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Abstract

For neutron capture measurements wifDg liquid scintillator gamma-ray
detectors at the nTOF facility at CERN, we have calculatedésponse functions
of the detectors by means of Monte Carlo simulations withabée MCNP. In
total we simulated all 34 cases in 6 different sample-deteptometries as used
in the capture measurements at CERN in 2002. From the resgonstions for
each case we derived a weighting function, which is indispbte for the analy-
sis of neutron capture measurements wigibg detectors. The parameters of all
weighting functions are given together with their statigtuncertainties.

Introduction

In neutron capture cross section experiments one measeemima rays following
the capture of incident neutrons on a sample and inducingyd (@action. The cross
section shows resonances since the compound nucleus fagnesiitron capture is in
an excited state at several MeV above the ground state dbe &vailable neutron bind-
ing energy. Many decay paths via intermediate levels to tbargl state are possible,
especially for medium and heavy mass nuclei with a largd bwesity.

The signature of a (R) reaction is the subsequent gamma cascade, consisting @iron
more gamma rays. The corresponding gamma-ray spectrumeamehg-ray multiplic-

ity spectrum vary from one resonance to another but also @menisotope to another.
Only if all gamma rays from a cascade are detected, like intectte with 100% effi-
ciency and covering a#solid angle, the capture reaction yield can be determined in
a straightforward way. With a gamma-ray detector coverirggnaller solid angle or
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having a smaller efficiency, such as thgDg detectors used at nTOF-CERN, not all
gamma rays of the cascade are detected.

To overcome this situation, one usually applies the pulsghih@veighting technique,
allowing to make the detection efficiency of a capture evedépendent from the decay
cascade.

The nucleus at its excitation ener@y, decays by a gamma-ray cascade to the ground
state. The sum of the gamma-ray enerdies of the cascade correspondsAp

E, = zn: E, 1)
=1

and the detection efficieney of the cascade can be expressed as:

e=1-J]0-e) 2)

with .., the detection efficiency of the gamma-riayf the cascade.

If the detection efficiency for a single gamma ray is small,< 1, then the previous
eguation can be approximated by:

= (3)

=1

If the detection efficiency of the detector was proportidnahe gamma-ray energy,

ey =k x E, (4)

then the cascade efficiency would be proportional to thet@an energy

ec:zn:a”:kxzn:E%:kxEc (5)
i=1 i=1

Real life detectors do not have this proportionality, exéegpproximation the Moxon-
Rae detectors [1]. Itis therefore convenient to changeftfagancy artificially by apply-
ing a weight to the detected events in order to establishrity@gptionality of equation 4.
The efficiencye, for a gamma ray is related to the response function of thectietby:
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EWZ/RW(E)‘]E (6)

The response function is the probability distribution af #nergy deposited in the de-
tector for an incident gamma ray. For a detector with an itdiresolution and a 100%
efficiency, the response function is a delta function. Dietsovith a low resolution have
broad response functions which can be measured [2] or sietula functionW ( £) of
the deposited energy has to be found in order to satisfy thaoe:

€, = /W(E)RW(E)(]E =k xE, ©)

When the response function is known for several gamma raysrametrization of
W(F) can be obtained by minimizing thg quantity

2

; zn: (Ew- -2 W(EJ')RW(EJ'>> (8)

g;

where the proportionality constant has been taken 1 and where the continuous re-
sponse functiork, () of a single gamma ray has been discretized in biasR.,(F;).

A relative weight or “data uncertainty?; can be attributed to each response function
R.,(E) in the fitting procedure.

1. Simulated geometries for the capture measurements

At the newly constructed nTOF facility at CERN [3], a measneat programme has
been undertaken to measure neutron capture and fissionsgossns. This facility
offers two main advantages: a high instantaneous neutrandliowing capture mea-
surements of radioactive samples, and a large neutronyerarge combined with good
resolution.

