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Abstract 

A neutron collar using stilbene organic scintillator cells for fast neutron counting is 

described for the assay of fresh low enriched uranium (LEU) fuel assemblies. The 

prototype stilbene collar has a form factor similar to standard He-3 based collars 

and uses an AmLi interrogation neutron source. This report describes the 

simulation of list mode neutron correlation data on various fuel assemblies 

including some with neutron absorbers (burnable Gd poisons). Calibration curves 

(doubles vs 
235

U linear mass density) are presented for both thermal and fast 

(with Cd lining) modes of operation.  It is shown that the stilbene collar meets or 

exceeds the current capabilities of He-3 based neutron collars. A self-consistent 

assay methodology, uniquely suited to the stilbene collar, using triples is 

described which complements traditional assay based on doubles calibration 

curves. 

 

 



 

1. Introduction 

We report here the details of a prototype neutron collar design based on stilbene 

scintillator crystals which count fast neutrons. This work was done for the NA-241 

Safeguards Technology group Neutron Detector Rodeo Project in FY16. The goal 

of the project was to compare and evaluate several detector material alternatives 

to He-3 for quantifying fissile Uranium in fresh fuel.  The IAEA currently uses the 

Uranium Neutron Coincidence Collar (UNCL) for this application. The UNCL is used 

to determine the linear mass density of 
235

U in fresh fuel assemblies. The 

instrument is cart-portable and consists of 18 He-3 tubes embedded in a 

polyethylene collar and includes an AmLi interrogation neutron source which is 

also embedded in the poly. Details of the assay technique are described in Ref [1] 

and a description of the commercially available He-3 based UNCL can be found in 

Ref [2]. 

The prototype stilbene neutron collar design described here has a form factor 

similar to the UNCL and meets or exceeds the current capabilities of the UNCL. 

We also discuss a self-consistent assay methodology that is uniquely suited to the 

prototype stilbene neutron collar and which complements the traditional assay 

technique described in Ref [1]. 

2. Benefits of Stilbene for Fast Neutron Collar Detector 

A fuel assembly is typically interrogated with an AmLi neutron source that is 

moderated by being embedded in a block of polyethylene. The thermalized AmLi 

neutrons have a high probability of inducing fission in the 
235

U component of the 

fuel assembly and therefore allow an assay of the 
235

U content along the axis of 

the assembly. With standard He-3 based neutron collar, the thermalized AmLi 

interrogating neutron source drowns the signal from the induced fission on 
235

U. 

A neutron collar based on stilbene will be almost blind to the thermalized 

interrogating neutron source since it is a threshold detector that only sees 

neutrons exceeding some energy threshold of 0.5 to 1 MeV. Therefore, a stilbene 

based neutron collar will clearly see the induced fission on 
235

U without being 



blinded by the interrogating source. The improved S/N (signal-to-noise) of 

stilbene is a key motivation for using stilbene. Typically, only 20% of the count 

rate in a He-3 based collar is from the fuel assembly whereas for a stilbene collar 

90% of the count rate is from the assembly. 

Stilbene, like all scintillator based neutron detectors, has a fast response time on 

the order of a nano-second compared to He-3 based detectors with characteristic 

response times of several tens of micro-seconds. This fast response time can 

resolve individual fission chains (bursts) and permit a detailed analysis of the 

underlying neutron multiplication. The fast response time permits a much shorter 

timegate (measurement time window) for counting neutrons and their 

correlations with very few ‘accidentals’. This leads to an accurate and rapid assay 

in significantly lower measurement times. 

Since a fast 1MeV neutron travels at 1.5cm/ns, with nano-second time resolution 

it is possible to resolve the spatial distribution of SNM (special nuclear material) at 

cm scales using neutron and gamma correlations. While this is not a requirement 

for the neutron rodeo it is an important capability of fast neutron counting to be 

aware of that can potentially be used to great advantage. 

