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Certificate of Calibration 
This calibration report outlines the specific items included in the TRU Control of Measuring, 
Testing and Data Collection Equipment'". 

Equipment Identifier: 

Calibration Interval: 

Date of Calibration: 

Calibration Verification 
Due date: 

Limitations: 

Calibration applies to 
Listed equipment: 

Calibration Method 

Calibration range and 
Tolerance: 

Calibration Acceptability: 

Standards 

Performers of Calibration: 

Reference to Out-of-Cal., 

104-ND-06-102 A, GEA-A 

Calibration upon installation, then calibration verification annually 
thereafter. 

20 January, 2000 

20 January, 2000 

55 gallon drums. 

104-ND-06-102 A 

WMH 350 Section 2.5. 

Gamma energy range from 35 keV to 2.0 MeV. Tolerance error is 
developed within the proprietary Canberra(') calibration software. 
Analytical span, 0 to 160 grams '3%u defined in HNF-405 1(3) . 
Calibration has been deemed acceptable with no non-conformance 
items. 

Standards are listed in Appendix B of this document. 

The system Cognizant E ine : Craig Wills. a, Date: 2 6 ?/& Signature: P ,7 - . 
or non-conformance issues: None 
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1.0 Introduction 

The Waste Receiving And Processing facility (WRAP) adheres to providing gamma-ray 
spectroscopy instrument calibrations traceable to the National Institute for Standards and 
Technology (NIST)  standard^'^'. The detectors are used to produce quantitative results for the 
Waste Isolation Pilot Plant (WIPP) and must meet calibration programmatic calibration goals. 
Instruments must meet portions of ANSI N42.14, 1978 guide for Germanium detectors. The 
Non-Destructive Assay (NDA) Gamma Energy Analysis (GEA) utilizes NIST traceable line 
source standards for the detector system calibrations. The counting configuration is a series of 
drums containing the line sources and different density filler matrices. The drums are used to 
develop system efficiencies with respect to density. The efficiency and density correction factors 
are required for the processing of drummed waste materials of similar densities. The calibration 
verification is carried out after the calibration is deemed final, by counting a second drum of 
NIST traceable sources. Three in-depth calibrations have been completed on one of the two 
systems to date, the first being the system acceptance plan. 

This report has a secondary function; that being the development of the instrument calibration 
errors which are to be folded into the Total Instrument Uncertainty document, HNF-4050. 

2.0 Calibration Configuration 

The two gamma systems, GEA-A and GEA-B, are calibrated utilizing a vendor supplied drum 
with six full length line sources distributed in a radial related pattern and differing density fillers. 
A study by the vendor was cited to develop the source placement. The recommended source 
placement pattern is considered the best representation of a homogeneous distribution of activity 
in the drum; see Appendix A. This drum source is the sole calibration source geometry for the 
Gamma Waste Analysis System, GWAS, for the development of efficiency curves, The source 
certifications are in Appendix B, The uncertainties listed on the certificates are at 3 cs (2.576), 
per telecom from the supplier. 

3.0 GWAS detectors 

The Gamma Energy Analysis (GEA) system utilizes six detectors; four are the Segmented 
Energy Germanium gamma detectors (SEGe-#) used for quantitative analysis, and two Low 
Energy Germanium detectors (LEGe-#) which are used for peak ratios analysis of low energy 
gamma-rays from the 45 to 300 keV region. The segmented detectors are 22% to 25% efficient 
HPGe detectors (High Purity Germanium) relative to a 3x3 NaI(TI) detector. The detector 
specifications are in Appendix C; they are not identified with a particular system, but, are the 
system detectors. The SEGe detectors have gamma attenuators that can be activated to reduce the 
drum gamma-ray activity to levels that the detector and their electronics can handle without 
signal distortion. The system drawings state the attenuators are 0.5 inch (1.125 cm) thick, and are 
machined Iron plate. 
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4.0 GWAS Configuration 

The GWAS counting sy~tem‘~’, detectors, shield and the drum elevation platform will adequately 
analyze 55 and 85 gallon drums (208 and 321.5 liters), see Figure 1 bottom. The drum platform 
elevates in two steps, 8.9 cm each, and the platform continually rotates at 10 rpm during analysis 
and calibrations, The middle diagram shows the SEGe gamma detector’s angle of coverage for 
the drums. These zones of sensitivity overlap and ensure the entire drum is scanned. The lowest 
segment in the analysis group views only the rotational portion of the platform and is not 
included in the calibration. The highest segment in the group views the drum lid and “air” space, 
it also is not included in the calibration for 55 gallon drums. 

NDA GEA ANALYSIS CHAMBER 

, 
(SEC.) 

I 

Figure 1. NDA detector layout and zone of sensitivities. 
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5.0 Vertical Activity Response 

A series of counts were made with the daily source check drum, following calibration, to 
evaluate system parameters. The system’s response to the standards is shown in the next two 
figures. Figure 2 is a plot of the counts for selected calibration peaks versus SEGe and position. 
Note that analytical segment 1 1  is the top of the drum. The segment’s count along the vertical 
axis is reduced for the drum extremities; the bottom two analysis groups are lower as well as the 
upper two analysis groups. This count distribution will reflect the efficiency curve’s as well. 

__ ...... 

............ 

........... 

Figure 2. 
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6.0 Comparative Analysis 

The daily control drum, using a separate set of six NIST traceable line sources, was analyzed a 
multiple of times to evaluate the response to the calibration. One feature was to view the activity 
per segment; Figure 3 portrays a plot of that activity versus segment. This plot demonstrates the 
system’s ability to reproduce the drum’s vertical isotopic activity. The plot does not indicate 
losses at the drum extremes. The spreadsheet for Figures 2 and 3 are in Appendix F. 

r------ 
0 

Figure, 3. 

12 

The following table, Table 1, displays the calibration on a second separate NIST traceable source 
drum. This drum is configured in the exact same geometry, but, with another second set of rod 
(line) sources; certificates are shown in Appendix B, E838 to E843. This particular evaluation 
could be considered the calibration verification. 
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Seg U Seg 
I 1  SI2 
I O  SI3 
9 S2I 
8 s22 
7 S23 
6 S3 I 
5 S32 
4 s33 
3 S4 1 

2 S42 

A04 

Sum %DiR 
Src Act 
Ratio AOUStd 

SumJStd 

59 k'eV 

AVG 

4.02 
3.73 
3.77 
3.90 
3.50 
3.61 
3.82 
3.80 
3.45 
3.54 

37.27 
37.14 
35.97 
1.036 
1.032 

81 keV 
%en AVG 

2.46 4.46 
I .44 3.58 
2.49 3.02 
1.82 3.54 
1.58 3.33 
1.67 3.45 
2.10 3.52 
2.95 3.30 
3.00 3.13 
2.70 3.59 

1.05 34.28 
0.35 34.91 
2.77 3 I .62 

1.08 
1.10 

%en 
3.90 
I .04 
7.61 
6.28 
3.68 
1.43 
1.55 
1.95 
16.06 
10.82 

0.496 
-1.85 
2.91 

356 keV 

AVG %err 
3.13 1.61 

3.08 1.61 
3.15 1.37 
3.12 1.93 
3.13 0.580 
3.14 1.39 
3.18 1.49 
3.11 1.79 
3.16 1.66 
3.22 2.64 

32.1 I 0.455 
31.44 2.10 
31.62 2.91 
1.02 

0.994 

661 keV 

AVG %en 
0.577 1.89 
0.547 2.08 
0.563 1.20 
0.579 1.81 
0.569 1.06 
0.601 0.688 
0.588 1.28 
0.557 1.57 
0.562 0.701 
0.566 1.56 

5.93 0.186 
5.71 3.79 
5.57 3.42 
I .07 
I .03 

1332.5 keV 
AVG %en 
0.408 1.61 
0.373 1.61 
0.395 1.37 
0.394 1.93 
0.408 0.580 
0.384 1.39 
0.411 1.49 
0.388 1.79 
0.400 1.66 
0.366 2.64 

4.04 0.455 
3.93 2.76 
3.94 3.05 
1.03 

0.997 

Table 1. Daily QC-57 drum response 

The total activity is calculated in Table 1, note specifically the rows for the activity ratios to the 
standard, per isotope. The summed spectrum analysis is contained in the A04 module and its 
ratio to the actual standard is AOWStd. The summation of each of the segment's activity into a 
summed activity is ratioed to the standard; Sum/Std. The agreement in both cases is quite good, 
better than 4%. The 81 keV peak of '"Ba has less agreement due to the interference produced by 
lead X-rays from unshielded lead next to the detectors. 

7.0 SEGe Detectors 

The Segmented detectors are set to view energy from 35 keV to 2.0 MeV within a 4096 channel 
memory block. The gain and zero are carefully adjusted to ensure the resolution is not lost during 
the summation of the spectra of the individual segmented counts. The Canberra program also 
contains a built in function to aid in the zero and gain normalization for this summation. The 
effectiveness of this summation is demonstrated in Table 2 and its associated graph, Figure 4. 
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The energy equations are of the form: 

Energy (keV) = a + b*chn + c*chn2 

Detector Intercept 
Multiplier 

(a) 

SEGe-I -0.983 
SEGe-2 -0.757 
SEGe-3 -0.693 
SEGe-4 -1.687 

Summed -1.691 

Table 2. 

Linear 
Multiplier 

(b) 

0.500 
0.500 
0.500 
0.501 

0.501 

Quadratic 
Multiplier 

0 

-1.68E-07 
-1.72E-07 
-1.64E-07 
-1.5 IE-07 

1 S4E-07 

1 .OE+O4 

c l.OEM3 

8 
P t 
Y l.OEM2 

1 .OEM1 

Energy versus Channel 

Channel 

10.00 
9.00 
8.00 
7.00 
6.00 L e 
4.00 s 
3.00 
2.00 
1 .00 
0.00 

5.00 & 

IO 100 loo0 loo00 

Channel 

The Energy versus Channel plot demonstrated the good fit of the equations to the summed 
spectrum plot. The individual SEGe detectors are adjusted to as close as practical to the ideal 
setting, thus the low error values. 
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The equations for energy and FWHM also demonstrate this normalization effect in the 
consistency of the equation’s coefficients as follows: 

FWHM vs Energy 
FWHM(keV) = a + b*E0.5 

a b 
SEGe-1 0.543 0.030 
SEGe-2 0.378 0.039 
SEGe-3 0.543 0.032 
SEGe-4 0.529 0.029 
Summed 0.60.5 0.033 

Table 3. 

2.5E+OO 

2.0E+OO 

> 

E: 1.5E+OO 
s 

1 .OE+OO 

5.OE01 

FWHM V e n u s  Energy 

Channel 

20.00 
18.00 
16.00 
14.00 
12.00 L e 
8.00 $ 

6.00 
4.00 
2.00 
0.00 

10.00 2 

IO 100 lo00 

Peak Ebergy ( k e y  

r+ FWHM vs Energy +%Error 

loo00 

Figure 5.  

The FWHM plot does demonstrate that broadening occurs in the spectrum summation; one of the 
SEGe detectors (2), is wider than the others and causes the error to increase at the higher 
energies. The combination of these two plots suggest peak identification should be within the 
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acceptable parameters for the gamma analysis program. The individual curves for the detectors 
are with the parameter printouts in Appendix D. 

8.0 Low Energy Detectors 

The two LEGe HPGe detectors are 10 % efficient relative to a 3x3 NaI(T1) detector. The detector 
crystal has less depth to enhance the efficiency of the lower energy gamma-rays. These detectors 
are shielded with 3 1 mil Sn. These detectors are calibrated only for energy and FWHM (Full 
Width at Half Maximum) parameters. The detectors need to have good resolution and have little 
degradation with respect to high gamma-ray throughput rates. Figure 1 shows the placement of 
these detectors. 

