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Abstract

Nuclear criticality safety, nonproliferation and safeguards, emergency response, and stockpile stew-
ardship utilize estimates of the keg multiplication factor. The value of k.g cannot be directly
measured, but it can be inferred from the prompt neutron period. One modality of measuring the
prompt neutron period is the Rossi-alpha method, which is predicated on fitting a histogram of
detection time differences due to the nonrandom temporal distribution of same-fission-chain neu-
trons. Recent works have developed the motivation and theory to expand traditional one-region
point kinetic models resulting in one-exponential histogram fits to two-region models that result
in two-exponential fits. This paper validates the new two-region model using organic scintillator
measurements of copper-reflected weapons-grade plutonium (0.83 < ke < 0.94) and high-density-
polyethylene-reflected highly enriched uranium (0.73 < keg < 0.95). Furthermore, the results show
that more thermal systems have shorter prompt neutron periods in the core region due to increased
induced-fission probabilities for moderated neutrons. A new parameter introduced by the two-
region model is also shown to be correlated to the amount of reflection, and may be used to infer
assembly properties such as type and amount of reflector.
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1. Introduction

The Rossi-alpha method is a neutron noise technique for near- and delayed-critical assemblies

of fissile material and one modality to estimate the prompt neutron decay constant or its negative
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reciprocal, the prompt neutron period [1-4]. The method exploits the nonrandom distribution
of neutron detection times due to the correlations between same-fission-chain neutrons; neutron
detection times are tabulated in experiment, a histogram of time differences between detections is
constructed, and the histogram is fit with a function that defines the prompt neutron period [5, 6].
The prompt period is typically used to infer the keg multiplication factor of a given assembly,
which has far-reaching applications in nuclear criticality safety, safeguards and nonproliferation,
and stockpile stewardship. The Rossi-alpha method was originally developed for bare cores of
fissile material where a one-region point kinetics model resulting in a one-exponential function is
an adequate fit for the histogram and correctly captured the dominant time correlations [5, 7].
Recent work demonstrated that a two-region point kinetics model resulting in a two-exponential
function is (and that a one-exponential function is not) an adequate fit of Rossi-alpha histograms
from reflected assemblies of fissile material [8, 9] and other work developed the theory to calculate
the prompt period from the fit parameters [10-12]. The purpose of this manuscript is to validate
the two-region point kinetics model for Rossi-alpha experiments.

The outline of this manuscript is as follows. The Rossi-alpha and two-region point kinetics
theory are reviewed in Sec 2. The experiments are described in Sec. 3, analysis of the data is
outlined in Sec. 4, and the subsequent results are discussed in Sec. 5. A dedicated simulation study

is presented in Sec. 6 and the paper is concluded in Sec. 7.

2. Background: The Two-Exponential Rossi-alpha Method

The prompt neutron decay constant « is defined as the negative asymptotic logarithmic time
derivative of the prompt neutron population N, in the fissile core and given by [4, 13]
d(In(Ny(t))) 1 d(Ny(t))

a=- dt TN dt (1)

When one-region point kinetics is adequate, Rossi-alpha histograms are fit with

p(t) dt = A dt + Be™ dt, (2)

where the A term represents the uniform probability of chance coincidences and the B term
represents the exponential decay of the prompt neutron population as fission chains extinguish.

The kg multiplication factor is inferred from « by
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1
= (3)
1 — Besr + A

where B is the effective delayed neutron fraction and A is the mean neutron generation time.

keff

The values of Bo and A are estimated from simulation or approximated with repeated pertubation
measurements; in the simulation code MCNP®)!, solving for the point kinetics quantities can be
invoked with the KOPTS option of the KCODE subroutine.

