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ABSTRACT 
IRIS is a 335 MWe PWR with integral primary circuit. Its design is compatible with long cycles, up to 4 years. 
Advanced fuel management techniques are employed to support this objective; among others, novel use of burnable 
absorbers is considered. Erbium is one absorber that is currently utilized in PWRs. It has several desirable properties, 
notably, it is a resonant absorber, thus making the reactivity feedback coefficients more negative. However, it also has a 
non-trivial residual reactivity penalty, due primarily to its isotope 166Er. This paper examines the improvement in core 
neutronics and cycle economics that could be achieved if isotopically modified erbium (with reduced 166Er fraction and 
increased 167Er fraction) is employed as burnable absorber, instead of natural erbium, thus eliminating or reducing the 
reactivity penalty. The core performance with modified erbium absorber remains otherwise similar to that employing 
natural erbium burnable absorber. The gain in reactivity may be used to extend the cycle, or, the 235U enrichment may 
be reduced (for the same cycle length) with a corresponding saving in the uranium enrichment cost. This gain has been 
employed to estimate the breakeven cost of producing the modified erbium through Laser Isotope Separation (LIS). A 
model to evaluate LIS economics is being developed and will serve as a basis for further studies.  Preliminary analysis 
indicates that this approach may result in an overall reduction of the fuel cycle cost.  
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1 INTRODUCTORY ASSEMBLY STUDY  
IRIS[1][2][3] core consists of 89 fuel assemblies with 264 fuel rods in a 17x17 square array. The central 
position is reserved for in-core instrumentation, while the other 24 positions provide guide thimbles for the 
control rodlets.  The core and fuel technology is similar to those of a conventional Westinghouse PWR 
design.  In particular, UO2 fuel is employed with currently licensable 235U enrichment (i.e. < 5 w/o). 

However, IRIS pursues aggressive goals in terms of cycle length and low soluble boron concentration in the 
coolant.[4]  These objectives prompted some innovations in the core characteristics.  The core is designed for 
a nearly seven-year fuel residence time with about 3.5 years cycle length, and half-core reload.  This is 
achieved through a combination of fresh fuel 235U enrichment of 4.95 w/o and reduced average linear power 
density. The fuel pellet diameter and fuel rod diameter, d, are similar to the Westinghouse 17x17 fuel 
assembly design, but the lattice pitch to rod diameter ratio, p/d, is increased from ~1.33 of the standard 
design to ~1.40. In this way an additional amount of water is available for neutron moderation, which 
enables better fuel utilization and higher discharge burnup. Additionally, a stainless steel radial reflector 
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improves fast neutron reflection back into the core benefiting the overall neutron economy and core 
reactivity (beside reducing neutron fast fluence on the vessel wall).  Notably both the stainless steel reflector 
and the enhanced p/d ratio are implemented at virtually no penalty on the vessel size, since the vessel 
diameter is mainly dictated by the volume necessary to fit the steam generators which are enclosed in the 
vessel in the IRIS integral primary circuit design.  

The effect of the increased moderation can be estimated by assembly calculations, whereas the effect of IRIS 
thick reflector has been evaluated in a separate study and amounts to roughly 2-3% increase in cycle length.  
Figure 1 displays K-inf vs. burnup, BU, for an assembly with fuel arranged in a 17x17 lattice, either a 
standard or IRIS lattice with enhanced moderation.  No burnable absorbers (BAs) are considered and 235U 
concentration is 4.95 w/o.  For a meaningful core lifetime prediction based on assembly calculations, we 
have selected assembly burnup range representative of the core average EOC burnup. 

K-inf vs. BU for IRIS and standard PWR 17x17 with U235 4.95 w/o 
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Figure 1.  K-inf vs burnup when no BA and different lattices are employed 

 

As the low bound of this range we consider the average burnup of once-burnt fuel at EOC (orange line), in 
this case ~29 GWd/tU. This represents the core being driven primarily by the most reactive, once burnt fuel. 
As a more realistic value we take the average power-weighted burnup of the whole core (green line), ~36 
GWd/tU. The cycle length gain based on increased reactivity varies between 9% and 5% in the considered 
burnup range  