With scintillator based detection what is actually being measured is the 

scintillator light output spectrum. From this light output spectrum one can unfold 

the neutron energy spectrum of the neutrons being detected. Depending on the 

source of neutrons, the neutron energy spectrum can vary significantly. Neutrons 

from a spontaneous fission source have distinctively different spectrum compared 

to neutrons from (α,n) sources. This allows us to infer the alpha ratio A = [(α,n) 

source rate]/[spontaneous fission source rate] which in general is a challenging 

parameter to assay. Stilbene based collars can provide insight into the alpha ratio. 

Finally, stilbene is an optimal scintillator detector because it has the highest 

organic scintillation efficiency with much higher light yield than plastics or liquids. 

It has an excellent PSD (pulse shape discrimination) which allows for excellent 

gamma rejection which in turn implies high neutron detection efficiency. This high 

efficiency is critical to it being competitive with He-3 based neutron detectors. 



 

 

 

LLNL researchers (Ref [3, 4]) pioneered the rapid, safe solution growth of stilbene 

crystals. This technology is licensed to Inrad Optics (Ref [5]) through which large 

stilbene crystals (4” diameter x 2” depth) are commercially available. The 

prototype stilbene neutron collar design described here uses 30 of these 4”x2” 

crystals that can fit into the form factor of standard He-3 based collar, as shown in 

Fig. 1 below: 

 

      

Fig1. LLNL prototype stilbene neutron collar with 30 stilbene cells and a form factor similar to 

commercially available He-3 based UNCL. Also shown is a MCNP model of the stilbene collar 

with a fuel assembly and an AmLi interrogating neutron source (shown without the poly bank in 

which it is embedded). 

 

LLNL Prototype Stilbene (C14H12)  

Neutron Collar Detector: 

3 panels, each with 10 cells  

Each cell  9cm diameter, 6cm depth, 

ρ =1.15 g/cc 

Each panel  8.34” (D) x 9.92” (W) x 

15.8” (H) 



 

 

 

A flow chart of the stilbene detector hardware and data acquisition is shown in 

Fig.2: 

 

Fig2. Prototype stilbene neutron collar detector hardware and data acquisition  

3. Neutron Energy Spectrum N(E): Fast & Thermal Modes 

Stilbene is a fast neutron detector that only detects neutrons above a certain 

threshold energy. It is therefore important to understand the neutron energy 

spectrum arising from the AmLi interrogating source and its coupling with the fuel 

assembly. There are two modes of operation for a neutron collar: fast mode and 

thermal mode. In fast mode a thin (0.5 mm) lining of Cd is put around the fuel 



cavity to filter out neutrons below the Cd cutoff energy (0.5 eV) from entering the 

fuel assembly. This is important in the assay of poisoned fuel rods (with Gd 

doping) that can absorb low energy neutrons. Traditional assay is based on 

‘calibration’ curves of doubles vs. 
235

U linear density (in g/cm) which are 

vulnerable to neutron absorption effects. A calibration curve in fast mode will be 

immune to distortions from neutron absorption.  

The Obninsk AmLi interrogating neutron source used for the neutron rodeo has a 

unique neutron energy spectrum N(E) as shown below: 

 

Fig3. Neutron Energy Spectrum N(E) of bare and moderated (by being embedded in poly bank) 

Obninsk AmLi interrogating neutron source. 

There is a noticeable bump in the spectrum around 2 MeV arises from O(α,n) 

reaction on oxygen in the AmO2 and LiOH mixture that comprise the AmLi source 

(Ref [6]). Typical Li(α,n) reaction spectrum terminates at 1.5 MeV while the 

Obninsk spectrum has around 5% of neutrons above 1.5 MeV in energy. The 

effect on the bare Obninsk AmLi neutron energy spectrum by being embedded in 

the poly bank of the neutron collar is also shown in Fig. 3 and it is evident that 

most of the neutrons have thermalized with less than 5% of the neutrons above 1 

MeV in energy. This neutron energy spectrum was calculated using MCNP with a 

F4 tally averaged over the 30 stilbene cells where the cells were replaced by void. 

