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This paper describes the methodology used to interpret the data measured by the FMFM, the models used
to simulate the transport of fission fragments from the source location to the detectors, and the
implementation of these algorithms in the FMFM software FM2. The basic FMFM measurement concept
is illustrated in Figure 1 and can be described as follows: (1) Fast neutrons from a Cf-252 soume are
moderated by a polyethylene block. (2) A neutron-absorbing shutter modulates the source strength,
superimposing a time-dependent signature is in the flssile stream. (3) The moderated neutrons induce
fissions inside the process stream. (4) The resulting fission fragments are slowed down by the gas, and
some are carried by the stream. (5) A downstream sensor detects delayed gamma rays emitted by the
fission fragments. (6) A time-delay measurement is performed by detecting the signature caused by the
shutter. (7) The tissile concentration is obtained from the measured detector response and a calculated
calibration that is confirmed by measurements. (8) The fissile mass flow rate is determined by multiplying
the average Missile  velocity and the tissile concentration of step (7). This measurement methodology is
insensitive to buildup on the pipe walls, and it can be applied to any flow stream capable of producing
particles that emit delayed radiation that can be detected downstream.

In addition to measuring fissile mass flow, the FMFM traces the HEU through the blending tee by
detecting in the P-LEU line detectors delayed gamma rays emitted by fission products generated in the
HEU line. This traceability gives U.S. Monitors significant confidence that the HEU is indeed being
blended into P-LEU.

Flow Monitor Algorithm
The FM2 software measures the time-dependent profile at the detector location following a shutter-
induced pulse and compares it with all of the model-predicted profiles at different flow velocities. The
time average flow velocity is the one that results in a minimum residual error, E(u),

where T is the time period of the shutter motion, and C is the amplitude parameter, which is proportional
to the detector-response. The detector response, Np is proportional to the number of fissions induced, Njs,
which is proportional to the concentration of U-235 in the pipe. Thus the amplitude parameter C is
directly proportional to the tissile density, and the product of the amplitude multiplied by the flow
velocity is proportional to the fissile mass Sow rate, 0:

A calibration factor is required to scale the model profiles, 
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Figure 2. Illustration of the FMFM algorithm performance

Figure 2 shows an example application of the FM2 algorithm to data for a case of turbulent flow with a
gas velocity of -0.5 m/s and a source-detector separation of -3-m. The crosses in this figure represent the
average data [i.e., M(t)] and the solid line represents the optimal model selected by the FM2 algorithm as
described in Section B. The uncorrelated  and correlated backgrounds are evident in this figure. The
fission-fragment-induced pulse is also evident at time 6 seconds, which is the expected time delay for a
velocity of -0.5 m/s and a distance of -3-m. The amplitude of this pulse is proportional to the tissile
concentration in the pipe.

Fissile Tracing Algorithm
The fission fragments that result from the Cf.252 induced fissions are relatively long-lived, thus their
decay gamma rays can be detected at long distances from the source. This technique is used by FM’?. to
monitor flow continuity through a possibly complex series of pipes and volumes such as pumps.

The time constant for the “tagging signal” must be optimized based on the source-detector time delay and
the number of mixing volumes. For a typical configuration, FM2 cycles the HEU-leg  shutter open and
closed every 5 to 10 seconds for a 1 O-minute period and then is closed for the next 1 O-minute period. This
results in a 20-minute cycle of buildup and decay of fission products that allows for continuity monitoring
by comparing the difference in the P-LEU detector counts with and without induced fissions. This
concept is illustrated in Figure 3.

Disabling the HEU-leg shutter periodically (every other 10 minutes) affects the correlated background
level at the P-LEU leg, because the P-LEU detectors may be located close to the HEU shutter and are
affected by its motion. For this reason, FMFM traceability only uses the data when all shutters are closed.
The FM2 tracing algorithm averages the shutter-closed data over the complete 60.second  block. The data
are then averaged into a tracing data block with the appropriate time delay so that the data from minute 1
are averaged with the data from minutes 21, 41, and so on. The data for minute 2 are averaged with the
data from minutes 22, 42, and so on. The tracing data block thus contains 20 data points, one per minute,
and it is synchronized with the cycle time of the HEU-leg shutter.





statistical test is performed to detect the lo-minute on, lo-minute off signature of the HEU-leg shutter in
the data. For this test, a square wave with a variable time delay is fitted to the tracing block. The residual
noise variance after removing the square wave fit is compared to the original variance using an F-test
confidence level. The result of this last test defines the confidence level of the fitted tracing model.

After the above calculations are performed, FM2 reports two numbers:

1. The product of the two statistical confidence levels (the structure and the fit confidence levels).

2. The tracing counts per block, which correspond to the amplitude of the step in Figure 4, along with its
calculated standard deviation.

