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Abstract 
This paper reports on the cross-calibration of an Active Well Coincidence Counter for use in the 
Materials Protection, Control, and Accountability Graduate Program at the Moscow State 
Engineering Physics Institute (MEPhI). The cross-calibration procedure and its application to 
nuclear material types available at MEPhI for instructional purposes is described. Cross-calibration 
results at Los Alamos and initial applications at MEPhI are summarized. Based on the results so 
far, we conclude that the cross-calibration approach seems useful, with good prospects for potential 
applications at other Russian and US Dept. of Energy facilities. 

INTRODUCTION 
In February 1997, the US Department of Energy’s Russia/Newly Independent-States Nuclear 
Material Security Task Force and the Moscow State Engineering Physics Institute (MEPhI) initiated 
the development of a Master‘s Degree Graduate Program to prepare specialists in physical 
protection, materials accountability systems, and nuclear material measurements. In June 1997, the 
DOE and MEPhI signed contracts to develop a “Training Laboratory for Nuclear Materials Control 
and Accountability” in the Theoretical and Experimental Reactors Physics Department at MEPhI. 
The idea for developing this laboratory came fiom the necessity to teach the students, as future 
specialists in the field of accounting and control of nuclear materials, all of the elements of 
accounting and control which are used in practice in nuclear enterprises. 

The main nondestructive assay instruments in this training laboratory are a Canberra Inspector for 
uranium enrichment measurements and an Active Well Coincidence Counter (AWCC) for bulk 
uranium measurements. Using this equipment, the students can fulfill the following tasks: 

1. The students become familiar with the construction of these devices and the physical 
principles of the measurement technique and acquire the necessary skills to operate them. 

2. The students master the methods of accounting for nuclear materials with the help of the 
above-mentioned devices, including inventory verification. 

3. The students become familiar with the process of calibration, cross-calibration, measurement 
control, and the use of physical standards. 



To realize these aims, it was necessary to carry out a cross-calibration of the AWCC at Los Alamos 
with samples similar in shape, enrichment, and chemical content to those available at MEPhI. In 
advance of this activity, in August 1997, the list of the samples available at Los Alamos for cross- 
calibration was agreed upon during a joint meeting with representatives from MEPhI and LANL. 
Then, the initial calibration measurements were carried out in October 1997 at Los Alamos by 
MEPhI technical personnel. A reference AWCC (the Gold AWCC) was used because the Canberra 
AWCC purchased for MEPM had not yet arrived in Los Alamos. Finally in January and February 
1998, after the MEPhI AWCC had arrived in Los Alamos, Los Alamos technical personnel 
transferred these calibration curves to the MEPhI unit. In April 1998, the MEPhI AWCC was 
shipped to MEPhI in Moscow, where the cross-calibration procedure will be finished. 

During cross-calibration measurements at Los Alamos, the following problems were solved: 

1. 

2. 

The calibration curves needed to teach students the application of nondestructive assay to 
nuclear materials accounting, and the dependence on mass, enrichment, and geometry were 
developed. 

The formal cross-calibration procedure was developed and agreed upon. Cross-calibration 
data spreadsheets were created, as described later. 

Taking into consideration that the procedure for shipping of the neutron sources for the AWCC 
from one country to another takes considerable time, the MEPhI AWCC was shipped to Moscow 
without its neutron sources. Thus, it has not been possible to frnsh the full cross-calibration. 
However, passive neutron measurements using the AWCC have been carried out at MEPhI, using 
the passive cross-calibration curves transferred from Los Alamos. The results allow us to provide a 
preliminary estimate for the precision of the cross-calibration procedure and to prove the possibility 
of using the passive cross-calibration carried out in October 1997 to determine nuclear materials in 
samples available at MEPhI. 

This report will describe the general concept of cross-calibration measurements, the detailed cross- 
calibration procedure, the results of the calibration and cross-calibration measurements at Los 
Alamos, and the results of the measurements carried out at MEPhI with the help of the cross- 
calibration curves obtained at Los Alamos with samples similar to those at MEPhI. 

CALIBRATION MEASUREMENTS AND MATERIAL TYPES 
As stated in the introduction, the goal of the initial cross-calibration exercise was to provide the 
MEPhI graduate students with an already calibrated AWCC for use in mock inventory verification 
that can demonstrate the principles of active and passive assays in both the fast and thermal mode of 
operation. The accuracy of the initial calibration is expected to be limited by differences in 
geometry, density, and enrichment between the calibration standards available at Los Alamos and 
the actual samples at MEPhI. However, the initial calibration curves were selected to cover the 
entire expected range of 235U loading, and to provide good instructional examples of important 
physics effects such as neutron self-absorption, multiplication, and scattering, and their effect on 
assay accuracy. 



