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Abstract

This report describes the measurement of the 235U/U isotope abundance in a
certified UFg sample by means of gamma spectrometry. The work was performed
in the framework of the REIMEP-86 interlaboratory exercise. The 235U/U
abundance value obtained from the measurements presented in this report was
3.5005 £ 0.0031 % 235U/U which compares very well to the certified value of
3.5001 *+ 0.0010 % 235U/U. The report describes in detail the experimental set-up,
the data evaluation and the error analysis. Some hints are given to improve the
precision and to reduce the measurement time in future experiments of this type.

Gammaspektroskopische Bestimmung der 235y Isotopen-
anreicherung in einer UFg Probe (durchgefiihrt im Rahmen des
Interlaboratoriumsprogramms REIMEP-86)

Zusammenfassung

Der vorliegende Bericht beschreibt die gammaspektroskopische Bestimmung der
235U/U Isotopenanreicherung an einer genau spezifizierten UFg Probe. Die
Messungen wurden im Rahmen des Interlaboratoriumsprogramms REIMEP-86
durchgefiithrt. Die in diesem Bericht beschriebene 235U Anreicherungsmessung
ergab 3,5005 % 0,0081 % 235U/U, was in guter Ubereinstimmung zum
spezifizierten Wert von 3,5001 * 0,0010 % 235U/U steht. Der MeBaufbau, die
Datenauswertung und die Fehleranalyse werden detailliert beschrieben. Es
werden ferner einige Hinweise gegeben, wie bel kunftigen Messungen dieser Art
die Genauigkeit verbessert und die Mef3zeit verkiirzt werden kann.
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INTRODUCTION

The purpose of the Regular European Interlaboratory Measurement
Evalutation Program (REIMEP) is, like other programs of similar type, to
demonstrate the interlaboratory spread of measurement results and to allow the
participants to compare their results to a certified value and to the results of other
laboratories. Extending previous programmes the present REIMEP-86 UFg
exercise was not restricted to a particular measurement technique but includes for
the first time both mass spectrometry and gamma-ray spectrometry as
representatives for destructive (DA) and non-destructive (NDA) analysis tech-
niques, respectively. In case of the gamma-spectrometric assay the comparison to
the well established and routinely used mass spectrometry provides the chance to
demonstrate the potential of this NDA technique and to recognize the limitations
for its application.

Highly accurate determinations of the 235U abundance by means of
gamma-ray spectrometry are only possible when the measurements are performed
relative to carefully characterized reference materials. Such internationally
certified Reference Material for NDA 235U - abundance measurements is
available since 1985 as EC-NRM-171/NBS SRM-969 from CBNM, Geel, and from
NBS, Washington. The measurements of the unknown REIMEP-86 UFg sample
presented in this paper have been performed relative to this Reference Material.

The REIMEP-86 UFg sample was shipped in a well characterized monel can
containing about 80 g UFg as a solid sample. The areal density of the UFg
material provided more than 99.9% of the characteritic 185 keV gamma radiation
perpendicular to the sample surface as compared to an infinitely thick sample. Ifa
suitable collimator is used, the observed 185 keV gamma radiation originating
from the decay of 235U atoms serves as a direct measure for the 235U abundance of
the sample material in such a quasi-infinite-thickness geometry. However,
corrections have to be applied for the different matrix composition of the reference
material and the unknown UFg sample, respectively (U308 versus UFg), for the
different gamma attenuation in the container walls, and for counting losses due to
pile-up and dead-time effects in the counting electronics.

In order to evaluate the accuracy limits of the gamma-spectrometric 235U -
abundance measurement technique and to identify possible, so far unknown
sources of systematic errors, all measurement parameters affecting the assay
accuracy have been examined very carefully. The measurements and the data
evaluation are described in detail in the present paper.



1. EXPERIMENTAL SET-UP

This chapter describes the sample - collimator - detector geometry and the
~ counting electronics used for the measurements presented in this paper. The
former aspect is of particular importance for the applicability of the "enrichment -

meter” principle.

1.1. Counting geometry

The “enrichment - meter” principle used for the gamma-spectrometric
determination of the 235U abundance in the present paper is based on the as-
sumption that the unknown sample to be assayed is quasi-infinitely thick, i.e.,
that the surface-radiation intensity of the characteristic 185 keV gamma rays is
almost the same as obtained from a really infinite sample of identical sample
material (see ref./1/).

Of course, in case of a limited sample size the quasi-infinite-sample condi-
tion can only be defined with respect to a collimator that limits the solid angle
through which the sample surface is seen from the detector. In turn, for a given
collimator the sample size required for quasi-infinite-thickness geometry depends
on the density and the chemical composition of the sample material, and on the
distance between sample and collimator. In order to simplify this complex
multiparameter relation, the considerations in ref. /1/ have been restricted to
cylindrical shapes of sample and collimator, respectively, and to a fixed distance of
3 mm between collimator entrance plane and sample surface (not container
surface). Further, the quasi-infinite-sample condition has been defined in terms of
a minimum areal density providing 99.9% of the characteristic gamma-ray in-
tensity expected from a really infinite sample in direction perpendicular to the
sample surface. The minimum areal density for UFg is given by (see eq. 3.3¢ in
ref/1/and Appendix F in this paper) :

wea e ) = 5908

-2
(UF ) = = 6.68gcm "
° O uUFy) g (1.1)

min

where p denotes the mass attenuation coefficient. The value of 8.2 g cm™ specified
for the areal density of the REIMEP-86 UFg sample is clearly above the required
minimum value. The problem remains to find a suitable collimator for quasi-

infinite-sample geometry.
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Fig.1 Relation between collimator dimensions, sample size and minimum sample density for
UOgs. Dashed lines in the left hand part indicate collimator geometries with equal gamma
counting rate. Collimator geometries in the shaded region do not fulfill the "quasi-infinite”
thickness condition for the Reference Sumples EC-NRM-171'NBS-SRM-969.



Observing the restrictions mentioned above the relation between required
collimator diameter, collimator height, sample diameter and sample density is
displayed in fig. 1. The left hand part of fig. 1 combines the characteristics of the
collimator :The collimator diameters are given on the abscissa, the collimator
heights are shown as parameters of the set of curves. Dashed lines indicate
collimator geometries that exhibit equal 185 keV gamma counting rates. The
right hand part of fig. 1 presents the sample characteristics given as differences
between sample diameter and collimator diameter (always > 0), with the mini-
mum sample-density values shown as parameters of the set of straight lines. Both
parts of the figure are connected by a common arbitrary scale.

Fig. 1 is a more general presentation of the relation between sample size
and collimator as compared to fig. 3.7 in ref. /1/ where this relation is given only
for a fixed sample diameter of 7 cm. Note, that in contrast to the latter figure the
density values given here refer to UO2 instead of U3Og. In order to utilize fig. 1
also for uranium compounds other than UO2 one has to use an effective, UOy
equivalent density instead of the true compound density p (x) :

_ pl)
Pesr = nuo,

p (x) (1.2)

where p denotes the corresponding mass attenuation coefficients. Taking the p
values from Table C2 in Appendix F, and using a density of 5.2 g em * for the
REIMEP-86 UFg sample we arrive in this case at an effective sample density of

p,; (REIMEPUF ) = 4.10¢ em>>4gem™3

Thus the dashed-dotted line drawn in parallel to the 4 g cm™ - line in fig. 1 at a
distance of 3.5 cm (corresponding to the sample diameter) shows the maximum
permissable collimator configurations for the REIMEP -86 sample. Of course, any
collimator parametersbelow thisline will also satisfy the quasi-infinite-thickness
condition at the expense of a lower counting rate. However, any collimator

configuration above this line will violate this condition.

For the measurements presented in this paper we have used a collimator
with 2 cm diameter and 2 ¢cm height. It can be deduced from fig. 1 that this colli-
mator - sample configuration does fulfill the quasi-infinite-thickness condition for
3.5 cm-diameter samples. It should be noted that the data presented in fig. 1 have
been calculated for 3 mm distance between sample and collimator, and for 2 mm



aluminium absorber between sample and collimator. In the present
measurements the sample-collimator distance is slightly larger (4 mm instead of
3 mm). However, this effect is compensated by the higher photon attenuation in
the additional 2 mm thick monel layer causing a stronger forward peaking of the
gamma-ray flux entering the collimator, and by a safety margin used for the
effective sample density (4.0 g cm-3 instead of 4.1 g cm-3).
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Fig.2  Schematic view of the sample - collimator - detector arrangement

I

Fig. 2 shows schematically the sample - collimator - detector - arrangement
used for the measurements. The lead shielding has been rigidly fixed to the flange
of the detector cap in order to prevent variations of the distance between
collimator and detector. Also the 241 Am source has been fixed to the collimator by
means of screws to provide a geometrically stable reference gamma source. Not
shown in fig. 2 are the calibration disks that are positioned between sample



container and collimator. The calibration samples with 2 mm aluminium bottom
have been measured with the 2 mm monel calibration disk, the UFg sample with
2mm monel bottom has been measured with the 2 mm aluminium calibration
disk, so that in all measurements the gamma rays had to penetrate always 2 mm
monel and 2 mm aluminum before entering the collimator. In fig. 2 the counting
arrangement is given for the case of the calibration samples, in case of the UFg
sample, exhibiting a smaller diameter, a tighter polyethelene centering ring has
been used.

1.2 Counting electronics

A schematic view of the counting electronics ranging from the detector to
the multichannel analyzer is given in fig. 3. A medium size Ge(Li) is used for the
detection of the gamma rays penetrating the collimator. Through a preamplifier
with resistive feedback the signal is transfered to a main amplifier providing‘
semi-gaussian shaped output pulses. These pulses are analyzed in a Wilkinson-
type ADC running with 80 MHz. The analyzed pulse heights corresponding to the
energies of the gamma rays registered in the detector are stored and evaluated in
a computer-controlled multichannel analyzer (MCA). The gamma spectra have
been stored to magnetic disk for later evaluation.

A digital spectum stabilizer has been added to the system in order to
improve the reliability of the measurements. The gamma peak at 59 keV
originating from the 241Am reference gamma source attached to the collimator
(see fig. 2), and the 185 keV gamma peak from the decay of 235U, present in all
samples assayed, have been used as reference peaks for the digital stabilizer. In
addition, pulser signals from a high-precision pulse generator with adjustable
rise- and fall-time are fed into the preamplifier and are treated by the pulse-
processing chain in the same manner as signals originating from gamma eventsin
the detector. The signals from the electronic pulser may serve as an indicator for
the stability of the system and may be used for second-order corrections as

demonstrated in Chapter 3 of this manual.

It is of special importance to carefully supervise the frequency of the almost
periodic pulser. Therefore the number of pulser events during measurement time
as well as the real measurement time must be recorded in order to arrive at the
true mean pulser rate during assay time. This has been achieved here by feeding
the digital trigger output of the pulser (having a fixed amplitude of 4.5 V) to a
second ADC running in parallel with the spectrum ADC. This results in a
background-free spectrum with a single peak corresponding to the 4.5 V of the
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Fig.3 Schematic view of the counting electronics used

input signal. Note that no pulse pile-up is possible in this particular case of a
periodic pulser. The integrated number of pulser events and the real counting
time have been printed out but have not been recorded to magnetic disk. From
both values the mean pulse rate is evaluated and is used for pile-up and dead-time
corrections relative to the pulser. Since the printer failed during measurements
#35 to #40 no correction of this type could be done in these cases.

The multichannel analyzer was always operated in live-time mode, i.e., the
MCA timer is gated off in its high-frequency part whenever the MCA is busy with
analyzing and storing of an event. Thus the preset live time is simply the sum of
time intervalls during which the system is not busy. The real measurement time
is the sum of the preset live time plus the system-busy time. Note that no pile-up
rejection circuit was implemented in the pulse-processing chain since the total
counting rate of less than 1 keps in all cases looked comparatively low.

Table 1 displays the type, the manufacturer, the settings and the main
characteristics of all electronic components used in the measurements.
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2. THICKNESS CORRECTION FOR CONTAINER WINDOWS

Basically the enrichment-meter principle relies on the absolute determina-
tion of the characteristic gamma-counting rate emitted by a quasi-infinite sample
into a fixed solid angle. In practice the 185 keV gamma counting rate of the
unknown sample is measured relative to the corresponding counting rates ob-
served from well specified calibration samples. Since in NDA applications the
gamma radiation is always measured through the container wall it becomes clear
that the attenuation of the gamma rays in the wall will directly affect the observ-
able 185 keV gamma counting rate and thus the assay result. It is therefore
required that the container windows through which the gamma radiation is
measured are identical for the calibration samples and for the unknown sample as
well, or that appropriate corrections are applied that account for different gamma

attenuation in the container walls.

In our case the container materials of the UFg sample and of the reference
samples are quite different - 2 mm monel and 2 mm aluminium, respectively -
resulting in about 20% differing gamma attenuation. In order to keep the required
attenuation correction small, we have measured the reference samples with an
additional monel absorber and, vice versa, the UFg sample with an additional
aluminium absorber, thus providing nearly identical windows for all measu-

rements, namely about 2 mm monel plus 2 mm aluminium.

For high-precision measurements the effect of the still remaining wall-
thickness differences has to be examined in more detail. Using the correction
factors given in the REIMEP-86 data sheet:

- 3.4 % per 1 mm aluminium and

-13 % per 1 mm monel,

we arrive at an estimate for the accuracy of the wall-thickness determination
required to keep this contribution to the relative error of the enrichment assay
below our target value of = 0.05% :

015 mm for aluminium and

+ 0.
+ 0.004 mm for monel.

The window-thickness data specified in the Dimensional Control Sheet in
case of the Reference Samples, and in the REIMEP-86 Data Sheet in case of the
UF¢ sample (for both see Appendix E) are well within the above tolerance limits.
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These wall-thickness values along with the stated uncertainties are summarized
in the upper part of Table 3. Note that we have used a very narrow collimator of
2 cm diameter only. Therefore only the thickness values in the central region of
the counting window have been used in case of the Reference Samples, the mean
value of which is labeled X5 in the Dimensional Sheets.

Facing the extremely low tolerance limits for the thickness of the counting
windows we have decided to validate the stated values by own measurements. For
the thickness measurements we have used an ultrasonic thickness gauge, in case
of the calibration disks additional measurements have been performed using a
micrometer and a high precision Zeiss Passameter. The corresponding precisions
obtained at the 1 o level are:

0.001 mm for the ultrasonic thickness gauge,
0.001 mm for the micrometer, and

Mo

0.0005 mm for the Zeiss Passameter.

The calibrations of the ultrasonic thickness gauge have been made relative to the
thickness of the corresponding calibration disk determined from the Passameter

measurement.

The results of our measurements are displayed in Table 2. The upper part of
the table shows schematically the position of the measurement points relative to
the container label imprinted on each Reference Sample. The mean values and the
RMS errors are given at the bottom of the table. Note that the RMS error presents
a conversative error estimate because it does not account for real inhomogeneities
in the window thickness of the Reference cans that are clearly observed within the
precision limits of the ultrasonic thickness gauge. For the thickness values of the
calibration disks we have used the more accurate data from the Passameter

measurements.

The final results of our thickness measurements and the associated errors
are shown in Table 3 along with the corresponding values from the Dimensional
Control Sheets of the EC-NRM-171-008 Reference material and of the REIMEP-86
UFg sample, respectively. Comparing both data sets one recognizes a small
disagreement for the thickness of the aluminium calibration disk and for the
monel bottom of the UFg container, that is outside the stated 1 o errors. We have
therefore performed the data evaluation described in the following chapters for
both sets of thickness values independently. Table 4 shows the corresponding
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TABLE 2 THICKNESS OF SAMPLE CONTAINER BOTTOMS
AND CALIBRATION DISKS

MATERIAL THICKHNESS MM DEYIATION FROM
+~ RMS ERROR (MMD REFEREMCE (MICROND

AY THICKMESS FROM CERTIFICATE EC-MNREM-171-008 (XS5
AND FROM UFE& FEIMEF-36 DIMENSION SHEET AFP. &

FOR U303 MEASUREMEMTS:

MOMNEL DISK 2. 800 +~ @ 001 g += 1 (REF. >

AL BOTTOM #4465 1. 383 +- 0. 005 - 17 +- 5

AL BOTTOM #2985 1. 288 +-~ 8. @62 - 12 +- 2

AL BOTTOM #4354 1. 283 +- 0. 067 - A7 4+~ 7

FOR UFE€ MERSUREMENTS:

AL DISK 2. a8 +— 0. 002 6 +- 2 (REF. >

MOMEL BOTTOM UFe 2. 600 +- 0. 901 8 +- 1

B> THICKNESS FROM ULTRASOMIC AND MICROMETER MEASUREMENTS
FERFORMED AT KFK

FOR U208 MERSUREMENTS:

MOMEL DISK 2. 6pda +- @ BeusS ® +- 0.5 (REF. D>

AL BOTTOM #446 1. 935 +- 0. Go4 -~ 18 +- 4

AL. BOTTOM #29S 1. 388  +- B, BsS - 9 +~ 7

AL BOTTOM #1354 1. 9¢5 +- 0 8eS - 16 +- 5

FOR UF€& MERSUREMEMTS:

Al [IEE 1. 235G +— @ 2305 Q@ +- 8.5 (REF. >

MOMEL BOTTOM UFE 2. 992 +- @ 2ol + 3+~ 1

correction factors used to compensate for different attenuation of the 185 keV
gamma rays in both cases.

It can be seen from Table 4 that the corrections required are comparatively
small ( = 0.05% ). We have therefore neglected any second order correlations like
the collimator - dependent effective mean pass length of the gamma rays through
the container wall that adds another correction of < 0.005% to these correction
factors ( see ref./1/ Appendix A.3 ). Also the uncertainties of the linear attenuation
coefficients given have been neglected.

TABLE 4 CORRECTION FOR ATTENUATION OF 418% KEV GAMMAS
IN CONTAINER BOTTOMS AND CALIBRATION DISKS
ATTENUATION OF 125 KEY GAMMA RAYS (REIMEF-26 AFP. 7/RFP. NDR-1):

~ 3.4 X FER MM ARLUMINIUM USED
- 4% “

% FER MM MONEL USED
SAMPLE ! CORRECTION 1 ' CORFECTION I1
PLUS ! DIMEMNSIONS FROM CERTIFICATE ! DIMENSIONS FROM ULTRASOMIL
DISK ! FAND REIMEF-86 AFPENDIX 6 ' MERSUREMENTS AT KFK
# 446 ' !
+ MOMEL! 8. 99942 +- B. B0A21 ! 8. 99966 +~ 0. BEOLS
] ]
# 295 | !
+ MOMEL! 0. S99S3 +- B. EOBLS ] 8. 99969 +- 0. BORLS
1 i
# 194 !
+ MONEL! 8. 59942 +- 9. 0OO27 ' 8. 93966 +- ©. OPOLE
] 1
UFs ! '
+ AL ! 1. BPRQ +- 0. POOL? ' 1. 0BE39 +- 0. GOEL3
t 1
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A special problem that we faced in our ultrasonic thickness measurements
should be mentioned: Whereas the ultrasonic measurements of the aluminium
layers created no problems we observed that the measured thickness values of the
UFg monel bottom slightly increased (by a few micron) from the center of the
counting window towards the outer diameter. A similar effect was observed also
with the ultrasonic measurements of the calibration disk though the passameter
measurements assure a thickness homogeneity of better than = 0.0005 mm. So far
we have no explanation for this effect. Thus we have restricted our measurements
to the central region of the counting window in case of the UFg monel bottom as
can be seen from Table 3. Doing so we arrive at a window thickness of 2.003 *
0.001 mm for the UFg monel bottom, a value that is clearly outside the
specification of 2.000 = 0.001 mm given in the REIMEP data sheet. Nevertheless
we have used the former value for the attenuation data set II shown in Table 4
that is the basis of our finally reported 235U/U abundance value

For the case that our ultrasonic thickness determination of the monel is
erroneous, and an equal thickness of both the UFg monel bottom and the monel
calibration disk can be assured by other means, then our reported 235U
% enrichment value has to be lowered by 0.0014, i.e, instead of

3.5005 * 0.0031 % 235U/U abundance, as reported,
we would get then

3.4991 * 0.0031 % 235U/U abundance.
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3. DATAEVALUATION

This chapter describes the evaluation of the 185 keV counting rate from the
peak counts observed in the measured MCA spectra and from the measurement
live time. It also comprises corrections for pulse losses due to dead-time and pile-
up effects. Finally the calibration procedure is summarized.

3.1 Evaluation of net-peak counts

Standard procedures have been used for the evaluation of net peak areas
from the measured spectrum. A complete program listing and a thorough descrip-
tion of the input parameter is given in ref. /2/. Here we summarize the salient
points only.

All relevant measurement parameters are written to an analysis file on
magnetic disk prior to the start of the actual measurements. The informations
required for data analysis are always taken from this file. The content of the file is
given in fig. 4. It comprises the number of peaks to be analysed and their
characteristics like energy, position in the MCA spectrum, background windows
on the low- and high-energy side of the respective peak, the type of background
subtraction to be applied, and the information whether the peak shall be used for

ANALYSIS FILE ! ELMT.A2Z
1) NUMBER OF INTEGRATIONS 1 S
2) NORMALIZATION TO REFERENCE PEAK IN REGION ! 1
LIVE TIME OF THE REF, MEASUREMENT (SEC) : 30000,
COUNTS IN REFERENCE PEAK ¢ 4153738.
ERROR OF REFERENCE PEAK (COUNTS) ! 1952,
3) INTEGRATION WIDTH IN FWHM(KEV) KELOW AND AROVE
THE FEAK FOSITION 2.29
4) ROI ENGY FOS EGL (CH) BGR STEF/LINE CAL FULS

59.54 479 376 397 498 G064
143,77 1374 1306 1327 1419 1428
163.37 1582 1535 1555 1603 1419
185.72 1819 1745 1767 1843 1857
266.00 2672 2626 2650 2696 2714

b Gl R e
~onen
z < << =
~zZZTZTZ

LAST UPDATE ¢ 11 FEE 1987 11135108 AN
NEW UPDRATE @ 16 FER 1987 3:21:53 FHM

Fig.4 Content of analysis file
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evaluation of the FWHM as a function of energy, and wether it is a pulser peak or
not. Moreover the analysis file also contains the indicator for a reference peak that
may be used for normalization purposes. We didn't make use of this option for
reasons that will be discussed in the next section.

Another important parameter is defined in the analysis file: the integration
width in units of FWHM. This integration window determines the limits for the
channel-content summation after subtraction of an appropriate background. It
should be noted that, in contrast to the background windows, this window is not
fixed, but its position and width is derived from the peak centroid and the FWHM
fitted individually for each actually measured spectrum and for the respective
peak. Integration is performed in fractions of channels by linear interpolation. We
have selected a width of 2.2. FWHM units for the peak-summation window
according to the recommendation given in ref, /1/. This setting provides a good
signal-to-background ratio with an acceptable susceptibility to peak-parameter
variations. The window is placed symetrically to the peak centroid and comprises
about 99% of the total peak area in case of a purely gaussian peak shape.

% 18572 keV {2°U)
: ]

v
E - ——
: - -
o - -t
u . —
! 2.2-FWHM i
R ! \ ]
L ] \ ]

.-'r"'-._ /./ \
S _‘_ |
\\\ ~\_&“—'"""“‘ et st e
L E\. , L] BGI .RB\GX\]. g
180 184 186 188

Energy (keV)

Fig.5 Window settings for the 185 keV peak
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A typical example for the setting of the peak- and background windows, for
the step-like background subtracted and for the evaluated net-peak area is shown
in fig. 5 for the spectral region around the 185 keV peak originating from decay of
235U used here for the determination of the 235U/U abundance.

16 FER 1987 3124106 FH

SaMPLE 3 295008
FILES ACQUIRE ELAFSED LIVE ELAFSED REAL
ELEMENT START TIME (SEC) TINE (S5EC)
MESS (U29E1 31/ 171987 157 9158 30000, 30711,
SLOFE (EW/CH) v 94,169
NFFSET (KEV) 14,423
COUNTRATE (CFS) ¢ 756,

LLTNEAFR REGRESSION (FUWHM)

FIT COEFF. ¢ A0 = 5.4808003E 00
Al = 0.1921844E-02
CORF.COEFF, R¥%x2 = 0.9874887E 00
ROI HACKGROUNDG WINDOWS STEF ENERGY POSITION FUWHH FUTM  FUFNM
(CHANNEL) /LINE (KEV) (CHANNEL) (EV) (EV) (EV)
1 376 397 498 506 S 59.54 479.13 776, 774, 1451, 3064,
2 1306 1327 1419 1428 L 143,77 1373.74 872, 872, 1956, 2072,
3 1535 1553 1603 1619 S 163.37 1581.74 885, 894, 1615. 20352,
4 1745 1767 1843 1857 S 185,72 1819.05 925. 917, 1677, 2215,
5 2626 2650 246946 2714 L 266.00 26469.87 998,
ENERGY AREA ERROR
(KEV) (COUNTS) (COUNTS) (%)
59.54 4051802, 2050, 0.05
143,77 92286, 415. 0.45
163,37 $56469. 362, 0.64
185.72 799172, 935, 0.12
265,920 4217088, 2064, 0.05

Fig.6 Typical print-out from the evaluation program

A short description of the flow of the data evaluation program is summa-
rized below:

1) Linear energy calibration using the two gamma peaks with lowest and
highest gamma energy in the analysis file as reference peaks.
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2) Subtraction of a smoothed step-like function as a background approxi-
mation below the peak of interest (see ref./3/). The boundary conditions
for this step function are taken from the adjacent background windows.

3) Determination of peak centroids for the peaks of interest using a
gaussian fit to five channels around the peak maximum.

4) Determination of the energy resolution of selected gamma peaks in the
spectrum (FWHM, FWTM FWFM = Full Width at Half-, Tenth-,
Fiftieth- Maximum).

5) Calculation of net-peak counts by channel-content summation of the
background-corrected spectra within a window 2.2. FWHM units wide
around the peak centroid.

A typical print-out of the evaluation program is shown in fig. 6.

3.2. Correction for pulse losses

Gamma-spectromectric 235U abundance measurements are based on the
accurate determination of the characteristic 185 keV gamma counting rate.

Therefore, dead-time and pulse pile-up causing counting losses in the measured
185 keV peak require careful corrections. Countermeasures and correction
methods are described in detail in ref. /1/. One of the proposed methods is the
normalization of the 185 keV counting rate relative to the counting rate observed
in a reference peak. In the following two subsections we discuss the stability of the
reference peaks in vur measurements and the correction procedure finally applied
in our data evaluation.

3.2.1  Stability of reference peaks

Pulse losses can be corrected for if we relate the counting rate in the peak of
interest to the counting rate in a reference peak. However, a prerequisite for this
method is that the input counting rate of the reference source is extremely
constant or can be exactly measured. If we assume that the reference pulses
underly the same counting-loss process as the peak events of interest do, then we
can simply normalize the counting rate observed in the peak of interest to a
constant counting rate in the reference peak, e.g., if the reference-peak counting
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rate observed in an actual measurement is 10% higher than in the reference run
we have to divide all peak counting rates in this spectrum by a factor of 1.1, etec.
Note however that in contrast to random gamma pulses the assumption of an
identical pulse-loss behaviour for all pulses processed is not exactly fulfilled in
case of a periodically running electronic pulser since such pulser pulses cannot
pile up with each other. This will be discussed in the next Sub-Section 3.2.2.

In our measurements we have used two different reference-pulse sources:

1. a 241Am gamma source attached to the collimator at a fixed distance
from the detector, and

2. an electronic pulser fed into the test input of the preamplifier.

As mentioned above the normalization procedure to a reference peak necessitates
a very stable input pulse rate to the counting system: Instabilities in the input
pulse rate of the reference source will directly propagate into instabilities of the
normalized counting rate in the peak of interest. It is therefore of utmost im-
portance to verify the stability of the input pulse rate of the reference source.

Normally one cannot directly observe the input pulse rate for a gamma
source. In this case one has to provide an invariable counting geometry and a
gamma source with a comparatively long half-life in order to assure a constant
input rate. In contrast to this, for an electronic pulser one can measure exactly the
input pulse rate by means of an external counter and timer. These steps have been
taken for both reference-pulse sources used as described in Chapter 1 of this paper.

Besides the pulse-rate constancy also the stability of the input amplitude of
the reference pulse has to be observed. Whereas this is assured from physical
principles of the detection process in case of a gamma source it may pose problems
in case of an electronic pulser. As schown in Table D 1 in Appendix D we have
indeed observed a slow drift in the amplitude of the pulser corresponding to a shift
of the pulser-peak position of T 4 channels in the spectrum during the measure-
ment period. In contrast to this the positions of the two gamma peaks at 59 keV
and 185 keV which have been used for digital stabilization purposes have been
found to be extremely stable: The RMS deviation from the mean value of the
respective peak positions was only 2% of a channel through all measurements
performed. Also the stability of the energy resolution of the system or, corre-
spondingly , of the peak-shape parameters is of particular interest. Variations of
these parameters have been observed in our measurements too, as shown in
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Fig. 7 Relative deviations of uncorrected peak counting rates from their respective

mean values shown for the pulser peak, the 59 keV peak of 241Am and the
185 keV peak of 235U (normalized to 1 % 235U/U isotope abundance)

Tables D2 and D3 in Appendix D. It should be noted that in our particular data
evaluation program instabilities of peak position and energy resolution play only
a secondary role because the position and width of the integration windows are
always adjusted to the actual peak maximum and FWHM determined for each
peak and each measurement individually.
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Facing the impossibility to observe the gamma input rate directly we have
plotted in fig. 7 the relative deviations of three output counting rates from their

respective mean values as a function of the measurement date. These output
counting rates refer to the uncorrected net-peak areas evaluated from the spect-
rum and to the live-time of the corresponding measurement. The figure shows
from top to bottom the pulser counting rate, the counting rate in the 59 keV peak
from the 241Am reference source, and the 185 keV peak counting rate normalized
to 1% 235U/U abundance. The error bars given refer to the uncertainties in the
background subtraction and to counting statistics.

