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A f a s t  reactor  benchmark problem i n  two and three  space dimensions 

There i s  a high need f o r  benchmark problems i n  order t o  t e s t  and t o  

compare the performance and accuracy of computational methods and of 

computer codes f o r  the  solut ion of reactor  physics problems. 

In  what follows such a model-problem is described which has been designed 

mainly f o r  neutron-diffusion calculations. The layout shown i n  pictures  

a ,  l.b), 2.a), 2.b) has i t s  or igin i n  the  MARK I core design of the  

SNR 300, a sodium cooled f a s t  breeder prototypereactor. Only some modi- 

f icat ions have been made'in oder t o  f a c i l i t a t e  the representation of 

the reactor  i n  the computer code input. 

- 
The whole benchmark problem consists of one three-dimensional model i n  

triangularz-geometry (see p i c t .  1 a ,  1 .b ) )  and a consistent one i n  

rectangular x-y-z-geometry (see p i c t .  2.a),  2.b)).  For each of the two 

geometries two twodimensional models have been developed. Relatively 

b ig  homogeneous material  zones have been chosen and the  energy range 

is divided i n t o  four groups only, so  input preparation and computing 

time should be reasonable. Note t h a t  the control-rods a re  inser ted  t o  

different  posit ions (see p i c t .  2.b)). 

Table 1 gives the de ta i led  c o q o s i t i o n  of the  different  mixtures used 

(note t h a t  the mixture numbers 5, 6 ,  7 are  nei ther  defined there  nor 

used i n  the layout) ,  t ab le  2 gives a l te rna t ive ly  macroscopic cross- 

sections fo r  a l l  energy groups (which were obtained by a standard 

condensation process s t a r t i n g  from the 26 group KFKINR cross section 



The boundary conditions are  chosen in  such a way t h a t  pictures  1.a) 

and l.b) resp. 2.a), and 2.b) represent one s ix th  resp. a quarter  of 

the whole reactor. Outer boundary conditions are  logarithmic, i .e.  

f lux  equal t o  zero a t  extrapolated boundaries . Note, t h a t  due t o  

symmetries, as shown i n  picture  l . a ) ,  it is possible t o  calculate  

30, 60, 90, 120, 180 and 360 degree sectors of t h e  f u l l  reactor.  The 

normal case however is  considered t o  be the  120 degree sector.  

For the  twodimensional models the  cut t ing planes (z= constant) are  

chosen such t h a t  (see p i c t .  1.b) and 2.b)) i n  t h e  f i r s t  model some 

control-rod posit ions contain absorber material  and some follower mate- 

rial whereas fo r  the  second model only follower material  i s  founh i n  

control-rod positions. For twodimensional calculations the  buckling 

fac tor  i s  assumed be zero. 

For a r e a l i s t i c  comparison of computing time it is proposed t o  s t a r t  

with a constant f lux  guess and t o  choose as "convergence c r i t e r i a "  

for (10-5) and f o r  fluxes 10-3 The values i n  

parantheses a re  the values fo r  twodimensional calculations.  The 

detai led measuring of the convergence c r i t e r i a  should be explained i n  

the documentation of the resu l t s .  
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A .  I : Atomic coinpositions at/crn ) 

Cornp. 1 : ~ ~ 5 2 0  

FE560 

M0960 

NA230 

NB930 

NI590 

0 160 

PU400 

PU4 10 

PU420 

PU9AO 

U 5AO 

U 8AO 

V 510 

Comp. 8: B 100 

B 110 

C 120 

CR520 

FE560 

M0960 

NA230 

NB930 

NI590 

Comp. 2: CR520 

FE560 

M0960 

NA230 

NB930 

NI590 

0 160 

PU400 

PU4 10 

PU420 

PU9AO 

U 5AO 

U 8AO 

V 510 

Comp. 4: CR520 

FE560 

I40960 

NA230 

NB930 

NI590 

0 160 

U 5AO 

U 8AO 

V 510 



TAB. 2: Zlacroscopic cross-sections for 4 energy groups 

(Group constant set: KFKINROOi) 
d " _  

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

group 1 : I , 5  (10.5 - 0.8 NeV) 
group 2: 6,11 (0.8 YeV- 10.0 KeV) 

group 3: 12,14 (10.0 - 1.0 KeV) 
group 4: 15,26 (I KeV - therm) 

Composition 1: Core, inner part 

Composition 2: Core, outer part 

Composition 3: radial blanket 

Composition 4: axial blanket 

Composition 8: absorber 

Composition 9: follower 
L4 

(Theu.nusua1 numbering of compositions has been used because of extracting 
the compositions I,  2, 3, 4, 8 and 9 out of a 17 composition cross section 
block) 

CHI - 
M1 

M2 

M3 

M4 

M8 

M9 

NUSF - 
MI 

1.12 

M3 

M4 

M8 

M9 

SREM - 
MI 

M2 

M3 

M4 

M8 

M9 

group 1: group 2: group 3: I group 4: 

0.768 0.232 0.0 0.0 

0.768 0.232 0.0 0.0 

0.768 0.232 0.0 0.0 

0.768 0.232 0.0 0.0 

0.768 0.232 0.0 0.0 

0.768 0.232 0.0 0.0 



SFISS - 
MI 

M2 

1.13 

M4 

M8 

M9 

STR - 
M 1 

M2 

M3 

M4 

M8 

M9 

SMTOT 

M 1 

M2 

M3 

M4 

M8 

M9 

MI 

M2 

M3 

M4 

M8 

M9 

M 1 

M2 

M3 

M4 
N8 

MY 

1 
group 3:  nroup 4: 

0.36334 . loe2 0.92415 ' 

0.51332 . 0.13238 lo-' 
0.12274 . 10 -3 0.34952 . 
0.87566 . 10 -4 

0.23769 . 
0.0 0.0 

0.0 0.0 



group 1 :  group 2: group 3: group 4: -. 
SCAPT - 

0.73776 + 10 
-3 

0.18315 . 0.93000 . lo-' 0.17323 10 -1 



I: Core, inner part 

2: Core, outer part 

3: radial blanket 

4: axial blanket 

8: absorber rod 

9: follower 

Fig. la): Axial section of the benchnark problen for triangular geometry 
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- 1 .  sect ional  phase f o i T  

2-dimensional model 1 
! 

-2. sect ional  phase f o r ,  

2-dimensional model 

~ i ~ .  l b ) :  Transversal sect ion of the benchmark problem for  triangular 
qeornetry (x = y = 0.): 



Boundary conditions: / . 
1 

Left and upper boundary:/ *= 0. a n  
' a@ otherwise:' -- @ -- 

a n  - d 

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



c-- 1 .  sectional plane •’0 

2-dimensional model 

-2. sectional plane •’0 

2-dimensional model 

d = 0.71 .k t ,  

! ~ i g .  2b): Transversal section of the benchmark problem in x y z geometry 
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A f a s t  reac tor  benchmark problem i n  two and three  space dimensions 

Tnere i s  a high need f o r  benchmark problems i n  order t o  t e s t  and t o  

compare the  performance and accuracy of computational methods and of 

computer codes f o r  the solut ion of reac tor  physics problems. 

In  what follows such a model-problem is described which has been designed 

mainly f o r  neutron-diffusion calculations.  The layout shown i n  p ic tures  - 
1 .  l .b),  2.a), 2.b) has its o r ig in  i n  the  MARK I core design of the  

ShT 300, a sodium cooled,fast  breeder prototypereactor. Only some modi- 
I 

f ica t ions  have been made i n  oder t o  f a c i l i t a t e  the representation of 

t h e  reac tor  i n  the comp&er code input. 