The LEGe detectors, used for the MGA@) and MGAU analysis are looked upon as separate 
entities, that is no spectrum summing is done. The energy range for these detectors is from 35 to 
300 keV stored into a 4096 channel buffer. Calibration for energy is linear and has only two 
terms, a requirement of the MGA/MGAU software. The equations are as follows: 

Energy (keV) = a + b*Chn FWHM (keV) = a + b*Engo.’ 

Energy equation FWlM Equation 

Intempt Linear Intempt Linear 
Detector Multiplier Multiplier 

-5 (upper) 0.159 0.076 0.273 0.039 

-6(Lower) 0.150 0.076 0.223 0.040 

Table 4. 

The FWHM for the LEGe detectors is 0.575 and 0.533 keV respectively at 60 keV and increases 
to 0.663 and 0.623 keV at 100 KeV, then 0.825 and 0.789 keV respectively at 200 keV. The 
FWHM is within the 0.85 keV resolution needed for the MGA and MGAU analysis software. 
The MGA and MGAU program is designed to analyze for both gamma and X-ray peak areas 
below 300 keV. The LEGe detectors are not calibrated for efficiency, as the Canberra program 
doesn’t calculate activities from these spectra, only compares relative peak areas. The energy and 
FWHM data is included in Appendix D for the LEGe detectors. 

9.0 SEGe Efficiency 

The efficiency calibration output for the segmented detectors is contained in Appendix E. The 
efficiency curve formulas are the “best fit” selected from the regression analysis contained in the 
Canberra (’) software. The equation’s coefficients listed below are in two groups; one without the 
collimators (shields) activated, and the second with the collimators activated. Each equation 
takes the basic form: 

12 
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Ln(Eff) = a + b*Ln(E) + c*Ln(E)’ + d*Ln(E)3 + . . . . 

The spreadsheet containing the equation’s coefficients are in Appendix F, F8 and F9. The 
efficiency parameters can regenerate portions of the Canberra’s software curve, but lack the 
inflection point input to completely draw the efficiency curve. The error associated with each 
efficiency point also includes the error developed in the regression analysis matrix. The error 
listing or report is not readily available for printout as an equation or plot. Uncertainty for 
selected efficiencies is discussed below. 

Figures 5 and 6 displays the efficiency curve variations with respect to density, Figure 5 has the 
curves for a non-shielded count, No Collimator, while Figure 6 is the efficiency curves with the 
shield (Collimator). 

Dual Efficiency Calibration Curve 
1 : 0.01 10677 .............. LOW Energy I M e a - u r d  ~ Hlph Eneray 

2: 0.427885 - - - LOW Energy + MeaaUred - - - Hlph Enrrpy 

3: 0.864375 ~ ......... LOW Energy . Meesurrd .-~.----.. Hlph. EnMay 

. 4: 1.58043 Low Ensmy X M e k u r e d  Hlph Energy 

0.001 

O.ooO1 

18-05 

1 *-OB 
10 100 

Energy (keV) 

Figure 5: No Collimator 
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Dual Efficiency Calibration Curve . 

0.0001 

le-OS 
100 

Energy (kaV) 
I 

Figure 6: With Collimator 

-~ HlOh Energy 

- - - Hloh Enemy 
.......... Hioh Enemy 

Hloh Enemy 

I 
........ + ....... 

I 
IO 1 m o  

The uncertainty plots for the summed curves are seen in the following two figures, 7 and 8. 
Figure 7 is the plot with no shield in front of the detector, while Figure 8 has the iron shield in 
the analytical path. 
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0 403 I m ,  lac0 1400 

Figure 7 
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E m r  versus Energy 
W h  sb*M (CalUmtor) 

0 m 400 I m ,  lz00 1400 

I ~ . +~-mlty ~. ~ - + - ~ n d ~ i t y  ~ ~ ~ ~~ ~~ ~ ~ ~~~ - ~ - 3 r d m n t y  ~ ~~ ~~:-~~-Lp: -swaymy 

Figure 8 

The uncertainty for the calibration never gets less than 6.5% for the efficiency calibration error. 
The slight deviations from the curve in the 385 keV region is due to the low gamma yield of the 
upper Ba133 gamma line, longer counting would bring the efficiency error back to the base 
curve. 
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APPENDIX A 

Calibration Configuration 

Drum Source Distribution 
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42 SYSTEM CALIBRATION AND SOURCE DISTRIBUTION 

Calibration Drum Description: 

A set of four calibration matrix drums was used to determine the 4 2  (Canberra GWAS) system 
efficiencies as a function of photon energy and source matrix density. Four 208 Liter (55 gallon) 
drums were homogeneously loaded with the following materials and approximate densities: 

1) Polyurethane foam (0.14 gdcc )  

2) 

3) Particle board (0.76 gdcc )  

4) Sand (1.67 g/cc) 

Soft Board (Homosote) (0.470 gdcc )  

Each calibration matrix is divided into 6 cylindrical shells, designed to simulate a homogeneous 
source distribution. A set of hollow tubes was mounted in each of these shells. The source tubes 
extended the f i l l  height of the matrix, and were mounted parallel to the center of the axis of the 
drum at the positions shown in the following top view diagram. 

A-2 
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In order to simulate routine sample counting conditions during the calibration process, the drums 
were placed on the turntable platform and rotated at a constant speed during all the counts. The 
axis of rotation was perpendicular to the axis of the 4 2  system detectors. In this case a line 
geometry source (with equal activity per unit length) positioned in a source tube provides 
counting results equivalent to a cylindrical shell-geometry source with the same radial distance 
from the center axis of the drum. Taken together, the six shells simulate a homogeneous source 
distribution throughout the matrix. 

Each calibration drum is divided into six shells of equal volume, and labeled A, B, C, D, E, and 
F. The individual source tubes are numbered 1 - 9. The radial distance from the drum to the 
center of each of these hollow source tubes is provided in the following table. 

Source Tube 
Location 

Radius from Drum 
Center (inches) 

0 
2.3 
5.6 
7.3 
8.6 
9.8 

10.2 
10.5 
10.8 

Efficiency Calibration Theory 

Since the cylindrical shells used in this calibration have equal volumes, count rate data obtained 
for calibration counts with the line sources in tubes 2,3,4,5,6, and 9 should be weighted 
equally for reference counting geometry efficiency determinations. Efficiency values may be 
calculated using the following equation: 

Efficiency = (A2 + B3 + C4 + D5 + E6 + F9)/(activity * abundance) 

Where 

Efficiency is given in the units of counts per gamma emitted from a uniform matrix, and 

A2 = measured counts per second (cps) with the line source in tube 2 (shell A) 

B3 = measured cps with the line source in tube 3 (shell B) 
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C4 = measured cps with the line source in tube 4 (shell C) 

D5 = measured cps with the line source in tube 5 (shell D) 

E6 = measured cps with the lime source in tube 6 (shell E) 

F9 =measured cps with the line source in tube 9 (shell F) 

Activity = decay corrected activity of the calibration source. 
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APPENDIX B 

Source Certificates 
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Calibration Certificates 

The following certificates have been scanned from the originals, only one source leak page will 
be evident as it is a copy on the backs of each certificate. The certificates will be in two groups, 
one being the calibration sources and the second being the verification and daily check sources. 
In each set the stated uncertainty is at the 3 0  level. 

GWAS Calibration Source Set 

A matched set of six calibrated line sources is used to perform the energy, full-width-at-half- 
maximum (FWHM), and the four efficiency calibrations. 

Calibration Source Certificate File 

The GWAS efficiency calibration requires the generation of a certificate file containing the total 
activity of the line sources, expressed as the number of gammas per second for each gamma line 
used. This is just the sum of the isotopic activities, multiplied by the abundance (branching ratio) 
for each of the gamma lines. 

The current gamma rates are calculated from the current date and time and the reference date 
and time. 

The total uncertainty for the line sources is calculated from the square root of the sum of the 
squares of the individual line source uncertainties (RMS). 
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CERTIFICATE OF CALIBRATION 
MODEL ENV4057 LINE SOURCE 

SERIAL NUMBER DE46 
R e f a m r  D m  

h24l 

-133 

t l a l u i e  
432.7 t 0.5 rn 
1o.w t 0.01 m 

wn t 0 . Z ) l m  

6.271 t O M 1  m 
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CERTlFICATE OF CALIBRATION 

-141 

b i a a  

117a.237 
1332.501 

IMUb!! 
Ua.7 t 0.6 .)un 

10.56 t 0- w m  
s0.0 t 0.1 W- 

5.271 t Om1 1u. 
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Cs-137 

Cc-60 

U2.7 = 0.6 y.*. 

10.64 z 0.03 yun 

ao.0 t 0.2 l ~ n  

6 . ~ 7 1  t o.mi ww 
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CERTIFICATE OF CALIBRATION 
MODEL ENV4057 LINE SOURCE 

SERIAL “SEft DWS 
Rda- D a m  

hni 

aa.133 

c.137 

COdD 

U2.7 z 0.6 m 
10.~4 t o.oa p~ 

a0.0 i 0.1 p u s  

6.271 t 0.001 - 
h m l m k w  

56.7 

M.2 
7.09 

ia.4 
a2.2 

* S Z  

86.21 

amso 
ss.euz4 
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CERTIFICATE OF CALIBRATION 

e 
4aa.7 0.5 wm 

10.54 0.- was 
ao.0 * 0.2 

5.271 t 0.001 warn 

kwsbdsl 
a5.7 

Y.2 

18.4 
7.08 

e2.z 
1.m 

85.21 

**.so 
913821 
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CERTIFlLCA’I’E OF (JUWMl’lON 
MODEL ENV40W LINE SOURCE 

SERIAL NUMBER 0851 
Referanu Dam 

C r l t 7  

C 4  

147 

twufe! 

10.34 t 0.0s yu“ 

a0.0 t 0.2 w,. 

-2.7 r 0.8 y.” 

1.271 f 0.001 - 

a.11 

-.SO 
99.9824 
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LEAK TEST METHODS 

1. Soak (Immenilon) Test (ISOTTR 48261979 (E) section 2.13) 

The source is immersed in water or other suitable liquid at 50% for at lead4 hours and the activity 
in the llquid measured. Acceptance limit: 0.0001 pCi alpha, 0.001 pCi beIa*amma. 

2 lmmenion Test (ANSI N542-1977. Appendix A2.1.3) 
Thesourmlsimmersedinwater at 1000Clor 1OminutesThewaterisremovedand thesourcewled 
and rinsed using fresh water. These operations are repeated twice, boiling in the water from the 
previous rinsing operation. Acceptance IimiI:O.OtkJl wCi alpha.OL05 pCibetagamma forall thewater 
collecled. 

3. Wipe (Smear) Test (ANSI N542-1977. AppendixA2.1.1) 

All exlemal sulfaas of the source are wiped wlth a piece of filter paper or other absorbent material 
which has been moistened with an appropriate solvent and the aclivily removed is measured. 
Acceptance limit. 0.CGOl pCi alpha. 0.001 pCi betagamma. 

4. Leak Test Not Applicable 

For sources with no covering or a delicate covering over the radioactive portion or gas standards 
and sources, (he inactive porlions or containment vessel are wipe tested as in Method 3 above. 
Accepfance limit: 0.0001 pCi alpha, 0.001 fiCi betagamma. 

5. Other 

LEAK TEST CERTIFICATION 

The standard was leak tested in accordance with Leak Test Method 3 as 
described above. The removable activity was determined to be less than 0.001 
beta-gamma and O.OOO1 @i alpha. This leak test should be performed every 
six months of as required by a specific NRC or Agreement State License. 