Ideally all three counting rates should exhibit a similar behaviour since
they all suffer from the same pulse-loss mechanism. Fig. 7 clearly demonstrates
that this was not observed. Whereas the 185 keV counting rate was fairly stable,
the counting rates in our "reference peaks” show variations of about * 0.5%, and
these variations are not correlated. From this finding we must conclude that our
reference sources are not sufficiently stable to be used for normalization purposes.
In case of the pulser the variation of the true input rate (measured by an external
counter/- timer) is also shown in fig. 7 in form of a histogramme. A comparison of
both pulser rates demonstrates that the observed variation of the pulser rate is
really caused by frequency instabilities of the electronic pulser. The observed
instability of the 241Am reference source was somewhat discouraging as we had
taken a lot of efforts to keep the counting geometry stable. The effect may be
explained by the extreme sensitivity even to small distance variations if detector
and source are located in close vicinity and a 2n geometry is used. We must
conclude that the detector position relative to the flange of the detector cap that
serves as reference point for the position of the gamma source is not invariably
fixed but is susceptible to the filling level of liquid nitrogen and to mechanical
schocks.

Therefore, a simple counting-loss correction by normalization to a reference
peak could not be performed for the present measurements due to the apparent
instabilities of our reference sources that are far away from the desired accuracy
level. However, in case of the pulser we have observed both the true input rate and
the peak counting rate in the MCA spectrum. The ratio of these two values can
give the required information for pulse losses. This method has already been
mentioned in ref. /1/ for normalization to randomly triggered pulsers. It will be
discussed in more detail in the following Sub-Section.
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3.2.2 Dead-time and pile-up correction

This Sub-Section gives some more information on the impact of system
dead-time and pile-up effects on the result of the 235U enrichment assay and it
describes the correction procedure applied for the present REIMEP-86 UFg mea-
surements.

As shown in the previous section the direct normalization of the value of
interest - here the 185 keV peak counts - to a reference peak failed due to
instabilities (geometrical and electronic, respectively) of both reference sources
used for the measurements. In order to further investigate the effect of counting
losses, fig. 8 shows again the relative deviation of the uncorrected 185 keV peak
counting rates from their mean value, this time along with the total gamma
counting rate observed for the corresponding measurements. The 185 keV
counting rates have been normalized to 1% 235U abundance, the mean values of
successive measurements of identical samples are indicated by dashed lines.
Though somewhat hidden in the counting statistics one can clearly observe an
anticorrelation between total gamma counting rate and 185 keV peak counting
rate, i.e., with increasing total gamma counting rate the 185 keV counting rate
decreases, the effect is about 0.2% for a variation of the total counting rate by
130 cps only. Considering our goal of highest possible assay accuracy this effect
cannot be tolerated, thus we have to look more carefully for the interdependence of
total counting rates and peak counting rates.

Fig. 8 shows also the percentage correction finally applied to the observed
185 keV peak counting rates, anticipating the results of the considerations in this
Sub-Section. The corrected peak counting rates are calculated from

T185 185 . ]
corr Npeak Cel (31)

where the correction factor C,; is derived from the true pulser input rate p and the
pulser-peak counting rate Ppeak obtained from the spectrum accumulated during
the measurement live-time :

C,=5— 7 (3.2)

Note that capital letters (N, P, N, P, ) describe counts and counting rates, respectively,
observed in the MCA spectrum, whereas small letters (1, p) denote true input counting rates
that would be observed with ideal electronics not suffering from dead-time and pile-up
effects.
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Fig.8 Total gamma counting rate, variation of uncorrected 185 keV peak
counting rate (normalized to 1 % 235U abundance) and correction for
counting losses versus counting date

A more detailed description of the notation is given below. It can be estimated
from fig. 8 that this correction reduces the counting rate dependence of the
185 keV peak rate significantly. Note the different scales in fig. 8 for the 185 keV
counting rate variation and the correction, respectively.

In the following we discuss a simple model for a better quantitative under-
standing of the impact of dead-time and pile-up effects on the peak counts in
gamma peak and the pulser peak, respectively. We follow here to some extent the
arguments and considerations given in ref. /4/. Let us first define some relevant

terms:

— dead-time TD
is the sum of all time intervalls during that the system is not ready to accept
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incoming pulses because it is busy with processing and storing of a previous
event, thus causing counting losses for those events that occur during the
dead-time. Dead-time effects increase with increasing total input counting
rate. Since in our pulse processing system we have no pulsed feed-back
preamplifier and no pile-up rejector, the system dead-time is determined by
the characteristics of the ADC/MCA only.

- live-time TL
is the sum of all time intervals during which the system is ready to accept
incoming pulses, i.e., when it is not busy.

—  real-time or clock-time TR

is then simply the sum of live-time and dead-time.

— live-time operation of the MCA

is available for most MCA's: In this mode the high frequency part of the
system timer clock is gated off during dead-time thus prolongating the real
counting time by the dead-time. The live-time operation mode eliminates
dead-time effects almost completely if the time distribution of incoming
pulses is governed by Poisson statistics which can be assumed for gamma rays-
from radioactive decay of istotopes with long half-lives. This dead-time
correction method fails, however, for non-random events like periodically

running pulsers as shown below.

~ real-time operation of the MCA

is based on a continuously running system clock in contrast to live-time

operation where the system clock is gated off during dead-time.

—  pulse pile-up
is observed when the time interval between two or more succeeding pulses is
so short that the pulses will partly or totally overlap and the multiple pulse
presented to the analyzer is treated as one event. Of course, pile-up events

result in distorted pulse amplitudes being analyzed and stored in the MCA
spectrum. Thus an event that would have been registered in the peak if no
pile-up occured is removed from the peak by pile-up. Pile-up will affect the
peak counting rate of gamma pulses and pulser pulses as well.

In our measurements we have operated the MCA always in live-time mode, as
recommended in ref. /1/, however the measurement real-time is also simulta-

neously recorded in the MCA.
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If both the gamma pulses and pulser pulses are presented to the input of the
counting system and the MCA is operated in live-time mode, then the real coun-
ting time TR is simply the sum of the system's live-time T'L and the dead-time due
to processing of gamma or pulser events, TDg and TDp, respectively:

TR =TL+TD, +TD . (3.3)

By definition we attribute to the pulser dead-time all those processed events
where the pulser is involved: undistorted pulser events, pulser events contami-
nated by gamma interference, and gamma events disturbed by pulser interfer-

ence.

First we consider the effect of dead-time and pile-up on the pulser-peak counts
observed in the MCA spectrum. A constant-repetition-rate pulser differs from a
"random” gamma source in two respects:

1) a pulser pulse cannot pile up with another pulser pulse, and

2) a pulser pulse will never find the system busy with processing of a
previous pulser event.

From 1) we conclude that the probability to find an undistorted pulser event is
equal to the probability that no gamma event is observed during the critical time
interval t; around the pulser event which is given by

| _ (3.4)

non —pile — up pulser

where n is the total gamma input rate. The critical time interval ¢; during which
the appearance of another pulse will disturb the amplitude of the pulse being
analyzed, is also called ' pulse-pair resolving time * of the MCA or ' pile-up inspec-
tion time '. Its value depends on the width and shape of the pulses presented to the
analyzer, and on details of the analyzer logic (e. g., pulse-peak detector). As a
rough estimate we can assume that ¢; is equal to the pulse width. We assume that
the pulse widths of gamma- and pulser-pulses are equal. If a pile-up rejector is
used in the pulse-processing chain, its resolving time and internal logic must also
be taken into account.

From 2) we see that the time the pulser will find the system live is just the
real counting time TR minus the time during which the system is busy with the
processing of gamma events (see eq. 3.3):
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TL =TR —-TD =TL+ 1D . (3.5)
P g P

Therefore the number of pulser events expected in the pulser peak during the real
counting time TR is given by
. . —ﬂtl (3.6)
Ppea}z =p TLp. Wnon— pile —up pulser =P (TL + TDp)' € ’

where p is the true pulser input rate that is measured externally by use of a

counter/timer.

The system dead time T'D, due to the processing of undistorted and distorted
pulser events, Ppegk and Pron-peak, respectively, is given by

’I’DP Y N , (3.7)
where t2 is the conversion time of the ADC (inclusive overhead such as latency and
storage time) for an undistorted pulser event, t2’is the corresponding value for
conversion of a distorted pulser event. In order to simplify the calculations we

assume that

ro=t (3.8)

i.e., that the processing time for a pile-up contaminated pulser event is equal to
the processing time for an undisturbed pulser pulse. Whereas this assumption is
justified for an ADC with fixed conversion time, it is not true for a Wilkinson-type
ADC: Pulse summing of unipolar pulses will always cause the amplitude of a
distorted pulser event to be higher than that of an undistorted event, thus resul-
ting in a longer conversion time. On the other hand, considering our definition of
TDp and considering the possibility that gamma- and pulser-pulse do only partly
overlap, it may happen that the peak detector of the ADC will lock on the
amplitude of a leading gamma event being smaller than that of the pulser, thus
resulting in a shorter conversion time. This time jitter of t2'depends on peculiar-
ities of the pulse processing system and, to some extent, on the pulse-height
distribution of the spectrum being analyzed. However, for a comparatively small
pile-up probability of less than 1% in our case, eq. 3.8 seems to be an acceptable
approximation.

We further assume that the ratio of disturbed to undisturbed pulser events is
equal for the incoming pulse train and for the corresponding pulser events really
analysed,i.e.:
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-t
1 . B
Pnorz—peak _ l-e nt, (3.9)

- —~nt
Pouk e

and we define the observed pulser-peak counting rate as the number of pulser
events registered in the pulser peak in the MCA spectrum per measurement live-

time :
pooo= R (3.10)

Combining egs. 3.6 - 3.10 we finally arrive at an expression for the observed
pulser-peak counting rate :

-~r'zll
P o=p. — (3.11)

peak 1-pt,

Similar considerations are now applied to counts observed in a gamma peak
in the MCA spectrum, in our case the counts in the 185 keV peak originating from
the decay of 235U. The probability to find a gamma event not disturbed by pile-up
is given by the combined probability of non-pile-up with a pulser pulse and non-
pile-up with another gamma pulse :

~nt
—(1—pf ). ! (3.12)
non — pile —up gamma a ptl) € ’

using the same notation as above. The time a gamma event finds the system live is
equal to the real-time minus the dead time due to processing of gamma and pulser
events. According to eq. 3.3 the live-time for gamma events is then

TLg =TL . (3.13)

The peak counts in the 185 keV peak observed in the MCA spectrum during real-
time TR, or correspondingly, live-time T'L is then given by :

—nt
N =" L a-pt) e ! (3.14)

where n/85 is the true input peak counting rate that would be observed in the
MCA spectrum with an ideal analyzer exhibiting no dead-time and pile-up effects.
Defining the observed 185 keV counting rate from measured peak counts during

live-time T'L ;
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ns D , (3.15)

we get an expression for the observed 185 keV-peak counting rate:

M= py e (3.16)

Combining egs. 3.11 and 3.16 we arrive at the pile-up and dead-time-corrected
185 keV peak counting rate

. ) 1
s185 _ 185 P :
p (1-pt)(1-pt,)

(3.17)
peak
Comparing eqgs. 3.2. and 3.17 we find that the correction used in our data evalua-
tion and the more exact correction given in eq 3.17 differ by the factor K :

1

K =
(1-pt) (- pt) ’ (3.18)

that describes different counting losses for gamma-peak counts and pulser-peak
counts, respectively. Note that for a constant-repetition-rate pulser (p = const. )
with fixed amplitude the factor K is also a constant because the parameters to =
conversion time for a pulser event, and ¢t; = pulse-pair resolving time are then
fixed characteristics of the pulse-processing system, and do not depend on the
counting rate of the input gamma spectrum. Therefore the correction for pile-up
and dead-time applied in the present data evaluation according to eq. 3.2 seems to
be justified.

It will be of interest to compare the predictions of our model with the experi-
mental results. For this we rewrite egs. 3.11 and 3.16 to present the relative
deviations of the observed peak counting rates from the true input counting rates
for the pulser and the 185 keV peak, respectively. Expanding the expressions into
power series and neglecting nonlinear terms - which can be done for small pile-up
and dead-time effects (about 1% in our case) - we get the following relations for
both peak counting rates:

PP
_E‘_’.f____ = -nt + pl, ,and (3.19)
p L
w185 . 185
A Y (3.20)

. 185 - 1
n
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corrected mean value versus total gamma counting rate (open circles).
Corrected values according to eq. 3.1 are given by closed circles. The
corresponding peak counting rates in units of counts per second live-time
are given on the right-hand scale.
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Eqgs. 3.19 and 3.20 show that the relative deviations of the observed peak counting
rates from the input counting rates are linear functions of the total gamma input
rate exhibiting the same slope but different offsets. Because we cannot directly
observe gamma input counting rates, instead of n/85 in eq. 3.20 we refer to the
mean value of the corrected 185 keV peak counting rates according to eq. 3.1. Note
that all 185 keV counting rates are normalized to 1% 235U abundance. For the
relative deviation of the observed 185 keV counting rate per % enrichment from

this mean value we obtain :
= -l + pl, 4 (3.21)

Comparing egs. 3.19 and 3.21 we expect the same functional dependence of the
relative deviations for both types of peak counting rates when plotted versus total
gamma counting rate n. The experimental results are displayed in fig. 9 for the
pulser peak (corresponding to eq. 3.19) and in fig. 10 for the 185 keV peak
(corresponding to eq. 3.21). The data points given are mean values of
measurements with same total gamma counting rates, the error bars represent
the RMS errors from repeated measurements. The total gamma input rate n has
been estimated from the total number of events registered in the MCA during live-
time TL reduced by the pulser rate. The straight lines given in both figures have
been obtained from weighted linear least-squares fits of the data. From these fits
we can derive the system parameters ¢; and ¢2 using the mean pulser input rate
p = 140.79 cps from Table D4 in Appendix D:

from fig. 9 from fig. 10
pulse-pair
resolving time: t; = (10 £1)-106s t; =(1213)-106s
pulser-pulse
conversion time: to =(51 %t 4)-106s to = (60 £ 13):106s

Within the error limits the values of ¢; and t2 compare quite well for the two types
of peak counting rates considered indicating that our model is not in conflict with
the experimental results. As expected the corrected 185 keV peak counting rates
in fig. 10 are less dependent on the total gamma counting rates than the
corresponding uncorrected values. Remembering the physical meaning of the
parameters ¢; and tg, the fitted values do not look very unrealistic : As mentioned
above the pulse-pair resolving time is approximately equal to the total pulse
width. For an amplifier shaping time of 1 ps used in the present experiments the
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total pulse width from the fit would then be about 10 times the shaping time which
is a normal value for semi-gaussian filtering. The fitted pulser-pulse conversion
time t2 of about 50 ps also compares quite well to the ADC conversion time of 38 ps
calculated from the ADC manual considering that the latter value does not
include the transfer time to the MCA and the corresponding overhead.

In our data evaluation we have used eq. 3.1 for dead-time and pile-up correc-
tion instead of the correct formula given in eq. 3.17 assuming that the factor K
defined in eq. 3.18 is constant. This assumption is not strictly fulfilled because the
pulser frequency varied by = 0.5% during the measurements. Using the fitted
values of t; and t2 we can get an estimate of the impact of pulser-rate variations on
K and thus on the assay result. From Table D4 in Appendix D we get for the input
pulser rate p and its variations:

p = (140.79 + 0.37) cps P, (#1)  =139.98cps ( -0.58%)

(+ 0.26%) D, (#44)

max 141.46 cps ( +0.48%)
resulting in the corresponding values and variations of K :

K = (1.008611 % 0.000023) K .= 1008561 ( -0.005%)

min

(+ 0.0023 %) 1.008652 (+0.004%)

max

The variation of K is well below our desired accuracy level. Therefore the use of
the more simple dead-time and pile-up correction according to eq. 3.1 isjustified in
our case thus avoiding the evaluation of the parameters ¢, and t, required for the

more exact formulat 3.17,

If - for whatever reasons - the pulser rate is varied strongly then one should
use eq. 3.17 instead of eq. 3.1 for dead-time and pile-up correction. In this case the
determination of the required parameters is possible in a simple way from two

measurements performed in addition to the routine assay :

1) measurement of the pulser alone: p = 0, n = 0, recording TL and TR, and
the background-free pulser-peak counts. From egs. 3.5 - 3.11 we obtain for

this particular case:

_pxak , (3.23)
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, TR - TL
S , (3.24)
1“p€a]e
TL
1 = bt = et . (3.25)
Pl = TR
2) measurement of a gamma source alone (either the actual RM or an

unknown uranium sample) : p = 0, n = 0, recording the net-peak counting
rate (per live-time) of a prominent gamma peak, here the 185 keV peak of
the uranium sample. From eq. 3.16 we get

- 185 _ s T (3.26)
without pulser

3) routine measurement with pulser and gamma source (same sample as in
measurement 2 must be used - equal n): p # 0, n = 0, recording net-peak
counting rate (per live-time) of same gamma peak asin 2). Now we get

* 185 . 185 -y ' (3.27)

with pulser =n - —pll). ¢

From eqs. 3.26 and 3.27 we obtain the desired values of (1 - pt,) and ¢, :

°r 185
ith puls
1 -pt, = with pulser Cand (3.28)
1 °r 185
without pulser
185
= ]_ (] Nwilhpulser i (329)
175 T8 ) '

without pulser

Once the constants ¢, and t,are known one can do the corrections of further routine
assays according to eq. 3.17 using the true pulser input rate p and the pulser-peak
counting rate Ppeak recorded in the MCA spectrum.
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Summary of Section 3.2 :

For highly accurate gamma-spectroscopic 235U enrichment assays the count-
ing losses due to pulse pile-up and system dead-time must be corrected for, even at
the comparatively low counting rates observed with this NDA technique. The
simple correction by normalizing the peak counting rate of interest to a constant
peak counting rate in a reference peak failed in our measurements due to insta-
bilities of the reference sources used (241 Am and electronic pulser).

The counting-rate instability of the reference gamma source attached to the
collimator is most probably caused by small distance variations between source
and detector during the measurements. The counting geometry used - small
source-to-detector distance and 2n radiation characteristic of the gamma source -
is extremely susceptible to distance variations. Instead of this geometry we will
use in future measurements a highly collimated gamma reference source with the
beam axis directed towards the center of the detector crystal hoping to arrive at a
better counting rate stability.

The dead-time- and pile-up-correction with reference to an electronic pulser is
possible and was applied for the data evaluation presented in this paper. However,
due to frequency instabilities of the pulser used this could be achieved only at the
cost of an external counter/timer for the determination of the true pulser input
rate. Therefore it seems to be desirable to put a special wish on the "letter to
Santa-Claus”, i.e., the electronics industries, namely to provide a real "high-
precision” pulser with a guaranteed stability of better than 10-4 in repetition rate
and amplitude under all working conditions (temperature, line voltage), quartz-
controlled with digital parameter selection (avoiding error-prone switches and
pot's) and with selectable rise- and fall-time to allow the matching of pulser pulses
to the shape of gamma pulses.
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3.3 Calibration

Once the correction for pulse losses due to the counting electronis and for
wall-thickness differences are made as described in the previous sections we ex-
pect a linear relationship between the corrected 185 keV peak counting rate and
the 235U/U enrichment :

enr% = A- N 4+ ¢ , (3.30)

corr nt

where the parameter C;,; accounts for interfering gamma rays from the decay of
the 238U daughter 234Pa. For low enriched uranium and 234Pa being in secular
equilibrium with 238U (about 30 days after chemical separation) the value of Cint
is estimated in ref. /1/ to

C. = 0.001 (enr%)

mn

The determination of the parameters A and C;,; for the assay system to be
calibrated is generally performed by measurements of suitable reference mate-
rials with known 235U/U abundance. For our calibration measurements we have
used samples #194, #295 and #446 of the set No. 008 of the Reference Material
EC-NRM-171/NBS-SRM-969 that is specially designed for gamma-spectrometric
235U enrichment assay (quasi-infinite samples) and exhibits very tightly
specified 235U/U abundance values and a well characterized sample canning
(see Appendix E).

The sequence of the calibration measurements with embedded measurements
of the unknown UFg sample is given in Table 5. The table also shows the number
of repeats and the preset live-time for each measurement. In order to test the
stability of our assay system we have subdivided the series of measurements into
two groups : group 1 comprises measurement #1 to #46, group 2 measurement
#47 to #61. The data evaluation, the calibration and the determination of the
235U enrichment have been performed for both groups independently. In addition
to this we have done the evaluation also for all measurements #1 to #61 together,
resulting in three different data sets being used. The corresponding total counting
times and the total number of 185 keV peak counts accumulated are displayed in
Table 6 which may give an impression of the effort spent for the measurements in
the present REIMEP-86 exercise.



- 34 -

TABLE 5 MEASUREMENTS PERFORMED WITH CALIBRATION SRAMPLES
AND REIMEP-86 UF6 SAMPLE.

_____________ JE o ——

COUNTING TIME

MERSUREMENT ' MNUMBER OF ! SAMPLE '
R ' REFEATS ! : (SECONDS)

————————————— + - o e +

# 1 ~ #1@ ! 1@ ' ORM 4.5 % ! 20 600

#11 ~ #Z9 ! i ' RM 3.8 X ! 3@ Q@0

#zl - #zZ0 ! 1@ ! ORM 2 0 2 ! 45 oee

#30 ~ #46 ¢ 1@ 163% ! UFE ! 39 eee
i + )

Ray — msi ! s ¢ RM 4.5 % ' 20 eoe

#52 - HSE ! s ¢ UFs ' 30 008

#EF ~ HEL ' s ' ORM 2B 2 ! 39 oee

————————————— e + +

TABLE 6 TOTAL COUNTING TIMES AND TOTAL 185 KEV NET COUNTS
ACCUMULATED IN THE MCA SPECTRUM.

DATA SET ! COUNTING TIME ! 185 KEY COUNTS
! CHOURS> (MILLION COUNTS)

1 : FIRST 4@ 46>+ MEASUREMENTS

(R T

CALIERATION RUMS (20> ! 278. 1 H 23. 8 MIo

UFE RUNS (10/16%) !85. .1 H (1361 H> 9.2 MIO <44.7 MIOD
FLL RUNS (407464 ) ' 355 2 H (4863 H> 33.1 MIO <38.6 MIOO
2 © LRST 1S5 MEARSUREMENTS !
—————————————————————— + +

CALIBRATION FUNS (18> ! 71.1 H ! 8 @8 MIO

UFE RLUNS (55 ! 425 H ! 4.6 MIO

HLL RUNGS <A5> ' 11E 7 H ! 12. 6 MIO

I ALL S5 613w MERSUREMENTS !

T e e e e e e o e ———_—— e o ———

LHLIBRATION Ryne 1241 4 M ' 22,0 MIO

UFS RUNS (AS/2440 V426 H (478 7 Hy P 42,7 MIO (18 2 MIODD
HLL RUMS (S5/61+> 468, @ H  (520.@ H> ! 43 7 MIO (S1 2 MIO>

1
+

#3 FOR MEASUREMENTS #3235 TO #4060 THE EXTERNALLY DETERMINED TRUE COUNTING
RATE OF THE FULSER HAYE NOT BEEN RECORCED DUE TO A PRINTER FAULT
THEREFORE THESE MEASURENMENTS HAVE BEEN INCLUDED IN THE EVALURTION
FROCEDURE ONLY IN THOSE CARSES WHERE MO MNORMALISATION TO THE PULSER
COUNTING RATE 15 FERFORMED. THE CORRESPONDING COUNTING TIMES AND
TOTAL 123 KEY COUNTS ARE GIVEN IM BRACKETS.

The calibration has been performed following the procedure given in Section
5.4.3 in ref. /1/ and outlined in the BASIC program ER2FIT in Appendix E of
ref./1/. Only minor changes have been made to the version of ER2FIT listed in /1/:
The variance and covariance values are not multiplied by omega-square, and
omega-square is set arbitrarily to 1 if the degree of freedom is zero. The program
ER2FIT calculates the linear least-squares-fit solution for the parameters A and
Cint in eq. 3.20 taking into account that both variables - the stated 235U
enrichment value and the 185 keV counting rate - are subject to errors. The former
uncertainties have been taken from the certificate accompanying the Reference
Material (see Appendix E of this paper). Note that the program ER2FIT expects
the errors at the 1 o level as input so that the uncertainties given in the certificate
at 2 o have to be divided by a factor of 2.

When using the program ER2FIT one should consider that it is based on the
assumption that all input values are independent from each other. In repeated
measurements this condition is not fulfilled for the observations of the 235U

enrichment and of the wall thickness because these values are unique for a
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particular sample and they are not determined independently anew for each
repeat in contrast to the gamma counting rate. It is therefore recommended to
evaluate first the mean values of 185 keV counting rates from repeated
measurements of each particular sample and then to use these mean values as
input to ER2FIT in order to provide independence of input data and to arrive at
correct error estimates of the calculated fit parameters.

Two independent error estimates have been obtained for the counting statis-
tics in the 185 keV peak : 1. from the peak evaluation of the spectral data for each
measurement, 2. from the variance of repeated measurements. Though the
differences of both error estimates turned out to be comparatively small we have
performed the calculations for both types of error estimates separately. Note that
the uncertainty from the wall-thickness determination has to be added to the error
due to counting statistics to arrive at the total counting-rate error being input to
ER2FIT.

In order to investigate the impact of the various corrections applied we have
further carried out the data evaluation with and without correction for counting
losses, and using both the wall-thickness values from the data sheets and from our

own ultrasonic measurements.

The different data-evaluation conditions can be grouped in the following

scheme ;

a) no correction for dead-time and pile-up effects,

correction for dead-time and pile-up,

b) wall-thickness correction from data sheets,
wall-thickness correction from own measurements,

c) counting errors from peak evaluation,

counting errors from repeated measurements,

d) measurements #1 to #46 only,
measurements #47 to #61 only,
all measurements.

Out of these conditions all possible combinations have been formed resulting in 24
different data sets. For each of these data sets the calibration and the evaluation of
the 235U/U abundance has been performed individually.
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The input data and the results of the 24 calibration runs are given in Appen-
dix B. The tables and printouts are self-explaining and do not require detailed
comments. The Tables B1 to B4 in Appendix B display the corrected 185 keV
gamma counting rates of individual calibration measurements evaluated
according to combinations of conditions a) and b) given above. The errors are given
at the 1 o level. Besides the total error of the 185 keV peak counting rate also its
two constituents are shown : the error due to counting statistics and the
uncertainty from the wall-thickness correction. The statistical counting error is
taken from the spectrum evaluation of a single measurement. It comprises the
variance of the peak counting rate, the error from background subtraction and the
error from pulse-loss corrections if applicable. The tables B1 to B4 also show the
stated 235U enrichment values of the respective Reference Material used. The
given 235U enrichment uncertainties refer to the 1 o errors from the Certificate.

Following each of the Tables Bl to B4 the unweighted mean values of the
185 keV counting rates from the Reference Materials involved are listed along
with the associated errors (two types of errors according to condition ¢ above). The
calibration has been performed for three different groups of measurements (see
condition d above), so that finally from each of the Tables D1 to D4 six different
sets of calibration parameters have been derived.

Note that in the printouts of the programme ER2FIT given in Appendix B the
calibration parameters A and C;,, of eq. 3.20 are denoted as "slope” and "offset”,
respectively. The variance and covariance values of "slope” and "offset” are shown
at the end of the respective printout and will be used to determine the calibration
error at the 185 keV counting rate of the unknown sample as described below.

The quality of the fits - i.e., the consistency of the data and of the associated
errors with the assumption of a linear model including a fixed gamma-interfer-
ence term Cjp; = 0.001 - has been tested as described in Section 5.4.4 in ref. /1/:
All fitted values of C;n; passed the t-test, and also the omega-square test - if
applicable. It shows that our data are in good agreement with the assumed linear
relationship between the 185 keV gamma counting rate and the 235U/U
abundance.
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4. EVALUATION OF 23%U/U ISOTOPE ABUNDANCE

The 235U abundance is obtained by inserting the corrected 185 keV gamma
counting rate observed from the measurement of the unknown sample into eq.
3.30 given in the previous Section using the parameters A and Cjn; from the
corresponding calibration run. Note however, that we have to account for different
gamma attenuation in the UFg samples and the U3zOg Reference Material used
for calibration of the assay system. This matrix attenuation correction factor

Km = 1.0231 (normalizes UF6 to U308)

has to be applied to the corrected 185 keV gamma counting rate of UFg material in
order to normalize it to the 185 keV counting rate of U3Og - the material used for
calibration. The value of K, given is taken from the data sheets REIMEP-86
App. 7 (see Appendix E of the present paper). A possible error for the matrix
attenuation factor K,, is not accounted for in the present data evaluation.
Normalization of the 185 keV counting rate from the UFg sample is done by
N=:K - N1 , (4.1)

1 corr all

where N’# isthe observed 185 keV counting rate corrected for wall-thickness
differences (see Table 4) and - if applicable - for counting losses due to pile-up and
dead-time (see egs. 3.1 and 3.2). Using the abbreviation

C=:Cyy (4.2)
and eq. 4.1 we arrive at a corresponding form of eq. 3.30 for the UFg samples:

enr%=A- N+C (4.3)

where the calibration constants A and C must be taken from the particular
calibration run observing the same evaluation conditions. The error estimate for
the 235U/U abundance obtained from eq. 4.3 is given by:

Aenr% = \/Az- AN+ N?- varA) + 2N- covlA, ©) + varC) (4.4)

The uncertainty of the 185 keV counting rate AN comprises both the counting rate
error and the wall-thickness correction error as well. The variance and covariance
values are taken from the corresponding calibration runs. The first term of the
square root in eq. 4.4 represents the error due to the measurement of the unknown
UFg sample, the remaining three terms are considered as calibration error.

