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Abstract Present designs for molten salt thermal reactors

require complex online processing systems, which are

technologically challenging, while an accelerator-driven

subcritical molten salt system can operate without an

online processing system, simplifying the design. Previous

designs of accelerator-driven subcritical systems usually

required very high-power proton accelerators ([ 10 MW).

In this research, a proton accelerator is used to drive a

thorium-based molten salt fast energy amplifier (TMSFEA)

that improves the neutron efficiency of the system. The

research results show that TMSFEA can achieve a long-

term stable state for more than 30 years with a rated power

of 300 MW and a stabilizing effective multiplication factor

(keff) without any online processing. In this study, a

physical design of an integrated molten salt energy

amplifier with an initial energy gain of 117 was accom-

plished. According to the burn-up calculation, a molten salt

energy amplifier with the rated power of 300 MWth should

be able to operate continuously for nearly 40 years using a

1 GeV proton beam below 4 mA during the lifetime. By

the end of the life cycle, the energy gain can still reach 76,

and 233U contributes 70.9% of the total fission rate, which

indicates the efficient utilization of the thorium fuel.

Keywords Molten salt � Energy amplifier � Energy gain �
Conversion ratio � Beam intensity

1 Introduction

The concept of an energy amplifier (EA) was proposed

by Rubbia et al. [1]. It is designed for continuous clean

energy production from abundantly available materials

using the simplest means and producing a minimal amount

of radioactive waste. Considering the linearly growing

accumulation of plutonium, which can cause nuclear pro-

liferation problems, the EA further explores the possibili-

ties of plutonium incineration by using a thorium–

plutonium mixture [2]. Based on the concept of EA, many

similar systems have been developed, aiming at nuclear

waste transmutation or fuel breeding, referred to as accel-

erator-driven system (ADS) [3–5]. Although Rubbia’s EA

and many other ADSs use solid fuel, a few ADSs based on

molten salt fuel have also been proposed [6–10] because

solid fuel has prohibitive power peaking problems.

Molten salt fuel is based on the dissolution of fissile

materials in an inorganic liquid. It is a family of liquid fuels

that serves as both fuel and coolant in molten salt reactors

(MSRs). Molten salt as a liquid fuel has some potential

advantages compared to conventional solid fuel rods, such

as avoiding the complex solid fuel fabrication/refabrication

process, adjustable fuel composition, fuel reprocessing

without shutting down the reactor, operating at a higher
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temperature, and thus raising the efficiency of thermo-

electric conversion. Since the concept of molten salt fuel

was proposed, MSR studies were mostly based on either

molten fluoride-based or chloride-based salt. Both types of

these fuel salts have good heat capacity and are chemically

stable. But there are some obvious differences between

fluoride and chloride molten salts. Compared with chlorine,

fluorine has a smaller neutron absorption cross section;

thus, it is a more effective moderator of neutrons. There-

fore, fluoride-based molten salts are commonly used in

thermal reactor design, while chloride-based molten salts

are mostly applied as fuel salts for fast reactors. In recent

years, many MSR concepts have been proposed, such as

the molten salt fast reactor (MSFR) [11], molten salt

actinide recycler and transmuter (MOSART) [12],

stable salt reactor (SSR) [13], dual fluid reactor (DFR),

[14], and a small modular molten salt reactor (SMMSR)

[15, 16]. In 2011, a thorium-based molten salt reactor

program (TMSR) [17] was initiated in China, which aims

to develop both solid and liquid fueled MSRs within

20–30 years in order to achieve efficient use of thorium

energy [18–20].

Concepts that combine ADS and molten salt fuel arose

in the 1980s. In these concepts, molten salts are mostly

presented as solutions for transmutation and thorium uti-

lization purposes. Furukawa et al. [21–23] developed an

accelerator molten salt breeder (AMSB) for the production

of fissile fuel by application of molten fluorides. Since the

early 1990s, Bowman et al. [24] have designed different

molten salt systems for accelerator-driven transmutation of

nuclear wastes: Two-stage molten salt systems, the so-

called Tier 1 and Tier 2, were proposed. Tier 1 is a once-

through accelerator-driven transmutation based on NaF–

ZrF4 molten salt. The actinide remnants from Tier 1

operation will be fed into Tier 2, which acts as a final

accelerator-driven transmuter. Unlike the Tier 1 system,

Tier 2 is based on Li–Be fluoride salts. The French Alter-

native Energies and Atomic Energy Commission (CEA)

