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Executive Summary

A high dynamic range, scinillator based detector, the MHD-240, was used to measure the gamma
and neutron flux of several prompt critical bursts of the Godiva-IV assembly. The measurements
provided the alpha and FWHM for several different burst temperatures. Calibrations of the MHD-
240 gamma and neutron sensitivity along with MCNP based simulation of the Godiva-IV assem-
bly allowed us to also determine the total fission yield of the burst integrated over approximately
5 ms.

In addition a Photo Doppler Velocimetry measurement was conducted to determine the surface
motion vibrational frequency of Godiva-IV assembly during the bursts. The combined data were
collected to be used as input to multi-physics simulation of the Godiva-IV assembly.

This is a preliminary report, there is an ongoing effort to update the MCNP simulations used in
the analysis and develop a correction for the room return component of the measured signal.
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1 Introduction

The purpose of this experiment was to collect data for a dynamic benchmark of the Godiva-IV
burst assembly [1]. Data were taken using two different measurement systems. The gamma
& neutron flux was measured using a calibrated, high-dynamic-range scintillator detector, the
MHD-240. The measurement was used to determine the total fission yield and alpha throughout
the burst and shutdown sequence of Godiva-IV. The Photon Doppler Velocimetry (PDV) measure-
ment detected the surface motion of the burst assembly as a function of time. The combined data
will be used in a multi-physics simulation of the Godiva-IV burst assembly.

Data were collected during two modes of Godiva-IV operations. First a series of four prompt
critical bursts were measured with data collected on both the MHD-240 and the PDV. The MHD-
240 was used to record the gamma & neutron output of Godiva over 8 orders of magnitude, which
was used to infer the alpha from each burst. PDV data was successfully collected on two of the
four bursts, the vibration frequency is reported. Secondly, a series of delayed critical (DC) oper-
ations were conducted with data collected on the MHD-240 to determine the room-return com-
ponent of the measured neutron and gamma flux for analysis of the prompt critical bursts. Prior
to the Godiva measurements the MHD-240 was calibrated separately for gamma and neutron
response. The calibrations, in combination with input from an MCNP simulation and the DC
measurements, will be used to determine the total fission yield.

We present herein the experimental setup, the acquired data, and analysis of the results. This
was the first successful attempt to collect PDV data on the Godiva-IV (henceforth Godiva) assem-
bly.

2 Experimental Setup

The general layout of the experiment is shown in figure 1. The PDV probes were located 1 m
from Godiva. The probes were mounted using ThorLabs RC02APC-P01 Reflector collimators and
KM05 kinematic mirror mounts. The probe assemblies were mounted behind lead shielding, with
a line-of-sight left open for the lasers. Probes were aligned with four of the six Godiva rings, with
data resolvable on only two of the rings. Figure 2 shows a schematic of the Godiva assembly and
the location of the PDV probes.

The MHD-240 detector consists of a 6” cube of BC-404 scintillator with three PMTs and a photo
diode (PD) arranged around four sides. Each of the four detectors are adjusted to cover a wide
range of sensitivities, with about a factor of 100 separating each channel. A picture of the detector
head is shown in figure 3. The signal for each of the channels was attenuated and split to two
recorders. The attenuation is selected such that we can maximize use of the scopes full range for
the expected signal strength. For the split signals additional attenuation was applied to the second
line so that the scope sensitivity could be increased and the resolution of the measurement of the
lower portion of the rising edge of the prompt critical bursts could be improved.

The gamma calibration was performed by the Mission Support and Test Services (MSTS) at
NNSS using the 1.17 MeV and 1.32 MeV γ-rays from a 60Co source, MSTS source designation:
RAA27208 (131). The calibration results are shonw in Appendix C. The neutron calibration of the
MHD-240 was conducted at Ohio University’s Edwards Accelerator Laboratory [2] and is detailed
in reference [3].

The DC measurements were conducted to provide data for a room-return correction of the
prompt critical analysis. The MHD-240 was located at distances of both 2 and 4 m with and
without shielding. The shielded and un-shielded measurements provided data on the relative
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Figure 1: The layout of the detectors relative to the Godiva assembly. The MHD-240 was located at
2 or 4 m, with and without shielding for the DC measurements, while the burst measurements were
conducted with the MHD-240 located at 2 m with no shielding. The PDV was located 1 m from Godiva
and a linear reference detector (compensated ionization chamber) was fixed at 5.3 m distance.

intensity at the detector with and without direct radiation from Godiva to determine the room-
return component of the total flux. The shielding consisted of a matrix of alternating 1” thick by
12” square plates of borated polyethylene and lead with a total of 6” of each. The shielding was
intended to block both the gamma and neutron component of the radiation from Godiva and was
sized so as to completely shadow the MHD-240 scintillator. The shielding and the MHD-240 were
elevated to the same horizontal plane as the Godiva assembly, approximately 6’ from the floor.
The prompt critical bursts were measured with the MHD-240 located at 2 m with no shielding in
place. A picture of the overall setup is shown in figure 4.

