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A fast reactor benchmark problem in two and three space dimensions

There is & high need for benchmark problems in order to test and %o
compare the performance and accuracy of computational methods and of

computer codes for the solution of reactor physics problems.

In what follows such a model-problem is described which has been designed
mainly for neutron-diffusion caleculations. The layout shown in pictures
1.a), 1.b), 2.a), 2.b) has its origin in the MARK I core design of the
SNR 300, a sodium cooled fast breeder prototypereactor. Only some modi-
fications have been made’ln oder to facilitate the representatlon of

the reactor in the computer code input.

The whole benchmark proﬁlem consists of one three-dimensional model in

triangular-z-geometry {see pict. 1.a), 1.b)} and 2 consistent one in
rectangular x-y-z-geometry (see pict. 2.a), 2.b)). For each of the two
geometries two twodimensional models have been developed. Relatively
big‘homogeneous material zones have been chosen and the energy range
is divided into four groups only, so input preparation and computing
time should be reasonab;e. Note that the control-rods are inserted to

different positions (see pict. 2.b)).

Table 1 gives the detailed composition of the different mixtures used
{note that the mixture numbers 5, 6,_? are neither defined there nor
used in the layout), table 2 gives alternatively macroscopic eross-—
sections for all energy groups (which were obtained by a standard

condensation process starting from the_26 group KFKIER cross section|set).
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The boundary conditions are chosen in such & way that pictures 1.a}
and 1.b} resp. 2.a), and 2.b) represent one sixth resp. a quarter of
the whole reactor. Outer boundary conditions are logarithmic, i.é.
flux egqual to zero at extrapolated boundaries . Note, that due to
symmetries, as shown in picture 1.a), it is possible to calculate
30, 60, 90, 120, 180 and 360 degree sectors of the full reactor. The

normal case however is considered to be the 120 degree sector.

For the twodimensional models the cutting planes (z= constant) are
chosen such that {see pict. 1.b) and 2.b)) in the first model some
control-rod positions contain absorber material and some follower.mate-—
rial whereas for the second model only follower material is found in
control-rod positions. For twodimensional calculations the bucklihg

factor is assumed be zero. .

For a realistic comparison of computing time it is proposed to start
with & constant flux guess and to choose as "convergence criteria"
for K op 1o~k (10~5) and for fluxes 1073 (10-1‘). The values in
parantheses are the values for twodimensional calculations. The
detailed measuring of the convergence criteris should be explained in

the documentation of the results.
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TAB. 1: Atomic compositions

Comp. 1:

Comp. 3:

Comp. 8:

CR520
FE560
MO960
NA230
NB930
NI590
0 160
PU40O
PU4I0O
PU420
PU9AQ
U 5A0
U 8A0
vV 510

{ CR520

FE560
M0960
NA230
NBS30
NI5%0
0 160

U 540.

U 840

B 100
B 110
C 120
CR520
FE560

M0960
NA230

NB930
NI590

0.334470

0. 1 10890 .

0.156334
0.103501
0.104014
0.247123
0.124809
0.305554
0.347220
0.694441
0.104166
0.121290
0.483946
0.658087

!

0.382146
0.123953
0.207136
0.699362
0.118841
0.310313
0.196203

0.245254 -

0.978563

0.604851 -
0.247954 -

0.771097
0.410375
0.133110

0.222437
0.958653
0.127620
0.333236

(‘0+24

at/cm3)

Comp., 2:

Comp. 4:

Comp. 9:

CR520
FE560
M0960
NA230
NB930
NI590
0 160

PU400

PU41O

" PU420

PUAQ
U 5A0
U 8A0
Vv 510

CR520
FE560
M0960
NA230
NB930
NI5S0
0 160

U 5A0

U 8A0
v 510

CR520
FE560
M0260
NA230
NB930

NI590

0.334470
0.110880
0.156334
0.103501
0.104014
0.247123
0.125310
0.443006
0.503416

- 0.100683

0.151025
0.106296
0.424120
0.658087

0.336830
0.111654
0.157626
0.995783
0.104749
0.249052
0.138479
0.173099
0.6906€3
0.657752

0.260524
0.845038
0.141213

0.189532 -

0.810186
0.211552
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TAB. 2: Macroscopic cross—sections for élenergy groups

(Group constant set: KFKINROO})

oA

i

Scheme of condensation in relation to 26 energy groups of ABN set:

group 1:
group 2:

1,3

6,11

group 3: 12,14

group 4: 15,26

Composition 1:

Composition

Composition

Composition

2:
3:
Composition 4:
8:
9:

Composition

7]

(10.5 ~ 0.8 MeV)
(0.8 MeV- 10.0 KeV)
{10.0 - 1.0 KeV)

(1 KeV - therm)

Core, inner part
Core, outer part
radial blanket
axial blanket
absorber

follower

N

(The unusual numbering of compositions bhas been used because of extracting

the compositions 1,

block)

CHI
Ml

M3
M4
8
M9

NUSF
Mi

M2

M4

- M8

M9

SREM
Ml

M3

M4

M8
M9

group 1: group 2:
0.768 0.232
0.768 0.232
0,768 0.232
0.768 0.232
0.768 0.232
0.768 0.232
0.11878 * 107 0.53252
0.14943 « 107} 0.76887
0.77427 + 102 0.10825
0.54279 + 1072 0.75857
0.0 . 0.0

0.0 0.0
0.28204 + 1077 0.52747
0.28782 « 107} 0.60491
0.35959 + 10" 0.58855
0.29093 + 107! 0.44909
0.24814 * 107" 0.16412 *
0.13159 - 10~} 0.14559

group 3:

0.0
0.0
0.0
0.0
0.0
0.0

0.10471
0.14809
0.29742
0.21218
0.0
0.0

c.17612
0.19510
0.16041

0.13082 -

0.72122
0.46001

2, 3, 4, 8 and 9 out of a 17 composition cross section

group 4: .

’ 0.0

0.0
0.0
0.0
0.0
0.0

0.26611 * 10
0.38159 - 10
0.84687 * 10
0.57592 * 10
0.0
0.0

0.26546 - 10

0.33714 + 10
0.13349 - 10
0.99562 + 10

0.16868 .
0.78660 » 10
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SFISS

M1
M2
M3
M4
M8
M9

STR
M1

M3
M4
M8
M9

SMTOT

M1
M2
M3
M4
M8
M9

Ml

M3
MG
M8
M9

group 1:

0.39123 -

0.48531
0.27688
0.19453
0.0
0.0

0.11587
0.11588
0.14584
0.12270
0.13317
0.72206

1> 2

0.23597
0.23262
0.32071
0.26322
0.22946
0.12942
1> 3

0.40791
0.46451
0.38880
0.28907
0.10320
0.68780

I =+ 4
0.44493

0.49968
0.45039

0.33248
0.10489

0.69903 -

e

group 2:

0.18286
0.26377
0.44347
0.31065
0.0
0.0

0.21220
0.21213
0.28443
0.23133
0.25355
0.11487

2+3

0.16153
0.15718
0.27776
0.22889
0.37687
0.12871

2+ 4
0.42309

0.40724
¢.90018

0.62133
0.70361

0.43633

group 3:

0.36334
0.51332
0.12274
0.87566
0.0
0.0

0.46137
0.46770
0.52703
0.46274
0.58044
0.32642

3+ 4
0.46838

0.43414

0.58971

0.53536
0.86815

0.34533

groun 4:

0.92415 * 10
0.13238 * 10}
0.34952 + 10
0.23769 + 10
0.0

0.0

0.34571
0.35349
0.40732
0.33749
0.54168
0.19272
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SCAPT
Ml
M2
M3
M4
M8
M9

group l:

0.73776
0.71134
0.11854
0.86927
0.18666
0.21684

0.58026
0.58026
0.58026
0.58026
0.58026
0.58026

—-f~

group 2:

0.18315 -
0.18403 -

0.30639 -
0.21714
0.12645 *
0.16956 -

0.24847 -
0.24847 -

0.24847 -

0.24847 -

0.24847 -

0.24847 -

group 3:

0.93000 -
0.10041 -
0.10030 -
0.76478 -
0.63443 -
0.11497 -

0.12547 -
0.12547 -
0.12547 -
0.12547 -
0.12547
0.12547 -

group 4: -

0.17323 = 10
0.20503 * 10
0.13012 * 10
0.97272 * 10
0.16868

0.78672 + 10

0.31651 + 10
0.31651 * 10
0.31651 * 10
0.31651 * 10
0.31651 * 10
0.3165% » 10
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A fast reactor benchmark problem in two and three space dimensions

There is & high need for benchmark problems in order to test and te
coﬁpare the performance and accuracy of computational methods and of

computer codes for the solution of reactor physics problems,

In what follows such a'moﬁel—problem is described which has been-designed
mainly for neutron-diffusion calculations. The layout shown in pictures
1.a), 1.b); 2.a), 2.b) has its origin in the MARK I core design of the
SNR 300, a sodium codled;fast breeder prototypereactor. Only some modi-
fications have been madefin oder %o faéilitate the representation of

the reactor in the comﬁﬁter code input.