To detect the gamma rays from they(nreaction, we use £Ds-based liquid scintillator
detectors. This material has a very low neutron captures@estion and is in this way
much less sensitive to neutrons scattered from the sampleetdetector. Two types
of CsDg detectors have been used in the measurement campaign of&06atimized
commercial detector available from Bicron [4], and an iné®developed detector from
FzK-Karlsruhe [5], with a carbon fibre housing optimized &or even lower neutron
sensitivity.

In order to determine the weighting functions for the measwent setup, the detector re-
sponse functions over a wide range of gamma-ray energieeaessary, typically from

Internal Report 3/22
DAPNIA-03-95



0.1 to 10 MeV. Since nearly mono-energetic gamma-ray ssuace not readily avail-
able above about 2.6 MeV, it is convenient to use simulatiortslculate the response
functions. We have used the Monte Carlo simulation code M@@JR determine the
detector response functions for each of the capture segasai NnTOF-CERN in 2002.

The simulations include all 34 samples measured in the @reifit main geometries.
The geometry description includes the sample, the sampteehdhe sample changer
beam pipes and the detectors in much detail. For each sawgkmulated the energy
spectrum deposited in the activez volume for a series of 15 mono-energetic and
isotropic gamma rays of energies 0.1, 0.2, 0.5, 0.7, 0.8, 2@ 3.0, 4.0, 5.0, 6.0,
7.0, 8.0, 9.0 and 10.0 MeV, originating uniformly throughthe sample volume. The
obtained spectra were broadened afterwards with a Gaussiadening function with a
variance ob* = 6 F (o andF in keV) [7, 8] in order to take into account the broadening
due to the photomultiplier. An example of such a set of respens shown in figure 1.
Especially the double escape peaks due to pair creationsinegdiishable.

In the following we describe the 6 different setups and theesponding measured
samples for part of the experiments of TOF02 [9], TOF03 [TQFO05 [11] and TOFO07
[12].
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Figure 1: Detector response functions with broadeningtHercase of Au (1 mm
X 15 mm) used in TOFO07.
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1.1 Sample-detector geometry setup #1

At the start of the experiments in 2002, one Bicron and one Bgtector were in use.
The distance from the center of the beam to the front of theatlet is 4.1 cm and
the detectors are aligned to the center of the sample. Ingfigtine Bicron detector is
represented on the left and the FZK detector on the rightibletl the samples used in
this configuration are listed. The masses and diameters@seauocurate, the thickness
is only approximate.

neutron
beam
[ s =

Figure 2: One of the geometries used in TOF02.

Table 1: Samples measured in setup #1.

sample material thickness diameter mass

number (mm) (mm)  (9)
1 Au 1.0 20.0 5.91011
2 Au 0.1 450  3.29
3 C 6.35 20.0  3.93345
4 Pb 1.0 20.0 3.607
Internal Report 5/22

DAPNIA-03-95



1.2 Sample-detector geometry setup #2

From all other setups, two FZK detectors were used. In théigamation of figure 3
the distance from the center of the beam to the front of theatlet is 4.1 cm and the

detectors are aligned to the center of the sample. The pamedgng samples are given
in table 2.

neutron
beam

— P =

Figure 3: One of the geometries used in TOF02.

Table 2: Samples measured in setup #2.

sample material thickness diameter mass

number (mm) (mm)  (9)
2 Au 0.1 45.0 3.29
3 C 6.35 20.0 3.93345
5 Fe 0.5 45.0 6.17
6 Fe 2.0 45.0 25.18933
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1.3 Sample-detector geometry setup #3

In order to reduce the sample-scattered photon backgrdbedietectors were moved
7.8 cm upstream as shown in figure 4. The distance from theicehthe beam to the
front of the detector is 4.1 cm. The three samples measuriidiis configuration are
given in table 3.

neutron
beam

— s -
“l_%\’\L 7 \ —j‘/*—;’_l’i

Figure 4: One of the geometries used in TOF02.

