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INTRODUCTION

The Measurement of Uranium Subcritical and Critical
(MUSIC) was performed at the DOE’s National Criticality
Experiments Research Center (NCERC) located in the Nevada
National Security Site (NNSS). The measurement utilized the
Rocky Flats shells [1] to perform benchmark measurements
of similar highly enriched uranium (HEU) systems that span
a wide range of reactivities. The Rocky Flats (RF) shells are
93.16% U-235 enriched metal hemishells that can be stacked
concentrically. Ten configurations were measured with effec-
tive multiplication factors spanning between deeply subcritical
(~ 0.64) through delayed critical. Details of the measured con-
figurations are listed in Table 1.

This unique set of measurements with its large span of
reactivies is being used to determine the range over which
neutron noise techniques such as Feynman variance-to-mean
[2], Rossi-alpha [3], and pulsed neutron source [4] techniques
can be accurately employed for a bare HEU system. The
results of the measurements will be published as a benchmark
in The International Criticality Safety Benchmark Evaluation
Project (ICSBEP) Handbook [5]. The results will support the
growing amount of subcritical benchmark data, such as the
SCRaP measurements [6], that is available to the community.

The measurements were performed using several differ-
ent detector systems for the purposes of cross-validation and
obtaining detector independent results. Four detector systems
were deployed, three by the NCERC team and one from the
University of Michigan. The detector systems included a Neu-
tron Multiplicity Array Detector (NoMAD) system (similar
to the MC-15 [7]), four small volume 0.635 cm (@) X 7.59
cm *He detectors (ideal for measuring prompt neutron decay
constants due to their fast recovery speed), the Rossi Alpha
Measurements — Rapid Organic (n, y) Discrimination Detector
(RAM-RODD) [8], and the Organic Scintillator Array (OS-

CAR) [9]. RAM-RODD is an array of eight 5.08 cm (@)
% 5.08 cm EJ-309 organic scintillator detectors. OSCAR is
a University of Michigan system and is an array of twelve
5.08 cm (@) X 5.08 cm stilbene detectors. Details of measure-
ments performed with OSCAR will be discussed in a separate
talk [10].

The focus of this work is preliminary results obtained by
RAM-RODD for the 8 subcritical configurations. Additional
details on the measurements and on the setup and deployment
of RAM-RODD will be discussed. Preliminary neutron noise
analysis results including Rossi-alpha and Feynman-alpha will
also be presented.

MUSIC EXPERIMENT SETUP

A picture of the experiment setup is shown in Figure 1.
The measurements were performed on the Planet vertical lift
machine [11] which was used for remote assembly of the
upper and lower portion of the RF hemisphere shells. Note
that additional details on the experiment setup and design can
be found in [12] and [13].

The three NCERC detector systems are shown in Figure
1. The RAM-RODD detectors were grouped in pairs and
positioned on the corners of the interface plate at a distance
of ~ 47 cm from the center of the assembly. OSCAR (not
pictured) was positioned at ~ 1.4 m from the center of the
assembly. Fissions in the RF shell configurations were induced
using a >32Cf source placed at the center of the assembly. Each
subcritical configuration was measured for a minimum of 1
hour.

TABLE I. Rocky Flats shells configurations with estimates of the multiplication.

Configuration Shells | Mass (kg) | Multiplication | kess
1 3-24 13.0428 2.8 0.64
2 3-30 21.6432 39 0.74
3 3-34 29.0415 53 0.81
4 3-38 37.9617 8.3 0.88
5 3-40 42.9722 11.4 0.91
6 3-42 48.4099 18.4 0.95
7 3-44 54.2785 46.6 0.98
8 3-46 (60 mil spacer) 60.6183 - ~1
9 3, 5-46 (24 mil spacer) | 60.4438 - ~1
10 9-46 59.2075 > 150 0.99




Fig. 1. MUSIC experiment setup.

THE ROSSI ALPHA MEASUREMENTS - RAPID OR-
GANIC (N, y) DISCRIMINATION DETECTOR (RAM-
RODD

RAM-RODD is an array of organic scintillation detectors
that has been optimized for use in neutron noise measurements.
Organic scintillators offer significantly better time resolution
compared to commonly used *He based detector systems,
such as the MC-15 or small volume *He tubes also used in
MUSIC, due to the method of neutron detection. *He based
systems generally rely on moderating fast neutrons to lower
energies for increased detection efficiency of the *He(n,p)*H
reaction and have time resolutions on the order of hundreds of
ns to us. In contrast, organic scintillators directly detect fast
neutrons via elastic scatter with time resolutions on the order
of hundreds of ps to ns. The excellent time resolution makes
organic scintillators well suited for measurements that employ
time-correlated neutron noise analysis techniques.