The 235U/U abundance of the unknown UFg sample has been determined
following the same scheme of evaluation conditions as outlined in the previous
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Section. Therefore we obtain 24 different 235U/U values for the UFg sample
according to the selection of various data sets and of various corrections applied
using the corresponding 24 sets of calibration constants evaluated under same
conditions.. The calculations are documented in Appendix C. The tables and
listings given are mostly self-explaining, they show the corrected 185 keV
counting rates of individual measurements of the UFg sample, the associated
errors, the mean values of the counting rates and the 235U/U abundance values
finally obtained. Besides the estimate of the total error of the 235U enrichment
also the two constituents - measurement error of UFg sample and calibration
error, respectively - are listed in Appendix C.

TABLE 7 235U ¥ ABUNDANCE VALUES OBTARINED FROM OQAMMA-
SPECTROMETRIC MEASUREMENTS OF THE REIMEP~-86
UF6 SAMPLE USING DIFFERENT DATA SETS AND OB-—
SERVING VARIOUS DATA-EVALUATION CONDITIONS.
ESTIMATES OF TOTAL ERRORS AT 1 SIGMA LEVEL
(68 X CONFIDENCE> ARE GQGIVEN BELOW 235U AB-
UNDANCE VYALUES AT CORRESPONDING DECIMALS.

DATAH DATA DATA
COMDITIONS QF FROM FIRST FROM LAST FROM ALL
CATA EVALUATION MERSURE- MEARSURE~- MEASURE~

I

[

MENTS ONLY MENTS ONLY MENTS

COUNTING-ERROR ESTIMATES FROM SPECTRUM EVALUATION

t
MO COUNTING TIME CORRECTION, ! 3. 5046 3. Seve 3. 5034
THICKNESS FROM DATA SHEETS H &g 23 15
1
MO COUNTING TIME CORRECTION, H 3. 5854 3. 5009 3. 5042
THICKMESS MEASURED AT KFK ! 16 24 i5
1]
COUNTING TIME CORRECTIOM, ! 3. See7 3. 4970 3. 4996
THICKMESS FROM DATR SHEETS H 20 26 17
1]
COUNTING TIME CORRECTION, ! 3. 314 3. 4973 3. 5004
THICKNESS MEASURED AT KFK 4 19 26 1?7
L}

COUNT ING-ERROR ESTIMATES FROM REFEATED MEASUREMEMTS

i U Gy A S

f it te v e e e v it e o sim et i ittt e e e e e e e =

o —— - +

! !

! MO COUNTING TIME CORRECTIOM. ! 3. 5049 2. Seed 3. 5e36

! THICKMESS FROM DATA SHEETS ! ie 22 i6

1 '

! MO COUNTING TIME CORRECTIOM, ! % 085S 2. Gowsa 3. 5043

! THILEHESS MERSURED AT KFK ! 17 22 15

1 1

! COUNTING TIME CORRECTION, ! 3. Sees 34970 3. 4997

! THICKNESZ FROM DRTA SHEETS ! 17 21 15

' t

J COLMTIMNG TIME CORRECTION, ! 3. 5816 3. 4379 3. 5005
! THICKNESS MERSURED AT KFK ! 17 24 15
' '

* 235U 2 ABUNDANCE YALUE AND ASSOCIATED ERROR REPORTED TO CBNM GEEL

The results of all 24 calculated 235U/U abundance values and the associated
errors at the 1 o level are summarized in Table 7 along with the matching data-
evaluation conditions. It can be seen from Table 7 that the differences of
corresponding 235U/U abundance values calculated with the two counting-error
estimates (type I: from spectral evaluation of single measurements and type II:
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from the variance of repeated measurments), are very small. They correspond to a
mean bias of

Bias (counting error estimate II/I) = + 0.0001 enr% (+0.003 % rel.)

for counting-error estimate type II as compared to type 1. This difference is
considered as statistically not significant. It demonstrates that both types of
independent error estimates are in good agreement. Thus in the following we have
somewhat arbitrarily used the mean value of the 235U/U abundance and of the
associated errors obtained with the two different types of counting-error
estimates. Also the graphic presentation of the assay results shown in fig. 11 and
the final 235U/U abundance value reported to CBNM Geel refer to these mean
values.

From Table 7 we can also extract information on the impact of the two differ-
ent types of wall-thickness corrections performed (see Chapter 2): type I: all wall-
thickness values from data sheets, and type II: all wall-thickness values from own
ultrasonic measurements,. The resulting biasis

Bias (wall-thickness corr. /'II) = - 0.0008 enr% (~0.023 % rel))

with correction type I as compared to correction type II which is finally used for
the reported 235U/U abundance. It should be noted here again that we had
difficulties in measuring the wall thickness of the monel bottom of the UFg sample
(see Chapter 2): Our measured value was about 3 pm thicker than that of the
reference monel disk supplied with the REIMEP-86 sample, whereas the data
sheet indicates identical thickness of both monel items with uncertainties of 1 pm
only. Assuming same wall thickness for the UFg sample bottom and for the
reference monel disk, and using the thicknes values from our own measurements
in all other cases we arrive at a third type of wall-thickness correction. Compared
to this correction our reported 235U/U abundance value has a positive bias of

Bias (wall-thickness corr. II/IIT) = + 0.0014 enr% (+ 0.04 % rel.).

This demonstrates that the thickness of the counting window of the sample to be
measured must be very carefully controlled in order to arrive at highly accurate

assay results.

The most important contribution to systematic errors in the present meas-
urements is due to dead-time and pile-up effects. Table 7 shows that the 235U/U
abundance values calculated without counting loss correction exhibit a positive

bias of

Bias (without/with counting loss corr.) = + 0.0036 enr% (+ 0.1 %).
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Therefore, counting-loss corrections should be applied to the measured 185 keV
peak counts even at the comparatively low counting rates normally observed with
gamma-spectrometer assays of low enriched uranium samples.

3510 O #1-#L6
o HLT-H61
& all —1+0.2%
o}
- 3505 e} o . -
N ! 4+0.1% 3
@ R
g ! 2
© ( =
5 ’J ¢* o 8
= 3500 o ) €
[ 73 n o
s &
s n] S
- ! J01% B
2 3
m.,? o
~ 3495
4-0.2%
1 2 3} L)

Fig. 11 235U/U abundance of the REIMEP-86 UFg sample obtained from
different measurement-data sets using various corrections. Errors are

given at the 2 o level (95 % confidence).

1) No counting-loss corrections, wall thickness from data sheets
2) No counting-loss corrections, wall thickness from KfK measurements
3) Correction for counting loss, wall thickness from data sheets

4) Correction fro counting loss, wall thickness from KfK measurements

*235U/U abundance value and associated error reported to CMNM Geel

It may also be of interest to observe the time dependence of the assay results.
Though the number of measurements is too small to get valid information at the
desired accuracy level we may compare the 235U/U abundance value obtained
from the first 46 measurements to that independently evaluated from the last 15
measurements. The former value is about 0.1 % higher than the latter one. This
difference is slightly outside the range expected from the counting statistics,
however it does not give a clear indication for a time dependence of the méasure-
ment results.
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The results shown in Table 7 obtained from different data sets, different
evaluation conditions and different corrections applied are displayed in fig. 11.
The data given in the figure are mean values of the corresponding data in the
upper and lower half of Table 7. The error bars shown present the total uncer-
tainty of the 235U/U abundance values at the 2 o level (95 % confidence) in
contrast to Table 7 that gives the errors at the 1 o level. These errors comprise the
stated uncertainties of the 235U/U values of the Reference Material used for
calibration, the uncertainties introduced by wall-thickness corrections, counting
statistics and, if applicable, by pulse-loss corrections. The certified 235U/U
abundance value for the REIMRP-86 UFg sample and its error are indicated by
horizontal lines in fig. 11, the relative deviations from this value are given on the
right-hand scale in the figure.

The data shown in fig. 11 clearly demonstrate that pulse losses due to dead-time
and pile-up effects contribute in our measurements the most important fraction to
the systematic error. Applying pulse-loss corrections and using all measurement
data we finally arrive at three different values of the 235U/U abundance of the
REIMEP-86 UFg sample according to different data for the container-wall
thickness:

1. Wall-thickness values from data sheets:
3.4997 * 0.0033 % 235U/U

2. Wall-thickness values from measurements at KfK:
3.5005 £ 0.0031 % 235U/U

3. Wall-thickness values from measurements at KfK, except for the
monel bottom of the UFg sample whose thickness is assumed here to
be identical to that of the monel calibration disk:

3.4991 £ 0.0031 % 235U/U.

Closing this Section, Tab. 8 shows the contribution of various errors to the
final accuracy of the gamma-spectrometric 235U/U abundance determination of
the REIMEP-86 UFg sample given in terms of absolute and relative errors at the
2 0 level. It can be deduced from Table 8 that in our measurements we have
brought down the counting error to the same magnitude as the contribution of the
remaining uncertainties. Further, it can be seen that the errors due to the cali-
bration and due to the measurement of the unknown sample, respectively, are
approximately equal. Note however that an extremely long counting time of about
500 hours was required to arrive at this goal.
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TABLE 8 CONTRIBUTION OF VYARIOUS ERRORS TO FINRL ACCURACY
0OF THE GAMMAR-SPECTROSCOPIC 233U ABUNDANCE DETER-
MINATION OF THE UF6 SAMPLE REIMEP-86.
CUNCERTAINTIES ARE GIVEN IN TERMS OF ABSOLUTE AND
RELATIVE ERRORS AT 2 SIGMA = 95 X CONFIDENCE. >

! ABSOLUTE 235U RELATIVE 235U

SOURCE OF ERROR ! ABUNDAMCE ERROR ABUNDAMNCE ERROR
! (3, 5005 +- ... <7D
_________________ — e e o e
1> ERRORS DUE TO PHLIEPHTION USING REFEREMCE MATERIALS

___________________ - - o o o s e e 5 s -t e o s o B B s o
ERROR DUE T UNCERTAINMTIES !
OF MRM 235U ABUMNDAMCES += B, 0016 Q. 046 «
ERROR DUE TO THICKMESS
UHCERTHINTIES OF MRM BOTTOMS +— B, 8eay 8 821 %

]

[}

t

H

i

COUNTING ERRORS !
FROM PEAK EMALUATIONS : +- 0. 8015 0. D44 %

1

]

1

]

]

1

(FROM REFEATED MEASUREMENTS :>! ¢ +—- @ 0917 B. 8586 X
ALL CALIBRATION ERRORS ! ’

AT 2.5 ¥ U225 ABUNDANCE +- @, 0az3 ] Q. 867 X%
(SEE ABOVE> { +- O, BA2J . @ 074 ¥ >
_______________________________ .

Z»  ERRORS DUE TO UF6 SAMPLE MEASUREMENTS
_______________________________ e ot S o o o S . B B G G B S . Y i D O P s S A U 0 R O et et
ERROR DUE TO THICKMESS UMCERT- !

AINTY OF UFE SAMFLE EOTTOM ' +- 0. 6RO 0. 826 X
]
COUNTING ERRORS !
FROM FERK EYRALUAT IONS ! +—~ @, 0az1 0, 0614 %

{FROM REFERTED MEARSUREMEMNTS :); ¢ +- Q. 981X 8. 826 % >

ML ERRORL FROM REIMEF—-26 !
LIFS SAMFLE MEASUREMENMTS ! +- 0, 0823 @, B66 %
CSEE ABOWEDR ! ¢ += 0Q, 68415 0 044 X >
'
——————————————————————————————— +——-——————-————————-—————u——————-—--—-—————-—
2) ERROR CONTRIBUTION OF BOTH CHLIBRATION- RND UFS-MEHSUREMENTS
_______________________________ [ i e
ALL ERRORS EXCEFRT !
COUNTING ERRORS ) ! +~ ©. 0020 . 857 %
i
OHLY COUNTING ERRORS !
FROM FERK EVALUATIONS ! +- 0, 8Oz6 8. 675 %
CFROM REFPERTED MEASUREMENTS 3! ¢ +— 0. @8zi 8. 864 % >
i

________________________________ e — i - ——
v o b b o e o e e s MR S e o o b o s b o o o s s o MR o e e o o s s o i e s o i i o i R o ik ok e o s R R i ook v dOROR R K

1
TOTAL ERROR +- 9, B33 9. 854 %

YALUES IM ERACKETS REFER TO

COUNTINF—ERRUR ESTIMATES
FROM REPEATED MEASUREMENTS. o

{ +~ 0. gO29 e. 084 % O

i
1
3
.
Y
t

. — s o i S G ey S - — o -

) DOESH/T IMCLUDE UNCERTAINTY OF THE MATRIX CORRECTION FACTOR
KM = 4. 8224 GIYEM IM REIMER-86 APP. 7/AFP. NDA-1 THAT ACCOUNTS FOR
DIFFEREMT GAMMA AESORPTION IM THE UFE SAMPLE AND THE U208 NRMS,
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SUMMARY AND CONCLUSIONS

The REIMEP-86 exercise has shown that gamma-spectroscopic 235U/U
abundance measurements can deliver assay results with a relative accuracy of the
order of 0.1 % at the 2 ¢ level (95 % confidence). This accuracy can only be achieved
when the assay system is calibrated with adequately specified reference material.
In our measurements the calibration was performed using the Reference Material
EC-NRM-171 for gamma-spectroscopic 235U enrichment assays providing a
certified accuracy of about 0.05 % relative with respect to the 235U/U isotope

abundance.

The ”enrichment-meter” principle applied for the measurement is based on
the exact determination of the characteristic 185 keV gamma-radiation intensity
emitted from a “quasi-infinite” 235U bearing sample. The method is therefore
susceptible to violations of the ”quasi-infinite” sample condition, to varying
gamma attenuation in the counting windows of the sample containers used, and to
counting losses introduced by the electronic pulse-processing. A general scheme
for the selection of counting geometries providing the “quasi-infinite-sample”
condition is given in Chapter 1 of this report. The counting set-up used for the
present measurements assures this condition for all samples assayed. The wall
thickness of the sample containers used - Reference Material and UFg sample as
well - have been remeasured at KfK by means of an ultrasonic thickness gauge
(Chapter 2). The final 235U/U abundance value of the REIMEP-86 UFg sample
reported to CBNM Geel refers to these measured thickness values. The evaluation
of the 185 keV net-peak counting rate and the correction for counting losses are
described in Chapter 3 of the report. It should be noted that the counting-loss
correction contributed the most important fraction to all corrections applied to the

raw measurement data.

The total counting time spent for the measurements presented in this report
was about 500 hours, more than 50 000 000 counts have been accumulated in the
185 keV peak of the measured spectra. The best value of the 235U/U abundance of
the REIMEP-86 UFg sample - evaluated from our measurements and reported to
CBNM Geel was

3.5005 * 0.0031 % 235U/U (measured at KfK)

where the total error is given at the 2 o level, ie., the true 235U/U abundance value
is expected to be enclosed within the error limits with a probability of 95 %. The
total error given comprises uncertainties due to counting statistics, due to wall-
thickness measurements and due to the limited accuracy of the Reference
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TABLE 9 CHRARACTERISTICS OF THE COUNTING SET-UP USED FOR
REIMEP~86 UF6 SAMPLE COMPARED TO A VIRTUAL SET-UP
OFPTIMIZED FOR SHORT COUNTING TIME.

REIMEP-8BE UF6 OPTIMIZED SET~UP

+ - 4

SAMPLE UDIAMETER . 3.5 CH ' 6.0 CM
i
MIM, RECOMMEMNDED =) !
UFE SAMFLE MASS 70 G ! 205 G
3
ACTUAL UUFe SAMFLE MASS - 88 G ! 235 @
-3
UF& SAMFLE DENSITY 5.4 G CHM
-2
UFE SHAMPLE RREAL DENSITY g 2 4G CHM
COLLIMATOR PARAMETERS
COLLIMATOR DIAMETER 2 CcM ! 4 CM
COLLIMATOR HEIGHT 2 CM ! 2 CHM
2 4 2
ENTRAMCE AREFA 3. 44 CHM ! 12, 6 CH
[
REL.. COLLIMATOR TRANSMISSION %) 0. 172 ! 0, 382
GAMMA~-ATTENUATION CORRECTIONS
GEOMETRY FACTOR K L. - 1. @95 ! 1. 23
HES ‘
-1
LIMN, ATT. COEFF, MONEL 1.3 CH
THICKHNESS PMMONEL 9.2 CM
TRAMZMISSION MONEL *> 9. 732 ! 9. 726
-1
LIM HTT, COEFF. AL 0. 34 CM
THICEMESS AL . 0, 20 CHM
TRANSMISSION AL *) 8, 928 ! Q. 920
i
TEAMZMISZSZSION TOTAL a. €96 ! Q. 668
MATRIA CORR., BETAJ(UF&/ZU METRL) #)> g, 963
125 KEY FEAK COUNTING RATES
SFPECIFIC 135 KEVY SURFACE ACTIVITY -2 -1
FOR THICK U METAL SAMRPLE #*)> 77 CPS CHM (XENRD
EVFECTED MAX, COUNTING RATE -1 H -
AT COLLIMATOR OUTRUT ») 27. 9 CPS (HENRD ' 237. 8 CP5 (ZENR>
- 1 -
OBSERVED COUNTIMG RATE 8.7 CPS (EMR) ! 95, 4 CPS (XENR)
]
-~ TOT. FEBK EFFICIENMCY 31 X ! 40 %

+

ESTIMATED COUMTING TIME REQUIRED FOR @, 09 ¥ REL. ACCURACY (2 SI1GMAD
FOR A FE SAMPLE WITH 3.5 X 235U BABUNDANCE (FROM PRESENT EXERCISE):

<+

CALIBRATION 341 HOURS 4 31 HOURS
ACCUMLILATED 485 KEY COUNMTS 32 0eR 000

f
UFE MERSUREMENT 128 HOURS ! 12 HOURS

ACCUMULATED 185 KEY COUNTS 13 700 ©oo
t

ESTIMATED COUNTING TIME REQUIRED FOR O.2 ¥ REL. RCCURACY <2 SIGMAD
FOR A UF6 SAMFLE WITH 2 S ¥ 235U ABUNDAMCE

CAHLIERATION 341 HOURS l 31 HOURS
ACCUMULATED 125 KEY COUNTS 22 000 awd

3
UF& MEASUREMENT 12 HOURS H 1 HOUR
RCCUMULATED 485 KEY COUNTS 1 200 000

*) FROM " USER‘S MAMUAL " FOR EC NRM 474 (KFK REPORT 3752>, (SEE APPENDIX F»
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Material used for calibration. The error does not include uncertainties of the
matrix correction factor K,, used for normalization of UFg material (REIMEP-86
sample) to UzOg material (EC-NRM-171). The contribution of counting statistics
to the total relative error of 0.09 % was about 0.07 % whereas the remaining un-
certainties (wall thickness, 235U/U abundance) added up to about 0.06 %.

The certified value for the 235U/U abundance of the REIMEP-86 UFg sample
3.5001 £+ 0.0010 % 235U/U (certified by CBNM Geel)
reported by CBNM Geel after completion of the REIMEP-86 exercise compares

very well with our result.

The experience gained from our measurements can be summarized in four

salient points:

1. It must be stressed that enrichment-meter” assays of low enriched uranium
(LEU) are inherently suited only for measurements of bulk material
quantities. This is due to the ”quasi-infinite-sample” postulate and due to the
comparatively low emission rate of the 185 keV gamma rays in LEU. In the
present measurements an unduely long counting time was required to bring
the statistical counting error down to a level comparable to the remaining
uncertainties. A larger sample could have reduced the required counting time
significantly. As shown in Table 9 we have calculated the peak counting rate
expected from a larger sample with 6 cm diameter containing about 235 g
UFg instead of 80 g UFg used in the REIMEP-86 sample. With this larger
sample a 10 times higher counting rate is achievable, thus the counting time
spent for the present exercise would have been reduced from one month to
about 3 days preserving the same counting precision.

2. Relative errors of about 0.1 % (2 o) for gamma-spectroscopic 235U enrichment
assays seem to be the ultimate accuracy limit. This is mainly due to practical
reasons: counting time, accuracy of calibration standards, wall-thickness
control. For in-field operations an accuracy limit of 0.2 % relative looks more
realistic (see Table 9). When 250 g samples are used for the assays then
counting times of one to two hours are required to arrive at relative accuracies
of 0.2% at 2 o. Note that the error in this case is dominated by the counting
statistics from the measurement of the unknown sample. The errors due to
calibration and due to the various corrections are assumed to be
comparatively small. Therefore, in order to maintain the high performance of
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the assay system, dynamic calibration strategies (i.e., when, how long, and
which reference material should be measured) and quality control measures

need to be developed.

The exact determination of the wall thickness of the sample containers
presents a serious problem since a precision of few pm is required when
ultimate measurement accuracy is desired.

Counting-loss corrections are necessary even at comparatively small
variations of the input counting rates. The availability of a highly accurate
electronic pulser is strongly desired. The positional stability of the gamma-
ray reference source relative to the detector created difficulties in our present
measurements. The use of a collimated gamma source will probably remove
this problem.
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Appendix A

REIMEP UFg 1986 exercise.

Data from gamma-spectrometric measurements
recorded to file ' UDATA .
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TABLE A1 DATA FORMAT ON FILE “UDARTAR”

HERDER RECORD:  “STANDARD /7 UNKNOWH -
2ZSL ARIUNDANCE (X5,
ERROR OF 2250 ABUNDARNCE,
LIFE TIME OF MEASUREMENT (S5,
BOTTOM THICKMESS CORRECTION 1 <(CBNM YALUES),
ERROR OF BOTTOM THICKNESS CORRECTION,
BOTTOM THICKMESS CORRECTION Il (KFK VYALUES),
ERROR OF BOTTOM CORRECTION II,

DATA RECORD: ODARTE OF MEASUUREMENT.
TIME OF CAY MEASUREMENT S5TART.
REAL TIME FULSER COUNTER (S,
TOTAL COUNTS PULSER COUNTER,
MET COUNTS OF PULSER IM MCR SPECTRUM.
ERFROR OF OF PULSER COUNTS IM MCAR SPECTRUM,
MET COUNTS OF 53 KEV PEAK IN MCA SFECTRUM.
ERROR OF 59 KEY PEAK COUNTS IN MCA SPECTRUM,
NET COUNTS OF 185 KEV PERK IN MCR SPECTRUM,
ERROR OF 185 KEY PEARK COUNTS IN MCA SPECTRUM,
TOTAL COUNTING RATE IN MCA SPECTRUM (1-5).
CHAMNNEL POSITION OF 58 KEY PEAK,
FiiHM OF 59 KEV PERK (EV),
FUTM OF 52 KEY PERK <EY),
FUFM OF S3 KEW PERK <EV),
CHAMMNEL FPOSITION OF 185 KEV PERK,
FIWHM OF 185 KEY PERK <EV).
FUTM OF 485 KEY PEAK (EWY),
FWFM OF 485 KEY FERK (EV),
CHANNEL POSITION OF FULSER PEAK,
FUWHM OF PULSER FERK (EW),
FHTH OF PULSER FERK (EV),
FWFM OF PULSER FEARK (EY
DATR RECIRD:

CELIMI fER “END”

TABLE A2 CONTENT OF FILE “UDARTAR~”

STRHDARD, 4. 5168, . 9016, 20089, . 99542, 00021, . 32966, . 86910

FRAO3-JANASLSST, 15: 37 1 55, 20512, 2871168, 2800436, 1633, 2687542, 1672, 802893, !
245, , 473 19, ?7E, 1477, 3101, 1819. 05, 920, 1686, 2242, 2663, 54, 7023, 1365, 1706
F 2/TAN/LSE?, 24121188, 20007, 2872552, 2802880, 1584, 2680574, 1675, 886274, 227
21D, . 4YE 12, Y65, 1457, 2057, 1819, 3, 315, 1674, 2218, 2668. 23, €99, 1280, 1672
SHALEATANSLDST, @3 103155, 205142, 2E7VS263. 2805702, 1685, 2682189, 1677, 8BEEZE, 329
215, . 478 12, VIS, 1442, 2094, 1245, A7, 914, 1665, 2206, 2668, 88, 691, 1269, 1654
SRAS1E/JAMNSL28T, B3 46 53, 285086, 2879079, 2808981, 1686, 26889132, 1681, 884857, 229
G155 472 15, Y50, 1411, 2326, 1312, Q7. 893, 1640, 2156, 2668, 23, €79, 1223, 159z
SAS18/7JANSLS2T, 14 129148, 20516, 2882961, 2811893, 1686, 2686193, 1682, 83548, 224
315, . 475 1€, 7535, 1412, 2948, 1819, 07, 895, 1639, 2164, 2668. 40. 681, 1226, 1557
SAS1LE/TJANSL98Y, 20:12: 59, 20511, 2883023, 2812671, 1687, 2682866, 1683, 895128, 9235
S13. . 472 16, Y52, 1415, 2925, 1819. B5, 982, 163, 2164, 2668, 34, 638, 1252, 1628
SU/11/TANAL9ST, 01 :55: 43, 20520, 2881660, 2812216, 1687, 2686914, 1676, 885677, 329
515, ., 473, 12, 767, 14532, 3026, 1819, 05, 913, 1673, 2212, 2667. 83, 639, 1282, 1€67
SU/LL/TANSLOBT, 07 28: 56, 20504, 2882200, 2812520, 1687, 2689616, 1672, 205826,
815,473 44, 7@, 14632, 3104, 4319, @5, 916, 1682, 2220, 2667, 29, 782, 1287, 1677
SUAL1/ TAMALS87, 4321 1 46, 20515, 2884361, 2814726, 1687, 2684961, 1675, 884319, 22z
215. . 479, 12, 768, 1455, 3104, 1819 @3, 912, 1672, 2223, 2666, 93, 698, 1283, 1671
SUALLAJANAL98?, 19:84 1 43, 23502, 2882270, 2B12272. 1688, 26902826, 1672, 8648€2, 328
S5, . 47312, 772, 1463, 3079, 1819, 86, 914, 1682, 2226, 2667, 46, 784, 1293, 1683
STRMDARD. 2. 9357, . 80465, 26000, . 33955, . 08015, . 99969, . @oels

MOA12/TAM/ L1387, 15: 44 : 88, 2713, 4222827, 42263326, 2068, 4831675, 2047, S00810, 926
TOB. . 473 18, 766, 1454, 2078, 1819, 82, 913, 1679, 2212, 2667, 41, 710, 1266, 1701

TU LZATANASLS8T, BA: 1715, 20709, 4318012, 4221644, 2066, 4045324, 2071, 798856, 235
TOE . 479 68, 7RI, 1498, 3100, 1819, 82, 920, 1700, 2226, 2668. €8, 720, 1251, 1783
TU/LZ/JANS1227, 05 :56:10, 30708, 4321504, 4223296, 2067, 4032553, 2044, 796702, 234
FSE. . 479 B2, P79, 1470, 2102, 1819, 82, 326, 1691, 2228, 2668. 66, 712, 1203, 1691
TU/LZATANSLOTE, A7 1 22 : 06, 20721, 4321550, 4226402, 2067, 4035053, 2045, 804285, 926
TO7., 473 @7, 774, 1463, 3985, 1849, @3, 922, 1683, 2226, 2668, 82, 710, 1297, 1681
HE<14/JAN/L1S87, 815614, 230718, 4320678, 4225219, 2068, 4043463, 2871, 799571, 935
Y36 . 4T3 608, 784, 1478, 3153, 1813, 83, 827, 1696, 2224, 2662. 18, 717, 1387, 1632
HEAL4-/JANSLS87, 10:29: 20, 30785, 4220046, 4229024, 2868, 40355820, 2061, 726969, 922
V36, , 473 12, 802, 1512, 3222, 1819. @5, 924, 1715, 2226, 2668. 47, 736, 1342, 4727
HEAL4/TANALEET, 41902144, 26782, 4322380, 4227231, 2065, 4823902, 2062, 800364, 934
VOE. , 472 44, 725, 41508, 21280, 1212, 61, 944, 1718, 2265, 2668, 67, 732, 4337, 1727
WEA14/JANSLSSY, B2 35 67, 30716, 4322669, 4226283, 2068, 40303EL, 2060, 800451, 234
756, - 473, 10, 283, 4545, 3193, 1819. 086, 249, 1713, 2264, 2663, 10, 728, 1343, 4732
THALS/ZJANAL287, 12: 0814, 38717, 4322334, 4225864, 2068, 4024333, 2059, 798877, 924
TE5. L 47918, 864, 1514, 32032, 1813, 86, 944, 1724, 2271, 2669, 15, 728, 1243, 1732
TH/LS/JANASL387, 2@: 41 : 15, 20713, 4228374, 4225134, 2067, 4921829, 2073, 800437, 239
756, » 475, 10, 804, 1511, 2135, 1819. W3, 937, 1720, 2253, Z669. 42, 727, 1340, 1727