A combination of burnable absorbers, control rods and soluble boron is employed in IRIS to accomplish the 
reactivity control, as it is in current PWRs.  The choice of the burnable absorber is important in pursuing 
IRIS design objectives, i.e. optimized neutron economy, low peaking factors, and favorable reactivity 
coefficients while retaining long cycle and low soluble boron concentration.  Several options were analyzed 
over the course of IRIS development, including the integral fuel burnable absorber (IFBA) in the form of 
thin ZrB2 coating.  IFBA has many desirable characteristics including no reactivity penalty at EOC, and is 
commonly adopted in Westinghouse core designs.  This paper instead focuses on the use of erbium which 
due to its lower absorption cross section depletes more slowly than boron, thus providing reactivity control 
over extended cycle lengths.  Erbium is also a resonant absorber which leads to a more negative moderator 
temperature coefficient (MTC) than other BAs. Erbium in the form of erbia (Er2O3) can be directly mixed 
with UO2 in the fuel pellet. 

Unfortunately, erbium also has a non trivial residual reactivity penalty even at EOC, as shown in Figure 2.  
Cycle length reduction seems to amount to ~8% when comparing reactivity of IRIS lattices with erbium and 
IFBA (magenta and blue lines). However, due to the long cycle, erbium reactivity penalty is lower in IRIS 
compared to present PWRs, and it is further partially offset by the reactivity gain coming from the ability to 
use increased moderation lattice. A meaningful assessment may be performed by comparing a standard 
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17x17 lattice with IFBA BA and IRIS 17x17 lattice with erbium BA.  The reactivity penalty is greatly 
reduced in this last case, e.g. from some 8 % to less than 2% if a BU of 36 GWd/tU is considered as relevant.  

K-inf vs. BU for IRIS and standard  17x17 with U235 4.95 w/o 
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Figure 2.  K-inf vs. burnup when Erbia and IFBA are used in different lattices 

 

Natural Erbium composition along with a summary of its neutronic properties is shown in Table 1.  167Er has 
a thermal cross section of roughly 670 barns, and almost complete depletion of the original 167Er contained in 
IRIS fresh fuel would occur by the time the fuel is discharged.  However, new 167Er is continually produced 
during fuel burnup by neutron capture in 166Er and this 166Er (via newly produced 167Er) is mainly responsible 
for the reactivity penalty at EOC observed in Figure 2. 

Table 1.  Natural erbium isotopic composition and basic neutronic properties[5] 

Isotope Abundance 
(a/o) 

Thermal 
capture XS 

(barns) 

Resonance 
capture integral 

(barns) 
166E(a) 35.35 15 100 

167E 22.95 670 3000 
168E 26.8 2.3 37 
170E 14.9 6 30 

(a) – combined abundance of 162Er, 164Er and 166Er 

 

Consequently, an isotopically modified erbium with reduced 166Er content and increased 167Er content 
(“modified erbium”) would provide an increase in cycle length with respect to natural erbia fuel.  The gain 
can be considerable as shown in Figure 3: if 166Er is completely removed from erbium the increase is some 
9% at 30 GWd/tU and 5% at 36 GWd/tU.  Notably, the desirable effect on MTC is unaffected by 166Er 
removal, as evident by comparing the values of the resonance capture integral shown in Table 1. 

The magnitude of the reactivity increase allowed by erbium isotopic modification prompted further analysis.  
Several erbium compositions were assumed and their effect on reactivity was evaluated.  In order to 
accurately assess their effect, the single assembly model was replaced by full core geometry. Equilibrium 
cycle was reached with two-batch low-leakage reload and checkerboard fuel shuffle technique.  In this way, 
a complete neutronic assessment of modified-erbium fuel was accomplished.  Cycle length as well as other 
relevant core parameters were examined. 
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The results show that substantial economic benefits could be accomplished through erbium isotopic 
modification while retaining the advantages of natural erbium fuel outlined above (i.e. low soluble boron 
concentration, simplicity of design, low core peaking factors and negative MTC). 
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Figure 3.  K-inf vs. burnup when natural and modified Erbia are employed 

 

2 CORE ANALYSIS 

2.1 Methodology 
IRIS core design is based on a two-batch reload scheme with 235U at 4.95 w/o for most of the fuel stack axial 
length. Reduced (2.10 w/o 235U) enrichment is used for axial blankets and to mimic once-burnt fuel 
assemblies in the first cycle.  Natural erbium BA is employed in the fresh, higher enrichment fuel.  After a 
suitable loading pattern was determined for the first cycle, a fuel-shuffle technique was devised and used to 
reach the equilibrium cycle.  In this way a core design relying on natural erbia BA was established and used 
as a reference through the development of the following analysis. 