In Fig. 4 below we show the neutron energy spectrum as seem by the 30 stilbene 

cells for the Obninsk AmLi source embedded in the poly bank interrogating a 

standard 15x15 fuel assembly with 
235

U linear density of 23.8 g/cm. In Fig. 4 we 

show both the fast (with 0.5mm Cd lining) and thermal (no Cd lining) modes 



neutron energy spectrum for the empty cavity and the 15x15 fuel assembly in the 

cavity. For comparison purpose, we also show the neutron energy spectrum of a 

point Cf source (source strength of 34000 n/s) at the center of the cavity. Since 

the Cf source is a spontaneous fission source of fast neutrons the Cd lining has no 

effect on the energy spectrum as seen by the stilbene cells. 

 

Fig4. Neutron Energy Spectrum N(E) of Cf, fuel assembly with AmLi in poly bank, empty cavity 

with AmLi in poly bank in thermal and fast modes. 

The LEU fuel assembly is mostly 
238

U which has a large (n,n’) inelastic scattering 

cross section of 3b at 1MeV neutron energies (compared to a fission cross section 

of 1b on 
235

U). This means that any fission neutron originating in the fuel assembly 

may significantly lose energy on its way to being detected by the stilbene to the 

point that its energy may drop below the threshold for being detected! Fig. 4 

shows the neutron energy spectrum resulting from the (n,n’) moderation of 

neutrons along with other physical processes. It is evident that the spectrum is 

much flatter compared to the Cf source. The end effect of this is a penalty in 

detection efficiency for the stilbene collar compared to a He-3 based collar. 

Stilbene with its excellent PSD can make up for this potential loss in efficiency by 

operating at low PSD threshold of 60 keVee which would not be possible with a 

liquid scintillator for example. Stilbene based neutron collar can therefore be 

competitive with a He-3 based collar. 



 

 

4. Stilbene Scintillation Light Output Spectrum N(L) 

The light output from a stilbene cell from a proton recoil energy of Ep was studied 

by Hansen and Richter in Ref [7]. Their published results for the electron-

equivalent light output L (quench function) and angle dependent anisotropy 

correction factor are: 

 

We use the Hansen-Richter quench function to generate the stilbene light output 

spectrum by post-processing our custom LLNL MCNPX simulations of the neutron 

collar. In the post-processing we use a dead time of 1 micro-second per stilbene 

cell and a pulse integration time of 15 ns (Ref [9]).  

The simulated neutron light output spectrum N(L) for thermal mode is: 

 

and for fast mode is: 



 

where we have indicated three levels of PSD thresholds (60 keVee, 120 keVee and 

250 keVee) that we can operate at. Because of stilbene’s excellent PSD we believe 

that we can operate at 60 keVee to maximize neutron detection efficiency. In 

contrast, we typically operate our liquid scintillators at 250 keVee. 

As described in Ref [11, 12] we can invert the neutron energy spectrum N(E) from 

the scintillator light output spectrum N(L) along with the multiple scatter 

corrections as described in Section 7. The inversion is only possible for energies 

above the scintillator PSD threshold energy. This ability to infer the neutron 

energy spectrum N(E) is a valuable feature of stilbene detectors, particularly 

because we can operate stilbene at a low PSD threshold of 60 keVee which 

corresponds to 0.54 MeV proton recoil energy. 

 

5. List Mode Data: Random & Triggered Counting Distributions 

Our modeling of the prototype stilbene neutron collar is based on the simulation 

of list mode data that records the exact time when a neutron is detected by the 

neutron detector. From this list mode data we can construct various counting 

distributions and their correlated moments which can be used for assay. In 

general we can analyze the time interval between successive or skipped counts in 

the list mode data. The theory of time interval distributions in list mode data is 

described in Ref [8] and we will focus here on the results pertaining to two ways 

of constructing counting distributions: random and triggered counting. 



