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Abstract

The ECESS code calculates transport equation coefficients

~ for the thermal energy monatomié gas model of a physicalimoderator.

The parameters of the model are the ratiq (M[m)hof a?gmipuggsguﬁg__“ N
neutron maés, and the temperature ¥. Coefficients for these_parémeteré
are obfained through the P3 apprdxima-tiono In addition the code
calculatés infinite medium spe¢tra of the scalarAflqu° The scalar
fluk and neutron current spectra in large geometry may also be

obtained; and based on these, constants for a one group treatment

of thermal neutrons are computed.

iv



ECESS~~An IBM-704 CODE COMPUTING TRANSPORT EQUATION
COEFFICIENTS FOR A MONATOMIG GAS MODERATOR IN THE: THERMAL ENERGY REGION

‘W. W. Clendenin and G. R. Culpeppen

‘1. FORMULAS FOR THE COEFFICIENTS

The ECESS codé di;téins iraﬁspdrt equation coe.fficients. through the
?3 a,ppro)d.métién for the monatomic gas model of a physical'modlerator in the |
, themél energy region. -A dves,cr’ipt',i'on-of ‘the physical 'baquround of the model
i.é‘giyen ill'x'WAI.’D-T-llO% The present reﬁo;‘t will be restricted to the computa-
tional aspécts of the coae, | '

The transport equation. for neutrons in & monatomic gas medium may

be expressed in the 4-form
V° Qv F(r;Q,E) + %ces,ff v F(r;Q,E) .

- - o
f%off v F(?,Q,E) = S(r,Q,E)

[l o~ ) rGEE) @ . @

SEGEN ' ‘ i .
Here F(r;Q,E) is the number density of neutrons in the direction of the unit

2

vector 9 having energy E = (1/2) m v°, with m the neutron mass. The parameter

M is the number density "of‘.atornsAof mass M,



The effective cross- Sectimgz&ew B .
-gff 1/f rel s“rel) P("» "’) aur d*‘ P @y
a =¥ f.f ‘f”; "‘A(\."rg}) p(l{-sﬁ)_gy dll/ s (3)

i

in which v rel’ is the rela,tive velocity oi‘ a neutron moving Wit.h velocit.y 9 v
‘and an atom movuig with speed U at an angle W with Q.., : The,-function p(U,-W)

is the pmbabilifcy
p(U, ¥) = 27712 ¢ [0'2 exp(~§0%) ] s ¥, W

wit,h 32 - y/zk'lx, that the atom have this Yelocityol _The 'gx‘fogsxséctio‘n a(B? —-.QQQ)

is .
U(I;".Ei e) = (vv) lff 131 S(vrel) Q(E'DESQQUJ w)
p(U,"l’); awa¥y . . . S - (5)

In thls equa,tlon ‘4’ is to be measured relatlve to Q'° the differentlal cross
sectlon o (v'el) q(E 5By 8,u, W) is the cross section fo;’ scattenng through
an angle 8 with energy change from E“ to Eo:

For scattering and abSOIthlon cross sectlona of arb;,trary analytic

form it would be necessary to evaluate (2) and (3) numerica.llyo For a
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e

‘monatomie gas having constant ag(v

e . o
rel) oy and o (v /v 1 the effective

re1) =
_ ‘to?al'cross sections are
o5 = % [ { 1+ (232‘3)-1 } Erf (V)
+ (ﬂl/QBV5 N axp (-Bgvg_)j] P - (e
ozflfzo'/v‘~ . ’ | | 3 S (7)

Eq. (6) is obtained by a straighﬁforwardAevaluation; Eq. (7)»fpllows from the
faect that p(U,‘#) is normalized.

In solving the transport equation, it is usually. convenlent to expand

the orogs section c(E'-*'E,@) in a series of Legendre polynomlals.

o(E' = B, 6) = <vznr)’"l; (2 + 1) o' = 5) Pleos B). (8

The evaluation of the coefficients o((E'-* E) is discussed in WAPD-T-1109.

These may be expressed in terms of the quantitiesAg énd z' where

2=kt , 22 =B/AT . . (9)

It is canvenient to define the parameters
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Yy s ,("1/2)' -é,ii/ni)lzz' [(1- m/M) z° * € :

y3 = (1/2) w2 [ e nm 2 2 Q- wa) 2]

v, - /2 e (1 -m/M) 2" - (1 + m/mz]
]
] (10)

Y, = (1/2) ('M/m)l'/zj E(l + n_l/M) 21 +

+
-
'
B
2
N

"‘F°17 E < E',‘ t_hé cross _sectioné oo through 03 are:
oolE =) = 1/8) () @+ w)? (og/a) | Bxr )
- Bt +ep - (B - By | s G

oy (= B) = (1/8) (W/m)? (1 +m/i)? (og/8") [ o { Bt
;..r.Erf(;r )} . +427f'l/2 c v{y exp -(-yz) -7 .eXPV (-—yz)d}f
T2 . 2 1 : 1 2. 7T Te :
*-reXP (z'% - 2%) .<§1 {"'.‘Erf» (v4) - ~Erf <(.yh«)} L | .
+ 2%1/2 d~. .'{‘y.:'exp (_yz). -y exp (-y2) }> J B (12)
T %3 BTy m Y, SR A,
‘where

o) == (1/2) (L —mM) (2'/2) + (1/2) (1 +n/) (2/2") - V/za'

. =1/z2'