proposed a concept of a thorium-based accelerator-driven

subcritical system, called TASSE (Thorium based Accel-

erator-driven System with Simplified fuel cycle for long

term Energy production), to transmute transuranium (TRU)

and produce power [25]. TASSE is also based on fluoride

molten salts. For the use of chloride-based molten salts, the

Japan Atomic Energy Research Institute (JAERI) has

developed a conceptual design of an accelerator-driven

nuclear waste transmuter based on a chloride-based molten

salt target/blanket system [26]. The molten salt acts as both

fuel coolant and spallation target. A mixture of NaCl–

PuCl3–MACl3 (where MA represents Np, Am, and Cm)

was chosen for the molten salt system, because chloride

molten salts have a higher actinide solubility than fluoride

molten salts.

In this paper, which combines the concepts of Rubbia’s

EA and accelerator-driven subcritical molten salt systems,

a conceptual design of thorium-based molten salt fast EA

(TMSFEA) is proposed. The main concerns of TMSFEA

design are stable high energy gain and efficient thorium

utilization. A ternary molten salt NaCl–PuCl3–ThCl4 is

chosen for the molten salt system of TMSFEA, because

plutonium has a much higher g (the number of neutrons

produced by fissions in fissile nuclides) than uranium in the

fast neutron region (E[ 100 keV). The ternary molten salt

acts as both fuel coolant and spallation target. To avoid

complex fuel reprocessing, a once-through fuel cycle mode

is adopted. Previous designs of ADS relied on GeV proton

accelerators achieving intensities of several tens of mil-

liamperes, which is by no means a trivial matter under the

current technical status of proton accelerators. Therefore,

the development timelines of ADS are still unpredictable.

In this work, the maximum beam intensity can be limited to

4 mA with a lifetime of almost 40 years, based on our

investigation of the proton energy, reflector design, geo-

metrical parameters of the core, composition of the NaCl–

PuCl3–ThCl4 fuel salt, and burn-up evolution.

The basic physics of EA is introduced in Sect. 2, while

the physical modeling is presented in Sect. 3. The calcu-

lation methods are given in Sect. 4. The results and dis-

cussion are provided in Sect. 5, and the conclusions are

drawn in Sect. 6.

2 Basic physics of EA

2.1 Energy gain

The energy gain (G) of an EA is defined as the ratio of

the total energy produced in the system to the power of the

accelerator beam [27]. The total energy produced by EA

can be expressed as

Ptot ¼ Zu� keff ip �Ef

ð1� keffÞ�m
; ð1Þ

where Z stands for the number of source neutrons gener-

ated per incident proton, ip is the required beam intensity,
�Ef is the average recoverable energy released in a fission, �m
is the average number of neutrons produced per fission, and

u* is the neutron source efficiency, which represents the

average importance of external source neutrons over the

average importance of fission neutrons [28]. It is defined as

u� ¼ 1� keff

keff

�mRf

S
; ð2Þ

where Rf is the fission reaction rate and S is the total

production of neutrons by the external source.
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By rearranging Eq. 1, the required beam intensity can be

expressed as

ip ¼
Pacc

Ep

¼ Ptot

Zu�
1� keffð Þ�m
keff �Ef

; ð3Þ

where Ep is the proton energy. The power of accelerator

beam is Pacc ¼ ipEp. Therefore, the expression of the

energy gain is

G ¼ Ptot

Pacc

¼ Zu�

Ep

keff �Ef

1� keffð Þ�m ð4Þ

Equation 4 shows that the closer keff is to 1, the larger

the energy gain. In addition, it is also advisable to enhance

the energy gain by increasing Z and u*. For the molten salt

spallation target used in the TMSFEA, increasing the

content of HM in the molten salt can effectively improve

Z and u*, thus enhancing the energy gain and decreasing

the required proton beam intensity.

2.2 Conversion ratio

The Th–U breeding performance is quantitatively

described by the conversion ratio (CR). The CR can be

expressed as

CR ¼ Rfertile
c

Rfissile
a

; ð5Þ

where Rfertile
c represents the neutron capture reaction rate of

fertile nuclide and Rfissile
a stands for the neutron absorption

reaction rate of fissile nuclides. For the starting fuel of

TMSFEA, the only fissile and fertile nuclides are 232Th,
239Pu, and 241Pu. Therefore, Eq. 5 can be simplified as

CR ¼ Rc
232Thþ 240Puð Þ

Ra
239Puþ 241Puð Þ ; ð6Þ

CR can also be analyzed from the neutron balance point

of view. Equation 7 gives the neutron balance in a critical

fast reactor [29].

