
IEE
E P

ro
of

IEEE TRANSACTIONS ON NUCLEAR SCIENCE 1

Performance of a Boron-Coated-Straw-
Based HLNCC for International

Safeguards Applications
Angela T. Simone, Member, IEEE, Stephen Croft, Robert D. McElroy, Jr., Liang Sun, Member, IEEE,

Jeffrey L. Lacy, Member, IEEE, Athanasios Athanasiades, Member, IEEE,
and Jason P. Hayward, Member, IEEE

Abstract— 3He gas has been used in various scientific and1

security applications for decades, but it is now in short supply.2

Alternatives to 3He detectors are currently being integrated and3

tested in neutron coincidence counter designs, of a type which are4

widely used in nuclear safeguards for nuclear materials assay.5

A boron-coated-straw-based design, similar to the high-level6

neutron coincidence counter-II, was built by Proportional Tech-7

nologies Inc., and has been tested by the Oak Ridge National8

Laboratory (ORNL) at both the JRC in Ispra and ORNL.9

Characterization measurements, along with nondestructive10

assays of various plutonium samples, have been conducted to11

determine the performance of this coincidence counter replace-12

ment in comparison with other similar counters. This paper13

presents results of these measurements.14

Index Terms— 3He alternatives, boron-coated straws (BCSs),15

coincidence counter, neutron detection, safeguards.16

I. INTRODUCTION17

FOR decades, 3He-filled proportional counters have been18

the gold standard for the detection of slow neutrons,19

offering high neutron efficiency and excellent discrimination20

against gamma rays. They are extensively used for the nonde-21

structive assay of special nuclear materials (SNMs). However,22

due to the decreased supply and increased demand for the23

gas [1], [2], joint efforts have been made by the U.S. Depart-24

ment of Energy’s National Nuclear Security Administra-25

tion [3] and Euratom to find a viable replacement for neutron26

detection.27

Scintillating 6Li-glass-loaded glass fibers have been previ-28

ously tested for homeland security applications [4], and efforts29

have moved to extend this technology to the safeguards field.30
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They can achieve comparable sensitivity to 3He tube assem- 31

blies [5]–[7], despite a significantly lower cross section of 6Li 32

compared with 3He, because higher number densities can be 33

used. The neutron die-away time can also be much shorter 34

than standard 3He tube designs since the 6Li is more evenly 35

distributed throughout the moderator. Gamma interactions in 36

the scintillation fibers result in less light production and thus, 37

signals of smaller amplitude. These designs must apply elec- 38

tronic pulse height discrimination to distinguish the particles. 39

As the pulse rate increases, the dead time within the electronics 40

increases and counts are lost. Also, as the volume of the 41

detector increases to achieve a greater efficiency, the pulse 42

differences between neutrons and gamma rays become more 43

difficult to discern [8]. Pulse pileup becomes limiting in high- 44

rate applications due to the necessary electronics and long 45

luminescence lifetime [9]. 46

Currently, designs implementing LiF/ZnS(Ag) scintillators 47

are also under investigation [10]–[12], with emphasis on neu- 48

tron multiplicity detector designs from PNNL [13]–[15], and 49

Symetrica Ltd. and JRC [3], [16]. The Symetrica Ltd. design 50

incorporates blade detectors surrounded by a moderating body, 51

with a high efficiency and low die-away time. At the time of 52

the measurement reported in this paper, only two of the four 53

panels of the blades had been tested as an assembly. However, 54

simulations of a fully populated system support the proposition 55

that this design may be a viable alternative provided real 56

time pulse discrimination will be commensurate with a short 57

predelay compared to the die-away time [3]. 58

The IAEA’s development, with Hybrid Instruments Ltd., 59

of the liquid scintillator-based neutron coincidence counter 60

is proposed to be used for the active measurement of fast 61

neutrons from low-enriched uranium fuel [3], [17], [18]. 62

Algorithms to minimize crosstalk between scintillators, 63

scatter-induced coincidences, and system dead time, in addi- 64

tion to pulse-shape discrimination, are necessary for this 65

technique [18]–[20]. The University of Michigan coincidence 66

counter design, based upon EJ-309 and stilbene plastic scintil- 67

lation detectors, has been shown to distinguish time-correlated 68

neutron events from random neutrons and gammas [21], [22] 69

with the relevant electronics and data processing. They are 70

also working on methods to account for fast-neutron scatter. 71

Liquids have yet to be accepted in nuclear plants and 72
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engineering due to the confines of ease in setup and use,73