The whole benchmark proﬁlem copsists of one three-dimensional model in’
triangular—z-geometry (see pict. 1.a), 1.b)) and 2 consistent one in
rectangular x-y-z-geometry (see pict. 2.a), 2.b)}. For each of the two
geometries two twodimensional models have been developed. Relatively
big homogeneous materialuzones-hawe been choéen and the energy range
is divided into four groups only, so input preparation and computing
time should be reasonable. Note that the control-rods are inserted to
different positions (see pict. 2.3)).

Table 1 gives the detailed composition of the different mixtures used
{(note that the mixture numbers 5, 6, 7 are neither defined there nor
used in the.layout), table 2 gives alternatively macroscopic cross—
sections for all energy groups (which were-obtained by & standard

condensation process starting from the 26 group KFKINR cross section set).
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The boundary conditions are chosen in such a way that pictures 1.a)
and 1.b) resp. 2.a), and 2.b) represent one sixth resp. a quarter of
the whole reactor, Outer boundary conditions are logarithmic, i.e.
flux equal to zero at extrapolated boundaries . Note, that due to
symmetries, as shown in pictﬁre 1.8}, it is ﬁossible to calculate
30, 60, 90, 120, 180 and 360 degree sectors of the full reactor. The

normal case however is considered to be the 120 degree sector.

For the twodimensional models the cutting pléne; (2= constant) are
chosen such that (see pict. 1.b) and 2.b)) in the first model some
control-rod positions contain absorber material and some follower. mate-
rial Whereas for the second model only follower material is found in
control-rod positions. For twodimensional calculations the buckling

factor is assumed be zero,

For a realistic comparison of computing time it is proposed to start
with a constant flux guess and to choose as "convergence criteria“
o 1074 (1075) and for fluxes 1073 (107%). The values in

parantheses are the values for twodimensional calculations. The

for kef

detailed measuring of the convergence criteria should be explained in

the documentation of the results,
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TAB. 1: Atomic compositions (i0+24 at/cﬁB) | i
Comp. 1: CR520 0.334470 + 1072 Comp. 2:  CRS20  0.334470 - 102
FES60 0.110890 - 107} FES60 0.110890 - 107)
MO960  0.156334 + 1073 MO960  0.156334 - 1072
NA230  0.103501 + 1070 NA230  0.103501 + 107
NB930  0.104014 « 1072 NB930  0.104014 + 1072
NIS90 0.247123 * 102  NIS90 0.247123 + 10 2
0160 0.124809 * 10 % 0160 0.125310 - 107}
PULOO  0.305554 + 107 | - PU400  0.443006 + 1075
PUAIO  0.347220 + 107 PU4I0  0.503416 * 10 °
PUA20  0.694441 - 107> PUA20  0.100683 + 10°%
PU9AO  0.104166 + 1072 PUJAO  0.151025 « 10
U 540 0.121290 - 1074 ' U SAO  0.106296 - 1072
U BAO  0.483946 - 10 2 a U 8AO  0.424120 - 102
V510 0.658087 + 10 V 510 0.658087 -+ 107
’ .
Comp. 3: CR520 0.382146 + 1072 Comp. 4z CR520 0.336830 « 1072
FES60  0.123953 - 107 FES60 0.111654 + 107"
M0960  0.207136 - 10> MO960  0.157626 + 10 >
NA230  0.699362 - 10 2 | NA230  0.995783 . 1072
NB930 0.118841 + 102 NB930  0.104749 * 107>
NISSO  0.310313 + 102 NIS90  0.249052 - 10 2
0160 0.196203 + 107 0 160 0.138479 + 107!
U 580 0.245254 + 10°* | U 50  0.173099 - 107% -
U 880  0.978563 + 1072 U 8AO  0.690663 + 1072
' V 510 0.657752 - 1072
Comp. 8: B 100 0.604851 + 1072 Comp. 9: CRS520 0.260524 + 10>
B 110 0.247954 + 10 FES60  0.845038 - 1077
C 120 0.771097 + 1072 MOS60  0.141213 + 102
CR520  0.410375 + 1072 NA230  0.189532 - 107}
FES60 0.133110 + 107 NB930  0.810186 - 1072
MO960  0.222437 + 1075 NI590 0.211552 « 10~2
NA230  0.958653 + 10 2
NB930  0.127620 + 103
-2

NI590 0.333236 - 10
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TAB. 2: Macroscopic cross-sections for 4 energy groups

(Group constant set: KFKINROO}Y)

o
Scheme of condensation in relation to 26 energy groups of ABN set:

group 1: 3,5 (10.5 - 0.8 MeV)
group 2: 6,11 (0.8 MeV- 10.0 KeV)
group 3: 12,14 (10,0 -~ 1.0 KeV)
group 4: 15,26 (] KeV - therm)

Composition 1: Core, inner part
Core, outer part

radial blanket

Composition

Composition

absorber

2:
3:

Composition 4: axial blanket
Composition 8:
9:

Composition follower K : \

(The unusual numbering of compositions has been used because of extracting ~
the compositions 1, 2, 3, 4, 8 and 9 out of a 17 composition cross section -
block) )

o group 1: group 2: group 3: ‘ group 43

cur .

M 0.768 0.232 0.0 | 0.0

M2 - 0.768 0.232 0.0 0.0

M3 0.768 0.232 0.0 0.0

M4 0.768 0.232 0.0 0.0

M8 0,768 0.232 0.0 -~ 0.0

M9 0.768 0.232 0.0 0.0

NUSF | | {
Ml 0.11878 + 107! 0.53252 + 1072 0.10471 « 10 " 0.26611 « 10~
w2 0.14943 » 107} 0.76887 * 1072  0.14809 + 107 0.38159 .« 107!
M3 0.77427 * 1072 0.10825 + 10>  0.29742 + 1072 0.84687 - 1072
M4 0.54279 + 1072 0.75857 - 107% 0.21218 « 102 0.57592 + 1073
M8 0.0 0.0 0.0 0.0

M9 0.0 " 0.0 0.0 0.0

SREM

M1 0.28204 + 101 0.52747 + 1072 0.17612 » 1070 0.26546 - 107}
M2 0.28782 « 107! 0.60491 + 1072 0.19510 « 107! 0.33714 + 107}
M3 0.35959 + 107" 0.58855 « 1072  0.16041 + 107" 0.13349 » 10”7
M4 0.29093 + 107! 0.44909 + 107>  0.13082 + 107! 0.99562 » 1072
M8 0.24814 + 107} 0.16412 » 1070 0.72122 + 107! 0.16868 ~ .-
M9 0.13159 . 107! 0.14559 - 1072 0.46001 - 1072 0.78660 » 107>

56080014



—5-

group 1: RTOUD 2: group 3: ¢ | group &;
SFISS ;
M1 0.39123 « 1072 0.18286 + 1072  0.36334 » 1072 0.92415 » 10
M2 0.48531 + 1072 0.26377 - 102 0.51332 - 1072 0.13238 - 10
M3 0.27688 + 1072 0.44347 * 100 0.12274 - 102 0.34952 - 10
M4 0.19453 + 1002 0.31065 * 10  0.87566 * 10°%  0.23769 - 10
M8 0.0 : 0.0 0.0 0.0
M9 0.0 0.0 | 0.0 0.0
st -
M 0.11587 0.21220 0.46137 0.34571
2 0.11588 0.21213 _ 0.46770 0.35349"-
M3 0.14584  0.28443 0.52703 0.40732
M4 0.12270 0.23133 0.46274 0.33749
M8 0.13317 ~ 0.25355 0.58044 . 0.54168
M9 0.72206 * 101 0.11487 - o.32662 0.19272
SMTOT ,

1 »2 i
M1 0.23597 + 107}
M2 0.23262 + 107}
M3 0.32071 + 10}
M4 0.26322 + 107!
M8 0.22946 + 10” !
M9 0.12942 + 107}

t >3 2+ 3
Mi 0.40791 + 107  0.16153 » 102
M2 0.46451 + 10> 0.15718 * 1072
M3 0.38880 + 10> 0.27776 * 10 2
M4 0.28907 * 10>  0.22889 » 10 2
M8 0.10320 * 107> 0.37687 - 102 ,
M9 0.68780 + 10  0.12871 - 1072

