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Manual for the Epithermal Neutron Multiplicity Detector (ENMC) 
for Measurement of Impure MOX and Plutonium Samples

H. O. Menlove, C. D. Rael, K.E. Kroncke, and K. J. DeAguero

ABSTRACT

We have designed a high-efficiency neutron detector for passive neutron 
coincidence and multiplicity counting of dirty scrap and bulk samples of 
plutonium. The counter will be used for the measurement of impure plutonium 
samples at the JNC MOX fabrication facility in Japan. The counter can also be 
used to create working standards from bulk process MOX. The detector uses 
advanced design 3He tubes to increase the efficiency and to shorten the neutron 
die-away time. The efficiency is 64% and the die-away time is 19.1 ps. The 
Epithermal Neutron Multiplicity Counter (ENMC) is designed for high-precision 
measurements of bulk plutonium samples with diameters of less than 200 mm. The 
average neutron energy from the sample can be measured using the ratio of the 
inner ring of He-3 tubes to the outer ring. This report describes the hardware, 
performance, and calibration for the ENMC.

I. INTRODUCTION

Neutron detectors using 3He tubes have been used extensively for quantitative measurements of 
uranium and plutonium for safeguards and nuclear material accountability.1 The measurements 
are made using neutron time-correlation (coincidence) counting or multiplicity counting to 
obtain the plutonium or uranium mass. To improve the measurement precision and reduce the 
measurement time, the detectors need to have high efficiencies and short neutron die-away times. 
We have developed a high-efficiency neutron detector that uses 10-atm He-3 tubes in place of 
the conventional 4-atm tubes to count the epithermal neutrons in addition to the thermal 
neutrons. Experimental tests have shown that the 10-atm tubes increase the efficiency and 
decrease the die-away time so that the multiplicity measurement time is decreased by an order of 
magnitude for high alpha samples. The improvement in the die-away time is a result of counting 
epithermal neutrons that have not logged in the thermal-neutron scattering time. The Epithermal 
Neutron Multiplicity Counter (ENMC)2 has had the central iron annulus removed to 
accommodate larger samples, and 50 mm of external polyethylene shielding was added for better 
shielding from room neutrons.

The hardware and performance measurements, and initial calibration of the ENMC are described 
in this manual. The final calibration using bulk samples at the MOX facility will be covered in a 
separate report.
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II. OPERATION THEORY

For impure PuO2 or MOX samples, the a value [ratio of (a,n)/spontaneous fission] is unknown, 
and it is necessary to use multiplicity counting to measure the a value and the Pu-240 effective 
mass. In the multiplicity mode, we measure Singles (S), Doubles (D), and Triples (T) to solve for 
240Pu, a, and M (multiplication). Thus, the impurity level in the sample that causes alpha to vary 
is measured together with the mass and multiplication.

The high efficiency and short die-away times of the ENMC are required to keep the statistical 
error in D and T small. Because the Singles are used in the analysis, the room background 
neutron S rate must be measured to subtract from the sample measurement. The D and T 
background rates are from cosmic-ray spallation and they are normally negligible.

The ENMC can be used to measure the mass of U-238 samples by counting the D rate from bulk 
uranium samples (no plutonium). The spontaneous fission from U-238 provides the coincidence 
signal that is directly proportional to the U-238 mass, and the enrichment is used to calculate the 
total uranium mass. The spontaneous fission yield from U-238 is more than 4 orders of 
magnitude less than for Pu-240, so the sensitivity limit is in the gram range for U-238 rather than 
the milligram range for Pu-240. For uranium samples that also contain plutonium, the U-238 
cannot be measured by the neutron count alone.

III. DETECTOR DESCRIPTION

A. Helium-3 Tubes

The key technical improvement resulting in the high-efficiency, short-die-away time detectors is 
the development of 3He tubes with 10-atm pressure and fast-pulse collection time. The He tubes 
have a slow ionization charge collection time, and special gas additives are required to give a fast 
charge collection that is compatible with the use of AMPTEK amplifiers.3 If the pulse charge 
collection is too slow, the short time constants in the AMPTEK amplifiers (190 ns) will give 
double counting for the larger pulses. This results in excessive pulse counting rates for the S, D, 
and T that are used in the time-correlation analysis.

The ENMC uses Reuter-Stokes tubes with the specifications shown in Table I.
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TABLE I. 3He Tube and Amplifier Specifications

Parameter Value
Number of tubes @ 28 in. (RS-P4-0828-105) 121
Diameter 25.4 mm
Active length 711 mm
He pressure 10 atm
Cathode Al
Operating bias 1720 V
AMPTEK (A111) amplifiers 27

B. Moderator and Electronics

The detector design was developed using the MCNP code4 where the design goals were a 
maximum efficiency with a minimum neutron die-away time. These goals are in opposition to 
each other in that a moderator thickness that gives maximum efficiency has a long die-away time 
(~50 ps). We reduced the high-density polyethylene (HDPE) thickness between tubes to 10-15 
mm and added an annulus of Cd on the outside of the outer ring of He tubes to obtain a die-away 
time of 19.1 ps for the time region that brackets our coincidence gate of 24 ps.

