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ABSTRACT
Passive time coincidence measurements have been performed on highly enriched uranium (HEU) oxide fuel pins at the Idaho National Laboratory Power Burst Facility.  These experiments evaluate HEU detection capability using passive coincidence counting when utilizing moderated 3He tubes.  Data acquisition was performed with the Nuclear Material Identification System (NMIS) to calculate the neutron coincidence time distributions.  The amounts of HEU measured were 1 kg, 4 kg, and 8 kg in sealed 55-gallon drums.  Data collected with the 3He tubes also include passive measurement of 31 kg of depleted uranium (DU) in order to determine the ability to distinguish HEU from DU.  This paper presents results from the measurements.

INTRODUCTION
The detection and characterization of highly enriched uranium (HEU) is important for applications related to nuclear material control and accountability and national security.  Passive detection of HEU can be performed by detecting coincident neutrons from the same fission chain, induced by spontaneous fission of 235U or 238U.  However, these measurements require long measurement times due to the low spontaneous fissions rates of 1.6(10-4 fissions/s-g and 6.6(10-3 fissions/s-g for 235U and 238U, respectively.  This paper discusses passive measurements made on HEU oxide fuel pins including length of time required to determine if a nuclear material such as depleted uranium (DU) or HEU is present and whether HEU can be distinguished from DU.
EXPERIMENTAL METHODS
The passive measurements were performed on un-irradiated U3O8 fuel pins with 46 wt% 235U corresponding to 8 kg, 4 kg, and 1 kg HEU.  The fuel pin samples were surrounded by foam in 55-gallon drums.  Two banks of 16 2.5-cm diameter 3He tubes with 2.5 cm thick polyethylene moderator were placed next to each drum.  Fig. 1 shows the experimental setup.  
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Fig. 1.  Experimental setup with the 8 kg HEU sample.  The 4 kg and 1 kg samples consisted of only one fuel pin can.
The detector signals were input to gate and delay generators (Phillips Scientific 794) to produce a NIM logic pulse with a 2 (s width. An americium-beryllium source was used to ensure that the gate and delay generator 2 (s pulse width was sufficient to eliminate double pulsing in the electronics.  The 2 (s logic pulses were input to a leading edge discriminator (Phillips Scientific 710) such that the logic pulse width for the data acquisition system could be set to 60 ns.

The data acquisition was performed with the Nuclear Materials Identification System (NMIS) [1].  The NMIS processor acquires data in 10 channels by synchronously sampling detector signals at 1 GHz rates in all input channels.  Using the time of arrival of the signals, NMIS calculates online the time distribution of coincidences in any one signal with respect to a previous signal in the same channel or any other channel.  NMIS also recorded the time of arrival of each neutron event for offline analyses.  The event list was then analyzed to determine the time correlation distributions between neutron events in the detectors.  
The multiplet distribution [2] and Feynman variance (variance-to-mean) [3,4] were also calculated from the data.  Multiplets of order n are the number of times n detection events, such as two neutrons, three neutrons, etc., occur in the time window.  The Feynman variance is related to the probability that two detected neutrons originate from the same fission chain.  In this paper, the Y2F [4] is calculated and is related to the Feynman variance by:
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where T is the time window, 
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 is the average count rate in T, 
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 is the average count rate squared in T, 
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 is the probability that n counts occur in T, and 
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 defined in [3].  As shown in Equation (1), the Y2F is dependent upon the accuracy of the average count rate.
ANALYSIS AND RESULTS
Using a 252Cf source, the 3He detector efficiency was determined to be ~1%.  Data was collected for the 1 kg, 4 kg, and 8 kg HEU and compared to data collected for 31 kg DU and background.  Measurement times ranged from 35 minutes to 350 minutes for the samples and 3500 minutes for the background.  The coincident neutron time distributions in the two detector banks with the accidental correlation levels removed are shown in Fig. 2.  The integral of the coincident count rate about t = 0 increases with HEU amount as expected.  The integral coincidence rate from -200 s to +200 s are given in Table 1.
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Fig. 2.  Time distribution of neutron coincidence count rates for the samples with the accidental correlation levels removed.  The integral of the coincident count rate about t = 0 increases with HEU.  The 4 kg and 1 kg sample count rates are very similar and difficult to distinguish.
Table 1.  Net coincidence neutron count rates with the accidental levels removed.  The integration range is from -200 s to +200 s. 
	Sample
	Measurement Time (min)
	Count Rates (cps)

	31 kg DU
	17.5
	0.611(0.030

	8 kg HEU
	35.0
	0.291(0.016

	4 kg HEU
	17.5
	0.120(0.016

	1 kg HEU
	346.5
	0.104(0.003

	Background
	3495.3
	0.069(0.001


Fig. 2 shows the Y2F calculated as a function of a periodic time window for the samples.  Because the events randomly occur relative to the time window, a periodic time window was used to minimize the error in the Y2F calculation.  The curves were fit with the functional form [4]:
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where A contains information about the neutron detection efficiency, source fission strength, and multiplication of the fission source.  As the amount of HEU increases, the multiplication, and therefore the Y2F, also increases as T((.  As shown in Fig. 3, the asymptotic value of the Y2F increases as a function of HEU except for the 4 kg sample. In order to explain this discrepancy, Fig. 4 shows the Y2 and average count rate per time window, 
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.   The Y2 curve for the 4 kg sample is slightly more than the curve for the 1 kg sample, as expected, but the 4 kg singles count rate due to fission is overestimated for these measurements.  One possible cause is a higher rate of ((,n) reactions in the 4 kg sample.  More information is needed about the composition of the samples.  
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Fig. 3. Y2F calculated as a function of periodic time window for the HEU samples.  Except for the 4 kg sample, the Y2F increases with increasing HEU amount.
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Fig. 4.  a) Y2 and b) average count rate per time window for the samples.  The 4 kg and 1 kg Y2 curves are similar, as expected.  However, the 4 kg singles count rate is overestimated and therefore reduces the 4 kg Y2F curve to less than the 1 kg Y2F curve.

Fig. 5 shows the multiplet distributions normalized to probability for the samples.  The multiplet plot shows the number of times each second no neutrons were detected (single), one neutron was detected (double), two neutrons were detected (triple), and so on 0.5 ms after a neutron event triggers the detectors.  Although the triples rates for the HEU samples are indistinguishable from the background, higher order multiplets are present for the 8 kg sample.  One contribution to the higher order multiplets in the background are cosmic rays.  A large plastic scintillator as a veto detector may be useful in eliminating these contributions and further distinguish the HEU samples.
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Fig. 5.  Multiplet distributions normalized to probability for the samples.  The triples rates for the HEU samples are indistinguishable from background, but higher order multiplets are present for the 8 kg sample.

FUTURE WORK
This paper discussed the passive measurements of HEU (~46 wt%) samples with masses 1 kg, 4 kg, and 8 kg and 31 kg DU.  The ability to detect HEU was investigated using coincident neutron time correlation distributions, Feynman variances, and multiplet distributions.  The HEU samples were distinguishable by mass when comparing the neutron coincidence rates.  Future analysis work includes using the mathematical formalisms given in [2] and [4] to estimate the source fission strength and multiplication of the samples.  The estimations will be compared with Monte Carlo calculations in MCNP.
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