I~ 4 2 > 4 354
M 0.44493 + 1077 0.42309 * 1077 0.46838 + 10”2
M2 0.49968 « 1077 0.40724 + 1077  0.43414 - 1072
M3 0.45039 + 1077 0.900i18 - 1077 0.58971 + 10~2
M4 0.33248 + 1077 0.62133 * 1077 0.53536 * 102
M8 0.10489 « 1077 0.70361 - 107" 0.86815 + 10 2
M9 0.69903 - 1078 0.43633 - 107" 0.34533 » 1072
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SCAPT
M1
M2
M3
M4
M8
M9

group 1:

0.73776
0.71134
0.11854
0.86927

0.18666 -

0.21684

£ 0.58026

0.58026
0.58026
0.58026
0.58026
0.58026

-6-

group 2:

0.18315 -
0.18403 -
0.30639 -
0.21714 -
0.12645 -
0.16956 -

0.24847 -

0.24847 -

0.24847 »
0.24847 +
0.24847 -
0.24847 -

group 3:

0.93000 -
0.10041 -
0.10030 -
0.76478 -
0.63443 -
0.11497 -

0.12547 -
0.12547 -
0.12547 -
0.12547 -
0.12547 -
0.12547 -

group 4:

0.17323 + 10
0.20503 « 10
0.13012 - 10
0.97272 * 10
0.16868

0.78672 * 10

0.31651 « 10
0.31651 * 10
0.31651 * 10
0.3165] * 10
0.31651 « 10
0.31651 « 10
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Fig. 1b): Transversal section of the benchmark problem for triangular. 7}
geometry (x =y = 0.)-

56080018



ot [,8,6 27 (=t~ 29.] —

— o
-410.8 Fj
o
7
o]
7

em]

1053

—= 1053

]

Boundary conditionsi!’

@
<

Left and upper boundary:

Q
P
"
o

otherwise; -gi::—: __g_

Fig. 2a): Axial section of the benchmark problem in x y =z geometry

86080019



mjcn

Sle
- i
1

ale

e

10

40

fem] ~ )

-
o

faz—— 1. sectional plane £«

2-dimensional model

475

.\!

T
N
w
P

¢

o
an

i
9 - =—2. sectional plane fo

2-dimensional model

475

40
o~
o~
o~

i

Q
©

1t

Lo )
-

_—m-y

d =071 ir

Fig. 2b): Transversal section of the benchmark problem in x y =z geometry

8608002



February, 1976

Results and Main Conclusions of the IAEA-Advisory Zi-'” [i?’
Group Meeting on Transactinium Nuclear Data, '

held at Karlsruhe, November 1975

by

H, Kiisters and M. Lalovié

1, Objectives of the Meeting

The meeting was held November 3-7, 1975 at the Nuclear Research Center
Karlsruhe. About 50 scientists from research and industrial institutions
of 16 countries had followed the invitation by IAEA to discuss the following

objectives:

a) Review of the present situation regarding the use of TND in reactor and
non-reactor applications, specification of nuclear data requirements and
their priorities.

i
b) Review of the status offknowledge of TND, including a critical comparison

of existing evaluations and compilations.

¢) Identification and discussion of TND measurements, compilations and

evaluations required to satisfy user needs.

With a view to these objectives the meeting was organized into three main

sessions:

A. Review of TND applications by the users (reactor and non-reactor

applications).
B. Review of TND Status.

C. Detailed discussion of A and B and specification of recommendations.
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2.

Application and Requirements of TND (Session A)

The importance of TND in reactor applications comes from the following

problems (in this contribution we exclude the dominating isotopes as

u2

35, U238, Pu239):

b)

e s i e it e K e e e B e s i s e

The main interest with respect to TND isotopes is their influence on the
reactivity of the system via absorption and (spontaneous and induced)

fission processes.

Reactor_Shutdown

As

ar

ar

l. The shutdown reactivity margin has to be within the requested bounds,
which are influenced by spontaneous fission of heavy actinides (sub-

criticality).

2, The produced heat after shutdown, mainly by 8- and y-emission of

heavy nuclei, determines the energency core cooling layout.

e ey T bt e 1 et e e e o S i o St e Sy S L L et S T e et T e T S T

The prediction of radiation and heat level depends on the neutron, y-, a— and
B~output of spent fuel and has to be known for the design of appropriate

shielding and cooling devices.

Fuel Waste

Non-recovered fuel forms a potential hazard because of its contents of
long-lived o-emitting isotopes of the heavy elements Np, Pu, Am and Cm
(besides fission products). Therefore the in~pile production rate of

these isotopes and the out-of-pile decay rate is of prime interest.

a guideline the main isotopes contributing to the various items above

e listed in Table I for reactor systems of present interest. (The results

e based on ORIGEN (version 1973) calculations).
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BY DISCHARGE |L W R (1000 MWe) L M F B R (2000 Mve} H Tﬁcr{ (1000 Mue)
U238  9.6+10° U238  1.5-106 Th232 - 8.6+105
U235 9.2+10° Pu239 1.9+105 U233 2-10%
Pu239 8+103 Pu240 7.9-10% | U234  1.5-10%
U236  6.7-10° Pu241 2.9+10% U235 1.10%
Pu240 2.4+10° Pu242 1.4e10% U238 34108
CONCENTRATION |Pu261 1.7-10° An241 3. 108 Np237 2-10°
Np237 9.4+102 Am243  5.7+102 Pu238 1-10°
Emn HE:vy M] Pu242  520. Np237 300. Pu239 2.7+102
Pu238 475. U236  250. Pu241 97,
Am243 209 Pu238 %4, Pu240 92.
Cm244 108. Cm242 62, Cm244 5.
Am241 42, Am242M 31. Am241 4,
Cm242 21, Cm244 19,
Np239 3.1-10% Np239 8.810% Pa233 3.9-10%
Cm242 2,6+10 Cm242 7.6-10° Pa234M 2+10°
THERM. POWER * lyo37 10108 Pu240 543, Np239 6.4+102
Efc?n E:;fry M_f Pu238 2.7+102 Am242 472, Pu238 6+102
; Pu239 370
" Am241 347
Cm244  1.2+10% Cm242  1.2+10° Cm244  6.3+107
Sp. Fiss. Cm242 4.2+108 cm244  2,2-108 Cm242 1.5-107
[NEUTR/SEC] Cm246 1.3+107 Pu240 7.4-107 Pu238 2.5-106
Pu240 2.2-10% Pu242 2.8+107 Cm246 5.5+10°
Pu238 1.1+10° Pu238 2.2+10°
Cm242 2+108 Cm242 6. 108 Pu238 3.6-107
(ur) cm244 24107 Pu240 2.8+107 Cm242 7.7-108
[WEUTR/SEC] Pu238 1.6+107 Am241 2.1+107 Cm244  1+106
Pu240 8.4+105 Pu239 1.9+107 U232 3.7+10°
Cm244 3.8+10° )
Np239 2.3-1011 Np239 6.5-10!1 Pa233 2.9-1011
U237 1.6 1019 Pu241 1.5+1010 | Np239 4.7-109
HAZARD.INDEX  \r0hss  3,5.109 (m242 3. +1010 | Pu238 3.7-109
(%] Pu238 1.6+10% y237  3.6+10° Cm242  1.3-108
Cm244  1.2+109 Pu240 3.5¢10°% Th234 9.3+107
Am242 1.2+10° Am242 3.5+10° Cm244  6.4+107
Pu24! 9108 Am241 2.6-10%
Pu239 2.4-10°

Tab., |

Radiation Qutput at Discharge of Reactor Fuel,

Contribution of various Actinides in Composition and
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For 1000 years after discharge of fuel, the relative contribution of the

main isotopes to the waste hazard index is as follows:

1. PWR: (Am241 : Am243

2. LMFBR: (Am241 : Pu240 : Am243

s Pu2

40 : Pu239

: Cm245) % (16 ¢+ 9 : 5 ¢

: Pu239 : Pu238) & (70 : 3 : 3 :

3:0,1)

According to the various papers presented, the most restrictive requirements

for TND in reactor applications at present are given by the effect these nuclei

have on core performance, For the cross sections of the heavy nuclei such as
u233, U235, U238, Pu239, Pu240, Pu24l and Pu242, data requests are already

A
formulated in WRENDA; accuracies of about 5 Z or better are requested.

According to Barré and Bouchard (paper A2), the reactivity effects of the

various nuclides were calculated and are listed in Table 2 (the main actinides
such as U235, U238 and Pu239 are not included).

Tab,2: Reactivity Effects of Actinides in Thermal and Fast Reactors.