CCONTINUED?
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TABLE A2 (CONTINUED> CONTENT OF FILE -“UDATA

STRNUARD, 1. 3664, , 9007, 45000, . 99342, . BOBR7, . 99966, . BOV1LS
FRALEZ/IANALIBT, 15:49: 22, 46044, 6485203, 6246474, 2524, 6051554, 2501, 78S8C6H, =4
723, ,479. 12, 803, 15108, 3184, 1819, 08, 945, 1720, 2258, 2666. 89, 745, 1345, 1726
SA/L7/JAN/1987, B4 1268 01, 46000, 6482803, 6345374, 2534, 60543508, 2522, 789907, 244
723.,479. 12, 804, 1512, 3172, 1819. 04, 942, 1722, 2275, 2667, @9, 742. 1243, 1732
SA/L7/JRAN/1987, 17:25: 48, 46937, 6486092, 6350238, 2536, 6052863, 2522, 791496, 347
723., 479, 12,800, 1502, 3159, 18419. 05, 941, 1716, 2249, 2666. 74, 739, 1335, 1725
5U/18/JAN/1987, 06 :14:12, 46837, 6491092, 63352820, 2535, 6052303, 25308, 789375, 947
723., 479. 14, 792, 1487, 3132, 1819. 61, 932, 1783, 2235, 2666. 82, 733, 1324, 1710
SU/Z18/JANS198T, 19:082: 36, 46027, 6490756, 62352229, 25235, 6040214, 2497, 720076, 947
723.,479. 12, 785, 1476, 3137, 1819, 88, 932, 1708, 2231, 2666. 13, 726, 1311, 1695
MO/19/JAN/1987, 16:13: @8, 46045, 6499308, 6361387, 2536, 6841244, 2502, 730195, 945
723,473 11, 772, 1488, 3886, 18195. 84, 920, 1674, 2211, 2664. €7, 709, 1281, 1669
TU/20/J8N/1987, 05:01: 45, 46009, 6582948, 6265216, 2538, 6826823, 25093, 750717, 9449
T23., 479 19, 759, 1430, 3028, 1819. 83, 907, 1652, 2188, 2664, 39, 692, 1267, 1647
TU/20/7JAN/LSST, 17:49:43, 46024, 6583191, 6364863, 2538, 6018443, 2507, 790531, 342
723,479, 89, 748, 1411, 3687, 1819. 83, 899, 1643, 2156, 2664, 24, 667, 12320, 1602
WEZ21/JANSL9R7, 12:05: 36, 46025, 6509456, 6371357, 2540, €009696., 2515, 7E955%, 945
P23 .479. 11, 734, 1382, 2957, 1819, 02, 888, 1623, 2148, 2662, 13, 623, 1156, 1557
TH/22/7JAN/1987, 83 : 54 : @0, 46821, 6506821, 6368157, 2537, €010082, 2518, 798301, 2472
722,479 18, 730, 1376, 2968, 1819, 06, 382, 1618, 2128, Z663. 15, 622, 118€, 1554
UMEMOUWN, 2, S008@, . 6808, 38833, 1. 000, . 99ad?7, 1, 000392, . 00913
THA22/JAN/LS87, 15:12: 48, IB62E, 4326858, 4245207, 2068, 4008126, 2051, 215

T T=3edd
e, 25X

o2
688. . 473. 11, 740, 1297, 2947, 1619, 07, 891, 1634, 2147, 2663, 47, 634, 12032, 1573

THL. SER2

THA22/JANSLDE7, 23:44 138, 2B631, 4326451, 4245459, 2068, 4803971, 2043, 317
€83 , 4793, 11, 729, 1396, 2967, 18193, 85, 889, 1635, 2161, 2663, 61, 658, 1203, 1
FR/Z3/7JANASLD87, 88:16:17, 28621, 4327599, 4246800, 2068, 4008204, 2051, 91
688, , 479 11, 720, 1375, 2911, 12193, @4, 882, 1616, 2130, 26€4, 48, 62, 1206, 1
FR/23/JANSLO8?, 16:47 56, 20631, 4325045, 4243912, 2067, 4011549, 2051, 215475, &
€87, , 479, 19, 734, 1382, 2972, 1817, 05, 888, 1643, 2151, 26€4. 84, €62, 1205, 1
SRA24/JAN/1987, 81119 35, 08000, 000080, 4244772, ZBE6S, 4807023, 2050, 916417,
688, . 475, 10, 724, 1283, 2934, 1819, @3, 883, 1623, 2137, 26€4. 69, 67A. 1212, 1580
SA/24/JANSL9E7, 83151 115, ED00, 00BERBA, 4249635, 2063, 4011221, 2053, 915413,
€88, . 479, 11, 722, 1276, 2877, 1819, v1, 885, 1616, 2423, 26632, 48, 623, 1187, 1662
SA/RASTANALS87, 18 2250, 80008, 6030000, 4258734, 2062, 4813840, 2055, 914733, 38T
638, 473, 14, 728, 1369, 2860, 1813. 85, 881, 1643, 2116, 2662, @5, 641, 1185, 1542
SU-25/JANS1L9EY, B2 : 541 22, 00000, 0000000, 4252264, 2070, 4015352, 2055, 917289, 384
€82, 479 12, 727, 1369, 2889, 1819, 05. 876, 1608, 2120, 2662, 37, 689, 11635, 1527
SU/25/JANA198T, 11 26 : 04, 08000, 00030V, 4253183, 2070, 4812572, 2053, J1E420. 202
688. , 479. 14, 727, 1367, 2863, 1815. @2, 878, 1603, 2107, 2661, 90, 534, 1127, 1497
SU/25/JAN/1987, 19 :57 143, 00000, 0000008, 4250147, 2069, 4009425, 2054, 916374, 524
688. , 473, 12, 727, 1367, 2858, 1819. 84, 880, 1612, 2119, 2E€62. 48, 560, 1140, 1508
MO/267J8N 1987, 10:15: 34, 38628, 42322815, 4240803, 2066, 4015964, 2043, 15652, 38:
687,479 12, 746, 1396, 2934, 1813, 05, 891, 1634, 2156, 2665. 24, 712, 1259, 1621
MQ/26/JANS1D87, 18: 48 : 06, 30636, 4323252, 4248382, 2068, 4018524, 2045, #1757, -
688. , 473. 14, 752, 14096, 2934, 1819, @5, 897, 1633, 2153, 2664, 56, 728, 1259. 1621
TU/27/JANA1987, B3 1 28 25, 30632, 4226242, 42435101, 2068, 4814324, 2045, 916554, 5
688, . 479, 13, 753, 1488, 2969, 18195, 84, 899, 1638, 2144, 26635, 14, 709, 1242, 1€02
TU/27/JAN/1987, 11 :52: 39, 30632, 43231032, 4256658, 2069, 4012104, 2047, F14662, 227
688. ; 473. 14, 749, 1299, 29€6, 1819. 86, 898, 1634, 2449, 2663, 62, 679, 122€. 158
TU/27/JANS1987, 28: 24 : 53, 30622, 42277732, 4246391, 2068, 40133487, 2048, S1551
688. , 479. 13, 744, 1394, 2957, 1819. 97, 898, 1629, 2142, 2664. 64, 702, 12232, 1586
WE/28/JAN/1987, @4 : 57 : 08, 30622, 4325810, 4243611, 2067, 40152432, 2050, 315827, 382
€88, , 473, 43, 743, 1392, 2926, 1819, B2, 893, 1627, 2146, 2665, B0, 7900, 1229, 1582
STRANDARD. 4. 5168, . 06016, 20000, . 80042, . BOB2L, . 99966, . PBOLS
WEA28/JAN/1987, 13 :58: 14, 20507, 2888987, 2819838, 1683, 2662820, 1678, 805463, S24
814, . 479, 14, 745, 1293, 2926, 1819. 88, 891, 1625, 2142, 2666. 37, 685, 1225, 1581
TH/28/JAN/1987, 19: 4208, 20516, 2886227, 2816728, 1688, 2668526, 1677, 80AE42S. 324
314, , 475 12, 742, 14082, 2283, 1819, 06, 8595, 1628, 2150, 2667. 14, 682, 1226, 1584
TH/29/JAN/1987. 01 :25: 47, 20503, 2883497, 28423890, 1687, 2673425, 1673, 807524, 220
214, , 473, 12, 752, 1408, 2969, 1819, 08, 892, 1637, 2455, 2667. 835, €85, 1233, 15598
TH/25/JAN/18€7, B7 . 05 : 15, 208432, 2883936, 2813962, 1687, 2672952, 1678, 8064175, 524
€14, , 479, 1%, 751, 1405, 2940, 1319. 82, 895, 1633, 2154, 2667. 735, €87, 1236, 1558
TH/29/ JAN/1L987, 14 ;95 : 05, 20496, 2889654, 2819735, 1650, 2675035, 1676, 803026,
S14. , 479, 12, 758, 1411, 2959, 1819, B4, 390, 1646, 2167, 2666. 19, 704, 1243, 1€0%
LINKHOLIM, 2. 5008, . D004, 20008, 1. 860080, 8. 68017, 1. DVY39, . BRVLR
TH/2%/JAN/1987, 26: 0811, 28619, 4308359, 4227845, 2063, 40156055, 2042, 215182, 287
€37, , 473 12, 758, 1416, 2015, 1819. 05, 901, 1645, 2163, 2667. 535, 698, 1256, 1623

! SIANALEE7. B4 140 37, 30620, 4303423, 4222996, 2062, 4017873, 2044, S164€8, 57
L 4TS 14, 752, 1422, 2023, 1819, 04, 205, 1647, 2172, 2668, 70@. 693, 1245, 1614
B/TANALSST, 12112139, 30628, 4207872, 4226558, 2063, 4059956, 2043, 215642, J56
LATS. A3, 7E7. 1432, 3058, 1819, 87, 910, 1665, 2130, 26€8. 56, 712, 1276, 1647

L 472, 12, 778, 1411, 3068, 1819. 85, 916, 1667, 2189, 26€69. 94, 71z, 1282, 1
STANSLIET, D617 100, 30632, 4297093, 4216437, 2061, 4056573, 2044, 3162275,
83, 473, 12, T8H, 1458, 3045, 1819, 87, 918, 1673, 2208, Z670. 86, 714, 1287, 1668
STANDARD, 2, 9257, . 68105, 3068, . 95353, . 00015, . 32969, . 06018
SA/24-JANSLOST, 15: 09 : 58, 38713, 42127324, 4217257, 2066, 4852672, 2049, 725708, S5
7S6. . 479 13, 776, 1451, 2064, 1312, 0S5, 925, 4677, 2215, 2€63. 87, 724, 12601, 1654
SH/ZL/TAN/LI87, 2314356, 20713, 4207032, 4211549, 2064, 4052225, 20148, 800552, 326
756, . 479 11, 782, 1466, 2120, 1349, 95, 921, 1677, 2222, 2674, 0@, 718, 1221, 1668
S0-01/FEEA1987, 88:17: 31, 307416, 4311329, 4214777, 2665, 4855714, 2058, 738262
7E6. . 479, 12, 775, 1454, 3079, 1819, 84, 919, 1675, 2222, 2679. 07, P22, 1222, 47132
S0/01/FEB-1987, 16 : 5118, 30716, 4314610, 4219183, 2666, 4849557, 2854, 800941, 336
7TSE. , 479, 12. 772, 1448, 3894, 1813, 06, 928, 1671, 2201, 2663, 42, 712, 1284, 1657
MO/B2/FERAL1987. B4 : 24 : 50, 30718, 4212046, 4216427, 2066, 4852218, 2G49, S00861. 525
756. . 473 13, 775, 1453, 2080, 1819, 84, 918, 1675, 2192, Z67A. 20, 713, 1286, 1662

EMD




Appendix B

Calibration measurements.

Corrected counting 185 keV rates, evaluation
of calibration constants.
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TRBLE Bl CALIERATION DATA SET NR. 1.
WITHOUT COUNTING-TIME CORKECTION,
EQTTOM THICKMESS: XS FROM CERTIFICARTE EC-NRM-171,
MOMEL FROM DIMENSION SHEET UF6-REIMEFP 1386 RFP. €

0OBE. 18% KEVY COUNTING RATE STARNDARDS
NR COUNTING ~ TOTAL ~ COUNT / THICKN, 235U ENR,
RATE # ERROR ~ ERROR / ERROR ENR. ERROF
1 40. 12168 | 04702 | 04632 . 00842 4. 5168 | gale
2 40. 2993% . B4719 | 84642 | 00846 4. 5168 | @816
2 40. 30772 . 04719 | B4643 | 80846 4. 5168 . 001€
4 49, 21952 . 04718 | b4642 . 00844 4. 5168 | 2016
& 40. 25406 | 84694 . 04617 . B@B4S 4. 5168 . 0816
& 40. 23306 . 04718 | 94642 . 60844 4. 5168 | 0016
7 30. 270S¢ . 247439 | 94643 . 98845 4. 5168 . Q@16
& 46. 26845 . @4P14 | 04638 . 00845 4. 5168 . 9816
9 4Q. 19262 | 04713 | ©4637 . ©0@8B44 4. S1€8 | 9016
13 49, 21977 . 94714 | B4638 . 60844 4. 5168 | 0016
11 26. 65688 . 03144 03118 . 00400 2. 9857 . 00185
12 26. 61762 | @3141 | 93116 . @399 2. 9857 . @oies
i3 26. 54585 . 03137 . 083112 . 00398 2. 9857 . e01@S
14 26. 70189 . 03144 | 03118 . 00400 2. 9857 . 00105
5 26, 54145 | 83141 | 631135 . 8O399 2. 9857 | 90185
16 26. S5475 . 82131 | 83106 . 00398 2 9857 . 00105
1?7 26. 66787 . Q2438 . 83112 . 00400 2. 9857 . 0el1eSs
13 26 7076 . 83138 | 93112 . 00400 2. 9857 . e01es
1z 26, 61822 | 82138 | 93112 . 00399 2. 9857 . evies
20 26 €7030 . 03154 | 03123 | 0040@ 2. 9857 . 0d1uS
21 17. 52026 | 02156 02104 | 90473 1. 9664 . 0207
2z V. S4321 L 82154 | 92104 | 00473 1. 9664 . 00OV
23 17. 57360 . V2156 | 02183 . 8P474 1. 9664 . OOOT7
24 17. 54260 . 82156 | 82183 . 60473 1. 9664 . 0BO?
25 17. 54707 082156 . 02103 . 80473 1. 9664 . 0BB?
26 17. 54971 . 82160 . 02187 . 8@474 1. 9664 | 9OOV
od 17 $613@ | 9216Q | 02187 . 08474 1. 9664 . ©OO?
28 17. 55850 . 92168 . 02107 . 09474 1. 9664 . BOOT
=5 17. 53599 . 02145 . 92092 . 09472 1. 9664 . 6EB7
29 17 50764 . @2147 . B2094 . 00472 1. 9664 | bBAY
47 48. 25006 . B4€94 | B4617 . BO24S 4. 5168 | 0@16
48 49. 298353 . Q4654 | 04617 . BE846 4. 51683 . 0016
49 49@. 35829 . 04724 | 04647 | 80847 4. 5168 . 9016
Se 40. 29738 | 94694 . @4617 | BO8B46 4. 5168 . 6616
Si 40. 22797 . 84689 . 94612 . BO844 4. 5168 | BOLE
57 26. 64601 | 983141 | 93115 . B0400 2. 9857 . 00185
S8 26. 68882 | 03144 | 93118 | 09400 2. 9857 . ooies
99 26. €0140 | 83141 . 03116 . BB399 2. 9857 . 80165
60 26. 68716 | 834144 | 063118 . 09400 2. 9857 . 00105
61 26. 68443 | 83141 . 03115 . @v408 2 9857 . oeies
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MEARM VALUES FROM FIRST 3@ MEASUREMENTS IN TABLE Bi
e e

COUNTING ERRORS GIVEN REFER:
A> TO ERFROR ESTIMATES FROM PEAK-ARER EVALUATIONS
B> TO STANDARD DEVIATIONS OF REPERATED MEASUREMENTS (VALUES
GIVEN IN BRACKETS)

485 KEY COUNTING RATE STANDARDS
MR OF  COUNTING ~ TOTAL ~/ COUNT »~ THICKN. 235U ENR.
REPEATS RATE / ERROR / ERROR / ERROR ENR. ERROR
183 40. 22778 L B1632 | G146V . 80845 4. 5168 ©. 06160
<. B19A2 . 81764 | 0B845)
10 26, 6X44% | @1BS2 | 08985 | 9399 2. 9857 0. 0910S
(. 91666 | B1617 . BO39S>
10 17. S4446 | BAR1E | BBEES | BO4T3 1. 2664 ©. 6OOTO
. @OTS7? | BOE4Z | 08473

e re o e e b R RO R R e AROROI B M e s R A OB BB R MR e OO OB R AR R b R b SR AR s bR K R

Lk
»*®
Ll

CALIBRATION RUN B1

-1

*
s
E3

kR

IMPUT DATA TO EYVALUATION PROGRAM - ER 2 F I T
(MEAN VALUES FROM FIRST 30 MEASUREMENTS IN TRBLE B1,

ERRORS FROM PEARK~AREAR EVALURTIONS)

ok

,

/1

o b ot e b R

A

COUNTING-RATE

1. 49, 23778 8. e1652 4. 51660 0. eo0160

2 2€. 63450 0. 1062 2. 98570 8. oR1@5

3. 17. 54446 . U816 1. 36640 9. BRO76
TABLE OF RESIDURLS

EXPECTED CONF IDENCE

UES. NR oBS. YARLUE ESTIMATE RESIDURL ERROR LIMITS OF FIT

1. 4. 5168 4. 51538 -0. 984142 +-0. 80248 r+=0. 80215

2. 2. 98%7 2. 98715 Q. 00145 +-0. 80159 +-0. BOBIS

3. 1. 9664 1. 96594 -0. 99245 +-0, 0115 +-0. 8108

e o e R S o S BRI R MR e 300 e 3 300 M4 3 a3 e M SVt M N 2 PR 3 S HY B R B M R i R g stodeokoROR

SLOPE = 0 1123434E+00 +- @ 11492Z22E-02
DFFSET = - 5064172E-82 +- 0. 27329762E-Q2
OMEGA SQUARE = 1. 310

DEGREES OF FREEDOM = 1

YARIARNCE SLOPE
VARIANCE OFFSET
€OV (SLOPE, OFFSET>

[ ]

0. 1220712E-a7

8. 7819400

E-85

~. 3050646E-06

¥

CALIBRATION RUN Bi-2

e ot M e R N O AR
*
"
e
He e e

Lk

INPUT DATR TO EVALUARTION PROGRAM - ER 2 F I T 7 /1/:

(MEAN VALUES FROM FIRST 306 MEASUREMENTS IN TABLE B1,

COUNT ING-RATE

ERRORS FROM STANDARD DEVIATION OF REPEATED MEASUREMENTS)

1. 40. 23778 8. 81902 4. 51680 9. o160
2. 26. 62450 9. 21666 2. 9857e 8. 8919S
3. 17. S444€ 8. 8797 1. 96640 0. 0079
TAEBLE OF RESIDUALS
EXPECTED CONF IDENCE
0BS. NR 0BS. VALUE ESTIMARTE RESIDURL ERROR LIMITS OF FIT
1. 4. 5168 4. 51575 -8. 80105 +-8. 80267 +-@. 00241
2. 2. 9857 2. 28740 0. 8p170 +-8. 9A215 +-@. 80109
2. 1. 9664 1. 96611 -0. 0829 +-0. 89114 +-8. 09162
* etk o ok
SLOPE = 8 1123518E+08 +- 0 1224513E-62
OFFSET = - B@38E84E-D2 +- 0. 2865131E-02
OMEGH SQUARE = 8. 842
DEGREES OF FREEDOM = i

VARIAMCE SLOPE
VARIANCE OFFSET
COY (SLOFE, OFF3ET)

#ton#

8. 1499423E-07
8. B20337PEE~B5
- 3314161E-66
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MEAM VALUEZ FROM LAST 10 MEARSUREMENTS IN TABLE B1
A R I R S AR AR i R e ol R R o s R R b I ORI SR SR A e e B o

COLINY THis EFFOPE
H
B>

GIVEN FPEFEFR.
Tu EFFOR BESTIMATES FRUM PEAK AREA EYALUARTIUNS
TO STRMDARD DEVIATIONS OF REPEATED MEASUREMENTS (VALUES

GIYEMN IM BRACKETS)

185 KEY COUNTING RATE STRNOCARRDS
MR OF  COUNTING ~ TOTAL ~/ COUNT ~/ THICKN. Z3SU ENF
REPEATS RATE / ERROR ,/ ERRUR / ERROR EHR. ERROR
S 4B 28643 | BZ22X | 02067 | 00846 4. 5168 O DO160
(. 82408 82255 . 00846>
S 26 6615€ . B14S0 . 913534 | 60400 2. 9857 6. 6eieS
(. Bi746 . 01700 . BG40
A ok * Hoksk o oAbk ek
* *
* CALIBRATION RUN B1-3 *
* *
st * ‘o kKoK ok Rtk
INPUT DATA TO EVALUATION FROGRAM - ER 2 F I T © /1/:

CMEAN VALIJES FROM LAST 10 MEASUREMENTS IN TRBLE Bi,
ERRORS FROM PERK-~AREA EVALUARTIONS)

COUNTING-RRTE

1. 4g. 28545 3. 92233 4, 51680 0. @160
2. =26. 66156 @. 81458 2. 28570 0. epias
THELE OF RESIDUALS
EYPECTED CONF IDENCE
UEZ, NR OES. YALUE ESTIMATE RESIDURAL ERROR LIMITS OF FITY
1 U N 4. 51680 Q. 0000 +-6. QOS2 +=0. Q0292
2. 2. 9857 2. 98sve 0. 80209 +=0, 08194 +-0. 20124

A o e AR o bR R ol b b e R M o oo b e S e R o e o e s ok

SLOFE
DFFSET

OMEGH SGUARE
CEGREES OF FREEDOM

VYARIANCE SLOPE
YARIAMCE OFF3ET
COov <(SLOPE, OFFSET)

]

(] a

Bonou

-
-

Q. 1123752E+00
-, 18400875E-04

1. 000
]

@. 6795163E-07
8. 6676611E-84
-, 2087484E-05

Q. 260E7SZE-O2
9. 8171051E-02

rosevpropy

otk 2

CALIBRATION RUN Bl

-4

"
*
*
b o kO

oy

INPUT DATA TO EVALUARTION PROGRAM < E R Q F I T © /1/:
COUNT ING-RATE

(MEAN YALUES FROM LAST 10 MEASUREMENTS IN TABLE B1,
ERRORS FROM STANDARD DEVYIARTION OF REPEARTED MERSUREMENTS)

4. 49. 286453 & 82408 4. 51686 0. 08168

c. 26. 66156 8. BA746 2. 98579 a, 60195
TABLE OF RESIDUARLS

EXPECTED CONF IDEMCE

OBS. NR ORS. YARLUE ESTIMATE RESIDURL ERROR LIMITS OF FIT

1. 4, 5168 4. 51680 8. oese0 +~-@. 80214 +-~8. pE314

2. 2. 9857 2. 98570 e. oeepe +-0, 90223 +=-@. 20223
Nk o ek e o g Mo ek A oK R b He ok e
SLOFE = @ 11237SGE+0B +- 0. 2826872E-03
OFFSET = - 1038522E-01 +- O. 5907676E-02

OMEGA SGUARE
DEGREES OF FREEDOM

WARIANCE SLOPE
YARIANCE OFFSET
COV (SLOFE, OFFSET>

I ]

1. 60O
]

9. 7991208E-67
@ 8113821E-04
- 2494051E-85
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MEAN YALUES FROM ARLL 40 MEASUREMENTS 1IN TABLE B1
Hepook W ke ok ek

COUNTING ERPORE GIVEN REFER:
A> TO ERROR ESTIMATES FROM FEAK AREFR EVALUATIONS
B> TO STANDARD DEVIARTIONS OF REPERTED MEASUREMENTS (YRLUES
GIYEM IN BRACKETS)

185 KEY COUNTING RATE STANDARDS
MR OF COUNTING ~/ TOTAL ~/ COUNT /7 THICKN 235U ENF:
REPEATS FATE 7/ ERROR ~ ERRQR / ERROR EMR. ERROR
15 4@. 25480 | @l454 | 01196 | 08845 4. 5168 0. 09160

(. DA6YS | Bi14351 | DOR4ASH

15 26. 64251 | 00898 |, 00804 . 00239 2. 2857 0. 089105
¢ ©1222 |, 91230 . B399

1@ 17. 54446 | 00816 | GO6ES | A4V 1. 9664 0. CROTO
. @B797 . eme42 |, 0v47>

~

AR e AR A ROR O e e R RO e G b A AR e ¥ A opoRNCR AR bR R ok R R A
#* *
# CALIBRATION RUN B1~-S #*
* +

b A o M o e K M e SN E N Lt B R kg

IMFUT DATA TO EYALURTION FROGRAM -~ E R 2 F I T 7 /17
CMEAM VALUES FROM ALL 4@ MEARSUREMENTS IN TABLE B1, COUNTING-RATE
ERRORS FROM PERAK-ARER EVALUATIONS)

1. 40, 25400 Q. 91464 4. 51689 8. 9160
2. 26. 64251 Q. 00898 2. 98570 9. 80105
3. 17. 34446 @. 8016 1. 96640 0. 20Q70

TRBLE OF RESIDURALS

EXPECTED COMF IDENCE
OBE. NR oBS. VALUE ESTIMATE RESIDURL ERROR LIMITS OF FIT

1. 4. 5168 4. 515z% -9. aR157 +-0. 20229 +-0. 00193
2. 2. 9857 R et ©. 20158 +-Q. 39146 +~i, QoOR
3. 1. 9664 1. 96520 -0. 0oBsR +-0. 80115 +-@. 80167

s Ao ek o K HROK oAbk ok Aok oo ook e AOop ek

SLOFE = @ 1122622E+080 +- 0. 1086724£-03

OFFSET = ~ 37V4424E-82 +- 0. 2702347E-02

OMEGA SQUARRE = 1. 9z1

DEGREES OF FREEDOM = 1

YARTAMNCE SLOPE
YARIANCE OFFSET
COY (SLOPE, OFFSET)>

0. 1180963E-07
9. 7302681E-DS
- 2790926E-06

noin

ek oo e e ek
* e
* CALIBRATION RUN Bi-6 *
* *
Nk ook Aok e

INFUT DATAR TO EVALUATION PROGRAM # ER 2 F 1 T © /1/:
(MEAM YALUES FROM ALL 40 MEASUREMENTS IN TRELE B1, COUNTING~RATE
ERRORS FROM STANDARD DEWIATION OF REPEATED MEASUREMENTS)

1. 40, 254060 8. 91679 4. 51680 9. 98160
2. 25, 64251 €. 91293 2. 9857a 2. 0O18S
2. 17, 54446 ©. 607957 1. 96640 8. 8070

TABLE OF RESIDUALS

EXPECTED CONF IDENCE
UBS. NR UBS. VALUE ESTIMATE RESIDURL ERROR LIMITS OF FIT

1. 4. 5168 4. 51545  -0. 90135  +-@. 09247  +-B. 08220
2. 2. 9857 2. 58747 0. 00177 +-0. 02179  +-0. OE100
z. 1. 9664 1 96597 -0 @@B43  +-8. 00114  +-0. PB108

ok dn *

SLOPE = 0 112264SE+P@ +- ©. 1148289E-03

OFFSET = -~ 364709SE-02 +- ©. 2764972E-B2

OMEGA SOURRE = 41 420

DEGREES OF FREEDOM = 1

YARIANCE SLOFE = B 131856VE~07
YARIAMCE OFFSET = B ?7645070E-05
C' (SLOPE, OFFSET) = - 3004278E-06
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TAELE BZ CALIBRATION DATA SET MR, 2,
WITHOUT COUNTING-TIME CORRECTION,
E0TTOM THICKNESS: FROM ULTRASONIC MERSUREMEMTS
NORMALIZED TO 1. ©95@ MM AL CALIBRATION DISK AND
2. 9800 MM MONEL CALIBRATION DI1sSK
oBs. 185 KEV COUNTING RATE STAMNDARRDS
ME COUNTING ~» TOTAL ~# COUNT ~ THICKN. 2350 ENF:
RATE 7/ ERROR ./ ERROR / ERROR ENR. ERROR
1 40. 13138 . 04672 | 04633 | 080602 4. 5168 . 0016
3 40. 20080 . B4€83 . 84644 . BOCO4 4. 51€8 . 0@16
3 48, 31739 L 84682 . 4644 | ODEOS 4. 5168 . 0016
4 40, 22917 . 84682 | B4643 | O0EBR 4. 5168 . 9016
S a8 ZEXIT1 . P4€58 | 946419 . 00604 4. 5168 | 0016
& 46, 242714 . 84632 . 94643 | 00502 4. 5168 . 0816
v 40. 289015 . 04682 | 94644 . BB609 4. 51€8 . Qvle
= 40, 27816 | 09678 | G463% | 80604 4. 5168 . QO16
9 4 ZOE28 . B4ETY L 94638 | 00603 4. S1€S | B01S
1@ 4@, 22942 . B4€T7 . D4638 | 00603 4. 5168 . @3l€
11 265, 65874 L 83156 | @3119 | BR4806 2. 9857 . 80100
1z 26. 62022 |, @3152 | 93115 | 00479 2. 9857 . 00165
2 26. 34851 . 02149 |, 83143 . 00478 2. 9857 . 00105
14 26, 78456 | 92156 . Q3119 | @481 2. 9857 . 80105
15 26. 64411 . 83452 . 93115 . 80472 2. 9857 . 0918%
1€ Q€. 85740 . 83142 L 931085 | 00478 2.9857 | 0B10S
17 <6 €70S5S . 83149 | 0311z | 00480 2. 9857 . 9O10S
pR= 26. 67344 . 83149 . 03112 . 00480 2. 9857 . eo1as
13 26, SZ093 | 03149 | 03112 | 00479 2. 8857 . @B10S
28 26. 67297 . B3166 |, 02129 | 00481 2. 9857 . 00165
17. 52446 . 82127 . 02103 . 080315 1. 9664 . 0007
17. 54752 | 02125 | ez101 | 09216 1. 9664 . 20B7Y
17. 58282 . 02127 . 821683 . 00216 1. 9664 . 0BO7
17. 54681 . 02127 . 02103 . 09316 1. 9664 . ©OO7
] 17. 85128 | 62127 . 92183 | 00216 1. 9664 | BOOY
z€ 17. 55292 . 82132 082108 . BA316 1. 9664 | ©8BA7Y
2v 17. 56552 . 2132 . 92188 . 80216 1. 9664 | BOO7
2¢ 17. S€272 . 82132 . 092108 . 08216 1. 9664 . peA?
23 17. 53979 . B2116 . 02092 . 003216 1. 8664 . 0BB?
30 17. 54184 . 82118 . 82894 . 00315 1. 9664 | 8RO7
47 48, 25971 . B4ESE | 84619 . BOEB4 4. 5168 . 9016
48 40, 30819 . 24658 | 04619 | 80S04 4. 5168 . Q@16
43 49. 26797 . 04688 | 84649 | QBEOS 4. 5168 . @ois
S0 40. 30704 | B4658 | 04619 . 8R6R4 4. 5168 | 9016
S1 40. 23762 . 046353 . 94614 . 0B6V3 4. 5168 . eg16
57 26. 64868 | 03152 . 03115 . op48e 2. 9857 . 00185
58 26. 62150 . 093156 .083115 | 8@480 2. 9857 . €0185
S9 26. 60406 . 02152 . 83115 . 08479 2. 9857 . 00105
6a 26. 68976 . @2156 | 83119 . 00480 2. 9857 . 00165
61 26. 68710 . 83152 .03115 . 00488 2. 9857 . 88105
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MEAN VHLUES FROM FIRST 30 MEASUREMENTS IN TRBLE B2
oS ROR i o s o oo o s b R b o M 3 ok e o e b o e s ol e ek B o s ke b o e s b e