Table 3: Samples measured in setup #3.

sample material thickness diameter mass

number (mm) (mm) (9)
3 C 6.35 20.0 3.93345
4 Pb 1.0 20.0 3.607
6 Fe 2.0 45.0 25.18933
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1.4 Sample-detector geometry setup #4

In the setup of figure 5 the sample changer has been removédwalae measurement

of the radioactive SpO; sample, and the related samples listed in table 4, in air. The
distance from the center of the beam to the front of the detdst2.9 cm and the
detectors are shifted from the center of the sample by 9.1 cm.

neutron
beam

_ el

S—

Figure 5: Geometry used for TOF03.

Table 4: Samples measured in setup #4.

sample material thickness diameter mass

number (mm) (mm) (9)
7 Au 1.0 10.0 1.48556
8 Sm, 04 2.4 10.0 0.2064
9 C 1.5 10.0 0.23062
10 Pb 1.0 10.0 0.95745
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1.5 Sample-detector geometry setup #5

In the setup in figure 6 with samples from table 5 the distanom fthe center of the
beam is 4.0 cm and the detectors are shifted from the centke smple by 7.8 cm.

neutron
beam

—= = -
—l‘%\'\; 7 \ ——_]/T*—%'l—

Figure 6: One of the geometries used in TOFO05.

Table 5: Samples measured in setup #5.

sample material thickness diameter mass

number (mm) (mm) (9)
1 Au 1.0 20.0 5.91011
3 C 6.35 20.0 3.93345
11 Fe 2.0 20.0 4.85285
12 209B;j 6.08 20.0 18.90453
13 208pp 3.6 20.0 12.53146
14 Au 0.125 20.0 0.75506

15 27pp 2.21 20.05 8.00925
16 201pp 1.18 20.08 4.0389
17 206pp 2.27 20.03 8.12025
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1.6 Sample-detector geometry setup #6

In this setup shown in figure 7 the distance from the centenetieam is 2.9 cm and
the detectors are shifted from the center of the sample bgrA.ZSamples measured in
this configuration are given in table 6.

neutron
beam

e I

Figure 7: Geometry used in TOFO05 and tin TOFOQ7.

Table 6: Samples measured in setup #6.

sample material thickness diameter mass
number (mm) (mm) (9)
16 204pp 1.18 20.08  4.0389
17 206pp 2.27 20.03  8.12025

18 Au 0.5 20.0 2.95236
19 Pb nat 1.09 15485 2.0434
20 Au 0.53 15.04 0.8843
0.28 15.125 0.4454
21 Th 0.5 15.125 1.0262

0.85 15.125 1.7784
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2. Weighting functions

From the simulated and subsequently broadened respord®fiswe derived a weight-
ing function by minimizing equation (8). We got best reswith a third order polyno-
mial for W (FE)

3

W(E) = a,E* (9)

k=0

In the fitting procedure we used a relative weight or “dataentanty” for each gamma
response functionequal to

>, dR2 (E;)

S ) o)

g, =

From the fit are resulting the optimized parameters and thar@nce matrix of the
parameters. The variance of the weighting function witparameters,, is then given
in a general form by

var(W(E)) = Xm: Y (aaf) @—IZ) cov(ai, a;) (11)

which becomes in the case of a polynomial

var(W(FE)) = Z i E'Elcov(a;, a;) (12)

m
=0 37=0

3

Instead of the covariance matrix it is sometimes easier éoths correlation matrix
defined by

var(a;)var(a;)

plai,a;) = (13)

cov(a;, a;)

In the annexe we give the correlation coefficients in peré@antase of reading.

The uncertainty on the fitted function resulting from staddiéting procedures can be
unrealistically small if the uncertainties on the datare small. Especially with Monte
Carlo simulations it is easy to increase the number of eviantsder to improve the
statistical counting errors. Although small uncertaisiaee then obtained, the goodness
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of the fit is characterized by the reduced chi-square vahe chi-square divided by
the number of degrees of freedom, which should be in the a@férfor a statistically
coherent fit assuming Gaussian errors. A high value of thecesl chi-square may
indicate that the chosen fitting function is not well adaptethe data.