The first way to construct a counting distribution from list mode data is using a 

random timegate T (Feynman) counting. The list mode data is cut up into N 

segments, each of length T, and the resulting segments are tallied to see how 

many segments had so many counts. The random counting distribution is defined 

as: bk(T) = (# of segments with k events)/N. A plot of bk(T) vs. k would look like: 

 

The mean and the Feynman 2
nd

 moment of the b distribution are defined 

through: 

Mean of bk(T) = R1*T, R1 = Count Rate (Singles) 

Feynman Y2F(T) = (Variance – Mean)/(2*Mean) of bk(T) 

The second way to construct a counting distribution from the list mode data is 

using a triggered timegate T (shift-register coincidence) counting. At each event of 

the list mode data,  we open a segment of length T and tally the resulting 

segments to see how many segments had so many counts. The triggered counting 

distribution is defined as:  

nk(T) = (# of segments with k events)/(total number of counts) 

For a random (Poisson) counting list mode data the random and triggered 

counting distributions are equal to each other. In general there is an exact 

mathematical relation between nk(T) and bk(T): 

 



and their (k
th

 factorial moments)/k! ≡Mk: 

 

We use a custom MCNPX developed at LLNL to simulate list mode data for both 

He-3 neutron capture and scintillator neutron scattering counts. Details of this 

custom LLNL MCNPX27e are described in Ref [9].  Our simulations with the 

custom MCNPX27e use the LLNL fission library by setting fism=5 in the 6
th

 entry of 

the PHYS:N card. This setting samples a full measured distribution for the number 

of fission neutrons emitted in a fission event. The timestamps recorded by the 

custom LLNL MCNPX27e are in double precision, in contrast to the default MCNP 

PTRAC which uses single precision. This double precision is especially important 

when simulating fast neutron detector counting with sub nano-second time 

resolution to avoid false correlations. 

6. Point Model Count Rate R1, Feynman R2F, Doubles 

Within the context of a 0-D point model, it is possible to quantify the various 

moments of the counting distributions in terms of the fundamental SNM (special 

nuclear material) parameters (Ref [10]):  

Sf ≡ Spontaneous Fission Source Rate (neutrons/sec) 

M = Total Multiplication from Induced Fission Chain = 1/(1-keff) 

p ≡ Probability for induced fission, keff = pν 

ν ≡ Average number of neutrons created in an induced fission event 

ε ≡ Detection efficiency 

A ≡ Alpha ratio ≡ [(α,n) Source Rate]/Sf 

As a corollary, the measured moments of the count distribution data can be 

inverted to infer the fundamental SNM parameters to constitute an assay of the 

system being measured.  

 



 

The count rate R1 is given by: 

 

and the Feynman 2
nd

 moment by: 

 

where λ ≡1/(neutron lifetime) ≡ 1/(die-away time) 

q ≡1-p ≡ leakage/absorption (non fission) probability 

D2S/D2 are Diven’s nuclear constants specific to a SNM Source/Multiplier 

The product (qM) in the above formulas is the net multiplication in contrast to the 

total multiplication M: 

Net Multiplication ≡ qM = (1-p)M = M – (M-1)/ν 

where (M-1)/ν = Average number of fissions 

qM = (Total number of neutrons created) – (Number of neutrons lost to fission) 

The Feynman and shift-register doubles are defined by (Ref [10]): 

 



The triggered shift-register moments can be derived from derivatives of the 

random Feynman moments. From now on, unless otherwise indicated, moments 

will be assumed to be random Feynman moments and pre-delay = 0. 

We quantify correlation by R2F. For a random source of neutrons R2F = 0. For a 

non-multiplying (M = 1) 
252

Cf spontaneous fission source R2F = 1.6 ε. A 

measurement of a 
252

Cf source R2F is used to define the efficiency ε of a neutron 

detector through ε= R2F/1.6. 