In October 1997, MEPhI and Los Alamos personnel generated a series of 11 new calibration curves. 
The measurements were carried out in the Safeguards Science and Technology Group laboratory at 
Los Alamos using the reference Gold AWCC, which has been used for earlier AWCC cross- 
calibration activities. Two well-documented AmLi neutron interrogation sources, MRC-96 and 
MRC-106, were used as the reference AmLi sources. A variety of small nuclear material standards 
and fuel rods were used to generate the curves. 

Table I provides a summary of the 11 calibration curves that were generated using high-enriched 
uranium (HEW or low-enriched uranium (LEU) samples, and the material types for which they 
were intended at MEPhI. Both the reference and MEPhI AWCC's are standard units, as described 
in Ref. 1. Passive Mode refers to operating the AWCC without its AmLi neutron interrogation 
sources. Fast Mode refers to operating with the cadmium and (perhaps) nickel rings in place, for 
higher penetrability. Thermal Mode refers to operating the AWCC without the cadmium and nickel 
rings in place, for higher sensitivity. Mode 1 or Mode 2 refers to the cavity height (23 or 35 cm) 
and inner polyethylene cap configuration, as illustrated in Ref. 2. Operation of the AWCC in the 
horizontal configuration for assay of fuel rod assemblies is also noted. 

7. U30,/Graphite Bottles Active Thermal Mode2 U30, 
8. U,O,/Graphite Bottles Active Thermal Mode2 U,O, 
9. PWRFuelRods Active Thermal Horizontal RBMK Fuel Rod Assembly 

10. PWR Fuel Rods Active Thermal Horizontal VVER Fuel Rod Assembly 
1 1. PWR Fuel Rods Active Fast Horizontal VVER Fuel Rod Assembly 

The first calibration curve was intended for assay of a series of 2% enriched uranium metal 
cylinders available at MEPhI. To cover the appropriate 235U mass range, it was necessary to use a 
set of HEU metal plates at Los Alamos. 

Calibration curves 2, 3, and 4 were developed for the assay of small cylinders of natural uranium 
metal at MEPhI. If the cavity of the AWCC is fblly loaded with such cylinders, the passive 
calibration curve 2 can provide an assay based on 238U content. If the cylinders are assayed 
individually or in small batches, a more-sensitive thermal mode calibration curve is needed. Curves 
2 and 3 were developed at Los Alamos using depleted metal disks, and curve 4 was developed using 
uranium/aluminum cylinders that cover a somewhat higher 235U mass range. 

Calibration curve 5 for small plutonium samples was installed in order to make it possible for 
MEPhI to demonstrate a plutonium calibration curve to the graduate students. The curve was 



generated with a series of low-mass plutonium oxide containers. Also, several log plutonium 
matrix standards disks were measured to provide the students with a data set that illustrates the 
physics effects of (a,n) reactions. 

For similar reasons, calibration curve 6 was generated with a set of UO, powder cans ranging in 
enrichment fkom 3% to 52% to illustrate the physics effects of active assay of bulk uranium oxide. 
To further illustrate the effects of enrichment, density, and geometry, calibration curves 7 and 8 
were generated using a set of 10% enriched 2-L bottles of QO,. Curve 7 was developed using two 
bottles, side by side, in the cavity, and curve 8 was developed using only one bottle at a time. These 
calibration curves may also simulate the geometry of an individual Russian RBMK reactor fuel rod 
assembly. 

Calibration curve 9 was generated for the assay of RBMK fiesh fbel assembly mockups, with 2% 
enrichment. One full assembly contains 19 fuel elements in a cylindrical lattice. We fabricated a 
mock fuel rod assembly holder and carried out a thermal mode calibration with the AWCC in a 
horizontal configuration using 19 Pressurized Water Reactor (PWR) fuel rods with enrichments in 
the range of 0.22% to 3.19%, to cover the necessary range of mass loading. The goal was to obtain 
a calibration curve with an absolute accuracy in the range of 5% to 25%, and a relative accuracy 
good enough to determine the absence of two or three fuel rods, perhaps even one. 

Calibration curves 10 and 1 1  were generated for the assay of Russian W E R  reactor fkesh fuel 
assembly mockups of 1.6%, 2.4%, or 3.6% enrichment. One full assembly contains 126 fuel 
elements in a hexagonal lattice. Calibration at Los Alamos was done with 126 PWR fuel rods with 
enrichments in the range of 0.22% to 3.19%, to cover the necessary range of mass loading. The 
AWCC was again placed in the horizontal configuration. Figure 1 illustrates the fuel assembly 
holder with its 126 holes. Figure 2 illustrates the thermal mode (curve 10) and fast mode (curve 11) 
calibrations for VVER assemblies. The thermal mode curve is more sensitive, whereas the fast 
mode curve is more nearly linear. 