When the two-region model is needed due to reflection, the measured a corresponds to the core
only and not the composite assembly. Therefore keg core is calculated based on a simulated value
of Acore (the KOPTS option results in a value for the composite assembly instead) or a simulated
value of the mean neutron lifetime in the core, 7.. In either case, feog is still needed. In the 7.
approach, the prompt multiplication factor of the core & core is calculated from « and 7. by

Fpcore = 1 "

o= —"—— <= kpcore =1+ ar.
Te

and the effective multiplication factor of the core is calculated from k, core and feg by

kp cor
keﬁ,core = ﬁ- (5)

The composite keg is calculated by considering cross-region leakage terms: f.,., the fraction of
neutrons leaking from the core to the reflector, and f,., the fraction of neutrons leaking from the

reflector to the core. Taken together,

IMCNP® and Monte Carlo N-Particle® are registered trademarks owned by Triad National Security, LLC,
manager and operator of Los Alamos National Laboratory. Any third party use of such registered marks should
be properly attributed to Triad National Security, LLC, including the use of the designation as appropriate. For
the purposes of visual clarity, the registered trademark symbol is assumed for all references to MCNP within the

remainder of this paper.
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keff,core
(6)

kCH 1- frcfcr
o keff,core
“i-rm
o kp,corc
(1= f'7e)(1 = Best)
1+ ar,

(1= frre)(1 = Best)’

where

— fC’l‘fT’C

Te

f (7)

is defined since f’ is a measured value and the individual cross-region leakage terms cannot be
independently determined in experiment. Hence, keg is determined from two measured values, «
and f’, and two simulated values, SBeg and 7.

The two-exponential fit is given by

p(t) dt = A dt+ B [pre™" + poe”'] dt (8)

= A dt+ [(Bp1)e™" + (Bp2)e™'] dt

where A and B respectively correspond to the uncorrelated and correlated terms, and the

coeflicients are given by

(1-R)?> 2(1-R)R)

pu— 9
1 1 + L+ 1o ( a)
and
R? 2(1—-R)R
po= L 2 BE) (90)
T2 1+ T2

and the exponents are related to macroscopic quantities by

rj=(—1)j\/71r(f’+a)+i<T1T—a)2+;<a—Tlr)- (10)

The parameter 7, is the mean time in the reflector (mean time outside of the core) and R is a

number between zero and one that weights the exponents to determine a:
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aZTl(l—R)+T2(R). (11)

The value of f is similarly calculated and given by:

f,:_(a—ﬁ)(a—?“z). (12)

o —T1 — T2
Note that the true value of 7, is rarely measured and dependent on the detection system being

used.

3. Experimental Setup

The two-region model is validated with experimental data from uranium and plutonium by
comparing measured values to simulated values, which are treated as the reference in this work.
The experiments were performed at the National Criticality Experiments Research Center within
the Device Assembly Facility at the Nevada National Security Site. The front face of each detection
system was 47 cm from the center of the radiation test object; the layout and detection systems
are identical to those of Ref. [14] and a photo is shown in Fig. 1. Two types of detection systems
were present during the experiments: two organic scintillator arrays [14] (12 5.08-cm thick, 5.08-
cm diameter trans-stilbene crystals [16, 17]) and two Neutron Multiplicity *He Array Detectors
(NoMADs, extensively reviewed in Ref. [15]). Rossi-alpha measurements are typically conducted
with 3He detectors: >He-gas proportional counters embedded in a polyethylene matrix to moderate
neutrons and improve detection efficiency. Such systems have clock tick lengths on the order
of hundreds of nanoseconds, dead times on the order of several microseconds, and characteristic
slowing-down times on the order of tens of microseconds [15]. When measuring the same copper-
reflected plutonium assemblies as this work, the only time constant He detectors were sensitive to
were their own slowing down time of 35-40 ps [15]. Therefore only data from the organic scintillator
array (time resolution of 1.34 ns, negligible dead time, and clock tick lengths of approximately 0.3
ns) are used in this work.

The organic scintillators are coupled to photomultiplier tubes and held in place by porous foam
in a thin wire-frame housing. The detectors were powered and read out by CAEN V6533N high
voltage supplies and v1730 digitizers that sampled every 2 ns for a record length of 144 samples.
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Graded tin-copper shadow shields were placed in front of the organic scintillator arrays to shield

low-energy x-rays.

Organic
Scintillator

Radiation
Test
Object

Cu
elding

Figure 1: Annotated layout of detection systems and measurement setup.

