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A COMPARISON OF CODES
FOR SPECTRUM AND REACTIVITY

CALCULATIONS

by

L, MASSIMO

B, MICHEELSEN

ABSTRACT

A comparison of sets of codes for caloulation of spscitrum, W
group cross sectionsg, and reactivity is described.

group partition used when this comparison was performed.

A number of differences of the basic input cross sections have been
found and their effects investigated.
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A COMPARISON OF CODES FOR SPECTRUM
AND REACTIVITY CALCULATIONS

by
L. Magsimo

B. Micheelsen

INTRODUCTION

The purpose of the calculations desoribed in this report has been to
compare the methods which are used by CGeneral Atomic and by the Dragon Project
for the calculation of neutron spectrum and reactivity for a Dragon type reactor.
By this comparison a number of deviations in the input data (cross sections)
and the numerical procedures of the codes have been disclosed and effects,
which hitherto have been underestimated, have been investigated,

This report discusses mainly the significant effects which have been
found, while the codes are only described briefly.

CALCULATION METHODS

The codes used for the comparison by General Atomic are the following:

GAM - Is Spectra calculation and constants averaging in the fast energy
range [1],

The main features are:

(a) The P4 equations are integrated over quarter lethargy units
from 10 MeV to 0.414 eV, yielding a total of 68 groups.

(b) A fission source is used for calculating the spectrum.

(¢) The energy-angle correlation is retained for slowing down in
all isotopes; i.e, a full scattering matrix is included for
both the P0 and P1 scattering terms,

(d) It is possible to introduce an energy dependent buckling,

(e) Inelastic scattering and (n, 2n) processes are included.

(f) Resonance absorption is treated according to the methods
~developed by F. T. Adler, G. W. Hinman and L. W. Nordheim [4].

(g) Self-shielding factors can be included for any nuclide.

(h) A predetermined spectrum may be used as input to the code,



GATHER I:

GAMBLE:

Spectra calculation and constants averaging in the thermal energy
range.

The main features are:
(a) The programme covers the energy range below 2.1 eV in 96 groups.
(b) A slowing down source is used for calculating the spectrum.
(c) 96 pdint scattering kernels are included in the library for
various scatterers. For graphite they are calculated with
the gas model at high temperatures and with Parks model at
low temperatures.
(d) It is possible to introduce an energy dependent buckling,
(e) Self-shielding factors can be included for every nuclide,
(f) A predetermined spectrum may be used as input to the code.
A two dimensional, multi-group diffusion theory code with up to ten
groupe and arbitrary scattering matrix. The programme was used first

with the same six group structure as uged by Iragon for Anglie and
later for ten group calculations with six thermal and four fast

ETrOoUuplsSe

The codes, which have been used mainly for the Dragon calculations until
recently, ares

STEWPOT:

ANGIE:

Calculates spectrum in 43 groups and broad groﬁp aversgs cross-sections
for the just-critical-core and for a reflector [5].

A two dimensional multi-group diffusion theory code., The main
difference from CGAMBLE is that scattering is only allowed from
each group to that immediately preceding and to the two following
groups, Used in 6 group calculations in this comparison,

During the last part of the calculations performed the code HUPO was

available.

MUPO:

This code corresponds to Stewpot but the library cross-sections
(except the graphite scattering crogs-sections) are created from
the General Atomic Library by a condensation to 43 groups. The
code offers the possibility of performing spectrum calculations
both for a bare critical reactor - as Stewpot, and for a given
leskage ~ as GAM and GATHER [2].

Finally the effects of the variations of average group constants for
6 groups - as given by the General Atomic codes, Stewpot and Jupo have been
investigated by simple calculations of the infinite multiplication factor K
determined from these 6 group data.(Mercury programme 5461),



CALCULATIONS - RESULTS AND DISCREPANCTES

The results for the effective multiplication factor Kger as obitained by
Angie and Gamble are given in Table 1. The veactor considered was the Dragon
reactor with a ftwo zone core, The inner zone has Th/ﬁ atomic ratio ¥ = 20,
while ¥ = O for the outer zons.

The Tirst comparison obtained for the Kypp was betwsen calculation Nos, 1
and 2 in the table, and as the difference AKgep = 0,031 between the two results
was rather disappointing, a gomewhat larger investigation of the discrepancies
wag initiated,

Bone of the main reasons for the differences are indicated in Table 1,
while the discussion of the differences is given in the Following list.