 

7. Multiple Scattering Crosstalk Correction for List Mode Data 

The point model equations of the previous section rely on the assumption that 

each neutron in the system can be detected only once. This is certainly true for a 

He-3 based detector because the He-3 captures the neutron and the neutron 

disappears. It is different with a scintillator based detector, because neutrons in 

such a system deposit energy in scintillators by scattering with the atoms, and are 

not absorbed in the elastic and inelastic scattering collisions. They keep traveling, 

and if they still have enough energy, they can potentially deposit this energy in 

adjacent or even remote scintillator cells. This multiple scattering crosstalk 

between scintillator cells must be corrected for in the list mode data.  

We have developed a theoretical model for correcting multiple scattering 

crosstalk in Ref [11]. The model introduces parameters f2 and f3 which are the 

fractions of neutrons that were detected twice and thrice respectively. Based on 

these parameters the model shows that the corrupted measured moments are 

related to the true (no multiple scattering crosstalk) moments through the 

following simple algebraic equations: 

 



There are several ways to estimate the parameters f2 and f3. From a forward 

modeling point of view one can replace the fuel assembly and its moderated AmLi 

interrogating neutron source by a random source of neutrons with exactly the 

same neutron energy spectrum as the actual fuel assembly with the AmLi source 

as shown in Fig. 4. Since the random source of neutrons is uncorrelated R2F
true

 = 

R3F
true

 = 0 and any simulated R2F and R3F can be attributed to multiple scatter 

crosstalk. We can use the above algebraic equations to solve for f2 and f3. This 

forward modeling estimate of f2 and f3 is in general not applicable since in 

general we do not have a detailed model of what we are measuring. 

We have developed, as described in Ref [11, 12], an inverse modeling approach to 

estimate f2 and f3 from measured data of general unknown objects. The flow 

chart for this inverse modeling approach is as follows: 

 

We first develop a detailed MCNPX model of the stilbene scintillator neutron 

collar detector and generate a library of scintillator light output spectrum N(L) for 

a set of random point or extended source of mono-energetic neutron with 

energies ranging from 1 to 10 MeV. We then fit the measured scintillator light 

output spectrum N(L) with the library of responses to determine the neutron 

energy spectrum along with f2 and f3 simultaneously.  

For the standardized set of fuel assemblies that we modeled for the neutron 

rodeo both the forward and inverse modeling approaches gave similar estimates 

for f2 and f3, within 15% of each other. Once we have f2 and f3 we can correct 

the measured corrupted moments to determine the true moments by using the 

simple algebraic equations above. We believe this approach to multiple scatter 

crosstalk correction is much more robust and satisfying than an ad-hoc arbitrary 

rejection of adjacent events in the list mode data within some rejection time 

window that is widely used. In fact one can use our inverse modeling approach to 



optimize the rejection time window so that the filtered list mode data gives the 

same f2 and f3 as our inverse modeling. Thus our inverse modeling approach 

provides a physical model to optimally filter list mode data to correct for multiple 

scatter crosstalk. 

8. 
252

Cf Spontaneous Fission Source at Center of Neutron Collar 

We first simulated a 
252

CF spontaneous fission source at the center of the neutron 

collar to determine a nominal efficiency that we can attribute to the collar. The 

simulation was done for both the standard commercial He-3 neutron collar and 

our prototype stilbene neutron collar. A cross section of both collars that were 

modeled is shown below: 

 

We used or custom LLNL MCNPX27e to simulate 10 minutes of list mode data for 

a 1.453e-8 g of 
252

Cf (34000n/s) point source. The simulation results that were 

obtained are: 



 

Since the 
252

Cf neutron source is a fast neutron source both the thermal mode 

and fast mode (with Cd lining) give similar results. Our prototype stilbene neutron 

collar has a nominal efficiency of around 15% that is significantly above the 

corresponding efficiency of 10% for the He-3 neutron collar. 

