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General Solution of the Reactor Kinetic Equations* 

G. R. I iEEPIlV .4SD c. W, Cos 

Fniversit.!j of Cdifornin, LOS Alamos Scientific Labor&q, Los .-Il i~n~~os, Xew Xexico 

Receked d  ugust ~2, I 960  

The reactor kinetic equations are reduced to nn integral form con\-cnient for esnlicit numericnl 
solution, involving no spprosimntions beyond the usunlspace-indcpentlerlt assumlkon. Numerical 
w~luntion is performed by the RTS (Reactor Transient Solution) code, written in FORTRAN 
II for the IIW-iO4 computer. The characteristic roots and residues which arise in this method of 
solution have been computed and are tabulated in detail for each of the main fissile species. Ana- 
lytic or point-function reactivity variation may be introduced, togethcr’\vith constant or time- 
wrying reactivity compensation, and the resulting power rrsponse, total energy wlcnsc, and 
compensated reactivity computed precisely as functions of time. The code solves the gcwral non- 
equilibrium kinetics problem with extraneous sources, the customary equilibrium solution being 
n special cast of the gcncml solution. Practical use of the method is demonstrated through com- 
puted response VUSTY’S for representative rezwti\Tity-addition functions in r:wious types of chain- 
rwcting systems. 

GENZRAL SOLUTIOS OF THE REACTOR 
KISETIC EQUATTOSS 

The gencra.1 equ:ktions describing the time be- 
havior of 3 chain rencting system nre stated rigor- 
ously iu terms of ncutrou t.r:wsport theory. The 
usual reduction of the t ime-dependent trausport 
equations to the more trxt:Uc’ one-velocit.y-group 
space-iridrpclldell t form (1-3) iuw~lves the intro- 
duction of tin effcct.ive dclayc~d neutron frxtinn, 
r/3, and an effwtive prompt. ncut.ron gcuernt ion time, 
A. Both of these qusnt.ities are dependent. on indi- 
vidual reactor geometry and, xt rktly speaking, both 
are functions of time, although the latkcr dependence 
can usually be ignored. 

In the space-average approximation, the reactor 
kinetic equations ma.y be v-rittcn 

&l(l) -= 
10 

J4U(l - 4P) - 1 &) 
A 

+ I5 hi-f, C;(l) + r,sw 
(In) 

i=l 

ii = prompt ncutxon gcncrntion time for 
finite geomet.ry (2). 

Xi = decay const,ant. (reciprocal mcanlifc, 
7;‘) of the ith delayed neutron group. 

C;(r) = density of ith dclayccl-nt?utroI1-group 
precursor at, time 1. 

pi = ith group fraction of t,ot:J neutrons 
from fission. 

/3 = C; /3i = totA dclaytd neutron fraction. 
7; = effwtiveness (in producing f&ion) of 

ith group dcluycd ncut.rons wmpared to 
prompt. neutrons. 

7 E p-‘&& = a\*ernge delay~cl neutron 
effrctiwncss. 

y+!!(1) = effecti contributiw from cstrancous 
.sourws at time 1. 

Integrating IQ. (la) 

(f;(f) = t 1: C-Xi”-“‘/;(t’))l(t’) tit’ 
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with :qyvpri:~f~~ illit id c~otditions 011 II, k, S, :ttd 
thv (‘; . l-lo\vc!lY~r fhc :lpp,!:lI’:1IIw of plwllpl 1)(qlf1’,)~~ 

wtwr:~tioli t.inw, A, :is :1 fwtor iti I<(t. (2) inlposcs :b ” 

sov(!rc limit,at.ion 011 the mnsimum time iiicrcmont, 
pc!rmissiM: in the tronipl~t,:lt.ioti, cspac:iully  for “fast,” 
systems whore .I -  IO-” sw. An c iiornioi1s liuntt)c!i 
of point,s would llu\7b to I)(: ~~:iI~~uIatcd, recluiring 
prohibitively long computing time for all but, the 
s iniplost, case of c*ollst:int 1: (step function response) 
for which stmightforward analyt~ical solutions 
already exist,. In the prcscn t. dcvelopmcnt we shall 
s implify Eq. (2,, kecpiiig k(t) arbitrary, and reduce 
it to a form coiivcn icnt, for numerical analysis. 

W e introduce 6X:(1) = k(1) - I and ass ign the 
initial conditions: n(O) = ncut,ron densit.y at t = 0 
and C;(O) = precursor densities at, 1 = 0 for i = 
I,:! . . . , (i. Then Eq. (2) cali be rewritten 

1 - 48 -- 
.\ 

M(l)n(l) = [$p + F  n(t) 

_ 5 YlPiXi 

I 

f e-X"f-"' 

_ 2 ,;,“;A; Of  

Il(l') fit' 
i-l 

A oe / 

-X”‘-“‘s/~(t’)n(l’)  d,’ 

i-l 

Integrating the third term on the right-hand s ide by 
parts and combining s imilar terms 

1 &t(t) 
-  sl i(t)n(t) = - -&-  

A 

_ 5 YiPiXi ’ 
(3) 

--Xi(f--l’) 
A oe I 

s/;(t’>n(t’> c lt’ 
i-l 

+ g, Yieseh” 
C 
$ ?Z(O) - Xi Ci(O> - rsS(t) 1 

Taking the Laplace transform, C, of Eq. (3),’ we 
;’ 
,: 1 Here we employ standard Laplace transform methods 
t. (4) for solv ing Eq. (3). The integral terms in Eq. (3) are 
‘:. directly transformed by the convolution (Faltung) theorem; 
i’ thus for the first integral term: . 

bherc s  is  the transform variable. .* 

_ & [z  y ;c -“” (Ep - X;C;(l))>] 

+ ccY.S(Ol (4) 
,Applyiiig t,he iiivc rsc  Lupluci:m, C-‘, to &I. (4) 
(again utiliz ing tho c~onvolut.ioii t,ransfonti:~t.it,u) 
and sol\*ing for t~( 1)) 

40 
1 -iY ’ 

= d.u + --y---  s  
c--‘rG(s)  jSx:(l’)/l(l’) (II' 

0 

+d t C-‘[H(s)J~/~(t’)r l(t’) t/l’ 

+ 4’[yHS(t’) - g y ie-“” @  tl(0) -  XiC’i(O))]  

with 
a-‘[G(s)1 r/t’ (5) 

C(s)  = S-“(1 + C [C ~j/3iLi-1C-x ”j)-’ 
H(S) E G(S)(CC [C ~i~iXiIl-‘C-“‘L~) 

In order to evaluate the inverse transforms of 
G(s)  and H(s)  we attempt expansions in partial 
fractions 

G(s )  = 

H(s)  = 

Sh + S & yiPi(S + Xi)-’ 

= i&+& 034 

Expansions (6) and (6a) are possible in the present 
case s ince (1) the number of roots, Sj , is  finite (it 
turns out, Sj = Si* for j = 0, 1, * * * 6) and (2) all 
poles are s imple (i.e., no essential s ingulari ties 
exist). Kumerical~ values of the parameters Bj , 
Ri , and Si have been obtained with the IBM 704 
digital computer* for var ious values of the prompt 
neutron generation time A, for each of the three 
main fis s ionable species, Uz3’, Pus”, and U233. The 

* In the computation G(s )  is  first expressed as n ratio of 
two polynomials: G(s )  = P(S)/&(S). Then Bj =  P(Sj)/ 
&‘(Sj) where the Sj are the seven roots of Q(s )  = 0. The 
same procedure is  used to obtain Ri. Roots of Q(s )  = 0 
were extracted by LASL code S-871, a general polynomial 
solver subroutine; Bj and k!j were evaluated using the RTR 
code, written specifically for this problem. 

! 1 : 

i ; 

: j 
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I most recent delayed neutron data (5, 6) wxv. used to 
in these calculations :ind we have taken yi = 5 = 
unit,y.’ Compukd values of Sj , Bj , and -4j s 
[(l - p)/A]Bj + Rj are tabulated in Tables I-III, 
which were lithographed directly from the IBM TO-4 
print-out format. By definition, the Sj and -4j hare 
units of rwiprocal seconds, while the Bj are dimen- 
sionless. 

Having obtained t.he roots and coefficients of Eq. 
(C,), the inverse transforms of G(s) and H(s) 
(evaluated at time 1 - t’) are obtained directly 
through term by term inversion of Eqs. (6) and 
(fin); thus 

c-‘[G(s)] I,-,’ = c-’ f: Cc,, AT = g Bjes’(‘-“’ 
E-‘[I-l(s)] 1,-p = e-’ [$, a*] = g X;esj’+t’) I 
Recalling that, Sj = Sj* identically and .4j E 
[(l - P)/A]Bj + Rj , ELI. (5) reduces t.o 

7x(1) = H(O) 

+ g, ad j 1' csi('-")6li(t'))7(f') di' + L?,,(l) 

(7 ) 

' Q"(l) = 

J[ 0 
r.S(t') + 2 (Xi Ci(O) - A-'/3i /l(O)) 

'YiC 
--hit' l- $ *jj cSj(f-f') t],' 

Eqwitioil (i) rcpr*csc1~ts, a gcwx~l wlut ioil of the 
reac.1 or l;inc!t ic cc4unt ions for arbitrary 61i( f ) , in a 
form readily adaptable to nunwric*:tl solution by 
high-speed digit.al computws. The quant.ity Q,,(r), 
can be wlcul:k1-c~d for speciiird \-aluw of 17 (0)) Cr;(O), 
and y,S(6), togcthcr wi-ith appropriate v:~lues of Sj 
and Rj from Tables I-III. X’olquilibrium kinct-its 
solutions (i.e., for Q”(l) # 0) have been obtained fol 
sereral representative problems. In most, cases it 
may l)e assumed t,hat yi = 5 = unity, and that 
cstrnnrous source contributions arc negligible.’ 1’01 
the most common PUSC of equilibrium (delayed 
critical operation prior to t = 0), C,(Oj = 0, :u~d 
k(O) = I. Vndcr these conditions, Icq. (la) reduces 

Pi 71(O) ~ = X;Ci(Oj 
ii 

i = ],2 . . *cl 

and n,(t) vanishes for t.he source-free case. 
It, may he noted t.hat -4j , Sj , and Bj in Tables 

I-III are given to five figures while individual 
delayed neutron parameters (5, 6) are only accurate 
to wit,hin a few per cent. As esplained in reference 
6, t.he errors indicated for individual delayed neut ran 
parameters were eoalunt,ed as part of the iterative- 
least-squares fit comput,ation. In so far as reactor 
kinetic behavior is concerned, these errors are 
effectively an order of magnit,ude smaller, as demon- 
skated by t,he comparison of Sk-group inhour rela- 
tions with their corresponding Laplace-transformed 
period-reactivky relations (8). 