CR ¼ gþ e� 1� lA þ lLð Þ; ð7Þ

where g refers to the number of neutrons produced by

fissions in fissile nuclides (per absorbed neutron), e is the

average number of excess neutrons produced by fissions in

fertile nuclides, lA is the number of neutrons absorbed in

non-fuel materials, and lL is the number of neutrons lost by

leakage. For the subcritical facility, the contribution of

external source neutrons has to be considered, and Eq. 7

becomes

CR ¼ gþ eþ l� 1� lA þ lLð Þ; ð8Þ

where l is an external source of neutrons normalized to

neutron absorption in fissile nuclides. By applying Eq. 2, l
can be expressed as

l ¼ S

Rfissile
a

¼ �m 1� keffð Þ
keffð1þ aÞu� ; ð9Þ

where Rfissile
a refers to the neutron absorption reaction rate

in fissile nuclides and a is the capture–fission ratio. By

inserting Eq. 9 into Eq. 8, the expression of CR becomes

CR ¼ gþ eþ �m 1� keffð Þ
keffð1þ aÞu� � 1� lA þ lLð Þ: ð10Þ

Equation 10 shows that keff and CR are two competitive

parameters. It is feasible to improve CR by increasing the

subcriticality. However, the cost is the necessity to increase

the proton beam intensity and decrease the energy gain. It

is also noted that g plays an essential role in realizing the

breeding (CR [ 1). From the breeding point of view, g
must be large enough (significantly greater than 2). Fig-

ure 1 shows the g ratio of four fissile nuclei, namely 233U,
235U, 239Pu, and 241Pu, in the thermal, resonance, and fast

regions. It can be seen that g of both nuclei rapidly

increases with increasing energy in the fast range

(E[ 100 keV), and 239Pu and 241Pu have the largest g in

this region. Therefore, 239Pu and 241Pu have better breeding

performance if the average energy of neutron spectrum is

higher than * 100 keV. As a result, the conversion ratio

increases with increasingly harder neutron spectrum. To

harden the neutron spectrum, the density of light nuclei in

the core should be restricted.

Fig. 1 (Color online) g ratio as a function of the neutron energy for

different fissile nuclei

123

Preliminary neutron study of a thorium-based molten salt energy amplifier Page 3 of 12 41



3 Physical modeling

3.1 TMSFEA system

The TMSFEA is an accelerator-driven subcritical sin-

gle-fluid molten salt system. Instead of achieving a self-

sustained chain fission reaction in a critical reactor,

TMSFEA uses a subcritical facility to generate energy by

introducing extra neutrons produced in the spallation

reaction. The general layout of TMSFEA is displayed in

Fig. 2. A proton-driver accelerator is coupled to a sub-

critical facility, and a beam of energetic protons from the

accelerator is directly injected into the molten salt, which is

held in the reflector, and spallation neutrons are produced

to sustain the fission reaction in the subcritical facility. The

entire system could be shut down simply by switching off

the proton beam rather than inserting any control rods,

which makes TMSFEA a much safer system than con-

ventional fission reactors. The fission heat produced in the

subcritical core is transferred to the secondary heat

exchanger through the primary heat exchanger and then

transmitted to the turbine/generator for electricity genera-

tion, which can partially be used to run the accelerator.

3.2 Molten salt fuels

One of our primary design goals for TMSFEA is the use

of thorium fuel. In a fast neutron subcritical facility, the net
233U production rate from Th with Pu as the starting fuel is

much higher than that with U as the starting fuel, because
239Pu and 241Pu have much larger g under the fast spec-

trum, as described in the previous section. The molten

fluoride salt system has been extensively studied for many

years at Oak Ridge National Laboratory as the fuel salt of a

molten salt reactor [30] and the target salt of an accelera-

tor-driven transmutation system [7]. However, the solu-

bility of PuF3 in the fluoride salt is limited, which will

seriously affect the loading capacity of Pu in fluoride salts.