M
Reactivity Thermal Reactor 30000 ~E§—PWR Fast Reactor (1300 MWe)
] Burnup
Sk Uranium Fuel Pu-Recycling
K 0 120,000 MWd/t
> 102 |U236,Pu240,Pu2b 1| U236,Pu240,Pu2k] | Pu240,Pu241,Pu242 Pu240,Pu24],Puc
1073 to 1072} U234, Np237,Pu242| U234, Np237,Pu241 | Pu238,Am241 Pu238,Am241,
| Am241,Am243 Am242 ,Am243
1074 to 107>|Pu238,An241, Pu238 , Am242m Am242 ,Cm244 ,Np2
Am243, Am242m | Np239
"""""""""""""""""""""""""""""" [T T T T ]
107 to 1074 Cm242,Cm243, Cm244 | Np237 Cm243
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For a thermal HTR the main influence on the reactivity, apaft'from Th and U233,
is given by Pa231, U232, U234.

The effect on other core parameters such as power and breeding gain is again

dominated by the higher Pu~isotopes; in a fast reactor the contribution to
reactor power by Pu240/Pu241/Pu242 is about 67/8%/1%, whereas in.thermal
reactors only Pu24) is of importance (2-37% for uraniuh fuelled cores, 5 to
10 7 for Pu-recycled systems), The other actinides contribute in a fast
system less than 1 Z each, in total about ! Z, Pu240 is essential for its
influence on the thermal neutron spectrum, but no major deficiencies have
shown up to date. At the end of fuel life Am24] may have an effect on the
breeding gain by about 0.02,

According to these investigations the cross section data most urgently
needed are those for the higher Pu isotopes (including Pu238) and Am24li
Am242m and Am243; in particular those for fast reactors, as the main data
gaps exist in the epithermal and fast energy region. This is being stressed
by experimental results frém fast zero—power reactors, where e.g. the pre-
diction of the capture-tOﬁfission ratio for Am241 deviates by a factor of
about 2 from experimental results (paper AS). In thermal systems the data

are known to better accuracy.

It should be kept in mind that generally the formation of the a—-emitters

Am and Cm does depend more strongly on the cumulated cross section uncertainties
of the preceding isotopes in the corresponding chains than on the cross sections
of the "reference nuclide" itself. For instance, Cm244 with 18y half-life

§ mm261™ am242 8 cm242™Y m243 and via

Pu261 ¥ pu242 ™ pu243 8 Am243 ™Y Am244, the latter being by far the

is formed via 3 routes: via Pu24l

dominant route because of the competing strong c-emission of Cm242, A third
route is given by Pu24i B pmoa1 ™ am262n 2 am243 Y am24s 8 Cm244. ;

Thug the uncertainty in Cm244 content is given by the uncertainties in PUZAi,AmZAZm

and Am243 capture data and by the absorption rate uncertainty for Cm244.

Data for ﬁhe first three isotopes are estimated to have an uncertainty of
about 20 7 and 50 Z, respectively, and the estimate for Cm244 is about 50 Z.
If cross section uncertainties tend to be on one side of the true value
systematic error, then the uncertainty in the Cm244 cross section partially

compensates the cumulated uncertainty of the formation process.
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The out-of-pile behaviour of actinides is mainly determined by two facts: i

(1) the actinide concentration at discharge from the reactor and (2} their o
corresponding decay properties, With regard to neutron production 'in addition

to spontaneous fission the occurence of (a,n) processes, especially with

oxygen, is to be considered, but the neutron production is about an order

of magnitude less than that from spontaneous fission, From this fact it

follows that cross sections play a minor réle after discharge of burnt fuel.
Therefore, the main objective in discussing the sensitivity of the radiation
output from spent fuel to cross section changes is in establishing the corres-—
ponding variation in nuclide concentration at discharge from the reactor.

: A
First of all, it is of primary interest to compare calculated and measured .

nuclide concentrations for various power reactor systems. Some of the
available material is discussed by Kiisters and Lalovic (paper A3). Apart
from the uncertainty in calculational methods, ﬁhich, in principle, can be
relatively small if sophisticated tools are used, the major uncertainty in
the theoretical prediction of nuclide concentrations arises from reactor
operation changes and often not fully known irradiation and flux histories
of the discharged elements. Therefore the calculated U238 content in spent
fuel is sometimes adjusted to the experimental value. For PWR fuel, however,
this approach causes changes of up to about 40 Z in the concentrations of
less dominating actinide isotopes, e.g. in the Cm244 content. With simplified
models (e.g. fundmental-mode calculations) the differences are even larger

and must be expressed sometimes by factors.
A sensitivity analysis shows (A3) that for various times after discharge
the radiation hazard is uncertain by about 20 to 50 Z, if plausible uncer-

tainties in nuclear data are assumed.

Quite generally, the dominating cause for differences in nuclide concentration
and radiation output is given by the composition, the fuel eycle strategy
(e.g. Pu recycling or uranium fuel cycle for PWRs) and the degree of burn-up
of the reactor fuel; these effects may amount to about a factor of 10 e.g. in
hazard potential for a PWR with and withput Pu recycling. In addition, one

has to keep in mind that for about 500 years after discharge the fission

products cause most of the radiologic hazard. After that the actinides dominate
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mainly with a-emission from Am, until after several thousand years the long-
lived Pu isotopes give the main contribution to radioactivity from a unit

of discharged reactor fuel.

With regard to the decay properties of nuclei, quite generally uncertainties
in decay constants A cause uncertainties of the same order of magnitude in
the concentration e.g. of a-emitters at a decay time equal to the half-life,
This is only approximately true because due to the decay of other nuclides
the reference nuclide may increase in concentration. In other words, withour
this feedback and without external manipulation, a 10 Z change in 2 results

in a 10 Z change of nuclide concentration at t = 1/A.

At present uncertainties in decay constants are about 10 Z or smaller, thus

the related effects are not very important.

Transmutation of actinides in reactors was being considered at the meeting

by Koch (paper A6) as an alternative to waste storage. In this case there

is a definite need for cross sections (fission and capture) of the long

lived g-emitters. From a gﬁysical point of view reactors with hard neutron
spectra (oc/cf small) ate‘;o be preferred., At present nuclear industry is

not particularly interested in this topic; the waste storage strategy (e.g.
in salt mines) is the favoured route for waste disposal. In this connection
there was a discussion of separation of the a—emitters Am, Cm and others from
spent fuel, The necessary separation technology, hdwever, is not likely to

become available within the next two decades.,

Very restrictive requirements (0.5 to 1 Z) for the half-lives of the Pu-isotopes
were stated by Dierckx (paper A8) in order to obtain sufficiently accurate
results for the analysis of non-destructive and destructive techniques to
determine the isotopic contents of.spent fuel; these measurements are made

for small waste residues and for safeguard purposes. It is not quite obvioué;

whether safeguard techniques, which are usually based on realtive measurements,

do require such high precision.

The situation is different in the field of non-reactor applications of TND.

Aten (paper A9) points out that e.g. for application in health physics and

for purity tests high accuracies are required for a—, B~, y~ and X-ray energies,

not to mention the question of standards.
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3, Status of TND {(Session B)

The difficulties of experimental techniques for the measurement of TND will
be summarized briefly. Also the present situation regarding availability of
evaluated IND on nuclear data files will be given as well as the capability

of nuclear theory,

3.1 Differential measurements on IND

The main objective is the determination of fission and capture cross sections,
A major difficulty in cross section measurements of the actinides is in
obtaining pure isotopic samples; either they are not readily available or

they are available only in very small quantities. Thus data for mahy of the -
higher actinides are fragmentary or non-existent. Sample preparation costs for -
most of the higher actinides are rather high; impurities and the activity of
the samples require very sophisticated techniques to obtain reliable cross

section data.

According to James (paper B2) some improvements in experimental techniques
have been acchieved recently. In the resonance region resonance spins were
measured by using polarized neutron beams and polarized targets; low-energy
resonances having meV fission widths in the U238 subthreshold fission cross
section could be detected at RPI with a Linac-pulsed neutron source in a lead
slowing-down spectrometer. The Saclay group used successfully a large gas
scintillator chamber cooled to liquid-nitrogen temperature for the measurement
of fission cross sections. A spherical design of an ionization chamber by
Dabbs reduces the maximum possible alpha path length and thus a pile-up. At
ORELA fission cross section measurements could be performed on an isotope

with only 30y o half-life. Spark chambers have the great advantage of spatial
resolution in countering a pile-up but suffer from spontaneous sparking back—
ground. If oxides and light elements are used for encapsulation, fission neutron
detectors with pulse shape discrimination do overcome the o pile-up, but then

background from (a,n) processes is produced.

For highly radioactive actinide isotopes with half-lives of days of longer

the nuclear explosion technique has been used for neutron cross sectlon measure-
ments by time of flight at Los Alamos (paper B3). The accuracy of the data is
not high, one has to except a typical total uncertainty for fission and capture

cross sections of about 10 = 30 % over the intermediate and fast neutron energy
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region. Data (mainly fission cross sections) for the following nuclides have
been obtained and are available from the four neutron data centers: Th230,
Pa231, U232, U234, U236, U237, Np237, Pu239, Pu240, Pu2i4l, Pul42, Pu2is,

Am241, Am242m, Am243, Cm243, Cm244, Cm245, Cm246, Cm248, C£249, C£252, Es253.