9. Standard Fuel Assembly UNCL_15x15 in Neutron Collar Cavity 

We then simulated the standard fuel assembly UNCL_15x15 with a 
235

U linear 

density of 23.8 g/cm that was provided for the neutron rodeo. We again used or 

custom LLNL MCNPX27e to simulate 10 minutes of list mode data with the 

Obninsk AmLi interrogating neutron source moderated by the poly bank for both 

the standard He-3 neutron collar and our prototype stilbene neutron collar. A 

cross section of both collars that were modeled is shown below: 

 



The simulation results that were obtained are: 

 

We see that the stilbene neutron collar at a PSD threshold of 60 keVee gives a 

Feynman R2F similar to that of He-3 neutron collar in thermal mode. Unlike the Cf 

point source case where the stilbene collar was 50% more efficient than the He-3 

collar, the (n,n’) ineleastic scattering of fission neutrons in 238U reduces the 

energy of those fission neutrons making stilbene less efficient in detecting those 

neutrons  compared to He-3. However, at 60 keVee threshold the efficiencies for 

the He-3 collar and stilbene collar are similar. This shows why stilbene is an 

optimal scintillator detector that can compete with He-3 because only with 

stilbene can we operate at a low PSD threshold of 60 keVee. By comparison, we 

typically operate liquid scintillators at a PSD threshold of 250 keVee which would 

be much less efficient. 

For fast mode (with Cd lining) the Feynman R2F, and therefore the effective 

efficiency, of the stilbene collar (and also for He-3 collar) drops almost by a factor 

of 2 compared to thermal mode. This is because the neutrons entering the fuel 

assembly are above the Cd cutoff energy of 0.5 eV and therefor have a much 

smaller cross section of a few barns to induce fission on the 
235

U component of 

the fuel assembly. In thermal mode, the thermal neutrons have a huge cross 

section of 580 b to induce fission on 
235

U.  



 

10. Thermal Mode Simulation Results for Neutron Rodeo Project 

The neutron rodeo project required us to simulate the prototype stilbene neutron 

collar on various assemblies: 

Calibration assemblies  

Unpoisoned Intact Assemblies 

Partial Defect Assemblies 

Burnable Poison Assemblies 

and compare our results with the standard He-3 neutron collar using an Excel 

spread sheet developed by Anthony Belian (Ref [13]).  

In Appendix 1 we present detailed tables of our simulation results in thermal 

mode (and also in fast mode) for all of the assemblies along with the 252Cf point 

source and an empty cavity with no fuel assembly but with the moderated 

Obninsk AmLi neutron source. The detailed table gives the raw multiple scatter 

corrupted moments and the f2, f3 correction factors along with the corrected 

moments. 

We will now present the various comparisons with the spread sheet (Ref [13]): 

Calibration curve: D = a m/(1 + b m) where D is the Feynman Doubles and m is the 
235

U linear density. 

Mass defect for Unpoisoned Intact, Partial defect, Poisoned Intact Assemblies 

 



 

 



 

 

 



It is evident that in thermal mode the prototype stilbene collar performance is 

similar to that of the standard He-3 collar. Both collars perform poorly for the Gd 

poisoned assemblies because the Gd neutron absorption of thermal neutrons 

distorts the calibration curves which are based on calibration assemblies without 

any Gd poison. It is because of this that fast mode with Cd lining is necessary. The 

Cd lining filters out low energy neutrons below the Cd cutoff energy of 0.5 eV 

from entering the fuel assembly and therefore the Gd poison has a smaller effect 

on the corresponding calibration curves. 

11. Fast Mode Simulation Results for Neutron Rodeo Project 

We now show the corresponding simulation results in fast mode with a 0.5mm Cd 

cavity lining. 

 



 

 



 

In fast mode it is evident that the prototype stilbene collar performance is 

significantly better that the standard He-3 collar. For the poisoned assemblies the 

reconstructed 
235

U linear density is 30% better.  The prototype stilbene neutron 

collar could be further optimized by tweaking the geometry and, in fast mode, 

making use of a bare AmLi interrogating source instead of a poly moderated AmLi 

source. While we have not done these optimization studies yet, we hope to look 

into this further at a later time. 