)= 4

%2 |
4 =1/2) Q@ +mM) (2'/2) - (1/2) @ - a/M) (z/2') - 1/z2' ~ 5 (23]

oy -



where

oy (E' 5 = (1/8) (W) (1 +m)? (og/E") [e’l [ Ere(y)

- Erf(yz)} + 27 1/2 e, {yl' exp (-.vf)_ - ¥, ©XP (-yg)}
+ 277t {yz exp (-yl) - y3 exp (-yg)}
| + exp (z"? - z2.)£><fl {F;Erf(yB) - Erf’ (yl;)}

v 22 g, {y3 exp (-32) - 3, exp (D) }

+ 273 /2 £, {YB exp (- y3) yz éxp"(ryi) }>:’ s - (14)

s%-l - 6/ o o - ) TN ‘§-3/5 ,
+ (3/8) (_1" 2m/M+ mz/;%?) (3%/5%) |
- (1/222'2) { (9/h + 3m/2M) 22
- (/4 - 3n/2) z2 o} .
e (1/z?z'2) {(lé/u; 3@/21«1) z? - (9/4 = 3m/2M) 2'? -f 9?2 } ,

93.— - 3/z z‘ ‘ 5 » . ‘ v (15)



fz - (3/8) @ - o+ W) (°/5) » w3
/8 vy pf’*/u?)ie;’ﬂzfz?-)-~ -
- (i_/g?wa} { = (9/k . 3m/aM) az
+ (?'/.l&;.*r 3@/@4)_ 3t? - é/,a } L
£, = (i/zzz'é) { - .(9/2; - 3m/24) 2°
S+ (9/1+ * 3m/2M) 212 -9/2 } . , |
£y =~ 3;/_:2:5'2 ;
03(3; —in) ?*-.A'fl,/B)» (M/m)" (1 +»m/1.fI).?‘ ,(GS/E‘) [ g ,{-fErf' Yy -

~ krf yz}- & anH/? g, {yl exp (-yf) - ¥y 8Xp (*bga)}

+ 2#'1/'2 gy {yj

exp (-y3) - ¥} exp (-y:)} -

+

+ 27,_—1/2 gh {yl exp (-yf) - ygexp ("yé)}

% gaxp._(‘z,'z - 2%) < { Erf (y3) - “Erf (yh)}

hy { v3 exp (-y3) T, P (-yh)}

yg oXP (—y32) - si exp (-yh) }
5

{

{
n, {7 o0 D) - ] e (D) }>
e Y |

E] (16)




where et
g = (5/15) j(l ; 3m/M + 3P : m3/M3} ;3/z"3 -
+ (3/16) (=5 - sm/it + n /i + m3/M3) afat
'+ (3/1_6) (5- ,,5m/M- - mo /M m3/M3) ,,'. /o
+ (5/#6) ('4.1.‘ + BQM.i - 3&12/;)4‘;24 QB/MB ) z'?-/ai3
+‘:. (l/?Bz'g)_ ‘. {- (15/?) (2 - 3§n/M + m2/r442): z-.vf‘?.' |
+ OM) (10 - 30 $Par? - (5/8) (2 + s+ WOAE) 2
o+ (75/k + gsm/m) 2>  . (')5/4 + L5m/LM) ;"2 ) |
Swa}
g, = (1/2%2%) { (15/8) (2 - 3m/M + WPy ah
- (3/4) <1o .-,]m?/u?) g?z,z},.sls/é) (2 r 30/ 5 w2P) o
+ (15/0 - ':'ASm/AM)”z'Z - (75/1?‘ __+'45m,/t»M) 2 73/2 } ,
6, "-*~(1/,23Az'4'~3')'_: { (52 - 15:5/214_)' 2 (-25/2 - 15m/2) 2%

sh"w107z'3z.'3, . | | V oan



m = (5/18) (-1 + 30/t - WM + WNP) (/ar)

+(3/16) (5 - sm/M - w2/ + P)0) (s/2') .,

+(3/16) (=5 ~..5m/M 2R + W) (2'/a)

+ (5/16) ('1, + ‘311;1_"/M.+ 3n° /M + ;3/33) (2%/2)

+ (1/2°213) { - '(1'5/8) (2 + ,Bm/M.A"’r mz/MZ) é"’ '

" /) (o - WNR) o2 - @5/8) (2 - s+ wPAR) b

; ¢ 75/ + ksl 21 < 75k - Lsm/e) B - 7572 )

: £

hz = /%27 {@5/8) (2 + M+ w2pB) ok

- /) (0 - 3P) 22212+ (15/8) (2= Im/n + 2NP) b

- (75/b + Lsn/ie) 27% + (75/4 - wm/u) BB 75/2 )