A total of four erbium isotopic compositions (shown in Table 2) were assumed to evaluate modified erbium 
behavior.  Percentages of the isotope 166E primarily responsible for the residual reactivity penalty are 
respectively 35.35 a/o (natural content), 20.00, 10.00 and 0.00 a/o.  Percentages for the remaining isotopes 
were calculated assuming that the isotope separation process is perfectly selective, i.e. it is able to remove 
only the target isotope (166E) and leave intact the others and their mutual ratio.   

Table 2.  Erbium isotopic compositions 

Er isotopes Natural Er 20% 166Er 10% 166Er No 166Er 
166Er 35.35% 20.00% 10.00% 0.00% 
167Er 22.95% 28.40% 31.95% 35.50% 
168Er 26.80% 33.16% 37.31% 41.45% 
170Er 14.90% 18.44% 20.74% 23.05% 

 

In the three new cases with isotopically modified erbium, fuel with natural erbium BA was replaced by fuel 
with modified-erbium BA such that while the 166Er concentration was reduced, 167Er concentrations was 
maintained to preserve similar global reactivity and power shape characteristics. As expected, the 
equilibrium cycle length increased as 166Er was removed from erbium.  The longer cycle results in less 
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outage, higher discharge BU and reduced volume of radioactive waste.  All these factors contribute to 
decreasing the cost of electricity production, but assessment of their economic value is complex. To 
eliminate effect of external factors and enable direct comparison for different cases, cycle length was kept 
constant while 235U enrichment was reduced as allowed by the reduced reactivity penalty.  In this way a cost 
breakeven point for 166Er removal was established. 

2.2 Core description 
IRIS loading pattern and fuel shuffle technique are shown in Figure 4.  The best compromise between power 
peaks, fuel utilization and neutron economy is sought through a checkerboard placement of fresh and burnt 
fuel in the centre, with most of the periphery locations occupied by burnt fuel.  Cycle 1 consists of split-feed, 
i.e. a checkerboard arrangement of fresh fuel at two 235U enrichments (4.95 and 2.10 w/o) to mimic the two-
batch reload equilibrium cycle.  Subsequent cycles evolve according to a self-generating fuel shuffling 
pattern (same fuel shuffling at each reload) and reach equilibrium after 6 cycles.   

In particular, Figure 4 shows: feed fuel denomination, initial 235U enrichment, and erbia-type fuel 
denomination.  When employed in an assembly, erbia BA is present in all fuel rods of that assembly in equal 
concentration. Specifications for the feed fuel and initial erbia concentrations are given in Table 3. Erbia 
concentrations for the modified-erbium cases are given in Table 4.  As previously outlined, total erbium 
concentrations are tailored to reproduce the same 167Er concentration for each case of modified-erbium BA. 

1 2 3 4 5 6

Feed 5 Feed 1 Once Burned Feed 2 Feed 3 Once Burned Axial Composition (not to scale)
Feed1 through Feed 4

2.10-No Er 4.95-Erbia 1 4.95-Erbia 2 4.95-Erbia 2 4.95-Erbia 3 4.95-Erbia 1

Feed 1 Once Burned Feed 1 Once Burned Feed 3 Once Burned

4.95-Erbia 1 4.95-Erbia 1 4.95-Erbia 1 4.95-Erbia 4 4.95-Erbia 3 4.95-Erbia 2 Axial Blankets

(U-235@2.10 w/o,noBA)

Once Burned Feed 1 Once Burned Feed 2 Feed 4

(U-235@4.95 w/o,noBA)

4.95-Erbia 2 4.95-Erbia 1 4.95-Erbia 1 4.95-Erbia 2 4.95-Erbia 4 168" total
active length

Feed 2 Once Burned Feed 2 Once Burned Once Burned Erbia bearing portion

(U-235@4.95 w/o,Erbia1 through 4)