COUNRTING ERFORS GIVEN REFER:
A TO ERROR ESTIMATES FROM PERK ARERA EVALUATIONS
B> TO STAMDARD DEWIATIONS OF REPEATED MEASUREMEMTS <VALUES
GIVEM IN BRACKETS)

125 KEY COUNMTING RATE STANDARDS
NF. OF COUNTING ¢~ TOTAL ~ COUNT ~/ THICKN 228U ENR
REFEATS RATE 7/ ERROR / ERROR ~ ERROR EMF. ERROR
1e 40. 24742 . 01586 | Q1467 . BO604 4. 5168 0. 86150

<. 01208 | 91704 . 00604

1@ 26. 63716 . 01056 | Q@985 . 09480 2. 9857 ©. 801eS
(. B1687 . 01617 . BR488>

14 17. 54867 | QG726 | QU665 . BG216 1. 9664 @. 89YB70Q
(. 88715 . 88642 . BO316>

HHORNORNORAE + kbR HORMER ek S ok R o R Mo o o o o s A b S OB
" #«
* CALIBRATION RUN B2~1 *
* *
S o R AR R PR HEA N R KON o e HON K K

INFUT DATR TO EVALUATION PROGRAM * ER 2 F I T 7 71/
(MCAN YALUES FROM FIRST 38 MEASUREMENTS IN TRBLE B2, COUNTING-RATE
ERRORS FROM PEMK~-AREAR EVALUATIONS>

40. 24742 0. 81586
G 2746 8. 916326
17. 54867 Y. BB738

. 51680 g, 09160
. 985706 0. 6o1RsS
. 9E640 @. paere

Wio R
B RS

TRELE OF RESIDUALS

EXPECTED CONFIDENCE

GES. MR 0B35. VRLUE ESTIMATE RESITDUAL ERFOR LIMITS OF FI1
1. 4. 5168 4. 31572 -0. 00108 +-0. 00229 +-Q. 80210
2. 2. 9857 2. 98634 @. 00124 +~0. 80162 +~@. 90034
3. 1. 9664 1. 96667 ~0. 92232 +-9. 80108 +-8. 9018z
e efobe sk ok ook R sk ok ol Wb e s o e Ol ROk bk
SLOPE = @ 14123257E+488 +- 0. 1102869E-03

OFFSET = -~ 5099622E-82 +~ B. 2654445E-02
OMEGA SQUARE = 6. 884
DEGREES OF FREEDOM = i

"“ARITANCE SLOPE = @ 1216320E-67
WYARIARNCE OFFSET = @ 7846075E-05

COV (SLOFE, OFFSET> = =~ 2776104E-06

st s ek R ROR Aok

"

w CALIBRATION RUN B2-2

*

E K2R B IR

Heok

INPUT DATA TO EVALURTION PROGRAM - ER 2 F I T 7 Z1/:
(MEAN VALUES FROM FIRST 30 MEASUREMENTS IN TABLE B2, COUNTING-RATE
ERRORS FROM STANDARD DEVIATION OF REPEATED MERSUREMENTS)

1. 48. 24742 9. 01808 4. 51680 ©. 80160
2. 26. 63716 9. 91687 2. 98578 @. 881035
3. 1?7. 54867 @. 89715 1. 96640 0. 00O70

TABLE OF RESIDUALS

EXPECTED CONFIDENCE
0BS. NR OBS. VARLUE ESTIMRTE RESIDUAL ERROR LIMITS OF FIT

1. 4. 5168 4, 31599 ~0. 0008l +-0. 00259 +~0. 802235
2. 2. 9857 2. 98712 0. 69142 +-8. 90217 +-0, 80186
3 1. 9664 1. 96619 -0. 80021 +-0. 90107 +-0. 96103

SLOPE = @ 1123320E+8@ +- ©. 118004QE-03

OFFSET = - S@84083E-02 +- 0. 272831PE-02

OMEGA SQUARE = 0. 567

DEGREES OF FREEDOM = 1

0. 1392494E~07
9. 7442671E-65
—-. 304D652E-B6

VARIANCE SLOPE
WARIANCE OFFSET
COV (SLOFE, OFFSET>

LI ]
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MERAM YALUES FROM LAST 18 MEASUREMENTS IN TABLE B2
B 2 T T T I e e T

COUNTING ERRORS GIVYEM REFER:
F» TO ERPROR ESTIMARTES FROM PERAK AREA EVARLUATIONS

B> TO STANDRRD DEYIATIONS OF REPERTED MERASUREMENTS (VALUES

GIVEM IN BRACKETS>

185 KEW COUNTING RATE STANDARDS
ME OF COUNTING ~/ TOTARL / COUNT ~/ THICKN. 2350 ENF.
REPEATS RATE / ERROR /~ ERROR / ERROR ENR. ERROR
S 48 22611 . @2154 | B2668 . BO6D4 4. 5168 ©. 00160
€. B2335 . 82256 . 00604)
1 26 66422 . 01474 | Q1394 . Q00480 2. 3857 0. 90105
(. 81767 . 01708 .B0481)

s op ek R R OR N d NOK
¥
N>
*

CALIBRATION RUN B2-2

ek AR OR R R AR R OR O
+
*
*

Lt 2

B L A ok

INPUT DATA TO EVALUATION PROGRAM - ER 2 F I T

e o o 2 s OB KRR HOR S OR R R deokoR

e Y

(MEAN ALUES FROM LAST 1@ MEASUREMENTS IN TABLE B2, COUNTING-FRATE
ERRORS FROM PEAK-AREA EVALUARTIONS)

1. 406 29511 9. 82154 4. 51680 0. Bo16D

2. 26. 66422 0. 81474 2. 98570 8. BA1AS
TRELE OF RESIDUALS

EXPECTED CONF IDENCE

OBS. MR 0BS. VALUE ESTIMATE RESIDUAL ERROR LIMITS OF FIT

1. 4. 5168 4. 51680 0. BOEOO +~0. 00290 +-@ 00290

2 . 9gav 2. 98570 2. 6eooe +-0. 00196 +-0. PO126

AR b g o b e o o AN R A e OB R R R R g e e 5 e v o e ol e el o R e b o e kA

SLOFE
OFFZET

OMEGH SQRURRE
DEGREES OF FREEDOM

VARIANCE SLOPE
YARIANCE OFFSET
COV (SLOFE. OFFSET)

=

=

]

it

HoWn

+—
-

9. 1123177E+@0
- $166546E~02

1. 800
=}

B. 6595587E-B7
8. 6577215E-04
-. 2840€02E-85

6. 25623188E-02
0. 8110002E-02

»*

ok

CALIBRATION RUN B2-4

W

*

ook

INPUT DATA TO EVALUARTION PROGRAM ~ ER 2 F 1 T
(MEAN VALUES FROM LAST 18 MEASUREMENTS IN TRBLE B2,

e Y
COUNTING-RATE

ERRORS FROM STANDARD DEVIATION OF REPEATED MEARSUREMENTS)

1. 48. 29611 0. 92335 4. 51689 Q. ee16e
2, 26, 66422 8. 84767 2 98570 . 00105
TABLE OF RESIDURLS
EXPECTED CONF IDENCE
0BS. HR 0BS. YALUE ESTIMATE RESIDUAL. ERROR LIMITS OF FIT
1. 4. 5168 4. 51688 9. 006D +-@. 00307 +-0. PO36?
2. 2. 9857 2. 98570 0. 8006 +-0. 8e22% +-0. 6O225
SLOPE = @ 1123176E+00 +- 0. 2791388E-03
OFFSET = = 915852BE-082 +- 0. 8953312E-62
OMEGA SQUARE = 1. 620
DEGREES OF FREEDOM = =]

VARIANCE SLOPE
YARIANCE OFFSET
COV (SLOPE., OFFSET>

8. P791845E~-07
8. 8016178E-04
~, 2447455E-8S



-BS§ -

MEARN VALUES FROM ALL 40 MERSUREMENTS. IN TRBLE B2
bbb e e oo mbe s o b e e o bR ke w

WO e

COUNTING ERRORS GIVEN REFER:
A TO ERROR ESTIMATES FROM PERK AREA EVALUARTIONS
B> TO STANDARD DEVIATIONS OF REPEATED MERSUREMENTS <VALUES
GIVEN IN BRACKETS)

18% KEV COUNTING RATE STANDARDS
MR OF  COUNTING ~ TOTAL ~ COUMT / THICKN 235U EMNF
REPEATS RATE / ERROR ~/ ERROR / ERROR ENR. ERROR

15 40, 26365 . @124 | 91196 | 0O604 4. 5168 ©. 60169
. @1572 . 81451 . 80504)>

15 26. 64615 . G0S37 | 08804 | 0D48@ 2. 9857 0. 80105
(. 91320 . 01236 . 00480>

19 17. 54867 . @QOV3IE | OOEES . BO316 1. 9664 9. 00OT7E
(. 99715 . 68642 . 00316>

Mokl ooy

ok
'
#
Hookook

CRLIBRATION RUN B2-5

M oo froven

ook w” et Mook ok ek R
INFUT DRTA TO EVYALUATION PROGRAM - ER 2 F I T 7 /17
(MEAN YALUES FROM ALL 48 MEASUREMENTS IN TABLE B2, COUNTING-RATE

ERRORS FROM FEAK-AREA EVALURTIONS)

1. 40. 26265 Q. 91340 4. 51680 8 8601c0
2. 26. 64648 8. 80937 2. 98576 0. 80105
3. 17. 54867 9. 6726 1. 966409 0. PeB78
TABLE OF RESIDUALS
EXPECTED CONF IDEMNCE
OBES. NR OES. VALUE ESTIMARTE RESIDUAL ERROR LIMITS OF FIT
1. 4. 5168 4. 51558 -0 00122 +-0. 0022¢ +-0. BO1S2
2. 2. 9857 2. 9g71i@ 9. 89140 +-0, 08149 +-0. 6eess
3. 1 9664 1. 96595 -8, 880245 +-@. 90188 +-0. 80101
# ok Herke Aerok
SLOPE = @ 1122442E+08 +~ 0 163723S5E-B2
OFFSET = - 3783234E-02 +- 0. 2558164E-B2
OMEGR SQUARE = 1 363
DEGREES OF FREEDOM = 1

VARIANCE SLOPE
VARIANCE OFFSET
COV (SLOPE. OFFSET>

0. 1875898E~07
0. 65442088E-85
- 2515911E-06

oo ¥R

*

*

CALIBRATION RUN B2-6
a4
Aok

INPUT DATA TO EVALUATION PROGRAM - ER 2 F I T “ /1/:
(MEAN VALUES FROM ALL 40 MEASUREMENTS IN TABLE B2, COUNTING-RATE
ERRORS FROM STANDRRD DEVIATION OF REPERTED MEASUREMENTS)

1. 49. 26365 @. 81572 4. 51680 0. ee166
2. 26. 64618 8. 81320 2. 98579 0. 99105
2. 17. 54867 8. 8715 1. 966486 8. 08070
TABLE OF RESIDUALS
EXPECTED CONF IDENCE
0BS. NR 0BS5S, YALUE ESTIMATE RESIDURL ERROR LIMITS OF FIT
1. 4. 5168 4. 51574 -0. 89106 +-0. BO238 +-0. 80213
2. 2. 9857 2. 98724 0. 80154 +-0. 08182 +-8. 0BO97
3. 1. 9664 1. 96608 -0. 98832 +-@. 80106 +-0. peioz
SLOPE = 8. 1122458E+00 «+- 0 1101316E-63
OFFSET = - 3680989E-02 +~ 0. 2623718E-02
OMEGAR SQUARE = 1. 885
DEGREES OF FREEDOM = 1

VARIANCE SLOPE
VARIANCE OFFSET
COV (SLOPE., OFFSET>

8. 1212897E-07
8. 6883894E-85
- 273101SE-96

HnwH
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TRELE BX CALIBRATION DATA SET NR. 3,
WITH COUNTING-TIME CORRECTION FROM PULSER,
BOTTOM THICKNESS: XS5 FROM CERTIFICATE EC-NRM-171,
MONEL FROM DIMENSION SHEET UF6~-REIMEF 1986 RAPF. 6

OBS. 185 KEY COUNTING RATE STHNDARRDS
MR COUNTING ~ TOTAL ~ COUNT / THICKN 2351 ENR
RATE 7/ ERROR / ERROR / ERROR ENR, ERROR
1 4@. 10828 . 05288 . 065221 . 20842 4. 5168 . 0016
2 40. 27659 . 05302 . 05234 . 80845 4. 5168 . 0816
2 49. 27739 . 05299 . 95231 . 00845 4. S168 . ©QLE
4 4@, 20z0s . 852598 . 95230 . 00844 4. 5168 . 0916
S 40, 23234 . 95275 . 05207 . 80844 4. 3168 | 0016
€ 49, 21199 . 85297 . 95229 . 00844 4. 5168 . 0oi€
7 4@ 21922 . 05294 . Q5226 . 00844 4. 51€8 . 0816
g 4. 2516@ | 05294 | OS226 . 00845 4. 5168 . ©o1s
] 49, 15219 . 85288 . 05220 . 00843 4. 516 . 0016
1e 4@ 19939 . 05293 . @5225 | 08844 4, 5168 . 09ie

9857 . eel1es
9857 . 8@l105
98%7 . 001ed
2857 . BolasS
9857 . es1ss
9857 . 99105
9857 . 8@10S
9357 . 8@i05
29357 . 80105

11 26. 63174 . 03481 . 93377 . @e399
1z 26. 59666 . @2398 . 93375 | 80299
1z 2€. 2432 . 03283 . B3370 . 00398
14 26, 66225 . 33408 | B3376 . 80400
15 26, 6@662 | BIZH6 | @3372 | 0B399
16 z6. 53397 . @3Z87 . 03364 | 0B398

7 26. 64560 L BI295 | B3371 | 6@4Q0
13 Z€. 64215 L B3335 | @3371 . @299
iz Z6. T9047 . 83394 | B371 | QO399

26 26. 63836 . 032409 . 023386 . 00399 9857 . 00105
21 17. 49726 . 02262 . 82213 . 0047z 2664 . RoOY
za 17 S3362 . B2264 . 92214 | 8@473 9664 . OB7
P 17. 55024 . 82264 . 02214 |, 80474 3664 . poa?
24 17. 52067 | B2z264 . 02214 . 90473 9664 . BOOY
25 17. 52586 | B2264 | 62214 | 00473 9664 . BOO7
26 17. S2327 . 82267 . 02217 . 00472 9664 . @07
2 17. 55654 . @2278 . 682220 . 68474 8664 . 0OOT
28 17. 54095 | 82269 .082219 . 00473 9664 . goav
2% 17. 51516 . 82252 .82282 . 80473 2664 . 0007
2B 17. 49193 | B2255 .062205 . 80472 9664 . 6007
47 40. 22881 . 85274 . 05286 . 60844 5168 . 0016
48 49. 25428 . 835273 .05205 . 00845 5168 . @916
49 40. 33219 | 0524 | 0S236 . 80846 5168 . 9816
Se 49. 36786 . 05281 . 05213 . 00846 5168 . Q816
S1 40. 22656 . 05272 . 65204 | 00844 . 5168 . 6916

57 26. 61668 . 83398 . Q3374 . QO399
58 26. 66068 | 83402 . Q3378 . 20400
59 26. 27649 |, @3397 . 03374 . 00398
(13 2€. £5453 . 83481 | 03377 . 60400
61 26. 65171 . 03358 . Q3374 . 00400

. 9857 . o01eS
. 9857 . 98465
. 9857 . gel1es
. 9857 . 99185
. 9857 . 88105

NNRNRBNN &hbprd PRRPRPRERRE DRNRNRORNNDRONRN
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MEAMN YALUES FROM FIRST 306 MEASUREMENTS IN TRBLE B3
PR oo of b e ok KoK e

COUNT ING EFRORS GIVEN REFER:
A> TO ERRUR ESTIMATES FROM PEAK ARER EVALURTIONS
E> TQ STAMUDARD DEVIATIONS OF REPEATED MERASUREMEMNTS (YALUES
GIVEM IN BRRACKETS>

185 KEY COUNTING RATE STANDARDS
NR OF COUNTING / TOTAL / COUNT ./ THICKN. 233U ENR
REFEARTS RRATE 7/ ERROR / ERROR / ERROR ENR. ERFROR

1e 43 21221 . 01855 | 01652 | 00844 4. S16& 0. @2160
(. 81871 . 0Q167@ . 06844>

10 ZE. E0721 . @1132 | 81067 | 082399 2. 9857 @ a@les
(. 81542 . @1456 | QB39

10 17. 52496 . @B845 | Q0VE0 | 60473 1. 9664 9 aRYTO
. Pa7as | BRL3Z | B8473)

EE dd 2 * e A OBORN e HOROR b S e s R R DR o s o oK R
B d *
* CALIBRATION RUN E3-1 *
¥ -~

KK R e Aok ek Hok

INPUT DATA TO EVALUATION PROGRAM © E R 2 F I T 7 /1/:
(MERAN VARLUES FROM FIRST 38 MEASUREMENTS IN TRBLE B3, COUNTING-RATE
ERRORS FROM PEARK-AREA EVALUATIONS)

1. 40. 24321 Q. 81855 4. 516e0 Q. @9160
2. 26. 60721 8. 81413% 2. 98570 0. 6O1LeS
2. 17. 52496 8. 88845 1. 9664a @, ees?7e

TRBELE OF RESIDUALS

EXPECTED CONF IDENCE
HBS. MR 0BS5S, VALUE ESTIMATE RESIDUAL EFRFOR LIMITS OF F17

1. 4. 5168 4. 51575 ~0. 00105 +-0. PO263 +~0, 3227
2. 2. 9357 2. 98674 8 00104 +-0. 80166 +-6. 00101
3. 1. 8664 1. 96608 ~B. 0ae32 +-8. 891418 +-0. 60111

* b MR e s g sk ek ok sk O ROR ROk

SLOPE = 0. 1123782E+60 +- 0. 1202292E-63

OFFSET = - 3341003E-02 +- ©O. 289712ZPE-02

OMEGR SQUARRE = 8. 628

DEGREES OF FREEDOM = 1
VARIANCE SLOPE = 0. 1445568E-07

VARIANCE OFFSET = ©. 83933I06E~-0S
COV (SLOPE. OFFSET)> = - 3309932E-86

bR e oo e

#* "
* CALIBRATION RUN B3-2 *
"« *®

ek e ek MeRogokok

INFUT DATA TO EVALUARTION PROGRAM - ER 2 F 1 T 7 /1/:
CMEAN VALUES FROM FIRST 30 MEASUREMENTS IN TABLE B3, COUNTING-RRTE
ERFRORS FROM STANDARD DEVIATION OF REPEATED MEASUREMEMNTS)

1. 40. 21321 9. 91871 4. 51688 0. 02160
2. 26. 66734 9. 81542 2. 98570 9. 991a5
3. 17. 52496 . eaves 1. 96640 8. 8eR7e

TABLE OF RESIDUALS

EXPECTED CONF IDENCE
UBS. NR 0BS. VALUE ESTIMATE RESIDURL ERROR LIMITS OF FIT

1. 4. 5168 4. 51599 -0. eaes1 +-0. 80264 +-8. 80237
2. 2. 9857 2. 98689 9. 89119 +-9. 99203 +~0. 98107
3. 1. 9664 1. 96618 -9. 90822 +-8. 00113 +-9. 09188
SLOPE = 0. 1123846E+00 +- B 120973BE-03
OFFSET = - 3359130E~82 +- 0B. 2839295E-82

OMEGR SQUARE

9. 480
DEGREES OF FREEDOM 1

0. 1463514E-07
9. 8061594E-85
—. 32476393E-06

YARIANCE SLOPE
YARIANCE OFFSET
COvV (SLOPE, QFFSET>

[
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MEAM YALUES FROM LAST 18 MEASUREMENTS IN TABLE B3

sk o bk etk e At RO

COUNTING ERRURS GIVEN REFER:
A> TO ERROR ESTIMATES FROM PEAK ARER EVALURTIONS
B> TC STANDARD DEVIATIONS OF REPERTED MERSUREMENTS (VALUES
GIVEN IN ERACKETS)

185 KEV COUNTING RATE STANDARDS
MR OF COUNTING ~ TOTARL ~ COUNT / THICKN 2350 EMNR
REFEATS RATE /7 ERROR ~ ERROR / ERROR ENR. ERROR

S 40, 270z . B2480 . @2331 . 9OB4S 4. 5168 0. @160
(. 82294 .©2133 . 08845)>

S 26. €3200 | 01561 . Q1510 . BB399 2. 9857 ©. 89103
(. 91635 . 91586 | BO399)>

s b b ookt Mot b e R R ROMOKOR K Mever R LR BT
» *
* CALIBRATION RUN B3-3 #
b Y
R o HOR N sk *

INPUT DATA TO EYARLUATION PROGRAM - ER 2 F I T 7 A1/
(MEAM VALUES FROM LAST 10 MEASUREMENTS IN TABLE B3, COUNTIMG RATE
ERRORS FROM PEAK-AREA EVALURTIONS)

1. 49. 27oa2 B. 824808 4, S16g@ Q. BB1E0 »
2. 26. 63200 8. 91561 2 98570 8. 6e185

TABLE OF RESIDUALS

EXPECTED CONF IDENCE
0UBS. HR 0B5. VALUE ESTIMATE RESIDUAL ERRCGR LIMITS OF FIT

1. 4. 5168 4. 51680 8. 8PaRs +-0, 28321 +-Q. B2 21
2. 2. 9857 <. 98570 9. 90e0D +-0. 00204 +-~0. BOZ04
ok * w Hok EEEN

SLOPE = Q. 21122672E+00 +- 0. 2790736E-03
OFFSET = - 4200596E-82 +- 0. §791348E-02
OMEGA SQUARRE = 1. 808

DEGREES OF FREEDOM = %]

YARIANCE SLOPE = @ 7788208E-07

VARIANCE OFFSET = 8. 7571345E-04
COV (SLOPE, OFFSET> = - 2380192E-85

*

CALIBRATION RUN B3-4

*

WOt OO
INPUT DATA TO EVALURTION PROGRAM - ER 2 F I T 7 /1/:
(MERN VALUES FROM LAST 10 MEASUREMENTS IN TABLE B3, COUNTING-RATE
ERRORS FROM STANDARD DEVIATION OF REPEATED MEASUREMENTS)

1 40. 27002 9. 82294 4, 51680 9. BeLE0
2. 26. 63200 9. 91635 2. 98570 Q. 99105

TABLE OF RESIDUALS

EXPECTED CONF IDENCE
0BS. NR 0BS. VALUE ESTIMATE RESIDURL ERROR LIMITS OF FIT

1. 4. 5168 4. 51680 Q. 9eoge +~0. 00303 +~0. 60303
2. 2. 9857 2. 98570 Q. 8oees +-0. 80211 +-0. 80211
SLOPE = B 1122669E+80 +— 0. 2718474E-03

OFFSET = - 41980SBE-02 +-~ 0. 8604872E-82
OMEGA SQUARE = 1. 080
DEGREES OF FREEDOM = e

YARIANCE SLOPE 0. 7346668E-07
VARIANCE OFFSET = . 7484382E-04
COV (SLOPE, OFFSET> = - 22844S6E-85
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MEAN VALUES FROM ALL 40 MEASUREMENTS IN TRBLE B3

o e e s He e MR A RORON R oo spote

COUNTING ERRORS GIVEN REFER:
A> TO ERROR ESTIMATES FROM PEAK AREA EVALUATIONS
B> TO STANDARD DEVIATIONS OF REPEATED MEASUREMENTS (VALUES
GIVEN IN BRACKETS)

185 KEV COUNTING RATE STANDRRDS
MR OF COUNTING ¢/ TOTAL ~/ COUNT / THICKN. 235U ENR.
REFERTS RATE / ERROR / ERROR / ERROR ENR. ERROR

15 40. 23215 | 81591 . 91348 | 00844 4. 5168 0. PO160
(. 81689 | B1463 . 00B44>

15 26. 61554 | 00358 | 90871 . BO399 2. 9857 0. 90105
(. 81203 . @1135 | @839

10 17. 3249€¢ . 00845 . QOO760 . 8@473 1. 9664 0. BEATH
. 8789 | BB632 .B8B473)

roey *

W
* CALIBRATION RUN B3-5
">

Wk s aleld baaeule b L

¥ ¥ X

INPUT DATA TO EVALUATION PROGRAM - ER 2 F I T 7 /1/:
(MEAN YALUES FROM ALL 40 MEASUREMENTS IN TRBLE B3, COUNTING-RATE
ERRORS FROM PERK-AREA EVALUATIONS)

1. 40, 23215 8. 81591 4. 51680 9. 80160
2. 26. 61555 9. 90958 2. 98570 8. 29185
2. 17. 32436 8. 0B845 1. 96648 ©. 99870

TABLE OF RESIDUALS

EXPECTED CONF IDENCE
0BS. NR 0BS. VALUE ESTIMATE RESIDURL ERROR LIMITS OF FIT

1. 4. 5168 4. 351572 -0, 00108  +-0. 90248  +-0. 00208
2 2. sas? 2 98676  © 99186 +-0. Q0158  +-0. 0ee93
3, 1. 9664 1. 96601  ~0. 0039  +-0. 80118  +-0. 80110

P s

SLOPE = © 1122867E+08 +- @ 1127577E-83

OFFSET = - 1811625E-02 +- 0. 2786709E-02

OMEGR SQUARE = 0 810

DEGREES OF FREEDOM = 1

YARIANCE SLOPE = 0. 1271430E-87
VARIANCE OFFSET = B 7765747E-05
COV (SLOPE, OFFSET> = -, 29B86926E~-086

¥

CRLIBRATION RUN B3-6

*

INPUT DATA TO EVALUATION PROGRAM - ER 2 F I T 7 /4/:
CMERAN VALUES FROM ALL 4@ MERSUREMENTS IN TABLE B3, COUNTING-RATE
ERRORS FROM STANDARD DEVIATION OF REPEATED MEASUREMENTS)

1. 40. 23215 0. 91689 4. 51680 8. 0pise
2. 26. 61355 e. 91203 2. 98570 8. 98105
3. 17. 52496 8. 8e769 1. 96640 9. peare

TABLE OF RESIDUALS

EXPECTED CONF IDENCE
0BS. NR 0BS. VALUE ESTIMATE RESIDURL ERROR LIMITS OF FIT

1. 4. 5168 4. 51584 -0. 88897 +-0. 00248 +=~8, Bez18
2. 2. 9857 2. 98686 8. 80116 +=-0. 00171 +-0. 000sS8
3. 1. 9664 1. 96610 —-9. 68830 +~-0, 80113 +-@. 80107

SLOPE = 0 1122875E+80 +- 0 1145904E-Q3

OFFSET = - 1734481E-82 <+~ 0. 2?56965E-02

OMEGR SQUARRE = 9. 682

DEGREES OF FREEDOM = 1

VARIANCE SLOPE = @ 1313097E-087

YVARIANCE OFFSET = 8. 7600860E-05
COVv <(SLOPE, OFFSET> = -~ 2993578E-B86



TABLE B4
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CALIBRATION DRTA SET NR. 4,