Health Physics Date 
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Calibration check and daily control drum sources. 

CERTIFICATE OF CALIEtRA'TION 
MODEL ENV4057 LINE SOURCE 

SERL4L NUMBER E838 
Reference Date- 

Ca-137 

I lli3X37 
1JJLJM 

=do 
w.9024 
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CERTIFICATE OF CALIBRATION 
MODEL ENV4057 LINE SOURCE 

SERIAL NUMBER E839 
Reference D a t e g d n b s r  1.1996 

Total 

5*2 

18.4 
r n ,  

7.- 

--- 
8.92 

L15.21 

(8.80 
69.%24 

0 LEAK TESTCERTIFICATION ON REVERSE e 

Nocth American Scientific, Inc. 7435 Greenbush Ave., North Hdfywood, CA 91W5 (818) 503.9201 Fax (818) 5030764 
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CERTIFICATE OF CALIBRATION 
MODEL ENV4057 LINE SOURCE 

SERIAL NUMBER E840 
Reference Date- 

rota1 
er(Lupr YEsdd&m 

WI33 2438 kSq(B.3X3pc~ 332% i o  51 f am 
Cs137 3708 kBq (I m pco 381% 300102 m. 
0#3 3563 kEq (9355 nCQ 341% 6211 tnrm y u ~  

Am-241 msmq (8022 UCI) 3 1% O n 7 t O S p a n  

PRINCIPLE EMISSIOW" 

Ivnn EQmiBu w?Jm.w 
Am24 OMm =5%4 3j7 

BclD 

Cs.137 

9 . 2  

18.4 
62.2 
882 

85.21 

7.- 

LEAK TEST CERTIFICATION ON REVERSE 

North American Scientific, Inc. 7435 Greenbush Ave., Norlh Hollywod, CA 91805 (818) 503-9201 Fax (8i8) 5030764 
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CERTIEICATE OF CALIBRATION 
MODEL ENV4057 LINE SOURCE 

SERW. NUMBER E841 
Referonce Date O d o b r  I .  1996 

Total 
&#!m!&m Bdupy uIK.rtslnfyI*l m4.W 

Am241 Z737kBq(EW&i) 316% 4 7 2 7 t 0 5 m m  

-173 2496xEq(SXBpCI) 3 73% 10541omyVars 

Cs-137 37 18 !eq (1 cm $I) 389% 33utozywn 

coa, X[OkE-q(EQISnCrj 3 48% 5 271 f ami m 

PRlNClPLE EMISSIONS”’ 

l h  i 3 s r L r m  @W 
Am 241 p I m w  9)- s 7  

g a m a  

gloBB 342 

302.851 18.4 
=.€fa 62.2 

6.92 

881.88) 85.21 

m.gs 7.03 

11n.237 
192501 

@.Eo 
83.944 

‘ (*) T a M  ‘d R z d d h  7 U I m . 1 E 8 6  

LEAK TEST CERTIFICATION ON REVERSE 
1 

1 

Norlh Amencan Scientilic, Inc 7435 Greenbush Ave , Norlh Hollywaad, CA 91605 (818) 503.9201 Fax (818) 5030764 
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CERTIFICATE OF CALTBMTION 
MODEL ENV4067 LINE SOURCE 

SERJAL NUMBER E842 
Reference DateQ&ber 1.1998 

3 . 2  

18.4 
E22 
as2 

85.21 

@am 
=.E824 

7.- 
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CERTIFICATE OF CALIBRATION 

Am-241 

B I 4 D  

Cs-137 

C o a  

PRINCIPLE EMISSIWS" 

Am-241 

MODEL ENV4067 LINE SOURCE 
SERIAL NUMBER E843 

Reference Date October 1.- 

Tool 

3 1% 

AdlY!& Yncana *I" la 
1245 k8q (5057 ~ C I )  432 7 t O S  ymm 

241 3 k q  (a923 vCI) 3 -24% 1054tomyeam 

3558 kBq (Q?8 8 nCt) 50 0 t 0 2yeara 

3681 xsq -9 ncl) 3 51% 5 271 tomi parr 

3 98% 

1171237 
132501 

3 4 2  

18.4 
61.2 

7.03 

8.82 

8521 

89s) 
83.8824 

(11 ~ , R l d i o D E t h D l l d 0 o o 0 . . l r s s a  

LEAK TEST CERTIFICATION ON REVERSE 0 

Narlh American Scientific, Inc. 7435 Greenbush Ave., North Hollywood, CA 91W5 (818) 5W9201 Fax (818) 503-0764 
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APPENDIX C 

GWAS Detectors 

Specifications 
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icifications 

DETECPORMODEL GC1018S ' SERULNLTMBEB 2.96313 26 

CRYOSTAT MODEL 7935 -IS PBEAMPLlpIER MODEL 2002CSL 

The purchase specilktion and therefore the warranted performance of thir delenor are as follows: 
(Eleclric cooling may degrc.de performam by (UI much QJ 10%) 

Active Volume -a Relative Effiiency 10 m 
Resolution 1.8 keV @%"MI at 1.33 MeV 

0.70 keV 0 at 122keV 
keV cnnrlw) at 1.93 MeV 

keVcnnrlw) at 
Peak / Compton __ :1 
Cryostat description iE special 

Cryostat wen diameter -.mm Cryostat wen depth - mm 

Physical Characteristics 

Geometry Clmed-end c d  
Diameter 45.5 mm Active Volume cc 
Length SO mm Well Depth mm 
Distance from window 5 mm Well Diameter mm 

Electrical Characteristics 

Depletion voltage (+)1200 V dc 
Recommended bias Vdw ( + ) s W O  V de 
Le- current at  recommended bias 0.01 nA 
Preamplifier test point voltage at recommended voltage (-)0.28 V dc 
Capacitance at  recommended bias -9 PF 

Resolution and Bfficiency 

With ampliIier time CONtant of 4 microsffonds 

Nitrogen Consumption Rate c: 1.6 Litem per Day. 

Date March 11.1996 

Dato: March 11.1996 

Bw Rescarcb Parkmy, Muiden CT. U.SA IS450 Td 208-298296W~ 209-29518(7 
at-spc-l 10191 JM 
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Detector sent to Canberra for repair. 

-1 DFXWXOR SPECIFICATION AND PERFowdANcE DATA 

S-scifications 

DETECPOB M O D E L ~ l O l s S  (IBRIALMJMBEB 9963617 

CRYOSTAT MODEL 7836.79 PREAMPLIPIW MODEL aoozca 
The pureha% spsifkation and therefore the warranted p e r t o m e  of thb ddcetcr are M follm: 

@%xeric cooling may degrade performance by an much M 10%) 
Active Volume - EC RelatlvaEffricncg 10 'b 
Resolution 1.8 keV W W l W  at 1.88 MeV. 

0.70 keV (FWHM) at -E&bV 
keV ~~) at 1.88 MeV 

k e V 0  at 
Peak / Compton ____ :I Cryostat well diameter - ' mm Cryastat well depth - m 
Cryostat dmription if spaial 

Physical Characteristics 

Geometry Closed-end esadal 
Diameter 46 mm Active Volume EC 

Length 2 8 m  Well Depth mm 
Distance fromwindow 6 nun Well Diameter mm 

Electrical Characteristics 

Depletion voltage (+MOO0 V de 
Recommended bias voltage 1+ )MOO 

PrempMier test paint voltage at recommended voltage (-)0.82 V dc 

V de 
Ledrage current at recommended bias 0.02 nA 

capacitance at recommended hias -9 PF 

Resolution and Efficiency 

With m p M k  time constant of mieraseconds 

Cml D o m  Time Liqdd Nitrogen Consumption Rate <1.6 Litem per Day. 

Date:-&& 11. 1696 

Parhmy, Meriden cp. U S A  08150 TeL 20329BZ35vFar 209-296-1947 
at-sp0-r I D O I  .lm 
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isotope 

Energy Kev) 

FWHK Wev) 
FwrM (Kev) 

Peak / Campton 

%I. Eficiency 8 

Detector assigned to GEA-A, LEGe 6.  

"co '%a 

122 1332 

0.70 1.75 

1.32 3.26 

88.91 

10.1 

-1 DETECTOR SPECIFICATION AND PERFORMANCE DATA 

Iz-ecmCaiimu3 

DETECMR MODEL SERIAL NUllIBER 129636a1 

CRYOSTAT MODEL 7836.79 PREAMP- MODEL- 

The purrhslis spireation and therefore the warranted prrformMcs of thia detector we as follows: 
(Electric eooling m4y d q p d e  performance by M much as 108.1 

AaiveVdume -R. MIativeEmcjemy 10 m 
Resolution 1.8 keV 0 at 1.83 MeV. 

keV @WlW at 1.33 MeV 

keV @WlW at 
< 700 Lev 0 at 122 Lev 

Peak I Campton __ :1 Cryoatat well diameter __ mm Cryostat well depth ___ mm 
CryDdtat description Y awcia l  

Geometry clooed -end d e l  
Diameter 46 mm Active Volume m 
Length 29.6 mm Well Depth mm 
DLtaneefrornwindow 6 mm Well Diameter mm 

~~m 

Depletion voltage f i ) l O O O  Vde 
Recommended biaa wltags (+ )1500 Vde  
IeaWge current at recommended bias 0.02 nA 
Preamplifier Lest point voltage at recommended voltage (-)1.69 V dc 
Capacitance at recommended bias - CJ pF 
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[-I DETECTOR SPECIFICATION AND PERFORMANCE DATA 

F?-dfics..tions 

DETECTOR MODEL s O l e / S  SERULNUMBER 129W38a0 

CRYOSTAT MODEL 795s -78 PREAMPLIFIER MODEL 2002CSL 

The purchase spednartian and thedore the warranted prfonnancs of t u  detector pro as follovvs: 
(Electric moling msy degmd4 prlormanee by M much M 10%) 

Active Volume __ EE RsktiveEfIkhcy 10 % 
Resolution 1.8 keV CWliMl at 1.93 MeV 

keV 0 at 1.88 MeV 

keV VRThQ at 
Peak / Compton - :I Cryartat well dkmeter -.nun Cryostat weU depth ___ mm 
Cryostat description U specid 

< 700 keV 0 st 122 keV 

phydal- 'Q 

Geometry Clwed.end cmxial 
Diameter 40 mm Active Voiume EE 

Well Depth mm 
Wen Diameter mm 

Length 19- 
Di.(anesfromwindow 6 mm 

F,l~dcburctsristies 

Depletion voltage (+)1200 V de 
-mended bm voltage (+)9000 V de 
J&kage current at recommended bias 0.01 nA 
PmmpWter test point voltage at rrmmmended voltage (42.16 V dc 
Capaeitmee at recommended bm -8 PF 

Resolotion and Wdency 

With amplifier time constant of 4 dcrweconda 

Date: December Z&X@.L 

Date: Dsemtm 22. I$% 

y. Meridcn CT. USA. 08460 Tel. 203-238~2351/FaX 208-236-1347 
at-**-> , o n 5  .lm 
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-1 DETECTOR SPECIFICATION AND PERFORMANCE DATA 

M a U O M  

DETECTOR MODEL GC aom S E W  NUMBER M 6 8 8  

CRYOSTAT MODEL 1835-75 PREAMPLIFIER MODEL PlOIPC3L 

The purchase qmiflcation and therefore the w-ted performance ofthis detector rue (UI foUowa: 
(El&k CoOhg mqY degrade peU0- by M much M 108.) 