It is noteworthy that in $3~. (7) [and its numerical 
counterpart,, Eel. (in), below] we have formal 
separat,ion of the time dcpklent sk(l)n(s) product 
from the characteristic parameters A j , Bj , and 
Sj , which may be considcrcd universal constants of 
a pnrt.iculnr fissile specks.’ This may he cbontrast.ed 
with the nnnlogous roots of the simple ilk)ur cqua- 
tion which are direct,ly dcpcndent, on k (6). In the 
numerical solution of E:(4. (‘i), neut,ron dollsity is 
given esplicitly as a funct.ion of time, 110 itcmtioii 
Iwing rcquircd as is t,he case with many numerical 
methods for solution of the reactor kilwtic equations. 
For ninny kinetics problems this simplifkation 
represents a considcrnblc saving in computing time, 
and in general operational convenience. 

The csplicit numeriwl solut.ion of Eq. (7) for 
nrutron density, 96, , in the ~~1.11 time ii1 tcr\-al may 
be written 

77(O) + f: -4 j Csi”“’ 
?I,-1 
C C-“““Sk, 711 11, + s2(I,,t 

?I??, s 
j&l I=0 

R 

1 - 5, 1-l j 6/i,,, 11, 

where h, the integration time illkrval, is restricted 
to \-nlucs lws t 11:111 

<.$. 
4. -0i 

1 . 5.-07 
G. -07 
7.-07 
8. -07 
9.-07 

1. -01; 
2. -01; 
3. -06 
4. -01; 
5. -01; 
6. -06 
7. -0ti 
8. -01; 
9. -01; 
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(7) for 
al may 

1. -0s 
2. -0s 
3. -0s 
4. -0s 
5. --OS 
6. -0s 
7. -0X 
s. -0s 
9 . -0s 

1.-w 
2. -07 
3. -07 
4. -07 
5. -07 
ti. -07 
7.-07 
s. -07 
!I . - 07 

1 . --oli 
2. -06 
3. -06 
4. -01; 
5. -0fi 
6. --oG 
7 . --oG 
8. - OG 
9. -01; 

1. -05 
2. -05 
3. -05 
4. -05 
5. -05 
fi. -05 
7. -05 
x.-o5 
!I.-05 

1.-o-L 
2. -04 
3.-04 
4. -04 
5.-04 
G.-O4 
7. -04 
6. -04 
9. -04 

l.-03 

1 .5f m  - 02 7 . O!)cJ!) - 02 1 .!)S5:!-01 1 .2.104 (Ii) 
I ..5w-08 i.o!)O!)-02 1 .!tm-01 1 .240-1 00 
1.5WJ-K? 7 . (X)!)!) -0'2 I 04x!-01 .* 8 1 .2404 00 
1 .*50’,“-0’ *1 L 7 . O!)O!) - 02 l.!W”-01 I :%I04 00 
I .5ow - 03 T  o!)!)!) - 02 1 .!bw-01 1 .2404 00 
1 . x5:! - 0” i.o!m-0.2 1 .!)S52-01 1 .2404 00 
1 .505? - o:! 7. O!)!)!) -(f? 1 .!hs5%-01 1 .2404 00 
1.505tt - 02 i . O!)!)!) - 02 1.9S52-01 1 .?-I04 00 
1.5052~-01 i.Q)!)!)-02 1.9$x-01 1.2404 00 

1 .5052 7 01 
1 .5053 - 0’2 
1.3or’-o2 
1 .5052 -02 
1.505r2 - 0’ 
1 . ; iOPJ - 02 
1.5r).52-0’, 
1 .5052 - 02 
1 .m2 -0” 

i . 0!)99 -02 
7. On!)!) --02 
i.ON!)-02 
7 . O!l!N - 02 
i .099!) - 02 
7. On!)!) - 02 
i . O!M!) - 0” 
i .099!) - 03 
T . (M!)!) - 0” 

1 ow-01 ..I M  
l.!W!-01 
1 9%“-01 .,I - 
1 . !)SP - 0 1 A  
1 .9S52-01 
1 .ns52-01 
1 .DSda-01 
l.!N52-01 
1 ow-01 ..<<- 

1 .2404 00 
1.2404 00 
1 .2404 00 
1.2404 00 
1 .2404 00 
1 .2404 00 
1 .2404 00 
1 .2404 00 
1 .2404 OII 

1 .5052 - 0’2 
1 .5052--o:! 
1 .5()~-,9-0” *- d 
1 .505t3 - 02 
1 .5052 - 02 
1.5052-O” 
1 .5w - 08 
1.5052-02 
1 .5052 - 02 

i . O!)!)!) - 02 
i . o!)!)Y - 02 
‘i.o!l!Z-02 
7 . O!I!)i - 02 
7 . O!)!)Ci - 02 
7.09nc;-ot2 
7.0995-02 
7.0!)94-WZ 
7.O!IO4-02 

1 .!)S52-01 
l.!N51-01 
1 .ns51-01 
l.!)SRl-01 
1.!)#s51-01 
1 3351-01 .I I * 
1 .!NYLOl 
1 .!x350-01 
1*9s50-01 

1 .2404 00 
1 .2403 00 
1 . ‘2403 00 
1 . “403 (H) 
1 ,2403 00 
1. “W  00 
1 .240!! 00 
1.2402 00 
1.2-w 00 

1.5052-0’3 
1.5Gi2 - 02 
1.5053-02 
1.5052-02 
1.5051-oa 
1.5051-02 
1.5051-02 
1.5051-02 
1.5051~-02 

7.0993-02 
7.0957-W2 
7.0981-02 
7.0975-02 
i.O9G9-02 
7.O!N3-02 
?.0957-02 
i.O951-02 
7.0045-02 

1 %50-01 . . 
l.!N47-01 
1.9s45-01 
1.9s43-01 
1.9841-01 
1.9538-01 
1.9S3G-01 
l.OS34-01 
1.9531-01 

1.2401 00 
1 .23!)9 00 
1.23!)6 00 
1.2303 00 
1.2391 GO 
1 .23ss 00 
1.2385 00 
1.3383 00 
1.2350 00 

1.5050-02 
1.5045-02 
1.50-16-02 
1.5044-02 
1.5042-02 
1.5040-02 
1.5035-02 
1.503G-02 
1.5034-02 

7.0930-02 
7.OSiS-02 
7.0517-02 
7.0757-02 
7.OGGG-02 
i.OG3fj-02 
7.0575-02 
7.0515-02 
7.0454-02 

1.9829-01 
1.9SOik01 
1.9754-01 
1.9761-01 
1.9739-01 
1.9716-01 
1.9G94-01 
1.9871-01 
1.9649-01 

1.2377 00 
1.2350 00 
1.2321 00 
1.2292 00 
1.2262 00 
1.2231 00 
1.2199 00 
1.2167 00’ 
1.2133 00 

1.5032-02 7.0304-02 1.9GZG-01 1.2099 00 

’ Universal constants, Sj, in Ey. (7)) cnlcrhted using U 235 dehyed neutron dsts of reference 6. Parameter A  is prompt 
‘ne[ltron lifetime. Floating decimal notation: 1.2345 03 E  1234.5; 5.-OS I 5 X  10-8, etc All roots are negatice: note that 

-Si values are tabulated. 

have been developed which greatly reduce the designated the RTS (Reactor Transient Solution) 
of numerical operations formally indicated 

Eq. (7a). The general numerical solution for 
code; cf., Appendix A. 

) has been coded in FORTRAN II, and is 
The indicated summation over I in Eq. (7a) 

[corresponding to integration over t’ in Eq. (7)] may 

3.iSOl 00 
.3. iSO 00 
a.&1 00 
3. is01 00 
3.iSOl 00 
3. iS0 1 00 
3. iSO 00 
R . is0 I 00 
3. iSO1 00 

3.iSOL 00 
3.iSOl 00 
3. iSO 00 
R.iSOl (lo 
3.7501 00 
R.iSOL 00 
3. iSO 00 
3.7800 00 
3. X400 IJO 

3. is00 00 
3. iSO Of) 
3. ii!)9 00 
.3. ii!)!) 00 
3. ii95 00 
3.7798 00 
3. i iS3 00 
3.77!)7 00 
3.ii97 00 

3. ii!)6 00 
3.ii9t 00 
3.7787 00 
3.77% 00 
3.777i 00 
3.iii2 00 
3.iXi 00 
3.7X2 00 
3.7757 00 

3.7752 00 
3.X97 00 
3.7637 00 
3.7565 00 
3.i491 00 
3.7403 00 
3.7302 00 
3.7150 00 
3.7050 00 

3.6891 00 

G .X00 05 
3,2600 0.5 
2.lGM 05 
1 . a50 05 
1 .3000 05 
1 . OS33 05 
0.2S5i 04 
s . 1250 04 
i ?>3’? 04 

Ii. 5000 04 
3.2500 04 
2. ltifii 04 
1 . m50 04 
1.3000 04 
1 . OM:? 04 
!I. “SC 1 03 
S  1’?4 07 .-. . 
7 . ‘2% i 03 

G .5004 03 
3.2504 03 
2. 1671 03 
l.li254 OS 
1 .3004 OR 
1 . OS37 03 
I). 2900 0’2 
S.12!)3 02 
7 w(j5 0” ..a- 1 

0.5043 cl2 
3.2543 02 
2.1710 02 
1 . G2!)3 02 
1.3043 0’3 
l.OS77 01 
9.3297 01 
S.1691 01 
7.2GG4 01 