WITH COUNTING~TIME CORRECTION FROM PULSER,

BOTTOM THICKNESS: FROM ULTRASONIC MEASUREMENTS

NORMALIZED TO 4. 9952 MM AL CALIBRATION DISK AND

Z. 9ped MM MONEL CALIBRATION DISK

OES. 185 KEY COUNTING RATE STANDARDS
HE COUNTING ~ TOTAL ~ COUNT / THICKM. 235U ENR
FATE .~ ERROR / ERROR / ERROR ENR.  ERROR
1 40 117%@ . 05256 . 05221 . 98602 4. 5168 . 08016
2 40, 29625 . 05270 . 05235 . BR60G4 4. 5168 . 0016
2 40, 26796 . ©5268 . @523 . 00604 4. 5168 . 0916
a 46, 21172 . 95266 . 05231 . 00603 4. 5168 . @016
5 40. 24300 . 05244 . 05209 . 00603 4. 5168 . @916
P 40, 22162 . 95265 . ©S230 . 80603 4. 5168 . 0016
7 40, 22857 . 65263 . 95228 . 00603 4. 5168 . 0916
S 40, 26125 .0Sz62 . 65227 . 00604 4.5168 . BOL6
) 40, 16182 . 95256 .B5221 . 0R6e2 4. 5168 . 0016
10 40. 20903 . 95261 . 05226 . 8603 4. 5168 . 8016
11 26. 63437 . 93412 .03378 .00479 2. 9857 . 080185
2 26, 59922 . B3408 . 02374 . BR4ATY 2. 9857 . 80185
13 26. S2697 . 093403 . 03269 . BE477 2. 9857 . 00105
14 26. 6649@ . 03416 . O3II76 . DO480 2. 9857 . @91085
15 25 60928 . 83407 . 93273 . 88479 2. 9857 . 00185
1€ 26 S5I662 . B2II97 . ©3363 . 00478 2. 9857 . Q0105
17 2€. 64826 . 03406 . 093372 . 00480 2. 9857 . P@L0OS
18 Z6. 64581 . 93485 . 0IT7L . OG479 2. 9857 . 00105
19 26. 55313 . 02404 . 03370 . 0B479 2. 9857 . 90105
20 26. 64182 . 034208 . 03386 . 00479 2. 9857 . 90105
21 17. 50150 . 02236 . p2214 . B34S 1. 9664 . ©RB7
2z 17. 53784 . 02236 .02214 . 00316 1. 9664 . evO?
23 17. 55445 . 92237 . 02215 . 00316 1. 9664 . ©OO?
24 17. 52487 . 092237 .B82215 . 80215 1. 9664 . ©0OT
25 17. S36@6 . B2237 . 02215 . 00315 1. 9664 . @EB7
26 17. 52748 . 02240 . 02218 . @031S 1. 9664 . @087
? 17. 55475 . 82242 . 02220 . BO316 1. 9664 . 9087
28 17. 54516 . 02242 . 02220 . 80316 1. 9664 . 90O7
29 17. 51936 . 02226 .B2204 . BO31S 1. 9664 . 0@B7
38 17. 49619 .02228 .B82206 . 08315 1. 9664 . Bew?
47 40, 23846 . ©5242 . 05207 . 0OED3 4. 5168 . 6016
48 4D, 26393 . 05241 .0OS206 . BRE0O4 4. 5168 . 0916
49 40, 34186 . 05272 . 05237 . 8060S 4. 5168 . D916
59 40. 31753 . 05249 | 95214 . 20605 4. 5168 . 0816
s1 40. 23662 . 05240 . 05205 . 9P603 4.5168 . 0016
57 26. 61924 . 03408 . ©3374 . BB479 2.5857 .©8185
Sg 26. 66326 .034132 .03379 . 00480 2. 9857 . 00105
59 26. 57915 . ©3408 . 0O3374 . 00478 2. 9857 . 00105
60 26. 65712 . 03412 . 93378 . 0480 2. 9857 . 00105
61 26. 65437 . 03489 . 03375 . 00488 2. 96857 .. 89105
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MEAN VALUES FROM FIRST 30 MEASUREMENTS IN TABLE B4

1 HOR Ok

COUNTING ERRORS GIVEN REFER:
A> TO ERROR ESTIMATES FROM PERK AREA EVALUATIONS
B> TO STANDARD DEVIARTIONS OF REPEATED MEASUREMENTS (VALUES

GIVEN IN BRRCKETS)

ul g

185 KEY COUNTING RRTE STANDARDS
NR OF COUNTING / TOTARL / COUNT / THICKN. 235U ENR.
REPERTS RATE /7 ERROR / ERROR ./ ERROR ENR. ERROR
18 48. 22285 . 01759 | 91653 . DOEO3 4. 5168 0©. 00160
(. 81776 . 81670 . 0BEO3>
1@ 26. 66937 | 81169 | B1OE7 . BO4TS 2. 9857 0. 89165
(. 81565 | 914958 . BB479>
10 17. 92916 . 0O76B . O7OB . 0315 1. 9664 0 @OVB7O
(. 8E706 | BRE32 . 0315

M i e e o A o e K O o 2 N ol e e 1RO e e i o M o

*
o
£

CALIBRATION RUN B4-1

SR M MR
»>”
*
-

INPUT DATR TO EVALUATION PROGRAM ~ ER 2 F 1 T 7 /1/.
(MEAN YALUES FROM FIRST 30 MEASUREMENTS IN TRBLE B4,

ERRORS FROM PEAK~-AREA EVALUARTIONS)

W6 4o e MR

COUNT ING-RATE

1. 4a. 22285 0. 81759 4. 51680 9. 80160
2. 26. 60997 8. 91169 2. 98570 9. 80105
3. 1?7, 52916 6. PO768 1. 96646 °. oee7ve
TABLE OF RESIDUALS
EXPECTED CONF IDENCE
0OBS. NR OB3. VALUE ESTIMATE RESIDUAL ERROR LIMITS OF FIT
1. 4. 5168 4. 51606 -8 88074 +-0, 00254 +-0. 00222
2, 2. 9857 2. 98651 9. goesl +-0. 00168 +-0, 00093
3. 1. 9664 1. 96619 ~@. 86921 +-0. 90111 +-0. 80105
wogok Heote el " e He st ol e b
SLOPE = 0, 1123603E+86 +~ ©. 1158251E-03
OFFSET = -~ 3392914E~-B2 +- 0. 2761771E-02

OMEGR SQURRE
DEGREES OF FREEDOM

VARIANCE SLOPE
VARIANCE OFFSET
COV (SLOPE. OFFSET>

=

0. 354
1

©. 1341546E-67
0. 7627379E-85
~. 303558BE~06

¥ F £ 3

CALIBRATION RUN B4-2

(oL 2

INPUT DATA TO EVALUATION PROGRAM
(MEAN VALUES FROM FIRST 30 MEASUREMENTS IN TABLE B4,

CTERQF 1T /1/:

COUNT ING~RATE

ERRORS FROM STANDARD DEVIATION OF REPEATED MEASUREMENTS)

1. 49, 22285 ©. 81776 4. 51680 0. 00160

2. 26. 60997 . P156S 2. 98572  ©. 00105

3, 17. 52916 8. PB786 1. 966456  ©. BEO7Y
TABLE OF RESIDUALS

EXPECTED  CONFIDENCE

0BS. NR  0BS. VALUE ESTIMATE RESIDUAL  ERROR  LIMITS OF FIT

1. 4. 5168 4.51623 -0. 8@B5?  +-0. BO2SE  +-0. BO231

2 2. 9857 2. 98662  ©.0@E92  +-@ 00205  +-0. 00104

3, 1. 9664 1. 96625 -0. BOOLS  +-0. @106  +-0. BP102
Woobeop e s
SLOPE = 0. 11236S8E+@0 +~ ©. 116S068E-03
OFFSET = - 3409313E-02 +~ O.2701323E-082

OMEGA SQUARE
DEGREES OF FREEDOM

VARIAMCE SLOPE
YARIANCE OFFSET
Cov (SLOPE, OFFSET)>

8. 276
1

9. 1357384E-07
8. 7297145E-85
—-. 2974625E-06
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MEAN VALUES FROM LAST 18 MEASUREMENTS IN TRBLE B4
"

COUNTING ERRORS GIVEN REFER:
A> TO ERROR ESTIMATES FROM PEAK AREAR EVALUATIONS
B> TO STANDARD DEVIATIONS OF REPEATED MEASUREMENTS (VALUES
GIVEN IN BRACKETS)>

185 KEYV COUNTING RATE STANDARDS
NR OF COUNTING ~/ TOTRL / COUNT / THICKN. 235U ENR.
REPEATS RATE /7 ERROR / ERROR / ERROR ENR. ERROR

S 49. 27969 . 82409 . B2332 . 0604 4. 5168 ©. 09160
(. 82217 . 82132 . 08604

S 26. 63466 | 91384 . @1518 | 00479 2. 9857 ©. 60105
(. @1657 . 091586 . 0B479>

CALIBRATION RUN B4-3 "

¥ ¥ % ¥

* herok 2 obok ek

INPUT DATA TO EVALURTION PROGRAM - ER 2 F I T 7 Z1/:
(MEAN VALUES FROM LAST 4@ MEASUREMENTS IN TABLE B4, COUNTING-RRTE
ERRORS FROM PEAK-ARER EYALURTIONS)

1. 40. 27962 0. B2409 4. 51680 0. 8160
2. 26. 63466 8. 91584 2. 98570 8. 96105

TABLE OF RESIDUALS

EXPECTED CONF IDENCE
OBS. NR 0BS. VALUE ESTIMATE RESIDURL ERROR LIMITS OF FIT

1. 4. 5168 4. 51680 2. 00000 +~8. 80314 +-@. 80314
2. 2. 9857 2. 98570 0. 80608 +-0. 00286 +-0. D206
SL.OPE = @ 11220892E+88 +- 0. 2?54694E-@3
OFFSET = - 2955423E-02 +- 0. 864470BCE-02
OMEGR SQUARRE = 1. 989
DEGREES OF FREEDOM = ]

8. 7588342E-607
8. 7473025E~-04
—. 233345E-BS

VARIANCE SL.OPE
VARIANCE OFFSET
COV (SLOPE, OFFSET>

B un

¥

CRLIBRATION RUN B4-4

*

femseopen

INPUT DATA TO EVALUATION PROGRAM # ER 2 F 1 T 7 /1/:
(MEAN VALUES FROM LAST 10 MEASUREMENTS IN TABLE B4, COUNTING-RATE
ERRORS FROM STANDARD DEVIARTION OF REPEATED MEASUREMENTS)

1. 40, 27969 Q. 82217 4. 51660 8. 80160
2. 26. 63466 8. 81657 2. 98570 9. 90105

TABLE OF RESIDUARLS

EXPECTED CONF IDENCE
0BS. NR 0BS. VALUE ESTIMATE RESIDUAL ERROR LIMITS OF FIT

1. 4. 5168 4. 51680 9. 0PBY +-0. BB296 +-@. 80296
2. 2. 9857 2. 98570 0. 68008 +-9. 00214 +-0. 00214

WOk

SLOPE = ©.1122096E+98 +- 0. 2673515E-03
OFFSET = = 296177S5E-B2 +- 0. 8547844E-02
OMEGAR SQUARRE = 1. 600

DEGREES OF FREEDOM = <}

YARIANCE SLOPE = @. 7147681E~-07
YARIANCE OFFSET = 0. 720E558E-04
COV (SLOPE, OFFSET> = - 2237913E-05
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MEAM YALUES FROM ALL 40 MEARSUREMENTS IN TRBLE B4
S rberkobe s R ok e

e 3 e

COUNTING ERRORS GIVEM REFER:
A> TO ERROR ESTIMATES FROM PERK AREA EVALUATIONS
B> TO STANDARD DEVIATIONS OF REPEATED MERSUREMENTS <(VALUES
GIVEN IN BRACKETS)

CMERAN
ERRORS FROM PEAK-A

REA EVALUATIONS>

YALUES FROM ALL 40 MEASUREMENTS 1IN TABLE B4,

185 KEV COUNTING RATE . STANDARDS
NR OF COUNTING ~ TOTAL / COUNT » THICKN 235U ENR
REPERTS FRATE /7 ERROR / ERROR / ERROR ENR. ERROR
15 40, 241860 . 01477 | 91348 | 00603 4. 5168 0. 89160
(. 81583 | 861464 | 8B603)
15 26 6igz@ | 9994 | 9B871 . BO479 2. 9857 0. seies
(. 81232 . B1135 . 08479)>
16 17. S2916 . 00768 . PO7YO8 . 00315 1. 9664 ©. 80B70
. BB706 . @e63Z2 . 0803155
ok ko ok e e ok
‘e b d
- CALIBRATION RUN B4-S *
* "
INPUT DATA TO EYALUARTION PROGRAM - ER 2 F 1 T 7 r/4/:

COUNT ING-RATE

1. 49, 24180 2. 01477 4. 51680 0. aoica
2. Z€. 61829 Q. 8e994 2. 98570 @. 09105
3. 17. 52516 8. 8eves 1. 96640 6. BRO7O
TABLE OF RESIDUALS
EXPECTED CONF IDENCE
OBS. NR OBS. VALUE ESTIMARTE RESIDURL ERROR LIMITS OF FIT
1. 4. 5168 4. 51604 -8. 82076 +~0. 80230 +-8. 90202
2. 2. 9857 2. 98654 9. 0ees4 +-0. 80153 +-0. 80291
3. 1. 9664 1. 96614 -9. 8enze +-0. 96111 +-0. 860184
SLOPE = @, 1122680E+00 +- 0. 107994PE-03
OFFSET = - 41827861E-B2 +- 0. 2646672E-02
OMEGR SGURRE = 0. 469
DEGREES OF FREEDOM = 1

VARIANCE SLOPE
VARIANCE OFFSET
COV (SL.OPE, OFFSET>

Q. 1466271E-87
0. 7984876E-0S
- 2711301E-06

sedootOR R HOR
<
]
"

CALIBRATION RUN B4-6

¥

INPUT DATA TO EVALUATION PROGRAM * ER 2 F I T 7 /1/:
(MEAN VALUES FROM ALL 40 MEASUREMENTS IN TRBLE B4,
ERRORS FROM STANDARD DEVIATION OF REPEATED MERSUREMENTS)

COUNTING-RATE

1. 40. 24180 8. 21583 4. 51680 9. vviee
2. 26. 61820 0. 81232 2. 98570 ©. 89185
3. 17. 52916 8. Beres 1. 96640 ©. 0007e
TABLE OF RESIDURLS
EXPECTED CONF IDENCE
0BS. NR 0BS. YALUE ESTIMATE RESIDURL ERROR LIMITS OF FIT
1. 4. 5168 4. 51611 -@. 60esE9 +-9. 80239 +-0. 90212
2. 2. 9857 2. 98661 9. 6eas1 +-0. 89174 +-0. 0BR96
3. 1. 9664 1. 96620 ~8. 90020 +~0. 00186 +-9. gel1e1
SLOPE = 8. 1122685E+86 +- 0. 1899201E-03
OFFSET = -~ 1773634E~82 4+~ 0. 2615252E-62
OMEGAR SQUARE = 8. 394
DEGREES OF FREEDOM = 1

YARIANCE SLOPE
VARIANCE OFFSET
Cov (SLOPE. OFFSET?

8. 1208243E-07
@. 623954B8E-05
-. 2720525E-06

LI ]



Appendix C

Measurements of UFg samples.

Corrected 185 keV counting rates, evaluation of
235U enrichment and of associated errors.
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TABLE C4i UF6 MEASUREMENT DARTA SET NR. 1,
WITHOUT COUNTING-TIME CORRECTION.
BOTTOM THICKMNESS: FROM DIMENSION SHEET
UF6-REIMEP 1986 APP. &

UBS. 185 KEY COUNTING RATE UF6 SPAMPLE
MR COUNTING ~/ TOTAL ~ COUNT ~/ THICKN. 235V ENR
RATE / ERROR / ERROR / ERROR ENR. ERROR
1 20. 52954 . 63318 . @2277 . 8B519 ? ?
34 3@, 57988 | a3214 |, Q2272 | BOS20 ? ?
23 30, 54800 . 03348 | 8327V . 89542 ? ?
z4 209, 51594 . 03314 | 83272 . 06512 ? ?
25 30. 54725 | 023214 . 92272 . 80515 ? ?
36 28, 51377 . 83214 | 03273 . 00549 ? ?
ke 38 49431 . 82347 . 9@z2?76 . 60518 ? ?
38 20. 57962 . Q3221 . 03288 | BOSZ2O ? ?
29 20, 56360 . 03248 | B3Z77 . 60520 ? ?
40 28, 54580 . ©33221 . Q3280 . 08519 ? ?
41 20, 52174 . 83314 . B2272 | BOS19 ? ?
42 20. 56857 . @2324 | G2293 . 00520 ? ?
43 Z@. 55289 | 83334 . 03292 . geS19 ? ?
44 30. 488954 . 03231 | 43298 . 80518 i ?
45 30, 51710 . 03214 | B2ET3I . 00512 ? ?
45 30. 52739 . 03214 | A2273 | gesie ? ?
S2 20. 58607 . ©O3221 | 83239 . 0a519 ? ?
5z 36, 54892 L 82331 L 03230 . 00519 ? ?
o4 20, 2140 . 03327 . A3286 . BOTLD ? ?
S5 2@, $58v4 . 03321 | A2290 | 00512 ? ?
13 20. 54083 . 03327 . 03286 . 00512 ? ?



-C2 -

MEAN VALUE OF FIRST 16 MEASUREMENTS IN TABLE C1

e

COUNTING EPRORS GIVEN REFER:
f> TO ERROR ESTIMATES FROM PERK AREA EVALUATIONS
B> TO STAMNDARD DEVIATIONS OF REPERTED MEASUREMENTS <(VRLUES
GIVEN IN BRACKETS)>

185 KEV COUNTING RATE UFé6

NR OF COUNTING / TOTAL ¢/ COUNT / THICKN. 235U ENR
REPEATS RATE / ERROR .~/ ERROR / ERROR ENR. ERROR

16 20 53641 | 80970 . 0O828 . 6O519 ? ?

. 98872 . @Bvez . 8831
*> sk oK
P "
* PRODUCTION RUN Ci-1 e
bl L
INFPUT DATA TO EVALUARTION PROGRAM:
UF6 COUNTING RATE = 306. 53641 +- 6. 80970
(MEAN OF FIRST 16 MEASUREMENTS IN TARBLE C1, COUNTING~RATE
ERFOR FROM FEAK-AREA EVALLUARTIONS, CORRESPONDING CALIBRATION
CONSTANTS FROM RUN Bl-1. MATRIX CORRECTION FACTOR 1. 82231>
235U AESOLUTE REL. THEREOF ERRORS THROUGH

EMRICHMENT ERROF ERROR UF& MEASUREMENT ~ CARLIBRATION

3. S04963 8. 001686 e 0484 0. 932% 0. 836%
*® w
* PRODUCTION RUN Ci-2 *

INPUT DATA TO EVALUATION PROGRAM:
UFE COUNTING RATE = 30 53641 +- 9. 608723

(MEAN OF FIRST 16 MERSUREMENTS IN TABLE C1i. COUNTING-RATE
ERROR FROM STANDARD DEVIATION OF REPERTED MEASUREMENTS,
CORRESPONDING CRLIBRATION CONSTANTS FROM RUN Bi-2, MATRIX
CORRECTION FRCTOR 1. @231>

235U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UFEé MERSUREMENT / CALIBRATION

3. 50492 8. 90175 0. 8050x% 9. B29% 9. 8417
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MEAN VALUE OF LAST S5 MEASUREMEMNTS IN TRBLE C1
ook etk

COUNTIMG ERRORS GIVEN REFER:
A> TO ERROR ESTIMATES FROM PERK RAREA EVALUATIONS
B> TO STANDARD DEYIATIONS OF REPERTED MEASUREMENTS (VALUES
GIVEN IN BRACKETS)

185 KEY COUNTING RATE UFé
NR OF COUNTING /7 TOTAL ~ COUNT / THICKN. 235U ENR.
REPEATS RATE / ERROR ¢ ERROR / ERRUR ENR. ERROR
S 30. 53528 . 01560 | 91471 . B8O5139 ? ?

<. 81884 | 9@952 . 80519

* PRODUCTION RUN C1-3

w’
»
W

KK *ok o o o o

INFUT DATA TO0 EVALUATION FROGRAM:

UF& COUNTING RATE = 30, 53520 +~ ©. 81560
(MEAMN OF LAST S MEASUREMENTS IN TABLE Ci, COUNTING-RATE
ERROR FROM PEAK-AREA EVALUARTIONS, CORRESPONDING CALIBRATION
CONSTANTS FROM RUN B1-3, MATRIX CORRECTION FACTOR 1. 6231)

235U ABSOLUTE REL. THEREQF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MEARSUREMENT »~ CARLIBRATION

3. SB0o02 0. 86245 Q2. 870x 8. 851X B. 848%

PRODUCTION RUN Ci-4

* ¥ ¥ ¥

¥ ¥ ¥ 2

L)

%

INPUT DATA TO EVALUATION PROGRAM:
UF6 COUNTING RATE = 30. 53520 +- ©. 61684

(MEAN OF LAST S5 MEASUREMENTS IN TABLE Ci1, COUNTING-RATE
ERROR FROM STANDARD DEVIATION OF REPERTED MEASUREMENTS,
CORRESPONDING CALIBRATION CONSTANTS FROM RUN Bi-4, MATRIX
CORRECTION FRCTOR 1. ©8231)

235U RABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MEASUREMENT / CALIBRATION

3. 50803 0. 90225 2. 864 °. 836% 9. 853%
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MEAN YALUE OF ALL 21 MEASUREMENTS IN TRBLE Ci1
S b R ook * ok oK Nk

COUNTING ERRORS GIVEN REFER:
A> TO ERRQF. ESTIMATES FROM PEAK ARER EVALUATIONS
B> TO STANDARRD DEYIATIONS OF REPEATED MEASUREMENTS (VYALUES
GIVEN IN BRACKETS)

185 KEV COUNTING RATE UF6
NR OF COUNTING ~/ TOTAL / COUNT ~/ THICKN. 235U ENR
REPERTS RATE 7/ ERROR / ERROR ~ ERROR ENR, ERROR
21 30. 53612 . 00884 | 90716 . BOS19 ? ?

<. 99771 . 08570 . 08519

ook e o et ok ok

W w
" PRODUCTION RUN Ci-5 *
e "
Ao sOR o SO o o o o Rk

INPUT DARTA TO EVARLUATION PROGRAM:
UF6 COUNTING RATE = 308. 53612 +- O 00884
(MEAN OF ALL 21 MEASUREMENTS IN TABLE Ci, COUNTING-RATE

ERROR FROM PEAK-AREA EYALUATIONS, CORRESFONDING CALIBRATION
CONSTANTS FROM RUN B1-5, MATRIX CORRECTION FRCTOR 1. 8231)

235U ABSOLUTE REL.. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF€é MEASUREMENT / CALIBRATION

3. 59338 9. 88154 Q. 944X 8. 029% 8. 833%
»® #<
* PRODUCTION RUN Ci-6 *
* L

INPUT DATA TO EVALUATION PROGRAM:
UF6 COUNTING RATE = 30. 53612 +~ O 80771

(MEAN OF ALL 24 MEASUREMENTS IN TRABLE Ci. COUNTING-RATE
ERROR FROM STANDARRD DEVIATION OF REPERTED MEASUREMENTS,
CORRESPONDING CALIBRATION CONSTANTS FROM RUN Bi-6, MATRIX
CORRECTION FACTOR 1. 8231)>

235U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UFEé MERSUREMENT / CALIBRATION

3. 58358 8. 99157 9. 845X 0. 9254 9. 8374
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TRABLE C2 UF6 MEASUREMENT DATA SET NR. 2,
WITHOUT COUNTING~TIME CORRECTION,
BOTTOM THICKNESS: FROM ULTRASONIC MEARSUREMENTS:
2. 992 MM MONEL PLUS 4. 995 MM ALUMINIUM

OBS. 185 KEY COUNTING RATE UF6 SAMPLE
NR COUMTING ~ TOTAL / COUNT / THICKN, 235U ENR
RATE s/ ERROR / ERROR ~/ ERROR ENR. ERROR
31 3. 541435 . 83302 | 92278 . 80297 ? ?
32 30. 59094 | 83299 . ©3275 . 00398 ? ?
33 39. 55192 . 83382 . Q3278 . 88397 ? ?
34 308. 52784 . 82298 . 83274 . 00397 ? ?
35 30. 55915 . 82299 . 83275 . 80397 ? ?
36 30 52568 . 03298 . 03274 | 00337 ? ?
37 30. 50320 . 63302 . 83278 . 00397 ? ?
38 20. 59157 . 83385 . 93284 . 00398 ? ?
29 30. 57493 . 03392 . 03278 . BB298 ? ?
40 30. 55772 . 03305 | 92281 . 80357 ? ?
41 20. 53265 | 83299 | 82275 | 0v397 ? ?
42 30 52050 . 93218 . 03294 . 80398 ? ?
43 39 56492 . 82318 . 083294 | 80397 ? ?
44 30. 58982 | @x315 | 83291 | 00397 ? ?
45 2. 52991 | 83299 . 3275 . 00397 ? ?
46 20. 53982 | 83299 | 3275 . 00397 ? ?
Sz 20. 51797 . 83215 . 23291 . 00397 ? ?
S2 30. 56086 . 83345 . 03291 . 00397 ? ?
54 3@ 533314 . e3212 | 83288 . Q0397 ? ?
S5 28 570668 . ©23315 . 032951 . 80398 ? ?
Sé 30. 55275 . 03312 . 083288 . 00397 ? ?
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MEAM YALUE OF FIRST 46 MERSUREMENTS IN TRBLE CZ
ko e Ak R R R R b ok ok ook O * * o

COUNTING ERRORS GIVEN REFER:
AY TO ERROR ESTIMATES FRUM PERK AREA EVALUARTIONS
B> T STANDARD DEVIATIONS OF REFEATED MEASUREMENTS <(VALUES
GIVEM IMN BRACKETS)

185 KEY COUNTING RATE UFe

MR OF  COUMTING ~ TOTAL ~ COUNT / THICKMW 233U ENR
REPERTS FATE / ERROR ~ ERROR / ERROR ENF. ERROR
16 3. 54832 . ©00911 | 68820 . 0B397 7 ?

¢. @Bge7 . 8Bvex . BA2S7)

A ey resvrpcIpropen c < e A OB e N

* PRODUCTION RUN C2~1

bk ek " Ao
INFUT DATA TO EVALUATION PROGRAM:

UF6 COUNTING RATE = 230. 54822 +- 06 aa911
CMEAN OF FIRST 16 MEASUREMENTS IN TABLE C2. COUNTING~RATE
EFROR FROM FERE~AFREA EVALDATIONS, CORRESPOMDING CRLIEBRATION
CONSTRHTS FROM RUN B2-1, MATRIX CORRECTION FACTOR 1. e221>

225U ABSOLUTE REL. THEREOF ERRORS THROUGH

ENRICHMENT ERROR ERROR UF6 MERSUREMENT / CALIBRATION

2. 50541 8. Be161 8. 846X 9. 9307 8. 835%

o kK ek e + ek sboroK ok

PRODUCTION RUN C2-2

¥ ¥ #

LE A

¥

INPUT DATA TO EVALUARTION PROGRAM:
UF6 COUNTING RATE = 30 54832 +- 0. 00807

(MEAN OF FIRST 16 MEASUREMENTS IN TABLE C2, COUNTING~RATE
ERROR FROM STANDARD DEVIATION OF REPEATED MERSUREMENTS,
CORRESPOMDING CRLIBRATION CONSTANTS FROM RUN B2-2, MRTRIX
CORRECTION FACTOR 1. 82231>

225U ABSOLUTE REL. THEREQF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MEASUREMENT / CALIBRATION

(]

58562 2. 89168 8. 848% 9. 826X 8. 40
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MEARN YALUE OF LAST S MERSUREMENTS IN TABLE C2
W ook Ao

COUNTING ERRORS GIVEN REFER:
A> TO ERROR ESTIMATES FROM PERK RAREA EVALUATIONS
B} TO STRANDARD DEVIATIONS OF REFERTED MEASUREMENTS (VALUES
GIVEM IN BRACKETS)

185 KEY COUNTING RATE UF€&
NR OF COUNTING /7 TOTAL / COUNT ~ THICKN. 235U ENR
REPEATS RATE / ERROR / ERROR / ERROR ENR. ERROR
S 30. 54741 . 61524 | ©1471 . 00397 ? ?

<. 81832 .980953 . 01397

OO ook ook ek
*- "
* PRODUCTION RUN C2-3 L
* "
A A "

INPUT DATA TO EYALUATION PROGRAM:

UF6 COUNTING RATE = 30. 54711 +- 0. 91524
(MEAN OF LAST S MEASUREMENTS IN TABLE C2, COUNTING-FATE
EFRROR FROM PERK~-AREA EVALURTIONS. CORRESFOMDING CALIBRRTION
CONSTANTS FROM RUN B2-3, MATRIX CORRECTION FACTOR 1. ©6231)

25U ABSOLUTE REL., THEREOF ERRORS THROUGH
EMFICHMENT ERROR ERROR UF6 MEASUREMENT ~/ CALIBRATION -

2. 50886 8. BO242 9. 669% Q. 850% 9. 848X

o KK

*

PRODUCTION RUN C2-4

: X ¥
*

INPUT DATA TO EYRLUATION PROGRAM:
UF6 COUNTING RATE = 3@. 54711 +- ©. 81032

(MEAM OF LAST 5 MEASUREMENTS IN TABLE C2, COUNTING-RATE
ERROFR FROM STANDARD DEVIATION OF REPEATED MEASUREMENTS,
CORRESPONDING CALIBRATION CONSTANTS FROM RUN B2-4, MATRIX
CORRECTION FACTOR 1. 8234)

235U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MERSUREMENT / CALIBRATION

3. Seessé 0. Be222 8. 863% Q. 8342 9. a537
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MEAN VALUE OF ALL 21 MEASUREMENTS IN TRBLE C2
Nt R ok ek

COUNTING ERRORS GIVEN REFER:
AY TO ERROR ESTIMATES FROM FEAK AREA EVALUARTIONS
B> TO STANDARD DEVIATIONS OF REPERTED MEASUREMENTS (VALUES
GIVEN IM BRACKETS)>

185 KEY COUNTING RATE UF§
NR OF COUNTING / TOTAL ~/ COUNT / THICKM. 235U EMR
REPEATS RATE 7 ERROR / ERROR ¢/ ERROR ENR. ERROR
21 36. 54804 | @0819 | @OV16 . @O357 4 ?