12. Self-Consistent Assay 

The traditional assay approach to neutron collar data, as described in Ref [1],  is 

somewhat empirical through its use of calibration curves and several ad-hoc 

correction factors (k0,k1,…,k5). It would be desirable to have more fundamental 

assay methodology that would allow us to infer multiplication, efficiency and 

source (including alpha ratio) self-consistently. 

Since the neutron collar has a nominal efficiency around 10% the count 

distributions from the list mode data will have significant triples with almost no 



accidental triples in shift-register coincidence counting. This triples information 

contained in the data can be used for a self-consistent assay.  

There are two methods to do a self-consistent assay. The first method is a general 

optimization code called Bigfit that was developed at LLNL to directly fit count 

distributions in order to determine SNM parameters that best fit the data. Bigfit is 

a robust optimization code but, as of yet, does not include the multiple scatter 

crosstalk correction factors f2 and f3.   The second method, which is 

mathematically stable only for low multiplication M, is based on using the 

measured moments from the data to determine SNM parameters through the 

exact analytical 0-D point model formulas. This second method was first proposed 

by Hage and Cifarelli & Cifarelli and Hage in Ref [14, 15]. The first four Feynman 

moments in the 0-D point model are (Ref [10]): 

 

where the various  symbols have been defined in Section 6. The first three of 

these Feynman moments are related to singles, doubles, and triples though: 

Singles = R1 

Doubles = R1*R2F 

Triples = R1*R3F 

Fuel assemblies have low multiplication and therefore we can apply the Hage-

Cifarelli (HC) algebra to infer multiplication M, efficiency ε, and source Sf along 



with alpha ratio A. The prototype stilbene neutron collar is especially suited for a 

HC assay in thermal mode. This is because stilbene is (almost) blind to the low 

energy moderated AmLi interrogating source neutrons. For the Obninsk AmLi 

source there may be a few neutrons that can directly shine on and be detected by 

the stilbene cells because of the bump at 2 MeV in its neutron energy spectrum as 

discussed in Section 3. The LLNL code Bigfit takes into account any direct shine 

but for the HC algebra we can ignore it to a good approximation. 

In thermal mode, from the point of view of the stilbene cells, the source of 

neutrons is the 1
st

 generation of fission neutrons created from the induced fission 

of 
235

U by the thermalized (moderated by poly bank) AmLi interrogating neutrons. 

The cross section for thermal neutrons inducing fission on 
235

U is very large at 580 

b. Furthermore, from the perspective of the stilbene cells, the alpha ratio A is 

effectively 0 as there are no random source of neutrons that it can see. This is a 

dramatic simplification from using stilbene. By contrast, a He-3 based neutron 

collar will have a significant alpha ratio A > 0 since the He-3 detector will clearly 

see the random thermalized AmLi interrogating neutron source.  

The use of stilbene neutron collar therefore greatly simplifies the HC algebra to a 

system of 3 equations for singles, doubles and triples that can be solved for 

multiplication M, efficiency ε and source Sf. By contrast, a He-3 based neutron 

collar with its significant alpha ratio A > 0 would require using Quads (R1*R4F) to 

determine A but even at 10% efficiency the quads will most probably be very 

small in magnitude and unreliable because of low multiplication. Ref [16] 

discusses the active multiplicity equations based on the HC method in the context 

of He-3 neutron detectors.  

 The fast 1
st

 generation fission neutrons multiply by subsequently inducing fission 

on both 
235

U and 
238

U. In the HC algebra above, D2S,D3S will be Diven’s constants 

for thermal neutron induced fission of 
235

U while D2 and D3 will be Diven’s 

constants for fast neutron induced fission of 
235

U and 
238

U. 

