 3.65E-01 6.82E-02
Ba 3.55 5.14E-02 7.99E-02
Au 5.76 6.98E-01 1.07E-01
Pb 1.76 5.58E-03 1.17E-01
Bi 1.64 6.37E-03 1.14E-01

is crucial to ensure an adequate EMF. The last two features, (n,xn)
cross section and Q-value, contradict each other as (n,xn) reactions
are endothermic, but overall the availability of extra neutrons upon
(n,xn) reaction may compensate the loss of energy due to subse-
quent exothermic reaction with 5Li and/or other alloy constituents.
Additionally, the low absorption cross section also contradicts the
high Q-value since heat is produced by absorption cross sections
such as (n,y). This is why a ternary alloy is ideal; the properties of
one element can complement the properties of another and result
in a successful ternary system. For example, an alloy that possesses
a low absorption cross section and high multiplication cross sec-
tion, such as Pb, can be combined with an element that has a higher
Q-value, such as Zn, even if its absorption cross section is not as
low compared to a few other elements. Many ternary combinations
can be deduced from the properties of all the elements in Table 2.
Results reported in Table 2 show that: Pb and Bi are desirable ele-
ments for their low absorption and high (n,xn) cross sections; of the
elements with high Q-value, Sn, Zn, Cu, and Ti are to be preferred
for their relative low absorption;

The elements above were also observed in combination with
lithium. Binary alloys were analyzed using the MCNP blanket model
and varying the lithium concentration from O to 100% at 5% inter-
vals. This analysis assumed 1.02 and 1.1 as lower limits for TBR and
EMF, respectively. Fig. 3 shows example results for LiSn and LiPb
binary alloys (a complete set is provided in Ref. [36]). It is observed
that: (1) Ba, Sn, Sr, and Ti offer the widest range of acceptable
lithium concentrations; (2) Bi and Pb are barely not meeting the
EMF requirement, but provide very large TBR even at low concen-
tration of lithium, due to enhanced (n,xn) reactions. Studies in the
past demonstrated the potential of LiPb as a coolant and breeder.
However, the focus was usually on TBR and possible ways to max-
imize it such as by increasing the 6Li enrichment [37]; (3) Pd, In,
Au, and Ag feature a narrow acceptable range, but a relatively large
EMF; (4) Ga, Cu,Sband Zn are in the mid-range of acceptable lithium
compositions with EMFs slightly higher than 1.1 but no greater than
1.2; (5) Sb, Pd and Au have very narrow acceptable ranges and lim-
ited EMF; (6) Na, Mg, Al, Ca, and Si never meet both constraints,
mainly due to their detrimental effect on EMF. This results are in
line with the observations made from the analysis on individual
elements.
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3.2. Tritium breeding and energy multiplication

TBR and EMF were evaluated for 55 lithium ternary alloys as a
function of their composition. Each alloy was evaluated according
to three different TBR and EMF criteria:

e Aggressive: lowest achievable TBR — 1.02 and highest EMF —
1.2. This category pushes limits to ideal conditions; a TBR that
accounts for the least amount of losses and a high EMF to decrease
the cost of electricity.

e Conservative: high TBR — 1.1 and low EMF — 1.1. More on the
other side of the spectrum, the TBR is high to account for losses,
and EMF puts the lowest demand to produce power.

e Semi-conservative (SC): TBR — 1.05 and EMF — 1.1. The TBR here
is lowered from the conservative constrain above.

Results containing the range lithium concentrations for vari-
ous ternary alloys that meet each of the three sets of criteria are
illustrated in Fig. 4.