L+ (25/2 - 15m/2M) 22 +<25;} PR

- 3.3
hh‘-.‘. 10/272

" . .The ¢ross sections for E = L' may be expressed by similar fermilas.
However, since seach of .the cross sections UI obeys the detailed balangce condi -
tion, these cross sections are most easily obtained ‘from those for E-S E° by

making use of this condition. Thus



exp (;81) GI{E&_ I;Q-— 22 exp {~=z ) £(B2f’ Bi? - aey

":f~tude reIatlon between Ei and Eé

Each of the fbrmnlas (ll), (12), (14), (16) for c((E'-* E) is made

whatever the

"up of four’ terms, e&oh one. of Whlch 1nvolves only one of the yk, k i l..cko
*%The forms for- thesé terms given in (11), (12), (14) and (16) are auitable for
computation only for 1 < yk < 3. For values of Ve outside this ranga, the . large
canoellation of . terms belonglng to a given. yk prevents accurate computation with '
‘the formulas in. thls form° For yk:s l.1 and k = 1 or 2 the terms -in Yy insmde |

the square brackets of - (12) are replaced by ‘the series
tgrt/2 {élyk - (/3 % o)) wp + (/10 + ep/2) ¥
£ (0 /1,320 + ,/120) 3 + (61/9,360 + c,/720) 13
= (g /1,32 Co/rel) Jy 06 LS S 200 v
e oy 15 " 17
é;(cl/6,89h,72o fA°2/362¥§QO) y19
- (cl/vbgzoh,soo + 02/3,628,800) Yil

+ (ey/11,975,040 x 10° + ©5/k7,900,160 x 10);y§5



- (€,/16,812,956 x 10* + /62,270,208 x-lo?;)» 2l

VS

s (c /253281 704 x 105 +c /87,178 291 x 103) yk } 19)

where the upper sign is -used for ¥y and the 1ower aign for Yao

'.6 is

The P.a-?afmet.‘eg K

¢ = (1/2) .[fl +m/M) (2/2°) - (1 - n/M) (Z“/Z>] . 4t .(20)

: Eof yj.and v, 8 series of the same form as (19) is used but with the fgct&r'

; 1 repiqcedvby b exp (;V? - Za)a the pa?&mgteg ° by dl;.aﬁd the ﬁaféﬁetév G£

by :,1213 wher 8

B = @2 (@m0 /) - @ - w) (/e ]

The upper sign is to be used for Vj and the 1ower algn for yh

(21)

The terms in Yy in the square bracketa of (14) are replaced for

k <1, l and for k w1 or 2 by the aarlea

! 2ﬂf1(2 { B - Ezyi * (35y/5 - B/10 - 285/5) "

- (3;2/¥h - E)/21 - 20,/7) yﬁ

+ (B/216 + Sp/2 - 6/6) 3]

1
- (Ql/l,320 t€,/120 - e3/24) Vi

+ (¢/9,360 Yo /720 -8 /120)

= 10 = .

13

'./



oz (ei/75,=6‘oo ‘&%eg?/s‘,‘oz;&,- e""/'/.:.'0")7;:r15
+ (e1/685 aho + e /uo 320 -e /5 0LO) ¥
- (01/6 89h,720 +e /362 aao - e3/ho 320)
+ (8,/76,204,800 + 8,/3,628,800 ~ e3/362,880) yat
|- (e,/91,808,610 x 10 + €,/39,916,800 ~ ¢,/3,628,800) 72
o 3 A ‘ 25
* (el/11,975,0h0 x 107 + e2/h7,900,160 x 10 - e3/39,916,soo) y
- o 2 v 27
- (el/16,8;2,956 x 10" + o,/62,270,208 x 10° - e3/u7,9oo,160 x 10) .7}

4 (8)/25,281,70L x 10% + ¢,/87,178,291 x 107 - 6,/62,270,208 x 102) ye }

(22)

i where the ‘upper sign is used for yl and the lower 51gn for y2 The parameters

El and E are
%4@@(erumM>u%@+mmf

- 3/ + (3/8) - am/M + /) <z'2/z2)

B, = (1/8) aw 2m/M " mz/Mz) (zz/qu) * m2/12M2
- 1/a i (1/8) (1 - zn/M + mz/Mz) (21223

(2/3 zz 2 { (9/u 4 3m/2M) 22

5/ -/ 2R ) ~ (23)

-1 -



In .the case of y, and y, the terms in the square brackets of (14} are”replaced
3. 4 *

by a series of the same form as (22) but with the factor - 1 replaced by -

,2

¥ exp (2'% - 2 ), the parameter el by fl, the parameter e by f2, and the ' d

quantitles El and E2 respectlvely by Fl and F where {

= (3/8) (X.- 20/M + m /M2> (%)) + /0 - 31
 + (3/8). (1 + 2n/ + w2NC) (22/2%) -,
F2 = (‘1/8). (1 - 20/ +,@2/142) '(zz/z'?). +m2/12M 1/l -
+’(i/35l(l'+ a2/t + 02/ (37%/c2)

e (2/3 2% { - (9/u = m/20) 52

v (om /) e? )L (23

The upperfsignvis to be used for y3 and the‘lower sign for yh;
For the cross section of'(lé), the terms in y, Witg k=1or2in

the square prackats are fep;gced for y, < 1.1 by
z 21 1/2 { 63, - 7y . 53,
| g;f(éi/éz;_ 362/14 + 563/7 + 2g#/7) YZ '
- +"(ul”/7é - G,/9 + 5 G/18 + 2e,/9) YZ '
- (81/2,320 + 8,/120 - g;/2 +-.s‘h/6)'- v

- 12 -

¢

-3



RN

- (31775;606 +vg;/5,6ho ;Vg;/720'+»sh/120)'yl5‘.
+ (gl/éas,z.no + g;._/hO 320 - 33/5,0h0 + gh/720)
- (51/6 894,720 + g2/362 880 - g5/40, 320 + gh/S,OAO)
+ (gl/vg,goa,aoo~+ 32/3,628,800 - 8,/362,880 + g, /10,320) ¥
- (8/91,808,640 x 10 + g,/39,916,800 - g3/§,628;soo + g,/362,880) yo
+ (gl/11,9%5,0Ao x 10% + g2/47,9oo,1éo x 10 - g3/39,916,soo + g,/3,628,800) y§5
+ 32/62,270;,.208 x 16}2 ] g3/h7,900,160 x 10