Models and Correlations
To predict the detector response downstream of the source, it is necessary to model (a) the percentage of
delayed gamma ray fission products that remain in the gas following an induced fission, (b) the flow of
fissile material and fission products down the pipe, and (c) the decay of the fission products. Models and
the resulting correlations are described in the following sections,

A. Fission Fragment Decay Model
The delayed emission data have been obtained by fitting a five-group model to measured data using the
actual FMFM hardware. This mode1 includes 300-keV energy-discrimination filters that are accounted for
in the overall detector efficiency. The parameters of the five-group model are summarized in Table 1, and
a sample measurement is shown in Figure 5. The parameters in Table 1 correspond to a best tit to the
decay gamma-ray data following a fission event, so that

n,(r) = ~a,e-+ ,
I

where nJr) represents the average number of photons per second following a fission event, h, is the group
yield constant, which is related to the group precursor fraction, pi, as ai = hi x pi,

Table 1. Delayed Gamma-Ray Data

II 3 i I
0.015 1 0.008
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This paper describes the methodology used to interpret the data measured by the FMFM, the models used
to simulate the transport of fission fragments from the source location to the detectors, and the
implementation of these algorithms in the FMFM software FM2. The basic FMFM measurement concept
is illustrated in Figure 1 and can be described as follows: (1) Fast neutrons from a Cf-252 source are
moderated by a polyethylene block. (2) A neutron-absorbing shutter modulates the source strength,
superimposing a time-dependent signature is in the fissile stream. (3) The moderated neutrons induce
fissions inside the process stream. (4) The resulting fission fragments are slowed down by the gas, and
some are carried by the stream. (5) A downstream sensor detects delayed gamma rays emitted by the
fission fragments. (6) A time-delay measurement is performed by detecting the signature caused by the
shutter. (7) The tissile concentration is obtained from the measured detector response and a calculated
calibration that is confirmed by measurements. (8) The Iissile mass flow rate is determined by multiplying
the average tissile velocity and the tissile concentration of step (7). This measurement methodology is
insensitive to buildup on the pipe walls, and it can be applied to any flow stream capable of producing
particles that emit delayed radiation that can be detected downstream.

In addition to measuring Iissile mass flow, the FMFM traces the HEU through the blending tee by
detecting in the P-LEU line detectors delayed gamma rays emitted by fission products generated in the
HEIJ line. This traceability gives US. Monitors significant confidence that the HEU is indeed being
blended into P-LEU.

Flow Monitor Algorithm
The FM2 software measures the time-dependent profile at the detector location following a shutter-
induced pulse and compares it with all of the model-predicted profiles at different flow velocities. The
time average flow velocity is the one that results in a minimum residual error, c(u),

where T is the time period of the shutter motion, and C is the amplitude parameter, which is proportional
to the detector-response. The detector response, N,, is proportional to the number of fissions induced, NjS,
which is proportional to the concentration of U-235 in the pipe. Thus the amplitude parameter C is
directly proportional to the fissile density, and the product of the amplitude multiplied by the flow
velocity is proportional to the tissile mass flow rate, w:

A calibration factor is required to scale the model profiles, N~S,o&t,u),  so that the units of the amplitude
parameter C are mass of tissile material per unit length (e.g., grams per meter). The calibration factor is
calculated using a Monte Carlo computer code that simulates the flow-meter geometry and the detector
efficiency (including the energy discrimination). The calibration factor is also confirmed by off-line
benchmark tests. The basic steps performed by FM2 to evaluate the fissile mass flow rate are as follows.

A. Data Collection and Averaging
A new block of raw data is collected from the detector network in blocks of 60 seconds. These data
consist of the detector counts per seconds measured as a function of time while the shutter is opening and
closing. These new data are averaged with the old data using a running-average method. Two time
constants are used for this running average. This results in a short- and a long-time-constant average
block of data. Each of these average blocks is 60 seconds long but contains the average data over several
hours. In the following steps, M(i) represents the average block. The formula used to compute M(t) is:
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Figure 2. Ihstration  of the FMFM algorithm performance

Figure 2 shows an example application of the FM2  algorithm to data for a case of turbulent flow with a
gas velocity of -0.5 m/s and a source-detector separation of -3-m. The crosses in this figure represent the
average data [i.e., M(t)] and the solid line represents the optimal model selected by the FM2 algorithm as
described in Section B. The uncorrelated  and correlated backgrounds are evident in this figure. The
fission-fragment-induced pulse is also evident at time 6 seconds, which is the expected time delay for a
velocity of -0.5 m/s and a distance of -3-m. The amplitude of this pulse is proportional to the fissile
concentration in the pipe.

Fissile Tracing Algorithm
The fission fragments that result from the Cf-252 induced fissions are relatively long-lived; thus their
decay gamma rays can be detected at long distances from the source. This technique is used by FM2 to
monitor flow continuity through a possibly complex series of pipes and volumes such as pumps.