ActiveVdume ___ a RektiveEfficiency 20 % 
Reaolution 20 keV at 1.38 MeV 

keV 0 at  1.33 MeV 
keV (pwFIM) at  
keV 0 at 

Peak / Compton ___ :1 Cryostat well diameter - mm Cryostat well depth __ mm 
Crywtat description if specid 

Geometry Closed-end coaxid 
Diameter 53 mm Active Volume a 
Length 44 mm Well Depth mm 
Disiance from window 6 mm Well Diameter mm 

Depletion voltsp (+)33W V dc 
Rmommended bisr voltage (+13500 V de 
Leakage nvrent at rmmmended b i a ~  - nA 
Reset rate a t  recammended voltage 0.4 am 
Capacitance at  recommended b i a ~  - 19 pF 

Raalrrtia, md EmcirJnq 

Wtth amplifier t i  constant of 4. miacaeconds 

Litera per Day. cool Down Tune 4 hours. Crymtat Liquid Nitrogen Consumption Rate q1.4 

Date: December 22.1BQS 

Date: D ~ e m b e r  22 IBQE 

b y ,  Meriden CT. USA. 06450 Tel. 209-29&2351/Fax 209-235-1347 
D.t-sp.0-l 10/95 Ja 
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Isotope 

Energy (Kev) 

F"M (Kev) 

FWTM (Kev) 

Peak I Campton 

Rei. Efticieney S 

1-1 DETECTOR SPECIFICATION AND PERFORMANCE DATA 

Redifcations 

DETECTOR MODEL GC2OW SERIAL NUMBER 12955590 

CRYOSTAT MODEL 1035-15 PREAMPLIFIER MODEL B C S L  

The purchase spe*tlcation and therefore the uarranted performance of thia d e m o r  are an follows: 
(Electric coaling mqy d e p d e  performanee by aa much LU lo%.] 

Active Volume - cc WtiveEflidency 20 S 
Reaolution 2.0 keV 0 at 1.99 MeV 

keV (FWFhfl at 1.39 MeV 
keVCFWHM) at 
keV 0 at 

Peak I Compton .___ :1 
Cryostat description if special 

Cryoatat well diameter ___ .mm Cryostat well depth - mm 

"ca ' O c a  

122 1332 

0.82 1.11 

1.59 3 .S  

64.9 

24.0 

Diameter 53 mm Active Volume cc 
Length 45.5 m Well Depth mm 
Dhtancefromwindow 5 mm Well Diameter mm 

Depletion voltage (+12400 V dc 
Recommended b i i  voltage 1 +)SO00 V dc 
Leakage current at recommended biiss I nA 
Reset rate a t  mommended vol+age 0.8 sec 
Capacitance at  recommended bias - 19 PF 

Resolution and Emciency 

With amplihr time constant of 4 miaoscconds 
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Isotope 

FWHM 0 
J 3 T M  (KeW 

Peak I Compton 

Rel. Efiiciency % 

Energy (KeW 

-1 DETECTOR SPECIFICATION AND PERFORMANCE DATA 

5 7 c o  'OCo 

E22 1332 

0.69 1.86 

1.29 3.03 

68.21 

24.2 

p-kifiatlons 

DETECTOR MODEL GC2020 SERIAL NUMBER _12853692 

CRYOSTAT MODEL 7896-19 PREAMPLIFIER MODEL '2101PSL 

The purchsse apeeitleation and therefore the warranted performance of thia detector are M follows: 
(Electric cooling may degmde performance by M much as 10%) 

Active Volume __ oc RektiveEfiieiew 20 'k 
Resolution 2.0 keV PWHW at 1.33 MeV 

keV 0 at 1.89 MeV 
k e V 0  at 
k e V 0  at 

Peak I Compton - :1 Cryostat well diameter ___ . mm C r p t a t  well depth - mm 
Cryostat description if special 

PhgslcalChamcterbtica 

Geometry Closed-end coaxial 
Diameter 63.6 mm Adive Volume oc 
Length 44.5 mm Well Depth mm 
Distaneefromwindow 6 mm Well Diameter mm 

C b R e t U i s t f e  

Depletion voltage (+)3800 V de 
R c c o m n d e d  bias voltage ( + )4WO V dc 
Leakage current at  rmommended bias 0.01 nA 
Reset rate at  rmmmended bias voltage 0.6 6ec 
Capacitance at rmmmended bias - 18 pF 

With amplifier t h e  constant of 4 miaaaeconda 
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Isotope 

Energy (Kev) 

FWHM (Kev) 

FWRd (Kev) 

Peak / Campton 

Rel. Eficiency Sb 

‘m DETECTOR SPECIFICATlON AND PERFORMANCE DATA 

S ~ c a t i O M  

DETECTOR MODEL oc2020 SERIAL NUMBER 12869696 

CRYOSTAT MODEL 1835~78 PREAMPLIFIER MODEL 2101P 

The purehsse apedimtion M d  therefore the warranted performance of this detector (vb lls follow: 
(Electric cooling inw degrade performance by aa much lls 10%) 

Active Volume __ n: RektiveE(lidcncg 20 s 
Resolution 2.0 keV (FW”M) at 1.83 MeV . 

keV 0 at 1.33 MeV 
k e V o  at 
LeVCFwTM) at  

Peak / Campton 46 :1 Cryostat well dkmeter - mm Cryoatat well depth - mm 
Cryostat deseription if special 

5 ” C o  “ca 
122 1892 

0.73 1.72 

1.33 8.18 

66.6 

22.3 

Diameter 69 mm Active Volume cc 
Length 43.5 mm Well Depth mm 
Ditancefmmwindow 5 mm Well Diameter mm 

Depletion voltage (+  )1500 V dc 
Recommended bias voltage (t )2600 VdC 
Leakage current at recommended bias -. nA 
Reset rate at recommended voltage 0.6 sec 
Capacitance et  recommended biaa - 18 PF 

b l o t i o n  md EmaiSnoJ 
With amplifier time constant of 4 micrmeconds 
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rwtape 

Energy (Kev) 

fwHM (Kev) 

FWTM (KeV 

Peak / Comptan 

RBI. Ellicicncy % 

-1 DEI'ECPOR SPEQopICATlON AND P E F S O W C E  DATA 

.? aci f icat ions  

DETECPOB MODEL GC7.020 8EBuLNuwaER 3963501 

CRlOsTAT MODEL 7835.75 P- MODEL-CSL 

The purchase spceifrcstion and therefore the wMMted performance of this detector M as follows: 
(Electric mow may degrade performance by M much M lo%.) 

Active Volume - cc RehtiveEUkienq 20 96 
Resolution 2.0 keV O at  1.99 MeV 

keV (FWTM) at  1.93 MeV 
keV 0 et 
k e V 0  at  

Peak / Compton - :1 CrJIostat well diameter - mm Cryostat well depth - mm 
Cryostat description if special Bin Mac 

~'co ' O c a  

122 1932 

0.79 1.76 

1.46 9.24 

69.61 

23.5 

Physical Characteristics 

Geometry Closed-end c d  
Diameter 65 mm Active Volume n 
Length 42 mm Well Depth m 
Distance from window 5 mm Well Diameter mm 

sctrical Characteristics 

Depletion voltage t+)3500 VdC 
Recommended bias voltage t+)4000 Vde  

Capacitance at recommended bias - 18 PF 

Reset rate at recommended bias A s e c  
Preamplifier test point voltage at recommended voltage .. V de 

Resolution and Efficiency 

With amplifier time constant of 4 microaceon& 
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-1 DETECPOR SPECIPICATION AND PEXFOR?dANCE DATA 

x i f i c a t i a n s  

DETECPORMODEL GC20 20 S E R I A L N U M B E R 8 9 8 9 6 0 6  

CRYOSTAT MODEL 1935-19 PREAMP- MODEL 2101P 

The pure& specification and therefore the w-ted p e r f o m  of this detector are IW follows: 
(El&& cooling may degrade performance by M much IW 10%) 

Active Volume ___ 02 RdstiveEflidmeg 20 % 
Resolution 2.0 keVCWHMl at 1.88MeV 

kcV 0 at  1.88 MeV 
keV 0 at 
keV (FWW at 

Peek I Compton - :1 CrJrostat well diameter ___ mm CqaJtat well depth __ mm 
Cryostat deecription if special 

P h y s i c a l  C h a r a c t e r i s t i c s  

Geometry Closed.end coaxial 
Diameter 68 mm Active Volume n 
Length 43.6 m WeU Depth mm 
Distance from window 6 mm WeU D b e t e r  mm 

E l e c t r i c a l  Character iPt icB 

Depletion voltage ( + ) B O O  VdC 

Leakage w e n t  at recommended bw .. nA 
Preamplilier test point voltage at recommended voltage .. VdC 
Capacitance at recommended bias - 21 PF 

Recommended bw voltage I+ E500 V dc 

Reset Rate 0.2 s s  

Resolut ion and Eff i c i ency  

With amplirkr time constant of -.&-.- microseconds 

Date: March 11. 1996 

TeL 203-298.295uFbx 203-23b1347 
D.t-f.p.0-I 10191 m 
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-1 DETECTOR SPECIFICATION AND PERFOBWLNCE DATA 

.- scifications 

DETE(;TORMODEL GCLO2 0 BWIACNOMBEB a0636 11 

CRYOSTAT MODEL 1935-7s PBBAMPLIFIEB MODEL 21OlPCSL 

The purchase specification and therefore the w m t e d  pertommum of this dcteaOr cue M f d m .  
fElectrie moling lnay d w a d e  performance by M much LU 108.) 

Active Volume - ce RehtiveEliieiency 20 % 
Resolution 2.0 keV 0 at 1.33 MeV. 

keV WWlW at 1.93 MeV 
k e V 0  at 
keV(FwTM) at 

Peak / Compton - :1 
Crgo9tat description if special 

Crycatat wen diameter __ mm Cryoatat well depth - mm 

~ ~~ ~~ 

Physical Characteristics 

Geometrg Closed.end coarial 
Diameter 65 mm Active Volume E(: 

Length 43.6 mm WeU Depth mm 
Distance from window 5 mm weu Diameter nun 

Blectrical Characteristics 

Depletion voltage (+E400 V dc 
Recommended bm voltage + )3oW V de 
Reset rate at recommended bias 0.5 Bec 
Premplifier test pint voltage at recommended yoltnge .. VdC 
Capacitance at recommended bias --,=JO PF 

Resolution and Bfficiency 

With amplifier time constant of 4 microseconds 

Cool Down T h e  ostat Liquid Nitrogen Consumption Rate c 1.4 Liters per Day. 

D a k  March 11. 1996 

Parhay, Meriden CT. USA 06460 Td S23+2S6l/Fax 2097S-1547 
D.t-**<-, 10193 m x  

c-12 
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I*tape 

Energy mev) 

FWHM Nev) 

FWrM Nev) 

Peak / Compton 

Rei. ElTciency% 

9-ecifications 

DETeCIYlRMODEL GC2020 . LWuAL4-3985817 

CRYOSTAT MODEL 1836-18 PREAMPLIFIER MODEL 2101PC9L 

The pureharre specifcation and therefore the varranted performance of this detector M M foUowa: 
(Electric cooling may degrade performance by as much M 108.) 