The plutonium assembly uses a 4.5-kg sphere of weapons-grade (93% 23°Pu), alpha-phase plu-
tonium encased in stainless steel known as the BeRP Ball [18, 19]. The BeRP Ball has recently
been used in several benchmark measurements that comprehensively specify the object and pro-
vide detailed MCNP input files [15, 20, 21]. The measurements in this work replicate the copper-
only configurations of the subcritical copper-reflected a-phase plutonium (SCRaP) benchmark [15],
where the BeRP Ball is reflected by tight-fitting copper shells with thicknesses ranging from 1.27
cm to 10.16 cm in 1.27 cm increments. Photos of the configurations are shown in Fig. 2. Each

configuration was measured for 20 minutes.
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Figure 2: Photos of the BeRP Ball reflected by various copper thicknesses; the other half of the reflector shells are

affixed during measurement.

The measured uranium radiation test object is made from shells of highly enriched uranium
(HEU, 93.16% 235U) known as the Rocky Flats shells [22, 23]. The composite shell is encased
in aluminum for contamination control, made from Rocky Flats shells 3-30, has inner and outer
HEU radii of 4.02 and 13.34 c¢m, and totals a mass of 21.6 kg. A rendering of the unencased shells
that form the fissile core is shown in Fig. 3. A total of three configurations were measured: the
core (shown in Fig 4), the core reflected by 3.81 c¢m of high-density polyethylene (HDPE), and the
core reflected by 6.35 cm of HDPE. The assembly was driven by a 252Cf source that was taped to
the bottom of the assembly; the source-to-sample distance changes between configurations. Each

configuration was measured for 30 minutes.



Figure 3: Three-dimensional rendering of Rocky Flats shells 3-30 with inner and outer radii of 4.02 and 13.34 cm.
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Figure 4: A photo of the measurement setup for the Rocky Flats experiment; in particular, the bare case is shown.

4. Data Analysis

Raw pulses from the detectors are preprocessed to eliminate clipped pulses (those resulting in
more light output than allowed by the digitizer dynamic range based on calibration, or 2.39 MeVee
in this work) and pulse pile-up (multiple pulses arriving in the same detector in the same 288 ns
pulse window). Pulse shape discrimination (PSD) is used to distinguish neutron and photon pulses
based on a charge integration technique for each detector, for each minute of measurement, and as
a function of energy [24-26]. A sample PSD plot is shown in Fig. 5 for the measurement of the bare
Rocky Flats assembly. The total integral range was the entire 288 ns pulse window, whereas the

bounds for the tail integral started 24 ns after the pulse peak and extended to the end of the pulse.
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Figure 5: Sample pulse shape discrimination plot for the bare HEU assembly; the heat map has units of counts and

o

illustrates relative intensity.

A list of neutron detection times and a list of photon detections times are obtained for each
detector after the PSD algorithm finishes. Timing offsets due to electronics and differences in
source-to-detector distance are corrected for by choosing a reference detector and calculating a
photon time-difference distribution between the reference and any given detector. The list of times
(for neutrons and for photons) in the given detector are translated by a constant such that the peak
of the photon coincidence plot is centered about zero. The shift does not introduce significant bias
in this work [14].

The Rossi-alpha distribution is constructed by creating a 1-ns bin-width histogram of any and
all time differences between neutron detections in any detector, provided that the time differences

are less than a 1000 ns reset time [6]. The constant representing uncorrelated counts, determined

10
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by taking the mean of the last 100 points in the distribution, is subtracted from the histogram.
The first 2b+ 1 points are omitted from the histogram to avoid effects such as dead time or neutron
time-of-flight, where b is the index of the peak. The histogram is then fit with Eqn. (8) with the
A term omitted (having already been determined and subtracted). The values of a and f’ are
calculated from Eqns. (9), (11), and (12).

The fit to the histogram is inverse-variance weighted. Ref. [27] presents formulations and val-
idation for estimating bin-by-bin uncertainty for Rossi-alpha histograms, including sample and
quasi-analytic methods. Ref. [28] also describes a bootstrapping method and demonstrates how
to optimize histogram bin width and reset time for relative uncertainty and relative error. The
sample method is used in this work. The nonlinear least squares, two-exponential fitting algorithm
produces the Jacobian matrix in addition to the fit parameters. The Jacobian matrix is used to
calculate the uncertainty in the fit parameters and propagate them to final estimates of o and f’.
The entire process is derived and described in Ref. [27]. All error bars shown in this work are one
standard deviation, o.