The organic scintillator used for the system is 5.08 cm (@)
% 5.08 cm EJ-309 scintillator. EJ-309 is a liquid scintillator
with pulse shape discrimination capability or the ability to
distinguish between gamma and neutron interactions based on
differences in the waveforms. The system is powered by an
8 channel CAEN R1470ETD desktop power supply module,
and waveforms are digitized using a CAEN DT5730 (500
MHz, 14 bit) digitizer. The system’s time resolution was
measured utilizing the digitizer’s onboard constant fraction
discrimination and is 0.9 ns [8]. This excellent time resolution
makes the system ideal for Rossi-a and Feynman-a analysis.

ROSSI-a AND FEYNMAN-o METHODS

The Rossi-@ and Feynman-a methods are techniques that
can be utilized to infer the effective multiplication factor (k.zs)
from the prompt neutron decay constant (@). Inference is
necessary because k,.sy cannot be measured directly. Both
methods are based on analyzing the statistical fluctuations of
chain-reacting systems, and each is appropriate over different
regimes of k.. Rossi-a is the appropriate analysis technique
for subcritical k.7 values close to delayed critical and critical

systems. Feynman-« is appropriate in the subcritical regime
and is not appropriate for systems near or above delayed crit-
ical. The methods are comparable over a specific range of
reactivites, and the determination of this range is currently
being determined for MUSIC.

The Rossi-a method

The implementation of the Rossi-@ method is simple. A
neutron sensitive detector is used to record the time of neutron
interactions as list-mode data. The difference in time between
all interactions within a specified time window is calculated.
The distribution of counts within the time difference window
versus the time difference reveals the correlation between
fission chain neutrons and time. The prompt neutron decay
constant is then determined using this distribution. The method
is described in detail in [4] and is briefly summarized below.

The prompt neutron decay constant is defined as

1-k

T )
where k), is the prompt multiplication factor and / is the prompt
neutron lifetime. Here, [ is defined as the average time a
prompt neutron exists in the system before a terminating event.
Note that Equation 1 is the positive definition of «, specific to
subcritical assemblies (« = (k,—1)/! would be used for critical
assemblies). The prompt neutron population (N) following
the injection of neutrons into a multiplying assembly decays
with a dependence on « as

a =
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where ¢ is time and Ny is the population at # = 0. Reactivity
(o) can also be defined in terms of « as

p =~ =Bus —ah 3)

where S.rr is the effective delayed neutron fraction and A
is the prompt neutron generation time (related to the prompt
neutron life time, [, by A = I/k.z¢).

The difference between the time of interaction of all neu-
tron events within a given time window for a multiplying
assembly is described by the probability density function

p(®dt = Ae"*'dt + Bdt 4)

where Ae™® describes the decay of the prompt neutron pop-
ulation and B describes the uniform accidental coincidence
probability. Equation 4 is fit to the time difference distribution
measured for an assembly near critical to estimate «.

The equations above are based on the point kinetics model
for a reactor. This model assumes that the neutron spatial flux
is time independent. While this assumption is generally true
for assemblies at or near delayed critical, it is not true for
subcritical systems and is an improper assumption for deeply
subcritical systems. Because of the time dependence of the
neutron spatial flux for subcritical systems there is a point
below critical at which the Rossi-a method no longer provides
an accurate estimate of the prompt neutron decay constant
[14]. Work is currently underway to determine this value for
MUSIC.



The Feynman-a method

The Feynman-a method, also referred to as the Feynman
variance-to-mean method, can be used to infer k., of a sub-
critical system by utilizing the excess variance of the system
when compared to random Poisson fluctuations. The excess
variance (Y) is determined by taking the ratio of the variance
of the counts within a given time window and the mean
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where c is the number of counts in a given window. Note that
Equation 5 is O for random Poisson fluctuations. Y is related
to a by

Y:A(l— 1—em) (6)
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where ¢ is the selected time window and A is a constant. Y
is calculated for various time windows to form a distribution
from which @ can be estimated via fitting Equation 6 to the
distribution.

PRELIMINARY RESULTS

Feynman-« analysis and Rossi-@ analysis have been per-
formed on the data measured with RAM-RODD for the 8 sub-
critical configurations. Preliminary results of the Feynman-«
and Rossi-a analysis for configuration 5 are shown in Fig-
ures 2 and 3. The preliminary « results estimated using both
methods show good agreement, with a 7% difference between
the preliminary « estimates obtained using Feynman-a and
Rossi-a for configuration 5. The RAM-RODD results will
also be compared with the results of measurements performed
with the NoMAD detectors which will be discussed in detail
in a related talk [15].
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Fig. 2. Feynman-« analysis for configuration 5 measured data.

CONCLUSIONS

Neutron noise analysis methods including Rossi-a and
Feynman-a were utilized to analyze 8 subcritical configura-
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Fig. 3. Rossi-a analysis for configuration 5 measured data.

tions of the HEU Rocky Flats shells measured with an op-
timized organic scintillator array called RAM-RODD. The
analysis and results for all 8 configurations will be shown,
discussed, and compared to the results measured by a No-
MAD detector. These results are a subset of the full MUSIC
experiment campaign results and support the goals of (1) de-
termining the range of k. over which certain neutron noise
techniques are appropriate for a bare HEU system and (2)
using multiple detector systems to cross-validate results.
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