The present ENMC is based on the original ENMC shown in Fig. 1. The detector system HV 
distribution to the 121 tubes is shown in Fig. 2, where the sample cavity is 193.6 mm (7.62”) in 
diameter. Figure 3 shows the He-3 tubes and the polyethylene moderator, and Fig. 4 shows the 
desiccant tubes and LED panel. Figure 5 shows the 27 AMPTEK amplifier boards in the top of 
the HV box. The de-randomizer board and amplifier boards are shown in Fig. 6. The purpose of 
the de-randomizer board is to reduce the dead time from the summed amplifiers.

Graphite End

Cd
Liner

121 He-3 Tubes

Sample Cavity 
200 mm diameter 
430 mm tall

Fig. 1. Diagram of the ENMC showing the layout of the 3He tubes in the HDPE 
detector body.
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Fig. 2. Photograph of the HV distribution box with the capacitor and 
resistor filters on the input to each of the 27 amplifiers.

Fig. 3. Photograph of the ENMC He-3 tubes partially withdrawn from 
the polyethylene moderator.
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Fig. 4. LED lights and desiccant tubes behind security cover.

Fig. 5. AMPTEK amplifiers in the HV distribution box.
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Fig. 6. De-randomizer board and amplifiers in the HV distribution box.

C. Multiplicity Electronics

The ENMC can operate in both the standard coincidence mode as well as the multiplicity mode. 
In both modes, the primary source of statistical uncertainty is the pileup of accidental counts in 
the coincidence gate. New shift-register electronics have been developed5 to reduce the 
accidental error by about a factor of 1.4. The Advanced Multiplicity Shift Register (AMSR)6 
provides the fast accidental sampling to reduce the statistical error.

To reduce the dead time, there are 27 AMPTEK (A111) amplifiers to reduce the pulse rate 
through each amplifier.

The AMSR is shown in Fig. 7, and the electronics cabinet is shown in Fig. 8 including the 
AMSR, PC, and printer. The cabinet is designed to be sealable by the inspectorates when needed.
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Fig. 7. The AMSR electronic box including HV and low voltage 
power supplies used for neutron multiplicity counting.

Fig. 8. The electronic cabinet used with the ENMC with 
external sealing bolts for inspectorate use.
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D. Security Cover and Authentication

The ENMC will be used in the attended mode except for long runs over lunch and overnight. 
During these periods of continuous operation, Continuity of Knowledge (CoK) can be 
maintained by the data stream itself. The S, D, and T values for the sample are collected with 
short time intervals of ~100 s, and the INCC software QC tests check that these rates do not 
change during the unattended period. In addition, the “Accidentals to Totals Squared” test flags 
data collected during any time interval that has a variable data rate. Any interruption of the data 
flow would be flagged in the INCC software.

For storage of the ENMC between measurement use, the detector head and the electronics 
cabinet can be put under inspectorates seals. Figure 9 shows the ENMC with the stainless steel 
security cover in place. The seal wire fits through a hole in the lifting bolts on top of the cover 
plate. The LED lights and the desiccant tubes are visible through the side window. Both the 
cabinet and detector are portable for transfer into storage rooms.

The detector connectors are shown in Fig. 10 and include the four separate detector rings as well 
as the sum of all of the rings. The signals from the inner ring (ring 1) and the outer (ring 4) are 
split inside the amplifier box and fed into auxiliary 1 and auxiliary 2 in the AMSR to provide 
additional data that can be used to authenticate the signal and determine the average neutron 
energy. The full detector system is shown in Fig. 11.

Fig. 9. The ENMC security cover made of stainless steel and window for observation of the 
LED lights and desiccant tubes.
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Fig. 10. Detector signal outputs on the HV distribution box for the ENMC. The outputs that are 
used in the present application are ring 1 (to Aux. 1), ring 4 (to Aux. 2), and the sum of the four 
rings (to signal in of AMSR).

Fig. 11. Complete ENMC system with security cover and end plugs.

9



IV. PERFORMANCE CHARACTERISTICS

A. HV Plateau

A series of measurements were made using 252Cf and plutonium to characterize the detector. The 
detector bias plateau is shown in Fig. 12 for a single amplifier and also for the sum of the 27 
amplifiers. The S, D, and T plateaus for the sum of the 27 amplifiers are shown in Fig 13, where 
the plateau operating voltage is 1720 V. The gains in all of the amplifiers have been matched so 
that the plateau from a single amplifier is the same as for the sum of the 27 amplifiers.