in addition to stability requirements.74

Alternatives exploiting boron have the advantage of the75

second highest cross section, 3835 b, compared to 3He,76

with a cross section of 5333 b at 2200 m/s. The gamma-77

ray noise is low enough to be distinguished from charged78

particle pulses by setting a threshold value, permitting high79

gamma insensitivity. BF3-filled proportional detectors meet the80

requirements specified for a drop-in replacement technology,81

yet the gas is toxic and heavily regulated by the Department of82

Transportation, and is therefore not ideal to be deployed in the83

field. When size is not a restriction, such as in portal monitors,84

efficiency can be achieved by using more BF3 tubes with less85

fill pressure than the equivalent 3He tube-based systems.86

Current technologies implementing thin 10B deposits on87

their surfaces offer no health risk, unlike BF3 tubes, while88

utilizing the same physics for detection. The Precision Data89

Technology-designed parallel-plate boron proportional coun-90

ters have been tested by the Los Alamos National Labo-91

ratory (LANL). At the time of the reported measurement,92

the large amount of moderating material in the system93

increased the neutron die-away time compared to the bench-94

mark 3He model [23]. An upgraded system is being built and95

tested to improve dead time and die-away time [24], [25].96

A class of commercial General Electric Reuter-Stokes97

10B-lined proportional tubes have been built into a system,98

simulated, and then tested at PNNL [26], [27]. For the current99

system design, the resulting efficiency, neutron die-away time,100

detector dimensions, and necessary count duration for low101

statistical uncertainty have not met the declared standards for102

replacement [3], [27], yet this model may suffice for other103

international safeguards applications that are not limited to104

such constraints [28].105

Two workshops have been held in recent years to106

bring together international experts and developers of these107

technologies. Both the 3He alternatives for International108

Safeguards Workshops at LANL in 2013 and the JRC in109

Ispra in 2014 [3] brought together six plausible prototypes110

for benchmark tests and comparisons to three currently used111

3He coincidence counters: 1) the high-level neutron coin-112

cidence counter-II (HLNCC-II); 2) the Uranium Neutron113

Collar (UNCL); and 3) and the UNCL slab. These proto-114

types were built based upon: 1) LiF/ZnS(Ag) scintillators115

coupled to polyvinyl toluene wavelength shifters (Symetrica);116

2) Stilbene scintillators (University of Michigan/Lawrence117

Livermore National Laboratory); 3) liquid scintillators118

model EJ-309 (International Atomic Energy Agency, IAEA);119

4) parallel-plate boron proportional counters (Precision Data120

Technology); 5) boron-lined tubes (GE Reuter-Stokes);121

and 6) boron-coated straws [Proportional Technologies122

Inc., (PTI)].123

This paper reports on the measurement results for a boron-124

coated-straw (BCS)-based HLNCC. The HLNCC-II is widely125

used by IAEA inspectors in many nuclear facilities for126

passive neutron coincidence counting of plutonium samples127

and gram to kilogram quantities of mixed oxide materials.128

More specifically, we report on measurements including the129

high-voltage (HV) characteristic, detector efficiency, neutron130

die-away time, and Pu mass assay. We also compare the 131

results to the 3He-based HLNCC-II and the other develop- 132