The whole benchmark problem consis ts  of one three-dimensional model i n  

tr iangularz-geometry (see p i c t .  l a ) ,  1.b)) and a consis tent  one i n  

rectangular x-y-z-geometry (see p i c t .  2.a), 2 .b)) .  For each of the  two 

geometries two twodimensional models have been developed. Relatively 

b i g  homogeneous materia1,zones hake been chosen and t h e  energy range 

is  divided i n t o  four groups only, s o  input  preparation and computing 

time should be reasonable. Note t h a t  the  control-rods are inser ted  t o  

d i f f e ren t  posi t ions (see p i c t .  2.b)). 

Table 1 gives the de ta i led  composition of the  d i f f e ren t  mixtures used , 
(note t h a t  the  mixture numbers 5, 6 ,  7 are  ne i ther  defined there  nor 

used i n  t h e  layout) ,  t ab l e  2 gives a l te rna t ive ly  macroscopic cross- 

sect ions f o r  a l l  energy groups (which were obtained by a standard 

condensation process s t a r t i n g  from the  26 group KFKINR cross sect ion s e t ) .  



The boundary conditions are  chosen i n  such a way t h a t  p ic tures  1.a) 

and 1.b) resp. 2.a), and 2.b) represent one s ix th  resp. a quarter  of 

the  whole reactor.  Outer boundary conditions a re  logarithmic, i.e. 

f l ux  equal t o  zero at extrapolated boundaries . Note, t h a t  due t o  

symmetries, as shown i n  p ic ture  a ,  it i s  possible  t o  calculate  

30, 60, 90, 120, 180 and 360 degree sectors  of t h e  f u l l  reactor.  The 

normal case however is  considered t o  be the  120 degree sector .  

For t h e  twodimensional models t h e  cu t t ing  planes (z= constant) a re  

chosen such t h a t  (see p i c t .  1.b) and 2.b))  i n  t h e  first model some 

control-rod posit ions contain absorber mater ia l  and some follower-mate- 

rial whereas fo$ the  second model only follower mater ia l  i s  found i n  

control-rod posit ions.  For twodimensional calculat ions the  buckling 

f ac to r  i s  assumed be zero. 

. For a r e a l i s t i c  comparison of computing time it i s  proposed t o  start 

with a constant flux guess and t o  choose as "convergence c r i t e r i a "  

10-4 (10-5) and fo r  fluxes 10-3 ( The values i n  

parantheses a re  the values for  twodimensional calculations.  m e  

de ta i led  measuring of the  convergence c r i t e r i a  should be explained i n  

the documentation of the r e s u l t s .  
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TAB. 1 : Atomic compositions (10"~ at/cm ) 

Comp. 2: CR520 

FE560 

M0960 

NA230 

NB930 

NI590 

0 160 

PU400 

PU4 10 

PU420 

PU9AO 

U 5AO 

U 8AO 

V 510 

Comp. 3: CR520 

FE560 

M0960 

NA230 

NB930 

NI590 

0 160 

U 5AO 

U 8AO 

Cornp. 8: B lo0 

B 110 

C 120 

CR520 

FE560 

M0960 
NA230 

NB930 

NI590 

Comp. -4: CR520 

FE560 

MO9 60 

NA230 

NB930 

NI590 

0 160 

U 5AO 

U 8AO 

V 510 
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. TAB. 2: Xacroscopic cross-sections for 4 energy groups 

(Group constant set: KFKIKROO!) 
d 

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

group 1: 1,s (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: l5,26 ( I  KeV - therm) 

Composition 1: Core, inner part 

Composition 2: Core, outer part 

Composition 3: radial blanket 

Composition 4: axial blanket 

Composition 8: absorber 

Composition 9: follower 

- 
(Theu.nusua1 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) 

CHI - 
MI 

M2 

M3 

M4 

M8 

M9 

NUSF - 
MI 

112 

M3 

M4 

M8 

M9 

SREM - 
MI 

M2 

M3 

M4 

M8 

M9 

group 1: 

0.768 

0.768 

0.768 

0.768 

0.768 

0.768 

group 2: group 3: group 4: 

0.232 0.0 0.0 

0.232 0.0 0.0 

0.232 0.0 0.0 

0.232 0.0 0.0 

0.232 0.0 0.0 

0.232 0.0 0.0 



SFISS 

MI 

M2 

M3 

M4 

M8 

M9 

STR - 
MI 

M2 

M3 

M4 

SMTOT 

group I: 

0.39123 - 
0.48531 . 10 -2 
0.27688 . 10 -2 
0.19453 . 
0.0 

0.0 

aroup 4: 



group I :  
SCAPT - 

-6- 

group 2: 

0.18315 . 10 -2 

0.18403 . 10 -2 

0.30639 10 -2 

0.21714 . 10 -2 

0.12645 * 10 -1 

0.16956 . 

0.24847 

0.24847 . 
0.24847 10 

-8 

0.24847 . 10 
-8 

0.24847 - 
0.24847 . 10 -8 

group 3 :  

0.93000 . 10 -2 

0.10041 10 -1 

0.10030 .10 
-1 

0.76478 . 10 
-2 

0.63443 . 10 - 1  

-2 
0.11497 10 

0.12547 

0.12547 . 
0.12547 . 
0.12547 . 
0.12547 ' 

0.12547 . 

group 4: 



I: Core, inner part 

2: Core, outer part 

3: radial blanket 

4 :  axial blanket 

8: absorber rod 

9: follower 

. .. 

Fig. la): Axial section of the benchmark problem for triangular geometry 



- - - 1 .  sec t iona l  phasq 
- 

2-dimensional model 

2 .  sect ional  phase f c  

2-dimensional model 

F i g .  ib): Transversal sec t ion  of the benchmark problem for  triangular 
geometry (x = y = 0.) 



Boundary conditions:: 

Left and upper boundary:; - a Q = 0. 
an 

a Q otherwise: - - @ 
an - -7 

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



c---- 1 .  sectional plane f i  

2-dimensional model 

-2. sectional plane fo.  

2-dimensional model 

Fig. 2b): Transversal section of the benchmark problem in x y z EeOnletry 
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Results and Main Conclusions of the IAEA-Advisor; 

Group Meeting on Transactinium Nuclear Data, 

held at Karlsruhe, November 1975 

by 

H. Kiisters and M. ~alovi& 

1. Objectives of the Meeting 

The meeting was held November 3-7, 1975 at the Kuclear 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. 

1 

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

of existing evaluations and compilations. 

C) 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. I 

C. Detailed discussion of A and B and specification of recomendations. 



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 

U235, U238, Pu239): 

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. 

j. 
- 

b_LReGo_r-S_hurdo_~"- 
- 

1. 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. 

n l I r a ~ ? ~ c r t ~ ~ ~ e ~ r c s e ~ s i ! ! ~ ~ a _ ~ d ~ ~ ~ f a b ~ i c a ~ ~ o _ L ! ~ o _ E ~ ~ ~ e ! ! ~ ~ ~ ~ ~ I  
The prediction of radiation and heat level depends on the neutron, y-, a- and 

0-output of spent fuel and has to be known for the design of appropriate 

shielding and cooling devices. 