To give an impression on the availability of differential measurements, in

Table 3 the present gaps in experimental data for the various nuclei and the

corresponding energy reglons are given (see paper Al).

i e e S S S o T AR B8 M A Ty T e . W S e ot

Because there are many gaps in differential nuclear data for actinides, the
evaluation must rely heavily on nuclear reaction theory. In the thermal range
the cross sections are calculated from resonance parameters by means of
resonance theory. In the resolved-resonance range the Breit-Wigner single
level formula is used most frequently, but for the fission cross sections

also multilevel representations. The Lane-Lynn formalism is adopted for the
calculation of average croés sections in the unresolved range. Optical-model
and statistical theories @fe applied in the fast neutron energy range. On

the basis of both differeﬁtial data (if available) and nuclear theory, nuclear

data for actinides have been evaluated in the last years (see paper B5a).

-Table 4 gives a summary of the present status (Notation in Tab.4:

E4 = ENDFB/IV; K = KEDAK; LLL = Lawrence Laboratory Livermore.

References of Tab. 4 can be found in Appendix 1!,

It is interesting to note Lynn's.remarks (paper B5b) on the degree of confideﬁce
which can be placed on the results of present model caleulations, He estimates
the uncertainty of cross sections of a statistical of integral character

(e.g. capture, fission, summed inelastic scattering, etc.) for transactiniuﬁ
nuclei to about 25 - 30 Z (U, Np, Pu, Am, Cm244, Cm245), being rather worse

for the very high transplutonium elements (+ 50 %) and for cross sections

of more specifie character (e.g. radiative capture popuiating an isomeric

.state as in Am242m.) VWhile these uncertainties are poorer than the degree of

accuracy attainable with very careful experimental techniques, this accuracy
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TYEE TAB. 3: GAPS in o (E) for Energy Intervals (AE in MeV)
[s) .
ELEMENT] Cross .
Th234
. Th227 2 231
Section | Th228 Th Th232 Th233
£ 0.-15. |0-2+1078 0-15 - 0-15
1+10 5-15
nyY 0.-15 0-15 0-15 2«10 €-1+430 7| 0-15
Th .10 6-2
n,f [pe10 B-15 0-0,2 0-15 0-0.7 0-15
1-15
Pa230 Pa23l Pa232 Pa233
t 0-15 0.002-15 | 0-15 0.01-15
Pa n,Y 0=-15 Eth-o.l ' Eth*-IS Eth'—ls
6-15
0-13 - - -
n, f 15 E.~0.1 |E715 Ep=15 .
4=15 :
4
U231 U232 U234 U236 ©237 U238 U239
t 0-15 0.01-15 p.001-15 0.001-15. 0~-15 Fth-l-:o'ﬁ 0-15
- “ - o1 6o -15 —7.10"6 -
. n,y _0-15 Epy 15 E,,~15 |1+10 5-0.06 Epy =15 sEth 7410 & £, ~15
-1 -7.10 6 “Yel0 2 -8.10 5 -7.10 - -
n,f Eyp,~15 E, 7010 8 E , ~2¢10 2/E  -2+10 E,,~7°10 Eep 15
0.02-0.15 0.02-0.15 6-15 2-15
1.5-15 6~15
Np236 Np237 ¥p238 Np239
t 0-15 0.01~-15 0-15 0~15
Np -0.15 0-15 E . ~15
n,Y 0=15 | B,y=0: th
- —1.10 7 - -
n,f Ep"15  [E.,!010 E. =15 E "5
Pu238 Pu240 Pu24l Pu242
t 0.01-15 [0.007-0.1 | 0.001-=15 | 0,009-15 '
1,5-15
E =1+ —5 00 - A : -
Pu ny B m1000 5-15 0.1-15 E 15
0.2-15
- -Sel0y 7 - -7.10 5
n,f E, 510 E ,~7"10
Am241 Am242 Am242m Am243 Am244
t 6+10 5-15 0-15 0-15 0.001-15 0-15
Am n,Y 0.4~15 0-15 0-15 E,y "5 0-15
- -9.10° 5 - “7410 5 _
n,f 8~15 Eth 2«10 0-15 Eth 7+10 Eth 15
1-15 4-15 '
Cm242 Cm243 Cm244 Cra245 Cm246
- - -7 6 - . 5.
t 0~15 0-15 E_. zuxo’ E,~15 6410 5=15,
710 715
— e -5 - -
Cm n,y Ethuls 0-15 Eth 2+10 Eth 157 Eth 15
; 0.01-15
n, 0-15 Ep =2410-5|Epp=2¢1075  E_.~2.1075
PRe-FE; s AU
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File and/or

Latest

%ner Range
Reference Data Revision ?ﬁv
-3 6
Pa231, Pa233, U232 Drake 67 (1) 1967 107 2-15+10
P233 E4, Young 70 1974 10-°-20.10°
{unpub.)
U234 E4, Drake 67A(2) 1967 107°-20+ 10°
U236 E4, Drake 67A(2) 1971 10 °-20+10°
McCrosson 71
_ (unpub.)
U236 Parker 64 (3) 1964 103-15.10°
1237 Caner 75 1975 10%-7.10°
(to be pub.)
Pu238, Pu242, Cm244 E4, Dunford 67 (4) 1967 102~20+10% (E4)
Pu238 | Caner 74 (6) 1974 10 >~15+10°
U232, U236, Pu238, Thomet 74 (8,7) 1974 3+10%-10°
Pu240
Pu240 E4, Pennigton 74 1974 1072~20+ 10°
(unpub.)
Hunter 73(9)
Pu240 K, Caner 73 1973 10 3-15.10°
(11, 12)
Pu24 1,Pu2b?2 K, Caner 73A 1973 10 °-20.10°
(12, 13, 14)
» —5 F
Np237 E4, Smith 69(15) 1973 10 °=20+10
Pa231, U232, U234, T .
U236, U237, Np237, Hinkelmann 70(16) 1970 0.025 - 1010
Np238, Pu236, Pu23s,
Am241, Cm242
Pu2s | E4, Hummel 73 1974 10 =20+ 10°
(unpub.)
U238, Pu239, Pu240, Prince 70 (5) 10%-15+10°
Pu2é4l
U236, Np237, Pu238, 2
Pu240, Pu2él, Pu242, Pearlstein 66 (10) 1966 0.025 ~ 2410
Am241, Am243, Cm244
Am241, Am243 E4, Smith 66 (unpub.) 1966 10"°-20+ 10°
Cm245, Cf252 LLL, Howerton 75 1974 thermal - 20-10
' (unpub.)
C,252 Prince 69 (17) 1969 0.025 - 15.10°
Tab.4: Survey of Recent Evaluations on TND,
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might be reasonable for those isotopes.:for which differential measurements
have not been performed. To obtain a better prediction of cross section data,
Lynn demands improvements in models and parametrisation: For total cross section.
elastic scattering, compound nucleus formation and neutron transmission co-—
efficients the coupied—channel version of the optical model needs to be
explored; level density fowxmulations in particular provide a great area of
uncertainty; considerable ignorance exists on the detailed mechanisms of

radiative capture and also of neutron induced fission.

4, Requirements for TND

5

According to the discussion and recommendations of 3 subgroups, thé required
accuracies for TND were specified. The requests should be considered as esti-
mates, which reflect personal judgement and are only rarely based on thorough
sensitivity analyses. As outlined in section 2 of this summary, the main reason
may be that the effects of TND are swamped by the effects of fission products
(for the first few hundred hears after fuel discharge) and by the differences
in e.g. material composition, burn-up and fuel cycle strategy in power reactors

of present interest.

In Table 5 we have listed the various requests for TND. (Remark: If no request
was formulated, the corresponding position in the table as well as the status

were left empty.)