Moreover, fluorine has a smaller mass number, which is a

disadvantage for the neutron spectrum hardening, and thus

reduces g of 239Pu and 241Pu. In addition, as a spallation

target salt, the fluoride salts have a lower spallation neutron

production performance, because the solubility of HM in

the fluoride salt is not high enough.

Therefore, a ternary chloride-based molten salt system

containing thorium and plutonium was chosen in our

design. Molten salts containing thorium and plutonium

halides have been widely studied in the nuclear industry

since the 1970s, and much research has been conducted

regarding their physicochemical characteristics. The

results, especially melting diagrams, are the basis of our

design. Among these melting diagram results, the NaCl–

PuCl3–ThCl4 and the ThCl4–KCl–PuCl3 molten salt sys-

tems have a more reasonable melting point for our design.

In addition, sodium has a smaller neutron absorption cross

section than potassium; therefore, NaCl–PuCl3–ThCl4 was

selected as the fuel in our TMSFEA design. Figure 3

illustrates the ternary phase diagram [31] for NaCl–PuCl3–

ThCl4 (in mol%), and the expected melting temperature for

any mixture of NaCl–PuCl3–ThCl4 is shown. The eutectic

point E1 (46.5 mol% NaCl, 18.5 mol% PuCl3, and

35.0 mol% ThCl4) has the lowest melting temperature of

325 �C. Therefore, the range of specific NaCl–PuCl3–

ThCl4 fuel salt implementations for any given melting

point between 325 and 700 �C is allowed to be investi-

gated. Of particular interest are mixtures having a melting

Fig. 2 (Color online) Schematic diagram of TMSFEA
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point of less than 550 �C, which are illustrated in the gray

region of the ternary phase diagram. Various specific

compositions of NaCl–PuCl3–ThCl4 fuel salt in the gray

region can be used in the TMSFEA. The choice of the final

composition depends on a variety of factors, including the

spallation neutrons production performance, the energy

gain, and the Th–U breeding performance.

As for the material compatibility problem, the majority

of chloride-based salts are not aggressively corrosive to

stainless steels or nickel-based alloys at a reactor temper-

ature without the presence of oxygen [32]. However, long-

term operation requires a high degree of material com-

patibility, and considerable future research of chloride salts

is needed, since most of the available information relates to

fluoride-based salts with uranium dissolved inside. In

addition, as described in the ORNL report: [33] ‘‘in-core

testing of material compatibility of structural materials

exposed to fuel-bearing chloride salts has yet to be per-

formed, so materials compatibility cannot yet inform the

salt selection.’’

3.3 Subcritical facility modeling

The schematic of the subcritical facility of TMSFEA is

shown in Fig. 4. To simplify the core structure, a single-

fluid type design is adopted. The average operating tem-

perature of fuel salt is 963 K, which refers to the design of

REBUS-3700 [34]. The fuel salt is poured into a cylindrical

core barrel which is made of Hastelloy-N with a 2 cm

thickness. A reflector was employed to reduce the leakage

of neutrons. A 5-cm-thick Hastelloy-N vessel is placed

outside the reflector. A proton beam is transported in a

1-cm-thick Hastelloy-N tube and is injected into the core.

The outer diameter of the beam tube is 20 cm, which refers

to the beam tube design of Rubbia’s EA [1]. In addition,

initially, the plutonium in the ternary molten salt system

consists of about 1.9 wt% 238Pu, 58.6 wt% 239Pu,

23.8 wt% 240Pu, 10.2 wt% 241Pu, and 5.5 wt% 242Pu,

which is considered to be a typical isotopic composition of

plutonium recovered from PWR spent fuel [35].

4 Calculation methods

In this work, the Monte Carlo code MCNP6.1 [36] was

used for our main calculations, and the point burn-up code

ORIGEN2.0 [37] was employed for depletion and decay

calculations. The intra-nuclear cascade physics model

INCL coupled with the ALBA evaporation model in

MCNP6.1 was used for high-energy nuclear reactions. The

evaluated nuclear data library ENDF/B-VII.1 was used for

neutron energies up to 150 MeV. MCNP6.1 has two cal-

culation modes, one of which is an eigenvalue mode by

using Kcode card, and the other is a fixed-source mode. In

our calculations, only the subcriticality factor keff was

calculated using the KCODE mode, while in all other

calculations the fixed-source mode in MCNP6.1 was

adopted.