The HC algebra will produce a total multiplication M from which the net 

multiplication (qM) can be computed. This HC net multiplication qM can then be 

compared directly to the MCNPX simulation value for the net multiplication. Table 



3 in the Appendix shows the HC net M is within 1%-7% of MCNPX value of net M 

for the set of fuel assemblies modeled in the neutron rodeo project. The table 

shows the HC effective point model efficiency for the prototype stilbene neutron 

collar with the fuel assemblies is around 9%. The HC source, in units of 

neutrons/s, scales with the linear 
235

U mass density and decreases according to 

the Gd poison content. What is needed is a conversion/coupling factor to convert 

the HC source to 
235

U linear mass density. This will require a detailed MCNP study 

of how the AmLi neutrons couple to the 
235

U fuel component, which we hope to 

do in the near future. 

In thermal mode the main challenge is to assay fuel assemblies with Gd poison 

that absorb thermal neutrons resulting in a loss of correlation contained in those 

neutrons. However, one can can detect the Gd(n,gamma) capture lines whereby 

the lost correlation information in captured neutrons can be recovered through 

the capture gamma lines. In principle, with list mode data for both neutrons and 

gammas the capture gamma lines can be used effectively in the assay process. In 

practice, this would require detectors that can efficiently detect capture gamma 

lines. 

A self-consistent assay methodology that complements the current traditional 

methodology would be both useful and desirable. At a nominal efficiency of 10% 

there is considerable information in the neutron data (e.g., triples) that can be 

used towards a self-consistent assay.  

 

 

 

 

 

 

 



Summary 

A neutron collar using stilbene organic scintillator cells for fast neutron counting 

was described for the assay of fresh low enriched uranium (LEU) fuel assemblies.  

The prototype stilbene collar has several benefits compared to He-3 based collars. 

First, because it is a threshold detector, it is not blinded by the thermalized AmLi 

interrogating neutron source and is able to clearly see the fission signal from the 

fuel assembly. Second, its fast response times (nanoseconds vs microseconds) 

allows fission chains to be resolved with much shorter measurement timegates 

and therefore much fewer ‘accidentals’ in those shorter timegates. Third, it 

permits an unfolding of the neutron energy spectrum of the fuel assembly from 

the measured scintillator light output spectrum. 

Stilbene has the highest organic scintillation efficiency with much higher light 

yield than plastics or liquids. Stilbene’s excellent PSD implies excellent gamma 

rejection which in turn implies high neutron efficiency. The prototype stilbene 

collar can operate at a PSD threshold of 60 keVee which we have shown makes it 

competitive with He-3 collars in efficiency, particularly in fast mode with a Cd 

lining. Indeed in fast mode the prototype stilbene collar performed 30% better in 

predicting 
235

U linear mass density compared to standard He-3 UNCL collar for 

fuel assemblies with Gd burnable poison. 

A self-consistent assay methodology, uniquely suited to the stilbene collar, using 

triples was described which complements traditional assay based on doubles 

calibration curves. In particular, we showed that we could correctly assay the net 

multiplication of the fuel assemblies when compared to the calculated MCNP net 

multiplication. This self-consistent assay, feasible in both passive and active 

modes, can potentially provide key insights towards a more robust assay. 

Stilbene, like all scintillator detectors, is vulnerable to neutron multiple scatter 

crosstalk and also pulse pileup from high gamma background. With respect to 

neutron crosstalk, we have developed a physics model driven optimization 

algorithm to infer both the neutron energy spectrum and the crosstalk correction 

factors simultaneously from the measured scintillation light output spectrum. 



With respect to high gamma background from SNM alpha decay, we expect to 

filter out these gammas with lead/bismuth shielding in hardware, low energy cuts 

in our modeling, along with pileup rejection algorithms in the data acquisition 

pipeline. Any remaining gammas that get misidentified as neutrons can be 

modeled as an effective alpha ratio A. 
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Appendix 

 

 

Table 1: Simulation results for thermal mode 

 



 

Table 2: Simulation results for fast mode 

 

 

 



 

 

Table 3. HC algebra results for net multiplication qM, efficiency ε and source Sf for 

the set of fuel assemblies modeled in the neutron rodeo project. In particular the 

net M is compared to MCNP value for net M. 

 

 

 