Two detectors were deployed at a fixed position and used as reference monitors for the reactivity
of various Godiva bursts. The first reference detector, termed MHD-241, has the same scintillator
as the MHD-240 but with a single PMT variant with twice the photocathode area as those on the
MHD-240. The second reference detector, termed LC1, is a nitrogen-helium filled proportional ion
chambers, model number WL-23084 by Imaging and Sensing Technology.

A schematic the signal recording system is shown in Appendix A. The split between the high
an low attenuation were on a single 8 channel LeCroy HDO8108A oscilloscope. The attenuation
settings and calculations are shown in Appendix B.

3 PDV Results

PDV data was collected on two burst temperatures of 123◦C and 201◦C on the top and bottom
of the six rings of the Godiva assembly (see figure 2). Figure 5 shows an example of one of the
data sets from the bottom ring of the 201◦C burst. Points are extracted from the raw data and
then fit to determine the vibration frequency using custom analysis software [4]. Table 1 shows
the results of all four measurements. Some general conclusions are that the top ring is consistently
at a lower frequency than the bottom ring and the lower burst temperature has an overall higher
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Figure 2: A schematic of the Godiva rings and clamps. The red dots indicate the location of the PDV
probes, on the top and bottom rings, for which resolvable data was successfully measured. The white
squares also had probes, but the data was not resolvable.

frequency. While intuition might suggest the higher temperature would have more energy and
therefore a higher frequency, the bulk material properties are what dictate the frequency so this
simple assumption does not necessarily hold. Any further conclusions from this data will be part
of the multi-phyiscs simulation that is planned to be conducted, which is however beyond the
scope of this report.

Table 1: The vibration frequency of each of the two rings for each of the two bursts. The measured
frequency and the 95% confidence band are reported.

Temp. ◦C Ring Freq. (Hz) 95% Conf. (Hz)
123 Bottom 7881 7856-7907
123 Top 7729 7761-7742
201 Bottom 7545 7524-7566
201 Top 7317 7261-7327

4 MHD-240 Data Analysis Procedures and Results

4.1 Delayed Critical

The delayed critical data was collected to determine a room return correction for the prompt criti-
cal analysis. Five series of delayed critical data were collected. Two series of data at various power
levels were collected with the MHD-240 located at 4 m, one with shielding and one without. Sim-
ilarly, two series of data were collected with the MHD-240 at 2 m, again one with and one without
shielding. The shielded and un-shielded data are analyzed relative to one-another to determine
the room-return component of the total flux, whereby the shielding is intended to block the direct
radiation flux from Godiva to the MHD-240. Data were collected at 2 m and 4 m to determine
if there was any radial dependence to the room-return. The two reference detectors were found
to be very consistent, having good linearity over all levels of power, providing a reference for
the absolute flux. During the fifth series, the plastic scintillator was removed from the MHD-241
reference detector to measure any potential response from the PMT and output cabling.

Figure 6 shows the output current measured on Ch. 2 & 3 of the MHD-240, the MHD-241 (Ref. 1)
and the LC1 (Ref. 2) as the reactor is stepped up through several power levels. Ref. 2 is scaled by
a factor of 60 to match Ref. 1 on the plot. The fact that the scaling factor is consistent over several
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Figure 3: The MHD-240 detector head. The 3 PMTs and the photo diode are arranged on 4 sides of the
6” cubic BC-404 scintillator.

orders of magnitude emphasizes that the two detector systems are very linear. Also shown in the
figure is the scaling ratios between Ref. 1 and the MHD-240 channels. The dashes lines represent
the dark level subtractions.

The general conclusion from the preliminary DC analysis is that the flux decreases for shielded
measurements but are higher than they would be for a central source assuming no room return as
indicated by table 2. This indicates that room return is substantial, which is to be expected for the
Godiva configuration in a relatively small room with massive floor and walls. Furthermore, the
supposition of 1/r2 for the 2 m and 4 m data sets does not hold, indicating a component of room-
return from the opposite wall and/or the floor & ceiling, which is again to be expected. These
data will provide a room return correction for the burst data analysis and a validation of MCNP
simulations.

