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A Neutron-Counting Instrument for 
Low-Level Transuranic Waste 

At LLNL, a highly sensitive neutron counter was developed that can 

detect and accurately measure the neutrons from small quantities of 

plutonium or from other low-level neutron sources. This neutron counter 

was originally designed as a safeguard device to determine the amount of 

plutonium inside 4-ft x 4-ft x 7-ft waste shipping containers leaving the 

plutonium facility. 

To detect small quantities of plutonium in these waste containers, the 

sensitivity of a survey instrument would have to be very high and the 

instrument would require numerous large (and expensive) neutron detector 

tubes. Because of limited funding, we were able to find an obsolete 

instrument containing sixteen 3He tubes; the tubes are 2 in. in diameter and 

3 ft long and positioned in two banks of eight. The instrument was modified 

by adding 1.5 in. of polyethylene in front and 4.5 in. to the back of the tubes to 

obtain the highest possible sensitivity to fission energy neutrons. Additional 

strips of polyethylene 0.5 in. thick and 2 in. wide were also placed between the 

tubes. These thicknesses of polyethylene were determined experimentally to 

be the optimum thickness for fission neutrons using a E2Cf source at LLNL 

calibration facility. The electronic components for the instrument consisted of 

a nuclear instrumentation module (NIM), a high voltage supply, a pulse 

shaper, and a timer/scaler. The instrument was mounted on a wooden cart 

with a metal brace to limit sagging and bending. The cart had balloon tires, 

which served as a cushion to prevent possible damage to the electronics 

during movement (see Fig. 1). 
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To simulate plutonium at various positions within the container, the 

instrument was calibrated for counting the waste shipping containers in a 

matrix using a neutron source at different locations. The instrument was 

never used to survey a shipping container; however, it was used in several 

studies involving very low neutron fluences. A description of the instrument 

and some pf the data obtained from these studies are desaibed in A High- 

Sensitivity Neutron Counter and Waste-Drum Counting with  High 

Sensitivity Newtron Instrument (UCRL-ID-111750, April 1993). 

Because of its high sensitivity, it was suggested that the instrument might 

be used to count some of the 55-gal waste drums that cannot be adequately 

counted using gamma detection. A drum containing plutonium waste is 

classified as low-level waste if the plutonium content in the drum is less than 

100 nCi/g. A drum filled with bulky waste (e.g., shoe covers or paper) has 

little weight, and a radiation-measuring instrument must be extremely 

sensitive to be able to detect the small amount of plutonium allowed in the 

drum. A drum that cannot be confirmed as containing less than 100 nCi/g of 

waste plutonium must be handled and buried using more stringent and 

expensive burial methods than those required for drums containing low- 

level waste. Unfortunately, some waste drums have too little weight to be 

counted adequately using the existing x-ray and gamma-ray detectors. 

Calculations based on the observed efficiency indicated that the high- 

sensitivity neutron instrument could be used successfully to measure waste 

drums. Such measurements would require the background to be low and the 

counting times to be fairly long-requirements that were acceptable 

considering the usefulness of the measurements. Thus, the instrument was 

modified for use as a drum counter. 
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Instrument modifications 

The instrument had to be in a building or area with a low-neutron 

background to keep the background counting rate low. The background 

counting rates were determined at a number of possible locations. Building 

334 at LLNL was selected, in part, because background readings in that facility 

were suitably low. The instrument was removed from the cart and placed 

onto a unistrut frame with the halves of the instrument facing each other. 

The distance between the halves was only slightly larger than the diameter of 

a 55-gal waste drum. A device to rotate the drum was positioned on the floor 

between the halves of the instrument, and measurements were made of the 

background counting rate and of a 252Cf source placed at various positions 

inside a rotating drum. 

To determine the effectiveness in reducing the background counting rate, 

pieces of 2-in.-thick polyethylene were placed on the sides and over the top of 

the instrument. This resulted in a significant decrease in the counting rate. 