All 27 Channels Compared With One Channel

80000

70000

60000

50000

O All 27 Channels 
—b—Channel 2

40000

30000

20000

10000

1400 1600 1800 2000

High Voltage (V)

Fig 12. The S plateau curves for a single amplifier and the sum of 27 amplifiers.
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JNC ENMC High Voltage Plateau
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Fig. 13. High-voltage plateau curve for S, D, and T measured in the ENMC.

B. Dead Time

The dead-time coefficients were measured using pairs of 252Cf sources with known yields and a 
large difference between their yields. The sources are listed in Table II, where the ratios of the 
source yields are known. The A and B coefficients were determined using the known source 
ratios. For the present case with 27 amplifiers, the ratio of A/B was fixed at 20/1 based on prior 
work.

TABLE II. Cf-252 sources used for dead-time calculation

Source
S

__________ (cps) Ratio A B Multiplicity

A7-864/A7-862 237,247 5.43 0.1244 0.0062 31.58

Cf-5/Cf-12 424,365 106.28 0.1411 0.0071 36.48

Cf-5+Cf-6/Cf-11+Cf-12 640,853 56.08 0.1334 0.0067 37.08

A7-866/A7-863 838,730 8.72 0.1203 0.0060 32.05

A7-866/A7-862 838,730 19.53 0.1209 0.0060 33.55

A7-867/A7-863 1,586,357 16.84 0.1136 0.0057

A7-867/A7-862 1,586,357 37.72 0.1141 0.0057
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The dead-time equations for corrected rates for the Singles and Doubles are given by

dS
S(corrected) = S(measured)e 4 

and
cC

D(corrected) = D(measured)e ,

where

8 = (a + b • S • 10 6),us 

and the dead-time parameter b = a/20.

This standard dead-time correction (A and B) is applied to S and D for both the two parameter 
coincidence analysis and the multiplicity analysis. The measurement of the multiplicity dead 
time is performed with the fixed A and B constants.

The T dead-time correction uses the multiplicity dead-time coefficient.

Multiplicity dead time = 35 ns.

To test the accuracy of the dead-time coefficients, we applied the correction to the Singles and 
Doubles rates over a wide range of source yields. The ratio of S/D should remain constant if the 
dead-time correction is accurate. Figure 14 shows a plot of the S/D ratio for rates up to 
1.65 MHz. This ratio should be constant for the correct dead-time parameters. The high rate 
point (1.65 MHz) is low by about 0.55% and this could be caused by the accuracy of the dead
time parameters or a minor change in the Cf-252 isotopic mixture.

1.640000

1.635000

1.630000

1.625000

1.620000D
1.615000

1.610000

1.605000

1.600000
0.0E+00 5.0E+05 1.0E+06 1.5E+06 2.0E+06

DT Corrected Singles (cps)

Fig. 14. Dead-time corrected S/D ratio as a function of counting rate. The ratio 
was constant with an RSD of 0.1% up to 0.86MHz.
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The weighted average dead-time coefficients are listed in Table III.

TABLE III. ENMC Performance Parameters

Parameter Value

ENMC efficiency (240Pu energy) 0.640
Die-away time (ENMC) 19.1 us
Operating bias 1720 V
Dead-time coefficients

A 0.121
B (A/20) 0.0061
C 0

Multiplicity dead time 35.0 ns
Gate 24 us
Predelay 1.50 us
Doubles gate fraction 0.621
Triples gate fraction 0.400
p0 constant 0.346

C. Die-Away Time

The neutron die-away time was measured using seven gate settings from 5 to 32 us. The data is 
shown in Table IV and Fig. 15. The measured die-away time was 19.1 us for the time region that 
brackets the gate setting of 24 us. There is more than one neutron decay constant, and longer die- 
away times are observed at longer gate settings. We plan to operate the system at a gate of 24 us 
for consistency with the prior ENMC calibrations.

TABLE IV. Die-away Time Measurements
Gate width

Singles Doubles Doubles a Triples Triples a Die-away Time

5 4080 832 2 98.9 0.76 N/A

10 4078 1449 3.52 296.6 1.6 16.5

20 4076 2276 4.2 725 3 17.8

40 4075 3124 6.3 1348.4 6.3 20.2

8 4076 1225 2.5 213.9 1.4 N/A

16 4072 1991 4.4 557.1 2.4 17.04

32 4082 2875 4.7 1143.3 5.8 19.7
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JNC ENMC Die-away Time
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Fig. 15. Doubles rate as a function of gate width.

D. Efficiency

We measured the efficiency of the ENMC using calibrated 252Cf sources CF-5 and CF-9. The 
efficiency for 252Cf was 62.5%. The efficiency was measured using small plutonium sources to 
be 64.0% for 240Pu. The efficiency is slightly smaller than for the original ENMC2 (64.4%) 
because we removed the central 10-mm-thick iron annulus to accommodate larger sample 
diameters.

For the conventional two-parameter analysis of neutron coincidence data, it is useful to define 
the multiplication constant p0, where

R
p0 =— (l + a) (for a nonmultiplying sample),

where rho-naught is the calculated ratio of alpha-particle-induced neutrons to spontaneous- 
fission neutrons.