ing 3He replacement technologies including systems based 133

upon GE Reuter-Stokes’ boron-lined tubes and Symetrica’s 134

LiF/ZnS(Ag) scintillator, both of which were designed against 135

the 3He HLNCC-II standard. 136

II. NEUTRON COINCIDENCE AND 137

MULTIPLICITY COUNTING 138

Neutron coincidence and multiplicity counters are impor- 139

tant tools in nuclear facilities safeguards. These counters are 140

designed and optimized to exploit the properties and reaction 141

products of nuclear fission for the characterization of particular 142

nuclear material samples. To calculate the total mass of the 143

sample, the isotopic composition is determined, typically by 144

a high-resolution gamma-ray measurement, and the effective 145

mass can be determined from time-correlated neutron counting 146

data. 147

The simultaneous emission of multiple neutrons from fission 148

in SNM allows for coincidence detections from a single orig- 149

inating event. The fission timescale is less than a picosecond, 150

typically releasing between one and three prompt neutrons. 151

The fission chain propagation occurs over tens of nanoseconds, 152

and the detection timescale of relevant thermal well detectors 153

is on the order of tens of microseconds. However, background 154

and (α, n) reactions also contribute to the total neutron counts. 155

Neutrons from the same fission event are detected close to each 156

other in time, whereas neutrons from nonfission processes are 157

randomly distributed in time. 158

Using time-correlation methods allow these counters to 159

discriminate against this background and distinguish between 160

events. Singles (or totals), doubles (or reals), and triples count 161

rates can be determined based on time-correlation of the 162

measured pulse train. The singles count rate corresponds to 163

the total number of measured neutrons. The doubles count 164

rate corresponds to two neutron events measured within a 165

specified time gate, and the triples count rate corresponds to 166

three neutron events within that gate. The use of triples data 167

is the characteristic of multiplicity counters, thereby allowing 168

one to solve for three nuclear material sample unknowns, 169

whereas coincidence counters use only singles and doubles 170

data, allowing for the solution of two unknowns. Therefore, 171

neutron coincidence and multiplicity counters must possess 172

high enough efficiencies to detect correlated events with preci- 173

sion and reasonable dead time to maintain similar coincidence 174

gate fractions to existing 3He detectors [29]. 175

Characteristics such as neutron die-away time, efficiency, 176

and figure of merit (FOM) are used to quantify the perfor- 177

mance of a counter. Neutron die-away time is a measure of 178

the time it takes for a neutron emitted inside the detector cavity 179

to thermalize and be detected. A short neutron die-away time 180

is desired to improve measurement precision through a lower 181

accidental count subtraction for a given counting time, but it 182

is not always achievable based on the counter design. The 183

efficiency is the probability of the counter detecting a neutron 184

emitted by a nuclear material sample. The FOM is commonly 185

the principal value reported when evaluating the response of 186
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Fig. 1. BCS HLNCC-II model built by PTI. Straws uniformly dispersed
within the cylindrical HDPE body with central sample cavity (left). Sealed
BCS HLNCC with six outputs (right) [3].