€. BB6S5 . 89571 . e33?>

e ot b b L

- "
* PRODUCTION RUN C2-5 w
* "

INPUT DATRA TO EVALUATION PROGRAM:

UF& COUNTING RATE = 20. 548@4 +- 0. 80819
(MEAN OF ALL 21 MEASUREMENTS IN TRBLE C2, COUNTING-RATE
ERROF FROM PERK-AREA EVALUATIONS, CORRESPONDING CALIBRATION
CONSTANTS FROM RUN B2-5, MATRIX CORRECTION FACTOR 1. @231)

235 ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MERASUREMENT ~/ CALIBRATICN

3. Se41e 8. 80147 0. 0427 Q. 027% 8. 832%
Rk ok
* *
# PRODUCTION RUN C2-6 -
™ *

" e R ok oROR K

INPUT DATA TO EVALUATION PROGRAM:
UFE COUNTING RRTE = 38. 54804 +- 0. 006595

(MEAN OF ALL 24 MEASUREMENTS IN TABLE C2, COUNTING-RATE
ERROR FROM STANDARD DEVIATION OF REPEATED MEASUREMENTS.,
CORRESPONDING CALIBRATION CONSTRNTS FROM RUN B2~6, MATRIX
CORRECTION FACTOR 1. 8231>

225U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MEASUREMENT / CALIBRATION

3. 58422 8. 90149 9. 9434 8. 0237 0. 836%
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THELE CZ UFé MERSUREMENT DATA SET NR. 2,
WITH COUNTING-TIME CORRECTION FROM FULSER.
BOTTOM THICTKNESS: FROM DIMENSION SHEET
UF&6~REIMEF 1986 FAPP. 6

s 185 KEV COUNTING RATE UF6 SAMPLE

NR COUNTING ¢/ TOTAL ~ COUNT / THICKN. 235U EMR,
RATE 7/ ERROR ¢ ERROR / ERROR ENR. ERROR
31 208, 47075 . 02629 | 83592 . 00518 ? ?
3z 20. 51802 . 03626 . 03589 . 09519 7 ?
32 2047295 . 93628 | 83591 . 00518 ? ?
24 28 45368 . B2625 . 03588 . 00518 ? ?
41 28, 47486 | B2627 . 83598 . 89518 ? ?
42 2@ 58378 | 0Z642 | 03686 | BB519 ? ?
4z 30. 49457 . 03644 | G3607 . 00518 ? 7
44 30. 43504 . BRE640 | B3602 | 00517 7 4
45 20. 45626 . 0IZexS . @2588 . 80518 ? ?
46 20, 476138 | BISZE . 03589 | 80518 ? ?
2 26, 45856 . BXE644 | O3607 . 0BT18 4 ?
Sz 20, 500506 | 63644 | 93607 . @519 ? ?
G4 0. 47074 . 02640 | 03603 . 0031E 7 ?
SG 3@, $9223 . 03642 | Q2606 . 00513 ? ?
51 28. 48287 . Q3648 | 93603 . GOTI1E ? ?

*) FOR MEASUREMEMTS #35 TO #40 NO TIME CORRPECTION COULD EE
PERFORMED DUE TO FAILURE IN RECORDING TOTAL COUNTS AND
REAL TIME OF PULSER
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MEAN YALUE OF FIRST 18 MEASUREMENTS IN TABLE C2

A

COUNTING ERRORS GIVEN REFER:
A> TO ERROR ESTIMATES FROM PEAK RREA EYALUATIONS
B> TO STANDARD DEVIATIONS OF REPEATED MEASUREMENTS (VALUES
GIVEN IN BRACKETS)

185 KEY COUNTING RATE UFé
MR OF COUNTING ~/ TOTRL ~/ COUNT / THICKN. 235U ENR.
REPEATS RRATE / ERROR / ERROR / ERROR ENR, ERROR
16 308. 47753 . 01249 | 81137 . gelis ? ?

(. 88897 . @0732 .Besis>

w

" PRODUCTION RUN C2-1
*

o HOR RO sk ool B b o o 4
INPUT DARTA TO EVALUATION PROGRAM:

UF6 COUNTING RATE = 30, 47753 +~ B 01249
(MEAN OF FIRST 18 MEASUREMENTS IN TRELE C3, COUNTING-RATE
ERROR FROM PERK-AREAR EVALUATIONS, CORRESPONDING CALIBRATION
CONSTANTS FROM RUN B3-1, MATRIX CORRECTION FACTOR 1. 8231)

235U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENR ICHMENT ERROR ERROR UF6 MEASUREMENT ~ CARLIBRATION

3. 50071 Q. 86195 8. a56% Q. 841% 8. 9377

* PRODUCTION RUN C3-2

*

INPUT DARTR TO EVALURTION PROGRAM:
UF6 COUNTING RATE = 30. 47752 +- 0. @897

(MEAN OF FIRST 16 MERSUREMENTS IN TABLE C3, COUNTING~RATE
ERROR FROM STANDARD DEVIRTION OF REPEATED MEASUREMENTS,
CORRESPONDING CALIBRATION CONSTANTS FROM RUN B3-2, MRTRIX
CORRECTION FRCTOR 1. 8231)

235U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UFé MERSUREMENT / CALIBRATION

3. 50089 0. 8O173 8. 850X 9. 829X 9. 8407
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MEAN YALUE OF LAST S MEASUREMENTS 1IN TRELE C3
she oot ok b AR ok ool b

COUNTING ERRORS GIVEN REFER:
R> TO ERROR ESTIMATES FROM PEAK AREA EVALUATIOMS
B TCO STANDARD DEWIATIONS OF REPERTED MEASUREMENTS (VYALUES
GIVEN IN BRACKETS)

185 KEV COUNTING RATE UFé&
MR OF COUNTING ~/ TOTAL # COUNT / THICKN. 235U ENR
REFEARTS RRATE s/ ERRDR / ERROR / ERROR ENR. ERROR
S 30. 48318 | 01654 | @1612 | 89518 ? ?

(. 21800 . 00855 | 9edis8)>

etk e bokoR He ok B3 ] £ * R T
* #*
* PRODUCTION RUM C3~-3 *
* *
Nk el oK bl e M MOl e s S KOROK

INPUT DATA TO EYALUATION PROGRAM:

UF6 COUNTIMNG RATE = 30. 48318 +- 0. 81694
CMERAN OF LAST S MEASUREMENTS IN TABLE CZX, COUNTING-RATE
EFRROR FROM FEAK-AREH EVALUATIONS, CORRESPONDING CALIBRATION
COMSTANTS FROM RUN BZ-Z, MATRIX CORRECTIOMN FACTOR 1. 8231>

235U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERRQOR ERROR UF6 MERSUREMENT ~ CARLIBRATION

3. 45782 8. 80262 8. 8v5su Q. 856 8. 85ex
* ok e HOR R e o o e oK Ak o
N *
* PRODUCTION RUN C3-4 *
# ¥

MR shekok oo ek Aol

INPUT DATA TO EVALUATION PROGRAM:
UFE COUNTING RATE = 20. 48318 +- 0. 61000

(MEAN OF LAST S MEASUREMENTS IN TABLE C3, COUNTING-RATE
ERROR FROM STANDARD DEVIATION OF REPEATED MERSUREMENTS,
CORRESPONDING CALIBRATION CONSTANTS FROM RUN B3-4, MATRIX
CORRECTION FACTOR 1. 0221)>

235U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MERSUREMENT / CALIBRATION

3. 49702 9. 80212 9. 8617 8. 8332 9. 854%
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MEAM YALUE OF ALL 15 MEASUREMENTS IN TABLE C3
Stk ok oH oo b oo e s ofe e oo oH b R R b sh b e oB MR R B R SR R KRR HOK K

COUNTING ERRORS5 GIVYEN REFER:
A> TO ERROR ESTIMATES FROM PEAK AREAR EVALUATIONS
B> TO STANDARD DEVIATIONS QOF REPERTED MEASUREMENTS (VALUES
GIVEN IN BRACKETS)

185 KEV COUNTING RATE UFé
MR OF COUNTING / TOTAL / COUNT / THICKN. 235U ENF
REPERTS RATE 7/ ERROR / ERROR ¢ ERROR ENR. EFRFOR
15 30. 47941 . 81064 | ©II29 | Q0S8 ? ?

(. BO757 . BBSS52 | 60518>

K > »ow ok S o op o sk e b ke e b

e *
" PRODUCTION RUN C3-5 *
* "
Wb b o ROR w34 e e b K HOR e e o o B M 3 o o e S o e S

INPUT DARTR TO EVALUATION PROGRAM:

UFS6 COUNTING RATE = 30. 47941 +- 0. 01064
CMERM OF ALL 15 MEASUREMENTS IN TRBLE C3, COUNTING-RRATE
ERFOR FROM FERK~AREA EVALUATIOMNS, CORRESPONDING CALIBRATION
CONSTANTS FROM RUN B3~5, MATRIX CORRECTION FRCTOR 1.02?1)

235U ABSOLUTE REL. THEREQOF ERRORS TMROUGH
ENR ICHMENT ERROR ERROR UF& MEASUREMENT .~ CRLIBRATIOM

3. 49364 ©. 89171 9. 849% 8. 935« 0. B34

26 e Ll Mok

*
* ¥ % ¥

PRODUCTION RUN C3-6

Hefor eapeodok

INFUT DATA TO EYALUATION PROGRAM:
UF6 COUNTING RATE = 38, 479441 +— 0. 88757

(MEAN OF ALL 135 MERSUREMENTS IN TRBLE C3, COUNTING-RATE
ERROR FROM STRNDARD DEVIATION OF REPEATED MERSUREMENTS.
CORRESPONDING CRLIBRATION CONSTANTS FROM RUN B3-6, MATRIX
CORRECTION FACTOR 1. 8231)

235U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MEASUREMENT ~/ CALIBRATION

2. 49974 9. 8e154 9. 844% 8. 825X 9. 826X
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TABLE C4 UF6 MEASUREMENT DATA SET NR. 4,
) WITH COUNTING~TIME CORRECTION FROM PULSER,
BOTTOM THICKNESS: FROM ULTRRSOMNIC MEARSUREMENTS:
2. 983 MM MONEL PLUS 4. 395 MM ALUMINIUM

0BS. 185 KEVY COUNTING RATE UF& SAMPLE
NR COUNTING ~ TOTAL / COUNT / THICKN 235U ENR

RATE /7 ERROR » ERROR / ERROR ENR. ERROR
31 30. 48264 . 03615 | 83393 . 00396 ? ?
32 20. 52993 . 983613 83591 . 08397 ? ?
33 30. 49485 | 03615 | @3593 . 80397 ? ?
24 30. 47856 . 83612 | 93590 . 80396 ? ?
41 20. 48595 . A3613 |, 03591 . 60396 ? ?
42 30. 51568 . 02630 . 93698 . 98397 ? ?
43 38. 58647 . B36230 . B2608 . 00397 ? ?
a4 30. 45092 . 83627 . B3605 . PO39E ? ?
45 3@, 47215 . @3612 | 83598 . 00396 ? ?
45 30. 48808 . O3613 . @3591 . BB39E6 ? ?
Sz 30. 47944 | B3630 | 03688 . 0B396 ? ?
S3 30. 51240 . 03630 | 03608 . 80397 ? ?
S4 20. 48262 | 82626 . ©3604 | 0O396 ? ?
S5 38. 54513 . 83630 | 03608 | 80357 ? ?
S6 30. 49477 03626 . 03684 . 0Q397 ? ?

*> FOR MEASUREMENTS #35 TO #40 NO TIME CORRECTION COULD BE
PERFORMED DUE TO FRILURE IN RECORDING TOTAL COUNTS AND
REAL TIME OF PULSER.
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MEAN VALLIE OF FIRST 18 MEASUREMENTS IN TABLE C4
s ook WeResfee

COUNTING ERRORS GIYEN REFER:
A> TO ERROR ESTIMATES FROM PERK AREA EVRLUATIONS
B> TO STANDARRD DEYIRTIONS OF REPERTED MERASUREMENTS (VYALUES
GIYEN IM BRACKETS)

185 KEV COUNTING RRTE UFé&
NF. OF COUNTING / TOTAL ~ COUNT / THICKN. 235U ENR.
REPEARTS RATE /7 ERROR ¢/ ERROR ¢/ ERROR ENR. ERROR
10 30. 48942 . 01204 | 01137 . QO3I9E ? ?

(. 88833 .B8Bv32 .B88396>

He R o ek

- -
* PRODUCTION RUN C4-1 *
* »
PPl o e 3 R HOR OB M o o i o OB M e e o b P o o R s S o o e o e o

INPUT DATA TO EVALUATION PROGRAM:

UF6 COUNTING RATE = 30. 48943 +- 8. 01204
(MEAM OF FIRST 1@ MEASUREMENTS IN TABLE C4, COUNTING-RATE
ERROR FROM PEAK-AREA EVALUATIONS. CORRESPONDING CALIBRATION
CONSTANTS FROM RUN B4-1, MATRIX CORRECTION FACTOR 1. 231>

225U ABSOLUTE REL., THEREOF ERRORS THROUGH
ENRICHMENT ERROR. ERROR UF& MERSUREMENT ~ CALIBRATION

3. 58147 9. bei8s 0. 054% 8. 848X 8. 8374
otk ek
* >
* PRODUCTION RUN C4-2 *
* *

INPUT DATA TO EVALUATION PROGRAM:
UF6 COUNTING RATE = 30. 48942 +- ©. 80833

(MERN OF FIRSY 10 MEASUREMENTS IN TABLE C4, COUNTING-RATE
ERROR FROM STANDARRD DEVIARTION OF REPEATED MEASUREMENTS,
CORRESPONDING CALIBRATION CONSTANTS FROM RUN B4-2, MATRIX
CORRECTION FACTOR 1. 8231)>

2350 ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MEASUREMENT ~/ CALIBRATION

3. 50160 8. 88167 8. 84824 8. e2vx 9. 839«
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MEAM VALUE OF LAST S MEASUREMENTS IN TRBLE C
fraen ek Aok

COUNTING ERRORS GIVEMN REFER:
Ay TO ERROR ESTIMATES FROM PERK ARER EVALUATIONS
B> TO STRMDARD DEVIATIONS OF REPEATED MEASUREMENTS (VALUES
GIVEMN IN BRACKETS)

185 KEV COUNTING RATE UFe
NR OF COUNTING / TOTAL / COUNT / THICKN. 235U ENR.
REPEATS RATE / ERROR / ERROR / ERROR ENR. ERROR
S 30@. 4956 . 91661 . 91613 | 80387 ? ?

(. 89943 , 0B8SE6 . VO3II?)

Nk ook SO OR okl W Ak
W L
* PRODUCTION RUN C4-3 w
> e
INPUT DARTR TO EVALUATION PROGRAM:
UFE COUNTING FRTE = 3@. 49508 +- 8. 01661

(MEAN OF LAST S5 MERASUREMENTS IN TABLE C4, COUNTING-RATE
ERROR FROM FPEAK-AREA EVALUATIONS, CORRESPONDING CALIBRATION
CONSTANTS FROM RUN B4-3, MATRIX CORRECTION FACTOR 4. 231>

235U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MERSUREMENT ~/ CALIBRATION

3. 49785 8. BY260 Q. o74% 9. 855X @ 8547
k3 wow
* »
* PRODUCTION RUN C4-4 *
* W

INPUT DATA TO EVALUATION PROGRAM:
UF6 COUNTING RATE = 30. 45508 +- 0. 00943

(MEAN OF LAST S5 MEASUREMENTS IN TRABLE C4, COUNTING-RATE
ERROR FROM STAMNDARD DEVIATION OF REPEATED MERSUREMENTS.
CORRESPONDING CALIBRATION CONSTANTS FROM RUN B4-4, MATRIX
CORRECTION FACTOR 1. 8231)

233U ABSOLUTE REL. THEREQF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF& MEASUREMENT ~/ CALIBRATION

349786 2. 89209 9. 8607 0. @31% 0. 851%
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MEAM VALUE OF ALL 15 MEASUREMENTS IM TABLE C4
e ok i A OB o o8 ol o o o S o e b o AR R s o3 R ST R R ROR o s ok e ok

COUNTING ERRORS GIVEM REFER:
A TO ERRCOR ESTIMATES FROM PEAK AREAR EVALUATIUONS
B> TQ STANDARD DEYIATIONS OF REPEARTED MEASUREMENTS (VALUES
GIVEN IN BRACKETS)>

125 KEV COUNTING RATE UFé&
MR OF COUNTING ~ TOTAL ~/ COUNT ~ THICKN 235U ENR
REPEATS RATE / ERROR ./ ERROR / ERROR ENR, ERFOR
15 30. 49121 . 0198406 . BO2I29 | BO39E ? ?

(. BREPY . B@S52 | @0396)

A b e oA S o i i b b R OROROR K K K R oK R Rk Ll E R K ¢ i o e s e b N o OR R  KO #

"
* PRODUCTION RUN C4-5
B3

a3

£ 3
*
*

ek Aok ook
INPUT DATAR TO EYARLUATION FPROGRAM:
UF6 COUNTING RATE = 30. 49131 +- 0. 91010
CMEAN OF ALL 15 MEASUREMENTS IN TABLE C4, COUNTING-RATE
ERROR FROM FEAK-AREA EVALURTIONS, CORRESPONDING CRLIBRATION
CONSTANTS FROM RUN B4-5, MATRIX CORRECTION FACTOR 1. 82310

225U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6é MEASUREMENT » CALIBRATION

3. 50040 ©. POL6S5 8. 847% 8. 833% 8. 8242

N

PRODUCTION RUN C4-6

¥ ¥ ¥ ¥

X ¥ % ¥

Aok L g o MR RO4OR

INPUT DRTA TO EVALUATION PROGRAM:
UFe COUNTING RATE = 38 49131 +- 0. 98679

(MEAN OF ALL 135 MEASUREMENTS IN TABLE C4, COUNTING-RARTE
ERROR FROM STBNDARD DEVIARTION OF REPERTED MEASUREMENTS,
CORRESPOMDING CALIBRATION CONSTANTS FROM RUN B4-6, MATRIX
CORRECTION FARCTOR 1. ©231)

235U ABSOLUTE REL. THEREOF ERRORS THROUGH
ENRICHMENT ERROR ERROR UF6 MEASUREMENT ~ CRLIBRATION

3. See48 8. 98147 9. 842% 2. 822% 0. 8364




Appendix D

Stability of spectral peaks.

Peak positions, peak counting rates
and peak-shape parameters.
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TABLE D1 STABILITY OF PEAK POSITIONS IN MCA SPECTRUM

59 KEY PERK 185 KEY PERK PULSER PERK

MERS. PERK DEVIATION PERK DEVIATION PERK DEVIRTION
NR. POSITION FROM MEAN POSITION FROM MEAN POSITION FROM MERAN

CCHND> CCHND CCHMND CCHN> CCHND (CHMND>
# 1 479. 10 -, 92 1819. 0S5 2. 00 2668. 54 1.7?6
# 2 479. 1.2 9. 00 1819. 85 0. 0o 2668. 28 1. 50
# 3 473. 12 0. 8o 1819 o7 8. 82 2668. 98 1. 3e
# 4 479, 16 0. B4 1819. 07 8. 82 2668. 23 1. 45
#5 479. 16 0. 04 1819. 07 Q8. 82 2668. 48 1.62
# 6 479. 16 0. 04 1819, 85 0. 20 2668, 34 1. 56
% 7 479. 12 0. 0 1819. 85 8. 69 2667. 89 8. 31
48 479, 11 -0. 01 1849. 85 ©. 08 2667, 29 8. 51
4 9 4793. 12 6. 60 1819 02 -9. 82 2666, 93 e 15
#10 479. 12 9. 200 1819. 86 6. 81 2667. 46 8. 68
#11 479. 10 -9. 92 1819. @2 ~-@. 82 2667. 44 B. 63
#12 479. 08 -9. 84 18419. 82 -9. 83 2668. 88 2. 18
#i3 479. 08 -0, 94 1819. 82 -0. 83 2668. 66 1. 88
#14 479. 67 -0. 85 1815. @3 -0 22 2668. 83 2. 85
#15 473. 68 -0. 94 1819 @3 -8. 02 2669. 18 2. 49
#16 479. 12 8. 80 1819. ©S 0. 89 2668. 47 1. 69
817 479 11 -0. 01 18419 01 -9. 64 2668, 67 1. 8%
#18 479. 10 -0, 02 1819. 66 0. 81 2669. 10 2. 32
#19 479. 10 ~-0. a2 1819. @6 8. 01 2663. 15 2. 37
#20 479. 10 -08. 02 1819. 63 ~0. 82 2669, 42 2. 64
#21 479. 412 9. 00 1819. o8 8. a2 2666. 8% . 11
#z22 479. 12 8. 00 1819. 04 -8. o1 2667. B9 0. 31
#23 479. 12 0. 80 1819 05 0. 6. R666. 74 -@. 04
#24 479. 14 8. 82 1813 01 ~0. 04 2666, B2 ~-8. 76
425 479. 12 8. o8 1819. €8 8. 83 2666, 13 -8. 65
#z6 472, 11 -0. 01 1819. @4 -0, 01 2664, B7 -1. 91
W27 479. 10 -@. 82 1819. 83 -9. 82 2664. 33 -2. 39
#28 479. 99 -@. 83 1819. 03 -8. 82 2664, 24 -2. 54
#29 479, 11 ~-@, 91 1819 02 -8, 03 2663. 13 -3. 65
#30 479. 10 -@. 02 1819. 06 9. 01 2663. 19 ~-3. 59
#34 479. 11 -0. 01 1819. 97 0. B2 2663. 47 -3 31
#32 473, 11 -9. 01 1819. 95 8. 08 2663. 61 -3. 17
#33 479. 14 -0. 91 18139, B4 ~-9. 81 2664. 48 -2. 36
#34 479. 18 -@. 862 1819. 85 2. 80 2664. 84 -1. 94
#3235 479. 10 -g. 82 1819. 82 -8. 82 2664, 69 -2, 09
#36 479. 11 -8. 01 1819. 81 -8. 04 2663. 48 -3 3a
#37 479. 11 -0. 81 1819. ©S Q. @0 2663. 85 -3.72
#38 479. 12 8. 00 1819. @S 0. 80 2662. 57 -4. 21
#39 479. 11 -8. 04 1819. 83 -8. 82 2661. 9@ ~4. 88
#40 479. 12 ©. 0O 1815. B4 -6 81 2662. 48 -4, 3@
#41 479. 12 9. 92 1819. 85 9. ee 2668. 24 -1. 54
#42 479. 14 9. 92 1819. 85 Q. 86 2664. 56 -2. 22
#43 479. 13 Q. o1 1819. 94 -0. 81 26683, 14 -1. 64
#44 473. 14 0. 82 1819. 86 8. 01 2663. 62 -3. 46
#4S 479. 13 9. 81 1819. @7 0. 82 2664. 64 ~2. 14
#46 473, 13 8. 01 1619. 82 -0. 83 2665. 00 -1. 78
#47 479. 14 8. 92 1619. 88 B. 82 2666. 27 -8. 41
448 479. 12 6. PO 1819. 96 9. 91 2667. 14 9. 36
#49 479. 12 0. 60 1819. @8 9. 83 2667. 85 1. 87
#50 479. 12 9. 01 1819. 683 -0. 82 2667. 75 9. 97
#51 475. 13 9. 81 1819. 04 -0. a1 2666, 19 -B. 59
#52 479. 12 9. 80 1819. 85 0. 00 2667. 55 Q.77
#53 479, 11 -@. o1 1819. 04 -0. o1 2668. 70 1. 22
#54 479. 13 9. 21 1819. 07 8. 02 2668. 56 1.78
#55 479. 43 0. 01 1819. 85 8. 60 2669. 94 3. 16
#56 479. 12 ©. 80 1819. 87 8. 82 2679. 86 4. 08
457 479. 13 6. a1 1819. 85 2. 99 2669, 87 3. a9
458 479. 11 -8. 01 1819. 85 2. 80 2671. 60 4. 22
#59 479. 42 9. 6o 1819. 94 -0. 91 . 2670. 87 3. 29
#60 479, 12 0. 9. 1819. 86 8. 81 2669. 42 2. 64
#61 479. 13 8. 01 1819. 84 -6. 91 2670. 20 3. .42
MERAN 479. 12 1819. 85 2666. 78

RMS ERR. 8. 82 9. 82 2 39
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TABLE D2 PERAK SHRPE PARAMETERS

FUHM = FULL WIDTH AT HALF MANIMUM
FHUTM = FULL WIDTH AT TENTH MAXIMUM

FUFM = FULL WIDTH RT FIFTIETH MAXIMUM

MEAS. 59 KEY FERK 185 KEV PERK PULSER PERAK
NR FRIKM FWTM FUWFM FLIHM FWTM FWFM FIHM FLITM FWFM
CEV) CEV> CEVD CEVD CEV) CEVD CEVD CEVD CEVYD
4 4 Id4:] 1477 3101 Sze 1686 2242 7a9 1305 1700
% 2 765 1457 3857 915 1674 2218 699 1280 1673
4 3 759 1442 3094 911 1665 2206 691 1269 1654
# 4 75e 1411 2926 893 1640 2156 €79 1233 1592
# S 752 1412 29495 895 1639 2164 681 1236 1587
# 6 752 1415 2925 se2 1639 2164 6399 1252 1620
% 7 767 1453 lez26 913 1673 2212 6399 1282 1667
# 8 70 1463 3104 916 1682 2220 7e2 1287 1677
# 9 768 1455 3101 912 1672 2223 698 1283 1671
#18 772 1463 3079 914 1682 2226 784 1293 1683
#11 766 1454 3878 943 1679 2212 7410 1306 1701
#12 783 1480 2100 s2e 1709 2226 720 1351 1792
#13 79 1470 31e8 826 1691 2228 712 13e3 1691
#14 774 1462 3889 o922 1683 2226 710 1297 1681
#45 784 1478 3158 |27 1696 2224 747 13e7 1692
#16 882 1512 3222 934 1715 2226 736 1342 1737
#17 799 1508 3188 941 1718 2265 732 1337 1727
#18 ge3 1515 3195 940 1713 2264 738 1343 1732
419 894 135411 3202 941 1721 2271 738 1343 1732
#20 804 1511 3135 937 1720 2253 73?7 1340 1727
#21 803 1510 3184 945 17206 2238 745 1345 1736
#22 8a4 1312 3172 942 1722 2275 742 1342 1732
#23 8aee 1502 3139 941 1716 2249 739 1335 1725
#24 792 1487 3132 932 1703 2235 733 1324 1710
#2S 785 1476 3137 932 1708 2231 726 1311 1695
H26 772 1468 3086 Sze 1674 2211 709 1281 1660
Wav 759 1430 3028 sa? 1652 2188 692 1267 1647
%28 748 1411 3ee? 899 1642 2156 667 1230 1602
#29 734 1382 2957 888 1623 2148 623 11€6 1557
#30 73e 1376 2908 883 1618 2138 628 1186 1554
#31 748 1397 2947 891 1634 2447 634 izez 1579
#32 739 1396 2967 889 1635 2164 658 1209 1581
#33 738 13?5 2911 882 1616 2130 662 1206 1572
#34 734 1382 2972 888 1619 2151 662 1205 1572
#35 734 1383 2934 883 1623 2137 670 1243 1580
#36 732 1376 2877 885 1616 2129 633 1187 1663
#37 728 1369 2868 884 1613 2116 641 1185 1543
#38 727 1369 2889 876 1608 2120 609 1165 1527
#39 a7 1367 2865 878 1603 2107 534 1127 1497
#40 727 1367 2858 880 1612 2119 568 1140 1508
#4941 746 1396 2934 891 1634 2156 712 1259 1621
#42 752 1406 2934 897 1633 2153 728 1259 1621
#42 753 1408 2969 899 1638 2144 7es 1243 1682
#44 749 1399 2966 898 1634 2149 679 1226 1586
#45 744 1394 2957 898 1629 2142 ez 1232 1586
#46 742 1392 2926 893 1627 2146 708 1229 1582
#47 745 1383 2926 821 1625 2142 685 1225 1581
#48 749 1482 2983 895 1628 2150 682 1226 1584
#49 752 1488 2969 898 1637 24155 685 1233 1598
#50 751 1485 2940 895 1633 2154 687 1236 1598
#51 758 1411 2959 %08 1646 2167 784 1249 1608
#52 758 1416 3e15 se1 1645 2169 €98 1256 1623
#3523 758 1422 3833 965 1647 2172 693 1249 1614
#54 767 1432 3058 s1e 1665 2190 712 1276 1647
#55 770 1441 3068 216 1667 2189 742 1282 1657
#56 786 1458 3845 918 1672 2208 714 1287 1660
#57 7?76 1451 3864 925 1677 2215 721 1301 1684
#58 782 1466 3120 921 1677 2223 718 41291 1668
#S9 275 1454 3079 949 1675 2222 732 1323 4713
#60 772 1448 3094 920 1671 2201 712 1284 1657
#61 775 1453 3080 9418 1675 2198 743 1286 1662
MEAN 763 1435 3029 ses 1660 2188 €93 1264 1640
RMS ERR 23 43 o8 19 34 45 42 54 62
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TABLE D32 STABILITY OF PEAK SHAPE PARAMETERS