Small MOX pellets and a 0.704-g enriched 240Pu sample were used to measure p0, giving 0.346, 
for a predelay of 1.5 jis and a gate length of 24 jis.

The multiplicity analysis does not use the p0 constant; however, the “known alpha” method does. 
The known alpha method would be used for MOX samples that are pure so that alpha can be 
calculated from the plutonium isotopics.
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E. Gate Length

In the past, most neutron coincidence counters used for IAEA inspection have operated with a 
predelay gate of 4.5 jis, and multiplicity counters have used 3.0 jis. However, to take full 
advantage of the fast die-away time for the 10-atm tubes, we have reduced the predelay gate for 
the ENMC to 1.5 |is. A series of measurements using AmLi random neutron sources were 
performed to evaluate if there is a bias for short predelay settings. Because the source emission 
from AmLi is random, the net D should be zero. If the predelay is set too short, the net D departs 
from zero.

The experiments showed that the bias was negligible (< 0.1%) for a predelay value of 1.5 jis or 
greater.

To investigate the optimum gate setting for Doubles counting, we counted a small sample for a 
fixed counting time (30 x 20 s) using gate settings from 8 to 80 |is. The relative statistical error 
on the D and T rates is shown in Fig. 16. We see that the minimum error occurs for a gate setting 
between 20 |is and 25 |is, which is consistent with the die-away time of 19.1 |is.

Gate vs. Error

0.80%

0.70%

0.60%

0.50%

Doubles
Triples

0.40%

0.30%

0.20%

0.10%

0.00%
20 40 60

Gatewidth (? S)

80 100

Fig. 16. Statistical error as a function of gate setting for a small Cf-252 sample.

F. Stability

The stability of the ENMC was tested by repetitively counting a PuF source for 63 cycles of 
900 s each. The measured precision was 0.0145% over the 28-h period. A plot of the data is 
shown in Fig. 17, where each data point represents a 900 s count interval. For the counting rate 
of 62,060 cps, the predicted RSD from counting statistics alone is 0.0134% for the 900 s
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intervals. This is only slightly smaller than the measured RSD of 0.0145%, showing that the 
ENMC electronic stability is ~0.005%. The stability of the ENMC will be monitored during 
routine use by counting a reference neutron source such as Cf-252 or a MOX sample. The 
frequency for counting the reference source should be approximately monthly when the system 
is in use. The status of the amplifiers and detectors can be observed through the window to the 
LED lights.

62140 
62120 
62100 
62080 
62060 
62040 
62020 
62000 
61980 
61960 
61940

0 10 20 30 40 50 60

Time (15 min/point)

♦♦-------- ♦
♦♦♦ ♦♦ ♦♦♦♦♦ ♦ ♦ ♦

Fig. 17. Stability data for a 28-h counting interval for an AmLi neutron source.

G. Ring Ratios for Average Neutron Energy

The ENMC has separate signal outputs for each of the four rings of tubes. These outputs are fed 
into the auxiliary inputs to the AMSR. Only the S rates are available from the individual rings. 
The ring ratios from neutron sources of different energies are shown Fig 18. The energy 
difference from the sources can be measured by the ring ratios. The ring ratio provides an 
approximate average energy for a source in the cavity as illustrated in Fig. 19. This energy 
information provides additional information on the impure scrap samples.
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Fig. 18. Counting rate ratios between ring 4 and ring 1for neutron sources of different energies.

Ring Ratio vs Average Neutron Energy
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Fig. 19. Average energy calibration for the ENMC ring ratio (ring 4/ring 1).

H. Efficiency Profiles

The efficiency profile for the ENMC is shown in Fig. 20 for the vertical direction. Figure 21 
shows the multiplication corrected D rate for the vertical direction, and Fig. 22 for the radial 
direction. The maximum sample height in the ENMC is ~437 mm, and a 50 mm tall sample 
stand plus a lab-stand is used to center most samples. To position the sample in the flat 
efficiency-counting region, the base of the sample should approximately 16 cm (6.3”) above the 
end plug. The sample should be centered in the radial direction when possible. The maximum 
radial change between the center and the wall was 0.9% for the multiplication corrected Doubles.
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Typical samples have a diameter of greater than 100 mm so the radial variation of the contents is 
small.

JNC ENMC Vertical Profile Using Cf-9
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Fig. 20. Vertical efficiency profile for a point source in the ENMC.
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Fig. 21. Vertical response profile for the multiplication corrected Doubles 
from a plutonium source in the ENMC.
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Fig. 22. Radial response profile for the multiplication corrected Doubles from 
a small diameter plutonium source in the ENMC.