Recommendations for further measurements on TND may be deduced from

Tab. 5, and can be found in more detail in the redommendations of the
subgroup discussions, which will be included in the proceedings of the
meeting. Priority in measurement and evaluation should be put on data of
the higher plutonium and americium isotopes. For americium, especially
neutron radiative capture data and branching ratios are unknown or very

uncertain.
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Decay Properties Cross Sections
ccurac %

Isotope Ha%f—Life Type ACCUTaCY @ Therm.Typ? Fast RequestA - - ;tatus

1/2 Requested Status | pegct, , React. I|Therm,. ) Fast [Cherm. ] Fast
Pa231 |1-10%Y /1, i 10/20 i 10/7 E
Pa233 [27.d c/1, ! 10/10 | 12/4 :
Th232 [1-1010y (n,2n) | 50 ! -
U232 |74Y | c/1_/FI1; E 30/30/30/30 2/6/12/15
U233 1.6+105¢ ) (n,2n) | 10 | -
U234 [2.5-105Y |a-Intensity ! 3 7 S s/ | 2112 )
U236 [2.4-10% A 1 2 ¢/t E 4/4 i 6 /6 E
U237 {6.7d . e 100/100 | pa/is |
Np237 12.2-10°Y |[a-Intensity 1 20 “C/Ic Ec F, (n,2n)100/10 1B30/50/50 2/8 50/10/-
Np239 |2.3d C I c/F {100 po/so ; /-
Pu236 |2.8Y | ¢/I, | C/F |100/100 50/50 /- |-/~
Pu238 (86.4Y A/ (y/a)~Int}0.5/1/0,1 | 1.5/25/1 C/1_/F | C/F  |30/50/50, 20/7 ‘4/10/3130110
Pu240  16.6+103Y |A/ (y/a)-Int}0.2/1/0,2 |5/F3SE chc i 2/1 box 1712 4
Pu24i  }13.2Y Aly-Int. 1/1 5/5 C/1 /F E 3/10/1 | = B/5/1 i
Pu242 [3.8+105Y | A/o-Int. 1/4 5/10 c/T, 10/5 i #  B/h
Am241  [458Y y-Intensity K 2 ¢/, | CJF 10/10 b/ls 3/9  130/307
Am242M {152Y c/I/F 1 C[F 50/50/3q 50/15 [/=/4 |=/50
Am243  {795Y c/1, b/F/(n 2n){15/10 10/30/50 5/3 i /1o/-
Cm242  [163d A 0.1 1 c/1, i C/F  |50/50 50/25 p0/30 |-/~
cm243  [35Y C/1,/F i C/F 50/50/50po/2o 17 -
Cm244  |18Y /I, | C/F |50/50 bo/s0 [po/10 /302

0008098

# Requests according to WRENDA
Tab,5: Comparison of Requested and Achieved Accuracy of TND,

Notation:
C: Capture I.: Resonance Integral for neutron capture

F: Fission 1.: Resonance Integral for neutron fission
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References for Table 4

! DRAKE, M.K., NICHOLS, P.F., Ga=7462 (1967)

2 DRAKE, M.K., NICHOLS, P.F., GA-8135 (1967)

3 PARKER, K., AWREO-30/64 (1964)

4 DUNFORD, C.L., ALTER, H., NAA-SR-12271 (1967)

5 PRINCE, A., Proc. 2nd. Int. Conf. Nucl. Data for Reactors, IAEA
(1970) Vol. II, 825. \

6 CANER, M., YIFTAH, S., IA-1301 (1974); also: Nucl. Sci. Eng. (to be -
published). .

7 THOMET, P., CEA-R~4631 (1974)

8 THOMET, P., JAERI - M 5984 (1975) 71.

9 HUNTER, R.E., STEWART, L., HIRONS, T.J., LA-35172 (1973)

10 PEARLSTEIN, S., BNL 982 (1966)

11 CANER, M., YIFTAM, S., IA-1243 (1972)

12 CANER, M., YIFTAH, S., SHATZ, B., MEYER, R,, Proc, Int. Symp. Fast
Reactor Phys., Tokyo (1973) 683.

13 CANER, M., YIFTAH, S., IA-1276 (1973)

14 CANER, M., YIFTAH, S., TA-1275 (1973)

15 SMITH, J.R., GRIMESEY, R.A., IN-1182 (1969)
16 HINKELMANN, B., KFK 1186 (1970)

17 PRINCE, A., BNL 50168 (1969)
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Appendix 2 :

Review Papers Presented at the Meeting

Al

A3

A4

A5

Ab

A7

AB

A9

S. Raman:

e

General Survey of Applications which require Actinide
Nuclear Data.

J.Y. Barre, J. Bouchard:

Importance des Donnees Nucleaires des Transactinides pour la

Physique des Coeurs de Reacteurs Rapides et Thermiques.

H. Kisters, M. Lalovie:

Transactinium Isotope Build-up and Decay in Reactor Fue
and Related Sensitivities to Cross Section Changes.

R.M. Hunn:

The Requirements for Transactinide Nuclear Data for the
Design and Operation of Nuclear Power Plants.

R,F. Burstall:

Importance of Transactinide Nuclear Data for Fuel Handl

L. Koch:

Survey of TND Application; European Programs in Waste
Management (Incineration).

S. Raman:

1

ing.

Some Activities in the US Concerning the Physics Aspects of

Actinide Waste Recycling.

R. Dierckx:?

Importance of TND for Fuel Analysis,

A H.VW, Aten:

TND Applications in Radiation and Energy Sources, Tracer

Techniques, Life Science, Agriculture and Industry.
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B1/
Contrib.

B2

B2/
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SODTUM FLOW VELOCITY MEASUREMENTS BY
" CORRELATION OF THERMOCOUPLE SIGNALS.

BY
J. Benkert; C. Mika; K.-H. Raes; D. Stegemann
Institut fiilr Kerntechnik |

Techn. University -of Hannover, Germany -

J. E. de Carlos; I. Melches; A. Perez-Navarro;
. Verdaguer;_B. Zurro _
Junta de Energia Nuclear, Madrid, Spain

Introduction: Thermocouples are well known sensors for measuring

temperatures. Normally the mean value of the thermovoltage is
used in order to detect the absolute temperature of a fluid.

But there is more information in the signal! The turbulent
behavior of a fluid génerates temperature fluctuations which
are registered by thefmocouples. The idea is now to use this
information in order to derive the fluid-flow~velocity. For
this determination two thermocouples with a given distance are

being used.

fanl

The basic principle is to measure the transit time of the tem-
peraturse-fluctuations from the first to the second thermocouple.
The ratio of the thermocouple-distance to the transit-time gives

v the fluid-flow-velocity (1,2,3).

Although this method looks quite easy, there are a couple of

conditions, which have to be taken into account for practical /

-

application.
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One aim of tha extensive investigations is to develope a simple
!
eguipment consisting of only two thermocouples ania special

correlator with digital output calibrated in [m/s].

Principle of method. The principle, which is being applied to

reasure the fluid-flow-velocity, is explained in FIG.1. At

least two equivalent thermocouples with accurately known distance
Az are placed into the fluid. The temperature fluctuations due |
to heat transfer from the walls - indicated in the upper part

of FIG.1 - will first induce a signal }(t) in TC1 and will then .
pass on to TC2 to induce a similar signal 1@(t). Due to the
transport of the temperature fluctuations from TC1 to TCZ the
signal Jgit) will appear thé timauro later thanrlﬁ(t).3The '
transit-time To can be found from a so called cross-correlation-
analvsis. The velocity of information v follows directly from

_ Az
V-—-?—'
Q

The cross—correlation analysis is essentially the determination
of similarity between the two signals ﬂ}(t) and ﬂ&(t} by shifting
one against the other. The quantitative results give the cross-—
correlation function [CCF) | e

CCF(1,2) = & (t~T)dh(t)

For computing the CCF generally three operations are'necessary

s

. delaving one signal by the time <
. multiplving both signals
. time—-averaging the product.

For the highest signal-similarity the CCF shows its maximum.
T

o
his is the case if the delay time 71 is identical to the transit-
time TO between TC1 and TC2. By this procedure 1, can be easily

determinesd.

During the passage from the first thermocouple to the second
the coolant is in heat-exchange with the surrounding wall
{tubes, heated pinsg etc.). This contact influences the transit-

time svstematically. Due to this and due to the lack of data
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recarding accuracy, neasuring-times, positioning ¢f TC's ete.
atic investigations have been performed mainly with sodium
which some results will be presented here, esvecially in view

practical application.

i

Xverimental Setud.

y

or the experimental investigations tesﬁgections have been

.

nserted into the multipurpose sodium loop ML1 at the Junta de
Energia Nuclear (JEN), Madrid, (4,5). - '

The three - test'sections designad and used for the experiments in
sodium, are shown schematically in FIG.Z.

- All sections consist of a tube with soldered el. heaﬁers-on +he .

ocuter surface giving a maximun heat flux of about 30 W/cmz.'
Tastsection I has an inner diameter of 25 mm and 4 mm thicknéss
of the wall. There are five TM~thermocouples in radial fixed
positions with axial distances from 19,3 mm to 360,5 mm. |

Testsection III differs from testsection I by a smaller inner
diameter (15 mm) and increased wall thickness (10 mm). Purthex-
more five thermocouples can be moved in radial direction. The

axial distances between the thermocsouples cover the rance from
5,5 mm to 225,5 mn. '

In both sections the thermocouples are perpendicular to the:
flow-direction.