All the alloys in Fig. 4 meet both the conservative and semi-
conservative criteria. The aggressive constrains are mostly met by
alloys containing tin (and barium in one case) due to the fact that
it has all three desirable properties, a high Q-value, low absorp-
tion cross section, and high (n,xn) cross section. This enhances the
TBR but more specifically the EMF; most other alloys cannot reach
EMFs that are any higher than 1.15. A few Ba-containing alloys and
LiPbZn also meet the aggressive criteria for the same reasons. As
predicted, the conservative and semi-conservative constrains with
the widest range of lithium concentrations were met by elements
that performed well in the binary analysis such as barium, tin, and
strontium, with lead or bismuth. Elements that have a combina-
tion of higher Q-value and lower absorption cross section such as
zinc will perform adequately when combined with high neutron
multipliers such as bismuth, or elements with similar or better
attributes, i.e. barium. Even gallium, whose absorption cross sec-
tion is on the higher end but has above average Q-value, yields
satisfactory results with the elements formerly mentioned, specif-
ically neutron multipliers. The ternaries in Fig. 5 give a closer look
at some of these alloys. Although the ranges for which LiNaSn and
LiSnZn alloys meet the limits are not as large as some of the other
alloys, they do meet all three categories. Ternary diagram results
for all the alloys in Fig. 4 are found in reference 36.

The difference in lithium concentrations between each increase
of TBR is not as significant as the change in EMF. Between TBRs
of 1.02 and 1.1, respectively, the lithium concentration increases
by less than 10%. This allows us to change the TBR constrains if
necessary while still maintaining a similar minimum lithium con-
centration to reduce chemical reactivity. The increase of EMF from
1.1to 1.2 is dependent on each individual alloy; smaller differences
occur for alloys with higher Q-values such as tin, zinc and gallium.
Nevertheless, to increase the EMF for all alloys, the lithium concen-
tration must be lowered by several percent to reduce absorption in
lithium and enhance it in the other components. As a result, all the
alloys in Fig. 5 other than tin, barely, if at all, meet any of the TBR
limits with an EMF of 1.2.

3.3. Lithium enrichment

In order to further minimize the amount of lithium in the alloys
and to increase TBR, the sensitivity to the concentration of lithium-
6 was tested. The (n,t) cross section of 6Li covers a wide range of
energies as opposed to 7Li, whose cross section only occurs in the
high energy range; therefore, enriching the alloy in 6Li increases
neutron absorption in it and boosts TBR. LiSnZn was utilized for this
enrichment sensitivity study. The chosen composition (65% Li, 25%
Sn, 10% Zn) meets all three sets of criteria described in the previ-
ous Section. SLi’s concentration was increased from natural (7.5%)
to 90% with increments of 5%. Fig. 6 shows that the EMF rapidly
drops with increasing enrichment whereas TBR increases. The EMF
exponentially decreases until 40% SLi, which is about where the
TBR reaches its maximum. At such maximum (40%), the TBR is
about 20% higher than with natural lithium. After this point the
TBR becomes saturated and starts to slightly linearly decrease due
to the lack of 7Li(n,n'T) reactions. The 7Li(n,n’T) reaction rate lin-
early decreases as a function of 6Li enrichment, shown in Fig. 6.
Before 40% the SLi(n,T) reactions are increasing at a greater rate
than 7Li(n,n’T) reactions, overcoming them to allow the total TBR
toincrease. However, after 40%, the lack of additional neutrons from
7Li(n,n’T) reactions prevent 5Li from producing tritium at the same
rate as it did with lower enrichments. This, plus the lack of tritium
production from 7Li causes the total TBR to decrease at enrichments
greater than 40%. The (n,xn) reaction rate, influenced by tin, does
not have a strong influence on the behavior of the TBR.

Fig. 7 displays the range of total lithium concentrations in the
LiSnZn alloy that meet each of the previously discussed criteria
for three enrichment cases: natural, 40%, and 90%. The minimum



6 A. Jolodosky et al. / Fusion Engineering and Design 107 (2016) 1-12

(a) E— (b) I
tcwpb | — | LisrCu E

— : ]
LiGaBi | ‘ | LiSnTi %
r | :

|
LisrPb — 1 LigaT ]
= : ]
LiGaPb i — LiSrsn E
i i
' —
LiSnBi ] LilnSr
LiznBi ‘ |
[ ; —]
LiPbzZn I ‘ | LiAgTi E
[ . i _
usi | [ : ‘ = LiGaTi ‘E