4.95-Erbia 2 4.95-Erbia 4 4.95-Erbia 2 4.95-Erbia 3 4.95-Erbia 3

Feed 3 Feed 3 Feed 4 Once Burned

4.95-Erbia 3 4.95-Erbia 3 4.95-Erbia 4 4.95-Erbia 3

Fresh higher enriched fuel

Once Burned Once Burned Burned/lower enriched fuel

Once Burned Fuel type
4.95-Erbia 1 4.95-Erbia 2

4.95-Erbia 1 Initial U-235 w/o and Erbia pellet type

5

6

1

2

3

4

 
Figure 4.  IRIS loading pattern (core quarter) 

Table 3.  Feed fuel specifications (natural erbium) 

Batch 
name 

Number of 
Assemblies 

235U w/o 
(center/blanket) 

Erbia 
type 

Er2O3 
concentration 

(w/o) 

167Er content 
(Kg/batch) 

Feed 1 12 4.95/2.10 Erbia 1 1.95 26 
Feed 2 12 4.95/2.10 Erbia 2 1.75 23 
Feed 3 12 4.95/2.10 Erbia 3 1.40 18 
Feed 4 8 4.95/2.10 Erbia 4 0.40 4 
Feed 5 1 2.10/2.10 No Erbia 0 0 
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Table 4.  Erbia specifications at different Er isotopic composition 

 Er2O3 concentrations in w/o  
Erbia  
Type Nat Er 20% 166Er 10% 166Er No 166Er 

167Er 
(Kg/batch) 

Erbia 1 1.95 1.58 1.40 1.26 26 
Erbia 2 1.75 1.41 1.26 1.13 23 
Erbia 3 1.40 1.13 1.01 0.91 18 
Erbia 4 0.40 0.32 0.29 0.26 4 

 

An erbia free assembly with lower 235U enrichment is placed in the center (“Feed 5”).  The remaining 
assemblies have the following axial composition: a 4.95 w/o 235U central region enclosed by two axial 
blankets at 2.10 w/o 235U.  The central higher enriched region contains erbia for most of the stack plus an 
erbia free region below the upper blanket.  The length of the erbia bearing portion of the rod varies according 
to its erbia content and position in the core.  In this way an optimum control of the axial offset swing along 
the cycle was attained. Since erbia is an integral absorber, when it is mixed in the fuel pellet it reduces the 
HM content of the fuel (see Table 5).  In particular, roughly 1.7 % of HM is displaced when natural erbium 
is considered and 1.1 % when 166Er is completely removed from the mixture.   

Table 5.  HM and erbia content in four different erbium isotopic compositions 

Er isotopic  166Er  167Er  Erbia HM 

Composition (Kg/batch) (Kg/batch) (Kg/batch) (Kg/core) 
Nat Er 110 71 355 47682 
20% 166Er 50 71 287 47841 
10% 166Er 22 71 255 47914 
No 166Er 0 71 230 47972 

 

2.3 Results  
For each of the four erbium isotopic compositions specified in Table 2, a distinct equilibrium cycle was 
reached by repetitively applying the reference shuffling.  Each case differed from the others only in the 166Er 
content of the fuel, since the loading pattern, fuel shuffle technique, fuel axial composition, 235U and 167Er 
concentrations were the same.   

A summary of the equilibrium cycle results is shown in Figure 5 through Figure 8.  The difference in 
Critical Boron Concentration reflects the increase in reactivity and cycle length due to 166Er removal from 
erbium isotopic mixture.   

Critical Boron Concentration (ppm) vs. BU (GWd/tU) 
[Eq. cycle]
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Figure 5.  Critical Boron Concentration (ppm) vs. BU (GWd/tU) for different 166Er concentrations 
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It can be noticed how the main neutronic parameters are close and well within design basis assumptions in 
each case.  This suggests that no major change in the core design will be required if the decision to move to 
isotopically modified erbium is taken, and performance/safety analyses will remain generally valid.   

 

Total Peaking Factor vs. BU (GWd/tU) 
[Eq. cycle]
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Figure 6.  Total Peaking Factor vs. BU (GWd/tU) for different 166Er concentrations 

 

Radial Peaking Factor vs. BU (GWd/tU) 
[Eq. cycle]
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Figure 7.  Radial Peaking Factor vs. BU (GWd/tU) for different 166Er concentrations 

 

Axial Offset (%) vs. BU (GWd/tU) 
[Eq. cycle]
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Figure 8.  Axial Offset (%) vs. BU (GWd/tU) for different 166Er concentrations 



5th International Conference on Nuclear Option in Countries with Small and Medium Electricity Grids 
Dubrovnik, Croatia, May 16-20, 2004. 