6.5443 01 
3.2951 01 
2.2127 01 
1. G720 01 
1.3481 01 
1.132i 01 
9.7932 00 
5.6477 00 
7.iG22 00 

7.0596 00 
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TABLE I-B 
CIIARACTERISTIC COEFFICIESTS, .-li, FOR U~~“CJ 

A A0 -41 -4 A:, .h A cj 

I.-OS 
2. -08 
3. -08 
4. -0s 
5. -08 
G.-OS 
7. -08 
s. -08 
9. -08 

I.-O7 
2. -07 
3. -07 
4. -07 
5. -07 
G. -07 
i.-Oi 
8. -07 
9. -07 

1.2003 01 
1.20G3 01 
1.20G3 01 
1.20F3 01 
1.2OG3 01 
1.2063 01 
1.2OG3 01 
1.20G3 01 
1.2OG3 01 

1.20G3 01 
1.20G3 01 
1.20G3 01 
1.2063 01 
1.20G3 01 
1.20G3 01 
I .20G3 01 
1.2OG3 01 
1.2OG3 01 

1.2OG3 01 
1.2OG3 01 
1.2003 01 
1 ‘)Oli” 01 .w .e 
1 .2OG2 01 
I .2OG2 01 
1 . “OG2 01 
1 .2OG2 01 
1 .2Oli2 01 

1 .2Oli 01 
1 .2OGO 01 
1 .2059 01 
1.20X 01 
I .205G 01 
1 .2054 01 
I .2053 01 
1.2051 01 
1.2050 01 

1.2049 01 
1.2034 01 
1 .2020 01 
1 ,2005 01 
1.1991 01 
1.197G 01 
1.3902 01 
1.1948 01 
1.1933 01 

I. I!)19 01 

1.3349 00 
1.3349 00 
1:3349 00 
1.3349 00 
1.3349 00 
1.3349 00 
1.3349 00 
1.3349 00 
1.3349 00 

1.3349 00 
1.3349 00 
I .3349 00 
1.3349 00 
1.334s 00 
1.334s 00 
1.334s 00 
1.334s 00 
1.334s 00 

1.334s 00 
1.334s 00 
1.3348 00 
1.3345 00 
1 .38JS 00 
1 .334T 00 
1.3347 00 
1.3347 00 
1.3347 00 

1 .3347 00 
1 .3345 00 
1 .3343 00 
1.3341 00 
1 . :~:I:~!) 00 
1. .3:13x 00 
I ,333G 00 
1 .333-l 00 
1 .33x 00 

1 .33RO 00 
1.8312 00 
1.3294 00 
1.3275 00 
1.3257 00 
1 .323!l 00 
1.3221 00 
1 ,3203 00 
1 31 s5 00 

1. RI (7 00 

8.5532 00 
8.:5532 00 
8.5532 00 
S.5532 00 
8.5532 00 
8.5532 00 
8.5532 00 
8.5532 00 
8.5532 00 

8.5532 00 
8.5532 00 
8.5532 00 
3.5532 00 
8.5532 00 
8.5532 00 
8.5532 00 
8.5532 00 
8.5532 00 

8.5532 00 
8.5532 00 
S.5532 00 
8.5532 00 
8.5533 00 
S.5532 00 
8.5533 00 
8.5533 00 
8.5533 00 

s.5533 00 
8.5534 00 
8.5535 00 
S .55X 00 
8.5538 00 
s.5530 00 
s.5540 00 
s. 5541 00 
S.554? 00 

s .5544 00 
8.5555 00 
s .55G5 00 
8.5574 00 
8.5X2 00 
s ,558!) 00 
8.5595 00 
s .5GOl 00 
Is. 5GO5 00 

8. xos 00 

1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1502 01 
1.1402 01 

1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
l.lJO2 01 

1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1402 01 
1.1403 01 
1.1401 01 
1.1402 01 

1.140” 01 
1.1403 01 
1.1404 01 
1.1404 01 
1.1405 01 
1.1405 01 
1.14OG 01 
1.14OG 01 
1.1407 01 

1.140s 01 
1.1413 01 
1.14lS 01 
1.1423 01 
1.142s 01 
1.1432 01 
1 .14x 01 
1 .14-N 01 
1.1443 01 

1.I-l.N 01 

2.1302 01 
2.1302 01 
2.1302 01 
2.1302 01 
2.1302 01 
2.1302 01 
2.1302 01 
2.1302 01 
2.1302 01 

2.1303 01 
2.1303 01 
2.1304 01 
2.1304 01 
2.1305 01 
2.130G 01 
2.130G 01 
2.1307 01 
2.1305 01 

2.130s 01 
2.1315 01 
2.13”1 01 
2.1327 01 
2.1334 01 
2.1340 01 
2.134i 01 
2.1353 01 
2.1359 01 

2.131% 01 
2.1430 01 
2.1494 01 
2.1559 01 
2.l(iP3 01 
?.lGSS 01 
2.1754 01 
2.1819 01 
2.18S5 01 

2.1951 01 
2.2G23 01 
2.3321 01 
2.4043 01 
?.4i!E 01 
2.55GS 01 
2,G371 01 
2.7203 01 
2.8OG3 01 

2.N52 01 

1.2305 01 
1.2305 01 
1.2305 01 
1.230G 01 
1.2306 01 
1.2306 01 
1.2306 01 
1.2306 01 
1.230G 01 

1.2300 01 
1.230s 01 
1.2309 01 
1.?310 01 
1.2311 01 
1.2313 01 
1.2314 01 
1.2315 01 
1.231G 01 

1.2318 01 
1.2330 01 
1.2343 01 
1.3355 01 
1.23tis 01 
1.23so 01 
1.2393 01 
1.24OG 01 
1 .‘%lS 01 

1.2431 01 
1.2559 01 
1. ‘IGSS 01 
1.2S?O 01 
1.2!)54 01 
1.30x9 01 
1.3227 01 
1.3307 01 
1.3509 01 

1.31153 01 
1 j”“S 01 . mm 
l.iOSO 01 
1 .!)‘7TG 01 
2.1900 oi 
9 5ov 01 I. I 
2. S!)O!l 01 
3.3w 01 
3.94Sl 01 

4. ox 01 

9.9349 07 
4.9674 07 
3.3110 07 
2.4837 Oi 
1.9669 07 
1 .G55S 07 
1.4192 0; 
1.241s 07 
1.1035 07 

9.9349 06 
4.9Gi4 OG 
3.3115 OG 
2.483G OG 
1.9SG9 06 
l.G557 OG 
1.4192 OG 
1.241S OG 
1.103s 00 

9.9343 05 
4.9(X8 05 
3.310!) 05 
2.4s30 05 
1.9SG3 05 
1.0551 05 
1.4lSG 05 
1.2412 05 
1.1032 05 

!-I .92s2 04 
4.9w 04 
3.3049 04 
2.4iG9 04 
1.9so2 04 
1 , G-190 .04 
1.4124 04 
1 ‘%50 04 .- 
1.0970 04 

9. SOGO 03 
‘l.s!m 03 
3.23i9 03 
2.4071 03 
1 .!WO 03 
1.5719 03 
1 .33Oi 03 
1 . l-Iii 03 
1 .0030 03 

s.s451 02 

l.-’ 
2.-t 
3.J 
4.-l 
5.-’ 
6.-t 
7.-’ 
8.-t 
9.-’ 

1.-l 
2.-’ 
3.-l 
4.-’ 
5.-i 
G.-f 
7.-’ 
S.-l 
9.-’ 

l.-1 
2 .-! 
3,-, 
4.-l 
5.-’ 
6.-d 
7.- 
8.- 
9.- 

1.- 
2.- 
3.- 
4.- 
5.- 
6.- 
7.- 
8.- 
9.- 

l.- 
2.- 
3.- 
4.- 
5.- 
G. - 
7.- 
S.- 
!).- 



Ii 
ii 

,I7 
,I7 
Ii 

i1i 
l)i 
07 
IV 

05 
05 
05 
05 
05 
a5 

i 05 
! 05 
! 05 

! 04 
. 04 
I 04 
J 04 
? 04 
I) 04 
4 04 
0 04 
u 04 

0 03 
.3 03 
‘(3 03 
‘1 03 
:o 03 
I9 03 
E 03 
i7 03 
.jo 03 

1. -08 1'.‘2Ofi3 - 07 1 .334!) -0s 8.55X' -0s I. l-102-IX 2.1302-07 1 “705 - 0; ,I. 
2. --IR 2.4127-07 2.GGO8-OS l.ilOG-07 2.‘304-07 4.260-I -07 2.&11-Oi 
3. -0s 3.Gl!)O-07 4.0047 -08 9 5W)-07 L. *a 3.42Oij -07 (i .3907 -07 3.(i!)li-Oi 
4. -0s -I.S254-07 5.33!N-OS R.-L212-07 4.5G08-Oi 8.5210-07 4 VU-07 .a u- 
5. -08 G.O31i-007 G.G745-08 4.2iM-Oi 5.7011-07 l.Oti51-o(i ti.1541-Oi 
G  . -08 7.23NI -07 Y . on94- ox 5.1RlO-Oi f;.84lR-07 1.2781-Wi i.3837-07 
5. -0s 5.4444-07 9.3443-08 5.0872-07 i.!)Sl5-07 1.4911-GG S.G144-07 
8. -0s 0.0508 - 07 1 . OGi!)- 07 G.842.5- 07 !i. 121i-Oi 1 .iOJ2-06 9.8452-07 
0. -08 i.os57-oG 1.2014-07 7. G!JiS -07 1 .O~lil -0Ci 1 .917”-00 l.lOiF-00 

!) . !,!N!l - 0 1 
!I. !m!) - 0 I 
!).!)!)!I!)-01 
!f . !)!)!I9 - 0 1 
9 owe - 0 L ., 0.. 
!) .!Kwl-0 1 
9.9!,99-01 
9.9999-01 
9 . !I!)!)9 - 0 1 