Another 4 in. of polyethylene shielding was placed around the instrument, 

but that amount was later increased. Between 8 and 10.5 in. of shielding now 

completely surrounds the drum. This shielding reduced the background 

counting rate to between 0.75 and 1.0 counts per sec (cps), depending on the 

barometric pressure (see later discussion). The scattering of neutrons inside 

the shielding increased the overall sensitivity of the instrument by about 

37 percent, and made the response of the instrument more uniform when the 

252Cf source was placed at various positions within the test drum. The 

polyethylene shielding over the top of the instrument was removed using 

the building's bridge crane. This crane and a barrel clamp were used to load 

the drums. The time required to remove the top shielding, change the drums, 
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and replace the shielding was about 10 min. 

New work was scheduled for Building 334, so the instrument was moved 

into Building 331. This building had no bridge crane, and the ceilings were 

too low to allow the drums to be loaded into the instrument through the top. 

Thus, the instrument was modified by converting one side into a sliding door 

to allow the drums to be loaded through the side (see Fig. 2). The drum 

rotator was attached to the sliding door to simplify loading and unloading of 

the drums (see Fig. 3). 

Computer and program 

The NIM-bin electronic components was replaced with a personal 

computer with four plug-in boards, two of which are multiple scalers that 

allow a person to view and individually record the counting rate for each of 

the sixteen 3He tubes. The high voltage for the 3He tubes is provided by two 

power supply boards designed and built at LLNL by Dr. John Thorngate. 

Dr. Thorngate also wrote the computer program, a complete description of 

which is included in Computer Operation of the Sensitive Neutron Counter 

(UCRL-ID-l11749,1992). This program has been modified to record the 

barometric pressure and to include an automatic morning/evening 

background and a daily log. The control chart capability has been deleted. The 

most up-to-date main menu for the program is shown in Fig. 4. The first 

three items in the menu are used to count a drum, calibrate the instrument, 

and determine the background; the fourth is used to set the times and 

duration of the automatic backgrounds. 

The computer program provides a live display of the counts (see Fig. 5). 

The bars in this display show the count rate for each of the sixteen 3He tubes, 

divided into two banks (A and B), and the average count rate for each bank. 
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The bar to the right of the figure shows the total average count rate for all the 

tubes; the one to the left shows the elapsed counting time. This live display 

makes it possible to determine if the 3He tubes, amplifiers, and scaler boards 

are functioning properly. 

Calibration and counting 

Before counting a waste drum, a background and a calibration of the 

instrument are required. The computer program automatically takes a one- 

hour background count in the morning and in the evening. The operators 

select the start time for the background count; they program the computer to 

complete the morning count just before the begmning of the workday and to 

begin the evening count at the end of the workday. In addition to the 

automatic count, a one-hour background count must be taken after the 

counting of four waste drums. This provides an opening and closing 

measurement to verify that the background has not changed significantly 

during the counting of the drums, and that the instrument is operating 

properly. 

A certified plutonium source (CBMN Pu93) consisting of 5.818 g of 

plutonium is used to calibrate the instrument each morning. The isotopic 

content is shown in Table 1. The neutron emission rate from the source is 

calculated using the values given in Table 2 for the neutrons/decay, the 

spontaneous fission neutron half-lives, and the neutron reaction rates of 

oxides. The calculated neutron yield of the source from spontaneous 

fissioning and oxide neutrons is -108 neutrons per sec per gram (n/s/g). The 

counting rate of the instrument with this source rotating between the halves 

of the instrument is about 57 counts per second (cps); the efficiency is -9.1 

percent. 

Draft 5 March 9,1994 



To determine the quantity of plutonium in a waste drum, it is necessary 

to know the isotopic composition of the plutonium. Table 3 shows the 

isotopic composition used for the five types of plutonium (weapons-grade, 

fuel-grade, reactor-grade, americium-enriched and mixed plutonium) that 

may be encountered in the plutonium facility. If unknown, the type of 

plutonium is assumed to be weapons grade because this type is used most 

extensively in the facility. The other types of plutonium, if known, must be 

indicated on the label that is attached to the drum once sealed. The neutron 

yield from weapons-grade plutonium is the lowest of the five types. Thus, 

one can safely assume that the plutonium content of a drum is weapons 

grade and determine a conservative (high) value for the content of the drum. 