A commonly used compromise for the situation of a fit with dnpalrameter uncer-
tainties and a high reduced chi-square value, is to scalddataeuncertainties; with a
factor /' in order to obtain a reduced chi-square of 1. The number aksagpf freedom
corresponds to the number of gamma-ray spectranus the number of parametérs

X 2”: (E%' -2 W(Ej)R%.(Ej)Y _, (14)

n—k - FXO'Z'
=1

Intable 7 we summarize the fitted parameters for the weiglitinctions of all 34 cases.
The response function below 200 keV were not included in thevfiich corresponds
to the threshold typically used in the data analysis.

Depending on the sample the weighting functions can haveyadiierent shape for a
same geometry. The attenuation and pair creation are iwgtéiet different for different
samples. This is illustrated in figure 8 for 3 samples in theesaetup.

Also the Bicron and FZK detectors have different efficiescimainly due to the differ-
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Figure 8: Detector efficiency and weighting function for g@ne configuration
#5 but for different samples: Au (0.125 mm x 20 mm), Au (1.0 mm x
20 mm) and 204Pb (1.18 mm x 20.08 mm).
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Figure 9: The detector efficiencies on the left and the rdlateighting function
on the right for the case of Au (1.0 mm x 20 mm) in setup #1.

ent volume of GDs. In figure 9 the efficiencies for both detectors and corredpan
weighting functions are shown. The roughly 50% higher edficy for the FZK detec-
tors is directly related to the about 50% larger volume diiligscintillator.
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Figure 10: Detector efficiencies with and without the sangblanger present in
the simulation.
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Table 7: The weighting functions for a single detector f@ thpture experiments
at CERN in 2002. The parameters correspond to a third ordgnpo
mial 3", ax E*. Uncertainties related to these parameters are given in the
annexe.

setup sample experiment detector a, a, ay as

1 TOFO02 FZK 9.746 20.962 16.180 16.180
TOFO02 Bicron 17.265 22.967 26.516 26.516
TOFO02 FZK 4726 24.648 11.306 11.306
TOFO02 Bicron 7.648 33.158 17.083 17.083
TOFO02 FZK 3.049 30.614 8.873 8.873
TOFO02 Bicron 5.469 41.349 13.612 13.612
TOFO02 FZK 7.593 22.800 14.284 14.284
TOFO02 Bicron 12.980 28.172 22.492 22.492
TOFO02 FZK 4590 24915 11.165 11.165
TOFO02 FZK 2.722 31.392 8.484 8.484
TOFO02 FZK 3.506 28.134 9.623 9.623
TOFO02 FZK 5.027 27.667 11.485 11.485
TOFO02 FZK 5.886 47.845 15.545 15.545
TOFO02 FZK 8.558 43.345 20.432 20.432
TOFO02 FZK 6.162 47.694 17.614 17.614
TOFO03 FZK 8.980 48.042 21.993 21.993
TOFO03 FZK 6.118 48.810 18.354 18.354
TOF03 FZK 6.265 51.423 18.380 18.380
TOF03 FZK 7.807 49.703 20.559 20.559
TOFO05 FZK 10.684 38.929 22.632 22.632
TOFO05 FZK 5.679 47.417 15.198 15.198
TOFO05 FZK 6.451 46.734 17.605 17.605

FPwrBHoo~v~obrwoownmhr,bwwNNREP

OO UIUIUNUIUUIUIAUIRBRMRNMDRNWWWNNNNRRRRERPRR

12 TOFO05 FZK  19.938 27.822 27.928 27.928
13 TOFO05 FZK  16.948 29.975 26.897 26.897
14 TOFO05 FZK 6.247 46.172 17.026 17.026
15 TOFO05 FZK  13.264 34.689 24.517 24517
16 TOFO05 FZK 8.936 41.777 20.691 20.691
17 TOFO05 FZK  13.680 33.778 24.948 24.948
16 TOFO05 FZK 8.955 44610 21.024 21.024
17 TOFO05 FZK 13.869 35.344 25.488 25.488
18 TOFO05 FZK 7.360 48.171 19.158 19.158
19 TOFO7 FZK 8.038 46.692 19.860 19.860
20 TOFO7 FZK 6.138 51.054 17.763 17.763
21 TOFO7 FZK 9.242 44.225 21.370 21.370
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Another element affecting the efficiency is the surroundimgierial. The increase of
pair production due to material between the detector andah®ple is well illustrated
by the non-negligible effect of the carbon fibre tube fromdhmple changer. In figure
10 this effect is shown.