Non-recovered fuel forms a potential hazard because of its contents of 

long-lived remitting isotopes of the heavy elements Np, Pu, Am and h 

(besides fission products). Therefore the in-pile production rate of 

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

As a guideline the main isotopes contributing to the various items above 

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

are based on ORIGEN (version 1973) calculations). 



BY DISCHARGE L W R (1000 MWe) 

U238 9 . 6 ~ 1 0 ~  

U235 9 . 2 - l d  

Pu239 8 . 1 d  

U236 6 . 7 - l d  

Pu240 2 . 4 . 1 d  

CONCENTRATION Pu241 1 . 7 . 1 ~ 9  

Np237 9 . 4 . 1 0 ~  

L-1 Pu242 520. 

Pu238 475. 

Am243 209 

Cm244 108. 

Am241 42. 

Cm242 21. 

Cm244 1.2..109 

Sp. F i s s .  Cm242 4 . 2 . 1 0 ~  

[ N E U T R / S E ~  Cm246 1 .3-10 
Pu240 2.2. lo6  

Pu238 1 . 1 .  lo6  

Tab. 1 C o n t r i b u t i o n  o f  v a r i o u s  A c t i n i d e s  i n  Composit ion and 

R a d i a t i o n  Output  a t  D i s c h a r g e  o f  R e a c t o r  Fue l .  8$1)80023 



". 
For 1000 years after discharge of fuel, the relative contribution of the 

main isotopes to the waste hazard index is as follows: 

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 

~233, U235, U238, Pu239, Pu240, Pu241 and Pu242, data requests are already 

formulated in WRENDA; accuracies of about 5 % or better are reques>ed. 
- 

- 

According to Barri! and Bouchard (paper AZ), 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. 

Fast Reactor (1300 MWe) Reactivity 

6 k - 
k 

> lo-2 I 
W d  

Thermal Reactor 30000 P W R  

I 

Uranium Fuel 

U236,Pu24O,Pu24 1 

Pu-Recycling 

U236,Pu24O,Pu24 1 
____________.______________________--______-_---_._------_-------------------------- 

Burnup 

0 

Pu24O,Pu24 1 ,Pu242 

120.000 MWd/t 

- 

Pu24O,Pu24 1 ,PUL 



For a  thermal HTR t h e  main in f luence  on t h e  r e a c t i v i t y ,  a p a r t  from Th and U233, 

i s  given by Pa231, U232, U234. 

The e f f e c t  on o t h e r  co re  parameters  such a s  power and breeding ga in  i s  aga in  

dominated by the higher  Pu-isotopes; i n  a  f a s t  r e a c t o r  t h e  c o n t r i b u t i o n  t o  

r e a c t o r  power by Pu240/Pu241/Pu242 i s  about 6%/8%/1%, whereas i n  thermal 

r e a c t o r s  only  Pu241 i s  of importance (2-3% f o r  uranium f u e l l e d  co res ,  5  t o  

10 % f o r  Pu-recycled systems). The o t h e r  a c t i n i d e s  c o n t r i b u t e  i n  a f a s t  

system l e s s  than 1 % each, i n  t o t a l  about I %. Pu240 i s  e s s e n t i a l  f o r  i t s  

in f luence  o n  t h e  t h e m a l  neutron spectrum, but  no major d e f i c i e n c i e s  have 

shown up t o  da te .  A t  t h e  end of  f u e l  l i f e  Am241 may have an e f f e c t  on t h e  

breeding ga in  by about 0.02. 

According t o  t h e s e  i n v e s t i g a t i o n s  t h e  c r o s s  s e c t i o n  da ta  most u rgen t ly  

needed a r e  those  f o r  t h e  h igher  Pu i so topes  ( inc luding  Pu238) and Am241, 

Am242n and Am243; i n  p a r t i c u l a r  those  f o r  f a s t  r e a c t o r s ,  a s  t h e  main d a t a  

gaps e x i s t  i n  t h e  ep i thermal  and f a s t  energy region.  This  i s  be ing  s t r e s s e d  

by experimental  r e s u l t s  fr&m f a s t  zero-power r e a c t o r s ,  where e.g. t h e  pre- 

d i c t i o n  of t h e  capture- to- f i ss ion  r a t i o  f o r  Am241 d e v i a t e s  by a  f a c t o r  o f  

about 2 from experimental r e s u l t s  (paper A3). I n  thermal systems t h e  d a t a  

a r e  known t o  b e t t e r  accuracy. 

It should be kept  i n  mind t h a t  g e n e r a l l y  the  formation of t h e  a -emi t te rs  

Am and Cm does depend more s t r o n g l y  on t h e c u n u l a t e d  c ross  s e c t i o n  u n c e r t a i n t i e s  

of the  preceding i s o t o p e s  i n  t h e  corresponding chains  than on t h e  c r o s s  s e c t i o n s  

of the  " r e fe rence  nuclide" i t s e l f .  For in s t ance ,  Cm244 wi th  18y h a l f - l i f e  
B ny 6 i s  formed v i a  3 rou te s :  v i a  Pu241 + Am241 + Am242 + ~ m 2 4 2 ~ 2  em243 and v i a  

Pu24I nr Pu242 "2 Pu243 5 Am243 nr ~ i 2 4 4 ,  t h e  l a t t e r  be ing  by f a r  t h e  

dominant r o u t e  because of  t h e  competing s t r o n g  r e m i s s i o n  of Cm242. A t h i r d  
B r o u t e  i s  given by Pu241 + Am241 3 Am242m % Am243 Am244 Cm244. 

Thus t h e  u n c e r t a i n t y  i n  Cm244 con ten t  i s  given by t h e  u n c e r t a i n t i e s  i n  ~u242,Am242m 

and Am243 cap tu re  d a t a  and by t h e  absorpt ion  r a t e  u n c e r t a i n t y  f o r  Cm244. 

Data f o r  t h e  f i r s t  t h r e e  i so topes  a r e  est imated t o  have an u n c e r t a i n t y  of 

about 20 % and 50 2 ,  r e s p e c t i v e l y ,  and t h e  e s t ima te  f o r  Cm244 i s  about  50 %. 

I f  c ros s  s e c t i o n  u n c e r t a i n t i e s  tend t o  be on one s i d e  of t h e  t r u e  v a l u e  

sys temat ic  e r r o r ,  then t h e  u n c e r t a i n t y  i n  t h e  Cm244 c r o s s  s e c t i o n  p a r t i a l l y  

compensates the  cumulated u n c e r t a i n t y  of t h e  formation process .  



The out-of-pile behaviour of actinides is mainly determined by two facts: 

( 1 )  the actinide concentration at discharge from the reactor and (2) their 

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 rdle 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. 

\ 

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

nuclide concentrations for various power reactor systems. Some of the 0 
available material is discussed by Kiisters and ~alovi; (paper A3). Apart 

from the uncertainty in calculational methods, which, 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 % 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 X, 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 cycle strategy 

(e.g. Pu recycling or uranium fuel cycle for PtSRs) 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 without 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 



from Am, until after several thousand years I 11v with a-emission :he 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, without 

this feedback and without external manipulation, a 10 % change in X results 

in a 10 Z change of nuclide concentration at t = 111. 

A t  present uncertainties in decay constants are about 10 % 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 a-emitters. From a physical point of view reactors with hard neutron 

spectra (oc/of small) are to 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, however, is not likely to 

become available within the next two decades. 

Very restrictive requirements (0.5 to 1 %) 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 obvious, 

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-, R-, y- and X-ray energies, 

not to mention the question of standards. 