Active Volume - Ee RelativeEffcieney 20 % 
Resolution 2.0 keV FW-IMl a* 1.33 MeV. 

keV (FWlW at 1.83 MeV 
keVFW-IMl at 
keVFWl'Ml s t  

Peak I Compton ___ :1 Cryostat well diameter - m Cryostat well depth - mm 
CryMtat description if special 

"co '%u 

122 1332 

0.84 1.79 

1.57 3.17 

58.11 

23.9 

physical Characterietics 

Geometry Closed-end c d  
Diameter 53.5 mm Active Volume c.2 

Distance fromwindow 6 mm Well Diameter mm 
Length 43 mm Well Depth mm 

Electrical Characteristics 

Depletion valm I+  15004 

Reset rate at recommended bias 0.4 sec 

V dc 
Rsommended bias volbge (+ WJW VdC 

Preamplifier test p i n t  voltage at recommended voltage 
Capacitance at  recommended h i  - 19 PP 

Vde 

Resolution and Efficiency 

With amplifier time constant of 4 microseconds 

C-13 
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APPENDIX D 

Energy and FWHM 

Data and Curves 
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Energy Calibration Report 12-20-99 11:59:21 AM Page I 
E N E R G Y  C A L I B R A T I O N  R E P O R T  

Identification Number : CALCOUNT 
Description/Title : Calibration Count Counter : GEA - A 
Arrangement : 55-gal. drums Calibration for : SEGEl 

Live Time 595.4 seconds Real Time 600.0 seconds 
Acquisition Started : 12-20-99 11:31:21 AM 

ENERGY CALIBRATION COEFFICIENTS 
Energy Calibrate Performed on: 12-20-99 11:59:16 AM by: System Manager 
Energy Calibrate Type: POLY 

Energy(keV) = -0.983 + 0.500*ch t -1.68E-07*chA2 t 0,00EtOO*ch"3 

SHAPE CALIBRATION COEFFICIENTS 
Shape Calibrate Performed on: 12-20-99 11:59:16 AM 
by: System Manager 

FWHM 0.534 + 0.030*EAI/2 
LOW TAIL O.OEtO0 + O.OE+OO*E 

ENERGY CALIBRATION RESULTS TABLE 

Centroid Centroid 
Channel error 
121.12 0.03 
164.04 
555.15 

0.01 
0.03 

608.05 0.02 
714.44 0.01 
770.21 0.03 
1326.44 0.03 
2351.34 0.06 
2670.46 0.06 

SHAPE CALIBRATION RESULTS TABLE 

Energy 
(keV ) 
59.54 
81.00 
276.40 
302.84 
356.01 
383.85 
661.66 
1173.24 
1332.50 

FWHM 
channels 

1.63 
1.63 
2.11 
2.05 
2.15 
2.21 
2.67 
3.33 
3.43 

FWHM 
error 
0.06 
0.03 
0.07 
0.04 
0.02 
0.07 
0.07 
0.11 
0.11 

Energy 
(kev ) 
59.54 
81.00 

276.40 
302.84 
356.01 
383.85 
661.66 
1173.24 
1332.50 

TAIL 
channels 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

TAIL 
error 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

D-2 



HNF-5148. Rev. 1 

Energy Calibration Report 12-20-39 11:57:24 AM Page I 
E N E R G Y  C A L I B R A T I O N  R E P O R T  

identification Number : CALCOUNT 
Description/Title : Calibration Count Counter : GEA - A 
Arrangement : 55-gal. drums Calibration for : SEGE2 

Live Time 532.5 seconds Real Time 600.0 seconds 

ENERGY CALIBRATION COEFFICIENTS 

Acquisition Started : 12-20799 11:31:21 AM 

Energy Calibrate Performed on: 12-20-39 11:57:18 AM by: System Manager 
Energy Calibrate Type: POLY 

Energy(keV) = -0.757 + 0.500*ch + -1.72E-07*chA2 + 0.00E+00*chA3 

SHAPE CALIBRATION COEFFICIENTS 
Shape Calibrate Performed on: 12-20-93 11:57:18 AM 
by: System Manager 

FWHM = 0.387 + 0.039*EAI/2 
LOW TAIL = O.O*E+OO + O.OE+OO*ENERGY 

CALIBRATION RESULTS TABLE 
Centroid Centroid 
Channel error 
120.52 0.02 
163.46 0.01 
554.12 0.02 
607.06 0.01 
713.37 0.01 
769.07 0.02 
1324.89 0.02 
2348.89 0.04 
2667.67 0.05 

SHAPE CALIBRATION RESULTS TABLE 

Energy 
(kev 1 
59.54 
81.00 
276.40 
302.84 
356.01 
383.85 
661.66 
1173.24 
1332.50 

FWHM 
channe 
1.64 
1.50 
2.09 
2.11 
2.22 
2.28 
2.73 
3.80 
4.16 

EWHM 

0.04 
0.02 
0.04 
0.02 
0.01 
0.04 
0.04 
0.08 
0.03 

Is error 

Energy 
(keV ) 
53.54 
81.00 
276.40 
302.84 
356.01 
383.85 
661.66 
1173.24 
1332.50 

TAIL 
channels 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

TAIL 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

error 
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Energy Calibration Report 12-20-99 11:55:41 AM Page I 
E N E R G Y  C A L I B R A T I O N  R E P O R T  

Identification Number : CALCOUNT 
Description/Title : Calibration Count Counter : GEA - A 
Arrangement : 55-gal. drums Calibration for : 8EGE3 

Live Time 592.6 seconds Real Time 600.0 seconds 

ENERGY CALIBRATION COEFFICIENTS 

Acquisition Started : 12-20-99 11:31:21 AM 

Energy Calibrate Performed on: 12-20-99 11:55:36 AM by: System Manager 
Energy Calibrate Type: POLY 

Energy(keV) = -0.693 + 0.500*ch t -1.64E-07*chA2 t 0.00EfOO*ch"3 

SHAPE CALIBRATION COEFFICIENTS 
Shape Calibrate Performed on: 12-20-99 11:55:36 AM 
by: System Manager 

FWHM = 0.543 t 0.032 *EA1/2 
LOW TAIL = O.OEtO0 t O.OE+OO*E 

ENERGY CALIBRATION RESULTS TABLE 
Centroid Centroid 
Channel error 
120.45 0.02 
163.40 0.01 
554.23 0.02 
607.17 0.01 
713.55 0.01 
769.22 0.02 
1325.28 0.02 
2349.63 0.04 
2668.63 0.04 

SHAPE CALIBRATION RESULTS TABLE 

Energy 
(keV I 
59.54 
81.00 
276.40 
302.84 
356.01 
383.85 
661.66 
1173.24 
1332.50 

FWHM 

1.72 
1.68 
2.12 
2.18 
2 '25 
2.20 
2.76 
3.48 
3.73 

channels 
EWHM 
error 
0.04 
0.02 
0.04 
0.02 
0.01 
0.04 
0.04 
0.07 
0.08 

Energy 
( k W  
59.54 
81.00 

276.40 
302.84 
356.01 
383.85 
661.66  
1173.24 
1332.50 

TAIL 
channels 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

TAIL 
error 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
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Energy Calibration Report 12-20-99 11:53:53 AM Page I 
E N E R G Y  C A L I B R A T I O N  R E P O R T  

identification Number CALCOUNT 
Description/Title Calibration Count Counter GEA - A 

Arrangement 55-gal. drums Calibration for SEGE4 

Acquisition Started 12-20-99 11:31:21 AM Live Time 
595.0 seconds Real Time 600.0 seconds 

ENERGY CALIBRATION COEFFICIENTS 
Energy Calibrate Performed on: 12-20-99 11:53:48 AM by: System Manager 
Energy Calibrate Type: POLY 

Energy(keV) = -1.687 + 0.501*ch + -1.51E-07*chA2 + 0.00E+00*chA3 

SHAPE CALIBRATION COEFFICIENTS 
Shape Calibrate Performed on: 12-20-99 11:53:48 AM 
by: System Manager 9*EA 

FWHM = 0.529 + 0.02*EA1/2 
LOW TAIL = O.OE+OO + O.OEtOO*E 

ENERGY CALIBRATION RESULTS TABLE 

Centroid 
Channel 
122.31 
165.21 
555.68 
608.49 
714.77 
770.34 
1325.81 
2348.89 
2667.71 

Centroid 
error 
0.02 
0.01 
0.03 
0.02 
0.01 
0.03 
0.03 
0.05 
0.05 

Energy 
(keV 
59.54 
81.00 

276.40 
302.84 
356.01 
383.85 
661.66 
1173.24 
1332.50 

SHAPE CALIBRATION RESULTS TABLE 

Energy 
(keV ) 
59.54 
81.00 
276.40 
302.84 
356.01 
383.85 
661.66 
1173.24 
1332.50 

FWHM 

1.61 
1.59 
2.00 
2.05 
2.13 
2.16 
2.52 
3.21 
3.33 

channels 
FWHM 
error 
0.05 
0.02 
0.06 
0.03 
0.02 
0.06 
0.05 
0.09 
0.09 

TAIL 
channels 

0.00 
1.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

TAIL 
error 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
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Energy Calibration Report 12-20-99 12:01:44 PM Page I 
E N E R G Y  C A L I B R A T I O N  R E P O R T  

Identification Number : CALCOUNT 
Description/Title : Calibration Count Counter : GEA - A 
Arrangement : 55-gal. drums Calibration for : SEGEs 
Acquisition Started : 12-20-99 11:31:21 AM 
Live Time 595.0 seconds Real Time 600.0 seconds 

ENERGY CALIBRATION COEFFICIENTS 
Energy Calibrate Performed on: 12-20-99 12:01:35 PM by: System Manager 
Energy Calibrate Type: POLY 

Energy(keV) = -1.691 + 0.501*ch + -1.54E-07*chA2 + 0.00E+00*chA3 

SHAPE CALIBRATION COEFFICIENTS 
Shape Calibrate Performed on: 12-20-99 12:01:35 PM 
by: System Manager 

FWHM = 0.605 t 0.033*EAI/2 
LOW TAIL = O.OE+OO + O.OE+OO*E 

ENERGY CALIBRATION RESULTS TABLE 

Centroid 
Channel 
122.31 
165.22 
555.64 
608.51 
714.76 
770.38 
1325.82 
2348.98 
2667.61 

Centroid 
error 
0.01 
0.01 
0.01 
0.01 
0.00 
0.01 
0.01 
0.02 
0.02 

SHAPE CALI13RATION RESULTS TABLE 

Energy 
(keV ) 
59.54 
81.00 
276.40 
302.84 
356.01 
383 85 
661.66 
1173.24 
1332.50 

FWHM 
channe 
1.86 
1.80 
2.35 
2.36 
2.41 
2.40 
2.85 
3.63 
3.81 

FWHM 
Is error 

0.03 
0.01 
0.03 
0.02 
0.01 
0.03 
0.02 
0.04 
0.04 

Energy 
(kev ) 

59.54 
81.00 
276.40 
302.84 
356.01 
383.85 
661.66 
1173.24 
1332.50 

TAIL 
channels 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

TAIL 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

error 
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Energy Calibration Report 1-31-00 10:47:11 AM 

E N E R G Y C A L I B R A T I O N R B P O R T  

Identification Number : CA-LCOUNT 
Description/Title : Calibration Count Counter : GEA - A 
Arrangement : 55-gal. drums. 
Calibration for : LEGE5 

Live Time 299.8 seconds Real Time 306.4 seconds 

ENERGY CALIBRATION COEFFICIENTS 

by: System Manager 

Acquisition Started : .l-31-00 10:33:40 AM 

Energy Calibrate Performed on: 1-31-00 10:46:44 AM 

Energy Calibrate Type: POLY 

Energy(keV) = 0.145 t 0.077*ch t 0.00Et00*chA2 t 0.00Et00*chA3 

SHAPE CALIBRATION COEFFICIENTS 

Shape Calibrate Performed on: 1-31-00 10:46:44 AM 
by: System Manager 

FWHM = 0.306 t 0.032 *EA1/2 
LOW TAIL = O.OEtO0 t O.OEtOO*E 

ENERGY CALIBRATION RESULTS TABLE 

Centroid Centroid 
Channel error 
774.51 0.46 
1054.24 0.11 
3601.60 0.12 
3946.74 0.07 