It is possible to insert grids, each with five thermocouples,
into testsection II. By this a velocity-profile is measureable
without moving thermocouples. There is built in aiso a calibrated
flovmeter in order to compare the correlation method with the

. flovmeter-resulits under different conditions. The tops of the

thermocounles are parallel to the flow direction. :

In ordsr =2 get negligible influences of different transfer
&

functions of thermocouples they have to be equal (§).'

A multi-channel-svstem has been used during the investigations
as shown in 7IG.3. The DC-compensated TC-output signals are trans-—

n up to 100K, low noise isolation- !
mnlifiers with nhigH common mode rejection (95 db) and electronic

filters {low pass 10 Hz—-10 KHz, high pass DC-100 Hz) are used..
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The amplified signals can be Jbo*ed on multichannel analog
tapes (Sangarmo) and played back or can be erectly transferred
to the evaluating part. The evaluation can be performed either
by on-line correlators (e.g. Hewlett—Packard HP 3721 A) or via

ADC's to digital computers (HP 2116 B, NOVA 1200). For on~iine

analvsis and direct digital display of the fluid-flow-velocity
a special real time correlator (MESCH-Correlator}), to be des-

cribed below, was also being used.

Sodium flow velocities could be chosen from 0.5 m/s to 10 m/s,

The heat flux was variable up to 30 W/cmz.

Results.
N\

)

According to the items of the programs the results will now be
presented. ‘ |

The influence of thermocouple distance Az upon'the maxinum of
the cross-correlation function is shown in FIG.4 for a typical
example. In testggction_l five TC's have been positioned along
the central axis of the tube. The TC's used are made of Chromel~
Alumel (Cral) with 0.5 mm outer diameter and T~ “Vpe construction.
The CCF's between the TC's are shown. From the maximum the
respective transit-time T, can be found. Together with Az, the

'veloc1ty v o= Az/r can be calculated. The maximum values for th@;

-

ccy found he*e decreases wmuq 11crea31ng thefmocouple—dzstance.

In.pbheL words ha 1argerzxz the smaller the SLmJlarlty.

As result for practical application the distance between the -
TC's should be small in order to get a'sharp maximum. But on the
other hand, the distance should not be too small in order to

avoid uncertainties due to inaccuracies in Az.

egrea of correlation betwesen the two stochastic signals

!
juy
M
o

t)} and ﬁb(t) can be quantitatively expressed by the coxrelatio:
£
A

ficienz @ . If the two signals look identical then Y = 1.

]
Hn
T
0

rez is no correlation at all then :¢ = o.

lation-coefficient decreases exponentially with in-
creasing thermocouple-distance. This is clearly seen fxom the upp

rt of FIG.5. The results presented in this figure have been
gainad from narrovi-band-analysis. Here, high and low pass filters
e

have been used. Mid frequency £ of 30 Hz means, e.g. the break

fregquencies {3 db-noint) of low as well as high pass filter have
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The correlation coeificient decreases with increasing mid fre-

reency of the narrow-band-analysis.

But the error of velocity determinationshows a minirmum for a
certain thermocouple distance depending on the freguency band °
used {(6) as shown in the lower part of the figure.

The measured results follow closely the inverse of T. So, if

velocities have to be measured with an error of less than + 1 &

‘o
generally measuring times around 10 seconds have to be used.

Noxrmally measuring times from 1 to 5 seconds seem to ke suffic-
ient if TC-distance and analyzing freqguency £,, are chosen properly.
- 1- :

Yy

In order to demonstrate the ability of the corﬁe’ation*techniqueﬁ

in sodium, results found from measurements in testqectlon .

are presented in FIG.6. The signals of all thermocouple~comb1natlons
have been evaluated to derive the fluid-flow-velocity v. A good .
consistency of all data can be concluded from“FIG 7. The fixed.

TC—position in tests ection” I allowed solely to determlne the
cantral flow veloc1ty. i

A velocity profile'acrdss the tube was measured by the variable-
position TC's of testsection IXI. The radial velocity distri--
bution evaluated from three TC-combinations is shown in PIG.7;

A calculated curve (solid line) is shown for comparison. The
larger deviation of some measured points from the theoretical .
curve close to the walls is due to the effect of heat exchange
between wall and fluid.

The knowledge of the velocity profile is of importance if the

ol

hrouchput is to be measured by this technigue, because an

I

ntegration has to be performed over the diameter. Xf no theore-
tical velocity distribution is available for a certain geometry:
this can be measured either by variable TC's, as shown here, or’

>

by TC's distributed radially.

2mongst other applications this technique seems also to bz wall
suited Ffor calibration and recalibration of fiow-meters under
different field conditions., For all this, however, a simple data

evaluation technigque is of importance.
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n~iine velocity determination and displavy. .

In practice one wants to have for on-line velocity mesasurements

[+

simple electronic device with thermocouple signals as input

and a digital output.

This is realized by a transit time correlator. Basing on the
polarity correlation the-transit-time of the signals is detecﬁed.
By counting a shift-freguency the velocity can be measured |7].
By taking into consideration the known thermocouple distance the

counted shift~frequency an be calibrated in [m/s].

A comparison between velocity megsureménts done with,q\calibrated
el. mag. flowmeter and a proto-type of the transit-time-correlate:
took place in testsection II. FIG.8 shows first results., The roL
points represent the maximum velocity calculated from the héasuggg
rean value of the el. mag. flowmeter. We got the other points by
the on-line-measurements with the transit-time-correlator. This
values are less than the others due to the heat-exchange-effects
between wall and fluid. Basing on a simple thsoretical model |8]
the absolute factor X of this effect can be precalculated for-

the given . geometry and freguency range.

This measurements are done with broad-band-analysis from 3 Hz
up to 300 Hz. Using a high freguent narrow~band-analysis the
difference between the flow-velocity and the velocity of infor-
mation becomes negligible small as shown in FIG. 5. '

Conclusions

From the results of the systematic investigations one can see,
that for practical applications the correlation method for

determination flow velocities in fluids 1is very well suited.

In order to have the accuracy as good as possible the following

main-points have to ke taken into consideration

a) The time-behaviour oif thermocouples has to ba as

fast as possible.

b) Both thermoccuples have to have the same transfer-function
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c) The distance ketween the thermocouples has;to be
chosen bv taking into account the accuracy.of
h

positioning the TC's and furtheron the foxeseen

ih

fFregusncy—range 0L analysis.

@) Kormallv measuring times between 1 to 5 seconds

-~

are sufficient.for accuracies of about 1 %.
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Determination of Neutron Spectra and Cross-Section

Sensitivity of Tritium Production in a Lithium'Sphere

U.Fritscher, F.Kappler, D.Rusch, H.Werle,-H.ﬂ,Wiese

Kernforschungszentrum Karlsruhe
- Institut fiir Neutronenphysik und Reaktortechnik
) 7500 Karlsruhe-1, Postfach 3640
Federal Republic of Germany

ABSTRACT

Neutron spectra at several radial positions of a lithium ﬁetal sphere with
a 14 MeV neutron source at the centre are presented; The spectra are measured
both by the time-of-flight method and by proton-~recoil detectors. Calculations
are performed with the Karlsruhe onedimensional discrete ordinates (Sy) trans-
ort code DTK and the neutron cross-section data of the ENDF/B-III data file.
he comparison of experimental and calculational results shows good agreement
when the measured neutron source spectrum is used in the calculation and when
anisotropic elastic scattering is treated carefully. The cross-section sensi-
tivity of tritium production in the sphere was studied by varying the refer-
ence cross—section set according to estimated uncertainties in the cross—-sec~
tion of the 6Li(n,a)t and 7Li(x_-’i,n'a)t reactions. The uncertainties in these
reaction cross sections yield bhanges in the tritium production of 0.9% and
ahbout 15%, respectively. Finai;y, the tritium production rate was determined

.experimentally and is compared with the calculation. A detailed publication of
all results is in preparation.

INTRODUCTION

simple geometry and chemical composition and not as a mock-up of a fusion reac-

The Karlsruhe lithium sphere experiment has been designed as a set-up of

tor blanket containing lithium, which was published by several authors [1,2,3:L
In the case of disagreement of experimental and calculational results for this
simple assembly calculations for complex technical fusion reactor blankets
should be looked upon very critically, f
To check cross sections and calculational models also other one-méterial

experiments were performed: In Jiilich HERZING et al.[}] determined the tritium
production rate in a cylindrical lithium metal assembly and in Livermore
HANSEN et al. [5] measured neutron spectra’ from materials used in fusion
reactors with the exception of lithium,. )

Cur preliminary results, presented at the gth Symposium on Fusion Techno-

logy, 1974 [5] + showed large discrepancies- and, therefore, further experimen-
tal and calculational efforts had to be done.