The flowchart of the burn-up calculation process is

presented in Fig. 5. The burn-up calculation was imple-

mented using MCNP6.1 and ORIGEN2.0. First, examining

whether keff is less than 1 using KCODE calculations, and

if not, ending the calculation or calculating the fluxes and

one-group cross sections of burn-up regions using a fixed-

Fig. 3 Phase diagram of NaCl–PuCl3–ThCl4

Fig. 4 (Color online) Schematic diagram of the subcritical facility

model
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source mode, then ORIGEN2.0 calculations are carried out

to get new compositions for each burn-up region for the

next time step. After that, the density and composition of

the molten salt in MCNP6.1 input card need to be modified,

and a new round of iterative calculation begins until the

iteration condition is not satisfied (keff greater than 1 or the

total number of total burn-up steps is exceeded).

To test our calculation method, the ADS benchmark

problem of the International Atomic Energy Agency

(IAEA), which is a thorium-based subcritical reactor

model, [38] was analyzed. The evolution of the effective

multiplication factor and the intensity of an external source

(can be converted into beam intensity) evolution is inves-

tigated. The comparison results are shown in Fig. 6. The

black lines are our results, the red lines are the outcomes of

the Japan Atomic Energy Research Institute (JAERI), and

the blue ones are from the Karlsruhe Institute of Tech-

nology (KIT). For keff evolution, the black line shows a

good agreement with other results. Due to differences in

the calculation programs and the nuclear data library, there

are still some differences in those curves, but they have the

same variation trend. In addition, our results are closer to

those from the JAERI, since both of them are based on the

Monte Carlo method. Regarding the evolution of the

intensity of the external source, since KIT did not provide

any relevant calculation results, we only compared the

calculation results with the JAERI data, and they also show

good agreement. Therefore, the calculation method can be

used in the TMSFEA investigation.

5 Results and discussion

5.1 Optimization of TMSFEA design parameters

According to Eq. 4, the amount of energy gain depends

on the proton energy Ep, performance of the spallation

target (i.e., Z and u*), and the characteristics of the sub-

critical facility (i.e., keff , �Ef , and �m). The value of �Ef is

mainly determined by the fission nuclides of the fuel and

can be considered constant when the proton energy varies

[39]. For the starting fuel of TMSFEA, the only fissile

nuclides are 239Pu and 241Pu. The values of �Ef for 239Pu

and 241Pu are 199.88 MeV and 201.88 MeV, respectively

[40]. In this work, the compromise value of 200 MeV was

chosen for the energy gain calculation.

For a fixed core structure and molten salt composition,

the variation of energy gain with proton energy was

Fig. 5 Flowchart of the

calculation
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calculated. In Fig. 7, the energy gain is plotted as a func-

tion of the energy of the incident proton. The results show

that the energy gain increases rapidly with increasing

proton energy up to about 1000 MeV and reaches the

maximum value at about 1600 MeV. Table 1 gives the

specific values of Z, u*, �m, and energy gain G. As shown in

Table 1, the value of �m is hardly changed with the proton

energy, since �m is determined by the fuel composition.

When the proton energy is below 1000 MeV, u* increases

with the proton energy enhancement, which is due to the

larger production of high-energy neutrons, which can

produce more fission neutrons. However, when the proton

energy is greater than 1000 MeV, u* does not vary with

the proton energy, which is mainly due to the increasing

cross section of pion generation and the difficulty of pro-

ducing higher energy neutrons. It is also noted that when

the proton energy is increased from 1000 to 1600 MeV (an

increase of 60%), the energy gain increases only by 8%.

Therefore, from the economic perspective, the proton

energy of 1000 MeV is chosen in our design.

Fig. 6 (Color online) Results of IAEA-ADS benchmark. a Evolution of keff, b evolution of source intensity

Fig. 7 Energy gain as a function of proton energy for proton beams

Table 1 Dependence of neutron parameters on proton beam energy

Proton energy (MeV) Z u* �m G

400 4.89 1.62 2.99 65

600 9.80 1.69 2.99 90

800 15.18 1.71 2.99 106

1000 20.49 1.72 2.99 116

1600 35.49 1.72 2.99 125

1800 39.89 1.72 2.99 125

2000 44.24 1.72 2.99 125
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The subcriticality factor keff also has a significant impact

on the energy gain. The closer the neutron multiplication

factor to 1, the greater the energy gain. However, the

choice of keff is mainly based on the consideration of

safety. A reasonable subcriticality margin should be con-

sidered to avoid a critical accident at a subcritical facility.