V. CALIBRATION

Table V lists standards that were used for the ENMC calibration. These standards include 
separated Pu-240 to minimize any neutron multiplication, and PuO2 combined with chemicals 
such as F and MgO to increase the alpha value and the induced multiplication. These samples 
can be used to test the maximum value of alpha that can be measured in the ENMC.
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TABLE V. LANL standards for the ENMC calibration
Standard ID Material Multiplicity Alpha Total

Pu (g)
Isotopics

Date
Pu-239 (g) Pu-240 eff.

(g)

FZC-158 Pu-240 oxide Low (0.169) 0.695 78/12/15 0.006 0.705
P240 Pu-240 oxide Low (0.184) 55.57 02/12/04 3.22 52.2

86-000 PuO2 Medium (1.70) 9.997 70/01/05 9.411 0.564
87-000 PuO2+Al High (6.90) 10.001 70/01/05 9.415 0.564
88-000 PuO2+MgO High (11.1) 10.008 70/01/05 9.421 0.564
89-000 PuO2+Si High (2.71) 10.010 70/01/05 9.423 0.564
91-000 PuF4 Very high (59.5) 10.000 70/01/05 9.416 0.563

STD-11 PuO2 impure High (4.99) 60.02 76/01/03 55.44 4.581

646078 MOX pellet Medium (1.08) 0.8061 91/08/30 0.7128 0.089
646081 MOX pellet Medium (1.09) 0.5077 91/08/30 0.4490 0.056

646078+081 MOX pellet Medium (1.08) 1.314 91/08/30 1.1620 0.145
646119 MOX pellet Medium (0.813) 0.2651 91/08/30 0.2311 0.033

PuOC-1 PuO2 Medium (0.917) 2.002 02/05/23 1.881 0.119
PuOC-2 PuO2 Medium (0.916) 4.971 02/05/23 4.671 0.295
PuOC-3 PuO2 Medium (0.913) 9.935 02/05/23 9.337 0.589

PuF-A1 Pu metal Low (0.040) 1.765 00/01/01 1.658 0.105

LAO250C10 PuO2 Medium (0.525) 59.84 83/09/09 49.57 9.934

The Standards listed in Table V have a large variety of chemical composition and simulated 
impurities. However, they are all on the low end of the mass range, resulting in low 
multiplication. From previous ENMC measurement data, we have found that the calibration 
parameters for the small mass oxide samples are the same as for large samples. This will need to 
be verified with high mass MOX samples at PPFF after installation. This Phase-II calibration at 
PPFF/PFPF is required for the following reasons:

• to verify the ENMC performance after transport to Japan,
• to extend the Pu mass range,
• to certify the accuracy for MOX versus PuO2,
• to check for any room background neutron effects in the plant environment.

The calibration procedure is to measure the standards listed in Table V and do a best fit of the 
results to determine the ENMC efficiency, Doubles, and Triples gate fractions. These parameters 
are then used on all future measurements until a recalibration is performed. The stability of the 
ENMC is good enough (~0.01%) so that recalibrations are not normally required for periods of 
several years. A QC sample can be measured at some frequency (~monthly) to confirm the 
stability assumption.
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The Phase II standards data at PPFF will be used to determine if the MOX and PuO2 samples 
benefit from separate calibration parameters. At the partial defects accuracy level, the same 
parameters for MOX and PuO2 are okay. At the “bias-defect” (<1%) level, we will have to 
evaluate the Phase II data to see if separate calibrations are needed.

The ENMC was calibrated using PuO2 standards and mixed oxide (MOX) standards listed in 
Table V. The standards isotopic vectors are listed in Table VI. Table VII gives the results of the 
calibration measurement, and Fig. 23 shows a plot of the D and T as a function of the 240Pu 
effective mass, where

240Pueff = 2.52 238Pu+ 240Pu + 1.68 242Pu.

The calibration slope of the present ENMC is larger than other NDA coincidence instruments, as 
illustrated in Table VIII. For comparison, we have shown all instruments with a 64 ^s gate, 
which is typical for the HLNCC; however, the ENMC is also listed with its normal gate of 24 ^s.

1600
1400
1200
1000
800
600
400
200

D=230 cps/g240

T=46.5 cps/g240

0 1 2 3 4 5 6 7

Pu-240 Mass (g)

Fig. 23. Calibration response lines (D and T) for small PuO2 and MOX standards.
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TABLE VI. Los Alamos PuO2 and MOX Standards Specifications

Pellet date August 30, 1991

Wt% (relative to total plutonium mass)

ID g Pu 238Pu 239Pu 240Pu 241Pu 242Pu 241Am g 239Pu-eff. g 240Pu-eff.
Known
Alpha

MOX 
Ratio U/Pu

Enrich
(%)

646081 0.5077 0.0856 88.4296 10.3053 0.8844 0.2951 0.2443 1.2561 0.0559 0.673 17.5092 0.7400
646078 0.8061 0.0856 88.4296 10.3053 0.8844 0.2951 0.2443 1.4778 0.0888 0.674 10.0922 0.7400
646119 0.2651 0.0519 87.1700 11.8495 0.7160 0.2126 0.1373 0.7709 0.0327 0.544 3.1112 92.8100