- (g,/16,812,956 x 10"

+g,/39,916,800) 327
+ (g)/25,281,704 x 10° + g,/87,178,291 x 10° - g, /62,270,208 x 107

+ g, /l7,900,260 x 10) y20 |, . (24)

'whel.fe the upper sign is used for y; and the lower sign for Y, The parameters

'tﬂl, 62, 63 are I . . I

= (5/16) (1 + 3w/ + 2pd + w10 <z3/z'3)
+ (3/16) (-5 - 5m/M + mz/Mz + mB/MB).‘(z/z')
+(3/16) (5 - 5m/M - n?/iC + W) (2'/2)

#(5/16) (-1 + 3m/ - 3/ + W N0) (22/20)

-13 -



G, = (5/1;8) @+ su s WAL+ /) (zs/z,,z) R
+ (1/16) _(-5  - sm/M + 2R +m3/m3) (.,,‘/_z,v)__‘_: .
v (/6 (5 - sm/M - @?/ﬁz; + w0 /0) (_z'/;.)
+ (5/48) ,~_,.(-4-lf+ 3n/M -.-Qm?[u? _,,:,,}B/MB)" .,(45.3/?3_)“
S (?/3- 2_32;3) {5/8) (2 - 3mp + m?:/Mz.),,;v.‘* o
- (3/8) (1§.-_ ) 2% *

. *+.(15/8) (2 + 3m/M.+ m?/h/{z) zl* } L

G§ = (5/160) (1 + 3m/£4 + 3@2!/:42' + /P (213
"+"(3/1so) (=5 - 5xii/M'"+ w2 AP+ wAP) (afat)
+ (3/160)(5 - 5m/M NP - m3/M3) (2'/2)
. + (5/160) (<1 + 3/ - 32/ + ) A(z"/z?.)
s .—P'z"3> { @s/e) (2 - 3w+ nfp®) ot
- (3/8) @0 - 3m2/mz) 22512
+(15/8) (2 + 3m/M + !,nz/Mz,) 2 } |
| * (1/2%313) { (5+ 3m/M) 22 - (5 - :B!n/ﬁ)f a'? }

For Y3 and y , 8 series of the same fom as (24) replaoés ﬁhe terms in ¥

- in the square brackets of (16) for y < 1.1, with the factor ia replaced by

-1k -

(25)

0



+ - . ) .
- exP ,(z'z ,22)’ the.para'met’er_s gl, gz) gB, gl-lv replaced:by h-.l., hz} h3, th-

' reéﬁecfively;"ana ‘the parameters G, , G.2, G, by Bl, s H3 respectively. These

3

quantities are
B = (;/16) (-1 + 3m./M:-ﬂ 3m2'/rldé‘+‘m3/M3). '("z3/,z'3)~
¥ (3/16) (5 = sm/i - m’*/M2 + W) (2/2")
v (3/16) (=5 - sm/ + w22 + D)P) (2'/2)

¢ (5/16) (14 3/ + I NE + WP 0f0) L

| + (l/lf;) (5 - 50/M - m?A° + W) (2/2") .
+(1/26) (=5 - S/ + m2 /M + /) (Z'/;zj | |
+-'(‘5/aé.) (1.+ 3m/M+ 302/ %lmB/M3.5 (2°3/2%)
+ (2/3 P23 | {(is/s) (2 + 30/M + n2/M2) 2™

- (3/4») (10 - 2 /M2) 2212 + (15/8) (2 - Im/M + n?/M°) 2 } s

Hy = (5/160) (-1 + 3m/M - _3m2/M2 + m3/Mj) ' (z3/z§3)
e (3/160) (5 -"Sm/M - w2/ + 1;13/M3) (z/2')
4 (3/160) (<5 - s/ + 2R + DAP) (21/2)
-+ (5/160) (1 + 3m/ M + IR . ;113/M3) | (zv3/z3)

- 15 -



U ears ) { a5/ (26 amm iR ath

G (lo,—‘sm?/Mz) 22712

+ (‘15/'8) (2 - -3m/M + m2/M2) 2 }

+ (1/2'33?'3) {(5 + 3m/M-) zlz - (5 - 3m/M) 22 }

The upper sign is _u'sed i‘or"y3 and the lower

' For Yy 2 3, 'the error function which appears in the formulas must

‘sign for /R

(26)

be replaced by its asymptotic expansion. Since the first term in this expan-

sion is independent of yk, accuracy may be increased by treating the terms in

¥y and 7, together, and the peArms in y3 :and yiF toge_’chér. For yé 2 '3, the

error functions in 'yl -and y, are each re"p'laced by"}

1/2 -1

(Brf (y,) = -7 /"y exp (,-yff),s(yk) s

whers

R R IR

2L‘ » 25
+105/(2y) - 945/(2y)

- 135,135/(25y)  + 2,027,

L K
- 34,459,425/(2y,)

Fox" y3 2 3, the error functions in y3 and yh are replaced by

e (22 - 2 { ?rf (-'"3‘?} ~ R
e (22 - o) {.AEx‘f (v)} = 2

- 16 -
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+10,395/(25,)

2.8
025/(2y)