The time constant for the “tagging signal” must be optimized based on the source-detector time delay and
the number of mixing volumes. For a typical configuration, FM2 cycles the HEU-Ieg shutter open and
closed every 5 to 10 seconds for a IO-minute period and then is closed for the next IO-minute period. This
results in a 20-minute cycle of buildup and decay of fission products that allows for continuity monitoring
by comparing the difference in the P-LEU detector counts with and without induced fissions. This
concept is illustrated in Figure 3.

Disabling the HEU-leg shutter periodically (every other 10 minutes) affects the correlated background
level at the P-LEU leg, because the P-LEU detectors may be located close to the HEU shutter and are
affected by its motion. For this reason, FMFM traceability only uses Ihe data when all shutters are closed.
The FM2 tracing algorithm averages the shutter-closed data over the complete 60-second block. The data
are then averaged into a tracing data block with the appropriate time delay so that the data from minute 1
are averaged with the data from minutes 21, 41, and so on. The data for minute 2 are averaged with the
data from minutes 22, 42, and so on. The tracing data block thus contains 20 data points, one per minute,
and it is synchronized with the cycle time of the HEU-leg shutter.
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Figure 3. Illustration of shutter motion pattern to generate tbe low-frequency modulation
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Figure 4. Sample tracing block showing high confidence of traceability

Figure 4 shows an example of a converged tracing block, which was measured using the procedure
described above. Using the averaged tracing data block, two statistical tests are performed on the data.
The fust  test compares the variance of the 20 data points with the theoretical variance if the measured
data were perfectly random, which would result in a variance equal to the inverse of the number of counts
averaged. The results of these tests defme a confidence level that the data has “structure.” A second







(and the average ranges given in the Gaussian distributions) should be reduced by approximately 15%.
Straggling, the statistical fluctuation in the ranges of charged particles traveling  in a material, is accounted
for by applying a 10% uncertainty to the ranges and to the standard deviations

To determine the number of fission-tiagment  absorptions in the pipe wall, a Monte Carlo-type calculation
with special tallies was performed. For this run, a homogeneous source of gamma rays was placed inside
an empty pipe of diameter, D, then the gamma-ray currents were tallied at different radii as a function of
the age of the photon. These ages were directly proportional to the range that the photon had traveled
before reaching the inner wall of the pipe and allowed for the development of a correlation for the fraction
of fission fragments that were absorbed by the pipe as function of fragment range (i.e., UFS  pressure) and
pipe inner diameter. The fraction, G, of fragments that remained in the UFS  flow and that contributed to
delayed gammas at the detector location was computed from this correlation and the probability
distribution function for fragment ranges. Based on these data, two correlations for the source
effectiveness have been developed:

1
E, = I+ e-o.025(pD-65) - 0.271 for (pD < 200 psi mm), and

Es = 0.943 - e-0~006(pu-‘0~”  for (pD > 20 psi mm),

where D is the pipe diameter in millimeters, andp is the gas pressure in pounds per square inch. The first
correlation is more accurate but it can only be used for low pressures. The second correlation, while not as
accurate, can be used at high pressures.

C. Fission Fragment Transport and Decay Model
The basic equation that describes the flow and decay of delayed gamma-ray fission fragments is the
combined convection and decay equation:

where c,(r,  a, r) is the concentration of group-i fission fragments at time t and location (r, I), u(r) is the gas
velocity at radial position I, a is the fraction of group-i precursors generated per fission, hi is the decay
constant, NJS is the number of induced fissions, S(r, z, t) is the normalized shutter efftciency,  which
combines the source field of view and the shutter motion as function of time.

The total concentration of delayed gamma-ray fission fragments is the sum over all delayed groups. The
number of gamma rays per second counted at the detector, NV(r),  is determined by

where D(r, z) is the normalized detector field of view of all the detectors together, Ed is the overall
detector efficiency.

The above model for fission fragment transport and decay has been implemented in a computer code.
This code solves the above equations numerically and computes the precursor concentration at a number
of axial and radial nodes inside the fissile stream.

6 Experimental Nuclear Physics, E. Segre  editor, 1953



The computer code solves the time and space equations converted to discrete form and determines the
detector response for a particular flow regime, velocity, and shutter pattern. Figure 6 and Figure 7 show
the calculated response profiles for turbulent and laminar flow, respectively. Once calculated, these
profiles are stored in the FM2 profile database and are used to determine the mass flow rate from the
detector count measurements.

Figure 6. Calculated profile database for laminar flow and l-m source-detector separation

These profiles are calculated as functions of the time delay between the source and the detector
center lines. For laminar flow, the time delay is defined as the distance divided by the average velocity.
For both figures, the assumed detector efficiency is 22%,  which includes an energy discrimination filter
for gamma rays with less than 300-keV.

For the laminar flow case (Figure 6), the calculations assume a source-detector distance of l-m and a
tissile concentration of 7 g/m of the four-inch ID pipe (equivalent to -1 psia pressure and 90%
enrichment). For the turbulent flow case (Figure 7), the calculations assume a source-detector distance of

Figure 7. Calculated profile database for turbulent flow and 3-m source-detector separation