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 

TND on nuclear data files will be given as well as the capability 

of nuclear theory. 

3.1 Differential measurements on TXD .................................... 
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 avai1,able or 

they are available only in very small quantities. Thus data for many 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 beans 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 a half-life. Spark chanbers 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 a 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 section 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 Z over the intermediate and fast neutron energy 



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, Pu241, Pu242, Pu244, 

Am241, An242m, Am243, Cm243, Cm244, Cm245, (31246, Cm248, Cf249, Cf252, 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 regions are given (see paper Al). 

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 cross sections in the unresolved range. Optical-model 

and statistical theories are applied in the fast neutron energy range. On 

the basis of both differential 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 z ENDFBIIV; K = KEDAK; LLL : Lawrence Laboratory Livermore. 

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

It is interesting to note LynnVs.remarks (paper B5b) on the degree of confidence 

which can be placed on the results of present model calculations. He estimates 

the uncertainty of cross sections of a statistical of integral character 

(e.g. capture, fission, sumed inelastic scattering, etc.) for transactinium 

nuclei to about 25 - 30 % (U, Ep, Pu, Am, Cm244, Cm245), being rather worse 

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

of more specific character (e.g. radiative capture populating an isomeric 

state as in Am242m.1 Vhile these uncertainties are poorer than the degree of 

accuracy attainable with very careful experimental techniques, this accuracy 
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McCrosson 71 

Pa rke r  64 (3) 

Caner 75 1975 
( t o  be  pub.) 

E4, Dunford 67(4) 1967 

Caner 74 (6) 1974 

Thomet 74 (8,7) 1974 
-- 

E4, Pennigton 74 1974 
(unpub . ) 
Hunter 73(9)  

K, Caner 73 1973 
0 1 .  12) 

K, Caner 73A 1973 
(12. 13, 14) 

E4, Smith 69115) 1973 

Hinkelmann 70 (1 6) 1970 

E4 , Hunrme 1 7 3 
(unpub . ) 
P r i n c e  70 (5 )  1 19" 

e r l s i n  66 I 1 1966 

E4, Smith 66 (unpub.) 1966 

LLL, Hower:on 75 1974 
(unpub. ) 

P r i n c e  69 (17) 1969 

thermal  - 20.1( 

Tab.4: Survey of  Recent Eva lua t ions  on TND. 



. . 
might be reasonable for those isotopesifor 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 coupled-channel version of the optical model needs to be 

explored; level density fo~nulations 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 

According to the discussion and recommendations of 3 subgroups, the 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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Appendix 2 

Review Papers Presented at the Meeting 

A l S. Raman: -- 
General Survey of Applications which require Actinide 
Nuclear Data. 

3.Y. Earr;, 3. Bouchard: 

Importance des Donnees Nucleaires des Transactinides pour la 
Physique des Coeurs de Reacteurs Rapides et Thermiques. 

A3 8. Kiisters. M. ~alovi;: 

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

R.N. iiunn: 

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

A5 R.F. Burstall: 

Importance of Transactinide Nuclear Data for Fuel Handling. 

A6 L. Koch: 

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

A7 S. Raman: 

Some Activities in the US Concerning the Physics Aspects of 
Actinide Waste Recycling. 

A8 R. Dierckx: 

Importance of TND for Fuel Analysis. 

A9 A.H.V. Aten: 

TND Applications in Radiation and Energy Sources, Tracer 
Techniques, Life Science, Agriculture and Industry. 



B I R. k'. Benjamini 
Status of measured Neutron Cross Sections of Actinides for 
Thermal Reactors. 

Bl! L.V. Weston: 
Contrib' Neutron Capture Cross Sections of the Actinides. 

B2 G.D. James: 

Status of Neutron Cross Sections of Actinides in the Resonance 
Region - Linear Accelerator Measurements. 

B21 J. Blons, C. Mazur: 
Contrib. 243& 

Measure de a de 
Y 

B21 S.M. Kalebin: 
Contrib' Total Neutron Cross Section Yeasurements on 

24 1,243 
Am. 

244,245,246,248C,. 

M.S. Moore: 

Status of Neutron Cross Sections of Actinides in the Resonance 
and Fast Energy Regions - Underground Nuclear Explosion Measure- 
ments. 

S. Igarasi: 

Status of Measured Neutron Cross Sections of Actinides in 
the Fast Region. 

- 

- 

B4,B2/ Articles from the Soviet Journal of Nuclear Physics on the . 
Contrib, Measurement of Fission Cross Sections of: Th229, Th230. Pa231, 

U232, Np237, Pu239, Bk249, Cf249. 

B5a S. Yiftah, Y. Gur, M. Caner: 

Status of Transactinium Isotope Evaluated Neutron Data in 
the Energy Range 10-3 eV to 15 MeV. 

B5a/ The Transactinides in the Main Evaluated Neutron Data Files 
Contrib. (CCDN). 



B5b J.E. Lynn: 

Theoretical Calculation of TXD for Evaluation Purposes. 

B5b/ M. Caner, S. Yiftah: 
Contrib' A Survey of Cross Section Evaluations Methods for Heavy Isotopes. 

B6 S.A. Baranov, A.G. Zelenkov, V.X. Kulakov: 

The Experimental Investigation of the Alpha Decay of Actinide 
Isotopes. 

Bb/ List of compilations and Evaluations of TND. 
Contrib. ', 

C.W. Reich: 

Status of Beta- and Ganma-Decay and Spontaneous Fission Data 
from Transactinium Isotopes. 



SODIUM FLOV VELOCITY MEASUTzERTS BY 

CORRZL4TION O F  THERYOCOUPLE SIGNALS. 

BY 

J. Benkert;  C .  Mika; K.-K. Xaes; D. Stegemann 

I n s t i t u t  f i i r  Kemtechnik  

T e c h .  Univers i ty  .of !Iannover , Gemany 

J. E. d e  Carlos;  I. Melches; A. Perez-Navarro; 

F. Verdaguer; B. Z u n o  

J u n t a  d e  Energia Nuclear ,  Madrid, Spain  

In t roduc t ion :  Thenocouples  are w e l l  known senso r s  for measuring 

t e n p r a t u r e s .  Noomally t h e  mean v a l u e  of t h e  themovoltrage i s  

used i n  o r d e r  t o  d e t e c t  t h e  a b s o l u t e  temperature o f  a f l u i d .  

But t h e r e  is more informat ion i n  t h e  s igna l !  The t u r b u l e n t  

behavior  of a f l u i d  gene ra t e s  temperature f l u c t u a t i o n s  which 

/ 
a r e  r e g i s t e r e d  by the&ocsuples.  The i d e a  is now t o  u s e  t h i s  

i n f o m a t i o n  i n  o r d e r  t o  d e r i v e  t h e  f lu id-f low-veloci ty .  Fo r  

t h i s  de te rmina t ion  two thermocouples w i th  a given d i s t a n c e  are 

beiny used. 

0 ,-, ~ k e  Szsic p r i n c i p l e  i s  t o  xeasure  t h e  t r a n s i t  t i m e  o f  t h e  ten- 

pe re tu r e - f l uc tua t i ons  from t h e  first t o  t h e  second thermocouple. 