-1 L 2 | '
V3 exp (-35) S.V(y3) s

v e (39) s(y)

(27)

(28)

(29)

()



Since the e}ror'functions in ¥y and yz alweys occuf with oppesite signs, as
is also true of the error. functlons in ya and yh, the first term in each of
the asymptotlc serles of (27) and (29) has been omitted. |
The directional flux of Eq. (1) may be expanded in a series of Legendre

- polynomials of the angles with a polar axis. For slab geometry this has the

o

©. form

.V F(?SZS)E) ='“(l&77)-‘1 Z (2‘/4’ 1) (P.((XDE) P{((u) )
| 0 o
vIREELE) = (4m) ; (2 + 1) oy(x,E) Bylu) L €30)

whereiu.and L' are directioﬁicosines with'ﬁhe‘polar axie, and x is the position .
coordinate alongithe'axiso‘.The'erOSS section of (8) may be-expressed in terms
-of wy i arid the correspdnding 'azi;nﬁths X and X’_ by x;nea.nsAofl the‘ additi'dﬁ~
theorem for Legendre poljndmiais .

-m) ! )

P(‘(cos 8 = P((u) PK/(“') + 2';1 '(f ) P}?(u)

ceosm (X=X . . 3

With the use of (30) and (31), the integration over @' in Eq; (1) may be
carried out. The usual resolution of the transport equation'through expansion

of the flux in Legendre polynomials reduces it to the set of equations,

- 17 -



s 3
e

_§—_ awﬁ+1(x,B) ;71- (x,E)
o +1

X [g§”~+g§“] o () = ;s,((x,E)' | (as
+‘”‘f‘ o((E' = B) o,(x,8) aB' . T B

‘Here the direct source term S(7,3,E) has been expanded as
S(7,8,8) = mL % (2 +1) Sy(x,E) Bylw) . (33)

In 6fder td'solve,the equations (32) it is necessary to evaluate the
seattering-in integpal on the right side of each ecjuation° For application to
the thermal energy range, this range may be specified by an upper energy limit .
Eo For energies above Eb, the flux component ¢((x,E) is assumed to have an
aaymptotic form:whlch.apeclfies this part of the ecattering-in integral.  The '
Athermal energy range 0L ES EO is divided by means of the N valuestE
(E En) 1nto N + 1 energy intervals. In each interval the integrand of
(32) is taken to vary llnearly w1ph energy, -corresponding to a trapezoid rule

integration. The integral corresponding to E = En is-then replacedhby the sum

jz:lca —~n fp}}(X) | (34)

1n?;hichn‘
¢[(X) ¢((X JEL)

7 TR (/2 {8y - B, + (8, - B) (B/5)?} 0B~ E)

¢) " " = (1/2) (Byy - Byyy) op(By=E), 3= 2 S (35)
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 Egs. (32) for E = E, with the integrallevaluated-by (3&) are a set‘of IN-Z”‘

fequations in the varlables ¢((x) which may be solved by iterative methodso

It is also necessary to compute ogff of Eq. (6). Since the eseential

characteristic of the cross section is the fact that it obeys the detailed

balance conditien}";t is useful to retain ihis4property in the form of the

eff

equatiens ueed for humerical solution. The perqmeter o5 for a particular

energy E and temperature is replaced by

o .
Po.(%)"[ exp (-zZ)J ;1 637" 2f ep (2] - (36)

Thefsimilar.sumeAp( in which Cj_’ % s replaced by-C%-f'n are also computed.

0
As a check on pO the parameter osff is eomputed from Eq. (6). This serves

‘ prlmarily to verify that the group structure values E are sufflcienﬁly closely

spaced.,

The part
*he pa ©

f oé(E'—-'E)"(po(x,E')'dE' ' ) (37)
Eq o

of the scattepingéin integral is a source term. For the thermal problem this
source, which represents the neutrons which have had collisions in the moderator,

will in the usual caee be the principal one. The direct source S (x;E) must

" be added if it ie not negligible. For high energies ¢O(x,E ) will have the

asymptotic form k(x) { A/E'} where A is a constant. The energy dependenced

of,the source term is given by the source integral

-19-



38
s(zn) “Z { A‘/EG} 0'0;(39—"‘ En):dzsr" T | - £38)

This is cdmﬁuted_nu@er;cqlly by the code for each value of 2, . Since the

A

normalization of the séprce is ihmateriél,Athe éonstant A is chosen so that’

‘(80) - l° . : . . . . R EUAN
The quantitiea needed ror aolution of qu (32) age»reqordgg on tapei

as one rorm of output of the ECESS code (Segtion V”) Thése'quantitieé are
2 2, .
% exp (=2 ) s n =1 coo N3
Polzy) s =1 ceo N g

T n el N, I =l N, (=003 . (39)

_TRANSPORT EQUATION

A second purpose of the odde, in addition to'computing the quantitiea
»of Eq. (39), is to solve Egs. (32) for the cases of an infinite medium or a

geometry largs compared with a mean free path. For an infinite medium, Eqso (32)

reduge to the neutron moderation equations for { = O,
e £ 4
'[pO(un) * QZ f(En)}' ¢8 = qunQ

dz;‘qdﬂncpg,na.iofolwo ' | o (k0)

- 20 -
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" from A of (43) only in that the term in 2