Table 2: Ratio of the measured current on two of the MHD-240 channels relative to the reference detector.
While the ratio drops as expected for shielded measurements, the relative flux is considerably higher that
would be expected for an ideal shielded point source.

Unshielded-4m Shielded-4m Unshielded-2m Shielded-2m
MHD-ch2/Ref1 1.099 0.743 2.092 0.895
MHD-ch2/Ref1 0.458 0.377 0.685 0.423

4.2 Prompt Critical

Data was successfully collected on four prompt critical bursts of the Godiva assembly at vari-
ous temperatures as measured by the Godiva instrumentation (see table 4). Four channels were
recorded on the MHD-240 and the detector was placed at 2 m from the assembly with no shielding
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Figure 4: The Godiva-IV, shielding assembly, PDB probe assembly and MHD-240 detector can all be
seen.

in place.
As was discussed in section 2 the MHD-240 consists of three PMTs and one PD arranged around

four sides of a cube of scintillator (see fig. 3). The sensitivity of the four channels is adjusted such
that the detector can cover many orders of magnitude, with ch. 1-4 ranging from most to least
sensitive. The scope settings and attenuation are adjusted in an attempt capture the entire portion
of the rising edge of the signal, before saturation, with the highest level of sensitivity on the scope
that will accommodate the entire signal. The attenuator values are reported in Appendix B.

The recorded voltage is converted to a current using the measured impedance values of the
scope and attenuators. These impedance values were measured and reported in Appendix B.
The current can than be converted to a fission rate using the Co-60 and neutron calibrations and
input from MCNP. The measured current is assumed to be the sum of the current induced by the
gammas and neutrons emitted from the Godiva assembly,

IMHD = Iγ + In . (1)

The current is equal to the sensitivity of the particular channel times the rate of energy deposition,

Iγ = Sγ · REγ , (2)

where Sγ is the sensitivity in units of C/γ-MeV and the REγ is γ-MeV/s. It is assumed that rate
of energy deposition REγ is equal to the average gamma energy times the rate of emission from
Godiva,

REγ = Ēγ · nγ , (3)

where the rate of emission is then defined number of leakage gammas times the fission rate,

nγ = Lγ · n f . (4)

The term “leakage gammas” is defined as the average number of gamma rays per fission event
that escape from the surface of Godiva and would be available for detection. An MCNP model of
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Figure 5: Data collected on the bottom ring of Godiva during the 201◦C burst. Data points are extracted
from the raw data and then fit to determine the vibration frequency. The fit function and various fit
parameters are listed in the legend.

Godiva is used to determine Ēγ and Lγ. The same definition can be applied to the neutrons such
that the detector current can now be defined as

IMHD = Iγ + In = n f · Ēγ · Lγ · Sγ + n f · Ēn · Ln · Sn . (5)

Equation 5 can than be rearranged to determine the fission rate from the measured current with
input from the detector calibrations and the MCNP model,

n f =
IMHD

Ēγ · Lγ · Sγ + Ēn · Ln · Sn
. (6)

In the current analysis presented here estimates for the average mean leakage neutron energy En,
was taken from ref. [5] to be approximately 2 MeV. The mean energy of the leakage gammas Eγ,
was taken from ref. [6] which is also about 2 MeV. The values for number of leakage neutrons
and gammas per fission Ln and Lγ, were taken from ref. [6] to be 1.57 and 0.42 respectively. The
gamma sensitivity Sγ was taken from the Co-60 calibration which are reported in Appendix C.
The neutron sensitivity Sn was taken from ref. [3]. The neutron calibration was only for the most
sensitive channel (ch. 1). It was assumed that the neutron sensitivity for the other channels would
scale like the gamma sensitivity.

The data for one of the prompt critical bursts is shown in fig. 7 where the vertical scale is ad-
justed based on Eq. 7. This analysis indicates that the expected relative scaling factors for the four
channels is not as expected, as indicated by the red-dashed line, which is an exponential fit to the
least sensitive channel (ch. 4). The line does not intersect the data from the three other channels.
The signals are all recorded on the same scope with a shared time-base, therefore the horizontal
alignment is not the cause of the discrepancy but rather the intensity calibration.
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Figure 6: Delayed critical data un-shielded at 2 m. The detector current levels are shown for Ch. 2 & 3 of
the MHD-240, the MHD-241 (Ref. 1) and LC1 (Ref. 2). Ref. 2 is scaled by a factor of 60 to match Ref. 1.
The dashed lines represent the dark level subtractions

Ch. 4, which is equipped with the PD and is operated such that the detector will not saturate at
peak reactivity. The other channels are adjusted such that at some point during the recording they
are expected to saturate, at which point they will behave in a nonlinear fashion. This saturation is a
result charge depletion in the PMT capacitor/resistor bridge. So while it is expected that portions
of the data will not align with ch. 4, at least some region of each channel’s data should overlap.
This misalignment implies that additional scaling is required.