Conclusions

This note contains the weighting functions obtained fromuations of detector re-
sponses with MCNP for all 34 detector-sample setups use@ddg at CERN. In parallel
other groups (IFIC and INFN) have been working on weightingctions using differ-
ent simulation codes. A comparison between the resultseofiifierent codes aims to
validate all calculations. But it should be stressed the fitot necessary to have iden-
tical weighting functions for a correct analysis. Weightifunctions with a different
shape may give very similar weighted spectra. In additibe weighted capture spec-
tra are used relative to weighted spectra of a standard,hwhiy minimize possible
systematic uncertainties resulting from the applied wengjfunction.
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Annexe

setup 1 - sanple 1 - TOF02 -

par anet er
. 74617E+00
. 09622E+01
. 61801E+01
. 16030E+00

WN PO H
R RPN O

setup 1 - sanple

par anet er
. 72645E+01
. 29668E+01
. 65160E+01
. 94696E+00

WN PO H
P NN P

setup 1 - sanple

# par anet er
0 4.72575E+00
1 2.46477E+01
2 1.13057E+01
3 -4.75600E-01

setup 1 - sanple

par anet er
. 64800E+00
. 31579E+01
. 70826E+01
. 21980E-01

WN PO H
0 rFr W

setup 1 - sanple

par anet er
3. 04937E+00
3. 06142E+01
8. 87330E+00
-8.61775E-02

WN PO H

setup 1 - sanple

par anet er

5. 46914E+00

4. 13489E+01

1.36121E+01

-2. 74886E- 01

WNEFOH

1

2

2

3

3

uncertainty
1. 08207E+00
2.13514E+00
7.76134E-01
6. 92455E- 02

- TOFO2 -

uncertainty
1. 58898E+00
3. 16940E+00
1. 16825E+00
1. 05467E-01

- TOFO2 -

uncertainty
5. 07834E- 01
1. 01697E+00
3.69474E- 01
3. 27970E- 02

- TOFO2 -

uncertainty
1. 23533E+00
2.51412E+00
9. 28139E- 01
8. 34825E- 02

- TOFO2 -

uncertainty
6. 96926E-01
1. 39925E+00
5. 07092E- 01
4. 48314E-02

- TOFO2 -

uncertainty
1. 06007E+00
2. 15700E+00
7.93431E-01
7.10025E- 02

FZK

=R
okroOr

Bi cr
FzZK
Bi cr
FZK

Bicr

19.
5.
5.
25.