The computer must know the weight of the waste in the drum to 

calculate the nCi content of the waste. Therefore, the total weight of the drum 

is entered into the computer, and the weight of the drum is subtracted. 

The computer program uses the calibration and background data to 

calculate the plutonium content of a drum in grams of plutonium and in 

nCi/g of waste. It also calculates the mathematical uncertainty of the values 

obtained. The counting time for a waste drum is normally 20 min. If the 

drum contains no plutonium, the results are reported as being below the 

minimum detectable amount (MDA). The MDA for weapons-grade 

plutonium for a 40-pound drum of waste (administrative lower limit at 

LLNL) counted for 20 min and the background counted for 60 min is about 

0.008 g. An increase in the counting time to 60 min reduces the MDA to about 

0.006 g (and also reduces the counting uncertainties). The nCi/g of waste is a 

function of the weight of the waste in the drum and will be different for each 

drum. Error limits of one sigma are given by the computer for the gram 

weight and the activity in nCi/g. The program allows these values to be 
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observed before beginning the count (see Fig. 6) .  If the indicated values are 

unacceptably high, a longer counting time can be programmed into the 

computer and the new values are calculated and displayed. 

Barometric Pressure 

Although daily calibrations with the plutonium source indicated that the 

unit was operating properly, statisticians noted that the background of the 

instrument was "out of control" after it was placed into service. It was 

determined after considerable study that the variation in the background 

counting rate was caused, in part, by changes in the barometric pressure. (The 

background counting rate varies inversely with the barometric pressure. See 

Fig. 7.) A barometer was connected to the computer to record the barometric 

pressure. If the barometric pressure varies by an amount that would cause a 

two percent change in the background (about 2.5 mbar) after it was obtained, a 

flag appears on the monitor and the printout. When this occurs, the drums 

counted that morning or evening must be recounted after obtaining another 

one-hour background count. In practice, this usually means the following 

day. Figure 7 shows that the barometric pressure was reasonably stable on 

February 7 and 9; on February 8, however, the change was dramatic and the 

drum counting could not be performed. 

Other factors beside barometric pressure affect the backgorund counting 

rate. This is illustrated by the large vertical spread in the data points shown in 

Fig. 8. These data, taken at various times over a one-year period, show 

variations in the background by as much as 15 percent at a given barometric 

pressure. These variations significantly exceed that expected from counting 

statistics. 
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Counting Procedures 

The computer program was made very user friendly by continually 

revising it to eliminate the problems operators encountered when counting 

the drums, and to implement the recommendations and comments from the 

operators and from personnel in the Hazardous Waste Management 

Department and the Material Management Section. The program prompts 

the operator to enter the information required for certified counting (name of 

operator, name of witness, drum identification, drum weight, type of 

plutonium, and desired counting time). After each entry, the computer 

displays the data entered and prompts the user to verify the information. The 

operator and witness must sign the printout to certify the count, and a 

statistician must review the printout to ensure that the results are accurate. 

The computer program contains a number of flags and requires the first 

count of a day, following the automatic morning background, be the source 

calibration. After four drums have been counted, a flag indicates that the next 

count must be a background. Another flag indicates when the barometric 

pressure has changed beyond acceptable limits, while other flags indicate 

when the count rate is significantly above or below the background (see Fig. 

6).  (These flags alert operators when the instrument may not be operating 

properly.) The flags on the monitor and printout indicate when the content of 

the drum exceeds the allowable limit of plutonium. Statements on the 

monitor remind the operator to turn on the rotator before counting a drum 

and to ensure that the matrix drum is in the instrument during background 

counting. 

Draft 8 March 9,1994 



Computer printout 

Figures 9-11 give examples of the computer printout. Figure 9 is an 

example of a morning background count. It shows the flag that appears when 

significant changes have occurred in the atmospheric pressure since the last 

background count was taken; that the new data are statistically equivalent to 

the existing background; and that the file is updated using this background for 

future counts. No signatures are required for automatic backgrounds. 

Figure 10 is a printout of the calibration using the plutonium calibration 

source. It shows that the new efficiency is statistically equivalent to the 

previous efficiency, and that the operator chooses to update the file using the 

efficiency value. All calibrations must be signed by the operator and the 

wit ness. 