[ : : —
LiBaBi | Lipbsn E
g |
)17 I — | LiNaPb

Ternary Alloy
Ternary Alloy
[
v
g

LiPbBa [ — | LiCuBi
i 1 1 L 1 1 1
0 20 40 60 80 100 0 20 40 60 80 100
Lithium atom % Lithium atom %

D Agressive OConservative O Semi-Conservative DO Aggressive OConservative 0 Semi-Conservative

©) — ) . © ,
LilnBa IE LilnCu E LiCuzn EI

LisrTi — LiNazn — LiAgBi =
LiNaSn ? LiAgCu E\ Lisnzn 5
sz = Liana — Lngzn e
Lizn  — LiGaCu — oz p—

LiNaSr E LiCuSn E LiNaCu
_— L kg L ==

LiGaSr E LiznBa EE LiSnCa ?
R ] — ——] . e

Ternary Alloy
Ternary Alloy

Ternary Alloy

0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Lithium atom % Lithium atom % Lithium atom %
OAggressive OConservative O Semi-Conservative O Aggressive CConservative O Semi-Conservative O Aggressive OConservative O Semi-Conservative

Fig. 4. Range of lithium (atom%) for each ternary alloy that meet specific TBR and EMF criteria. Aggressive: TBR 1.02, EMF 1.2. Conservative: TBR 1.1, EMF 1.1. Semi-
conservative: TBR 1.05, EMF 1.1. When an alloy does not meet one of the criteria at any composition, it is left blank.
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Fig. 5. Ternary Plots for (a) LiBaBi, (b) LiPbZn, (c) LiGaPb, (d) LiSrPb, (e) LiNaSn, and (f) LiSnZn; solid lines represent TBR; dotted lines represent EMF.

lithium concentrations for each of the cases decrease as lithium
enrichment increases. For example, the aggressive case decreases
from 60 atom% for natural enriched lithium to 25 atom% for 40%
enriched lithium. It decreases even further to 15 atom total when

lithium is enriched to 90%. Nevertheless, the case with 40% enriched
lithium meets this criterion for a range of 35% of lithium concen-
trations (25 atom¥% to 60 atom% Li) as opposed to the 10% range in
the case of 90% enrichment (15 atom% to 25 atom% Li). The EMF is
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Fig. 6. TBR,EMF, and (n,T) and (n,xn) reaction rates as a function of °Li concentration
in lithium for Li(65%)Sn(20%)Zn(15%) alloy.
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Fig. 7. Range of lithium (atom%) for LiSnZn with natural, 40%, and 90% enrichment,
that meet specific TBR and EMF criteria. Aggressive: TBR 1.02, EMF 1.2. Conservative:
TBR 1.1, EMF 1.1. Semi-conservative: TBR 1.05, EMF 1.1.

largely compromised as enrichment increases and thus, it is much
harder for alloys of different concentrations in the 90% enriched
case to meet the 1.2 EMF for the aggressive category. This is visual-
ized in Fig. 8 where ternary diagrams with SLi enriched at 40% and
90% are shown. It can also be seen in the ternaries how, for a con-
stant lithium concentration, the TBR decreases when the amount
of zinc in the alloy increases. This is due to the decrease of tin (n,xn)
reactions, which lowers the neutron economy and reduces the
number of Li(n,T) reactions. In addition, the phenomenon becomes

Table 3

Compositions of Alloys Chosen for Activation Analysis.
Alloy Composition (%)
LiBaBi 20-10-70
LiPbBa 25-60-15
LiSnZn 65-25-10
LiCuPb 40-20-40
LiGaPb 35-10-55
LiSrPb 30-50-20
LiPbZn 30-60-10
LiNaSn 55-30-15

more pronounced in the 90% enriched Li ternary due to the lack of
7Li(n,n’T) reactions, which lowers the TBR as previously described.
As a result, the TBR at 65% Li, 20% Sn, and 15% Zn will be lower
(1.2) at 90% enriched lithium, than at 40% (1.31). Minimizing the
lithium concentration without lowering the energy multiplication
factor and increasing the cost too much should be considered when
selecting the lithium enrichment.