Energy 
(keV ) 
59.54 
81.00 

276.40 
302.84 

SHAPE CALIBRATION RESULTS TABLE 

Energy FWHM FWHM TAIL TAIL 

59.54 5.61 1.05 0.00 0.00 
81.00 7.80 0.23 0.00 0.00 
276.40 11.38 0.25 0.00 0.00 
302.84 11.13 0.14 0.00 0.00 

(keV ) channels error channels error 

Page I 
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Energy Calibration Report 1-31-00 10:53:25 AM 

E N E R G Y C A L I B R A T I O N R E P O R T  

Identification Number : CALCOUNT 
Description/Title :Calibration Count Counter :GEA - A 
Arrangement :55-gal. drums Calibration for :LEGE6 
Adquisition Started 1-31-00 10:33:40 AM 
Live Time 300.6 seconds Real Time 306.8 seconds 

ENERGY CALIBRATION COEFFICIENTS 

Energy Calibrate Performed on: 1-31-00 10:53:13 AM 
by: System Manager 
Energy Calibrate Type: POLY 

Energy(keV) = 0.118 + 0.076*ch t 0.00E+OO*ch"2 t 0.00E+OO*ch"3 

SHAPE CALIBRATION COEFFICIENTS 
Shape Calibrate Performed on: 1-31-00 10:53:13 AM 
by: System Manager 

FWHM = 0.241 t 0.040iE"1/2 
LOW TAIL = O.OEtO0 + O.OEtOO*E 

ENERGY CALIBRATION RESULTS TABLE 

Centroid Centroid 
Channel error 
778.08 0.67 
1058.65 0.11 
3616.11 0.13 
3962.30 0.08 

Energy 
(keV ) 
59.54 
81.00 
276.40 
302.84 

SHAPE CALIBRATION RESULTS TABLE 

Energy FWHM FWHM TAIL TAIL 
(keV ) channels error channels error 
59.54 4.90 1.38 0.00 0.00 
81.00 8.00 0.24 0.00 0.00 
276.40 11.72 0 . 2 5  0.00 0.00 
302.84 12.40 0.15 0.00 0.00 

Page I 
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SEGe Efficiency 

Data and Curves 
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Foam Drum, density = 0.01346 gmdcc, No Shield (collimator). Spectrum Seq # 3988 

Dual EttiClOnOy Calibration Curve 
_ _  - L o w  Enemy I M I I a u r I O  - Hlah En.rpY I 

0.001 

I 
x 

I 

0.0001 1 

10 100 1000 10000 
Energy (keV) 

Dual Ettlclency Calibration, Curve 
_ _ _  LwEnemy rn Memwrea - High Enerpy 

0.004 

0.0001 

le-05 
10 100 1000 10000 

Energy (keV) 

DaI-OUrCI: C:\WAS\TEMP\EFFB42,TEM 
In(EII) - -1.348.+02 +7.8e4e+Ol'k(E) -1.713~+01'ln(E)"2 +1.884e+OO'ln(E)'3 

-8.01 ee-o2'ln(E)^4 

Seg 3, SEGe 4, Drum position 3, 
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Foam Drum, density = 0,01346 gms/cc, No Shield (collimator). Spectrum Seq # 3988 

10 100 1000 
Energy (keV) 

Dituourae: c:\WAS\TEMP\EFFE42.TEM 
In(Elf) - -1.841 .+02 +1.13Bs+OP*ln(E) -2.712.+01-ln(E)'2 +2.e41r+00'ln(E)L3 

-1.1 131-01*ln(E)*4 

Seg 4, SEGe 3, DNIII position I .  

10000 

1 moo 

Seg 5, SEGe 3, Drum position 2 
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0.oooi. I 

Foam Drum, density = 0.01346 gmskc, No Shield (collimator). Spectrum Seq # 3988 

\ 

Seg 6, SEGe 3,  Drum position 3 .  

0.Wl 

0.o001 
i o  

1 
100 io00 io000 

Enewy (koV) 
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Foam Drum, density = 0.01346 gmdcc, No Shield (collimator). Spechum Seq # 3988 

Dual Efflclency Callbratlon _ _ _  LOwEnrrpy Mermurrd. - 
0.001 

0.0001 
10 100 

Enerpy (keV) 

C U N e  

- Hloh EnrmY 

1000 

Seg 8, SEGe 2, Drum position 2. 

0.0001 o'wII 10 

- I Dual Efflcleney Callbratlon Curve 
w Enrmy I , MrUurrd - Hlah Enrrpy 1 

100 1 wo 
Enerpy (kev) 

I WOO 

1 oooo 

Seg 9, SEGe 2, Drum position 3. 
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Foam Drum, density = 0.01346 gmskc, No Shield (collimator). Spectrum Seq # 3988 

Dual Etticienoy Caiibratlon Curve 
- - - LOW E ~ - ~ S Y  I M-murea - uiah e n r r ~ y  

10 i o 0  , 1 wo , lOOW 
Eniray (rev) 

D I I - U I O I :  C:\WA8\TEMP\EFFB42.TEM 
ln(En) L -1.864e+02 +1.134e+02'ln(E) -2.6781+0i-ln(E)%? +2.763r+OO*ln(E)*3 

-1.078e-Ol-ln(E)'4 

Seg 11,  SEGe I ,  Drum position 2 
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Foam Drum, density = 0.01 346 gmskc, No Shield (collimator). Spectrum Seq # 3988 

Dual Efficiency Caiibration Curve 
wgy 8 Measured - Hlgh Energy I- - - Low E 

0.01 

0.001 l--llll 10 
100 1000 

Energy (keV) 
1mo 

DaLuoUrce: C5WASITEMFIEFFB42.TEM 
In(En) * -i.3748+02 +8.105e+Oi'ln(E) -1.824e+Oi'In(E)"2 +i .783e+OO'ln(E).-.3 

-6.851 eQ2'ln(E)n4 

Sum Segments. 
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Foam Drum, density = 0.01346 gmdcc, Shield (collimator). Spectrum Seq # 3989 

10000 

10 100 1000 1 W O O  

Everay (keW 

Diti.oume: C%WAS\TEMP\EFF842.TEM 
In(Etl) - - 8 . 4 2 O e + O l  +Z.5B8e+Oi-ln(E) -4 M1.+M'ln(E)A2 +2.OSlr-Ol.In(E)'Y3 

Seg 3, SEGe 4, Drum positon 3 
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Foam Drum, density = 0.01346 gms/cc, Shield (collimator). Spectrum Seq # 3989 

Dual Efflclency Callbration Curve 
- -  -LLorrEnrrpy . M ~ U u r r a  - HlDh Enrrpy 

0.oooi 

I .  

I ‘ .  
ie-05. h 

i o  io0 . . 1000 
Eneray (keV) 

Oltuoume’: C\WAS\TEMP\EFFeU.TEM 
ln(6n) - 6.473e+01 .+2.0-21+01 I n ( € )  -3.17-+00.In(E)*P +1 . S B D ~ - O ~  *n(~)*3 

Seg 4, SEGe 3, Drum posiiion I .  

Dual Efflclency Calibration CuNe - _ _  LOWE~IWY I M.-wra - Hlph Enrwy I 

‘00 

0.001 

0.oOoi 

._ . 
10 i o 0  1000 

Energy (keV) 
loa30 

OItuouIce: C.\WA8\TEMP\EFFCWZ.TEM 
In(En) - -e.b27e+01 +3,eeSr*01*ln(E) -S.S68e+OO*ln(E)”P -2.7eBr-Ol*ln(E)-3 

Seg 5, SEGe 3, DNm position 2. 
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Foam Drum, density = 0.01346 gmslcc, Shield (collimator). Spectrum Seq # 3989 

Dual Efflclenoy Callbratlon Curve _ _ _  LowEnrrpy M I - w I d  -HlghEnemY I 
0.001 

0.0001 

i e 0 5  
10 100 ~ 1000 10000 

Energy (koV) 

Seg 6, SEGe 3, Drum position 3 ,  

Duel Efficiency Callbratlon Curve 
- - - Low Ensmy . 6Ael-ur.d - Hlah Enemy 

0.001 

i o  100 1000 10000 
Energy (keV) 

DaIaSOUTCe: C:\WAS\TEMP\EFF64Z.TEM 
In(EW)  - -6.784e+Oi +2 PBle+Oi'ln(E) -3.400m+00*1n(E)A2 +1.778r-O11n(E)*3 

Seg 7, SEGe 2, Drum position 1 
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Foam Drum, density = 0.01346 gmdcc, Shield (collimator). Spectrum Seq # 3989 

Seg 8, SEGe 2, Drum position 2 

i 
D L  I Efflclen 

.w 

f 
10 loo 
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Foam Drum, density = 0.01346 gmslcc, Shield (collimator). Spectrum Seq # 3989 
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Foam Drum, density = 0.01346 gmdcc, Shield (collimator). Spectrum Seq # 3989 
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Homosote Drum, density = 0.43029 gmslcc, No Shield (collimator). Spectrum Seq # 3994 
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Homosote Drum, density = 0.43029 gmdcc, No Shield (collimator). Spectrum Seq # 3994 
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Homosote Drum, density = 0.43029 gmskc, No Shield (collimator). Spectrum Seq # 3994 
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Homosote Drum, density = 0.43029 gmslcc, No Shield (collimator). Spectrum Seq # 3994 
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Homosote Drum, density = 0.43029 gms/cc, No Shield (collimator). Spechum Seq # 3994 
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Homosote Drum, density = 0.43029 gmdcc, No' Shield (collimator). Spectrum Seq # 3994 
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Homosote Drum, density = 0.43029 gmdcc, Shield (collimator). Spectrum Seq 14 3995 
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Homosote Drum, density = 0.43029 gmdcc, Shield (collimator). Spechum Seq # 3995 
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Homosote Drum, density = 0.43029 gmdcc, Shield (collimator). Spectrum Seq # 3995 
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Homosote Drum, density = 0.43029 gmdcc, Shield (collimator). Spechum Seq # 3995 
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Homosote Drum, density = 0.43029 gmdcc, Shield (collimator). Spectrum Seq # 3995 
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Homosote Drum, density = 0.43029 gmdcc, Shield (collimator). Spectrum Seq # 3995 

Dual Efficiencv Calibration Curve 
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Particle Board Drum, density = 0.65625 gmskc, No Shield (collimator). Spectrum Seq # 3992 
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Particle Board Drum, density = 0.65625 gmdcc, No Shield (collimator). Spectrum Seq # 3992 
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Particle Board Drum, density = 0.65625 gmdcc, No Shield (collimator). Spectrum Seq # 3992 
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Particle Board Drum, density = 0.65625 gmdcc, No Shield (collimator). Spectrum Seq # 3992 
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I- - - LOWEnOmy W6Uur.d - Hbh En- I 

0.001 

0.OOoi 
. .  . 

1,054 ' I I I I I I I I I !  I I I I I I I I I  I I \I I I I I I J  
i o  :io0 F 1wo i w o o  

EnerOy (keV) 

D11uouIQ: CAWAQ\TEMP\EFF039.TEM 
in(Em - i . o a ~ o z  -2.00Q1+02*In(E) +a.zes.+oi - i n ( ~ ) ~ z  L i  .cu-oi -I~(E)-s 

+1.4ooe+WIm(E)~ 4 . ~ - 0 2 ' l n ( E ) ^ S  

Seg 8, SEGe 2, Drum position 2. 

i o  100 loo0 
Eneroy (keV) 

iww 

Seg 9, SEGe 2, Drum position 3. 