For the analysis presented here, it is assumed that the ch. 4 scaling is accurate and that the three
more sensitive PMT channels will have a similar logarithmic slope or alpha, over the linear region
of their response, and can be scaled overall to match ch. 4. While there are several possible causes
of the scaling discrepancy between the four channels, it is likely a result of the sensitivity of the
scintillator and/or optical filter changing since the calibration was performed several years ago.
This change in sensitivity, or aging, has been observed in other MHD-240 detector systems. Ch. 4
does not have an optical filter, therefore it was assumed to suffer less from the potential cause of
the discrepancy and chosen as the scaling baseline.

A fit search was performed over ch. 1-3 to find the region with the alpha that best matched that
of ch. 4 and over which the data had a linear response, i.e. a good fit to an exponential. The data
was then scaled in amplitude by the ratio of the fit constant parameter to the fit constant parameter
of ch. 4. The result of one of the prompt critical data sets with the additional scaling is shown in
fig. 8. The dashed lines shown in fig. 8 are the fit results and also shown is the full-width-half-max
(FWHM) of the peak reactivity.

The fit search procedure involved first identifying a region of interest (ROI). The upper bound
of the ROI was identified by eye where saturation becomes obvious, which is the point at where
the recorded signal begins to fall and becomes erratic. To identify the lower bound we first cal-
culate the average baseline prior to signal rise. The RMS of the noise around the baseline is then
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Figure 7: Data for the 201 ◦C burst. The red dashed line is an exponetial fit to ch. 4. The other channels
are not well aligned with the fit, indicating a discrepancy in the calibration and the need for additional
scaling.

calculated. A smoothing algorithm is then applied to the data, the point at which the smoothed
data is greater than 2 standard deviations of the noise is selected as the lower bound. The ROI is
then subdivided into 5 smaller regions and each region and every combination of neighboring re-
gions is fit with an exponential. The fit that produces an alpha closest to that of ch. 4 is selected to
determine the scaling factor. The alpha of ch. 4 was also determined with an exponential fit. Fig. 9
shows the example of ch. 1 with the results of the smoothing algorithm overlaid, also shown is the
selected fit region. The scaling factors determined based on the fit search procedure are shown in
table 3.

Table 3: The scaling factors for ch. 1-3 to align them with ch. 4.

Temp. ◦C Ch. 1 Ch. 2 Ch. 3
70 13.78 7.02 0.34
123 34.10 8.20 2.09
168 12.04 5.50 0.47
201 33.99 0.94 0.77

As discussed previously in this section there are several possible causes for the discrepancy
in the expected sensitivity of the MHD-240 channels, there are currently plans to verify the cali-
brations to definitively resolve this question. The effects of asymmetric room return and down-
scattering of the neutrons are also still being explored. The scaling discrepancy has no effect on
the determination of alpha or the FWHM presented here. The alpha and FWHM for each prompt
critical burst are listed in table 4. Further analysis however will be needed to resolve the overall
scaling factors.

The fission yield for the current scaling analysis, with no room return correction, is presented
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Figure 8: Prompt critical data for the 201◦C burst as measured by the 4 channels of the MHD-240. The
vertical axis is scaled based on the gamma calibration. The neutron calibration was not considered in
this plot. The dashed lines shown are the exponential fit results to each of the channels data.

Table 4: The Godiva temperature, FWHM and alpha for each of the four prompt critical bursts measured
by the MHD-240. The attenuation was adjusted on the 168◦ burst to focus on the low end of the curve
and the peak of ch. 4 saturated the scope preventing the determination of the FWHM.

Temp. ◦C FWHM (s) Alpha (generations/µs)
70 2.08 E-4 0.018721
123 6.12 E-5 0.045316
168 – 0.070795
201 3.78 E-5 0.074613

in table 5. The fission yield is dominated by the area under ch. 4, the scaling of ch. 1-3 has little
impact on the reported results. However, the assumption of ch. 4 having the correct calibration
is a potential source of systematic error. The results in table 5 are broken into three regions; The
fit region , the peak region, and the tail region. The fit region covers ch. 1-3 and is the integral
exponential fit rather than the integral of the data. This is done since the exact point at which the
data goes nonlinear cannot be identified and there are gaps in the overlap of the three channels.
The latter two are from ch. 4 data. The split between peak and tail region is identified with the
same method used to identify the lower bound of the fit region. It is the point at which the
smoothed signal, after the peak, falls below two standard deviations of the RMS baseline noise.
An example of how the three regions is split is shown in fig. 10.