3.1 Puckling Dependence

The neuiron spectrum and the average grgup cross-sections calculated
depend on the leakage term - the buckling B¢ - which isg used in the
caleulation, Stewpot iterates on the buckling until criticslity is
achieved and the values are for the hot case:

= w 7,6 % 1Om6 on™2 = 0

4

Core 1 B

-z
cm

#

+ 14,1 x 10"

Jugt fortuitously these figures are not very far from the best values
if the energy independent buckling is to be used., In the General Atomic
codes, Gam and Gather, the buckling is introduced as input data, and
for the first series of calculations the bare core buckling:

BY = 25 = 24.4 x 107% on™?

1 z
was used, partly because no beitter values were available and partly
becauge calcoulations done on the General Atomic HTOR Critical Assembly
core 7 had shown the insignificant effect of buckling. (This later
appeared to be due to a better group sitructure and to the fact that the
core compogition was uniform and that the core radius was larger.)

The sffects of a change ABQ in buckling depend on the snergy boundarie:
and the cross sections of the groups. For the 6 group partition used,
group 5 is especially sensitive. This hag been shown by Mupo for core 1
in Tables 2 and 3. (The groups are numbered as in Angie so that the
gslowest group is group Wo. fs) Table 2 shows that a change
+ AP = 24,4 x 104 on~2 for core 1 gives for group 53

Z = =267
&“Sgout = =267
Azahg = «-*1 5‘/

where I, ..+ and Igy,4 rvespectively are the macroscoplec cross sections
for scattering out and absorption. From Table 4 caloulation No. 3 it is
seen that this decreases K for core 1 by ~ 3%, The total effect for
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Table 1 K

for Dragon -« Two Zone Core

£f
Calcu~ . oo Deviation
-{». L T #®
lation | Tenmp, ézzzd Ql;ig:lon 2;;u0§ Keff Reasons for Deviation
Yo. ~ P cale, | 7
1 Hot Stewpot Angie 1104
' Gam + 2
# - } s i
2 : GA = Cather Gamble 1,073} 1=2 | 2,9 | B", v, crogss sections
3 u o " 10 1.107| 2=3 | 3.0 | Energy groups partition
4 n " Angie 6 1,082] 2=4 | 0.7 |v
" Core = Stewpotl " ~ = ’
5 Reflector = GA 1,107 1 1=5 0.3 | Reflector data
6 " GA* Gamble 1,0981 2-6 | 2,3 | Wo upscattering above 1 eV
7 no | gaxe n 10 |1.120| 3-7 |1.2|8°
(Stewpot ) . A
£t W .
8 MUPO (Buckling) Angie 6 1115
1.8
( e ) 2
o i 1 e}
9 lm}?(} (Buckling) 6 15095 8 i ?08 B
10 Cold |Stewpot Angie 6 16166
‘ Energy partition
il Y E it
11 GA Gamble 10 1179 M0=11 1 161 B2, v, cross sections
12 R e n 10 |1.185[11=12 | 0.5 | B2
Ga* - Mo upscattering above 1 eV
GA** - Gorrected bhucklings

Angie - Hot a full Rz geometry calculation - only calculation
& and 9 should be compared




Table 2 COross Sections for Group No, 5 {second fastest group)

Stewpot HOPO MUPO GAK
B2 0 0 2k 20k 02
's out 0.003737 | 0.003633 | 0.002883 0.002812 omm1 Seattering out
[] o
abs 0.001800 |0.001957 | 0.001709 | 0.001632 |en™ | absorption
Table 3 Changes in HUPO Cross Section with the Buckling BT
5 (Bf) - £(5)
Changes in per cent: Af = 5 e, 100%
Z(Bq)
Cove 1. B = 24.4 . 107 on™?, B =0
Core 2. BY = 2444 . 107 on™?, BS = 14,1 . 1074 on™?
, . Gor
Group Gore 1 ' ore 2 o il
. AR, 10 om
No, A% AT AL A% R
abs g,out absa gy,0ulb
F&S‘b = 6 + 003 had 204 ' Oo2 = 0.88 10
5 1 = 14,5 | - 26,4 - 6,5 | = 10,1
4 | = 3.4 |~ 7.8 + 0,68 - 3.1
3 e 1»1 hnd 2.6 - 0058 b 192 9
2 - 005 il 1.6 - 0.18 il 0371 20
Slow =1 | ~ 0,03 = 0,0007 | = 0,01] = 0,0007] < 400
2 , . o act
ABB produces roughly a change Azs,out = 1% g
! for both cores 1 and 2
or Azabs = 0‘45’,; )

«7 =




3.2

3.3

all groups ovaB% ig seen from calculations 5 and 6, Table 4:

AR = 4,19 for core 1., For core 2 the buckling effect appears to bhe
smaller and from calculation No, 15 a AK, = 0.3 is obtained.
Calculations 8 and 9 of Table 1 show that the effect on Kerg oF

these buckling changes for cores 1 and 2 is 1.89.