These equatiéné‘éréyédivéacfg?”ihéﬂfldxes ¢8 with the GDSR subroutine (Ref. 1),

ff(En) is expressed as

. 5 A N R -
an iterative technique. For corivenience o,

(5 =0y {E 0253} 2 E - (1)

where En is in electron-volts. The parameter o used as input is the absorption

0

‘cross section at 2200 m./s,

In order to accelerate the:convergence of the iterative process, both

‘ renormalii&tion and extrapolation techniqdes are ﬁsed.' The starting flux has a

" Maxwell fofm, -

n
=

op =& 7o exp (=22) ., - (42)

in which the constant A is déﬁermined by requiring eduality of the number of

" neutrons ﬁbsorbed to the number introdgced by the source. The value of this -

constant is | ‘
‘ ' g

: : o) 1/2,jr ‘8(z.) 2 dz_]. : [c~
A= kT/.025 0
ERICZO R S/ e
My Bt - /) mg e (D) T, (43)

where kT is in electroni;qltév This-n&rﬁalizgtion is rebeated_after»each ‘
iteration in which the ihigésﬁ ffaction£$‘dhdﬁgé:iﬁlihérfiug is greater than
a preeét parameter &, usﬁally set at..Ole 'The-normaiiéatidﬁ'factor B differs

o,in the denominator is replaced by



Zn:

of w3(z,) dz,

.Azp;gddit%gg, a trial function is obtained by extrapolation for each iteration ~

from the formula o ' ' AN
Yo QVn;%)ﬁ 9 {“ 1“’%3 e )

Here 91[ is a preset parameter, “ﬁﬂél%y -8, the Par&meteraﬂilﬂnd j-1 are the
inqﬁ;ces of the it.er&t;lwsa '.é.nd thﬁ' quénti,'eige:s q:g are thq nq‘rmalia,eq‘fluxeso
Since the error of trapesoid rule integration is inhergnt in the
‘normallzation ﬂactor, ;he normalization prqcesa is discontiqued when the frac-
‘ t.ional chanse in fluxea is ;eag than & The extrapol.atgiqn -pyos.esa is then
nontinued witn unnormalizad fluxeg.' . | ‘. o ‘1 -
In the cage of large geometry, Eqa' (32) are approximatad aufficiently »
a,qcurately w1th a Pl approx:.mata.on in whlch flux componentg w:l,th (/ 3 8 are

A
1%

neglected. In this case, the flux component (pﬁ,(x,E) is saparable,
cv,((x,E) ((x) Vy® (45)

dear these conditionq, Eqsv (32) reduce to tha two qquationa

i {dfl/dx} hm wu {agff ,;ffif} ¢ wo(m

n% f f Q(m -—uE) ‘ngE') QE‘ Sy (hé) O
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¥

(1/3) {df;)/ax'}w (E) +% {o5" +'o§_ff} r-lwldz)

[+ 0]

- ‘fi{ SCEEINCIR 6

iapgliéa.b).q whern th_e‘d_i_rje}ct source terms S((x,E) are negligible, Eqs. (46) and

(h7) are aolved for Jq,hea large geometry limit in which the first term in (46)

:Ls neglected 'so that this equation ned\xcea to Eq (40). - Eq. (1.7) is put into

a ﬁrmilar fomq Sinqa t!he pomal‘u;iza.t;on_ of t,he ‘ Wl s_pectr"um is immaterial, it

413 wri‘ttgn as

[rotog + i) ¥2 = 95

SN .
‘“'521“1-‘”' ; A=l i N, | (u8)

in wpich the integral {b cl(E - E) V (E') dg* has been neg}.ectedo These

Atachnique, wit.hout norm&lization, of Eq. (M) After they have been computed

bqth the spectra \bn and \#n are renormalizgd so that

B E '
0 ¢ . .
‘[ {99,253/13} 1/2 4/1(@) E=1." : (49)

A one energy grbup desgription of thermal neutrons is obtained by

integration of Eq(32) over gheygie,so This equation then takeg the form

- 23 -



ox

g2 e Bp@ e
o ex - C2f4 ax

*%.(é tRy= By B yx) = Tyfm) . - o (50)

R S0 R R A ‘

© dn which
, 0 | . .
D yx) **f 94(%:E) dE (53)
RS P § o . : .
E | :
- fo eff ) D ' . " (82
' o b ? 9E dE/ " : 9 52
Q%:(X) vw g cpg(x ) AB/P y(x) - (52)
K A .
Rll(‘x')'-#b/.‘ a3t 94(x,E) dE/ Pyx) (53)
| f"’ . fEO. | L .
Pyx) = df 4 o/(E'~E) ¢/(x,E')- dE'/D ,(x) ; 54)
(00 75 By gD syl a0 &
‘B E.
' Q , s O -. , .
Tgf(x).-w-.f \3‘/(#:1;‘3) dE + N f " dE f oy(E"— E) py(x,B') dB' .. . (55)
e o LB T T |
Uging the 'f;uxe,a' \P-Q(E) and ¥, (E), obtained from Eqs. (40) and (48); the
integral,é of (51) through (55) are computed. The notation fqr tﬁgse' integrals

ig
. N

Ng = Z (2 = apy) .[Zn 4’? T w?ﬂ]

n=0

By :
= (kT)_l f w((E) a8 . - (56)

™



| J('Z (zn>' zn+i) [znpo(zn)v W? 'i: Zn+lpo(zn+l) wr(H'I]

n=0
- ()" lf gff ‘I’((E) € , . (5D
’ o J —entl ,J
o Z (2 - n+l) [ nglcf( -nn,.‘-"{j(‘“.znﬂ :él ( I |
= (kT)’_l f dE / o((E' — E) ‘P((E') dE' . (58)
0 0 : _ : |