5 Conclusion

The first successful PDV measurement of the Godiva-IV assembly was performed and the vibra-
tion frequency was measured for two prompt critical bursts. A measurement of the gamma and
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Figure 9: The left plot shows data from ch. 1 with the results of a smoothing algorithm overlaid. The
upper bound for the fits search is the point at which the smoothing stops and was identified by eye to
be well into the region where the signal is inflecting down, away from exponential rise, and just prior
to the erratic saturation behavior, -0.01×10−3 s. The lower bound was found to be at -0.087×10−3 s as
described in the text. The right plot shows the fit region selected by the search overlaid with the fit
results, the red line. The blue line is an extension of the fit to illustrate the deviation from linearity.

Table 5: The integral fission yield in each of the three region and the total. A 4π isotropic correction is
assumed. Also shown is the total peak time interval

Temp. ◦C Fit Peak Peak Time (ms) Tail Total
70 3.64×1013 9.74×1015 2.73 1.22×1015 1.10×1016

123 1.17×1014 4.48×1016 0.78 6.45×1015 5.13×1016

201 6.90×1013 5.04×1016 1.69 7.92×1015 5.84×1016

neutron flux of Godiva-IV of four prompt critical bursts were measured with the calibrated MHD-
240 detector system. Delayed critical measurements were performed to determine the room return
component of the measured Godiva-IV reactivity.

Gamma/neutron calibrations were be used to determine the alpha and total fission yield of
the Godiva-IV prompt critical bursts. The analysis reported here used estimates for the leakage
gammas and neutrons based on previous calculations to determine the fission yield. An updated
MCNP model is in the works to improve our estimates of these values. A room return correction
based on the DC measurements has not yet been implemented in the analysis.
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Figure 10: All data for the 201 ◦C prompt critical burst after conversion to fission/s and the scaling
correction to ch. 1-3 are applied. The data is broken into three regions and each is integrated to determine
the total fission yield.
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A Signal Recording System Diagram

August 12, 2020

Godiva Steady State Radiation Measurement System Diagram Using MHD240, 
Single Head Detector, and Eljen Detector 
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Figure 11: Signal recording diagram for the Delayed Critical measurements
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August 12, 2020

Godiva Burst Radiation Measurement System Diagram Using MHD240, 
Single Head Detector, and Eljen Detector 
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Figure 12: Signal recording diagram for the Prompt Critical measurements. While a split is shown for
only the PMT channel in the diagram, in actuality this was done for all four channels. The oscilloscope
used was an 8 channel LeCroy HDO8108A.
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B Attenuators

Figure 13: Attenuation determination for Burst A, 123 ◦C
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Yield and PDV Measurements... LLNL-TR-826595

Figure 17: Attenuation determination and impedance measurement summarized for all four prompt
critical bursts.
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Yield and PDV Measurements... LLNL-TR-826595

C Gamma Sensitivity

Calibration Data Sheet Remarks Section

Detector: MHD-240-4 Serial No.: 016  Drawing No: #N/A Calibration 
Date: 14-Jan-13

Detector 
Head PMH-350 Head

S/N: 43
Calibrated 
Operating 
Voltage

-2242 Radiation 
Sensitivity

C/y-MeV 4.51E-12 -2500

Detector 
Head PMH-350 Head

S/N: 044
Calibrated 
Operating 
Voltage

-1170 Radiation 
Sensitivity

C/y-MeV 4.53E-14 -2500

Detector 
Head PMH-350 Head

S/N: 45
Calibrated 
Operating 
Voltage

-1785 Radiation 
Sensitivity

C/y-MeV 4.50E-16 -2500

Detector 
Head PDH-4 Head

S/N: 1013LV
Calibrated 
Operating 
Voltage

1000 Radiation 
Sensitivity

C/y-MeV 2.12E-18 8000

Calibration By Date 14-Jan-13 Approved BY Date

Maximum Operating 
Voltage

REMARKS

S-4, 1/4"GAP, 37%

Irene Garza Brent Davis 17-Jan-13

Maximum Operating 
Voltage
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Figure 18: Gamma sensitivity calibrations data sheet.
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Yield and PDV Measurements... LLNL-TR-826595

D Recorded Burst Data

Figure 21: The 70 ◦C burst.
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Yield and PDV Measurements... LLNL-TR-826595

Figure 22: The 123 ◦C burst.
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Yield and PDV Measurements... LLNL-TR-826595

Figure 23: The 168 ◦C burst.
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