 8

 

The values of MTC at HFP and HZP condition are shown in Figure 9 for the first cycle. MTC is negative 
throughout the cycle, and it becomes even more negative in subsequent cycles due to the spectral hardening 
caused from actinides in the burnt fuel. Erbia contributes some -10 pcm/°F to MTC in the first part of the 
cycle, while the difference tends to disappear as 167Er is depleted.   

Fuel utilization is shown in Table 6.  The limit on peak rod irradiation (62000 MWd/tU) was essentially 
respected over all the erbium isotopic compositions analyzed.  Equilibrium cycle length is given in Table 7.  
As expected, the fuel average EOC burnup increases when 166Er concentration is reduced.  UO2 loading 
increases as well: if 166Er is removed from the erbium isotopic mixture, 167Er concentration increases, i.e. less 
erbia is needed to achieve the desired reactivity hold-down and consequently less UO2 is displaced from the 
fuel pellet.  Hence, both the reduced reactivity penalty and increased uranium loading contribute to 
increasing cycle length for modified-erbium fuel, relative to using natural erbium. 

 

Moderator Temperature Coefficient (pcm/degF) vs. BU (GWd/tU)
[cycle 1]
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Figure 9.  MTC (pcm/degF) vs. BU (GWd/tU) in cycle 1 

Table 6.  Fuel utilization for different erbium mixtures and 235U at 4.95 w/o 

 Once-burnt Twice-burnt 

Erbium 
composition 

Ave EOC BU 
(MWd/tU) 

Ave EOC BU 
(MWd/tU) 

Peak 
Assembly 
(MWd/tU) 

Least-burnt 
Assembly 
(MWd/tU) 

Peak 
Rod 

(MWd/tU) 
Nat Er 28217 47068 55649 40207 58363 
20% 166Er 29262 48597 57581 41389 60306 
10% 166Er 29781 49340 58539 41948 61252 
No 166Er 30199 49929 59293 42396 62007 

Table 7.  Cycle length,1 and fuel EOC BU at different 166Er concentration 

Erbium 
composition 

Core EOC 
BU (MWd/tU) 

EFPD 
(days) 

∆EFPD 
(days) 

Cycle 
length1 
(years) 

∆Length 
(%) 

Nat Er 23540 1122 0 3.19 0 
20% 166Er 24310 1163 41 3.31 3.6 
10% 166Er 24680 1183 61 3.36 5.3 
No 166Er 24980 1198 76 3.40 6.7 

 

                                                      
1 Cycle length is calculated starting from EFPD and assuming availability factor of 0.98 and 20 days 
refueling outage. 
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The increase in cycle length attainable through erbium isotopic modification is remarkable, approaching 80 
EFPD (effective full power days) when 166Er is completely removed form erbium natural mixture. This 
amounts to 6.7 % of cycle length, in line with the assembly study prediction of 5–9 %, and would provide a 
significant cost of electricity reduction. 

However, instead of evaluating the economics of isotopically modified erbium in terms of savings on the 
cost of electricity for different cycle lengths, a more straightforward (and economically conservative) figure 
was calculated, i.e. the savings on uranium provision when the cycle length is kept constant. 

 

3 EVALUATION OF URANIUM SAVINGS  
The reactivity increase due to a reduction of 166Er content can be used in two ways: (i) extending cycle length 
hence improving fuel utilization, or, (ii) lowering 235U enrichment for the feed fuel assuming the cycle length 
is fixed.  In the latter way the potential economic benefit of the 166Er reduction can be directly addressed by 
evaluating the savings on uranium enrichment cost. 

Fuel enrichment limit in IRIS fuel is set to 4.95 w/o 235U. This enrichment was reduced when using 
isotopically modified erbia fuels as much as necessary to reproduce the target cycle length. For this purpose, 
it was necessary to establish through sensitivity studies a relationship between the reduction in 235U 
concentration and decrease in EFPD, as shown in Figure 10. 