In addition to the 1'1 new calibration curves described above, some material categories and mass 
ranges at MEPhI may be more appropriately assayed using existing calibration curves fkom Ref. 2. 
The cross-calibration procedure described in the next section allows both the new and the existing 
calibration curves to be applied at MEPhI. 

THE CROSS-CALIBRATION PROCEDURE 
. The process of cross-calibration may be defined as the development of a typical detector calibration 

curve at one facility and normalizing it for use at another facility. Cross calibration is of interest as 
one of several approaches, including destructive analysis and Monte Carlo modeling, for extending 
the usefulness of calibration curves and compensating for the limited availability of physical 
standards. Howard Menlove and Jim Stewart of Los Alamos developed this procedure for use by 
IAEA inspectors with active and passive neutron coincidence counters (Ref. 2). The procedure can 
be used to transfer new or existing calibration curves generated initially on the Reference (Gold) 



W a R E L M D M M Y  

Fig. 1. Cross-section illustration of the mock firel rod 
assembly holder built for the calibration of the A WCC for 
W E R  fie1 rod assemblies, which is done with the A WCC 
lying on its side and thejiiel assembly resting horizontally 
in the cavity. The assembly holder is displaced upji-om 
the center of the AWCC cavity to make room for a 
polyethylene slab (not illustrated) that holds the AmLi 
sources. 
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Fig. 2. Comparison of fast and thermal A WCC calibration curves 
for WERjiiel rod assemblies. 



AWCC located at Los Alamos to a second AWCC, provided that both AWCCs can be cross- 
referenced with M i ,  californium, and (preferably) at least one uranium standard. AWCC 
calibration data are entered into the Deming least-squares-fit code to obtain the following 
calibration curve: 

2 3 
9 (1) D= a+ bm235 + cm,,, + dm,,, 

where D is the doubles count rate/s. The calibration coefficients are entered into the Neutron 
Coincidence Counting (NCC) code for each new material category. 

For use at MEPhI, the original cross-calibration procedure was modified to consist of the following 
steps: 

1. To use an existing calibration curve from Ref. 2, we can enter the calibration data from Ref. 2 
into the Deming code to obtain a, b, c, and d. 

2. To generate new calibration curves at Los Alamos using the Gold AWCC, we set up the 
counter and measured the available calibration standards. The Deming code was run to obtain 
the calibration coefficients a, b, c, and d. 

3. For either an existing calibration curve, or a new one, one must carefully record all of the 
information needed to define and reproduce the AWCC geometry, the strength of the neutron 
sources, the calibration coefficients, and important measurement control parameters. Table 11 
is an example of a spreadsheet that can be used to record this information. A separate 
spreadsheet and separate calibration curve is needed for each new material category that 
requires a separate configuration of the AWCC assay chamber. The data in Table I1 are from 
the passive calibration curve for natural uranium metal (calibration curve 2 in Table I). 

4. For the reference Gold AWCC, the following information was recorded: 
a. The identification and orientation of the reference AmLi sources, 
b So (Gold-Mi) ,  the singles rate from the reference AmLi sources, 
-c. Do(Gold-Cf), the doubles rate from the reference californium source, and 
d. DO(Go1d-Std), the doubles rate fiom a reference nuclear standard, preferably one of the 

points from the actual calibration curve. 

5.  For the MEPhI AWCC, the following information was recorded for each configuration of the 
AWCC cavity, being careful to use exactly the same geometry as was used in the Gold 
AWCC: 

a. The identification and orientation of the new M i  sources, 
b. So (Second-mi), the singles rate from the new AmLi sources, 
c. D,(Second-Cf), the doubles rate from the new californium source that is to be used in the 

future with the MEPhI AWCC, 





6.  

7. 

8. 

9. 

d. Do(Gold-Cf-in-Second), the doubles rate fiom the californium reference source used in 
the Gold AWCC, measured in the MEPhI AWCC, 

e. D,(Second-Std) using a reference standard, and the new AmLi sources that go with the 
MEPhI AWCC, and 

f. Using the MEPM AWCC, configured in the passive mode, the deadtime-corrected ratio 
of the second californium source to the Gold reference californium source. 

