Analysis Fast of Neutron Flux and Collision Density
Using a Computer Program FASTFLUX
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Summary

The energetic neutrons emitting with fission slow down to become thermal neutrons by losing their
energies through the collisions with moderator nuclet This slowing down process 15 analvzed by
breaking down the fast cnergy range into several sub-cnergy groups(muiti-group) and once the energy

~ dependent cross sections are known. the neutron flux and neutron collision density 1in cach sub-energy
group can be found. For this. a computer program FASTEFLUX is established and following topies are
discussed 1n this paper

1} companison of analvtical values of neutron flux and collision density wath the values of FASTFLUX

2y effects of neutron source function on flux

3) effects of moderator mass on discontinuities of eollision density

1) effects of resonance absorber and moderator mass on flux

ing angle #,, is eaual to 007A*E. the amisotro-
1. Introduction (Theory of FASTFLUX) pic elastic scattering measured 1n COM svstem

tends to he larger with the 1increase of neutron

Over the energy range of about 2 Mev with energy and of maderator mass. For an instance.
which fast neutrons emit to about 1 ev, the the anisotropic scattering  becomes  significant
neutron energy is so much larger than kT that it when the neutron energy 1s above approximately 1
may be assumed that there is no upscattering Mev, whereas for a heavier element such as ox-
However. as seen from the relation of that scatter- vgen the p-wave scattennglanisotropic scattering)
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becomes dominant when the energy is above ab-
out 50 Kev. But actually the neutron moderation
is governed by light material such as hydrogen or
oxygen, and this fact permits the assumption that

overall scattering can be treated as s-wave scat-

tering.
Accordingly. under three assumptions of: 1) no
upscattering. 2) s-wave scattering(Lamarsh. J. R.,

1966) and 3) spatially independent, the neutron

slowing down equation can be written as:
Emax

§ T(E) ¢(E)dE=$dEIEESE(E’ —E) ¢ (E')-

E =

dE + fS(EXAE wrreeremnminnnimnne (1)

Where 3,(E)=total macroscopic cross section

at energy E. cm™'

# (E}=neutron flux per unit energy
E,..=maximum energy of fast region
S(E)=source density per unit energy

s (E'—=E)=scattering section

-1

Cross

from E" to E. cm

The above equation is self-explanatory based on
the conception of continuity in the energy interval
of dE about E. By breaking down the entire
energy group into G groups. following equation

can be obtained.

g~1 Emax

Iz (E)$(E)dE = fdh I z (E'—E)¢

Eg—-1

G(E’) dE’ + § S(E)AE wweersvrervereismronnc. (2
Eg

where E, and E,_, indicate the lower and upper

energy of g—th group. Eq. {2) can be expanded as:

Eg-1 Eg-1

I&(E)¢(E)dE JdEUzs(E'—»E)

Eg-2
S(E')AE + § S (E'-E)@ (E’) dE’---+e---
Eg-1

Emax

+I )3 (E—E)¢ (E')dE'] + I S(E)dE

If the energy interval of a given group is fine.
each term of above equation is appoximated as

below.

Eg-1 Eg’-1

I>: (E)¢(E)dh—zt. ¢,.I dE Jz (E’— E)-

Eg-1
¢ (E')dE’ =%,y , § SCE)dE=S,
Eg

By plugging these expressions into Eq. (3). the
following equations (5) and (6). which are basic
of FASTFLUX, are

underlying equations

obtained.
[4
ztg¢g____ > Zg,!¢', +Sg ..................... 5)
g/=1
1
¢g Ztg “Zu EElzg,K¢g’ M SRJ '
g= 1 ,2, ...... G srrreeeserseiiiieesiiiiiteaneena (b)

where I, is the self scattering cross section.
2. Numerical procedures of FASTFLUX

From Eq. i6), the flux of each group is in

the form of:

¢, = (212 $

ans,) b, =

+S;), @3= (213 $1+ L2302 +Sy),

Zta
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and these are calculated easily by FASTFLUX, if

group constants are known. At first, 3., is de-

[ g2 (E) ¢ (E)ME ) o
dg2(E)P(R)E
{ o #(EME =Z(Ep). Whert_z E, is
the average energy of g-th group, that is, E =(E,

fined as

+E;_1)/2. If several elements are present. the
macroscopic total cross section is simply as fol-

lows.
zt(E‘) = ): N; 0 Q(Eg) wooermiirniiiiii, (7)
i

where N;=atom(nucleus) density of j-th element.
atoms/ barn - cm

a’,g(l::g)=microscopic total cross section

of jth element. g-th energy

group evaluated at E. cm~?