59 KEV PEAK 185 KEV PERK PULSER PERK

FUHM FUTM FUFM FUWHM FWTM FUFM FULHM FUTM FlFH

DEV. DEV. DEV. DEV. DEV. DEV. DEV. DEV. DEY
MERS. FROM FROM FROM FROM FROM FROM FROM FROM FROM

NR. MEAN GAUSS GRUSS MERAN GARUSS GAUSS MERAN GRUSS GRUSS

CEVD “ 4 CEV) “ “ CEVD 4 %
# 1 15. 2 4. 164 67 78% 11. 6 8. 55X 2. 58%4 16. 3 8. 99% a. 931
# 2 2.2 4. 50% 68 21% 6. 6 . 384 2. 947 €.3 8. 47¥% @. 75
# 3 -3.8 4. 24% 71, S59% 2.6 0. 28% 1. 83% -1.7 0. 76% 8. 76%
# 4 -12. 8 3.22% 64, 224 -15. 4 8. 7674 1. 6374 -132. 7 =-B. 374 -1 31%
# S -9.8 2. 88% 64, 854 ~-13. 4 0. 48% 1, 78% -11. 7 =0 42x -1 291
4 6 ~-10. 8 3. 24% 63 737 ~-6. 4 -8 30% 9. 99 -2.7 -0 45X -1 174
# 7 4.2 3. 94% 66 074 4. 6 0. 547 1. 98% 6. 23 0. 63% 9. 397
# 8 7.2 4. 25% 69, 68% 7.6 8. 75% 2. 02% 8.3 9. S9% 9. 561
49 5.2 3.95% 695. 964 3.6 8. S9% 2. 6% 5.3 9. 85% Q. 77%
#1086 8.2 3.98% 67 88% S. 6 Q. 974 2. 527 11. 3 8. 7?74 . €34
#11 3.2 4, 1S5% 69, 14X 4.6 8. 99X 1. 98% i7. 3 0. 927 9. 851
#12 20. 2 3. 71% 66 65 11. 6 1. 384 1. 852 7. 3 2. 954 -8 442
#43 16. 2 3. 53% 67. 94% 17. 6 8. 19% 1 28% 19, 3 8. 412 -0, a3
#14 11. 2 4. 1372 67, 994 13. 6 8. 15X 1. 63% 17. 3 ©. 23% -0. 34X
#15 21. 2 3. 434 69 55% i18. 6 9. 38% Q. 89% 24. 3 Q. e1x -~ 67X
#16 29. 2 3.44% 69 114 25. 6 9. 74X 9. 324 43. 3 @. 047 -0 66X
#17 36. 2 3.55% 67. 534 32 6 B. 17X 1 32% 39. 2 8. 21% -0 89%
#is 40. 2 3. 51% 67 48% 31. 6 -0 822 1. 38% 45. 3 -0 .16x -1 16X
#19 41. 2 2. 11X 67 69% 32. 6 8. 35% 1.59% 45.3 -8 16X -1 z21Z
#20 41. 2 3.41% 64 13% 28 6 8. 71% 1. 217 44.3 -0.24% ~1. 26¥
#21 40. 2 3. 174 66, 91% 36.6 -0 14X 9. 58X S52.2 ~0.95X% -1 91%
#22 41. 2 3. 18X 66. 874 33. 6 . 3ex 1. 667 49. 3 -0. 697 -1. 74
#23 37.2 3.81%Z 66 224 32. 6 8. 85% 0. 60 46. 3 -0.88x 1. 74%
#24 29. 2 3.04% 66 467 23. 6 8. 25% B. 94% 409.3 -8 %% -~1. 806%
#25 22. 2 3. 16% 68, 24% 23. 6 . o8 8. 764 33.3 -0 92K ~-1.72%
#26 9.2 S. 75% 68, 264 11. 6 -8 174 1. 16% 16.3 -0. 874 -1 45Z
#2? -3. 8 3. 37X 67.93% -3. 4 -8 07/ 1. 54% e 3 9. 31% 0. B4%
W28 ~-14. 8 3. 59% 63 22% ~9. 4 0. 27% 8. 95X ~-25. 7 1. 187 1. 10%
#2s -28. 8 3. 39X 69 58% ~-20. 4 9. 28% 1. 824 -69. 7 4. 45% T ozen
#3090 -32. 8 3.42% 67 684 ~25. 4 8. B4 1. 92% -64. 7 3 627 4. 16%
#31 -22. 8 3.%8% 67 634 -17. 4 9. 627 1. 432 -58. 7 4. 147
#32 -23. 8 3. 647 69, 904 -19. 4 9. 91X 2. 32% -42. 7 2. 05%
433 ~-32. 8 3. 34% 67 854 -26. 4 ©. 53% 1. 65% -30.7 -0. e5%
#34 -28. 8 3. 30x% 7e. a4z -20. 4 9. 83% 1 96% -30.7 -0.13%
#35 -28. 8 3384 68 26% -25. 4 ©. 85X 1.87% -22.7 -0.67%
#36 ~30. 8 2 14X 65, 444 -23. 4 8. 19% 1. 26% -59. 7 2. 88%
#37 ~34. 8 3.18% €5 37% -27. 4 8. 45% 1 10% -51.7 1. 43%
#38 -35. 8 3.32% 67. 274 -32. 4 8. 717 1. 874 -83.7 4, 967
#39 -35. 8 3174 65 8284 ~-30. 4 9. 174 1. 017 -138. 7 15. 79%
#40 -35. 8 3.174 65. 01 -28. 4 Q. Sex 1. 367 -132. 7 11 697
#41 -16. 8 2. 67% 65 554 -17. 4 8. 624 1. 86% 19. 3 -2 982
#42 -10. 8 2. 58X 64 2374 -11. 4 -©.12% 1. 83% 27.3 -4, 06%
#43 -9. 8 2. 39% 65 97% -9. 4 -86. 03% @ 397 16.3 -3 81X
#44 -13. 8 2. 484 66, 69% -10. 4 -0 417% 8. 73% -13. 7 -0 93%
#45 -18. 8 2. 89X 67. 304 ~-18. 4 Q. 424 1. 317 5.3 -3 71x
#46 -19. 8 2. 794 65 7?74 -15. 4 -B. 04X 1. 167 7.3 -3.674
#47 -1?7. 8 2. 894 65. 324 ~317. 4 ©. 862 1,194 -7.7 =-1.88%4 -2 851
#48 -13. 8 2. 70X 67. 64% ~-13. 4 -0 20% 1.124 -10. 7 -1 374 ~Z. 24%
#49 -10. 8 2. 734 66, 194 -10. 4 . 92% 1 01x ~7.7 -1.244 -1 80X
#50 -11. 8 2. 654 64, 794 ~13. 4 9. 11% 1. 31% -5. 7 -1,29% -2 834
#51 -4, 8 2. 137 64, 324 ~-8. 4 0. 34% 1. 35% 11.3 -2 66X -3 8EX
#52 -4. 8 2.49% 67 43% ~7. 4 8. 17% 1. 33% 5.3 -1.27% -2 124
#52 -4.8 2. 93% 68. 43% -3.4 -9 154 1. 02% 0.3 -1 1% -1 96%
#54 4.2 2. 44% 67. 82X 1.6 . 394 1. 304 19.3 -1 . 67¥% -2. 624
#55 7.2 8. 54X 67. 724 7.6 -0 45% 8. 552 19. 3 ~1.21% -2 644
#5356 17. 2 2. 56% €4. 334 9.6 -6.01% 1. 24X 21.3 -1 18X -2 147
#57 13. 2 2. 594 66. 204 16. 6 =-0. 53X 8. 88X 28.2 -1.08% -1
#58 12. 2 2. 864 67 944 12.6 -8 . 10% 1. 60X 25.3 -1.35% -2 .
#59 i2. 2 2.94% 67 234 10. 6 ©. e8% 1. 774 39. 3 -0.84X -1 a43x
#60 9.2 2. 914 68 7ou i11. 6 -0 35% Q. 7ex 19.3 -1.06% -2
#61 12. 2 2. 87X 67. 2974 9.6 9. 11% 8. 79% 20.3 -1.84% -1
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TABLE D4 STABILITY OF COUNTING RATES

TOTHAL PULSER (EXT. > PULSER C(MCA> 59 KEV FERK 183 KEV PEAH +»>
MEAS. COUNT. COUNT, DEV. COUNT. DEV. COUNT. DEY. COUNT. DEY
NR RATE RATE FROM RATE FROM RATE FROM PATE FROM
(CPS> (CPS) MEAN <CPS> MERN (CPS> MEFAMN (CPS>
4 1 845 125 98 -0. 58% 148 @2 -9 71X 134. 38 8. 13% 8. 885
# 2 815 140. 16 -0. 99% 148. 14 -0 62X 134. 28 Q. 867 8. 922
4z 815 148, 18 -0 43% 140. 29 -0. 52% 134. 11 -0. 07% 8. 926
# 4 815 1406. 39 -8 28% 140. 43 -0, 49% 134. 45 ©. 182 8. 967
# S 815 140, 52 -0 1%% 146. 59 ~8 3064 124, 31 a. a8x% 8, 914
# € 21s 148. 3€ -0 16X 140. 63 -6 27X 134, 49 Q. 22% 8. 919
47 215 149. 43 -0. 25% 140. 61 -8 297 134. 35 0. 11% 8. 918
# = 8185 140, 57 =~@ 167 140. 63 -0. 284 134. 48 0. 212% 8. 917
# 2 815 1486, 66 -8 13X 149. 74 -0, 20% 134. 25 9. 03% 8. 901
#1i0 8415 140. 66 -0 14X 140. 67 -8 25X 134. S2 Q. 24% 8. 907
#i1 7?56 140. 75 -0 03% 140, 88 -0 1687 134, 29 B. 1474 8. 929
#12 76 148, €1 -0 13X 140. 72 -0 214 134. 84 Q. 48% 8. 91€
H13 756 140. 72 -0, @4x 140. 84 -0 12% 134. 45 8. 19% 8. 892
#id 757 140. 67 ~0. 08X 1406. 88 -0 10% 134. 56 . @ 227 8. 944
#15 756 140. 66 ~0. 99X 140. 84 ~0.13% 134. 78 Q. 43% B. 324
#16 756 140. 86 2. 85X 140. 97 -B. 84X 134. 53 8. 24% 8. 835
#17 -1 140. 73 0. eax 140. 91 -Q. 887 134, 33 8. 10% 8. 833
#1ig 756 149. 73 ~8. 94X 140. 88 -0. 107 134. 235 8. 11% 8. 934
#19 ?5S 140. 71 -8 051 140. 86  -@. 11X 134. 14 -0 04% 8. 946
#20 756 i148. 67 -8 087 140. 84 -0, 413% 134, 39 8. 147 8. 934
#21 7232 140. 85 8. 847 141. 3 8. 81% 134. 49 0. 21% 8. 912 -8 413%
#22 723 140. 93 0. 102 141, 81 -0 81% 134. 5S4 8. 25% 8. 924 9. Bx
#23 723 140. 89 8. B7% 141. 12 8. 67X 134, 51 8. 234 B. 942 Q. 207
w24 723 144. 90 Q. 15X 141. 47 8. 11X 134, 50 0. 22% 8. 922 -8 eex
#25 a3 140. 39 9. 14 144. 16 . 1ex 134. 23 0. 82% 8. 926 8. 02X
#26 723 141. 15 9. 26% 144, 36 8. 25% 134. 25 8. o4z 8. 927 e. 64%
w27 723 141, 36 9. 41% 141. 45 8. 31% 132. 93 -@. 20% 8. 933 0. 10%
#2838 723 141. 30 8. 36% 141 44 9. 38X 133. 74 -©. 347 8. 931 2. B9%
#29 723 141. 42 Q. 45% 141. 59 8. 40% 133.55 -0 49% 8. 920 ~0. 04X
#30 723 141. 39 9. 43% 144. S1 8. 35% 133. 56 -@. 484 8. 906 -0 2BX
#31 688 144. 23 9. 32% 144. 51 8. 35% 133. 60 -8 457 8. 927 8. a4
#32 688 1414, 23 0. 32% 144. 52 Q. 35% 133 62 ~0. 42X 8. 942 0. 207
#33 688 141. 28 B. 354 141. S6 8. 38% 133. 61 -0, 44% 8, 931 6. 037
#34 687 141. 28 8. 294 141, 46 8. 32% 133. 72 -@. 364 8. 923 -0 00X
#35 688 - +> - 141. 49 0. 34% 133. 57 -©. 474 8. 932 8. 10%
36 6688 - - 141. 65 8. 45X 132. 71 -8, 3?7% 8.923 -8 81X
#37 688 - - 141. 69 Q. 4874 123. 79 -8 30X 8. 916 -8 08X
#38 €88 .- - 141. 74 8. 51X 133.85 -0 27% 8. 942 . 217
#39 688 - - 141. 77 8. S4% 133. 75 -8. 34% 8, 937 9. 45X
#40 688 - - 141. 67 8. 464 133. 65 -0. 414 8. 932 6. 10X
#41 687 141. 14 9. 25% 141. 36 8. 24% 133. 87 -0 25% 8. 925 8. 8zx
#42 688 141, 31 8. 374 141 61 9. 42% 133. 95 ~@. 197 8. 939 8. 17X
#42 688 141. 23 8. 324 141. 50 9. 34% 133. 83 -8 28% 8. 934 Q. 12%
#44 €88 141. 46 0. 48% 144. 69 8. 48% 133. 74 -0, 35% 8. 916 -0 93X
#45 688 141. 28 8. 35% 141. 55 8. 374 133. 89 -0. 30X 8. 224 2. ae
#46 688 144. 21 9. 3% 144. 4S 8. 31% 133. 84 -B. 274 8. 927 0. 84X
#47? 814 140. 88 9. 067 148. 95 -0. 5% 133. 45 -0, 53% 8.913 -8 124
#48 814 140, 68 -0. 884 140. 84 ~0. 437 133. 43 -0 584 8. 924 . Bex
#49 814 140. 60 -0. 13% 149. 69 ~0. 237 133 66 -0 41% 8. 937 9. 15X
#S0 814 140. 73 ~B. 84X 148. 70 -0. 23% 133. 65 -0. 44¥ 8. 924 Q. gex
#51 814 140. 99 9. 14z 140. 99 -0. 2% 133. 75 -8. 33% 8.908 -0.17%
#352 687 140. 71 -©. 86V 140. 923 -~0. 86X 133. 84 -0. 27X 8. 924 -0.83%
#53 687 140 54 -8 17X% 140. 77 -0 18X 133. 93 -0, 207 8. 933 e 11x
#54 689 149. 65 -0. 10X 149. 83 -0, 89% 133. 33 . 84x 8. 925 8. 2%
#55 688 140 43 -0. 26% 140. 68 -0. 249% 135. 12 0. 68% 8. 936 Q. 14%
#56 688 140. 28 -0. 36X 140. 55 -0. 33% 135. 22 B. 764 8. $31 @. B38%
#57 756 140. 42 -0. 26% 14958 -©. 31 135. 82 8. 66% 8. 925 6. 82X
#58 756 149. 24 ~0. 39% 146. 38 -0. 454 135. 68 8. 65% 8. 948 9. 18x
#59 756 149. 36 -8. 30X 140. 49 -9 37X 135. 19 0. 74% 8 216 -0 15X
#60 756 149. 47 0. 23% 140. 64 -0 27X 134 99 . 58% 8. 939 B.47%
#61 756 140. 38 -0. 29% 140. S5 -0. 33% 135. 08 8. 65% 8. 938 Q. 167
MEAN 140. 79 141, a2 134. 28 8. 924
RMS ERR a. 37 B. 45 8. 51 8. 813

#) 185 KEV GAMMA- COUNTING RATES ARE GIVEN PER X 235U ABUNDANCE. ABUNDANCE
YALUES FOR REFERENCE MATERIALS ARE TAKEN FROM EC~NRM-1731 CERTIFICATE.
FOR UF6E 3. 5001 X 235U AND MATRIX CORRECTION FACTOR OF 1, 9231 IS RSSUMED
WALL THICKNESS CORRECTION 1S MADE ACCORDING TO VALUES MEASURED AT KFK

+> DUE TO PRINTER FAULT EXTERNALLY MEASURED PULSER COUNTING RATES ARE NOT
RECORDED.



Appendix E

Certified and specified data
for the Reference Samples EC-NRM-171
and the REIMEP-86 UFg sample.
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Certified Nuclear
Reference Material

Certificate of Analysis

EC CERTIFIED NUCLEAR REFERENCE MATERIAL 171

235U Isotope Abundance Certified Reference Material (UBOS)

for Gamma-Spectrometry.

2355/u Abundances
Material Atom percent Mass percent Uncertainties

031 0.3206 0.3166 + 0.0002
071 0.7209 0.7119 + 0.0005
194 1.9664 1.9420 + 0.0014
295 2.9857 2.9492 + 0.0021
446 4.5168 4.4623 + 0.0032

The indicated uncertainties, valid for the atom and mass
abundances, correspond to a confidence level of 95%.
This' certificate applies to the reference samples:
CBNM 031 -
CBNM 071
CBNM 194
CBNM 295
CBNM 446

The Certified Nuclear Reference Material has been prepared in
cooperation with the National Bureau of Standards (NBS),
Gaithersburg, MD, USA. EC Certified Nuclear Reference
Material 171 corresponds to NBS. Standard Reference

Material 969
Commission of the European Communities

Joint Research Centre
Geel Establishment (CBNM)

| |
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EC Nuclear Reference Material Set 171
235 Uranium Isotope Abundance certified Reference Material

for Gamma Spectrometry

Container N*

Tot. Mass U;o. H

A

B .
c:

dw:

Can dimensions and UJ,U8 mass

: _CBNM 194 - 008

(200.1 ¢+ 0.2)q

. 4.20mm

11.98

30.00

£9.88

1.983

-_88,99 0
: _R1.00

1.02

70.03

660

19.97

S2.11

20.79

FR. ) T

8
l
. A
|
i
i
[ E——
N |
!
Hi h
N
! i
R | N J
T \ N \ A
j L__éiv .__,___.J
. #x
e ¥z

Bottom thickness : 1 _2.001 mm

2
3
4
5
6
7
8
9
10

1,996
2.000
2.003
1.998
1.996
s
d.es6._
1.978
_lspq 00
1.980 )
1.978
1 995
1,993
0009
1.983
0007
;
; 73
: .
\7 §
g N
§/ 7\
N
N N
N i N
N N
\% \
\Z N
s
L N
N
\ \
N\
B Y xS PRRB RN
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EC Nuclear Reference Material Set 171
235 Uranium Isotope Abundance certified Reference Material

for Gamma Spectrometry

Can dimensions and UJDB mass

Container N®: _CBNM 295 = DOB.. Bottom thickness: 1 _1,986 mm
Tot.Mass U,0,: (200,12 0.2)g 2 _1.981
A:_S420ma 3 _1.986
8._1198 ¢ _L991
C :_29.99 s .19e86
6y _69.88 6 _1.984
) 7 _1,980
o 1983 8 _1.982
: —BA.98 g _1.990
h :_82.00 0 _1.988
j 102 " )
_l.se
éx: 7004 2 1,987
dy: .66.0 13 _1.991
dz: _19.97
o . s7.00 %, _1.986
P 5, -0.004
£ .._20.82
t ._<0.1
¥, _1l.988
z. 0,002
o ' i _
8 i Z3
20~
. N N
| \ 2\
. \ \ N
/ 7z
c N N
| \Z N
N N
N
,l N N «
1 \ S 3 3 s Y T\\\\\_\S‘\§
[
N : }
i
! N i '
N | N ‘
| \ A N
N |§ :
! N\ i h
| N i N
i N , N
| \ - N
| § N 4 !
O\ N\ W ]
j R “."
$x
(21




Container N°®
Tot. Mass U;0,

_E4 -

EC Nuclear Reference Material Set 171
235 Uranium Isotope Abundance certified Reference Material
for Gamma Spectrometry

Can dimensions and UJOB mass

NDA-U30s RM programme.

+ CBNH 446 - 008
:.{(200.1.£.0.2)g__ .

A S4.18mn
B .. 12.00
C: 35.00
bw:. 69.88
d . __1.983
H. 88,9
h :_86.99
j :_1.01
6x: 7001
dy: 66.0
dg: _79.99
D :_52.19
E . _15.81
f :_<D.1
% Z 7]
’ - |
F A L 1 Al
i St A ‘
I I |
| B %
. '
» pw ]
N
N N
N
N N
N N h
N
s 1
“ N I U T W W00 W WD G W W W TR \;'_T%_L
j’ L. # .
e - _#x .
. L SO

Bottom thickness :

i
2
3
4
S
6
7
8
S

10
1
12
13

X5

S.989m
Ad.esr
G - 7 A —

1.984

..1.992

.1.988,

-L.9g8
1,992

1.981

1,979

1.981

1,980

1.992

1,986

0.005

1,983

5, _0.005

YAALLISIL

oz

>
L

DT S

NN
N
IS IS

DV W T A T S

i
i7

snanBRReRYY N
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UFe REIMEP 1986

Dimensions in mm

UFg sample for NDA
(UFg weight 80+1g)

48

Sample N°
: MONEL
N

L L Ll LLALLL L

U

20,2

2,00£0,001

70

)
ey

UFyg

/'////[////////[T////////////-k

Yy e f/A/A((////////////
16,3 £0,80¢ )

13,3*

4

¥
$351t0,2
$0220,2 \— Samp

%/ height for 99.9 % infinite thickness

[(27)

for 185.7 keV y-line and radiation
perpendicular to the sample surface

height of used amount UF6in solid
state equivalent to a surface density
of 8,2.£ 0,4 g.cm-2 (at 25°C)

iy

. =
o — N
-

HERMETIC
SEAL

FILLINGSTUD

- WELDED
~~— MONEL

le Surface and

Cofitainer Window

App. 6

Calibration Disks

For the Use of the Enrichment
meter Technique and

pa EC NRM 171 for calibration
q —
o -
S $35,0£0, 1 S
- o
o =
i
$l43,0+0,1
Aluminium ° o
<
$40,0%0,1 T
<
1 o
1
i
Maonel °
®/ materials identical with those

used for UF6 test samples and
reference samples ECNRM 171

respectively



-E6 - : App. 7

App. NDA-1

UFs IMEP 1986

FURTHER INFORMATION

Measurement of 235U atomic isotope abundance by Gamma Spectrometry and

using EC NRM 171 for calibrations (see also App. NDA-2).

1) UFgSample

- The impurity content of the UFg was determined by SSMS (spark source mass
spectrometry) after conversion to Uj0g and found to be less than 200 %

100 pg-gt.

- The date of the filling of the monel containers with UFg (equivalent to the date of
chemical separation of protactinium) is given below (please note that the
individual sample N° is located on the top of each sample):

Sample N° 2 3 4 6 7 8 10 11 12 14

Filling date (1986) 01.08 31.07 24.07 24.07 07.08 31.07 24.07 30.07 29.07 30.07

- In order to obtain a uniform sample thickness in solid state (temperature < 65°Cl!)
and almost infinite thickness for 185.7 keV gamma rays over almost the full
sample surface, a special temperature treatment has been performed ensuring an
infinity of thickness > 99.9 %.

2) Calibration of gamma measurements by using EC NEM 171

- Participants are invited to study the User's Manual for EC NRM 171 (KFK Report
3752) supplied together with the reference samples.

- All participants are requested to use the same matrix correction factor, Km =
1.0231 for calibrating their UFg gamma measurements with U30g reference
material in order to get comparable results. CBNM is presently working on an
accurate experimental determination of Km and will inform participants about the
results as soon as these are available.

- Container windows through which the gamma radiation is measured are different
for UFg samples (~ 2 mm monel) and EC NRM 171 reference samples (~2 mm
aluminium). In order to avoid or minimize correction procedures,calibration disks
are provided which will allow to perform all measurements with almost identical
windows. For performing corrections:

- the window thicknesses of EC NRM 171 samples are available together with
the corresponding documentation (the material for the EC NRM 171 windows
is identical to the one of the Al calibration disks).

- the attenuation of gamma rays of 185.7 keV is (for small corrections):

- 3.4 % per mm for the aluminium used.

- 13 % per mm for the monel used.

Caution; Keep the ambient temperature of UF; samples always below 55°C.




Appendix F

Relevant formulae, values and figures
from "User's manual”, KfK Report 3752
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Fig. 3.7 can be utilized also to determine the suitable
collimator geometries if uranium compounds other than U308 are
measured in the empty reference can. In this case, instead of
using the true sample density Py of the uranium compound x
under assay, an effective sample density Paff must be applied

in Fig. 3.7:
.ok (%) (3.9)

Pagf ~ u(U3085 TP
where p(x) and u(U308) denote the mass attenuation coefficients
of the uranium compound x and 0308, respectively. For UOZ’ e.g.,
the ¢t ratio in eq. 3.9 evaluates to a value of 1.035, which is
very close to 1. Therefore, Fig. 3.7 may be directly used for

both types of uranium oxides, uo, and U308' as well.

Table C2 Mass attenuation coefficients for 185.7 keV photons

for scme uranium compounds.

Molecular mass Mass attenuation
Uranium compound (g°mol—1) [21] coefficient (cmz-g—T)
U metal 238 1.473
UO2 270 1.313
.26
0308 842 1 8
UF4 314 1.145
UF6 352 1.034
Uranyl nitrate 502 0.767
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3.3 Sample matrix composition

All elements other than uranium present in the sample ma-
terial are considered here as matrix material. Obviously, the
attenuvuation of photons in the matrix material reduces the obser-
ved 186 keV gamma-ray flux at the sample surface, and thus in-
fluences the measured 2350 enrichment value. This influence is
described by the matrix attenuation factor B derived in Appen-

dix A:

B = (3.16)
N, o+ ooy
1 + 3 s
itu Ny ° %y

for the case that the matrix is given in terms of atom frac-

tion Ni/N or, equivalently,

Ul

B = (3.16a)

p. °* H.
‘]+E_L_____1.;_.

itu Pu T Mo
if the matrix is given as mass fraction Di/OU of uranium.
pi/pU are the mass ratios, Ni/NU are the atom ratios, by and By
are the mass attenuation coefficients, and o5 and o, are the
photon attenuation cross sections for matrix material i and
uranium, respectively. The summation extends over all matrix

elements 1i.

Table 3.4 Matrix attenuation factors, matrix correction factors,
and relative change of the 186 keV gamma-ray counting
rate for some uranium compounds
(U504 used as reference)

Uranium -Matrix attenuation Relative change Matrix correction

compound factor B of 186 keV gamma factor
counting rate Ccompound

U metal 1.0000 + 1.51 % 0.9849
002 0.9886 + 0.38 % 0.9962
U308 0.9849 0 (reference) 1

UF4 0.9750 - 1.00 % 1.0101
UF6 0.9630 - 2.22 % 1.0228
Uranyl nitrate 0.9098 - 7.62 % 1.0825

UOZ(N03)2'6H20
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A.2 Gamma-ray transmission through a collimator

For a cylindrically shaped collimator with a diameter DC
and a height Hc' we get the number of 186 keV photons penetrat-
ing this collimator per unit time:

2 2 2 2
D 2H D D
1 cenre 1, (159 - =S 1+ S5 - 1+ S (A22)
Y .7 186 4 D 2 2H2‘ HZ
N c c "o
collimator-
entrance
area

Number of 185.7 keV photons emitted per cm? surface area of an
infinitely thick U metal sample into the halfspace (2w) per second
per $ 2350 isotope abundance {(atom %), neglecting coherent photon

scattering and assuming uniform 2350 isotcpe abundance in the sam-
ple: .
r - o186 1
186 4-oU 100
= (77+4) [em 287l qs 23007

A.3 Gamma absorbing material between sample and detector

In a real gamma counting set-up one will always find some
gamma-absorbing material between sample and detector, as, e.g.,
the sample containment or, at least, the detector cover. It is
of interest here to quantify the influence of such absorber ma-
terials on the observed gamma counting rate. We assume that it
is possible to combine all absorbers to a layer of uniform thick-
ness, which is oriented in parallel to the collimator surface. As
can be seen from Fig. A4, the path length of an 186 keV photon
through the absorber layer depends on the inclination angle 6 be-
tween the. direction of the radiation and the collimator axis.

The photon attenuaticn increases with increasing angle 8.

d Fig. Ad
cosJ 314 Path length of gamma rays
through an absorber layer.

The mean path length through the absorber with respect to
the photons, which are observed in the gamma detector, depends
on the angular distribution of the radiation source and on the

angular acceptance of the counting geometry.
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The photon attenuation in an absorbing layer is usually
given as the ratin of photon counting rates cobserved with and
without the absorber. In order to simplify the presentation of
the attenuation correction required for varying container wall

thickness d, we define a wall thickness correction factor

Kabs by :
N186(d) _. e* A'Kabs-d
or H1ge (470) (A27)
L Nigg(d=0) = In N . (d)
abs A-d
Then the term
Kabs d o= deff

describes the effective mean path length 4 of the photons

eff
through the absorbing layer with a thickness d. It should be

noted that the value of Ka depends on the specific parameters

bs
of the particular counting geometry and on properties of the

canning of the samples under assay.

%)

o
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Fig. A6 Fractional increase of the effective absorber thickness
(K bs 1) relative to a very narrow collimator as a
abs
function of the collimator geometry, given for three

types of gamma detectors.
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Table C3 Linear attenuation coefficients for 185.7 keV photons

for some absorber materials.

Absorber Density Linear attenuation
material (gecm™3) coefficient (cm )
Polyethylene (CH,) | 0.95 0.14
Aluminium 2.70 0.329
Steel 7.9 1.25
Copper 8.92 1.38
Brass (61.5 % Cu 8.5 1.58

35.5 % Zn

3.0 % Pb)

Cadmium 8.64 2.78
Lead 11.3 12.8

Tungsten 19.4 - 171