Figure 11 shows a printout of a count made on a drum containing 

plutonium that is slightly less than the MDA of 100 nCi/g. Note that six of the 

3He tubes, in both banks, and the total count are statistically above the 

background counting rate. The sensitivity of this instrument is high enough 

to easily detect 100 nCi/g in a drum containing as little as 30 pounds of waste. 

In Fig. 11, the plutonium content is 97 nCi/g. We are required to add two 

standard deviations, which increased the reported content of this drum to 130 

nCi/g. Note that this drum cannot be shipped as low-level waste. The 

operator and witness must sign the printout for all drums counted. 

The computer prints a daily activities summary, which is useful in 

determining when a drum was counted and to ensure that the required 

calibration and backgrounds counts were taken. 
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Effect of source location in a drum 

The plutonium probably will not be uniformly distributed in a waste 

drum. Therefore, a series of measurements were made at 16 locations using a 

small 252Cf source to determine the effect of nonuniform distribution on the 

resulting neutron count. Fifteen of these locations were selected by first 

dividing the height of the drum into five equal sections (see Fig. 12). These 

sections were further subdivided horizontally into three sections of equal 

volume (see Figs. 13). The source was vertically positioned midway in each 

section (see Fig. 12) and positioned horizontally at the location shown in Fig. 

13. Although the horizontal source locations in Fig. 12 do not at first appear to 

be correctly positioned, a closer examination will show that they are. 

Using Styrofoam, the 25Vf source was positioned in a drum at each of the 

locations shown in Fig. 12. The drum was then rotated and the counting rates 

were determined. When the data from the center of the drum were obtained, 

the source was at the same location as the calibration source when the 

instrument was calibrated. The data obtained at each of the fifteen locations 

were normalized to the counting rate for the center of the drum (see Table 4). 

These data show that the average count rate is 4.1 percent lower than the 

count rate at the center of the drum, with the lowest count rate being at the 

top-center (-13.9%) and the highest being at the side-center of the drum 

(+12.4%). We included a geometry correction in the computer program for 

this positioning error, which changed the extremes to -9.8% at the topcenter 

and +16.5% at the side-center. 
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Conclusion 

We conclude that the high-sensitivity neutron instrument can be useful 

in verifying the plutonium waste content in bulky, low-level waste packed in 

55-gal drums. Use of the instrument for this purpose will make the disposal 

of low-bel  radioactive waste much more efficient and cost effective. 

This work was performed under the auspices of the U.S. Dept. of Energy at LLNL 
under contract no. W-7405-Eng-48. 
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Figure Captions 

Fig. 1. High-sensitivity neutron instrument during assembly, showing the 

two units positioned on the cart. At the time the photograph was taken, only 

one unit had polyethylene surrounding the 3He tubes. The aluminum brace 

and the NIM-bin electronics for one of the units can also be seen. 

Fig. 2. High-sensitivity neutron instrument after it was modified to include a 

sliding, side-opening door. 

Fig. 3. Drum rotator attached to the sliding door to make loading and 

unloading of the drums convenient. 

Fig. 4. Main menu of the computer program as displayed by the monitor. 

Fig. 5. A display during counting. Shown are a bar graph of the count rate of 

each of the sixteen 3He tubes individually, the total of banks A and B, and the 

total of all the tubes; a bar graph of the elapsed time to the left; and flags 

indicating that some of the counts are statistically above or below the 

background. 

Fig. 6. Monitor indicating the MDA that will be obtained using the selected 

counting time. If the MDA is not low enough, the counting time can be 

increased and a new value will be calculated and displayed. 

Fig. 7. Plot of the barometric pressure as a function of the neutron 

background of the instrument over three days. 
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Fig. 8. Plot of the barometric pressure as a function of the neutron 

background of the instrument over one year. 

Fig. 9. Printout of the morning background containing a flag for atmospheric 

pressure. 

Fig. 10. Printout of the calibration indicating that the new data are statistically 

equivalent to the previous calibration. 

Fig. 11. Printout for a waste drum (unknown) containing plutonium just 

below the 100 nCi/g limit. 