There are three simulated parameters from the simulations of the experiments: keg, Bofr, and
T.. The KCODE subroutine of MCNP6.2 is used to simulate the keg multiplication factors, which
are used as reference values in this work. The KOPTS option was used to invoke calculation of
Bett- An F4 track-length tally for the plutonium and uranium cells weighted by inverse velocity and
separately configured to calculate total progeny is used in a fixed-source calculation to estimate 7.
A simulated value of « is calculated using the three simulated values, and a quasi-measured value

of keg is calculated using the measured o and simulated Seg and 7.

5. Experimental Validation Results and Discussion

The simulated reference values and measured values for the prompt neutron period for the
copper-reflected plutonium assemblies are tabulated in Tab. 1. Table 1 also includes a column for
the number of standard deviations for the means to overlap. The tabulated data are plotted in
Fig. 6, and the table and figure are reproduced for k.g instead of « in Tab. 2 and Fig. 7; however,
the comparative column for k. shows relative error. The agreement between measurement and
reference simulation improves as kog approaches unity; the trend is expected since the point kinetics

models assume ke ~ 1. The measured and reference « values agree within one standard deviation

11
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for keg values above 0.9; similarly, the keg values agree in less than 5% error for kg values greater

than 0.8831.

Table 1: Tabulated plutonium prompt neutron lifetime estimates —a~! from measurement and reference values from

simulation for validation.

Copper Thickness [cm]

Simulated [ns]

Measured [ns]

o-Separation

-« O_q-1 | —( O_q-1
1.27 7.6 0.2 13.4 1.0 4.91
2.54 12.5 0.4 19.5 1.0 4.97
3.81 17.9 0.9 27.6 4.0 1.99
5.08 25.0 2.3 32.1 4.9 1.00
6.35 33.7 3.5 40.8 7.4 0.65
7.62 40.5 6.2 43.6 5.1 0.28
8.89 60.7 4.8 68.8 3.6 0.96
10.16 73.4 8.6 75.6 4.5 0.17

12
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Figure 6: Simulated and measured prompt neutron periods for the BeRP Ball reflected by various amounts of copper.
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Table 2: Tabulated plutonium k.g estimates from measurement and reference values from simulation for validation.

Simulated Measured Error
Copper Thickness [cm] kog - ko or | (M-S)/S

1.27 0.8278 0.0003 | 0.9045 0.0085 9.27%
2.54 0.8604 0.0003 | 0.9136 0.0071 | 6.18%
3.81 0.8831 0.0003 | 0.9271 0.0133 | 4.97%
5.08 0.9005 0.0003 | 0.9254 0.0168 2.77%
6.35 0.9137 0.0003 | 0.9309 0.0182 | 1.88%
7.62 0.9239 0.0003 | 0.9306 0.0176 | 0.73%
8.89 0.9322 0.0003 | 0.9411 0.0070 0.95%
10.16 0.9394 0.0003 | 0.9415 0.0093 0.22%

14
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Figure 7: Comparison of quasi-measured kg to simulated reference values of kg for the copper-reflected plutonium

measurements.

The prompt neutron period generally increases in a bare fissile core that increases keg by in-
creasing in volume. A decreasing prompt neutron period (16.3, 13.3, 11.7 ns) as keg increased
(0.7325, 0.9087, 0.9508) due to increased amounts of HDPE reflector (0.00, 3.81, 6.35 cm) was
observed when analyzing the uranium data of this work. The trend was investigated by simulating
the measured assemblies in MCNPX-PoliMi, observing the volumetric density of induced fission,
and simulating track lengths/mean core lifetimes, which are summarized in Fig. 8. Photos of the
assemblies are shown in Figs. 8a, 8b, and 8c; area-normalized heat maps of induced-fission density
are shown in Figs. 8d, 8e, and 8f; and volume-normalized heat maps of induced-fission density are
shown in Figs. 8g, 8h, and 8i. The area-normalized plots project the y-dimension data onto the x-z

plane via summing, thus the void in the center of the assembly is visible. As the HDPE thickness