these new proposed technologies; it is simply the efficiency187

over the square root of the neutron die-away time. The FOM is188

proportional to the neutron coincidence assay error, assuming189

all other factors such as sample type and count time stay190

constant. The goal of each of these alternative system designs191

is to match, or improve, the FOM of preexisting 3He-based192

systems.193

III. BORON-COATED STRAW DETECTOR194

The BCS-based counter has been built by PTI as a direct195

replacement to the HLNCC-II [30], [31]. The performance196

of these straws in homeland security applications has already197

been shown and reported [32], [33], and currently, the devel-198

opment and characterization for thermal well detector designs199

is underway. As discussed in [30]–[33], BCS systems have the200

absolute detection efficiency desired, they possess sufficient201

gamma discrimination with set energy thresholds, and they202

maintain their neutron detection rate in relevant operational203

temperature ranges.204

The BCS-based HLNCC-II is composed of 804 10B straws,205

each 4.4 mm in diameter, allowing for a tight packing within206

the geometry as a method to help improve detection efficiency.207

10B4C at 96% enrichment is sputtered along the inside of an208

aluminum or copper straw with a thickness of approximately209

2 μm and filled with a mixture of CO2 (10%) and Ar (90%)210

at 1 atm. The dimensions of the 3He HLNCC-II are preserved,211

although there is an increase in mass of 6 kg; it consists of212

a cylindrical high-density polyethylene (HDPE) body with a213

diameter of 34 cm and a height of 68.2 cm (Fig. 1). The214

sample cavity is 17 cm in diameter and 41 cm in height215

and is sealed with top and bottom end plugs made of HDPE216

and aluminum. There are six detector banks, of 134 tubes217

each, connected together and processed by six amplifiers. The218

804 straws are uniformly dispersed within the moderator for219

the thermalization of neutrons.220

The signal from the BCS system is passed through an221

external summation box consisting of six inputs, a shaping222

and amplifying circuit, and one signal output. Within this223

amplifying circuit, each of the pulses from the six detector224

banks can pass through logic gates in a field-programmable225

gate array module, providing pulse shaping and amplification226

to produce the correct form for the signal trigger. This signal 227

can then be read out with standard shift register electronics. 228

The JSR-12 Neutron Coincidence Analyzer, designed by 229

LANL and built by Canberra Industries Inc., counts and 230

records pulses from neutron events and their time-correlations 231

for coincidence and multiplicity counting. The BCS detector 232

signal output can be measured as either a transistor–transistor 233

logic (TTL) pulse input transmitted by a coaxial cable, or a 234

differential pair of signals transmitted by a twisted pair cable; 235

the JSR-12 can read the TTL pulses. The JSR-12 has a 236

port which outputs a user-selected HV to power the detector. 237

A coaxial cable can also be connected to the +5 V output port 238

to provide power to the preamplifier or discriminator boards 239

of the BCS detector. 240

The JSR-12 is compatible with the LANL neutron coinci- 241

dence counting (INCC) computer program [34], used by the 242

IAEA, through a universal serial bus connection. A graphical 243

user interface enables communication to the shift register and 244

coincidence counter. Within this software, parameters such 245

as HV, gate width, dead time, and predelay can be selected 246

and adjusted. The number of data acquisition runs and their 247

duration can be chosen. A read out summary of these cycles 248

shows the totals and reals with uncertainty for the signal input, 249

and totals for the two auxiliary scalar inputs, in addition to 250

other relevant parameters. For this benchmark exercise, each 251

of the six detector bank signals was passed through the PTI 252

summation box providing a total detector output. This total 253

signal was then measured as a TTL pulse input to the JSR-12 254

using a coaxial cable. The BCS detector was powered to 255

850 V through the shift register. At the time of measurement, 256

the +5 V output from the JSR-12 was not functioning properly 257

with the BCS detector, so an external power supply was used 258

directly connected to the +5 V input on the BCS detector. 259

The results were read out in the INCC program on a personal 260

computer. 261

IV. CHARACTERIZATION MEASUREMENTS 262

The previously listed instruments (see Section I) were 263

assessed by their respective developers at the Performance 264

Laboratory for Safeguards in terms of high-voltage char- 265

acteristic in the presence of 252Cf and 137Cs sources to 266

investigate gamma discrimination, neutron detection efficiency, 267

and die-away time using a characterized 252Cf source using 268

a common approach. A side-by-side comparison of each 269

system’s response to a range of SNM samples with statistical 270

uncertainty in comparison to the respective 3He standard 271

model was also conducted. 272

Background rates varied based on what sources were present 273

in the room at the time of the measurement, due to vari- 274

ous detectors being tested simultaneously in close proximity. 275

However, the singles (or totals) background rates were always 276

much less than the count rates of the item being measured, 277

and the background doubles (or reals) count rate was almost 278

negligible. The background was measured prior to each data 279

acquisition to ensure proper corrections would be applied. 280

Analyzing data previously acquired by Lacy et al. at PTI, AQ:2281

using sealed 252Cf sources and a JSR-12, the doubles count 282
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Fig. 2. Close-up view of a Rossi Alpha distribution used to determine
predelay and gate width selection (top). Full Rossi Alpha distribution and fit
with an exponential decay and linear accidental term to extract the die-away
time (bottom).