PuO2
Wt% (relative to total plutonium mass) Date

FCZ-158 0.695 0.016 0.955 93.77 0.699 4.56 0.001 1978-12-15 0.705 0.142
P240 55.57 0.0025 5.8014 94.1396 0.0565 N/A 0.4145 2002-12-04 52.2 0.153

PuOC-1 2.002 0.0116 93.9824 5.8299 0.1349 0.0412 0.0020 2002-05-23 0.119 0.758
PuOC-2 4.971 0.0116 93.9824 5.8299 0.1349 0.0412 0.0020 2002-05-23 0.295 0.758
PuOC-3 9.337 0.0116 93.9824 5.8299 0.1349 0.0412 0.0020 2002-05-23 0.589 0.758

STD-11 60.02 .0300 92.3700 6.6100 0.4100 0.5800 0.0130 1976-01-03 4.561 0.719
LAO250C10 59.84 0.580 82.1584 16.1797 1.2700 0.3340 0.1240 1983-09-09 9.892 0.494
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TABLE VII. Calibration Results for ENMC

Sample
240Pu-eff

(g)
Time

(s)
S

(counts/s)
D

(counts/s)
T

(counts/s) (counts/s) Dmc/g
240Pue

FZC-158 0.705 35 x 100 530.45 160 ± 0.39 31.3 ± 0.23 160 ± 0.39 231.98
P240 52.2 10 x 30 42843.26 15947 ± 17 5347 ± 38.4 12070 ± 6.12 232.00

86-000 0.564 10 x 100 961.55 137.4 ± 0.76 30.75 ± 0.94 137.4 ± 0.76 243.6
87-000 0.564 10 x 100 2789.1 143.0 ± 0.89 31.08 ± 0.55 143.0 ± 0.89 253.5
88-000 0.564 10 x 100 4765.47 163.9 ± 0.86 35.49 ± 0.33 163.9 ± 0.86 290.6
89-000 0.564 10 x 100 1334.9 133.6 ± 0.84 27.59 ± 0.30 133.6 ± 0.84 236.9
91-000 0.563 36 x 100 62089.9 683.0 ± 5.44 169.7 ± 3.57 683.0 ± 5.44 1210.9

STD11 4.581 31 x 100 18043.5 1112.0 ± 1.81 223.6 ± 1.33 1112.0 ± 1.81 242.96

646078 0.089 117 x100 120.1 20.91 ± 0.071 4.231 ± 0.049 20.91 ± 0.071 232.33
646081 0.056 210 x100 75.45 13.02 ± 0.044 2.626 ± 0.046 13.02 ± 0.044 232.50

646078 + 646081 0.145 140 x100 195.3 33.88 ± 0.088 6.819 ± 0.077 33.88 ± 0.088 232.08
646119 0.033 58 x 100 38.49 7.723 ± 0.060 1.596 ± 0.030 7.723 ± 0.060 234.03

PuOC-1 0.119 35 x 100 146.5 27.34 ± 0.172 5.436 ± 0.121 27.34 ± 0.172 231.69
PuOC-2 0.295 36 x 100 368.2 71.14 ± 0.259 15.21 ± 0.130 71.14 ± 0.259 231.72
PuOC-3 0.589 35 x 100 739.7 146.7 ± 0.371 32.99 ± 0.302 145.3 ± 0.154 232.15

PuF-A1 0.105 36 x 100 69.80 24.50 ± 0.156 5.297 ± 0.156 24.04 ± 0.128 231.17

LAO250C10 10.07 45 x 30 10111 2547 ± 3.237 602.4 ± 2.959 2295 ± 1.299 227.90

* The shaded rows have samples with unknown alpha values.



TABLE VIII. Comparison of Coincidence Calibrations

Predelay Gate Calibration Slope
Instrument (Ps) (Ps) (D/s/g 240Pu)

ENMC (normal gate) 1.5 24 232
ENMC (64 ps gate) 1.5 64 319
PSMC 3.0 64 114
HLNC-II 4.5 64 18
INVS 4.5 64 64

The multiplicity calibration is determined from a best fit of the well characterized standard 
samples. The efficiency was determined to be 64.0% and the Doubles gate and Triples gate were 
adjusted to provide a best fit to the standards when measured in the multiplicity mode. The 
calibration constants were used to measure the samples listed in Table IX, and the results are 
compared with the DA mass values in Fig. 24 for the multiplicity method. To see the percent 
difference between the declared values and the assayed values, we have plotted the difference 
ratios in Fig. 25 for the “Known Alpha” method and Fig. 26 for the multiplicity method. The 
Known Alpha method shows large errors for the impure samples that have incorrect alpha values 
based on the calculation from the isotopic vectors. The multiplicity results agreement to the 
known Pu-240 masses is good with an RSD of 0.89%. This data demonstrates that a large variety 
of samples can be accurately measured with a single set of multiplicity calibration constants.