In this way, the 235U enrichments consistent with 166Er concentrations were calculated, and reported in Table 
8.  An assessment of the savings on 235U enrichment is presented in the next section. 
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Figure 10.  Reduction in cycle length (EFPD) vs. reduction in 235U enrichment relative to 4.95 w/o as the reference 

Table 8.  Feed fuel 235U enrichment needed to achieve reference cycle length (1122 EFPD or 3.19 years)  
depending on 166Er (a/o) 

166Er in Er (a/o) 235U (w/o) 

35.35 4.950 
20.00 4.793 
10.00 4.717 
0.00 4.656 

 

4 BREAKEVEN ASSESSMENT FOR ERBIUM MODIFICATION 
The total uranium expense for the feed assemblies was calculated at each of the four 235U enrichments given 
in Table 8.  The central assembly and axial blankets with 235U enrichment at 2.10 w/o were excluded from 
the calculation, since their enrichment is unaffected by 166Er concentration.  The general assumptions used to 
determine the fuel expense can be found in Table 9.   
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Table 9.  Assumptions used in uranium expense assessment [6] 

U3O8 cost ($/Kg) 23.7 
Conversion loss (fraction) 0 
Conversion cost ($/Kg) 5 
235U Feed enrichment (w/o) 0.711 
235U in the Tails (w/o) 0.300 
Separative Work Cost ($/KgSWU) 108 
Fuel Fabrication Cost ($/KgU) 200 
Fabrication loss (fraction) 0 
Interest Rate (%) 0 

 

Subtracting fuel expenses from one another allowed us to cancel out components that assume the same value 
in each case.  This applies to fabrication and conversion losses, and money actualization between each stage 
of the fuel manufacturing and in-core utilization (the residence time in the reactor is the same for each fuel, 
since cycle length is fixed).  Also when erbia is considered, expenses that are approximately equal at each 
isotopic composition did not need to be accounted for, i.e. erbium raw material procurement, purification, 
losses, fuel manufacturing, etc.  In this way the savings on uranium cost were determined with respect to 
natural erbia design and are reported in Table 10. 

Table 10.  Breakeven price for 166Er depletion in terms of $ per grams of 166Er removed.  
(HM loading, U expense and savings are given per single IRIS module) 

235U enrichment 

(a/o) 

166Er 

(a/o) 

HM  

(Kg/batch) 

U expense 

($/batch) 

U savings 

($/batch) 

166Er removed 

(Kg/batch) 

Breakeven 

($/g166Er 
removed) 

4.950 35.35 23573 31,579,404 0 0 --- 

4.793 20.00 23652 30,605,038 974,366 60 16.2 

4.717 10.00 23688 30,134,785 1,444,619 88 16.4 

4.656 0.00 23716 29,754,797 1,824,607 110 16.6 

 

Since there is no commercial facility to produce isotopically modified erbium, any estimated cost of such a 
process is subject to large uncertainty. Therefore, we have instead first estimated the breakeven price. For 
this purpose, the savings on uranium cost at each erbium isotopic composition were divided by the amount of 
166Er that needs to be removed in order to achieve that composition.  This gives us the breakeven price, i.e., 
the maximum economically justified price for the process of isotopic modification.  

As can be seen from Table 10 the breakeven price is ~$16.5 for each gram of 166Er extracted.  This is a 
relatively high figure that leaves room for considering expensive depletion technologies.  Notably, the 
savings on U expense considering 30 IRIS modules in operation (e.g., 10 sites with 3 modules or 1000 MWe 
each site) are some 9-17 million dollars a year, depending on the level of 166Er reduction. 

Furthermore, the breakeven cost appears to be fairly constant with respect to the amount of 166Er that is 
extracted, which is of particular interest.  This implies that an isotopically modified erbium may be profitable 
even at a low reduction of 166Er isotope concentration, without the need for reaching an extreme degree of 
removal, which might be precluded by technical difficulties or economical concerns.   