The effects of the buckling depends on the group boundaries and,
as the group partition used has a large lethargy width for group No, 5
the effect is large, A better group energy partition will decreasgs
the significance of the buckling, Thig fact is also quite clear from
the 10 group calculations 3, 7, 11 and 12 in Table 1, where the changes
in K pp are smaller,

Energy Boundaries for the groups

The energy boundaries chosen for the & group calculaticns were as
shown in Table 6, It hag already been mentioned that this group siructure
makes the results far too dependent on the buckling.

Horeover, at high temperature there is a considerable amount of
upscattering from group 3 to group 4, which includes some of the lower
very significant resonances. Those upscatiered neuitrons will physically
only enter into the region of group 4 below the resonances, In this
group Tormulation, however, they are absorbed acsording to the average
cross gection for the group, including the contributions of the resonances
This results in too great an absorption of the upscattered neutrons and
thus too low a multiplication factor ig obtained., If the absorption
of the neutrons scattered up is neglected, which corresponds fo neglectw
ing the scattering up from group 3 to 4, the effect on K, is, for
core 1, AK, = +3.89 and for core 2, AK, = +1.5%3 see Table 4. TFor
Kgpr the change is +2, 3% according to Table 1 calculation No. 6.

For the Gamble -~ Angie comparison in Table 4, calculation 12,
this effect of the group partition is, however, less important ag they
are practically identical, The above changes correspond to a 100%
decrease of the cross~section for scattering up Es 3 > 47 while the
actual difference between Stewpot and General Atomid data is 119 which
means that the Stewpot g 3 .5 4 will correspond to ~ 0,26% higher Kgpe
than the Qeneral Atomic Zs 3> 4"

Dependence on vy

The number y of neutrons produced per fission depends on the
energy of the neutrons producing the fission, but the effective value
is for Stewpot 2.452, while, for Ceneral Atomic codes and for Mupo,
it is 2,430, (The latter is considered to be the best available value., )

This difference goes directly into the value of Kgpp and explains
0.9% of the deviation ligted in Table 1, caleculations 2 and 11,
Furthermore, it explains the result of calculation 4, Table 1.

I+ must be noticed that this discrepancy does not enter Table 4,
ag v = 2,452 is used for all calculations of K .



3.4

3.5

3.6

Dependence on the Ssattering Down from Groun 4

The cross section I for the scatiterving down from the group
No. 4 just above thermal energv (>1 oV) was in the original comparison

‘practically the same for Gam and Stewpot. However, an anomaly was

found [3] in the Stewpot spectrum owing to an error in the scatltering
data. This was corrected in NMupo and then the Iy » _> 3 obiained by MUPO
was ~18% higher than that obtained from Gam, The mawn reason for

thig discrepancy is presumably that the Gam data are calcuvlated
independently of (ather aznd the neutrons scattered up from the reglon
below 1 eV are not taken into account, These nsutrons would in@rease

the spectrum in the lower part of group 4 and would give as a result

a higher value of %4 -3 The corresponding change in the &bm@fptlﬁﬁ
cross section is smal

I4 must be pointed out that the effect of neulrons scaibtered up
is much less significant if a higher boundary snergy e.g. ~2 8V were
chosen between group 3 and 4. The energy partiition used is thus very
unsuited for the General Atomic codes,

The Sigﬁificaﬁﬁe of the change is investigated in caloulations
Nog, T and 16 of Table 4, where AEK_ for cores 1 and 2 respectively is
=3.15 and =1.3% when AZg 4 .3 is ~-18, The remson Tor this rather
large change in K is that the neutrong are itransfsrred down into a
group where 7 is approximately increased by 1.