Table IX. Assay Results Known a Multiplicity ft=0.4100

Source ID Singles (cps) D0pUai(g) 240PUe (g) A-D/D 240Pue (g) A-D/D

PuF-A1 69.801 0.105 0.104 -0.95% 0.103 -1.90%
646081 75.455 0.056 0.056 0.00% 0.056 0.00%
646078 120.105 0.089 0.090 1.12% 0.089 0.00%
PuOC-1 146.512 0.119 0.118 -0.84% 0.118 -0.84%

646078 + 646081 195.261 0.144 0.146 1.39% 0.145 0.69%
PuOC-2 368.202 0.295 0.307 4.07% 0.295 0.00%
FZC158 530.451 0.703 0.691 -1.71% 0.7 -0.43%
PuOC-3 739.691 0.589 0.626 6.28% 0.592 0.51%
87-000 2789.087 0.562 0.616 9.61% 0.553 -1.60%

LAO250C10 10110.97 10.072 9.892 -1.79% 10.076 0.04%
STD11 18043.49 4.577 4.793 4.72% 4.707 2.84%
P240 42843.256 52.311 52.029 -0.54% 52.71 0.76%

* The shaded standards have impurities, so that the known alpha method is not used.
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Fig. 24. Measured Pu-240 mass versus DA reference mass for the working standards 
listed in Table V using the multiplicity method.
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Fig. 25. The percent difference between the measured Pu-240 mass versus DA reference 
mass for the working standards listed in Table V using the Known Alpha method. The 
impure samples all measure high relative to their reference masses.
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Fig. 26. The percent difference between the measured Pu-240 mass versus DA reference 
mass for the working standards listed in Table V using the multiplicity method.

VI. DETECTABILITY LIMIT

A. Room Background

The background in the ENMC comes from both cosmic-ray spallation and the storage of neutron 
sources such as Cf-252 and plutonium in adjacent areas. The cosmic-ray spallation is the only 
significant source of D and T neutrons where the spallation events take place inside the detector 
body and shield, and sample. Many of these coincidence events are eliminated in the INCC 
software by means of their large multiplicity. To reduce the S background, the exterior shielding 
of the ENMC was increased to 50 mm, and a Cd liner was placed about 10 mm beyond the outer 
detector ring.

The room backgrounds were measured at Los Alamos and are listed in Table X. The 
backgrounds at the PPFF are expected to be about a factor of 30 less than at LANL on the 
surface, because of the sea level location and the thick concrete shielding in the MOX building.

TABLE X. Room Neutron Backgrounds
Location Time S D T

(s) cps cps cps
LANL, TA-35

Bldg. 27 surface
500 x100 25 1.5 0.04

LANL, TA-35
Bldg. 27 2nd floor

480x100 12.9 0.590 0.234

PPFF
(PSMC)

N/A 14 0.05 0.01
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B. Lower Limit of Detection LLD

The result of the high efficiency and low background is that we have a very low LLD. For 
example, the LLD at the MOX facility can be estimated from the equation

LLD = (1.3)(3ct)SQRT[(D + A)/t + a(LLD)/t]/a, [1]

where a = Doubles calibration slope (230 cps/g240), 
t = measurement time (1800 s),
D = Doubles background rate (0.05 cps),
S = Singles background (14 cps), and 
A = Accidental rate (~ 0.0024 cps).

Equation 1 is a 3 sigma of the background LLD definition, where the 1.3 is a coincidence 
correlation factor. We assume that the background rate (D) is measured for a time interval that is 
much larger than the sample measurement time t.

Solving equation 1 gives

LLD = 0.10 mg Pu-240 ~0.25 mg Pu.

This LLD assumes that the background was measured for a time of several hours and that the 
ENMC was in a low neutron background location so that the Singles background rate was 
~15 cps. Such a low LLD raises the possibility of using the ENMC to measure or screen bagged- 
out waste and cleaning rags.

For normal bulk sample measurements, the room background S is small and the background 
measurement prior to the sample measurement is adequate. For low mass samples that approach 
the LLD, it is best to use the measured Doubles rate and subtract the room D that is relatively 
constant.

C. LLD for Uranium

Uranium has a much smaller spontaneous fission yield than Pu-240, but it still can be measured 
in the ENMC by coincidence counting. The ratio of spontaneous fission for Pu-240/U-238 is 
75,000 and the D calibration constant is 0.0031 cps/gU238. Solving Equation 1 for the U-238 
LLD gives

LLD = 8.0 gU-238,

for a measurement time of 1800 s. Thus, U-238 samples that contain more than 10 grams of 
uranium can be measured in the ENMC.