The r a t i o  o f  t h e  t henocoup le -d i s t ance  t o  t h e  t r a n s i t - t i n e  g i v e s  

d i r e c t l y  t h e  f lu id-f low-veloci ty  (1,2,3). - - - 
Althongh t h i s  nethod looks  q u i t e  easy ,  t h e r e  a r e  a couple  o f  

col-di t ions,  which Save t o  be t aken  i n t o  accocnt  for  p r a c t i c a l . '  

a p 3 l i c a t i o n .  

DaF%r p r s sen t ed  a t  t h e  S p c i a l i s t  Meeticg of the IAEA %orking 

Grot? o~ XPPCI 

R i s l ey ,  Great  B r i t a i n ,  January  1976 



One six oof t h a  ex t ens ive  i n v e s t i g a t i o n s  i s  t o  develope a s imple  

e q u i p s ~ n t  c o n s i s t i n g  o f  o n l y  two themocouples  an& s p e c i a l  

c o r r e l a t o r  wi th  d i g i t a l  ou tpu t  c a l i b r a t e d  i n  [m/s].  

P r i c c i ~ l e  of nethod. The p r i n c i p l e ,  which i s . b e i n g  a p p l i e d  t o  

nsa su re  t h e  f lu id - f low-ve loc i ty ,  i s  expla ined i n  FIG.1. A t  

l e a s t  two e q u i v a l e n t  the-mocouples w i th  accu ra t e ly  known d i s t a n c e  

Az are p laced  i n t o  t h e  f l u i d .  The t enpe ra tu r e  f l u c t u a t i o n s  due 

t o  h e a t  trzqsfer from t h e  w a l l s  - i n d i c a t e d  i n  t h e  upper p a r t  

o f  FIG.7 - w i l l  f i r s t  induce  a signal $ j ( t )  i n  TC1 and w i l l  t h e n  

pa s s  on t o  TC2 t o  induce a s i m i l a r  s i q n a l  %(t). Due t o  t h a  

txans?or t  o f  t h e  tempera ture  f l u c t u a t i o n s  from TCI t o  TC2 t h e  
P . ' 

sicpal ' u 2 ( t )  w i l l  appear  t h e  tics i l a t e r  than $, (t) . ' ~ n e  . 
0 - 

transit-time T c a n b e  found f r o n  a s o  c a l l e d  c r o s s - ~ c o r r e l a t i o n -  
0 - 

a n a l l s i s .  The v e l o c i t y  of informat ion v fo l lows d i r e c t l y  from 

The c r o s s - c o r r e l a t i o n  a n a l y s i s  i s  e s s e n t i a l l y  t h e  de te rmina t ion  

o f  s i m i l a r i t y  between t h e  two s i g n a l s  4 (t) and 4 ( t )  by s h i f t i n g  

one a g a i n s t  t h e  o t h e r .  The q u a n t i t a t i v e  r e s u l t s  q i v e  t h e  cross- 

c o r r e l a t i o n  func t i on  (CCF) . . . .. . . . .. .. 

CCF(1,2) = $, ( t -~)*&(t )  

For computing t h e  CCF g e n e r a l l y  t h r e e  o p e r a t i o n s  a r e  riecessary 

i . de lay ing  one s i g n a l  by t h e  tima T - 

. mul t i p ly ing  bo th  s i q a l s  

. t i n e - a v e r a g i n ~  t h e  product .  

For  t h e  hfcE?est s i g n a l - s i m i l a r i t y  t h e  CCF shows i ts  makinuw. 

This  i s  t h e  case i f  t h e  d e l a y  t ine  T i s  i d e n t i c a l  t o  t h e  t r a n s i t -  

t ine -i betsreen TC1 an6 TC2. Ey t h i s  procedure T can be e a s i l y  
0 0 

deter?:?e?. 

During t h e  passaqe from t h e  f irst  thernocouple t o  t h e  second 

t h e  coo lan t  i s  i n  hea2-exchange r i t h  t h e  surrounding wall 

( t u b s s ,  hezted p i n s  e- tc . ) .  This  con t ac t  i n f l u e n c e s  t h e  t r a n s i t -  

t ine s y s t e n a t i c a l l y .  Due t o  t h i s  and due t o  t h e  l a c k  of d a t a  



regard ing  acccracy,  measuring-times, pos i t i on ing  o f  TC's etc. 

sys tep .a t ic  i nvesk iga t i ons  have been per fom2d mainly w i t h  sodiuxx 

of  v~h ich  s o l s  r e s u l t s  w i l l  be p resen ted  he re ,  e s p e c i a l l y  i n  v i e w  

05 p r e c t i c a l  app l i ca t i on .  

Exper inen ta l  Setuo. 
I 

For t h e  e x p e r i n e n t a l  i n v e s t i g a t i o n s  t e s t s e c t i o n s  have been 

i n s e r t e d  i n t o  t h e  ~ . u l t i p u r p o s e  s o d i u ~  loop  PILI a t  t h e  J c n t a  d e  

Znergia Nuclear (JEN) , ?ladrid,  ( 5 5 ) .  
n -he t'nree . t e s y s e c t i o n s  des igned and used f o r  t h e  e x l ~ c r i n e n t s  i n  

sodiun,  a r e  shoxn schemat ica l ly  i n  F I G .  2. 

A l l  s e c t i o n s  c o n s i s t  of a t ube  w i t h  so ldered  el. h e a t e r s  on t h e  
2 

o u t e r  s u r f a c e  g iv ing  a maximum h e a t  f l u x  o f  about  30 W/cx . 
T e s t s e c t i o n  I has  aii i n n e r  d i m e t e r  o f  25 m and 4 mn t h i c k n e s s  

o f  t h e  wall. There are f i v e  TM-themocouples i n  r a d i a l  f i x e d  

p o s i t i o n s  w i th  a x i a l  d i s t a n c e s  from 19,3 m t o  360,5 nun. 

T e s t s e c t i o n  111 d i f f e r s  from t e s t s e c t i o n  I by a smal le r  i n n e r  . . . 

d i z ~ e t e r  ( I 5  rm) end inc rexsed  wall .t'nickness (10 mm), Fur thes -  

more f i v e  therxococplks can b e  moved in r a d i a l  d i r e c t i o n .   he 
a x i a l  d i s t a n c e s  between t h e  themocoupl .as  cover  t h e  range from 

. . 5,5  nn t o  225,5 m. 

I n  both  s e c t i o n s  t h e  themtocouples are perpendicular  to  t h e  

f low-direc t ion .  . . 

./' It i s  p o s s i b l e  t o  i n s e r t  g r i d s ,  each w i th  f i v e  them~ocoupfes ,  

i n t o  t e s t s e c t i o n  ?I. By t h i s  a v e l o c i t y - p r o f i l e  i s  measureable 

wi thout  ~ o v i n g  themocouples .  There i s  b u i l t  i n  a l s o  a c a l i b r a t e d  

f10:;xster i n  o r d e r  t o  compare t h e  c o r r e l a t i o n  nethod w i t h  t h e  

f l owae t e r - r e su l t s  under d i f f e r e n t  cond i t ions .  The t o p s  o f  t h e  

them.ocounles a r e  p a r a l l e l  t o  t h e  flow d i r e c t i o n .  