 

5 ERBIUM ISOTOPIC MODIFICATION WITH LIS 
To obtain an estimate of the possible cost of isotopic modification of erbium, several processes were 
considered which enable removing 166Er from Er isotopic mixture.  Among these, Laser Isotope Separation[7] 
(LIS) emerges as a promising technology.  LIS enables a considerable degree of isotope separation when a 
small/moderate throughput is required, as is in the considered case. Even though LIS has not yet reached full 
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industrial maturity, it has been proposed for applications such as the production of enriched Gd, Er, Zr, and 
U for nuclear technology.  Projections on the cost of the modified erbium, that may be derived from data in  
Ref. 6, are within the breakeven price requirement estimated for IRIS. 

Figure 11 (Ref [8]) depicts how a typical Atomic Vapor LIS (AVLIS) plant works.  The element (metallic 
uranium in this figure, erbium in our case) is vaporized and fed into a vacuum chamber where precisely 
tuned laser beams excite and subsequently ionize the isotope that is to be separated (235U in the figure, 166Er 
in our case).  The ions can then be collected thanks to their charge and removed from the mainstream.  A 
similar process is exploited in Molecular LIS (MLIS), where the feed material is bound in a molecular 
compound and does not need to be vaporized for being excited and eventually separated. 

 

 

 
Figure 11.  Isotope separation with AVLIS[8] 

The removal of the target isotope from the mainstream is very effective, due to the physics of the process; a 
LIS plant is able to achieve with a few passes erbium isotopic modification envisaged in this study, which 
would otherwise require thousands of stages in a conventional centrifuge plant.  Vacuum is needed in the 
chamber in order for the process to be effective, and accordingly the material that can be fed into the 
chamber and obtained as an output is expected to be small.  This is not a problem since a LIS plant 
producing isotopically modified erbium for 30 IRIS modules would need to have a process rate of only 75 
g/hr of 167Er in the output, assuming continuous production.   

 

6 CONCLUSIONS 
Due to its long cycle (up to 4 years), IRIS core design has some specific features and may benefit from 
utilizing non-standard burnable absorbers.  Initially, a core configuration was devised relying on natural 
erbium as the sole burnable absorber and satisfying all IRIS design goals, i.e. long core life, low soluble 
boron concentrations and negative reactivity feedback. However, the non trivial reduction in cycle length 
determined by the residual erbium at the end of cycle impacts fuel cycle cost. This prompted analyzing the 
benefits of erbium with modified isotopic composition.  The behavior of fuel utilizing modified-erbium BA 
(depleted in 166Er, enriched in 167Er) was first evaluated in a simplified single-assembly model, displaying 
significant potential for the cycle length increase.  Subsequently four isotopic compositions were selected 
and analyzed in full-core geometry.  Also, a fuel shuffle strategy compatible with the two-batch reload was 
devised and the equilibrium cycle was reached at each erbium isotopic composition.  In this way the 
predictions on cycle length rely on a realistic and accurate 3-D core physics model. 

The use of modified erbium in IRIS proved appealing from several perspectives. While not requiring any 
relevant modification in the core design, reduction of the 166Er isotope in erbium natural mixture allows 
considerable increases in the cycle length.  In case when all 166Er is removed from the mixture, the gain in 
cycle length is as high as 6.7%, corresponding to a two and a half months.  The gain in cycle length is 
remarkable even if less dramatic reductions in 166Er content are assumed. For example, a 40% 166Er decrease 
with respect to its natural content resulted in over a month of increased full power plant operation. 
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The extra EOC reactivity provided by erbium modification can also be exploited to reduce 235U enrichment 
and hence fuel cycle cost, maintaining the cycle length the same as with the natural erbia design.  In this 
way, nearly 2 million dollars per batch can be saved on uranium enrichment cost with a 166Er free mixture, 
and 1 million dollars per batch when 166Er content is decreased to 40 % of its initial value.  Additionally, the 
breakeven price for modified-erbium fuel was calculated.  Erbium isotopic modification proved profitable as 
long as 166Er can be extracted from the mainstream at less than $16.5 per g of removed isotope.   

Finally, the means available for isotopic modification were assessed.  Among these, Laser Isotope Separation 
(LIS) was identified as a promising option.  It allows high depletion rate and fits well the low amounts of 
erbium needed for IRIS fuel.  A study of erbium modification economics with LIS is being performed, and is 
based on the neutronic evaluations outlined in this paper.  Preliminary analysis indicates that the process has 
the potential to attain significant profits even with broadly conservative assumptions on LIS economics. 
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