Of course, the U-238 cannot be measured in samples that also contain plutonium. In MOX 
samples, the coincidence rate from the U-238 is negligible compared with that of the Pu-240.
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VII. APPLICATIONS

A. Dirty Scrap

The primary application of the ENMC is for bulk samples of dirty scrap. The sample plutonium 
mass can range from less than a gram to kilograms, and alpha values as high as 40 can be 
measured. The containers can be SUS, Al, or plastic, with or without plastic bagging. Typically 
an aluminum container shown in Fig. 27 is used to lower the cans into the sample cavity to avoid 
dropping the can in the sample cavity. The sample sits on top of an ~100 mm tall metal spacer in 
the bottom of the sample well. This spacer can be removed for samples that are taller than 
~300 mm.

Fig. 27. Aluminum carrier for placing samples into the ENMC.

Typical measurement times are 5 min. for low alpha samples to an hour for very high alpha 
samples. The higher mass samples typically take longer to measure than the low mass samples 
because of the statistics related to the T rate.

B. On-Site Laboratory Use

The ENMC can be used in place of INVS type detector for those cases where the grab sample 
can be removed from the glove box. For on-site laboratory (OSL) applications, it is normal 
procedure to operate the INVS-IV7 in the D mode without the multiplication correction because 
of uncertainties in the S room background, because the multiplication correction uses the D/S 
ratio. The small samples have a low S rate, and thus a few percent change in the room 
background can cause a significant error in the net S. The desired measurement accuracy at the
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OSL is ~0.3%, and so the errors from counting statistics and multiplication must be very small. 
The ENMC has two major advantages over the INVS-IV:

1. A factor of 5 reduction in counting time, and

2. The possible use of the multiplication-corrected Doubles (Dmc) based on the shielding to 
reduce the room background rate.

The counting time reduction is a result of the higher efficiency and short die-away time in the 
ENMC.

The INVS was designed to fit around a well in the bottom of the glove box in the analytical 
laboratory, and thus the sample could be lowered into the detector cavity without bagging it out 
of the glove box. The ENMC is larger than the INVS, and it would require a custom box design 
to avoid the bag out procedure.

C. Secondary Standards for NDA

The ENMC has an absolute calibration that is independent of the sample size or composition. 
This opens the possibility of using the ENMC to calibrate “secondary standards” for NDA 
applications. The plutonium mass range for the secondary standards can range from a few 
milligrams to kilograms of production type materials. It is necessary to have the Pu isotopic 
vectors from mass spectrometry or a separate HRGS measurement.

The procedure to create a standard is to measure the proposed standard for a time interval that 
gives 0.5-1.0% statistical errors for the mass value. This time will typically be 15-60 min. The 
secondary standard could be a can of production MOX that matches the material in a production 
operation. The operator or the IAEA can independently establish the Pu-240 eff. mass in the can 
without taking a DA sample. The ENMC measurement also gives the neutron multiplication M 
and the alpha value for the secondary standards. A specific example is a calibration standard 
needed for GBAS type holdup measurements. The mass needs to be a few hundred grams to 
meet the calibration range; however, the multiplication of the actual holdup is less than for the 
standard in the can. Thus, the necessary correction for the multiplication is available from the 
ENMC measurement.

VIII. SUMMARY

We have developed the ENMC for the measurement of impure plutonium and MOX samples. 
The use has been extended to small grab samples and to create secondary standards from 
production materials. The detector has excellent performance characteristics. The parameters that 
determine the performance of neutron multiplicity detectors include the efficiency, the die-away 
time, the count-rate capabilities, the stability, and the resistance to gamma-ray interference. For 
the ENMC, the efficiency is 64%, the die-away time is 19.1 |is, the maximum counting rate is 
~2.5 MHz, the stability is 0.01%, and gamma-ray resistance is ~1 R/h for the sample contact. 
The most important parameter for multiplicity counting is the efficiency because the T rate varies
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with the efficiency cubed. If the efficiency is not extremely stable, the multiplicity counting will 
have large errors.

The ENMC can measure a small sample to a given precision in a time that is ~5 times faster than 
the INVS. For multiplicity counting of a high a sample, the time savings is approximately a 
factor of 10. The precision that can be achieved for small samples with the new ENMC is similar 
to what can be achieved with calorimeters, and the counting times are shorter.

The LLD for the ENMC is very low because of the high efficiency, small gate length, and 
external shielding. Using the D counting rate, the LLD is ~0.2 mg of reactor grade plutonium, 
and ~8 g of U-238. This sensitivity could make it possible to sort and screen waste material for 
disposal.

The ENMC has the capability to create secondary standards from production materials. The 
ENMC assay is insensitive to the mass, shape, and chemical composition of the sample, so the 
calibration provided from a known standard can be used to quantify other materials. The IAEA 
could use the ENMC to certify or recertify bulk samples for use in other NDA systems in the 
facility. For example, bulk MOX standards of about 500 g plutonium each that are used for 
SBAS holdup calibration could be certified for IAEA use when new glove box comes online. 
The ENMC measurement also provides the neutron multiplication that is needed to correct for 
the bulk sample multiplication compared with the holdup that has negligible multiplication.
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