If no SNM reference sample is available for measurement in the MEPhI AWCC, one can in 
principle determine an approximate cross-calibration coefficient fiom the relative AmLi and 
californium responses only, under the assumption that the induced coincidence response will 
be proportional to the product of the AmLi source strength and the californium detection 
efficiency. This is not a good cross-calibration because the distribution of AmLi in the 
sources changes the cross-calibration coefficient in a different way fi-om the actual relative 
interrogation source strength. However, it was included in Table II for completeness and for 
comparison purposes, as discussed later. 

If the same reference sample is available for measurement in the Gold AWCC and in the 
second AWCC, we can determine a better cross-calibration coefficient k, fiom the equation: 

Do( Gold - Std) 
= Do(Second - Std) 

This ratio was determined for each of the 11 new calibration curves. It should be determined 
to 1% if possible. 

The MEPhI AWCC and its new AmLi and californium sources were then shipped fiom Los 
Alamos to MEPhI. When the new calibration curve is used at MEPhI, the cavity configuration 
is set to be exactly the same as it was during cross-calibration. The new californium source is 
placed in exactly the same position as was used at Los Alamos, to obtain a (decay-corrected) 
Dnew(Second-Cf). This provides a second normalization constant kz: 

Do(Second - Cf) 
D,, (Second - Cf ) k2 = 

(3) 

At MEPhI, if it is possible to calculate or measure any correction factor for the physical 
difference between the samples at the final destination facility and the ones used at Los 
Alamos to generate the original calibration curve, we can define a “sample correction factor.” 

10. Now we can calculate the total cross-calibration constant k: 

(4) k = k, k2 (samplecorrection factor) 



11. The original calibration constants a, b, c, and d are divided by k, and these new values are 
installed under “Edit/Calibration” in the NCC software code. 

12. When the coincidence response D of a new sample is measured in the MEPhI AWCC, the 
235U mass will be determined by iteration fkom the equation 

CROSS-CALIBRATION RESULTS AT LOS ALAMOS 
The cross-calibration measurements at Los Alamos were also carried out in the Safeguards Science 
and Technology Group laboratory using the new MEPhI AWCC, its new AmLi neutron 
interrogation sources, and its new californium measurement control source. Some of the results of 
the cross-calibration exercise are summarized in Table III below. 

The new AmLi sources, N410 + N411, are about 1.5 times stronger than MRC-96 + MRC-106. The 
ratio of the old to the new sources is 0.6695, as measured in the center of the AWCC cavity in mode 
1, thermal configuration. This is recorded in the third column of Table III, except for the two 
passive calibration curves 2 and 5. We believe that this means the volume of Americium oxide is 
actually about 1.5 times greater, and that the length of the oxide zone is about 1.5 times deeper. 

The new californium source to be shipped to MEPhI is called MM-214. The best-measured value 
for the strength of this source relative to CR-9, the source used in October 1997, is 15.14. Using 
this source in the MEPhI AWCC for the 11 calibration curves, we see that the relative coincidence 
count rate fluctuates fkom 1.04 to 1.12, but is usually close to 1.07 or 1.08 (fourth column of Table 
III). Thus the MEPhI AWCC has a 3% or 4% lower passive detection efficiency than the Gold 
AWCC. The reason may be electronic or physical construction differences. 

In principle, the product of the AmLi interrogation source strength multiplied by the detection 
efficiency for californium neutrons should be proportional to the active response of the AWCC. 



, ,  
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Thus, the relative product (fifth column of Table 111) could provide a cross-calibration coefficient. 
In fact, this ratio is usually within a few percent of the cross-calibration coefficient k, measured with 
a nuclear material reference standard (sixth column of Table III). However, we believe that these 
ratios cannot give a good cross-calibration because they depend on the exact placement of the 
sources in the end caps, and the exact distribution of americium oxide in thesources, 

The last column of Table I11 summarizes the standard deviation in the cross-calibration coefficient 
k,. The relative standard deviation (RSD) varies from 0.6% to 11.3% and is usually higher for fast 
mode calibration curves where it is harder to get good counting statistics in reasonable counting 
times. The RSD also includes contributions from sample placement, AmLi source placement, and 
californium source normalization that are harder to quanti@. 

Our experience during this cross-calibration exercise was that careful and reproducible sample and 
source placement is very important, as emphasized in the many details included in the spreadsheet 
in Table 11. The differences between the product of the AmLi and californium ratios and the 
coeficients k, listed in Table 111 may provide a good indicator of the actual magnitude of the overall 
errors that can arise in the cross-calibration process. 