Therefore, the initial keff value was set to 0.98 in our

design.

In addition to the energy gain, another concern of

TMSFEA is the Th–U breeding performance. As shown in

Eq. 10, the Th–U breeding performance can be enhanced

by reducing the leakage ratio. There are two ways to reduce

the leakage ratio: one is to arrange a reflector, and the other

is to increase the core size. To assess the influence of the

reflector on CR, the initial CRs of different layouts of

reflector are calculated and shown in Fig. 8. Unlike the

monotonic increase in CR for a lead reflector, with an

increase in the graphite reflector thickness, CR tends to

increase first and then to decline when the thickness is

larger than 10 cm. As shown in Fig. 9, the tendency to

increase CR for the graphite reflector is due to the larger

positive contribution of lL. After 10 cm, a significant

increase in lA leads to a decrease in CR, since the softened

spectrum increases the neutron absorption by non-fuel

nuclides. Furthermore, CR for both reflectors becomes

almost steady when the thickness is larger than 60 cm.

Figure 10 shows the neutron spectra of the core for

different reflector arrangements; the layout of reflectors can

significantly soften the neutron spectrum, especially for

graphite. It can be noticed that even 10 cm of graphite has

a softer spectrum compared to lead with the thickness of

90 cm, which explains the variation trend of the neutron

parameters, as shown in Fig. 8. Considering that the

breeding of thorium in a plutonium-started core needs a

harder neutron spectrum, a lead reflector is more suit-

able for our design.

An increase in the core size can also reduce leakage ratio.

The height–diameter ratio of the core is fixed to 1. Figure 11

shows that CR and keff change as the core size is increased.

The larger the core, the lower the neutron leakage and,

consequently, the higher the keff and CR. Furthermore,

enlarging the core barely has any effect on the spectrum or

spectrum-related parameters (i.e., g, lA, l, and e).
The composition of NaCl–PuCl3–ThCl4 fuel is also

optimized tomeet the criticality and the CR requirements for

long-term operation of the EA system. Based on the above

analysis, a 60-cm liquid lead reflector was chosen. In order to

keep a subcritical state and achieve breeding, keff is set to

0.98, and CR should be above 1. These conditions can be

used to determine a relatively reasonable fuel salt compo-

sition. Figure 12 shows the variation of CR for different fuel
Fig. 8 (Color online) Initial CR and keff for different reflector

arrangements

Fig. 9 (Color online) Neutron parameters as the functions of the

thickness of different reflectors

Fig. 10 (Color online) Neutron spectrum for different reflector

arrangements
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salt compositions. There is no adaptive area in Fig. 12a,

which means that the 120 cm radius core does not satisfy the

breeding condition. When the radius of the core is set to

150 cm in Fig. 12b, the contour line of keff = 0.98 intersects

with the region CR[ 1 satisfying the breeding condition of

the EA. The composition marked with a star in Fig. 12b is

chosen in the molten salt EA design because it has a rea-

sonable CR and melt temperature (* 530 �C).
After the optimization, the main parameters of

TMSFEA are listed in Table 2.

5.2 Burn-up analysis

The evolution of TMSFEA keff and beam intensity with

three different kinds of thermal power is displayed in

Fig. 13. A 300MWth facility has the steadiest keff, and thus a

relatively gentle evolution of the beam intensity compared to

the other two kinds of cases with higher power. At a rated

power, TMSFEA is expected to have a steady energy gain;

namely, it meets the stable beam intensity requirement

during the operation. As can be seen from Eq. 3, the beam

intensity of TMSFEA is mainly affected by keff, Z, �Ef , �m, and
u*. Except for keff, variations in other terms are small.

The keff evolution is associated with CR, which must be

higher than approximately 1.03 to maintain stability in

cases of Pu–Th loading, since g for Pu is about 1.03 times

higher than that of 233U in this spectrum. Taking the ther-

mal power of 1 GW as an example, the value of keff
monotonically decreases when CR is below 1.03 after

5 years. In addition, due to the effect of Pa, keff shows a

rapid decline in a few days after the beginning, which

results in an increase in beam intensity at the beginning of

the operation. It is also worth noting that the CR of 1 GW

thermal power drops to a minimum value (* 0.89) and

then has a certain increase, which is due to the increased

contribution of the external neutron source.