I.-O7 1.2OG3--Ofi 1 .3349 - 07 8. .55X2 - 07 1.1402-OG 2. 130.7 -II i 1.23OG-00 9.9999-01 
2. -07 2.41"7-oG d 2 .(X98-OK l. i lOG-Oli 2.2SO-L-Ofi 4.2607 -00 2.4GlG-Oli 9.999%Ol 
3. -07 3.0100-UG 4.0047 - 07 2.5G50-OG 3.-12Ofi-Ooli G  .3!) 12 - O G  3.fi!)27-OG 9.9!197-01 
4.-N -L.S253-OG 5.3R!Jfi - 07 3.4212-06 4.5GOS-Oli s.5"19-Ofi -I.!XL42-OG 9.9997-01 
5. -07 G.O3li-OG G .074-l -07 4.2iGG-Ofi 5.iOll-Oli 1 .OW‘-05 G. 1559-OG 9.99no-01 
6. -07 7,2380-OG S.OO!J3%---07 5. IBlO-OG G.S413-Oti 1.2783-05 7.3878-OG 0.0005-01 
7 . -07 s .444-l -on 9 .34+Z - Oi 5.9872 -on 5.9815-06 1.4914-05 S.C?OO-OG 9.9995-01 
8. -07 O.G507-06 1 .OGi!)-OG fi.S4?-Ofi d< 9.12lS-OG 1. ?045-05 O.SSM-00 !I .9994-01 
!I . -07 l.OS5i-05 1.2014-OG 7.G979-on 1.02132-03 l.!)lii-05 l.lGS5-05 9.9993-01 

I.-Ofi 1 .2OG3 -05 1.3348~OG 8.5532~01; 1.1402-05 2. 1308-05 1.2315-05 9.9993-01 
2. -Ofi 2.41213-05 2.GG!)i-OG 1.710(3-05 2.2804-05 4.2MO-05 2.4MI-0.5 9.9980-01 
3. -0G 3.GlSO-05 4.0045-00 2.5650-05 3.4207-05 G.3!K4-05 3 .702!3 - 05 9.9979-01 
4.-OG 4.8251-05 5.33!n-OQ 3.4213-05 4.5(iOO-05 8.531145 4.0-w-05 .I. * 9.9973-01 
5. -01i G.O314-05 G.G740-OG 4.27(X-05 5.7012-05 l.OMiS-04 Ci.lS-l't-05 !).99GG-01 
Ii. -0li 7.2X0-05 8.0087-06 5.131!)-05 G.S415-05 1.2804-04 7 .-US0 - 05 9.!)959-01 
7. -01; 8.4437-M 9.343-L-Ooli 5.9873 - 05 i.OSlS-05 1.4043-04 S.(ii5li--05 9.9953-01 
8.-OG 0.6-m-05 1.0678 -05 G.S42G--05 9.1221-05 1 . iO83-04 9.9251-05 9.994G-01 
9. -on 1.085G - 04 1.2012-05 7.6979-05 1.0%2-04 1.922-L-04 1.1177-04 9.9939-01 

l.-05 
2. -05 
3.-05 
4.-05 
5.-05 
6. -05 
7. -05 
8. -05 
9. -05 

1.2OG2-04 
2.4121-04 
3.6177-04 
4.8230-04 
6.0281-04 
7.2328-04 
8.4373-04 
9.6415-o-1 
1.0845-03 

1.3347-05 
2.GG90-05 
4.0030-05 
5.33G7-05 
G.Glxm-05 
8.0028-05 
0.3353-05 
1 .OGG7 -04 
1.1999-04 

8.5533-05 
1 .ilOG-04 
2*5GGO-04 
3.4214-0-L 
4.2iG9-04 
5.1323-04 
5.987844 
6.8433-04 
7.6080-04 

1.1402-04 
2.28OG-04 
3.4212-0-L 
4.5G18-04 
5.7026-04 
G.8435-04 
i.O845-04 
9.1257-04 
1.02GG -03 

2.13M-04 
4.2%1-04 
G.4485-04 
S.G240-04 
1.0812-03 
1.3014-03 
1,5229 - 03 
1.5457-03 
1.9698-03 

1.2-131-04 
2.5120-04 
3.8070-04 
5.128!)-04 
G.47&?-04 
7.8557-0-L 
0.2GlS-04 
1 .OW -03 
1.21G2-03 

9.9982-01 
9.98G5-01 
9.97!)7-01 
9.9i29-01 
9.9GGO-01 
9.9591-01 
9.9521-01 
9.9451-01 
9.9381-01 

l.-04 
2.-04 
3. -04 
4.-04 
5.-04 
6. -04 
7.-04 
8. -04 
9.-04 

1.2049-03 
2.4069-03 
3.6060-03 
4.8022-03 
5.9956-03 
7.1861-03 
8.3737 -03 
9.5585-03 
1.0740-02 

1.3330-o* 
2.G624-04 
3.0882-04 
5.3103-04 
G.G258-04 
7.9437-04 
9.2550-04 
1.0562-03 
1.1866-03 

8.5544-O-1 
1.7111-03 
2.5670-03 
3.4230-03 
4.2792-03 
5.1356-03 
5.9920-03 
6.8484-03 
7.7049-03 

1.1408-03 
2.2828-03 
3.4258-03 
4.5G99-03 
5.7147-03 
6.8604-03 
8.0067-03 
9.1536-03 
1.0300-02 

2.1953-03 
4.5258-03 
6.9989-03 
9.6222-03 
1.2404-02 
1.5352-02 
1.847G-02 
2.li83-02 
2.5284-02 

1.3G59-03 
3.0480-03 
5.1300-03 
7.7221-03 
1.0970-02 
1.5Oil-02 
2.0289-02 
2.69SG-02 
3.5G52-0% 

9.9310-01 
9.8575-01 
9.7787-01 
9.6932-01 
9.5997-01 
9.4959-01 
9.3793-01 
9.2461-01 
9.0913-01 

I.-O3 1.1919-02 1.3167-03 8.5614-03 1:144s-02 2.8085-02 4.6959-02 8.9080-01 

D Universal constants, Bj, in Eq. 7, calculated using U 135 delayed neut.ron dqta of reference 6. Parameter A is prompt 
neutron lifetime. Floating decimal not&on: 1.2345 03 = 1234.5; 5. - OS = 5 X 1Oe8, etc. 

computed points, minimize possible round-off error, automatically as dictated by functional behavior of 
tc. For some problems a single integration interval 

can be used over the entire time range of inter- 
In general, however, it is desirable to vary h 



TABLE II-.4 
CHARACTERISTIC ROOTS, si, FOR PII~” 

1. -0s 0.00(K) 00 1.4iS9-OTT s.4405-02 2.3738-01 1 .I437 00 3.1008 00 2.lOCiO 05 
2. -08 0. on00 00 I .4X)-02 8.4405-02 2.3X8-01 1.1437 00 3.1008 00 1 .0500 05 
3. -08 0.0000 00 1.4X9-02 8.4405--02 2.3738-01 1.1437 00 3.1008 00 i.0000 04 
4.48 0. no00 00 1.4789-02 8.440-t --02 2.3737-01 I.1437 00 3.1008 00 5.2500 04 
5. -0s 0.0000 00 I .-lxw-oa 8.4404-02 2.3X-01 1.1437 00 3.1098 00 4 .2000 04 
6 . - 08 0.0000 on 1 .ITS9-02 8.4404-02 2.3737-01 1,143i 00 3.1008 00 3.5000 04 
5.4)s 0.0000 00 1.4X9-02 8.4404 --02 2.3737-01 1.1437 00 3.1098 00 3.0000 0-l 
8. -08 0, 0000 00 I .-liS9-02 8.440442 2.3i37-01 1.1437 00 3.1008 00 2.li250 04 
!I, -08 0. non0 00 1.4780-02 8.4404-02 2.3737-01 1.143i 00 3. 10% 00 2.3333 04 

1 -07 0.0000 on l.-LiS(J-02 8.4404 -02 2.3i37-01 I.1435 00 3.1098 00 2.1000 04 
2. -07 0.0000 00 I .4iS9-02 8.4404-02 2.3X-01 1.1437 00 3.10!)8 00 1.0500 04 
3. -07 0.0000 no 1.4789-02 8.4404-02 2.3i3i-01 1 .I437 00 3.1098 00 i .0003 03 
4. -07 0.0000 00 1.4789-02 8.4404 -02 2.32X-01 1.1437 00 3.1098 00 5.2503 03 
5 -(Ii 0.0000 00 1.4780-02 8.4403-02 2.X37-01 1.1436 00 3.10!)7 00 4.2003 03 
6. -0i 0. oono 00 1 .JiS9-02 8.4403-02 2.3X-01 1.1436 00 3.1097 00 3.5003 03 
i. -07 0.0000 on 1.4788-02 8.4-lO3 - 02 2.3X7-01 1.143G 00 3.1097 00 3.0003 03 
8. -07 0.0000 00 I .4iSO - 02 8.4403 -m 2.3737 - 01 1 . 1436 00 3.1097 00 2.6“5:3 03 
!I. -07 0.0000 on 1.4789-02 8.4402 - 02 2.3iSi-01 1.1436 00 3.1097 00 2.3335 03 

1 . -0ti 0.0000 on 1 .JiS9-02 5.4402-w 2.‘3737-01 
2.-OG o.ouoo 00 1.4X9-03 8.1400 -02 2.3730-01 
3. -0ti 0.0000 00 1 . -iiS!) - 02 S.43!17-02 2.3X5 - 01 
4 . - OG 0.0000 on 1.478!)-O:! S.43!)5-02 2.3735-01 
5. -on 0.0000 on 1 .478!)-02 8.43!)3 - 02 2.X34-01 
(i. -O(i 0. onoo 00 I .-1X)-0:! X.43!)0-02 2.3733 -01 
7. -06 O.(HJOO 00 I 4780-0~ . I 1 S.J3SS-0” 2.3732-01 
6. -0ti 0.0000 00 1 .4iS!)-02 8.4335-02 2.X32-01 
!I. -on 0. nnoo 00 1.478!1-02 8.4353 -02 2.X31-01 

1.1436 00 
1 1-m 00 
1.1435 00 
1 .I435 no 
I . l-134 on 
1 .1433 on 
1 .1433 00 
1.1432 no 
1 . I 4'V' 00 ." 