sec™!,

As in the same way, the group cross section is:

zl’l =X Ni d:/ (Eg)

j 4

By the assumption of isotropic elastic scat-

tering,

4 9L (E, 6.)

i ’ ’
0"/'— (J‘/ J‘ Q —aj)E/ ¢(E )dE’dE)
e @ (E’DAE’) ovvvimieiriiiiecienes (9)

h —( AL A =atom { jth

where a’_(A}+1)‘ ,=atomic mass of )t

element

o l-pm=elastic scattering cross section of

)-th element

But since §. 1is given as cosﬂch
2E . (1-a J)
[ B —(1+ @ )], if E<a E’ then cos@. becomes

smaller than —1. which says that the self scatering
cross section can have its value only when E>

a;E! Since again. when isotropic, gem(E 0 )=

J .
%f—. # (E’)~constant in g'—th group and

' (E)=0'p =0 (E_)~constant in g —th group.

Eq. (9) has the form of,

. Uj / dE’
), — ____S¢€ , _ .
¢g £ AE‘/ (1 —aj) ‘[’ I‘ E/ dE
H (E=aE’) v oo 10)
where H(x) = 0. x<0
= 1, ©»=0

With regard to the source, two options are
available in FASTFLUX. The f{irst option is such
that the source is of the normalized monoenergetic
source, that is. S ,=5,=1,0, otherwize zero. As
the second option the normalized distributed
source of S(E)= X(E)=constant-f::a;xp(—E) « sinh
ﬁt-dE ts used with the condition of E(cut-off)
=10%v. If neutron energy is less than 10% ev. it
is assumed that there is no source. The constant
of above source equation is determined automati-
cally in FASTFLUX in such a manner of making
the integral. from cut-off energy to E ... unity.

As an additional alternative, geometrical buck-
ling can be takent into account in FASTFLUX.
In this case. the flux is calculated by following
eguation which is similar to Eq. (6) except the
denominator.

¢ 1

- Lig — XDy B?

g1
(X Zppgde+S,]
g/ =1

where D= 3(Zy —% (2N;0i) 7 (3A;))

i
On the basis of the assumptions and eguations
discussed above is established FASTFLUX. of
which the schematic structure is shown is Figure
1. and several small size slave subroutines are
included in each major subroutine. The features of

the Program are such that it can treat as many
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energy groups and elements as the core size
permits. For a typical runming for water with 300
groups, it takes about 10 minutes vn Z-80 series

CPM system machine.

3. Results cf FASTFLUX

A. Analytical values of flux and collision
density vs. FASTFLUX values

For three kinds of hydrogentA=1). oxyvgen(A=
16) and water. FASTFLUX is run using actual
cross section data(BNL-325 2nd ed.). whose re-
sults are summarized and compared with analvtical
values in Table 1 thru 3 As input conditions. the
entire energy range of 1.0 Mev to 1.0 ev is
divided into 300 groups for all cases Further,
monoenergetic source is used and huckling is not
considered.

When A=1. theory says that. with the assump-
tion of no absorption. flux and collision density

are given by:

On the other hand. FASTFLUX calculates

#(E) in accordance with Eg. ¢ and F(u) with:

,_-FEdE  SdE)$E) Z.
Fo=—ry— =" 5 v 5
.................................... (13)

Comparing above (wo eguations. the anlytical
one shows that ¢(E) or Fiu) is independent of
the cross section(no absorption). while FAST-
FLUX values depend on group constants. As
shown in Table 1. 3 =3_ over the range of 1.0
Mev to 1500 Kev in FASTFLUX. and its values
of flux/ev and collision densitv/lethargy are ex-
actly same as anlytical values. When the energy

is lower than~1500 Kev. ¥, is larger than 3 .

which means the presence of absorption contrary
to the assumption of Eq. (12). and FASTFLUX
values are somewhat smaller than those of Eq.
(12).