E-29 



HNF-5148. Rev. I 

Particle Board Drum, density = 0.65625 gmdcc, No Shield (collimator). Spectrum Seq # 3992 
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Particle Board Drum, density = 0.65625 grndcc, No Shield (collimator). Spectrum Seq b' 3992 
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Particle Board Drum, density = 0 65625 gmdcc, No Shield (collimator). Spectrum Seq # 3993 
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Particle Board Drum, density = 0.65625 gmslcc, No Shield (collimator). Spectrum Seq # 3993 
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Particle Board Drum, density = 0.65625 gms/cc, No Shield (collimator). Spectrum Seq # 3993 
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Particle Board Drum, density = 0.65625 gmrkc, No Shield (collimator). Spectrum Seq # 
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Sand Drum, density = 1.5601 gms/cc, No Shield (collimator). Spectrum Seq # 3991 
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Sand Drum, density = 1.5601 gmdcc. No Shield (collimator). Spectrum Seq # 3991 
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Sand Drum, density = 1.5601 gmslcc, No Shield (collimator). Spectrum Seq # 3991 
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Sand Drum, density = 1.5601 grnskc, No Shield (collimator). Spectrum Seq # 3991 
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Sand Drum, density = 1.5601 gmslcc, No Shield (collimator). Spectrum Seq # 3991 
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Sand Drum, density = 1,5601 gmdcc, No Shield (collimator). Spectrum Seq # 3991 
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Sand Drum, density = 1.5601 gmdcc Shield (collimator). Spectrum Seq # 3990 
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Sand Drum, density = 1.5601 gmdcc Shield (collimator). Spectrum Seq # 3990 
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Sand Drum, density = 1.5601 gmdcc Shield (collimator). Spectrum Seq # 3990 
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Sand Drum, density = 1.5601 gmdcc Shield (collimator). Spectrum Seq # 3990 
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Sand Drum, density = 1.5601 gmdcc Shield (collimator). Spectrum Seq # 3990 
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Sand Drum, density = 1.5601 gmdcc Shield (collimator). Spectrum Seq # 3990 
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Summed Spectra, low density, 0.0135, no shield. 
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Summed Spectra, 3d density, 0.656, no shield, 
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- - -LOwEnrroy MoImUtrd - Hloh E n W Y  I ._ 

E-5 I 
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Spreadsheet for Figure 2 

Activity and Count response for 1-2000 cal Daily Source Drum 

seg u 
I I-Top 

10 
9 
8 
7 
6 
5 
4 
3 
2 

A04 
Sum 

% Diff 

Seg U 
I I  
IO 
9 
8 
7 
6 
5 
4 
3 
2 

A04 
Sum 

% Diff 

COUNTS 
59 k'eV 

Seg 4106 
SI2 4542 
SI3 6777 
S2I 7964 
s22 7992 
S23 8686 
S3 I 7949 
S32 7504 
s33 7134 
S4 I 5330 
S42 3138 

69025 
67016 
2.91 

ACTIVITY 
59 k'rV 

Seg 4106 
SI2 4.034 
SI3 3.765 
S2I 3.634 
s22 3.831 
S23 3.564 
S3 I 3.512 
S32 3.761 
s33 3.794 
S4 I 3.275 
S42 3.404 

36.707 
36.573 

Sequence number 

4107 4108 4109 
4583 4537 4331 
6588 6669 9834 
8149 8377 8470 
8244 7991 8124 
8591 8359 8416 
8185 8197 8296 
7763 7784 7625 
7406 7283 6855 
5732 5591 5716 
3322 3358 3273 

69620 70322 70768 
68563 68146 70940 
1.52 3.09 -0.24 

Sequence number 

4107 4108 4109 
4.076 4.036 3.853 
3.660 3.705 3.797 
3.717 3.821 3.864 
3.952 3.831 3.895 
3.525 3.430 3.453 
3.616 3.621 3.665 
3.891 3.901 3.822 
3.938 3.873 3.645 
3.522 3.436 3.512 
3.603 3.642 3.550 

37.024 37.398 37.635 
37.501 37.297 37.055 

4110 
4617 
6678 
8370 
8320 
8572 
8269 
7416 
7064 
5701 
3209 

70642 
68216 
3.43 

4110 
4.106 
3.711 
3.819 
3.988 
3.517 
3.653 
3.717 
3.756 
3.503 
3.481 

37.568 
37.251 

0.37 -1.29 0.27 1.54 0.84 

AVG 
4522.0 
7309.2 
8266.0 
8134.2 
8524.8 
8179.2 
7618.4 
7148.4 
5614.0 
3260.0 

70075.4 
68576.2 
2.14 

AVG 
4.021 
3.728 
3.771 
3.899 
3.498 
3.613 
3.818 
3.801 
3.449 
3.536 

37.266 
37.135 

0.35 

D e V  

111.64 
1413.00 
205.94 
147.82 
134.09 
136.98 
160.02 
210.88 
168.14 
88.18 

736.93 

De" 
0.10 
0.05 
0.09 
0.07 
0.06 
0.06 
0.08 
0.11 
0.10 
0.10 

0.39 

%en 
2.47 
19.33 
2.49 
1.82 
1.57 
1.67 
2.10 
2.95 
2.99 
2.70 

1.05 

% cn 
2.46 
I .44 
2.49 
1.82 
1.58 
1.67 
2.10 
2.95 
3.00 
2.70 

1.05 

F-2 
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Activity and Count response for 1-2000 cal Daily Source Drum 

Seg U 
I I-Top 

10 
9 
8 
7 
6 
5 
4 
3 
2 

A04 
Sum 
%Diff 

scg u 
I I  
10 

9 
8 
7 
6 
5 

4 
3 
2 

A04 
Sum 
% DIR 

COUNTS 
81 keV 

seg 4106 
SI2 12013 
SI3 18923 
s2  I 19042 
s22 19992 
S23 18957 
S3 I 19310 
S32 18497 
s33 16774 
S4 I 13183 
S42 7167 

149800 
163858 

-9.38 

ACTIVITY 
81 keV 

Seg 4106 
SI2 4.483 
SI3  3.579 
s2 I 2.899 
s22 3.395 
S23 3.152 
S3 I 3.476 
S32 3.522 
s33 3.196 
S4 I 2.996 
S42 3.019 

34.010 
33.717 

0.86 

Sequence number 
4107 4108 4109 

11293 12379 12377 
18848 18870 18727 
22199 18865 20424 
20528 19281 21952 
20505 20621 20572 
19039 19336 18760 
18676 18039 18786 
17488 17278 17679 
11923 15999 16188 
9236 9220 9042 

115291 150812 151217 
169735 169888 174507 

47.22 -12.65 -15.40 

Sequence number 

4107 4108 4109 
4.214 4.620 4.619 
3.565 3.569 3.542 
3.380 2.872 3.109 
3.486 3.274 3.728 
3.410 3.429 3.412 
3.427 3.480 3.376 
3.556 3.435 3.577 
3.332 3.292 3.368 
2.710 3.637 3.680 
3.891 3.884 3.809 

34.349 34.240 34.332 
34.970 35.492 36.220 

-1.81 -3.66 -5.50 

4110 
I I693 
19251 
18564 
22377 
19577 
19429 
18423 
17312 
I1539 
7973 

I51193 
166138 

-9.45 

4110 
4.363 
3.641 

2.827 
3.800 
3.256 
3.497 
3.508 
3.298 
2.623 
3.359 

34.463 
34.171 

0.85 

AVG DCV 

11951.0 465.84 
18923.8 196.49 
19818.8 1509.91 
20826.0 1308.13 
20046.4 745.63 
19174.8 273.58 
18484.2 287.22 
17306.2 337.67 
13766.4 2210.68 
8527.6 922.59 

143782.6 15943.88 
168825.2 

-17.42 

AVG DCV 

4.460 0.17 
3.579 0.04 
3.017 0.23 
3.537 0.22 
3.332 0.12 
3.451 0.05 

3.520 0.05 

3.291 0.06 
3.129 0.50 
3.592 0.39 

34.279 0.17 
34.914 

-1.85 

%en 
3.90 
I .04 
7.62 
6.28 
3.72 
I .43 
1.55 
I .95 

16.06 
10.82 

11.09 

% Crr  

3.90 
I .04 
7.61 
6.28 
3.68 
I .43 
1.55 
I .95 
16.06 
10.82 

0.50 

F-3 
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Activity and Count response for 1-2000 cal Daily Source Drum 

Seg # 
11 -Top 

10 
9 
8 
7 
6 
5 
4 
3 
2 

A04 
Sum 
% Diff 

Seg # 
11 
IO 
9 
8 
7 
6 
5 
4 
3 
2 

A04 
Sum 
% Diff 

COUNTS 
356 keV 

Seg 4106 
SI2 25224 
SI3 38324 
s 2  1 43236 
s22 43600 
S23 44396 
S3 1 46295 
S32 46082 
s33 43308 
S4 I 32772 
S42 I9447 

382713 
382684 

0.01 

ACTIVITY 
356 keV 

Seg 4106 
SI2 3.080 
SI3 3.045 
s 2  I 3.139 
s22 3.104 
S23 3.161 
S3 1 3.118 
S32 3.186 
s33 3.099 
S4 I 3.149 
S42 3.206 

3 1.944 
31.288 

2.05 

Sequence number 
4107 4108 4109 

25856 25486 25891 
39185 38780 38893 
42259 43578 43350 
43748 43871 44066 
43356 44099 44096 
46896 46348 46799 
45829 45734 46506 
43777 43397 43272 
33185 32852 32872 
19879 19622 19376 

385298 383730 385822 
383970 383767 385121 

0.34 -0.01 0.18 

Sequence number 
4107 4108 4109 
3.157 3.113 3.162 
3.113 3.081 3.090 
3.141 3.164 3.148 
3.114 3.124 3.137 
3.087 3.140 3.140 
3.159 3.122 3.152 
3.168 3.162 3.215 
3.133 3.106 3.097 
3.189 3.157 3.159 
3.277 3.235 3.193 

32.160 32.030 32.204 
3 1.540 3 1.404 3 1.492 

1.93 1.95 2.21 

4110 
25730 
38746 
43331 
44089 
43949 
47071 
45967 
43427 
32803 
I9497 

386017 
384610 

0.36 

4110 
3.142 
3.078 
3.146 
3.139 
3.130 
3.171 
3.178 
3.108 
3.152 
3.214 

32.221 
3 1.458 

2.37 

AVG Dev 
25637.4 280.4 
38785.6 310.5 
43150.8 514.1 
43874.8 208.6 
43979.2 384.4 
46681.8 343.6 
46023.6 300.4 
43436.2 200.7 
32896.8 165.9 
19564.2 197.6 

% err 
1.09 
0.80 
1.19 
0.48 
0.87 
0.74 
0.65 
0.46 
0.50 
1.01 

384716 1435.2 0.37 
384030.4 

0.18 

AVG Dev 
3.131 0.034 
3.082 0.025 
3.148 0.010 
3.124 0.015 
3.132 0.027 
3.144 0.023 
3.182 0.021 
3.108 0.014 
3.161 0.016 
3.225 0.033 

YO err 
1.09 
0.80 
0.31 
0.48 
0.87 
0.73 
0.65 
0.46 
0.51 
I .02 

32.112 0.120 0.37 
3 1.436 

2.10 
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Activity and Count response for 1-2000 cal Daily Source Drum 

COUNTS 

Seg # 

I I-Top 
10 
9 
8 
7 
6 
5 
4 
3 
2 

A04 
Sum 
% Diff 

Seg U 
I I  
10 

9 
8 
7 
6 
5 
4 
3 
2 

A04 
Sum 
% Diff 

Seg 
SI2 
SI3 
s2  I 
s22 
S23 
S3 1 

S32 
s33 
S41 
S42 

ACTIVITY 

Seg 
SI2 
SI3 
s21 
s22 
S23 
S3 I 
S32 
s33 
S4 I 
S42 

661 kcV 

4106 
4062 
5767 
6856 
6873 
6936 
7308 
7323 
6624 
4957 
2991 

Sequence number 
4107 4108 4109 
4026 3939 3922 
5929 6034 6082 
6646 6685 6695 
6657 6908 6733 
6945 6769 6850 
7204 7178 7225 
7143 7162 7121 
674 I 6815 6914 
5035 4980 5032 
2943 3046 3061 