rates were calculated for varying combinations of predelay283

lengths and gate widths. From these rates, the optimal values284

for the predelay and gate width were selected, 2 and 48 μs,285

respectively. Deviating slightly from the predelay and gate286

width values of the standard HLNCC-II, from 3 to 2 μs287

and from 32 to 48 μs, respectively, allows a large enough288

time window to detect correlated neutrons while limiting the289

number of accidental counts, and it prevents omitting a large290

fraction of counts at the beginning of the collection. Later,291

a Rossi Alpha distribution produced for the BCS counter292

using a 16 000 n/s 252Cf source with list mode data acqui-293

sition was performed to investigate the predelay selection.294

The distribution supported this selection, revealing structured295

behavior between 0 and 0.5 μs, but a stable response after296

0.6 μs (Fig. 2).297

The die-away time τ was also obtained from the298

JSR-12-recorded data. Fitting an exponential decay plus a299

linear accidental term to the reals, through chi-squared analysis300

and minimizing the sum of squared errors, provided a die-301

away time of 26 μs. This die-away time determined by PTI302

has since been verified at the Oak Ridge National Laboratory.303

To begin the benchmark measurements, a 17 500 n/s 252Cf304

source was used to measure the HV characteristic to ver-305

ify the operating voltage of the system. During this time,306

the neighboring test station in the room was supplied the307

strongest 252Cf source available, thereby increasing the totals308

background count rate at the BCS counter station to an309

average of 10 Hz. It is important to note that the counting310

Fig. 3. High-voltage characteristic of the singles count rate produced using
solely a 252Cf source, and another in the presence of both a background 252Cf
and a 137Cs source. Gamma breakdown begins after 875 V.

curve generated using a BCS detector does not have an HV 311

plateau, unlike a 3He detector, since its differential pulse height 312

spectrum extends to zero with no physical gamma-to-neutron 313

signal gap. Instead, this region has a slight increasing linear 314

trend. Because of this, an operating voltage must be selected 315

based on optimizing efficiency and gamma discrimination, and 316

not the standard 3He method of approximately 40 V above the 317

knee. 318

A 10 mCi 137Cs source was then introduced within the 319

BCS, alongside the 252Cf at the neighboring station, to test 320

the response of the counter in a high gamma field (Fig. 3). 321

The influence on count rate from the incident gamma rays is 322

not evident until after 875 V. Below this point, the count rate is 323

in agreement with the count rate from the 252Cf source alone, 324

proving the BCS capability of discrimination between neutron 325

and gamma events. Throughout this region, the measured 326

count rate follows this slight increasing trend, so a selection 327

of an operating voltage throughout this regime will suffice. 328

After 875 V, the detector signal is dominated by gamma 329

counts. Based on this information, the detector was run at 330

850 V for all future measurements. Lacy et al. [30] have 331

previously determined the gamma rejection ratio of their 332

BCS in the range of HLNCC-II-relevant gamma exposure 333

fields with selected energy cutoff thresholds [30]. For various 334

straw geometry prototypes, the gamma discrimination ranges 335

from 106 to 108. 336

Efficiency and dead-time measurements were taken using 337

four 252Cf sources of varying strengths. The certified source 338

strengths are listed in Table I. It should be noted that not all 339

sources have a National Physical Laboratory (NPL) certificate. 340

Without proper characterization and uncertainty in the source 341

strength, the accuracy of any future measurements will be 342

affected. 343

The measured count rate of each source was background 344

and dead-time corrected (DTC) using the well accepted DTC 345

approach [35], [36]. The correction factors are 346

CFD = eδR ·Sm = e(a+b·Sm)·Sm (1) 347

CFS = eδT ·Sm = e
1
4 (a+b·Sm)·Sm = CF1/4

D (2) 348

where Sm is the measured singles (totals) rate and a and b 349

are dead-time parameters which are empirically determined 350
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TABLE I
252Cf SOURCE STRENGTHS