3.4. Activation analysis

Eight alloys were chosen for an extensive activation analysis:
LiBaBi, LiPbBa, LiSnZn, LiCuPb, LiGaPb, LiSrPb, LiPbZn, and LiNaSn.
These alloys were chosen based on their neutronic performance:
alloys with Pb and Bi exhibit high neutron multiplication and min-
imize the amount of lithium in the alloy; alloys with Sn meet all of
the three sets of criteria in the previous analysis. The composition
for each alloy (Table 3) was selected to meet the conservative or
semi-conservative set of criteria. These are all with natural lithium.

Asstated in Section 2.3, the irradiation history for activation is 50
years of operation followed by 300 years of cooling. Results for the
parameters described in Section 2.3 are analyzed in the following
paragraphs.

3.4.1. Decay heat

The decay heat is plotted in Fig. 9. LiPbBa is the alloy with the
lowest decay heat and the only one that can utilize dry cooling
right after shutdown. Most of the decay heat in this alloy stems
from 137mBa, 137Cs, and 133Ba. On the contrary, LiBaBi exhibits the
highest decay heat due to 21%Po, a decay product of 219Bj shown
in Fig. 10(a). The decay heat remains high in this alloy after one
and a half years when polonium decays due to contributions from
207Bj and 298Bi. During the first year and a half LiBaBi must be wet
cooled; afterwards, dry cooling can be utilized. Alloys containing Sn
and Zn behave fairly similar; LiPbZn and LiSnZn have the greatest
contribution from 6°Zn. After one year the activation products of Sn
do not allow the two tin-containing alloys to decay at the same rate

Fig. 8. Ternary diagrams for LiSnZn with lithium enriched to (a) 40% and (b) 90%; the solid lines represent TBR; dotted lines represent EMF.
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Fig.9. Decay heat (W/m?) as a function of time after irradiation for breeder/coolant
ternary alloys. The wet cooling and dry cooling constrains are indicated by the
horizontal lines.

as LiPbZn. Nevertheless, all three of the alloys can be switched from
wet cooling to dry after one year. Other lead containing alloys such
as LiSrPb and LiCuPb decay at faster rates such that dry cooling
can be implemented for LiSrPb in less than a month’s time, and
for LiCuPb in less than a week. LiGaPb is an interesting case—’2Ga
causes the decay heat of LiGaPb to be large in the beginning as seen
in Fig. 10(a). However, it significantly decreases after one week and
becomes the alloy with the lowest decay heat. At this time LiGaPb
will not need any additional active cooling. Most of the other alloys
will not need active cooling after 50 years with the exception of
LiBaBi, who does not meet this limit for 200 years.

3.4.2. Contact dose rate

Contact dose rates for all the alloys are illustrated in Fig. 11.
Note that the rates are given per cubic meter, not for the entire
volume of the breeder, 4418 m3. Similar to the decay heat, LiG-
aPb has the highest contact dose rate for the first week until 72Ga
decays, shown in Fig. 12(a). After this time, hypothetically speak-
ing, it would be possible to recycle with the appropriate equipment
at least 1m?3 of LiGaPb. Once the gallium alloy decreases, alloys
with zinc portray the largest contact dose rates from contributions
of 5Zn (Fig. 12(a)). LiNaSn is also in the same range of contact
dose rates at the beginning before 24Na and 22Na decay, shown in
Fig.12(b). Lead containing alloys such as LiPbZn, LiSrPb, and LiPbBa,
portray the lowest contact dose rates for the first six months. By
this time, the contact dose rate of LiSrPb has significantly decreased
due to the decay of 8Sr. On the contrary, the decay of LiPbBa occurs
much more slowly and LiPbZn decays much later, after five years. At
this point the contact dose rates of the other alloys are much lower.
The one exception is LiBaBi, whose isotopes decay at the slowest
rate of any other alloy, only decreasing the contact dose rate by an
order of a magnitude and a half in the first 300 years. Most alloys
meet the remote handling limit with 1 m3of their volume after 10
years. This allows fractions of the blanket to be recycled at a time.
Every alloy except LiPbBa, and LiBaBi will be able to be remotely
handled with the entire blanket volume at 100 years. By 300 years,
the only alloy that will not meet the 10 mSv/h constrain with 100%
of its volume is LiBaBi.
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Fig. 10. Isotopics of decay heat (W/cm?) after irradiation for (a) LiBaBi, LiPbBa,
and LiGaPb and (b) LiPbZn, LiSnZn, and LiNaSn. The wet cooling and dry cooling
constrains are indicated by the horizontal lines.