Fig. 12. Side view of the source locations inside a 55gal drum. The source was 

positioned midway in each section. Each of the sections has the same volume 

when the drum is rotated. 

Fig. 13. Top view of the source locations inside a 55-gal drum. Each of the 

sections has the same volume, and the source was positioned to equally 

divide each of the volumes when the drum was rotated. 
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Table 2-1. W ~ t i o n s  of the neutron yields &om the calibration sources. 

Calibration Source CBWM Pu93 (5.818 g )  

spontaacoos 
weight Acrioity Fissioning Pu Oxide 

spedfic 

Isotope w e n t  <a/& W S )  W S )  

242pu 
241- 

0.004 
3.470 

Table 2. Documentation of the method used to calculate the neutron yields from t h e  
various types of piutoaliuuL 

Spontaneous Fission Neumnr 

The values wed to calculate the spontaneous &ion neutrons are listedwoU: 

4.20 E99 

1.09 E47 
1-23 €45 

--c 

4 
4.77 x El0 
5.5 x E15 

134 x E l l  
6.75 x E10 

1.147 x E14 

2663 

920 
1,795 

0.0226 

1.07 

Neutrons from Pktonium Oxides 

The neutron yidd of plutonium oxides from the alphbneutron reacdon for each of the diffcrtnt type 
of plutonium Waf detamul ed by using the foilowing values taka from 'Passive Noadcrtructivc .Itsay 
of Nudear Materials" NUREG/CR-SSSO, Edited by: Doug R a y ,  Norvex Ensdin, and Hastings Smith, Jr., 
LA-UR-90-732, M 1991 
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Table 3. CXcuiations of the neutron yields &om the yarjow types of plutonium. 

Typc of Pu Isotope 

Weapons 
Grade 

"Pu 0.016 17.300 
=Pu 93.464 0.063 
2'oPu 5.900 0.230 
24lh 0.381 104.OOO 
2 4 t h  0.040 0.004 
a1 Am 0.202 3.470 

sum 
total 

Fuel 
Grade 

Reactor 
Gradc 

0.066 
78.964 
17.427 
1.180 
0.432 
1.942 

0.01 1 
73.657 
24.896 
0.424 
0.018 
0.994 

0.055 
63.5Sf 
14.027 
0.950 
9.347 .1 . - 
21.073 

0.042 

11.714 
0.784 
0.237 
1.079 

86.149 

17.300 
0.063 
0230 

104.OOO 
0.001 
3.470 

mm 
total 

17.300 
0.063 
0230 

104.OOO 
0.004 
3.470 

nun 
total 

17.300 
0.063 
0230 

104.OOO 
0.004 
3.470 

nun 
total 

17.300 
0.063 
0.230 

104.OOO 
0.004 
3.478 

Nup 

total 

0.43 2.14 
0.02 35.61 

0 0 
0.72 0 
0.00 5.43 

55.46 51.50 
106% d s / g  

54.28 8.32 

1.76 8.84 
0.02 30.09 

160.32 24.57 
0 0 
7.72 0.01 
0.02 52.24 

169.84 115.75 

0.29 1.47 
0.02 28.06 

229.01 35-10 
0 0 
0.32 0 
0.01 26.74 

229.68 91.37 
321.05 d s / g  

1-46 7.37 
0.01 24.22 

129.05 19.78 
0 0 
6-20 0.01 

136.95 61824 
755.19 d s / g  

1.12 5.63 
0.03 32.82 

107.77 16.52 
0 0 
4.24 0.01 
0.01 29.03 

113.17 84.01 
197.18 d s / g  

28559 n/s/g 

0.23 566.86 

Vote The neutron rates for each of the different types of plutonium given in this table are determined by multiplying the 
weight percents ot each isotope by the neutron rate in n/s/g values given in Table 2 for spontaneous fruion and 
plutonium oxide neutrons. 
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T a b l e  e .  Results obtained to determine the positronlng error  
t h a t  e:.l5;ts, c a u s e d  b y  h a v i n g  a socirce a t  various locations 
Inside a 55-gallon drum lrjhen compared to the r e s u l t s  from a 
calibration source located a t  the 
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