I n  o r s s r  =a g e t  n e g l i g f b l e  i n f l u e n c e s  o f  d i f f e r e n t  t r a n s f e r  

f unc t i oxs  of thez-zocouples t h e y  have t o  be equal  ( 6 ) .  - 
A multi-channel-system has been used dur ing  t h e  inves t iga" '  a o n s  

n s  shovn i n  Z ' IG .3 .  The DC-compensated TC-output s i g n a l s  a r e t r a n s -  
. ,  f e r r e d  r o  niph c a i n  up t o  1 0 0 X ,  low n o i s e  i s o l a t i o n -  I . . I 

n n v l i f i e r s  w i th  hi93 conmon mode r e j e c t i o n  ( 9 5  db) and e l e c t r o n i c  

f i l t e r s  (103 ~ S S  10 Bz-10 R E z ,  h igh pa s s  D C - 1 0 0  H z )  a r e  used.; 



,-,. lne  a q l i f i e d  s i g n a l s  c m  be s'cored on imlt ichannel  analog 

tapes  (Sancmo) and playec? back o r  can be d i r e c t l y  t r a n s f e r r e d  

t o  t h e  eva lua t ing  p a r t .  The evaluat ion can be perforned e i t h e r  

by on-line c o r r e l a t o r s  (e.g. Iiewlett-Packard H P  3721 A) o r  v ia  
iAi~C ' s  t o  d i g i t a l  computers ( I T  2116 B, NOVA 1200). For on- l ine  

ana lvs i s  and d i r e c t  d i g i t a l  d i sp lay  of t h e  f lu id-f low-veloci ty  

a s p e c i a l  r e a l  t i n e  c o r r e l a t o r  (XESCH-Correlator), t o  be des- 

c r ibed  below, was a l s o  being used. 

Sodiux~ flow v e l o c i t i e s  could be chosen from 0.5 m f s  t o  10 n/s. 
2 

The h e a t  f l u x  v r a s  v a r i a b l e  up t o  30 W/cm . 

Results .  
'8. . 

i' According t o  t h e  itens of t h e  proqrbns t h e  resu'lts trill now be' 
- 

presented. 

The inf luence  of the,mocouple d i s t ance  Az upon t h e  maximum of 

t h e  c ross -cor re la t ion  funct ion is shown i n  FIG..? f o r  a t p i c a l  

example. I n  t e s t s ' e c t i o n  I f i v e  X ' s  have been pos i t ioned  a long  

t h e  c e n t r a l  a x i s  of t h e  tube. The T ' C ' s  used are 'made of  Chronel- 

A l u n e l  (CrA1)  wi th  0.5 ou te r  2iameter and TX-tvpe construct icm.  

The CCF's between t h e  T C ' s  a r e  shown. From t h e  rnaximun t h e  

respec t ive  t r ans i t - t ime  T~ caz  be found. Together wi th  Az,. t h e  

v e l o c i t y  v = Az/ro can be calcula ted.  The maxinun. va lues  for'"Cht= 
. . . . .'. 

CCF found her& &creases w i t h  increas ing  thevL~ocou?le-di.stance. 
, 

I n  . . othez &ords & e . l a r g e r ~ z  the  smal ler  t h e  simi. lari ty.  
- I. A s  r e s u l t  f o r  p r a c t i c a l  appl ica t ion  t h e  d i s t ance  between t h e  
- 

T C ' s  should be small  i n  order  t o  g e t  a sharp maximum. But on t h e  

o the r  hand, t h e  d i s t ance  should n o t  be too  small  i n  o r d e r  t o  

avoid u n c e r t a i n t i e s  due t o  inaccurac ies  i n  Lz. 

The d q r e  of c o r r e l a t i o n  betveen t h e  two s t o c h a s t i c  s i g n a l s  

-$', (t) anc? G2 (t) can be q u m t i t a t i v e l y  expressed by t h e  c o r r e l a t i o :  
-. coefr=cFe:tp. If t h e  two s i g n a l s  lnok i d e n t i c a l  then  :P  = 1. 

I f  t h e r e  i s  30 c o r r e l a t i o n  a t  a l l  then : p  = 0. 

The co r re l a t ion -coe f f i c i en t  decreases exponent ia l ly  wi th  in -  

creasing thernocougle-distance. This i s  c l e a r l y  seen from t h e  upp 

p a r t  of F I G . 5 .  The r e s u l t s  presented i n  t h i s  f i g u r e  have been 

g?.ir.ed f r o n  narrow-band-ana1ysFs. Here, high and lox  p a s s  f i l t e r s  

have bee2 used. Mid frequency f i i  of 30 IPz means, e . g .  t h e  break 

f r e q ~ e n c i e s  ( 3  db-noint) of lo:,: 2% well  a s  hiqh pass  f i l t e r  have 



beon pas i t i one2  a t  30 HZ.  

The c o r r e l z t i o x  c o e f f i c i e n t  decreases  with increasing mid fre- 

c;zexc1r of t h e  narrow-band-analysis. 

But t h e  e r r o r  of v e l o c i t y  deteninat iond2ows a minimum Eor a 

cert&.n t:?ermocoupl.e d i s t ance  depending on t h e  frequency band 

used ( 6 )  a s  shown i n  t h e  l0'/7er p a r t  o f  t h e  f igure .  - 
The reasured r e s u l t s  follow c l o s e l y  t h e  inverse  of fl So, if 

v e l o c i t i e s  have t o  be measured wi th  an e r r o r  of less than i 1 % - 
oenera l lv  - measuring times around 10 seconds have t o  be used. .- ~ ; o ~ s . i l y  ~ e a s u r i n g  times f r c n  1 t o  5 secozds seem t o  be sufzic--  

i e n t  i f  TC-distaiice and analyzing frequency f,, a r e  chosen properly.  .' 1.1 

I n  o r d e r  t o  demonstrate t h e  a b i l i t y  of t h e  corre la t ion- technique ' .  
. . 

i n  sodium, r e s u l t s  found from measurements i n  t e s t g e c t i o n  - I.: . .. ... 

are presented i n  FIG.6. The s i g n a l s  o f  a11 thermocouple-combinations 

have been evalnated t o  der ive  t h e  f lu id- f low-ve loc i tyv .  A good 

consis tency of a l l  d a t a  can be concluded from  PIG..^. The f i x e d  

TC-position i n  t e s t s e c t i o n " 1  allowed so le ly  t o  determine t h e  
. .  . . , 

c e n t r a l  f l o v  ve loc i ty .  ! 

A v e l o c i t y  p r o f i l e -  acrdss t h e  tube  was measured by t h e  va r i ab ie -  

pos i t i on  T C ' s  o f  t es t : sec t ion  111. The r a d i a l  v e l o c i t y d i s t r i - . .  

but ion evaluated from t h r e e  T ~ ~ c o r n b i n a t i o n s  i s  shown i n  FXG.7.  - 
. 

A ca lcu la t ed  curve ( s o l i d  l i n e )  i s  shown f o r  comparison. The 

l a r g e r  devia t ion  of some measured po in t s  from t h e  t h e o r e t i c a l  

curve c l o s e  t o  t h e  wa l l s  i s  due t o  t h e  e f f e c t  of hea t  exchange 

between wal l  and f l u i d .  

The knowledge of t h e  v e l o c i t y  p r o f i l e  i s  of i - p o r t a n c e  i f  t h e  

t h r o u g y x ~ t  i s  t o  be measured by t h i s  technique, because an , 

in tecrzkfon has t o  be perfomed over tine d i a m t e r .  I f  no theore-  

t i c a l  v e l o c i t y  d i s t r i b u t i o n  i s  a v a i l a b l e  f o r  a c e r t a i n  geometry 
I 

t h i s  can b-? xeasured e i t h e r  by v a r i a b l e  TC's, as sh0i.m here ,  o r  
by TC's 2ii%ributed r a d i a l l y .  