I .I431 00 
1. 14% 00 
1.1420 00 
1.1414 00 
I .1-m on 
I 1403 00 
1 13!)7 00 
1 .13!)1 00 
1 .I385 00 

3. IO!)7 00 
3. IO!)5 no 
3.1004 00 
3. 1093 on 
3. 1091 00 
3.1090 on 
3.105!) on 
3. 1087 00 
3. IOSG on 

2.1003 03 
1 .0*503 03 
7 .OWI 02 
5.253s 02 
4. “038 02 
3 .50X) 02 
3.003!l 02 
3 G“s0 09 I._. I 
2.3372 o:! 

1 . -05 
2. --II5 
3. -05 
4.-05 
5. -05 
(I. -05 
i. -05 
s. -05 
9. -05 

1 .4789-03 
1.4788--02 
1.4788-02 
I IliXi -02 
1 .-liSi-02 
1.4X-O:! 
1.478(i--02 
1.4786-(12 
I .4X5-O:! 

S.43SI -0-z 
S.4357-02 
5.4333-02 
S.-l3O!l--0’2 
8.4’285-0” 
5.42M -Ott 
S.4237--02 
S.4213~-02 
8.41!10-n:! 

2.3X0- 01 
2 .X23-01 
2.3ilti--01 
2.3705-01 
2.3701 -01 
2.:w4-01 
2.BWXi-01 
2.3(ii(J-01 
2.3(X-01 

3.lOS5 00 
3.1071 00 
3.1057 00 
3.1043 on 
3.1028 00 
3. 1013 00 
3 . O!l!li 00 
3 .onst 00 
3 O!l(iB no 

2. lOS!) 01 
1 .053!) 02 
7.039-I 01 
5 .“S!li 01 
4 “3!)9 01 
3.5401 01 
3.0403 01 
3 (Xii5 01 u. I 
2.3i41 01 

I.-O-L 
2. -04 
3. -04 
4.-O-l 
5. -0-l 
G. -04 
7. -0.4 
8. -04 
!I.--0-I 

I . -03 

1.4785-0’2 
I .4781-O:! 
1.4777-0’7 
I .47X--03 
I .4X!) - 02 
I .4X5-02 
1.4icil-02 
I .4i57-02 
1.4753-O” 

S.llM--o:! 
s .3!l2i -02 
8.3GSS-02 
s .3450-02 
s.3211-t~L 
8.2!)i3-02 
8.273G-02 
8.2496-02 
8 ““(jl --o” .Wd - 

8 “094 -09 <em 1 

2.3nn-l- 01 
2.x591 -01 
2.3511-01 
2.3443-01 
2.33(X)-01 
2.32!)4-01 
Q PQO-01 1. -- 
2.3145-01 
2.3050-01 

1.1379 00 
1.1316 00 
1.1217 00 
1.1153 00 
1 .I091 00 
1.1001 00 
1 .0!)04 00 
1 .Oi!)S 00 
1 .tWW 00 

3.0!)4S 00 
3 .Oi48 00 
3.0472 no 
3.00X 00 
2.!)4% 00 
2.8598 00 
2.7344 00 
2.5810 ‘00 
2.4’313 00 

2.1410 01 
1 .OW 01 
7.4x3 on 
5.ii14 00 
4.mn no 
4.1ss3 00 
3.8244 no 
3.6143 no 
3.4950 (lo 

1 .-li49-02 2.2!)!)5-01 1.0557 00 ?.2721 00 3.4243 04 

1 
2:: 
3.- 
4.- 
5.- 
6.- 
i.- 
S.- 
9.- 

1.- 
2.- 
3 .- 
4 
5:: 
6.- 
7.- 
8 
9:: 

l.- 
2.- 
3.- 
4.- 
5.- 
G.- 
i.- 
S.- 
9.- 

1.- 
2.- 
3.- 
4.- 
5.- 
G. - 
i.- 
S.- 
9.- 

l.- 

Ju, 
11(!111 I’ll 



; 

: 

? 

? 

? 

2 

2 

‘2 

1.2 

I’?, 

13 

IL 

I1 

11 

*IL 

01 

I)1 

01 

01 
01 
00 

, 00 
00 
00 
00 
00 
00 

00 

1. -08 
2. -08 
3. -04 
4. -0x 
5. -08 
6. -08 
7. -08 
8. -08 
9 . -08 

I.-O7 
2. -07 
3. -07 
4. -07 
5. -07 
G. -07 
7. -07 
8. -07 
!I.-07 

3.2516 01 
3 2516 01 . * 
.3.%lfi 01 
3.25lli 01 
3 “5lG 01 . I. 
3.25lG 01 
3.251G 01 
3.251fi 01 
3.25lG 01 

2.7487 00 
2. i-I87 00 
2.74% GO 
2.7487 00 
2.7487 00 
2.7487 00 
2.748i 00 
2.i487 00 
2.7487 00 

2.8312 OI 
2.8312 01 
2.8312 01 
2.8312 01 
2.8312 01 
2.8312 01 
2.8312 01 
2.8313 01 
2.8313 01 

n. 08% 01 
3 . Ox’28 0 1 
3.0828 01 
3.0828 01 
3.0828 0 1 
3.08’28 01 
3.0828 01 
3.O%JY 01 
3. osas 01 

4. s4ri.5 01 
4.84G5 0 1 
4.8-w 01 
4.8466 01 
4.8-M 01 
4.8-W 01 
4.84Gi 01 
4.84CiS 01 
4.84liS 01 

4.2’“)1 01 w* 
4 2‘“)” 01 . -I- 
(1 wyj ()[ .-m*. 
4 *“‘w 01 . dII 
J.Y’!l5 01 
4 “‘W  01 .1-a 
4.2’L!!)S 01 
a .22!)!) 01 
4.2m 01 

!I. 978!) 07 
4.9894 07 
3.3’263 07 
2.4!)47 Oi 
1 .!I!)57 07 
1 . GG31 07 
1 4255 07 
1: 2473 07 
1 . 1087 Oi 

3.251G 01 2.i-487 00 2.8313 01 3.OS28 01 4.84GY 01 4.2301 01 9.9788 GG 
3 ‘p’,lG 01 * .I. 2.7487 00 2.8313 01 3.0528 01 4.8473 01 4.2312 01 4 .!lS!U OG 
3.25lG 01 2.7487 00 2.8313 01 3.082!) 01 4.8-iTi 01 4 “‘j”” ()I .-* “M  3 ‘ml  or, . . ” 
3.251G 01 2. i48i 00 2.8313 01 3. OS”!) 01 4.8481 01 4.?333 01 2.4!145 OG 
3.251G 01 2.748i 00 2.8313 01 3.0529 01 4.8485 01 4.2344 01 1 .!)!)ljG OG 
3 .“51G 01 I 2.7487 00 2.8313 01 3.0829 01 4. s-490 01 4 “‘$55 01 .d. * 1 fiW’9 OG . I 
3 “515 01 .-a . 2.7487 00 2.8313 01 3.0830 01 4.8494 01 ‘4.2sc;l; 01 1 . -I?53 OG 
3 “515 01 .a. * 2.7487 00 2.8413 01 3.0830 0 1 4. S-L!)8 01 4 ‘Wi  01 . “. 1.24il OG 

.3 0515 01 .- * 2.7487 00 2.8313 01 3.0830 01 4.8503 01 4.“388 01 “. 1.1085 06 

I.-06 3.2515 01 2. i48G 00 2.8313 01 3.0830 01 4.85Oi 01 4.“‘1’l’J 01 I.. !).9iil 05 
2. -0G 3.2514 01 2.i-185 00 2.8314 01 3 083“ 01 . - 4.8549 01 4. “505 0 1 4.98X 05 
3. -0G 3.2513 01 2.i-185 00 2.8315 01 3.0834 01 4.8592 01 4.2GIi 01 n .324-L 05 
4. -06 3.2512 01 2.i48-4 00 2.8315 01 3.08% 01 4. SG3B 0 1 4.2727 01 2.4Ygs 05 
5. -06 3.2511 01 2.7483 00 2.831li 01 3.0839 01 4.8678 01 4. PUS 01 1 .903!) 05 
G. -06 3 .?510 01 2.7482 00 2.8317 Cl 3.0841 01 4.8721 01 4.2!)4!) 01 1 .Glil3 05 
i.-OG 3.250!) 01 2.7481 00 2.8317 01 3.0843 01 4.8X-I 01 4.3060 01 I.42377 05 
8. -0G 3.2508 01 2.7480 Oil 2.8318 01 3.0845 01 4.8807 01 4 ‘$17” 01 . . I 1.2455 05 
9.-OG 3.2507 01 2.74i9 00 2.8319 01 3.0847 01 4.8850 01 4.3284 01 l.lOG9 05 

l.-05 
2.-05 
3.-05 
a. -05 
5.-0.5 
G. -05 
7.-05 
8. -05 
9.-05 

l.-04 
2. -04 
3.-04 
4.-04 
5.-04 
6. -04 
7.-04 
8. -04 
9.-04 

I.-O3 

3.25OG 01 
3.2495 01 
3.2485 01 
3.2474 01 
3.24G3 01 
3.2453 01 
3.2442 01 
3.2432 01 
3.2421 01 

2.7478 00 
2.i-IGS 00 
2.7458 00 
2.7448 00 
2.7438 00 
2.7428 00 
2.7418 OQ 
2.7409 00 
2.7399 00 

2.8319 01 
2.832G 01 
2.8333 01 
2.8340 01 
2.8347 01 
2.8353 01 
2.83GO 01 
2.83G7 01 
2.8373 01 

3.0849 01 
3.0870 01 
3.0891 01 
3.0912 01 
3.0933 01 
3.0954 01 
3.0974 01 
3.0995 01 
3.1016 01 

4.8893 01 
4,932G 01 
4.9764 01 
5.0208 01 
5.OG5G 01 
5.1109 01 
5.15GS 01 
5.2032 01 
5.2500 01 

4.33!Ni 0 1 
4.4544 01 
4.5737 01 
4.G97G 01 
4.82G4 01 
4.9603 01 
5.0990 01 
5.2440 01 
5.3955 01 