TABLE II

DEAD-TIME AND BACKGROUND CORRECTED 252 Cf COUNT RATES

for a specific detection system. The free parameters a and b351

are empirically determined by applying a quadratic fit to352

doubles count rate data as a function of increasing singles rate.353

To then calculate the DTC rates, the measured count rates are354

multiplied by the correction factor355

DDTC = CFD · Dm (3)356

SDTC = CFS · Sm . (4)357

After applying the dead-time and background rate cor-358

rections, the reals-to-totals (R/T) ratio was taken. The ratio359

was analyzed through another chi-squared analysis. The sum360

of squared errors of the deviation between the DTC R/T361

and the variable R/T parameter over the uncertainty in the362

DTC R/T was minimized with respect to a and the R/T363

parameter. Through this analysis, the sources provided were364

discovered to be too weak to produce meaningful dead-time365

parameters. Instead, parameters from previous data acquisition366

at PTI were used, 0.55 and 0 μs for a and b, respectively.367

The R/T parameter used for 252Cf was 0.1612. These values368

were obtained through similar analysis using three National369

Institute of Standards and Technology certified sources of370

measured strengths (746.64 ± 0.86), (15999.10 ± 6.46),371

and (377338.40 ± 30.57) Hz.372

These dead-time parameters were used with (1)–(4) to find373

the DTC rates for totals and reals which were then background374

corrected. R/T is also reported in Table II for a comparison375

between sources.376

The detection efficiencies of these 252Cf sources at 850 V377

were then determined. Data were taken with each of the378

sources placed in the center of the well, with 0.2% posi-379

tional uncertainty, for 20 cycles of 30 s each. Each acqui-380

sition was repeated and a corresponding background run was381

taken. Using the source strength and the fully corrected total382

count rate, the efficiency was calculated. Table III shows the383

results. The difference in calculated efficiency values using the384

four sources is larger than anticipated, influencing the mean385

TABLE III

EFFICIENCY MEASUREMENTS USING 252Cf SOURCES

TABLE IV

EFFICIENCY MEASUREMENTS AS A FUNCTION OF

INCIDENT NEUTRON ENERGY

measured efficiency. Because each of the sources had varying 386

measurement uncertainties, each source was given differing 387

weights toward a summed efficiency of the detector. This 388

weighted mean efficiency of 13.93% is used in our calcula- 389

tions. When selecting a single source for the representation of 390

efficiency, 5987NC was selected as the most reliable due to 391

the low relative standard deviation in combination with having 392

the corresponding NPL certificate. 393

Two other sources, identified as ANHP-N252, an AmLi 394

source having (113400 ± 2000) n/s and NK4442, an AmBe 395

source having (21220 ± 200) n/s, were then used to test the 396

efficiency as a function of incident neutron energy. The aver- 397

age neutron energy from the AmLi source is much lower than 398

the 252Cf, approximately 0.5 MeV in comparison to 2.13 MeV, 399

and the AmBe source is much higher at 4.2 MeV. Twenty 400

measurement cycles of 30 s each were run. As expected when 401

using a random (rather than time-correlated) neutron AmLi 402

source, the measured net reals, (2.2 ± 9.2) Hz, was consistent 403

with zero. The net reals with the AmBe source also behaved 404

as expected, showing a small increase in neutron count rate, 405

(8.93 ± 0.81) Hz, due to the 9Be (n, 2n) contribution. The 406

efficiencies for these sources are compared with the weighted 407

efficiency of the 252Cf sources in Table IV. 408

The measured efficiencies are plotted in Fig. 4. Based on 409

these values alone, the efficiency for 240Pu with average energy 410

of 1.96 MeV may be estimated to be approximately 14.44%. 411

After the successful performance of the BCS in each of 412

these tasks was verified, data were compared between systems. 413

A measurement was conducted with the 252Cf source 5987NC 414

placed within the well of several HLNCC-type prototypes: 415

the benchmark 3He HLNCC-II, GE Reuter-Stokes 10B-lined 416

tubes, 6Li/ZnS-based HLNCC, and the BCS. Only the BCS 417

detector was able to match and exceed the 3He HLNCC-II 418

equivalent system as is (Table V); each respective supplier 419

has since returned to improve the response of their 420

model. 421
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Fig. 4. Efficiency measurements for various neutron sources. A quadratic fit
was applied to these data to estimate the efficiency of a 240Pu source.