=
ok wo

o whko
©wrE

cu~No

NOTRDN
o~ ©

%

Q0N

on

%

A bhODN

%

on

%

NPODN

%

on

%

4
2
8
8

covari ance matri x
100 -92 83 -76
-92 100 -97 92

83 -97 100 -99
-76 92 -99 100

covari ance matri x
100 -92 83 -76
-92 100 -97 92

83 -97 100 -99
-76 92 -99 100

covari ance matri x
100 -91 83 -77
-91 100 -97 93

83 -97 100 -99
-77 93 -99 100

covari ance matri x
100 -92 84 -77
-92 100 -97 93

84 -97 100 -99
-77 93 -99 100

covari ance matri x
100 -91 83 -77
-91 100 -97 93

83 -97 100 -99
-77 93 -99 100

covari ance matri x
100 -91 83 -77
-91 100 -97 93

83 -97 100 -99
-77 93 -99 100
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setup 1 - sanple 4 - TOF02 - FzZK
# paranmeter uncertainty % covariance matrix
0 7.59329E+00 8.80651E-01 11.6 100 -92 83 -77
1 2.27995E+01 1.74946E+00 7.7 -92 100 -97 093
2 1.42836E+01 6.36958E-01 4.5 83 -97 100 -99
3 -9.36236E-01 5.67350E-02 6.1 -77 93 -99 100
setup 1 - sanple 4 - TOF0O2 - Bicron
# paranmeter uncertainty % covariance matrix
0 1.29802E+01 1.31901E+00 10.2 100 -92 84 -77
1 2.81716E+01 2.65038E+00 9.4 -92 100 -97 93
2 2.24919E+01 9.78384E-01 4.3 84 -97 100 -99
3 -1.51406E+00 8.81953E-02 5.8 -77 93 -99 100
setup 2 - sanple 2 - TOF02 - FzZK
# paranmeter uncertainty % covariance matrix
0 4.59017E+00 6.76201E-01 7.4 100 -91 83 -77
1 2.49151E+01 1.35129E+00 2.7 -91 100 -97 093
2 1.11650E+01 4.90686E-01 2.2 83 -97 100 -99
3 -4.60924E-01 4.35532E-02 4.7 -77 93 -99 100
setup 2 - sanple 3 - TOF02 - FzZK
# paranmeter uncertainty % covariance matrix
0 2.72158E+00 7.54588E-01 13.9 100 -91 83 -77
1 3.13923E+01 1.51276E+00 2.4 -91 100 -97 093
2 8.48423E+00 5.48163E-01 3.2 83 -97 100 -99
3 -4.14395E-02 4.84576E-02 58.5 -77 93 -99 100
setup 2 - sanple 5 - TOF02 - FzZK
# paranmeter uncertainty % covariance matrix
0 3.50582E+00 7.41657E-01 10.6 100 -91 83 -77
1 2.81339E+01 1.48980E+00 2.6 -91 100 -97 093
2 9.62345E+00 5.41828E-01 2.8 83 -97 100 -99
3 -2.68481E-01 4.80934E-02 9.0 -77 93 -99 100
setup 2 - sanple 6 - TOF02 - FzZK
# paranmeter uncertainty % covariance matrix
0 5.02689E+00 7.84185E-01 7.8 100 -92 183 -77
1 2.76672E+01 1.57997E+00 2.9 -92 100 -97 093
2 1.14848E+01 5.77175E-01 2.5 83 -97 100 -99
3 -6.05752E-01 5.13630E-02 4.2 -77 93 -99 100
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setup 3 - sanple 3 - TOFO2 -