The effects of cross-section uncertainties of the reactions 6Li(n,a)t and

Li{n,n'a)t were studied by varying the reference cross-section set according

86080055



»

to estimated uncertainties.
Finally, the tritium production rate was determined experimentally and

compared with the calculation.

EXPERIMENTS

The assembly is a lithium metal sphere of 1 m diameter coated with a €
thick shell of stainless steel. Two channels in the equatorial plane, stair
.1ess steel tubes each of 60 mm diameter and 1 mm wall thickness, allow by t
insertion of appropriate cylinders of lithium metal the measurement of dire
tional neutron fluxes at different positions and angles [6 ] . Through a thi
channel the target of a neutron generator is introduced to the centre of tt
sphere, The source neutrons are produced by a Cockcroft-Walton-type acceler
tor for deuterons hitting a tritiated target [B]. The strong space and angl
dependence of the neutron spectra is illustrated in fig.1 which shows direc

=

. [
ent detectors. A flight path ¢f 10 m was used. The worst energy resolution

tional neutron spectra measured by the time-of-flight method with two dif

15% at 14 MeV, at lower energy e.g. at 1 MeV 11%., In the lower energy regic
from 10 keV to 1 MeV a 6Li glass detector, and in the upper energy region i
250 keV to 14 MeV a NE~213'proton-recoil detector was used. Measurements ir
side the assembly were performed with small spherical proton-recoil proport
al counters., Details of the measure-

ments and their evaluations are ' .
ANGULAR FLUX PER

given in [6] . UNIT LETHARGY PER i
SOURCE NEUTRON

1043'
CALCULATIONS ' ﬂ

In the calculations the
ENDF/B-~ITII nuclear data file [?]

and the Karlsruhe onedimensional S

1072+

N
transport code DTX [8] were used.

In this code a special subdivision

of the angular region (819) was pre- 105cm/0°

32¢m/0°

pared in order to take into account

the strong anisotropy of the neutron

flux which is peaked into the forward

10cm/90°®
P Vs

s

direction (0%). For the proper treat- 4
Wy
ment of the highly anisotropic elas-
tic scattering in lithium improved

extended transport approximations

[97] up to T. were used. For a good

representation of the neutron source 0.01 1MeV 10

in the energy region from 2 MeV to FIG. 1 DIRECTIONAL NEUTRON SPECTRA
15 MeV 55 small energy groups with : MEASURED BY THE TIME-OF-FLIGH!I

a lethargy width of 0.03655 were METHOD
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chesen. The energy region from 2 MeV to 10 keV was divided into 10 broader
éroups of different lethargy widths and the enexrgy region 5élow 10 keV was col
lzepsed to one broad group. ' :

) The 14 MeV neutrons, which are obtained from the T(dén)4He reaction in a
tritiated target, are partly slowed down by collisions in'the 6.6 mm thick tar-
get support. The resulting source spectrum was measured and used in the cal-
culations instead of the monoenergetic 14 MeV neutron source, which was used
in the first calculations. Using the experimental source in an empty source
region avoids the difficulties of the theoretical treatment of the target zone
which might lead to new errors {geometrical representation, materials, inelas-
tic collisions, preequilibrium neutrons). Leakage spectra of 14 MeV neutrons
from a 6.6 mm thick iron target support as calculated by the Monte Carlo code
XKAMCCO [10] and from a 6 mm thick iron shell as calculated by DTK [8] are
shown in fig.2, Above 6 MeV there are large discrepancies between measured
and calculated neutron source spectra.

. The effect of three different source spectra on the neutron spectra in-

side the lithium sphere is illustrated in fig.3. There are large differences.

_ ANGULAR FLUX AT 0° -
e e o , ‘: PER UNIT LETHARGY L
10+! 3 SOURCE NEU C T | -1 | PER SOURCE NEUTRON |
i L
! " EXPERIMENT,Cu TARGET ( ! ;[
; ++ KAMCCO,Fe TARGET i1 : _ :
ot H _ - 14MeV SOURCE
H | 3 : -
: e i _ 102+ - 14MeV NEUTRONS
: e e : SLOWED DOWN 8Y
_:_ ::—‘—‘-’ -6:_.9 i IRON -
;: 1—6—5' t‘%‘. |
o - ENERGY 7
10 34 ‘ e 3
04 1 10MeV 1077 % :
: ;
FIG. 2 NEUTRON LEAXAGEI FROM THE : i
SOURCE REGION PER UNIT E |
LETHARGY - :
1074 5
NEUTRON ENERGY
o1 1 10 MeV
FIG. 3  CALCULATED NEUTRON SPECTRA
AT 32cm/0°

EFFECT OF DIFFERENT NEUTRON
SOURCE SPECTRA
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COMPARISON BETWEEN EXPERIMENT AND CALCULATION

Measured and calculated neutfon spectfa are compared in the figures 4
5. The measured scalar neutron spectra and the directional spectrum at
10.5 cm/0° show relative good agreement with calculation using the normal
transport approximation. For a satisfactory calculation of directional neut.
spectra at a radial distance larger than 10 cm a higher order approximation
for the anisotropic elastic scattering [9 ]| must be used to reduce the large
discrepancies between measurement and normal transport approximation calcul
tion. This is illustrated in fig.5 by the two spectra at r=32cm.

ANGULAR FLUX PER i
! UNIT LETHARGY PER
| 10"' ¥ SOURCE NEUTRON fﬁ
7 FLUX PER UNIT ; -
LETHARGY ; -~/ EXPERIMENT 1 i
' & CALCULATION,S1g.T; -
10‘2 3+ o CALCULAT!ON,S]Q,TS ' f
0t 4
4 ? ]
1073 1
107° f 5
;
++7 EXPERIMENT !
- ~— CALCULATION ‘
! | 1074 %
NEUTRON ENERGY i
10 100 keV 1MeV 32cmi8°
FIG. 4 SCALAR NEUTRON SPECTRA
COMPARISON BETWEEN PROTON NEUTRON ENERGY -
RECOIL MEASUREMENT AND ' e ’ _
Sig CALCULATION ! 10 MeV
(MEASUREMENT NORMALIZED " FI6. 5 NEUTRON SPECTRA.COMPARISON
TO CALCULATION TO EQUAL ' BETWEEN EXPERIMENT AND Sig
TOTAL FLUX) CALCULATION : TRANSPORT (T4) AP-

PROXIMATION AND Tg APPROXIMATION
OF ELASTIC SCATTERING

CROSS-SECTION SENSITIVITY OF TRITIUM PRODUCTION

STEINER and TOBIAS |2} published the cross~section sensitivity of the
tritium breeding in a large fusion reactor blanket model, The uncertainties
the cross sections of the 6Li(n,a)t {(0.5% up to 15%) and the 7Li(n,n'a)t re
tions (20%) attach uncertainties to the tritium-breeding ratioc of 0.34% and
about 5%, respectively. An analogous sensitivity study using the same uncer
tainties for the quoted reaction cross sections resulted in uncertainties ¢
the tritium production rate in the lithium sphere of 0.9% and about 15%, re
pectively. This shows that the cross-section sensitivity of tritium product

is strongly dependent on the blanket configuration. This dependence is due
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tﬂe coﬂtribution of the reactions 6Li§n,a)t and 7Li(n,n'a)t to the total tri-
tium production in a blanket. In the iithium sphere the calculated tritium
production rate is 0.665 per source neutron which includes‘O;SSO from 7Li and

_0.115 from %Li. In the fusion reactor blanket studied by STEINER and TOBIAS
|27} the corresponding values are 1.4863, 0.5172 and 0.96911‘We conclude in

- accordance with STEINER and TOBIAS [27] as well as with ALSMILLER et al.[3]
that the 6Li(n,a)t cross—section data appear adequate for calculating the tri-
tium production in a fusion reactor blanket. The uncertainties in the
7Li(n,n'a)t cross-section data have to be reduced by a re-evaluation or by new

measurements.,

TRITIUM PRODUCTION

Following the method proposed by DIERCKX = [117] the space dependent tri-
tium production rate in the lithium sphere was determined experimentally by
irradiating small I;iZCO3 probes at several radial positions, Preliminary re-—

.ults are plotted in fig.6 and compared with the calculation. The deviations
may have two independent reasons:
1.) Source flux determination in the experiment.
2.) Erroneous cross sections in the calculation.

Final results will be published.

/

T-ATOMS PER cm3
AND SOURCE
NEUTRON . EXP1

o EXP.2
— CALC. DTK(S19) o
1 EXP ERROR |

1 0_4':"

-5

o 1075

-6

10

Oo'

o7 B J ) RADIUS
0 10 20 30 40 50 em

FIG.6 MEASURED AND CALCULATED TRITIUM
PRODUCTION
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