9.9GO.7 04 
4.9706 04 
3.3Oi3 04 
2.4755 04 
1.9iG4 04 
1 .G43G 04 
1.4058 04 
1.22i4 04 
1.0886 04 

3.2411 01 
3.2306 01 
3.2202 01 
3.2099 01 
3.1996 01 
3.1894 01 
3.1793 01 
3.1692 01 
3.1592 01 

2.7389 00, 
2.7291 00 
2.7193 00 
2.7096 00 
2.7000 00 
2.6903 00 
2.6808 Oil 
2.6i12 00 
2.6617 00 

2.8380 01 
2.8444 01 
2.8505 01 
2.8563 01 
2.8618 01 
2.8670 01 
2.8718 01 
2.8764 01 
2.8805 01 

3.1036 01 
3.1237 01 
3.1431 01 
3.1618 01 
3.1797 01 
3.19G7 01 
3.2130 01 
3.2284 01 
3.2429 01 

5.2975 01 
5.8022 01 
G.3GGi 01 
6.9968 01 
7.6980 01 
8.4746 01 
9.3289 01 
1.0259 02 
1.1261 02 

5.5528 01 
7.5522 01 
l.OiO7 02 
1.5878 02 
2.4410 02 
3.7295 or2 
5.1992 02 
6.1951 02 
6.4434 02 

9.7759 03 
4.7G12 03 
3.0607 03 
2.1x0 03 
1.5796 03 
1.1102 03 
7.1703 02 
4.2984 02 
2.5632 02 

3.1492 01 2.G523 00 2.8844 01 3.2505 01 1.3323 O? 6.189G 02 1.6013 02 

e RTS code are plotted in Figs. 1 through 4. 
Wre 1 shows the n(t) response to linear time 
ridon of reactivity (6X: = at) from initial eyui- 

Figure 2 shows n(t) response for the elemenbry 
case of constant I;; i.e., step change of reactivity 

a Universal conntnnts, A;, in Eq. (7). calcrM.ed using Pu 239 &leved neutron dntn of reference 6’. P:lrQmeter A is prompt 
neutron lifetime. Floating decimal not&ion: 1.2345 03 3 1234.5; 5. -08 = 5 X 10m8, etc. 

Representative solutions of Eq. (7) computed by librium for assumed values of the prompt neutron . . 
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TA13LE III-h 
Cf~ARACTERIH’l’IC ROOTS, Sj, FOR U*“5” 

A -.S* -. I s  -.s, -. s<t -sc -.S -. se 

l.-08 
2. -08 
3. -08 
4. -08 
5. -08 
G. -08 
7. -08 
8. -08 
O.--o8 

1 .6!hiO-02 8.5142-W 2.2562-01 I . IS63 00 :1.wi5 on 
1 .6!)40-02 8.5142-03 2.2X2-01 1.1863 00 3. oii-15 00 
I .wo-02 8.51-12-02 2 3562-01 . . 1 . 1X63 0x1 3 OG45 00 
1 .6!)10-02 8.5141-W 2 “562-01 .a 1 . 1863 00 3 . OM5 w 
1 . m40-0’2 8.5141-02 2.2562-01 1.1863 00 3.0645 00 
1 .(i!NO--0% 8.5141-W 2.‘2562-01 1.1863 00 3.0645 00 
1 .(i!HO-02 8.5141-02 2.2562-01 1 .1863 00 3.0645 00 
1.6940-02 8.5141-02 2 95K2-01 .M 1.1863 00 3.0615 on 
l .li!M-02 8.5141-02 2.2562-01 1. 1863 60 3.0645 00 

2. iooo 05 
1.3500 05 
9.om 0-l 
G.i5no 04 
5.4000 04 
4.50(K) 04 
3.8571 04 
3.3i5n 04 
3.OOw 04 

I. -0i 
2. -07 
3. -07 
4. -0i 
5. -07 
6. -07 
7. -07 
8. -07 
!I. -0i 

1. -06 
2. -0ti 
3. -on 
4. -0G 
5.706 
G. -0G 
7.-06 
8. -0G 
9. -0G 

I .(i!l-IO--02 8.5141--o:! 2.*25C2-01 1.1863 60 5.0645 no 
I , W-IO - 02 8.5141-O” 2.2562-01 1 . 1863 00 3.0645 00 
I .G!)JO-02 8.5141-02 2.2.562-01 I .I863 00 :j.w45 00 
1 . (I!)40 -02 8.5141-02 2.2.561-01 1 . 1863 00 3 . Oli45 00 
1 .6!NO -02 8.5141~-02 2.2561-01 1.1863 00 3 .OG45 00 
1 .G!)-IO-O? 8.5141-0’2 2.2561-01 1.1863 00 3.0645 00 
1 .6!)40-02 8.51-10-02 2.2561-01 1.1863 00 3.OG4.4 00 
1 .(i!NO-02 8.514042 2.2561-01 1.1863 00 3 .OGU 00 
1 .G!)40-02 8.5140-02 2.2561-01 1.1863 00 3 . OG4-i on 

? .7noo 04 
1.3500 04 
9.0003 03 
B.7503 0:3 
5.4003 03 
4.5003 03 
3.8574 03 
3.3753 03 
3.wlu 03 

1 .6940-02 8.5140-02 2.2581-01 I.1863 00 3. on44 00 2.7003 03 
1.6!)40-02 8.5138-02 2.2561-01 l.lS(i2 00 3.oG4-1 no 1 .3503 03 
1 .6940-02 8.5137-02 2.2560-01 1.1862 00 3. o&l3 no 9.0030 02 
1 .Ci!)39-02 8.5135-O!! 2.2560-01 1.1862 00 3.06$2 00 8.7530 02 
I .wo-02 8.513-I-02 2.2560-01 1.1861 00 3.OG42 00 5.4030 02 
1 .6!13!) - 02 8.5132-02 2.2559-01 1.1861 00 3.OG-ll 00 4.5030 02 
1 , G!)S!) - 02 8.5130-02 2.2559-01 1.1861 06 3,0640 00 3.8601 02 
1.6939-02 8.5129-02 2.2558-01 1.1stti 00 3.OMO 00 3.3780 0’2 
1 .6X3!) - 02 8.5127-02 2.2558-01 1.1860 00 3.OG39 00 3.0030 02 

I.-O5 
2. -05 
3.-05 
4. -05 
5. -05 
6. -05 
i . -05 
8.-05 
9. -05 

0. won no 
O.owo on 
0. onno on 
o.owo 00 
O.owo on 
o.owo on 
n.owo on 
0. owe on 
n.woo 00 

o.ww 00 
O.onoo 00 
0.0000 00 
o.owo 00 
o.owo 00 
O.onon on 
o.nono no 
o.oooO on 
o.oono no 

o.ww 00 
o.owo no 
o.onon 00 
o.onw on 
O.woo on 
o.oooo on 
o.owo on 
n.oooo on 
o.oooo 00 

o.oooO 00 
o.woo 00 
o.oooO 00 
o.oooo 00 
o.oooo 00 
o.ooao 00 
o.oooo 00 
o.oooo 00 
o.oooo on 

o.oow 00 
o.oooo 00 
o.fMoo 00 
o.oooo 00 
o.oooa 00 
o.oooo 00 
o.oooo 00 
0.0000 00 
o.oooo 00 

o.woo 00 

1 .6!)39 - 02 
1 .G938-02 
1.6938-02 
1.6937-02 
1.6936-02 

.1.6936-02 
1.6935-02 
1.6934-02 
1.6934-02 

8.512G-02 
8.5110-02 
8.5094-02 
8.5078-02 
8.5062-02 
8.5046-02 
8.5030-02 
5.5015-02 
8.4999-02 

2.2557-01 
2.2553-01 
2.2549-01 
2.2545-01 
2.2541-01 
2.2537-01 
2.2532-01 
2.2528-01 
2.2524-01 

1.1860 00 
1.1856 00 
1.1853 00 
1.1850 00 
1.1846 00 
1.1843 00 
1.1839 00 
1.1836 06 
1.1833 00 

3.0638 00 
3.oti31 00 
3 .OG24 00 
3.0617 00 
3.0609 00 
3.0602 00 
3.0594 00 
3.0586 00 
3.0578 00 

2.7030 02 
1.3530 02 
9.0303 01 
6.7804 01 
5.4305 01 
4.5307 01 
3.8879 01 
3.4059 01 
3.0310 01 

I.-O4 
2.-04 
3.-04 
4. -04 
5. -04 
6. -04 
7.-04 
8. -04 
O.-O4 

1.6933-02 
1.6927-02 
1.6920-02 
1.6913-02 
1.6907-02 
1.6900-02 
1.6894-02 
1.6887-02 
1.6881-02 

8.4983 -02 
8.4824-02 
8.4665-02 
8.4507-02 
8.4348-02 
8.4189-02 
8.4030-02 
8.38?2-02 
8.3i13-02 

2.2520-01 
2.2478-01 
2.2436-01 
2.2394-01 
2.2352-01 
2.2310-01 
2.2267-01 
2.2224-01 
2.2182-01 

1.1829 00 
1.1792 00 
1.1753 00 
1.1711 00 
1.1665 00 
1.1615 00 
1.1561 00 
1.1502 00 
1.1438 00 

3.0570 00 
3.0477 00 
3.035i 00 
3.0200 00 
2.9985 00 
2.9681 00 
2.9236 00 
2.8571 00 
2.7617 00 

2.7311 01 
1.3825 01 
9.3419 00 
7.1125 00 
5.7891 00 
4.9251 00 
4.3328 00 
3.9230 00 
3.6509 00 

I.-O3 1.6874-02 8.355-L-02 2.2139-01 1.1368 00 2.6395 00 3.4807 00 

” Universsl constants, Sj, in Eq. (7), calculated using U 2%~ delnved neutron dnts of reference 6. Parameter A is prompt 
neutron lifetime. Floating decimal not&ion: 1.2345 03 s 1234.5;“5. -08 = 5 X IO-*, etc. All roots are negative: note that 
-8~ values are tubulated. 