# par anet er
0 5.88642E+00
1 4.78450E+01
2 1.55451E+01
3 -3.74189E-01

setup 3 - sanple

par anet er
8. 55799E+00
4. 33454E+01
2. 04315E+01
-1. 44761E+00

WN PO H

setup 3 - sanple

par anet er

6. 16232E+00

4. 76941E+01

1. 76136E+01

-9.66871E-01

WN PO H

setup 4 - sanple

par anet er
8. 97983E+00
4.80417E+01
2. 19929E+01
-1. 60312E+00

WNPFOH

setup 4 - sanple

par anet er
6.11827E+00
4. 88096E+01
1. 83536E+01
-5.10947E- 01

WN PO H

setup 4 - sanple

par anet er
. 26481E+00
. 14231E+01
. 83797E+01
. 25592E-01

WNPF O H®
AP OO

4

6

7

8

9

uncertainty
1. 40687E+00
2. 75388E+00
9. 68546E-01
8. 34675E- 02

- TOFO2 -

uncertainty
1. 72777E+00
3. 40164E+00
1. 20444E+00
1. 04429E-01

- TOFO2 -

uncertainty
1. 15115E+00
2. 29387E+00
8. 14039E- 01
7. 05523E- 02

- TOFO3 -

uncertainty
2. 26998E+00
4. 44054E+00
1. 55664E+00
1. 34352E-01

- TOFO3 -

uncertainty
1. 89918E+00
3. 71331E+00
1. 29708E+00
1.11125E-01

- TOFO3 -

uncertainty
1. 95559E+00
3. 80871E+00
1. 32426E+00
1.13102E-01

FZK

FZK

FZK

FZK

FZK

FZK

PwnhD
NP OO

Bw AN w NN © w N wo
oo WP w o ©O© O

O ww o

w W o

%

%

%

%

N OO O

%

© 01 00 Ol

%

wo N

covari ance matri x
100 -91 83 -76
-91 100 -97 92

83 -97 100 -99
-76 92 -99 100

covari ance matri x
100 -91 83 -76
-91 100 -97 93

83 -97 100 -99
-76 93 -99 100

covari ance matri x
100 -91 83 -76
-91 100 -97 93

83 -97 100 -99
-76 93 -99 100

covari ance matri x
100 -91 83 -76
-91 100 -97 92

83 -97 100 -99
-76 92 -99 100

covari ance matri x
100 -91 82 -76
-91 100 -97 92

82 -97 100 -99
-76 92 -99 100

covari ance matri x
100 -91 82 -76
-91 100 -97 92

82 -97 100 -99
-76 92 -99 100

Internal Report
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setup 4 - sanple 10 - TOFO3 -

par anet er
7. 80684E+00
4. 97033E+01
2. 05588E+01
- 1. 33361E+00

WNPFOHK

setup 5 - sanple

par anet er
. 06843E+01
. 89286E+01
. 26322E+01
. 77003E+00

WN PO H
RN W

setup 5 - sanple

par anet er

5. 67882E+00

4.74173E+01

1.51977E+01

-3. 59180E-01

WN PO H

FZK
uncertainty %
2. 12697E+00 13.6
4.15758E+00 4.2
1.45829E+00 3.5
1. 25629E- 01 4.7

- TOFO5 - FzZK
uncertainty %
1.83817E+00 8.6
3.60941E+00 4.6
1.27339E+00 2.8
1. 10395E-01 3.1

- TOFO5 - FzZK
uncertainty %

1. 30514E+00 1
2. 55300E+00
8. 97555E- 01 .
7.73322E-02 1

0 O N O

covari ance matri x
100 -91 83 -76
-91 100 -97 93

83 -97 100 -99
-76 93 -99 100

covari ance matri x
100 -91 83 -76
-91 100 -97 92

83 -97 100 -99
-76 92 -99 100

covari ance matri x
100 -91 83 -76
-91 100 -97 92

83 -97 100 -99
-76 92 -99 100

setup 5 - sanple 11 - TOFO5 - FZK
# paranmeter uncertainty % covariance matrix
0 6.45075E+00 1.39495E+00 10.8 100 -91 83 -76
1 4.67341E+01 2.76380E+00 3.0 -91 100 -97 93
2 1.76053E+01 9.78089E-01 2.8 83 -97 100 -99
3 -8.93509E-01 8.46312E-02 4.7 -76 93 -99 100
setup 5 - sanple 12 - TOFO5 - FZK
# paranmeter uncertainty % covariance matrix
0 1.99376E+01 1.92074E+00 4.8 100 -92 82 -75
1 2.78221E+01 3.63016E+00 6.5 -92 100 -97 92
2 2.79279E+01 1.26097E+00 2.3 82 -97 100 -99
3 -2.02565E+00 1.09063E-01 2.7 -75 92 -99 100
setup 5 - sanple 13 - TOFO5 - FZK
# paranmeter uncertainty % covariance matrix
0 1.69484E+01 1.89349E+00 5.6 100 -92 82 -75
1 2.99746E+01 3.63870E+00 6.1 -92 100 -97 92
2 2.68971E+01 1.27138E+00 2.4 82 -97 100 -99
3 -2.02630E+00 1.10023E-01 2.7 -75 92 -99 100
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setup 5 - sanple