Here the quantities at E, are taken to be

V= Em/E) Yy

4-‘i>;)(zo) “’?" (El;/EQ) 'Po(,zl')" \":}( o ' (59)

O | R ;1 cj*ow(=(El/E)ZC}"’1 W,(

The integrals NO’ JO’ IO, Nl’ Jl, -Il are computed. In addition the integrals

A . J—n J—n . .
120 and I30 are obtained "fro.m 02 | and CB_ N approxunatmg ‘}’2 and 4’3
Caem U ' > o . J—=n J-—=n
. _with_.\"o., Thq integrals 121 and I31 are obtained from 02 and 03 s

app_roximating ‘#2 and 4).3 with ‘I.’lo The pé.rametérs of Egs. (52) through (54)

are given in terms of the integrals by
YTy
Rf( = OO/(kT)N]{s<"

Py = I{/N( 0 | | ; ‘ (69)
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Two computational checks én the problem.are provided by-the=rel§tibns<implied”'
by Eq. (40) and Eq. (48) , -

Z

Syt oo/(kT) =1+ NO/P

- B (e

‘In this equation Pl is a normalization constant for ‘P (E) which is printed out.
The qQuantity Q( is an effective scaLtering cross section for the

thermal group, R( is an effective absorption cross section, and PI/Q[ is the .

average Legendre polynomial. All are spec,trum-d,eper_xdent° The diffusion -

coefficient of the monétomic gas is
o=y {3y rm-m) ) e

and the diffusioo length is )
L= '[1/ {3m? i, + 2 - 7))} ] S (63)

Since the coefficients Cg and Cg .are not relevanf to the

solution of. Eq (hO) and Eq. (AB), one form of the code omits their calculation. :

This form has been labeled ECES3. The form which includes calculation of G‘j

and cg has been labeled EcEs;°

§23. INPUT
The field format of the input cards for ECESS includes quantities in

both fixed point and floating point notation. The Quantities in fixed point

~;‘26 -



\\/

notation are positive integers listed as such. The quantities in floating
point notation are listed in a form containing ten or fewer digits. The
first two digits are the sum of a power of ten and the number fifty; the
remaining eight of fewer digits make up the number specified with the decimal
point understooed #s preceding the firét of the eight digits. The first field
on each card is the total number N of groups (fixedbpoint). The remaining‘

fields of the five cards are as follows:

'Eiglg ' Information
2 ' Centigrade temperature t > 0 to nearest ,
: degree (fixed point).
3 - ' Total number K of absorption cross sections
‘ ' oy (fixedpeipt) ..
H, I Atomic mass M (floating point).
5 ‘Neutron mass m (floaﬁing point).
6 - Asymptotie scéttering cross section Og

(floating point).

:gards? Typé 2

Fleld ’ Information
2=7 ' Energy levels E_ in.ev. (floating point).

There will be N¥1 numbers in descending

order E. .0 Eho A& maximum of six values on
o Y .

a card, . :

If the number K on Card 1 is zero; the rest of the cards after Card'Z are

omitted.

-27 =



Cards, Type 3

Field ' o ~ Information
2-7 k ' The K values of the absoiptiaon cross ‘section’

(floating point), six or fewer to a card.

Card, ‘Type 4

Field o _  ', -+ Information
2 ) Normalization'criterion'6 (floating point).
3 : Extrapgldtion faoton'Q]_(floating Ppihf) far
o equationsg in ‘Ilo ' A - .
Gard_ .?_e _
4 Field ,. o : Information
i {floating point) for

2 : Extrapolatlon factor e
: . equations in A baﬁdrate card must be used
for each value %f o Solution of these equations
may be omitted by uglng a blank card in place of
Card 5 '

The unused part of each card is filled in with zeroes.
It is possible to run consecutive problems with the same group

structure and same temperature but with a different mass ratio, M/m, by using

’ only Cards 1, 3, 4, 5. Decks for consecutive problems are pléced difeéily

after one another. For cpnéecﬁtive problems with the same number of gfoups
but different temperatures,'Cérds 1, 2, 3, 4, 5 must beused. No blank cards
are used exce§£ at the end of-in place of Card.s as described a.bove;_° Three
blanks are placed at the end of the input deck(s) |

A sample 1nput,deck.is shown below. This is for a 36ugroup problem"

at 21°C°, with one absorption cross section e The atomic mass is M = 2, 75,
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the neutron mass is'm = 1 OO (only the ratio M/m is significant), and the

2

scattering cross section is 35 75 barns° The energy E. = .680 ev. and the

snergy EN é

(o]
.0005 ev., The cross section 00_a1.33 bafnés The parameters

involved in acceleration of the iterative process are 6 = .01, 91.= .8

and 92

+2 Ul + 51275 + 511 + 523575 +

+ 5068 + 50648 + 50612 + 50578 + 50544 + 50512 +
+ 5048 + 5045 + 5042 + 50392 + 50364 + 50338 +

+ 50312 + 50288 + 50264 + 50242 + 5022 + 502 +

+ 5018 + 50162 + 50144 + 50128 + 50112 + 4998 +

+ 4984 + 4972 + L96 + 495 + L4 + L4932 +

+ 4924 + 4918 + L4913 + 488 + 484 + 482 +

+ 475 +

+ 5033 +
+ 491 + 508 +
+ 508 +

+HEF LA+ e+t
W L\ W A W AW W AW W
ONO~O~O~O~O~ O O~ O~ O\ O~.