For a case of A’1 (oxvgen). with no absorption.
the analvtical solutions of collision density are

(Duderstadt. J. ].. 1976):

Fo(u)=SH . exptHau). a E <E<E,
F,(u) =SH(1- a Mexp(H a u)~SH"a "(u—]n—i)
exp(Hau). a”E,E<aE,

Fn(u):F"(nln(%J)exp[aH(u—nln(—}))]

1 W, , 1 ,
_ta_jddu - Fooi(u —-ln(':f))exp[Ha(u— u’].
ﬂ“‘]E(,AE(G"E‘. ................................... (14)
where H= ~—l~—f, a=nln(l/a)

1—a
If E<a’E. that 15 in asvmptotic regin.
FLUJES/ & vomverrmresiniee it (15)
Then once F(u) being known.
F(E)=F(u) ' ES(E) ooreeriinn (16)

Table 2 shows the results of FASTFLUX and
analytical values obtained by the use of equations
(14) thru (16). As can be found in Table 2. big
errors occur arcund the energy of—aE and~
a“E_which are due to collision density discontinu-
ites. Taking 1ntc account that 3, and 3. of
oxvgen are equal each other thru all energies.
then the errors in higher energy groups are due to
the value of group average energy, E,. In FAST-
FLUX the energy 1s broken down into multigroup
with equal delta lethargy and the energy band of
the higher energy group is larger than that of
lower energy group. which, in turn. results in
bigger errors

For the compounded moderator, ¢. g.. water. the
analytical solutions are very complicated but in

asymptotic region they are(Henrv A. G.. 1975):
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F(E) =S/ § (E)E,

PCE)=S /& (EXT,(E) rerrrremmvemmnanens 7

where ?(E) = EIZE—) E?i Ei (E)

1

_ H o
T 2.(E), water C EHZS(E> * EOES(E)]

In Table 3. analvtical values are calculated for
the asymptotic region only. and are compared with
FASTFLUX. Table 3 reads that when energy is
below ~(0.7785)A3 % E,, .. =0.472 E+6 (17th group}.

both are exactly same

B. Monoenergetic source vs. distributed source

FASTFLUX 1s used to check the effect of
source functin on the collision density of each
group. The collision density per umt lethargy s
calculated first with a monoenergetic source and
then with a distributed source for hydrogen. ox-
vgen and water respectivelv. Figure 2. 3. and 4
show the results of each case In ruming the
Program. real cross section data are used and
other input conditions are same as Section 3—A.
For the hydrogen of
. 1 Vo e
distributed source. ¢(E):7FTVE‘(E7) j‘h(b(E WE" in
analytical form and FASTFLUX takes E. as 1.0
Mev. E, as 10* ev and S(E) as X(E)

except source conditions

Figure 2 shows that with distributed source. the
shape of collision density. F(u). 1s exactly same
as the soure functin itself down to the cut-off
point(10*ev). and below the cut-off. F(u) s 1000,
same as the case of monoenergetic source. For the
monoenegetic source. the collision density looks
like a delta function of § (E.), where E, is the
average energy of the first group. This is reason-
ahle since both sources are normalized. the area

under each curve should be same

The results of oxvgen are shown in Figure 3
In case of the monoenergetic source. discon-
tinuities are observed in high energies. but F(u)
smoothly approaches to the maximum value of
8.351. This 15 because the distributed source can
be regarded as the superposition of discrete
sources of different energies. therefore discon-
tinuities generated by each discrete source cancel
themselves each other. And the limited scattering
distance(limited bullet distance. a E) of the ox-
vgen results in the monoincrease of F(u) with the

increase of lethargy. In connection with this. nt

may be noted that the energy point at which the
maximum rate of increase occurs coincides with
the point where the source intensity is maximum
Further Figure 3 indicates that when the energy 1s
below ~ a E(cut-off). two cases of source condition
are almost equal. but this is a particular situation
of oxvgen since a of oxvgen is comparatively
smalli.e. the distance from the cut-off energy s
long). and for heavier element whose a is large.
two cases will be identical only in asvmptotic
region of helow e E(cut-off)

For water(Figure 4). discontinuities are found at
E=4¢,E. .. and a," E,.. hy the effect of axygen.
However below the energy of a,” E, ... both cases
show similar pattern, And F(u) of disinbuated
source 18 somewhat larger then that of monoene-
rgetic source because the spread  of source effe

cts the lower energy groups.