15
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and keg multiplication factor increase from Fig. 8d-8f, the bulk of induced fissions move from the
center towards the cusp of the shell. The same transition is shown in the volume-normalized plots,
which include annotations for 7. and the mean track length in the core, A., that decrease with
increasing HDPE and keg. The trend is due to increased moderation of neutrons in the reflector
(outside of the core) and, despite the neutrons being slower, ultimately shorter lifetimes in the core
after reentry since the probability of induced fission significantly increases for moderated neutrons.
The reducing prompt neutron period is therein verified. Furthermore, the reduction shows that

increasingly thermal assemblies have faster core lifetimes and prompt neutron periods.

16
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Figure 8: Photos of the aluminum-encased Rocky Flats shells (8a) bare, (8b) reflected by 3.81 cm of HDPE, and (8c)
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by 6.35 cm of HDPE; the other half of the reflector shells are affixed during measurement. The heat maps in the

second and third row show the density of induced fission locations per area and per volume, respectively. Subfigs. (8d

and 8g) correspond to the bare configuration, (8¢ and 8h) to the 3.81-cm-reflected configuration, and (8f and 8i) to

the 6.35-cm-reflected configuration.

The verified prompt neutron periods, simulated effective delayed neutron fractions Seg, and
simulated prompt neutron lifetimes in the core 7. were used to calculate quasi-measured k.g val-

ues. The measured values of « were validated by comparing the quasi-measured keg to simulated

17



e reference values of keg, shown in Fig. 9 and tabulated in Tab. 3 with relative error. The relative

77 error is again shown to decrease as keg tends to unity.
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Figure 9: Comparison of quasi-measured kg to simulated reference values of kg for the HDPE-reflected HEU

measurements.

Table 3: Tabulated uranium k.g estimates from measurement and reference values from simulation for validation.

Simulated Measured Error

HDPE Thickness [cm] ko - kog o | (M-S)/S
0.00 0.7325 0.0002 | 0.7947 0.0066 8.49%

3.81 0.9087 0.0004 | 0.9580 0.0018 5.43%

6.35 0.9508 0.0004 | 0.9603 0.0043 0.99%

18
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6. Additional Signatures of Validated Two-Region Model

The two-region point kinetics model resulting in the two-exponential fits presents new measur-
able parameters, including the exponent-weighting parameter R. The purpose of this section is
to study R with simulations of a moderated uranium assembly with MCNP6.2 [29] and MCNPX-
PoliMi [30]. The simulated uranium assemblies are made from alternating spherical-shell layers of
HEU (pure 23°U) and HDPE (0.97 g/cm?®) with an air-filled 2.25-cm sphere in the center. The
total thicknesses of HEU and HDPE are 4.25 cm and 4.00 cm, respectively, and the HEU is always
interior to the HDPE for a given layer. The configurations are designed to maintain a keg of 0.95
and vary the amount of reflection by increasing the number of alternating layers, N. The value
of N is varied from 1 to 60 in addition to a homogeneous case (N — o), and a constant keg is
maintained by changing the HEU density (the HDPE density as well in the homogeneous case).
Two-dimensional renderings of the simulation geometry for N = 1,2,...,5 are shown in Fig. 10

and keg and density values are tabulated in Tab. 4. Fission chains were driven by an exterior,

inward-facing, spherical-surface 2°2Cf source.

Figure 10: Two-dimensional rendering of sample geometries for the simulation study where N indicates the number

of repeated HEU-HDPE layers. The blue layers are HEU and the green layers are HDPE.

19



192

193

194

195

196

197

198

199

Table 4: Approach-to-homogeneity simulation specifications and results. Densities are for the HEU regions only
(HDPE density is fixed at 0.97 g/cm3) except for the homogeneous case where there is one 235U atom per CHo.

Values for < E, > are the mean neutron energy inducing fissions.