TABLE V

COMPARISON OF HLNCC-BASED PROTOTYPES [3]

The lower die-away time measured for the BCS is attributed422

to the near-uniform dispersion of the 10B absorber within423

the HDPE neutron moderator. Despite a lower efficiency,424

the FOM of the BCS is better than that of the 3He HLNCC-II425

because of the shorter die-away time advantage, meeting the426

requirements set for an alternative design. Although this value427

is dependent on the discrimination established for the 10 mCi428

137Cs source, this FOM is valid for routine contact-handling429

materials, covering a broad range of samples measured by430

counters such as the HLNCC-II. Some samples designated to431

be measured within the HLNCC-II do exceed this gamma rate,432

however. Further measurements would be needed to establish433

the gamma dose limit and its effect on the FOM comparison434

to the HLNCC-II in these higher dose scenarios.435

V. NONDESTRUCTIVE ASSAY MEASUREMENTS436

Additionally, several 240Pu sources in varying compositions437

and geometries were then measured in the BCS counter438

(Table VI). The effective weight percent weff was calculated439

for each of the samples based on given isotopics and available440

nuclear data. The weight percents were calculated for the441

first day of measurement and then used for all successive442

measurements, introducing a negligible uncertainty due to443

further decay.444

The weight percents were independently recalculated by445

another member of the team with similar results, yet the446

values were not in perfect agreement. Discrepancies in the447

decay corrected values can stem from different choices448

TABLE VI
240 Pu ISOTOPICS

in sources of nuclear data, specifically the influence of 449

the uncertainty (±0.1 year) between quoted values of the 450

241Pu half-life. The ingrowth of 241Am has a very large 451

uncertainty as it is a function of the decay of Pu. Propagation 452

of these errors through final calculations was investigated, and 453

the leading uncertainty was included. 454

The measured count rates are related to the properties 455

of the sample, the parameters of the detection system, and 456

basic nuclear data through point model equations, based on 457

the Ensslin–Krick approach [37], to quantify the mass of a 458

fissioning sample. 459

The dead-time and background corrected totals and reals 460

count rate can be found by 461

T = meff gεν1M(1 + α) (5) 462

R = meff gε2 f
ν2

2
M2[1 + (1 + α)(M − 1)K ] (6) 463

where meff is the effective mass of 240Pu in the sample to 464

produce the measured rates, g is the specific spontaneous 465

fission rate for 240Pu, ε is the detector efficiency, f is the 466

reals gate fraction, M is the leakage self-multiplication, α is 467

the ratio between the number of random neutrons produced 468

through (α, n) reactions and spontaneous fission neutrons, and 469

νi is the i th factorial moment of the prompt multiplicity distri- 470

bution of the source of fission neutrons. The contribution from 471

both induced (I) and spontaneous (S) fission is contained in 472

K = νS1

(νI 1 − 1)
· νI 2

νS2
(7) 473

where the factorial moments are based on basic nuclear data. 474

In contrast to the factorial moments, the alpha value, or (8), 475

is expected to vary from item to item depending on its 476

composition 477

α = (α, n)rate

(SF, n)rate
. (8) 478

The dependence of K on the incident energy spectrum 479

between (α, n) reactions inducing fission and (SF, n) events is 480

ignored, and K is treated as a constant. It is therefore assumed 481

that the neutrons from both contributors are detected at the 482

same efficiency. In reality, there is approximately 1%–2% 483

spread in efficiency, introducing more uncertainty into the 484

calculation. The quantity α is treated as independent of K and 485

other terms due to the dominating uncertainty in the chemical 486

form such as impurity content and microstructure changing the 487

contributors of the constituents, overshadowing any correlation 488

between these two parameters. The (α, n)rate can be estimated 489

from nuclear data with known coefficients for the (α, , n)rate 490
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in oxygen per gram, assuming stoichiometry, but impurities491