4110 
3983 
5894 
6719 
664 I 
6845 
7250 
7291 
6799 
5024 
302 I 

59842 59656 59766 59750 59553 
59697 59269 59516 59635 59467 

0.24 0.65 0.42 0.19 0.14 

661 kcV 

4106 
0.589 
0.531 
0.575 
0.589 
0.575 
0.608 
0.597 
0.544 
0.557 
0.562 

Sequence number 
4107 4108 4109 
0.584 0.572 0.562 
0.546 0.556 0.560 
0.557 0.560 0.561 
0.570 0.592 0.577 
0.575 0.561 0.567 
0.599 0.597 0.601 
0.582 0.584 0.580 
0.553 0.560 0.568 
0.566 0.560 0.566 
0.553 0.573 0.575 

4110 
0.578 
0.543 
0.563 
0.569 
0.567 
0.603 
0.594 
0.558 
0.565 
0.568 

5.948 5.929 5.940 5.939 5.919 
5.726 5.687 5.713 5.717 5.708 
3.72 4.09 3.83 3.73 3.57 

AVG 

3986.4 
5941.2 
6720.2 
6762.4 
6869.0 
7233.0 
7208.0 
6778.6 
5005.6 
3012.4 

I X V  

58.50 
123.65 
80.35 
122.62 
72.80 
49.61 
92.23 
106.52 
35.06 
47.01 

%en 
I .47 
2.08 
1.20 
1.81 
1.06 
0.69 
1.28 
1.57 
0.70 
1.56 

59713.4 111.43 0.19 
59516.8 

0.33 

AVG 
0.577 
0.547 
0.563 
0.579 
0.569 
0.601 
0.588 
0.557 
0.562 
0.566 

I X V  

0.01 I 
0.01 I 
0.007 
0.010 

0.006 
0.004 
0.008 
0.009 
0.004 
0.009 

%en 
1.89 
2.08 
I .20 
1.81 

1.06 
0.69 
1.28 
1.57 
0.70 
1.56 

5.935 0.01 I 0.19 
5.710 

3.79 

F-5 
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Activity and Count response for 1-2000 cal Daily Source Drum 

scg Y 

I I-Top 
10 

9 

8 

7 

6 

5 

4 

3 

2 

A04 

Sum 

% Diff 

scg u 
I I  
10 

9 

8 

7 

6 

5 

4 

3 

2 

A04 

Sum 

% Diff 

COLMTS 
1332.5 kcV 

scg 4106 

s i 2  1966 

SI3 2780 

s2 I 3219 

s22 3244 

S23 3388 

S3 1 3493 

S32 3438 

s33 3241 

S4 I 2411 

S42 1426 

28645 

28606 

0.14 

ACTIVITY 

1332.5 keV 

Seg 4106 

SI2 0.4 I58 

SI3 0.3647 

S2 I 0.3964 

s22 0.3916 

S23 0.4115 

S3 I 0.3845 

S32 0.4 I03 

s33 0.3899 

S41 0.4070 

S42 0.3665 

4.0484 

3.9382 

4107 

1903 

2894 

3150 

3263 

3339 

3448 

3356 

3263 

2310 

1449 

28393 

28375 

0.06 

Sequence number 
4108 

1921 

2854 

3196 

3297 

3362 

3520 

3443 

3295 

2364 

I439 

28746 

28691 

0.19 

4109 

1952 

2823 

3222 

3346 

3343 

3544 

3472 

3197 

2368 

1359 

28562 

28626 

-0.22 

Sequence number 
4107 4108 4109 

0.4024 0.4063 0.4130 

0.3797 0.3745 0.3703 

0.3879 0.3936 0.3968 

0.3940 0.3980 0.4040 

0.4055 0.4083 0.4060 

0.3795 0.3874 0.3900 

0.4006 0.4109 0.4143 

0.3926 0.3963 0.3815 

0.3901 0.3993 0.3998 

0.3723 0.3699 0.3494 

4.0128 4.0627 4.0366 

3.9046 3.9445 3.9281 

4110 

1894 

2879 

3271 

3177 

3360 

3428 

3490 

3147 

2401 

1449 

28554 

28496 

0.20 

4110 

0.4007 

0.3777 

0.4027 

0.3835 

0.4081 

0.3772 

0.4165 

0.3786 

0.4055 

0.3724 

4.0356 

3.923 I 
2.72 2.70 2.91 2.69 2.79 

AVG ncv 
1927.2 31.01 

2846.0 45.67 

3211.6 43.96 

3265.4 62.80 

3358.4 19.40 

3486.6 48.41 

3439.8 5 I .46 

3228.6 57.89 

2370.8 39.62 

1421.4 37.76 

28580.0 130.14 

28558.8 

0.07 

AVG De" 
0.4076 0.0066 

0.3734 0.0060 

0.3955 0.0054 

0.3942 0.0076 

0.4079 0.0024 

0.3837 0.0053 

0.4105 0.0061 

0.3881 0.0070 

0.4003 0.0067 

0.3661 0.0096 

4.0392 0.0184 

3.9277 

2.76 

% cn  
1.61 

I .60 

1.37 

1.92 

0.58 

I .39 

1.50 

I .79 

1.67 

2.65 

0.46 

% e n  
1.61 

1.61 

1.37 

1.93 

0.58 

1.39 

I .49 

1.79 

1.66 

2.64 

0.45 
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No ~ s h i e k l ( c o l l . 0 )  

1 
3 
I 
2 
3 
I 
2 
3 
I 
2 

1 
3 
I 
2 
3 
I 
2 
3 
1 
2 

2 
3 
I 
2 
3 
1 
2 
3 
I 
2 

2 
3 
I 
2 
3 
I 
1 
3 
1 
2 

e f 
4.016Ea 
-1.rnE-0l 
-1.753EAI 
-1.249E.01 
-1.113E-0I 
4.m.03 
-I.M9MI 
-1.287u)l 
-1.331MI 
-1.rn-0l 
4.551502 

-1.357E-01 
-7.18&m 
- I M M I  
a m  

-1.305MI 

-5551E.02 
-1.449u)I 
9.367Ea 
-1.673301 

F-8 



Density 

0.01346 

0.43029 

0.65625 

1.56010 

Detector Drum 
Position 

SEGe-4 
SEGed 
SEGe-3 
SEGc-3 
SEGe-3 
SEGe-2 
SEGc-2 
SEGe-2 
SEGe-I 
SEGe-I 
Summed 

SEGc-4 
SEGe-4 
SEGe-3 
SEGt-3 
SEGe-3 
SEGe-2 
SEGe-2 
SEGc-2 
SEGe-I 
SEGe-I 
Summed 

SEGe-4 
SEGed 
SEGe-3 
SEGe-3 
SEGe-3 
SEGe-2 
SEGe-2 
SEGe-2 
SEGe-I 
SEGe-I 
Summed 

SEGe-4 
SEGe-4 
SEGe-3 
SEGe-3 
SEGe-3 
SEGe-2 
SEGe-2 
SEGe-2 
SEGe-I 
SEGe-I 
Summed 

2 
3 
I 
2 
3 
I 
2 
3 
I 
2 

2 
3 
I 
2 
3 
I 
2 
3 
I 
2 

2 
3 
I 
2 
3 
I 
2 
3 
1 
2 

2 
3 
1 
2 
3 
1 
2 
3 
I 
2 

HNF-5148, Rev. I 

Detector Shield (Coll=l) 

a 
-6.420E+Ol 
-9.956E+OI 
-5.473E+Ol 
-8.927E+OI 
-2.638E+02 
-5.7ME+OI 
-5.166E+02 
-I .893E+Ol 
4.623E+Ol 
-5.738E+Ol 
-4.043E+Ol 

-5.468E+OI 
-I. I IOE+03 
-1.527E+OI 
-3973E+02 
-1.234E+02 
-1.959E+OI 
- I  .993E+Ol 
-1.602E+O I 
-7.623E+02 
-1.740E+OI 
-I.259E+OI 

-2.284E+Ol 
- I  .439E+Ol 
-4.610E+02 
-2.03 IE+Ol 
-l.263E+O3 
-9.37OE+Ol 
-I.920E+Ol 
-1.985E+OI 
-2.343E+03 
- I .  l58E+03 
-1.233E+02 

-2.284E+01 
-1.439E+Ol 
-4.610E+02 
-2.03 I E+OI 
- I  .263E+Ol 
-9.37OE+OI 
-1.920E+OI 
-1.985E+Ol 
-2.343E+03 
-I.l58E+03 
-1.233E+02 

Coefficients 
b 

2.566E+Ol 
4.232E+OI 
2.092E+OI 
3.665E+Ol 
-1.657E+02 
2.261E+OI 
3.223E+02 
3.569E+00 
I .693E+Ol 
3.434E+Ol 
1.53OE+OI 

1.913E+01 
6.916E+02 
1.589E+00 
2.539E+02 
7.655E+02 
2.9398+00 
3.047E+00 
1.747E+00 
4.539E+02 
I .85 I E+OO 
1.391 E+OO 

3.564E+00 
1.249E+00 
2.824E+02 
3.018E+OO 
7.705E+02 
5.363E+Ol 
2.662E+00 
2.861 E+OO 
I .450E+03 
7.239E+02 
6.828E+Ol 

3.564E+00 
1.249E+00 
2.824E+02 
3.018E+00 
7.705E+02 
5.363E+Ol 
2.660E+00 
2.861E+00 
1.450E+03 
7.239E+02 
6.828E+Ol 

C 

-4.001 E+OO 
-6.565E+00 
-3.1 75E+00 
-5.556E+OO 
-4.030E+OI 
-3.490E+00 
-7.662E+Ol 
-3.903E-01 
-2.573E+00 
-9.082E+00 
-2.31 IE+00 

-2.75 IE+00 
- I  .626E+02 
- I .  182E-01 
-6.238E+OI 
-1.792E+02 
-2.223E-01 
-2.3 I8E-01 
-1.250E-01 
-I .025E+02 
- I  .279E-01 
-I ,002E-01 

-2.599E-01 
-9.5 l7E-02 
-6.626E+Ol 
-2.244E-01 
-1.775E+O2 
-I.302E+OI 
-1.949E-01 
-2.l08E-01 
-3.374E+02 
- I  .709E+02 
-1.522E+Ol 

-2.599E-01 
-9.5 l7E-02 
-6.626E+Ol 
-2.244E-01 
-I.775E+02 
-I .302E+OI 
-1.949E-01 
-2.lO8E-Ol 
-3.374E+02 
-I .709E+02 
- I  .522E+Ol 

d 
2.061E-01 
3.365E-01 
I ,589E-0 I 
2.786E-01 
4.346EM0 

I .779E-01 
S.OSOE+!M 
1.070E-02 
I ,284E-01 
1.046E+OO 
1.147E-01 

1.314E-01 
I .695E+Ol 

6.797E+OO 
I .861E+OI 

1.026E+OI 

6.902E+OO 

I.814E+OI 
I .4 l3E+00 

3.481E+Ol 
1.789E+01 
I .510E+OO 

6.902E+OO 

I .814E+OI 
1.413E+OO 

3.481E+Ol 
1.789E+Ol 
I.SIOE+OO 

e 

-1.754E-01 

-3.190E-01 
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