" (Three blank cards)

IV. OPERATING INSTRUCTIONS

Place the ECESS program tape on logical tape 1 and blanks on

_ log:.cal tapes 3 and 5,

" Place the 1nput deck(s) in card hoppero,,'

Push CLEAR, L@AD TAPE°

End of run programmed stop is 10425. -
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Save tape 5 for printing off-line:; -Tape is not rewound. - : -::-.-

~Save tape 3 if indicated by requestor. An EOF is written.on tape.3..

after all problems have been run and it is-rewoﬁnd9

Errqr stogs
00603
00662

0L435
01470

01553
01766

03315

04367
04737

05024
05025

05050

05055
05171

05307

GL@UT2.
GLAUTZ,
WHOOL.
WHOOL.
WHOOL.

WHOO1.

GDSR.

WHOO1 return.

SUHT error returr,iv

WHOOl return.

WHOOl1 return.

- SORT error return.

EXP error return.

EXPC. error return.

EXPC error return.

. Machine error.
" Machine error.
‘Machine error.

Machine error.

Input error. Double punch, blank

~column.

Input error. Range ef?bro Floating
decimal number out-of-range.

Solution to set of equations not con-
verged after 999 iterations. Push.
start to continue for another 999
iterations., Problem probably no good.
Bad count end-of-file. Machine error.

Machine error or negative mass

specified.

‘Blank card.

Count”end—of-file°

Machine error or negative energy
specified. :

Machine error. Negative argﬁmehts Snly°

Machine arror since negative argunents
only. ‘ :

Argument too large. Machine or
specified energy error.’
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06752 -

07426
07546
07623

07624

07651

107652

07667
Q7670

Q7705

10034

10040
10147

10450
10451
10452
10453
10454
10455
10456

. 10457
10460

EXPC error return.

SQRT error return.
| ﬁXP error return.

PWTS error return.

PWT5ierror return.

WHOO; return.

WHOOL réturnw

WHOOLl return.

WHOQL return,

SQRT efrov retyrn.

' WHOOL. return,

AC overflow,

MQ overflow.
Aé overflow,
MQ ovefflowo
AC overfléwo

MQ overflow.

" AC overflow,

MQ overflow,

AC overflow.

MQ overflow° ]

Argument too large. Machine or
specified energy error.

Machine error.
Same as 5055(°

Impossible end-of-file return.
Writing tape 3.

Writinghtape Bﬁ Machine error.
Same as 5024. -
| Same as 5025.

Same as 5024.

Same as 4367,

Machine error.

Same. as 4367.

. Group number on Card T&pe 5 1is incorreét{

While initializing matrix and vector
for GDSR to solve set of equations.

Same as 10447.

While soliing secoqd set of equations;
Same as 10451. |
While solving first set of equations: |
Same 53 10453,

While computing C(.matribes.i

Same as 10455. |

While computing Py andAp'0 (ap_alytic)°

Same as 10457.
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10461
10462

10637

lOéAO

10641

10642

10653
10754

10775

11013
11020

V. QUTPUT

- Group number on Card Type 1 doesn't agree with preceding '

-~

. AC overflowg . While .computing the:source term; s(ﬁn)°

MQ overflow. . Same as 10461,

problem(s)

5Group‘number on Card Type 2 is incorrectr

Temperature number is less than that of preceding problem.

Energy levels not in proper sequence. One energy is not
less than the preoedlng one. L

Group number on Card Type 3o

EXPC error -return. Argument too large.

CL INT3 error return. Minus AC indicates uhderflow or
overflow, Plus AC indicates n = 0 or l: Machins error.

EXPC error return. Argument too large°

Group number on Card Type 4 is incorrect.

The BCD output is on logical tape 5 and the. binaly vubput on

logical tape 3. .

Tape 5 is printed off—line° After prlnting out the 1nformation on

Card l .as an identificatlon, the sums p((z for each group.are prlnted out.°

The analytic check of Eq. (6) for oo

eff

5 is al.so printed together with the

difference between thls and po ‘The spectra v (E ) and *# (En) are prlnted

fur valuee of E in the order E1 hN Finally the sums' NO’ JO’ IO’ Nl’

J

12 T1s Iops 121’ 130’ 31

are printed out, and in addition the normalizatlon

factor P, of Eg. (61).
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L

If K= 0 on Card 1, no spectra are compuied and only the values of

py and 0%t are printed out. If Card 5 is blank, the spectrum V (E) and

S
the sums are omitted. The printout of the spectra and sums is repeated for
each value of % specified.

. Tape 3 contains the matrices and auxiliary terms to be used for
space and energy dependent problems. After these have beeﬁ computed corres-

ponding to a given Card 1, a record is written on Tape 3 with the temperature t

used as the record numbezj° Fach record consists of four blocks of information:

2 2 _ :
lc Zn e}(p (“’Zn)p n l oo o No
2. s(zn), n=20 w0 N,
3. po(zn), n=1,.. N,
J—n

L‘;e C( 9(=O o0 0 3,j=l o900 an:l oou‘No

This record is used by LTP 7 as input data for the library-program tape of the

SLOP-1 code (Ref. 2), and may be similarly used for other codes.
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