;.. at2 with a and b variable. Setting a equal to zero 

k “’ Corresponds to free-fall displacement of a linear 
In connection with problems of reactor startup 

‘.‘- 
k; 

and shutdown, the n(t) or power response to various 
control rod; damped control rod motion cnn be programmed 6k(t) functions have been investigated 
?PProximated by suitable choice of (negative) a. ,.. with the RTS code. As one example, Fig. 4 shows 



l.-08 
2. -08 
3.-08 
4. -08 
5.-08 
6.-OS 
7. -0s 
8. -0s 
9. -0s 

I.-O7 
2.-07 
3.-o; 
4. -07 
5. -07 
6. -07 
7.-07 
8. -0i 
9. --Oi 

1. -O(i 
2. -06 
3.-06 
4. -00 
5. -0li 
6. -06 
7.-06 
S.-O6 
9. -INi 

1. -05 
2. -05 
3. -05 
4.-05 
5. -05 
6. -05 
7.-M 
5. -05 
9. -05 

I, -04 
2. -04 
3. -0-l 
4. -0-l 
5. -04 
6. -0-l 
7.-04 
s. -04 
!I. -04 

1 -03 

2.OTlS 01 
2.071s 01 
2.0718 01 
2.0718 01 
2.0718 01 
2.0718 01 
2.0718 01 
?.Oil8 01 
2.0718 01 

2.OilS 01 
2.0718 01 
2.0718 01 
2.071s 01 
2.0718‘01 
2.0718 01 
2.0718 01 
2.0718 01 
2.0718 01 

2.071S 01 
2.0717 01 
2.0117 01 
2.0716 01 
2.IJil(i 01 
2.0715 01 
2.0715’01 
2.0715 01 
2.0714 01 

2.0714 01 
2.0709 01 
2.0705 01 
2.0701 01 
2.O~i!17 01 
2.Wi!J2 01 
2.oGw 01 
2.oml 01 
L?.Ofii!l 01 

2.0~;75 01 
2.OGR3 01 
2.05!10 01 
2.054S 01 
2.0506 01 
2.040-l 01 
2.0422 01 
2.0380 01 
2.0339 01 

2.0297 01 

3 !)055 00 
3.9055 00 
3 .!I055 00 
3.9055 00 
3.9055 00 
3 .9055 00 
3.9055 00 
3.9055 00 
3.9055 00 

3. go55 00 
3.9055 00 
3.9054 00 
3.9054 00 
3.9054 00 
3.9054 00 
3 .!lO5-l 00 
3.9054 00 
3 .9054 00 

3. !I054 00 
3 .!)053 00 
3 .!I052 00 
3 .!)(I52 00 
3 .!I051 00 
3. !JOBO 00 
3 .!)049 00 
3.9049 00 
3 !mlS 00 

3 .!I047 00 
3 . !3039 00 
3. !l032 00 
3. !)024 00 
3.9017 00 
3 ;!100!1 00 
3 .!JOOI 00 
3. SW-1 00 
3. S!JSli 00 

3. S!li!) 00 
3. S!lW 00 
3.882fi 00 
3.Si51 00 
3 .W5 00 
3. S5!1!) 00 
3 552-I 00 
3 8448 00 
3. <s.m 00 

3 .s”!G 00 

1 .I%35 01 
I.%35 01 
1 .SfiR5 01 
1 .8635 01 
1.8635 01 
1 .a35 01 
1.8635 01 
I.8635 01 
1.8635 01 

1 .a35 01 
1. a35 01 
1 . WI.5 01 
1 .a;35 01 
1 .SO% 01 
1 .a35 01 
1 . a35 01 
1 .Sli35 01 
1 .I%35 01 

1 .Sfi3(i 01 
1 .S(iBIi 01 
1 .SMi 01 
1 .8(X 01 
1.863i 01 
1 .S(i37 01 
1 . SKIS 01 
1 sm 01 
1 SWJ 01 . * 

1 . SMJ 01 
1 .SIi43 01 
1 .S(i-IT 01 
1 .Sfi51 01 
I .Ni55 01 
1 .sGis 01 
1 . SW2 01 
1 .NifX 01 
I .S(ITO 01 

1 .SG4 01 
1 .STII’ 01 
1 .Si-IS 01 
I .sm 01 
1 .8S19 01 
1 .88X1 01 
1 .S8S5 01 
I .S!)li 01 
1 .S!MS 01 

1 .sm 01 

l.S42!J 01 
1.8429 01 
1.8429 01 
1 .s429 01 
1.8429 01 
1.8429 01 
1 .s429 01 
1.S429 01 
1.8429 01 

1 .s429 01 
1.8429 01 
1.8429 01 
1 .8429 01 
1.8429 01 
1 .%I”9 01 
1.8429 01 
1.8429 01 
1.8430 01 

1.8430 01 
1.8431 01 
1 s-w 01 . ” 
1 .8433 01 
1.8431 01 
1 .s435 01 
1 . s4:w 01 
1 .S43i 01 
1.8438 01 

1 .8439 01 
1 .S44!) 01 
1 .8459 01 
1 .s-rcin 01 
1 .Sli!) 01 
l.S-lS!) 01 
1 .84!)!, 01 
1 .8510 01 
1 .S520 01 

1 . S<Xl 01 
I .sci29 01 
l.ST27 01 
I.SX”4 01 
1 .WlS 01 
1 .!)OI 1 01 
I .!JlOR 01 
1 .!)I92 01 
1 .!l2SO 01 

1 .!UM 01 

2. i5!JO 01 
2.7590 01 
2.73CJl 01 
2.7591 01 
2.7591 01 
2.i591 01 
2.7591 01 
2.7592 01 
2.i592 01 

2.7592 01 
2.i59-I 01 
2. i596 01 
2.i59S 01 
2.X00 01 
2.7602 01 
2. X04 01 
2. X06 01 
2. X08 01 

2.x10 01 
2.X31 01 
2.7651 01 
2.7672 01 
2. i(i!)3 01 
2.i713 01 
?.ii34 01 
2.7758 01 
2.iii5 01 

2.77!)6 01 
2.8004 01 
2.8214 01 
2 S-l’% 01 . ‘a 
S.S(i41 01 
2.8858 01 
2.90ii 01 
2 .!)“DS 01 
2.98”1 01 

2.!l74i 01 
3.213s 01 
3.4792 01 
3.7741 01 
4.1023 01 
4.4(X 01 
4.Si-13 01 
5.3”Cii 01 
5 S’OI 01 . -, 

fi.3Sc51i 01 

2.lw2 01 
“.1%x3 01 
2.19SA 01 
2.1984 01 
2.1984 01 
2.1!a-l 01 
2.1985 01 
2.19% 01 
2.1980 01 

2.19SIi 01 
2.1091 01 
“.1!)95 01 
2.2000 01 
2.2004 01 
2.200:) 01 
2.2013 01 
2.2018 01 
2.2022 01 

2.2026 01 
2.2071 01 
2.211G 01 
2.2161 01 
2.22lNi 01 
1. e-J- 9 *70r‘l 0, 
3 ““I); ()I I..._. 
2.2343 01 
2.23ss 01 

2.2434 01 
‘) woo 01 -.-, 
“.:USl 01 
2.:iSifi 01 
2.4387 01 
2.4!)14 01 
2.545s 01 
2.MJ19 01 
2.li5!JS 01 

2.719T 01 
3.4424 01 
4.4ii9 01 
Ii.OIS2 01 
8. #Xii 01 
I ““34 0” --. d 
1 .X4lil 0” 
2. ill93 02 
3 .!Wl 02 

4 .!)724 02 

9.9729 07 
4.9864 07 
3.3243 0; 
2.4932 07 
1.9945 Oi 
1 (Xi21 0; 
1.4247 OT 
1 .24M 07 
I. 1080 Oi 

9.9i28 06 
-I .!)863 06 
3.3242 06 
2.4931 06 
1 .!I944 00 
1 (Xi20 O(i 
1 .4241i Oli 
1 .24G 06 
1 .I (Ii9 06 

!).!)ilS 05 
4. !,853 05 
3 .X32 05 
2.4921 05 ’ 
1 .9!)34 05 
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L .i;S5a-oli 
I .!L~14-O(i 
2.3Oi3-Ofi 
2.4s:i:l-oli 

2. iii!E-Of; 
;j..il8!)-Oli 
S.ZiS!J-Oli 
I. 103!)-05 
1 . :wo- 05 

‘I .Mil-05 
1 o’(“‘1-0.5 .*. . . 

>- 2 . “oh;, -I I.5 
5.4s4x-0.5 

2.iI’,lO-05 
.i..%li:j-05 
S. 2!);3i- OA 
1 . IOli!)-04 
1 .W+li-04 
1 Ni28-o-i 
I .!)414--0-I 
” w&4 - 04 -.-- 
2.49!,8 - I)4 

2.ii!)li--0-I 
5.6010 -04 
S.-L(i46-04 
l.l3il-03 
1.4321-08 
I .i316-03 
2.03355~-03 
2.3440-0s 
2.&?2-03 

2.9751-03 
6.4291-03 
1.0441-02 
1.5103-02 
2.0523-O? 
2.6824-02 
3.4148-02 
4.2653-02 
5.2516-W 

6.3929 - 02 

2. I!)%!-07 
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1 .X74-04 
2.0150-04 

2.2435-04 
4.5804-04 
i.O150-04 
!).5518-04 
1.2195-03 
1.4951-03 
1.7524-03 
2.0820--03 
2.3945-03 

2.7205-03 
6.8891-03 
1.3446-02 
2.4102-02 
4.2081-0’3 
i.3538-02 
1.2949-01 
2.2445-01 
3.5939-01 

4.985.5-01 

uu(*tion 
fornl. 