3.4.3. Accident dose

Unlike decay heat and contact dose rates, results for accident
dose include the contribution of tritium. Tritium will be separated
from the rest of the coolant after shutdown and recycled. Whereas
decay heat and contact dose rates are measured after shutdown,
a loss of coolant or flow is most likely to occur during normal
operation. The accident scenario in this study assumes immediate
release of the coolant to the environment without the use of any
shielding or containment structure to stop the release. Addition-
ally, it is important to note that results for accident doses, shown
in Table 4, are conservative due to the use of the Piet release frac-
tions as opposed to release fractions modeled from real accident
scenarios. From the results, 21%Po (decay product of 219Bi) con-
tains a high DCF and causes the accident dose to be the highest
in LiBaBi. Alloys containing lead such as LiPbBa and LiPbZn will
also be compromised by 210Po. Nevertheless, direct production of
Po from Bi causes the accident dose to be at least three orders of
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Fig. 11. Contact Dose Rates (Sv/h-m?) as a function of time after irradiation for
breeder/coolant ternary alloys.

Table 4

Accident Dose (AD) and Waste Disposal Ratings (WDR) for alloys.
Alloy AD (mSv/cm?) WDR
LiBaBi 1.54 3410
LiPbBa 5.64 x 1074 0.19
LiSnZn 1.08 x 103 0.09
LiSrPb 5.77 x 1074 0.05
LiGaPb 1.00 x 1073 0.18
LiCuPb 1.17 x 1073 0.15
LiPbZn 1.25%x 103 0.2
LiNaSn 6.62 x 10~4 0.07

magnitude higher. The accident dose in zinc containing alloys will
be dominated by 5°Zn due to its high radioactivity and release frac-
tion. The lowest accident doses are from LiPbBa and LiSrPb, being
only half of what it is for LiCuPb. With the exclusion of LiBaBi, the
accident dose constraint will only be met for all the alloys if about
8000-18,000 cm? of coolant escapes.

3.4.4. Waste disposal rating

The last activation parameter accounted for was the WDR to
verify that alloys meet requirements for shallow land burial. These
are listed in Table 4 for the entirety blanket volume. All the alloys
meet the WDR criteria (<1) except for LiBaBi; this is due to 208Bi.

From the evaluation above, LiBaBi exhibited the poorest perfor-
mance from all the alloys, mainly due to Bi. Additionally, the high
amounts of Po generated from Bi alloys can be of concern due to its
toxic and poisonous qualities [38,39]. With its high release fraction,
it can easily travel and be ingested by the public. As a result of all
this, bismuth-containing alloys will not be considered as potential
candidates for the coolant/breeder. Although 72Ga had a short life, it
was still the major isotope that exhibited high decay heat, accident
dose, and contact dose, respectively, and should be utilized with
caution. In addition, 89Co, an activation product of Zn, can also be
chemically toxic [40]. Although LiSrPb and LiCuPb were not closely
examined in this study, they seemed to perform fairly well com-
pared to other alloys specially those containing Sn and Zn. Future
work will take a closer look at the activation of Sr and Cu.
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Fig. 12. Isotopics of Contact Dose Rates (Sv/h) for (a) LiBaBi, LiPbBa, and LiGaPb and
(b) LiPbZn, LiSnZn, and LiNaSn.