Devendence on the Scatitering Nodel

The scattering model used in Stewpot and Mupo calcoulations is the
Schofield crystal model at all temperatures. Input to the programmes
is a scattering matrix obtained from a 60 point kernel integrated over
a flat flux on the energy range 0.001 - 0,1787 eV and from a2 40 point
kernel integrated over a 1 flux on the range 0.1787 ~»33.74 eV, Input
to Gather is a 96 point ¥érnel calculated with the ?&f%g crystal model
in the cold case, and the gas model in the hot (1300%K) case,

Ag a result, rather large discrepanciss are found for the thermal
scattering cross sections, but as shown in calsoulation 12, Table 4,
for Core 2 the change in K is small for the hot case, This is explained
by the fact that the changes of n are rather small in the thermal region,

Reflector Data

The group data for the reflector are in Stewpot calculated for a
gspectrun created by neutrons started at fission energies in an infinite
medium,

At General Atomic the reflector data have been obtained in the
following ways

In the fTast energy range (GAM) the cross sections have been
averaged over input spectra. These specira have been obtained by
a multigroup one dimensional (radial) calculation of the reactor,
The reflector hag been divided in two regions: the first innsy

« 9 -



Table 4 Ko Calculations

Calcup

6 Group C ‘ 5 4 _ Deviation
Data l?tlon Core | B" . 10" cm K, - 1 Remarks
Wo. Caleu, | ¢
Stewpot 1 1 0] 0.9975
GA 2 1 24.4 0.9421 =2 566
Stewpot 3 1 0 0.9685 1=3 2,9 | GA data for group 5
GA 4 1 24.4 0.9776 L 2=4 3.8 | No scattering up >1 eV
NUPO 5 1 24,4 0.9685 2=5 267
HUPO 6 1 0 1.0094 B 441
MUPO 7 1 24,4 10,9393 | 5-T 3.0 I, decreased 197
Stewpot 8 1 0 10,9811 15 1.7 | MUPO data for group 5
Stewpot 9 2 1401 1.86833
oA 10 2 24.4 1.5519 Q=10 146
Stewpot 11 2 14.1 1,6828 9=11 1 0 GA data for group 5
Stewpot 12 2 14.1 1,8813 Qe 2 0.1 zs,out thermal from GA
G 13 2 24.4 1.,8792 | 10=13 | 1.5 | No scattering up »>1 eV
HUPO 14 2 24.4 1.8671 | 10=14 | 0.8
MUPO 15 2 14.1 1.8724 415 0:3
KUPO 16 2 24.4 1.8479 | 14=16 1.3 XS 4 =3 decreaged 18%

vy = 2,452 has been used in these calculations




3.7

10 om, and an outer region., The fast spectra for the 2 regions
are plotted in Figure 1, In the thermal snergy range the CGATHIER
code has been run in the usual way (snectra caleulated from a
slowing down source).

These two procedures have given sonmewhat different resulis for the
group crogs sections, but the significance for ¥gre ig small - gee
Table 1, caleulation 5., The effect on the power peak at the Ccore
raflector boundary could bhe somewhat bhigger.

Crogs Sections

A large number of cross sections are read in the codes from their
respective library tapes. The following list gives the nmain differences
found so far:

(a) Fagt fisgion data are included in Gem and Mupo, but

not in the Stewpot library,
(v) Stewpot library tape Wo. 21 was used in the comparison

and this is a rather old library tape with a very low thermal
(= non resonance) cross sechion for thorium,

(¢) The thorium Tesonance data used in Mupo and CGam are the
same - both corresponding to the resonance integral 84 b
in infinite dilution, while the resonancs integral for the
Stewpot library tape Wo. 21 is 95 b, The difference in
Table 2 for Iy given by Mupo and Cam for grguw 5 may be
explained by the different methods of calou lating the resonance
cross sections, while the difference behween Mupo and 3fteswpot
is explained by the fact that the largest resonance i
laying below 33 &V - in group 4, and this resonance 1
higher in Stewpot than in Hupo., The contribution of this
resonance in group 4 for 3tewpot is, however, cancelled by
the effect of the U~235 data mentioned in d.