The evolution of the Pu and 233U at thermal powers, 300

MWth and 500 MWth, is presented in Fig. 14. As the contri-

bution of 233U to the total fission rate increases, the net pro-

duction rate of 233U will gradually decrease. The net 233U

production at 500 MWth thermal power starts decreasing after

45 years, since 233U contributes about 85% of the total fission

rate, which can greatly increase the consumption of 233U.

Under different beam intensity restrictions, the produc-

tion of 233U and the amount of Pu transmutation are given

in Table 3. The results indicate that the lifetime is much

longer for 300 MWth. For a maximum beam intensity limit

of 6 mA, the lifetime of TMSFEA for 300 MWth and 500

Fig. 11 (Color online) Initial CR and keff for different core sizes

Fig. 12 CR as a function of fuel salt composition. a The radius of the core is 120 cm, b the radius of the core is 150 cm

123

Preliminary neutron study of a thorium-based molten salt energy amplifier Page 9 of 12 41



MWth is 51 and 24 years, respectively. At the end of the

service life, about 57% of Pu and 16% of Th were con-

sumed at 300 MWth, compared with 50% and 13% at 500

MWth. Furthermore, the net production of 233U is 7%

higher at 300 MWth than at 500 MWth. With the maximum

beam intensity limit of 4 mA, the lifetime of TMSFEA at

300 MWth is 39 years, and the maximum fission rate

contribution of 233U is 70.9%, which indicates the efficient

thorium utilization. At the end of the life cycle at 300

MWth with a 4 mA limit, the energy gain is 76, while that

with a 6 mA limit is 53. Therefore, TMSFEA is recom-

mended to operate at 300 MW with a 4 mA beam intensity

limit, because the energy gain can be maintained at a

higher level.

6 Conclusion

To assess the stable high energy gain and thorium uti-

lization with a lower beam intensity requirement in the

accelerator-driven system, a preliminary physical design of

TMSFEA is proposed, and the design parameters are

optimized by investigating the proton energy, reflector

design, geometrical parameters of the core, fuel salt com-

position, and burn-up evolution. Conclusions drawn from

the above analyses are presented below.

When using the NaCl–PuCl3–ThCl4 ternary molten

salt system as a spallation target, the energy gain rapidly

increases with an increase in proton energy up to about

1000 MeV. The energy gain slightly increases when the

Table 2 Main design

parameters of TMSFEA
Parameters Value

Initial subcriticality factor keff 0.98

Proton energy (GeV) 1

Beam tube external diameter (cm) 20

Window material Hastelloy-N alloy

Beam radius at spallation target (cm) 7.5

Initial fuel composition (mole ratio %) 40.0NaCl-8.5PuCl3-51.5ThCl4

Fuel salt volume (m3) 21.2

Initial Pu/Th loading (t) 5.7/33.5

Average fuel temperature 963 K

Doppler reactivity coefficient (pcm/k) - 0.65

Void coefficient (pcm/k) - 10.56

Reflector material Liquid lead

Reflector thickness (cm) 60

Energy gain 117

Fig. 13 (Color online) Time evolution of keff, CR, and beam intensity. a Evolution of keff and CR, b evolution of beam intensity
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proton energy is greater than 1000 MeV. Therefore,

1000 MeV is a more reasonable energy for the incident

proton. A reflector can effectively reduce neutron leak-

age, but it can also soften the neutron spectrum of the

core. Compared to a graphite reflector, a liquid lead

reflector moderates the neutron spectrum somewhat less,

which is more suitable for the design of TMSFEA. By

changing the core size and the composition of NaCl–

PuCl3–ThCl4 fuel, the main parameters of TMSFEA are

obtained, which yields an initial energy gain of 117.

Based on our design, burn-up analyses are carried out at

three thermal power levels. With a maximum beam

intensity limit of 4 mA, the lifetime of TMSFEA at 300

MWth is 39 years. By the end of the life cycle, energy

gain can still reach 76, and 233U contributes 70.9% of

the total fission rate, which indicates the efficient tho-

rium utilization.

The present work is mainly focused on a one generation

system that is launched using plutonium fuel. However,

there are plenty of available actinides in the discharged fuel

of the TMSFEA. By removing the fission products from the

end of cycle of the previous generation TMSFEA fuel, only

fresh thorium must be added to the fuel to start the next

generation TMSFEA. To further enhance the thorium uti-

lization, a multi-generation TMSFEA will be studied in our

future work.
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