4. Conclusions

The Lawrence Livermore National Laboratory is investigating
the possibility to design lithium ternary alloys to replace lithium
as blanket breeder/coolant of an IFE power plant that have similar
breeding, corrosion, and thermal properties, but reduced chemical
reactivity as compared to lithium. This study performed neutronic
and activation analysis of numerous lithium ternary alloys in order
to assess their performance in the LIFE blanket and guide the down
selection process. The neutronic analysis determined energy multi-
plication factor and tritium breeding ratio. It was found that the best
performing alloys (higher TBR and higher EMF) combine elements
that exhibit low absorption cross section and high Q-value such as
Sn, Ba, Sr, and Zn, with elements with high neutron multiplying
cross sections, like Pb and Bi. A large number of alloys, especially
with combinations formerly described, met TBR constrains of 1.05
and 1.1 and an EMF constrain of 1.1 for a wide range of lithium
concentrations. When the EMF constraint was increased to 1.2, the
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Table 5
Summary of Ternary Alloy Neutronic and Activation Analysis Results.

Neutronics

Activation Analysis

Minimum Li atom%

Time Required

Alloy Aggressive Conservative Semi-Conservative Decay Contact Amount WDR < 1
Heat Dose Released
(no Rate to
active (remote meet
cooling) handling Accident
of 1 Dose
cubic meter) (m3)
LiBaBi 45 20 15 200 years 100 years 6.49 no
LiPbBa 45 20 15 25 years 1 year 1.77 x 104 yes
LiSnZn 60 65 65 50 years 8 years 9.24 x 103 yes
LiCuPb NA 20 15 26 years 20 years 1.73 x 104 yes
LiGaPb NA 25 20 18 days 4 days 9.97 x 103 yes
LiSrPb NA 25 20 1.6 years 10 months 8.54 x 10° yes
LiPbZn 35 20 15 5 years 5 years 8.03 x 103 yes
LiNaSn 55 55 50 18 years 10 years 1.51 x 104 yes

demand to produce additional power was too high for most alloys
except for those containing Sn. Additionally, it was found that when
an alloy already contains a high amount of lithium (greater than
50%), doubling the ®Li content in lithium from 7.5% to 15% increases
TBR by 13%. After a certain percent of enriched °Li, the lack of tri-
tium and additional neutrons produced from 7Li(n,n’T) reactions
ends up reducing the TBR. At lower total lithium concentrations
(<50%), the TBR will continue to increase to higher 6Li enrichments
since the 7Li(n,n’'T) reactions will not be as significant.

Activation calculations were performed for a series of elements
that exhibited good TBR and EMF properties. This analysis revealed
bismuth as a poor choice; it had the highest numbers for all of the
criteria evaluated. Alloys containing Zn and Sn also showed some
of the highest decay heats, contact dose rates, and accident doses.
Most of the alloys examined can be stored in dry containers at an
estimated one year after shutdown. Additionally, after about 10
years, fractions of the volume of most blankets analyzed can be
recycled at a time (after adequate cooling) without exceeding the
remote handling limit. Accident doses were high in alloys contain-
ing Zn, Cu, or Ga, but were not high enough to pose a major safety
concern. With the exception of LiBaBi, activation analysis demon-
strated that all the alloys could be utilized as blankets of the IFE
reactor without posing major environmental or safety concerns.

A summary of the eight alloys that were closely looked at in this
study is outlined in Table 5. From the neutronics point of view, it
shows the minimum lithium atom concentrations that meet each
of the three criteria. Furthermore, it outlines some requirements
for each alloy to meet certain activation safety and environmental
parameters. Overall, one can see that from these two perspectives
the best alloys are LiPbBa, LiGaPb, LiSrPb, and LiPbZn. They have
some of the lowest minimum lithium concentrations to meet the
neutronics criteria, while best demonstrating their ability to meet
the activation parameters.

Future work will look further to examine activation in additional
alloys to see how the elements compare to those reviewed in this
work. Possibility of lithium enrichment will also be considered.
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