# par anet er
0 6.24735E+00
1 4.61720E+01
2 1.70259E+01
3 -7.09434E-01

setup 5 - sanple

par anet er
1.32637E+01
3. 46888E+01
2. 45168E+01
- 1. 86255E+00

WN PO H

setup 5 - sanple

par anet er

8. 93589E+00

4.17768E+01

2. 06909E+01

- 1. 49539E+00

WN PO H

setup 5 - sanple

par anet er
1.36796E+01
3. 37783E+01
2.49477E+01
- 1. 90605E+00

WNPFOH

setup 6 - sanple

par anet er

8. 95505E+00

4. 46096E+01

2. 10239E+01

- 1. 50431E+00

WN PO H

setup 6 - sanple

par anet er
. 38685E+01
. 53441E+01
. 54875E+01
. 93444E+00

WNPF O H®
RN WP

14 - TOFOS -

uncertainty
1. 33622E+00
2. 62131E+00
9. 24663E-01
7.98700E- 02

15 - TOFOS5 -

uncertainty
1. 62944E+00
3. 16731E+00
1. 11302E+00
9. 64221E- 02

16 - TOFOS -

uncertainty
1. 66822E+00
3. 27860E+00
1. 15933E+00
1. 00482E-01

17 - TOFOS -

uncertainty
1. 75026E+00
3. 40255E+00
1. 19593E+00
1. 03639E-01

16 - TOFOS -

uncertainty
1. 42538E+00
2. 79418E+00
9.81702E- 01
8. 45815E- 02

17 - TOFOS -

uncertainty
1. 60882E+00
3. 12401E+00
1. 09087E+00
9. 39385E- 02

FZK

%

SENENRS
o N 00~

FZK

%

NN RO
owo R

FZK

%

w N W ©
» OO w-*°

FZK

%

NENES NG
N5~ O D

FZK

%

NENEER
0 wWEr o

FZK

%

NN RO
NG N

covari ance matri x
100 -91 83 -76
-91 100 -97 93

83 -97 100 -99
-76 93 -99 100

covari ance matri x
100 -91 83 -76
-91 100 -97 92

83 -97 100 -99
-76 92 -99 100

covari ance matri x
100 -91 83 -76
-91 100 -97 93

83 -97 100 -99
-76 93 -99 100

covari ance matri x
100 -91 83 -76
-91 100 -97 92

83 -97 100 -99
-76 92 -99 100

covari ance matri x
100 -91 83 -76
-91 100 -97 92

83 -97 100 -99
-76 92 -99 100

covari ance matri x
100 -91 82 -75
-91 100 -97 92

82 -97 100 -99
-75 92 -99 100

Internal Report
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setup 6 - sanple 18 - TOFO5 - FZK

# paranmeter uncertainty % covariance matrix
0 7.35995E+00 1.35273E+00 9.2 100 -91 83 -76
1 4.81713E+01 2.66184E+00 2.8 -91 100 -97 093
2 1.91583E+01 9.38107E-01 2.4 83 -97 100 -99
3 -1.32025E+00 8.09466E-02 3.1 -76 93 -99 100

setup 6 - sanple 19 - TOFO7 - FZK

# paranmeter uncertainty % covariance matrix
0 8.03751E+00 1.50247E+00 9.3 100 -91 83 -76
1 4.66920E+01 2.94217E+00 3.2 -91 100 -97 93
2 1.98600E+01 1.03352E+00 2.6 83 -97 100 -99
3 -1.32495E+00 8.89844E-02 3.4 -76 93 -99 100

setup 6 - sanple 20 - TOFO7 - FZK

paranmeter uncertainty % covariance matrix
.13827E+00 1.39320E+00 11.3 100 -91 83 -76
. 10540E+01 2.73820E+00 2.7 -91 100 -97 93
. 77626E+01 9.63944E-01 2.7 83 -97 100 -99
. 09262E+00 8.30571E-02 3.8 -76 93 -99 100

WN PO H
PR 0o

setup 6 - sanple 21 - TOFO7 - FZK

# paranmeter uncertainty % covariance matrix
0 9.24227E+00 1.49697E+00 8.1 100 -91 83 -76
1 4.42254E+01 2.92413E+00 3.3 -91 100 -97 92
2 2.13701E+01 1.02439E+00 2.4 83 -97 100 -99
3 -1.51219E+00 8.81241E-02 2.9 -76 92 -99 100
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