introduce deviations from these values.492

The effective mass of the fissioning 240Pu is found by493

meff = Rc

a
(9)494

where a is an estimated parameter based on the fact that the495

calibration is based off of 252Cf. The multiplication corrected496

reals rate, Rc, is represented by497

Rc = ρ0

a
· T

M(1 + α)
= b · T

M(1 + α)
(10)498

with R/T for nonmultiplying 240Pu metal ρ0 as an empirical499

parameter used to compensate for point model violations. This500

is represented by501

ρ0 = ε f ν2
2

ν1
(11)502

for the usual point model used to interpret neutron coincidence503

counting data and504

ρ0 =
R
T (1 + α)

M[1 + (1 + α)(M − 1)K ] (12)505

for a pure reference oxide item. Although ρ0 can be calculated506

through basic nuclear parameters, it is assumed in this case that507

ρ0 may be treated as independently known; therefore, these508

two equations are equal in this context. The quantity b is then509

a constant of proportionality for direct scaling used with the510

adjusted totals. It is obtained through calibration with similar511

items.512

Typically for assay benchmarks, one is given a minimum513

of three samples of Pu of similar composition yet marginally514

different sizes to measure. Values from these known samples515

can be extrapolated, generating coefficients for calibration,516

to apply to unknown samples of similar sizes. However, this517

was not the case; because of the lack of similar sources, given518

both metallic and oxide sources, an accurate calibration is519

incredibly difficult and leads to values which violate the point520

model.521

The leakage self-multiplication is represented by522

M =
[K (1 + α) − 1] +

√
[K (1+α)−1]2+4K (1+α)2 R

T
ρ0

2K (1 + α)
. (13)523

Sometimes due to violations of the point model such as the524

fact that (α, n), (SF, n), and physically small items will have525

different detection efficiencies, but are assumed to have the526

same, M can be less than unity. This value must be clamped527

at 1 for these cases to ensure the result makes physical sense,528

but this then alters the linearity of the calculations. With a529

final substitution, the multiplication corrected reals rate can530

be found.531

These equations were used with the nuclear data and cal-532

ibration parameters (Table VII) to calculate the 240Pu meff ,533

the leakage self-multiplication, the total sample mass, and534

the deviation of the calculated mass from the declared535

mass (Table VIII). The reals gate utilization factor was536

assumed to be the same for 252Cf and 240Pu, 0.779, from537

the previously measured data. The uncertainty of each term538

TABLE VII

CALIBRATION PARAMETERS

TABLE VIII
240Pu ASSAY RESULTS

was calculated at ±1σ through brute force numerical methods 539

to produce a final combined uncertainty. Considering all the 540

sources of uncertainty introduced throughout this calibration 541

and assay, a deviation of approximately 2% across the diversity 542

of these samples is satisfactory. 543

VI. CONCLUSION 544

The FOM of a BCS-based well counter designed as a 545

3He replacement has been found to be 2.66 under specified 546

conditions regarding gamma sample rates. Under the same 547

conditions, the FOM of the 3He-based HLNCC-II model was 548

found to be 2.51. Despite the BCS system’s lower efficiency, 549

its shorter die-away time improves the FOM such that it 550

is comparable with the 3He-based HLNCC-II. Although the 551

FOM is not the only criteria for successful deployment, it is 552

a minimum requirement. 553

Additionally, the system met the requirements presented 554

at the described 3He alternatives for International Safeguards 555

Workshop. In this paper, the optimal operating voltage, pre- 556

delay and gate width timing values, and dead-time parameters 557

were determined using said sources. Gram quantity Pu sample 558

assay results for the BCS-based coincidence counter are also 559

reported. 560

The performance at higher gamma rates also needs further 561

exploration, in order to understand how well it can be expected 562

to perform in measurement of kilogram quantities of mixed 563

oxide materials. The use of a list mode data acquisition system 564

could also be explored. 565
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