INITIAL CROSS-CALIBRATION RESULTS AT MEPHI 
The aim of the measurements at MEPhI was to estimate the precision of the cross-calibration 
procedure for passive measurements, and to prove the possibility of using the passive cross- 
calibration measurements carried out at Los Alamos to determine the content of nuclear materials in 
the samples available at MEPhI. The general procedure for measuring 235U mass using the passive 
calibration curve is as follows: 

-Determine the isotope content of the sample using the Inspector; 
-With the AWCC, determine the 238U mass; 
-Knowing the 238U mass and isotopic content, calculate the 235U mass. 

The AWCC measurement procedure consisted of the following steps: 

1. Using the data from the cross-calibration measurements (Table II) with the help of the NCC 
program, the passive calibration curve measured at LANL with the Gold AWCC was installed 
(the curve of double coincidence count rate D as a function of 238U mass m238). 

2. In accordance with the cross-calibration procedure used to transfer curves to the MEPhI AWCC, 
it is necessary to divide the coefficients a, b, c in the corresponding equation by the calibration 
constant k. For the passive calibration curve the value of k is k,= 1.028 + - 0.03 1 (see Eq. 2). It 
is assumed that k2=l until the californium source arrives at MEPhI and actual reference 
measurements can be made. Thus, the passive calibration curve for 238U will be the following: 

2 D = 0.1 368 + 4.1 8 2 ~ 1 0 ~  m238 + 3.687~10-~ m238 



. 3. The cross-calibration measurement precision was determined with uranium samples of 0.73% 
enrichment and known uranium mass (declared mass). We used three uranium samples, 
sample 1, 2, and 3 with similar 235U and 238U content. The range of the difference in total 
isotope mass in the samples was within 1700-1 800g. The samples were uranium metal blocks 
with diameter of 3.7 cm, heighGO.3 cm and covered with aluminum of 0.1 cm thickness. 

4. The samples were placed in the AWCC consecutively and the double coincidence rates were 
measured for 20 minutes. 

The results of the measurements are summarized in Table IV. The difference between the declared 
U mass and the measured one was calculated as the average value based on measurements of the 

three samples. From the data in Table IV we may draw the following conclusions: 
235 

1. 

2. 

3. 

The average deviation of the value of the measured 235U mass to the declared one is 5%. The 
error of the measurement of 235U mass is 3% to 4 %. 

The difference between the measured mass and declared one is always positive. This 
indicates a systematic bias in the observed value of the average deviation. So the results 
obtained with the help of the cross-calibration curve (Eq. 6) are 5% lower than the real values. 
The possible reason for such a systematic deviation could be the assumption that k,=l. 
Another possible reason could be differences in geometry between samples at MEPhI and 
LANL (i.e., the value of the “sample correction factor” in Eq. 4). 

The passive calibration curve obtained at LANL with the depleted Uranium metal can be used 
at MEPhI for the measurement of nuclear materials in natural uranium metal blocks. 

Table IV. Measurements Results for Natural U metal at MEPhI. 
Correction Factor K=l K=K,; K,=l 

Declared-assay =’U masddeclared Declared-assay u% 
mass/declared 

Sample 1 6.69% 4.04% 
Sample 2 9.06% 6.46% 
Sample 3 6.84% 4.19% 
Average value 7.53% 4.89% 

CONCLUSIONS 
MEPhI and Los Alamos safeguards personnel have completed the cross-calibration of an AWCC at 
Los Alamos for use at MEPhI. From the experience gained during the initial calibration in October 
1997, and the transfer of the calibration curves to the MEPhI AWCC in January 1998, we may draw 
several conclusions: 

1. The MEPhI AWCC has been successfully cross-calibrated with 1 1 new calibration curves, and 
additional calibration curves documented in Ref. 2 can also be installed as needed. 



. 

2. The cross-calibration process requires meticulous documentation and carehl attention to 
detail, to ensure that the “continuity of knowledge” required during the transfer of calibration 
curves is maintained. Configuration of the AWCC cavity, positioning of the AmLi 
interrogation sources, positioning of the californium measurement control source, placement 
of nuclear material reference standards, and the presence of nearby scattering materials are all 
critical. 

L 

3. The relative standard deviation in the cross-calibration coefficient ranged fiom 0.6% to 1 1.3% 
depending on the calibration curve. Ideally, this error should be 1% or less to minimize 
propagation of errors. 

4. Initial results at MEPhI using the calibration curve for natural uranium metal show a total 
difference of 5% between assays based on the initial calibration at Los Alamos and the book 
value. We are encouraged by this result, and will report on the results for other material 
categories in the future. 

5 .  Based on the results so far, we conclude that the cross-calibration approach seems usehl as a 
training and inventory verification method. Because of the general shortage of NDA standards 
in many Russian and DOE facilities and the potential ability of cross-calibration to reduce the 
number of needed physical standards, this technique may have widespread applicability. 
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