'xongst o t h e r  appl ica t ions  t h i s  technique seems a l s o  t o  be well 

srrited f o r  c a l i b r a t i o n  and r eca l ib ra t io i l  of flow-meters under 

C i f f e r e n t  f i e l d  cor,ditions. For a l l  t h i s ,  ho..;sver,'a simple d a t a  

evzluat io= t e c h i q u e  i s  of i i a~or t ance .  



On-line v e l o c i t v  c?e temi2at ion  and d i sp l ay .  

I n  p r a c t i c e  one wants t o  have f o r  on- l ine  v e l o c i t y  neasurercents 

a  sirr.?le e l e c t r o n i c  device x i t h  t h e r ~ o c o u p l e  s i g n a l s  a s  i n p u t  

2nd a  d i g i t a l  output .  

Th i s  is r e a l i z e d  by a  t r a n s i t  t ine  c o r r e l a t o r .  Easing on t h e  

p o l a r i t y  c o r r e l a t i o n  t h e - t r a n s i t - t i m e  of t h e  s i g n a l s  is d e t e c t e d .  

By count ing  a  sh i f t - f requency t h e  v e l o c i t y  can be measured 171. 

2y t a k i n g  i n t o  consic3zration t h e  known thermocouple d i s t a n c e  t h s  

coucted sh i f t - f requency  an 53 c a l i b r a t e d  i h  [ m / s ] .  

A cozpar ison between v e l o c i t y  measurerents  done w i t h  a c a l i b r a t e d  
\ 

@ e l .  nag. f lowneter  and a proto-type of t h e  t r a n s i t - t i m e - c o r r e l a t n -  
I took p l ace  i n  t e s t s e c t i o n  11. FIG.8 shows f i r s t  r e s u l t s .  The roL~ 

p o i n t s  r e p r e s e n t  t h e  maxinum v e l o c i t y  c a l c u l a t e d  from t h e  measurec - 
nean va lue  o f  t h e  el .  mag. f l o ime te r .  W e  go t  t h e  o t h e r  p o i n t s  b:y 

t h e  on-line-measurements wi th  the transit-time-correlate:. T h i s  

va lue s  are less than t h e  o t h e r s  due t o  t h e  heat-exchange-effect:; 

between w a l l  and f l u i d .  Basing on a  s imple t h s o r e t i c a l  model 181 

t h e  a b s o l u t e  f a c t o r  K of  t h i s  e f f e c t  can be p r eca l cu l a t ed  f o r -  

the g i v e n .  geometry and frequency range. 
. . . . 

This  measurements are done wi th  broad-band-analysis from 3 Hz 

up t o  300 H z .  Using a  high f r equen t  narrow-land-analysis t h e  

d i f f e r e n c e  between t h e  f low-veloci ty and t h e  v e l o c i t y  o f  i n f o r -  

n a t i o n  becoces n e g l i g i b l e  smal l  a s  shown i n  F I G .  5 .  - 
@ 

- 

Conclusions 

Fron t h e  r e s u l t s  of t h e  s y s t e n a t i c  i n v e s t i g a t i o n s  one can see, 

t h a t  f o r  p r a c t i c a l  a p p l i c a t i o n s  t h e  c o r r e l a t i o n  method f o r  

d e t e r x i n a t i o n  flow v e l o c i t i e s  i n  f l u i d s  i s  very well s u i t e d .  

I n  o r d e r  t o  have t h e  accuracy a s  good a s  pos s ib l e  t h e  fo l lowing  

?.zin-p3i:ts have t o  be taken i n t o  cons idera t ion  

a )  The time-behaviour o f  thernocouples  has t o  be a s  
f a s t  a s  pos s ib l e .  

b )  30th therzoc.ouples have t o  have t h e  - saixe t r a n s f e r - f u n c t i o n  



c) The d i s t a n c e  bet:ieen t h e  the_rnoc01-?~les h a s i t o  be 

chosen by t a k i n g  i n t o  account  t h e  a c c u r a c y ~ o f  

p o s i t i o n i z c  t h e  X ' s  end furtiheron t h e  fo r e seen  

frequency-range o f  a n a l y s i s .  

e )  xo-mally neasur ing  t i n e s  between I t o  5 seconds 

are s u f f i c i e n t - f o r  a ccu rac i e s  o f  about  1 8 ,  
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Determination of Neutron Spectra and Cross-Section 

Sensitivity of Tritium Production in a Lithium Sphere 

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 metal 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 (SN) trans- 

4 ort code DTK and the neutron cross-section data of the ENDF/B-I11 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 6~i(n,a) t and 'Li(h,n8a)t reactions. The uncertainties in these 

reaction cross sections yield changes in the tritium production of 0.9% and 

about 15%, respectively. Finally, the tritium production rate was determined 

experimentally and is compared with the calculation. A detailed publication of 

all results is in preparation. 

INTRODUCTION 

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

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

tor blanket containing lithium, which was published by several authors [1,2,33 

In the case of disagreement of experimental and calculational results for this 

sirple assembly calculations for complex technical fusion reactor blankets 

should be looked upon very critically. 

To check cross sections and calculational models also other one-material 

experiments were performed: In Jiilich HERZING et al.[4] determined the tritium 

production rate in a cylindrical lithium metal assembly and in Livermore 

HAXSEN et al. 133 measured neutron spectra,from materials used in fusion 
.r 

rezctors with the exception of lithium. 

Our preliminary results, presented at the 8th Symposium on Fusion Techno- 

10%'~ 1974 C61 I showed large discrepancies, and, therefore, further experimen- 

tal and calculational efforts had to be done. 

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

7~i(n,n'a) t were studied by varying the reference cross-section set according 
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to estimated uncertainties. 

Finally, the tritium production rate was determined experimentally i;nd 

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, 

less 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 accel-ex 

tor for deuterons hitting a tritiated targkt [6]. The strong space and arlgl 

dependence of the neutron spectra is illustrated in fig.1 which.shows di~rec 

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

ent detectors. A flight path of 10 m was used. The worst energy resolution 

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 6 ~ i  glass detector, and in the upper energy region 1 

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 

a1 counters. Details of the measure- 

ments and their evaluations are 

given in z6] . 
CALCULATIONS 

In the calculations the 

ENDF/B-111 nuclear data file [7] 

and the Karlsruhe onedimensional SN 

transport code DTK [83 were used. 