C. Effects of mass on discontinuities of colli-

sion density

For the evaluation of the effect of mass on
discontinuities of F(u). five cases of A=2. 4, 12,
16. and 150 are tested and Figure 5 is obtained
One hundred groups are used over 1.0 Mev to 1.0

ev and to eliminate the effect of cross sections
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whatsoever. fictitious cross section data(hydrogen)
are used for all cases. In Figure 5, the variable
(1-a) F(u) is plotted in terms of u/']n(—lw). Dis-
continuities are shown at u"ln%=l,2m(l¢;: aLk,.
a“E,-+). and the magnitude of discontinuity at
u."ln(%)zl becomes significant w.ith the increase
of mass. Particularly in the asymptotic region.
(1—a)F(u) converges to 2.0 as expected since
(I—e)Flu)=[4A A+ )] X [(A+2/3)/2] =2.0 if

A is sufficiently large.

D. Effects of resonance absorber and mass on
neutron flux

To evaluate the resonance absorption, energy
range is assumed to be from 1000.0 ev to 950.0
ev and 300 groups are used. As for a resonance
absorber, uranium-238 of 2471 barns at 966.6 ev
and 966.5 ev (group No. 199 and 200} are
assumed. By using the real cross section data,
EASTFLUX is run for A=1, 16 and water whose
results are briefed in Table 4. In addtion with
fictitious cross secsions(hydrogen), same proce-
dures are taken for A=50. and 150, and Table 5
shows the results of these cases.

As expected. since no upscattering is permitted.
the fluxes in all the higher energy groups than
the resonance group(No. 199) are same for both
cases of “dirty” and “clean”. The flux drops not
only in resonance groups but also in all lower

energy groups. For hydrogen, the magnitude of

deviation between dirty and clean is almost con-
stant thru all lower energy groups. But this devia-
tion becomes more significant with the increase of
mass and with the decrease of energy. This 1s
because the larger the a (the larger the mass),
the larger the probability of falling into resonance
pitfalls. And once being caught in pitfalls. that

portion of neutron flux can not play its role of

the source with respect to lower energy groups.
therefore with the increase of lethargy. this effect
accumulates

Of interest is the case when black absorber of
¢,=10" barns is assumed to present in 199th
and 200th groups. The results are almost same as
the case of 2471 barns. This means that if T,>)
s, the fluxes in lower energy groups do not
depend on the absolute value of 3, but rather on
width T". If Doppler broadening occurs, the fluxes
will show different values because of the wider T

The last column in Table 5 shows this broaden-
ing effect. Without being changed the total quanti-
tv of 741 barns (c¢f 2471 barnsiev x 0.3ev) in
199th and 200th groups. ¢, is distributed over
five groups, from 198th thru 202nd group. The
results show that the values of dirty case are
lower than clean case by about 3 per cent.

Finally, if (AE)(E 0, and E,eqo<a’Eq, as
the case of A=150 in Table 5, then the resonance
escape probability can be obtained easily as fol-
lows.

By letting the upper and lower boundary energy
of the resonance group be E,. E,, respectively
and AE=E,—E,, then F(E)=S/¢E in asymp-
totic region. The total number of neutrons cros-

sing E, is. when black absorber,

E[t:‘/oé)’ dE” E,—aE’
q_IEa( ) (l—a)E,
___S J,Eb/“ ('E"_aE,)-dE’

(1—a)§ g, E’?

1 Eb Eb
_ (2 —a—aln—
G—a)e CE, "k,
AE oE
Since E,= En-su +T Ev= Ereso "T
Ey/E.=1-AE/(E o+ AE/2)=1-AE/E,e,, then

1
the escape probability = p = 1—(1—_55‘

— 66 —



Analysis Fast of Neutron Flux and Collision Density 7

aE

FaN E
[Er +aln(1—E—)J:1_

€S0 reso eE]’eSD
The resonace escape probability of A=150 in
Table 5. calculated by above equation, 1s

pP=1-0.3/(0.0133x960)=0.977.

4. Conclusion

FASTFLUX is comprised of relatively simple
algorithms, but as dicussed in above, it renders
satisafactory results. Particularly in the vicinity of
source energy in which analytical solution are
cumbersome to obtain, or when absorption is pre-

sent, it can be used without any |imitationas far as

cross section data are available. The major limita-
tion of the Program is that it excludes the spatial
finite

dependence of flux. When a reactor is

and/or heterogeneous. as usually is, the flux
should be described by the function of position as
well as of energy. For this, group constants should
be determined at every position and energy of
interest, which could be obtained by group col-
lapse procedure. However, aside from the position
vector. FASTFLUX could be used to estimate
the overall characteristics of fast fluxes at the
preliminary stage of design or easily be modified
to become a subroutine in calculating spatially

dependent fluxes.
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Neutron Flux and Collision Density 1
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