N kot ok | HEU Density [g/cm?®] | R (E,) [MeV]
1 | 0.9496 0.0005 19.10 0.05 1.11
2 | 0.9497 0.0005 17.00 0.07 0.90
3 | 0.9499 0.0005 16.60 0.07 0.85
4 1 0.9499 0.0005 16.50 0.10 0.82
5 | 0.9489 0.0005 16.48 0.13 0.81
7 | 0.9497 0.0006 16.50 0.18 0.80
11 | 0.9501 0.0005 16.52 0.24 0.79
15 | 0.9500 0.0005 16.53 0.27 0.79
20 | 0.9496 0.0005 16.54 0.29 0.79
25 | 0.9497 0.0004 16.56 0.32 0.79
30 | 0.9495 0.0005 16.57 0.32 0.78
40 | 0.9494 0.0005 16.58 0.33 0.78
50 | 0.9502 0.0005 16.60 0.35 0.78
60 | 0.9501 0.0005 16.60 0.36 0.78
oo | 0.9499 0.0006 8.75 0.39 0.75

In Eq. (11), R balances the two exponents of the fit to calculate a. As R approaches 0.5, the
two-region model is more important; thus, between similar configurations, R could be an indicator
of the type and amount of reflection for like assemblies. In the approach to homogeneity, the amount
of reflection increases to maintain the same keg. A Rossi-alpha histogram was constructed for each
N and treated with the two-exponential analysis to calculate R. The value of R as a function of
the number of layers in the simulated assembly is shown in Fig. 11. Note that the order of the
exponents can be switched such that R is always less than 0.5. The values of R asymptotically

increase with the amount of reflection, approaching R = 0.39.
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Figure 11: R parameter as a function of N, the number of alternating layers.

7. Summary, Conclusion, and Future Work

The two-exponential probability density function for Rossi-alpha experiments on reflected assem-
blies from two-region point kinetics is validated with organic scintillator measurements of copper-
reflected plutonium and HDPE-reflected uranium. The agreement between measurement and simu-
lation, which is used as the reference in this work, improves as keg approaches unity and is notably
good above keg = 0.9. The trend in agreement for large kegs is expected since point kinetics as-
sumes kog = 1. The disagreement for small k.g is also observed when directly comparing the prompt
neutron periods, which is again expected. It is preferential to use the Rossi-alpha method when
evaluating near- or delayed-critical assemblies and methods such as neutron multiplicity counting

or the Feynman-Y method for deeply subcritical assemblies. The transition between methods is
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the subject of future work and the upcoming Measurement of Uranium Subcritical and Critical
(MUSIC) benchmark [31, 32].

3He detectors utilizing moderation cannot be used for two-region Rossi-alpha measurements
unless the prompt neutron period of the core is larger than tens of microseconds and these large
times cannot be achieved by making a system more thermal; the results show that increasingly
thermal assemblies have shorter prompt neutron periods. Sufficiently large prompt neutron periods
may occur for high k.g multiplication factors; however, depending on the assembly, the associated
large neutron fluxes may oversaturate and otherwise disqualify 3He detectors. Future work will
compare 3He and organic scintillator systems for assemblies between delayed- and prompt-critical.

The mean neutron generation time A is traditionally used to infer keg in the one-region model.
In the two-region model, either A of the core must be simulated (currently only A of the composite
assembly is available in standard tools) to be paired with « of the core, a of the composite assem-
bly must be measured (currently unavailable) to be used with the standard composite A, or the
simulation of the mean neutron lifetime in the core 7. approach of this work must be used. An
experimentalist approach to measure a composite @ may be to introduce a time constant (such as
slowing down time) to the detection process (that does not affect the time correlations or behavior
of the assembly) that is larger than both « and 7, for detected neutrons. The data would then be
treated with the two-exponential analysis and the smaller time constant that is calculated would
correspond to the composite a. If assembly-decoupled moderator is added around the detectors for
this approach, organic scintillators could not be used due to practical limits on detection threshold
and the use of 3He detectors may be preferential. This experimental approach is a hypothesis only
and the subject of future feasibility tests.

Finally, a simulation study was performed to evaluate a newly available weighting parameter,
R, that varies between zero and one. It was shown that R gets closer to 0.5 as reflection increases.
The correlated behavior indicates that R could be used as a signature to infer reflector properties
such as type and amount for similar assemblies. The value of R cannot necessarily be compared

between substantially different assemblies since R is biased by the detected neutrons.
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