9]
jor
o
w3

(a) The General Atomic data used in Hupo give ~ 307 higﬁ@r
capture crogs section for U~-235 in group 4 and this leads 1o
a decrease of K, especially for core 2,

(e) When the microscopic group averaged cross sections are
compared for Wupo and Cam, large differences are found for
U-238 in groups 4 and 5, This wmay be explained by the
difference in calculation methods and the Tact that the energy
boundary between groups 4 and 5 is 33,74 eV in Mupe, while in
Gam it is 37.27 eV, and a large U-~238 resonance iz in that
interval, This cross section ig, however, not very gsignificant
for X, or Kgpe s the amount of U-2338 is small,

(f) Large diffsrences between transport ocross sections for
U=-235 and U~238 have been found, but these are not si
as the carbon is the isotops which determines the trans gport
crogs secstlion,.



4.

The total effect of the input cross sections ~ with the energy
partition used here -« can dbe estimated from the Mupa/%%@wpat calculations
1=6 and 9-15 in Table 4, when the effects of Iy 4 -»3 Eiven in
caleulations 7 and 16 are taken into account.  This %@ads in both
core 1 and 2 to a change of ~=1.97 in ¥ .

3.8 Resulting Differences in Kgopp and K

When the Vupo and the CGeneral Atomic six group constants are
compared, it is seen that the X, obtained ig practically the mame if
the same buckling is used in the Mupo and the General Atomic calculations
and the difference in Ig 4 . 3 is taken into consideration,

hen Mupo and Stewpot are compared and it is taken inito account
that v in Mupo ig lower than in Stewpot, it is seen that the resuliing
Ko ig the same for core 1, while for core 2 Hupo. gives ~ 1,57 lower
result,  This difference is the result of two factors with opposite effects:
generally the fJeneral Atomic data usad for Mupo gives a lower %, but
the corrected value of Iy 4 sy gives a higher K,, For core 1 the two
effects just aceidentally cancel ons another,

The total effect on Kgep of the faciors mentioned are summarised
in Table 5, When the rather larges uncertainty of the single figurss is
taken into aceount, it is seen that the original disappointing difference
between caloulations 1 and 2, Table 1 is explained.

The change of Kgps from the earlier calculation {ecalsulation 1,
Table 1) to the calculations including all improvements and using Mupo
or (am + Gather is estimated in Table 5, and this shows that a swall
increase of Kgope is to be expected., This is also demonsirated by
caleulation 7, Table 1, which is supposed to be the most rigorous
perforvied so far,

CONCLUSION

The comparison has shown the significance of the bucskling introduced
in the spectrum calculation, and futurs spectrum calculations must include
a buckling which hag been determined from earlier scalculations. The procedurse
will in that case be the following: +o start with & guess on the bucklings

and to calculate with it the constants for a first diffusion caleulation,

out of which the proper bucklings can be determined. This will normally
lead to energy dependent bucklings., Several methods for the buckling
calculations are possible but it must be menitioned that the buckling is
gpace dependent and thus a suitable average buckling must be used.

Purthermore, the comparison has shown the disadvantages of the energy
group partition uged here. A new partition must, accordihg to the resulis,
avoid groups of large lethargy width, as these ars especially buckling
dependent. The upper limit of the highest thermal group must be high enough
not to have upscattering above it, otherwise the upscatitered neutrons
will go in a group with a cross section artifically too high, A good boundary
for this kind of high temperature reactor appears to be egual to or above 2 eV,

The General Atomic data used in the General Atomic codes and Mupo are

42 -




Table 5 Changes in Keff in per cent

Change in Kgpyp Change in Kggyg
Reason for Change Calculation 1=-2 Table 1 From Calculation
1 to future
Cross section ~ = 1,9 ~ = 169
Y bl 059 bl 0»9
Buckling B2 - 1.8 ~ 0
o t i i & i d
Seattering Es, 4 =3 + 0,7 + 2
I, 34 and Energy partition ~ + 0,26 o~ + 2.3
Total - 3.6 + 1.5
Change "experienced" - 2,9 + 1,5%

*Comparison of calcouiations 1 and 7, Table 1

Table 6 Six Group Energy Partition

Group Energy
1 0,001 = 0,0225% eV
2 0,0225 = 0,3568 eV
3 0.3568 - 1 eV
4 1 - 33.74 eV
5 33.74eV - 0.8208 MeV
6 0,8208 = 10 MeV

- 13 =




Table 7

10 Group Fnerey Partition:
Energy Boundaries from Highest down

107

0.,67379 x 105 eV
00,1013 x 10
0.,1371 =x 10
0,19 x 10
0,40

0.20

0,10

0,40 x 10 .
0.15 x 107

0,50 x 107
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