In this code a special subdivision 

of the angular region (S19) was pre- 

pared in order to take into account 

the strong anisotropy of the neutron 

flux which is peaked into the forward 

direction (oO). For the proper treat- 

ment of the highly anisotropic elas- 

tic scattering in lithium improved 

extended transport approximations 

1193 up to T 5  were used. For a good 

representation of the neutron source 

in the energy region from 2 MeV to 

15 MeV 55 small energy groups with 

a lethargy width of 0.03655 were 

I ANGULAR FLUX PER 
UNIT LETHARGY PER 4 SOURCE NEUTRON 

10- 

0.01 0.1. 1 MeV 10 

FIG. 1 DIRECTIONAL NEUTRON SPECTRA 
MEASURED BY THE TIME-OF-FLIGHI 
METHOD 



chosen.  The energy  r e g i o n  from 2 MeV t o  10 keV was d i v i d e d  i n t o  10 b roade r  

g roups  of d i f f e r e n t  l e t h a r g y  wid ths  and t h e  energy r e g i o n  below 1 0  keV was c o l  

l a p s e d  t o  one broad group.  
: 4 

The 14 MeV n e u t r o n s ,  which a r e  o b t a i n e d  from t h e  T(d,,n) H e  r e a c t i o n  i n  a  - 
t r i t i a t e d  t a r g e t ,  a r e  p a r t l y  slowed down by c o l l i s i o n s  i n  t h e  6.6 mm t h i c k  tar 

a - g e t  s u p p o r t .  The r e s u l t i n g  s o u r c e  spectrum was measured and used i n  t h e  c a l -  
c n l a t i o n s  i n s t e a d  o f  t h e  z o n o e n e r g e t i c  14 MeV neu t ron  sou rce ,  which was used 

i n  t h e  f i r s t  c a l c u l a t i o n s .  Using t h e  exper imenta l  s o u r c e  i n  an empty s o u r c e  

r e c i o n  a v o i d s  t h e  d i f f i c u l t i e s  o f  t h e  t h e o r e t i c a l  t r e a t m e n t  of t h e  t a r g e t  zone 

wkich might  l e a d  t o  new e r r o r s  ( g e o m e t r i c a l  r e p r e s e n t a t i o n ,  m a t e r i a l s ,  i n e l a s -  

t i c  c o l l i s i o n s ,  p r e e q u i l i b r i u m  n e u t r o n s ) .  Leakage s p e c t r a  o f  14 MeV n e u t r o n s  

f r o n  a  6 . 6  mm t h i c k  i r o n  t a r g e t  s u p p o r t  a s  c a l c u l a t e d  by t h e  Monte Carlo code 

:i2,>:CCO [:lo] and from a  6 XI t h i c k  i r o n  sxell a s  c a l c u l a t e d  by DTK r8] are - 
s 5 o m  i n  f i g . 2 .  Above 6 MeV t h e r e  a r e  l a r g e  d i s c r e p a n c i e s  between measured 

and c a l c u l a t e d  neu t ron  s o u r c e  s p e c t r a .  

@ The e f f e c t  o f  t h r e e  d i f f e r e n t  s o u r c e  s p e c t r a  on t h e  n e u t r o n  s p e c t r a  in -  

s i C e  t h e  l i t h i u m  s p h e r e  i s  i l l u s t r a t e d  i n  f i g . 3 .  The re  a r e  l a r g e  d i f f e r e n c e ~ .  
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COMPARISON BETWEEN EXPERIMENT AND CALCULATION 

Measured and calculated neutron spectra are compared in the figures 4 . 
5. The measured scalar neutron spectra and the directional spectrum at 

10.5 cm/oO 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 E9]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. 
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CROSS-SECTION SEXSITIVITY OF TRITIUM PRODUCTION 

STEINER and TOBIAS 137 published the cross-section sensitivity of the 
tritium breeding in a large fusion reactor blanket model. The uncertainties 

the cross sections of the 6~i(n,a)t (0.5% up to 15%) and the 7~i(n,n'a)t re 

tions (20%) attach uncertainties to the tritium-breeding ratio of 0.34% and 

about 5%, respectively. An analogous sensitivity study using the same unc:er 

tainties for the quoted reaction cross sections resulted in uncertainties c 

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 

RhllR[in5F 



tie contribution of the reactions 6 ~ i h , a )  , , t and 7~i(n,n'a)t . to , the total tri- 

tium production in a blanket. In the lithium sphere the calculated tritium 

production rate is 0.665 per source neutron which includes,O.550 from 7 ~ i  and 

0.115 from 6 ~ i .  In the fusion reactor blanket studied by S~EINER and TOBIAS 

c2.1 the corresponding values are 1.4863, 0.5172 and 0.9691. W e  conclude in 

accordance with STEINER and TOBIAS [ 2 ]  as well as with ALSMILLER et al. [3] 

that the 6~i(n,a)t cross-section data appear adequate for calculating the tri- 

tium production in a fusion reactor blanket. The uncertainties in the 

7~i(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 11111 the space dependent tri- 
tium production rate in the lithium sphere was determined experimentally by 

irradiating small Li2C03 probes at several radial positions. Preliminary re- 

e u l t s  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 

~ i n a l  results will be published. 

f \ AND SOURCE 
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FIG. 6 MEASURED AND CALCULATED TRITIUM 
PRODUCTION 



ACKNOWLEDGMENTS - 
The authors thank J.Braun, Dr.I.Broeders, B.Krieg, E.Stein and D.Woll 

who made available the ENDF/B-I11 data set at Karlsruhe and gratefully acki 

ledge the help of Dr.C.Giinther in preparing the special S1 version of DTK 

REFERENCES 

1 DARVAS,J., "Blanket Problems," in "Survey of Fusion Reactor techno lo^ 

Euratom Report EUR 4873e, 61 (1972) 

C2] STEINER,D., TOBIAS,M.L., "Cross-Section Sensitivity of Tritium Bread 

in a Fusion Reactor Blanket: Effects of Uncertainties in Cross Sectir 

of 6 ~ i ,  7 ~ i ,  and 93~b," OWL-TM-4200, Oak Ridge National Laboratory 

(1973) and Nuclear Fusion 14, 153 (1974) 

131 ALSMILLER,R.G.,Jr., SANTORO,R.T., BARISH,J., and GABRIEL,T.A., "Comp; 

rison of the Cross-Section Sensitivity of the Tritium Breeding Ratio 
- 

Various Fusion-Reactor Blankets," Nucl.Sci.and Eng. 57, 122 (1975) 
- 

[4] HERZING,R., KUYPERS,L., CLOTH,P., FILGES,D., HECKER,R., and KIRCH,Ii., 

"Experinental and Theoretical Investigations of Tritium Production ir 

Controlled Thermonuclear Reactor Slanket Model," Nucl.Sci.and Eng. 6C 

169 (1976) 

1251 HANSEN,L.F., WONG,C., KOI~iOT0,T. ,and ANDERSON, J.D., "Measurements of t- 

Neutron Spectra from Materials Used in Fusion Reactors and Calculatic 

Using the ENDF/B-I11 and -1V Neutron Libraries," Nucl.Sci.and Eng. 6C 

27 (1976) 

1161 KAPPLER~F., RUSCH,D., WERLE,H., WIESE,H.W., "Determination of Neutror 

Spectra in a Lithium Sphere," Proc. 8th Symp. on Fusion Technology, 

Noordwijkerhout, The Netherlands,(June 17-21, 1974) 

c7] ENDF/201, ENDF/B Summary Documentation, BNL-17541, Brookhaven Natior-- 

Laboratory-report assembled by OZC3,O., and GARBER,D. (1973) - 

c8] GUNTHER,C., KINNEBROCK,W., "Das eindimensionale Transportprogramm DTK 

KFK-1381, Karlsruhe (1971) 

191 WIESE,H.W., "Verbesserte Behandlung der Anisotropie der elastischen 

Neutronenstreuung durch Transportnaherungen energieabhsngiger Ordnung 

Proc. Reaktortagung NGrnberg, Germany, (April 8-11, 1975) 

C10] ARNECKE,G., BORGWALDT,H., BRANDL,V., LALOVIC,M., "KAMCCO, ein reakt.or 

physikalischer Monte-Carlo-Neutronentransportcode," KFK-2190, Karlsru 

(1976) 

1211 DIERCKX,R., "Direct Tritium Production Measurement in Irradiated 
Z' 

Lithium," Nucl. 1nstr.and Methods 107, 397-398 (1973) . 