of time and fed into the code in digital 
The code as presently written can accom- 

to follow transient response during arbitrary changes 

te in a single run up to 500 data points, which 
and/or programmed discontinuities in 6k( t). If 
more than 500 points should be required the problem 

not be equally spaced in time. This allows one can be continued by employing a “stop-start” 

i 

!).!)!)!I!) 01 
!I.!,!,!,!,-01 
!I .!I!)!)!) -01 
!I. 99!,!1 --()I 
!?.!,!I!)!,-01 
!).!)!)!I!)-01 
!).!I!)!)!)--01 
!).!l!)!l!l-01 
!).!l!)!Ls-01 

!).!l!l!)S-01 
!).!l!)!)i-01 
!).!)!)!)I;--01 
!l.!)!l!);i-01 
!).!)!)!lJ--01 
!~.!)!I!~::-01 
!I .!)!I!):! -01 
!).!)!)!)I -01 
!).!J!IS!)-01 

!).!l!)SX-01 
!I .!l!K-01 
!).!)!llili-01 
!l.!mj-01 
!I. !I!)44 -01 
!I .!,!,X,-01 
!).!I!,11 -01 
!~.9!,10--01 
9.989!1-01 

9 . 9885 - 01 
9.!)774-01 
9. OfiMl-01 
9.9543-01 
9 .!)426-01 
9.9:3o6-01 
9.9185-01 
9.9063-01 
9.8935-01 

9.5812-01 
9.7430-01 
9.5752-01 
9.3598-01 
9.0633-01 
5.6232-01 
i.9277-01 
ri.s301-01 
5.3192-10 

3.X03-01 

” Universal combants, Bj, in Eq. 7, calculated using um delayed neutron dnts of reference 6. Pnrameter -1 is Prompt 
l l~~hwn lifetime. Floating decimal notation: 1.2345 03 s 1234.5; 5. - OS s 5 )( 10-8, etc.’ 
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FIG. 1. Rcqwnse to liricnr time varilrt.iorl of rcact.ivity in U13B spt.cms c~l~ar:rcl.crizcd II~+ ~)ron~l)t. neutron gencr:ltion times 
in th r:mgc lo-’ WC. 1.0 lo-” sec. All oom]mtatiorrs st:wkd from initi:rl ecluilil)rilrrr~ wit,h n(0) s 1 rlcrltron/cm”. 

feature of the R.TS code, whereby sets of dut,a points 
can bc trcatcd in sec~ucncc (cf., Appendix -4). 

In certain reactor cont,rol problems, one wishes to 
c&ermine t.he 61,:(t) variation required t.o produce a 
given ,/~(1); i.e., a specified power distribution as a 
function of time. In t,his ease (the inverse of the 
n(t) response calculation) Eq. (7) ~311 be used 
eyunlly well to generate the 6k(1) corresponding to 
a prescribed ,n(l). The esplicit solution for 6/c,,, in 
the mth time interval is obvious from inspection 
of Eq. (7a). (This al tcrnntive problem, “given 
?~(l), find 61;(t),” is prescnt,ly b&g included as part 
of the RTS code.) 

intcgrntcd neut,ron densit,y (which is in turn pro- 
portional to fission energy release for given A), we 
rrprescnt 6/:(t) in genernlizcd not,ation: 

6k(t) = P,(l) + Pz(t) /‘7i(l’) (It’ (8) 
0 

Hcrc I’,(t) represents the impressed rcnctivit,y’ 
variation (generalized polynomial in 1, or data fit ), 
and I’r(l) is t,he “shutdown coefficient” of the react.or 
syskm. As presently provided in the IiTS code, 
I’,(l) may be a polynomial in t of degree 5-M, 
although it. is usually t,uken as a negative constant3 
of magnitude R, rwging from m1O-‘3 cm”/sec for 
slow systems to B N JO-’ c+m”/sec for fast metal 
syst,ems. 

Typical compcnsnt~cd rcsponsc (ralwlat.ions using 
t.he RTS wdc arc illustrated in l’igs. 5-7. The rcsu1t.s 
in Fig. 5 arc self-limiting excursions produced by 
~:lI~lp-f~l~l~~t~Oll Xkiit, iCJllS of rcacti\*ity in 6’?““- 
graphite systems (kux~terizc~d by prompt. neutron 
g(wr:tt ion times iI1 1 hc region of 5 X lo-” sw, ul~tl 
Ij values rangill:: bWvcon lo-” and IO-“’ cm”,/sw. 
130111 II (I 1 and 6X( I) \xri:liiotw arc plol ted in I;ig. 5; 
1)ot h c&hit. t hc c+hnr:wtwist ice tl:mlpc~d osc*ill:ttory 
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FIG. 2. Response to step changes of reactivity from initial equilibrium in 
tion time, II = lo-’ sec. 

U 236, PIPJ, and Ws systems; neutron genera 

approach to equilibrium power level at which the 
rate of reactivity compensation due to (adiabatic) 
temperature increase just balances the rate of ex- 
ternal reactivity addition. Heat loss from most 
practical systems would, of course, result in corre- 
spondingly higher equilibrium power levels.* 

The power peaks in Fig. 5 are in accord with 
idealized analytic solutions (9, 20) of reactivity- 
compensated response to ramp-function additions of 
reactivity. Analytic solutions (i.e., neglecting 
delayed neutrons) are necessarily based on prompt 
neutron multiplication and hence apply only to 
systems ivhich are brought to prompt critical in 
times small compared to the delayed neutron 

compensation is often expressed proportional to 
fission energy density rather than to integrated 
neutron density. The constant shutdown coefficient, 
B, in units of cma/sec then becomes B, in units of 
cm3/joule: 

B, = B/vZ,e 3 BIU//E cm”/joule’ 

E 21 3 X 10-i’ joules/fission 

ii = average number of neutrons per fission \ 

For the case of compensated step-function re- 
sponse we have 

s 

t 
6k = 6ko - B, Z?(t) dt’ (9) 

0 
periods. 

In compensated response calculations reactivity where 8( t’)dt’ = V~,E n(t’)dt’ joules/cm3 and 

5 In first approsimation one may assume a single relaxa- 
bko is the impressed reactivity step. Figures 6 and 7 

tion constant, R, for energy escape from the fissioning core 
were taken from a series of compensated response 

volume, so that the integral term in Eq. (8) would become 
calculations for various reactivity step functions 
carried out in the 

I 
t “energy’‘-rather than the 

n(lt)e-RU-l’) dl’ @a) “neutron density”-formulation.’ An average 
JO 

.: T~NM heat loss can be accounted for in the RTS code by 
7 Provision is made in the RTS code for printing out 

i. yPecifYing an appropriate value of R as part of the input 
power density in units of watts/ems and energy density in 

’ data. More sophisticated heat-loss models could be intro- 
joules/cm3 as an alternative to the n(r) and / n dl print-out. 

duced but are not presently included in the RTS code. 
For both quantities, the conversion factor is I& 3? e/A: N 
1.2 X IO-r1 h-l watts. 



It. is true that for c~strcmttly fast, iransi~llts, 
govcwwd almost. cwlusi\-cly by the prompt mwlroi~s, 

exact. solut iwis of the rc:wl.or kiiif2t.i~ cquat~ions are 
not, always required, l)r cvcn dcsircd. Indeed in many 
such cases, approximate unnlyt.ir solutions (g-IS), 
reduced group r(‘pr(!sClIt:lt,iolls (I.$-16) or OI her 
numerical met.hods (13, 17-S?) may be preferable. 
In the dcl:lyed-to-prompt-ctritic,al rtgime, how~or, 
kinct~ic behavior is demonstrably scnsit.ive to the 
delayed neutron &wa(+erist ices, a11d the sis-group 
kilwt.ic* equations are oftcw rtquircd to assure WII- 

serwtzive evaluations (12, 21). 
As an altern:iti\~c? method for solulion of the 

-- 



EACTIVITY YS TIME 

0 I 2. 3 
TIME, SECOND: 

5 6 

Fin. 4. Rrs~wnsc~ t,o rcwtivity vwixtion (HOC profile in 
inwt; ni = Pi//j) tIcsignet to produce stc:tdy power incrc:r.re 
to :I pretletern~inctl corkhmt power level. A taken :LY IO-’ HCC. 
All c:rlchtions st:rrt.cd froni hitid cqlIilil~ri~In~ with 
n(O) = 1 norltron/cm3. 

reactor kiuetic ecluations in the delayed-neutron 
regime, the RTS code oBers the simplicity and 
accuracy of direct numerical evaluation of transient 
behavior. As suggested by the brief parameter 
studies outlined here, the code has proved especially 
useful when estensive parametric survey calculations 
are required for a wide range of &k(t) variations. 
To indicate the speed of the code, representative 
computing times for uncompensated and compen- 
sat,ed’ response problems are cited in Appendix A. 
It might be mentioned that operational experience 
with the RTS code has been gained in applications 
to reactor kinetics and control problems associated 
wit lo the nuclear propulsion (ROVER) program at 
LASL; checks with analog simulator results were 
obtained in the course of these studies. 

It is intended that this presentation of Eq. (T), 
and the RTS code, together with the universal con- 
stants Aj , Bj , and Sj given in Tables I, II, and III, .*. 

(-4-l) 
Y%.(t’)n(t’> t/l’ + Q,,(f) 

The IlTS cotlc solves this ecluation rcwwively at 
c:wh time p&t for wwtivitiw of the forn~ 

I 
I 

6x:(f) = P,(S) + I’?(t) F--(” n(t’> tll’ (A-2) 
0 

whcrc l’, (1) is either ( 1) :I polynomial iu t of specified 
dcgrcc, or (3) a tablC of data pairs (I; , &Xi) to be 
fit ted by the code u&lg .-\itkon’s interpolation 
nw~hotl. The number of data pairs to bc weti and 
the dcsirctl tlcgrcc of fit must Iw spwificxl a5 iuput 
p:wanictcrs. 

P,(t) is a polynomial in 1 of spwificd drgrcc. For 
P2(l) .idcntkally zero the fccclixwk t.crm in (A-2) 
vnnishcs, :uid out may dtrvrlop a liucw wluliou to 
Eq. (A-l). 

Introduciug Ihc iutegralion time interval, 8, 
ucutrou density at t,ime t + 2h may be written 

-Mt’)n(t’) dt’ + Q,(t + 21~) 

= n(0) 

tit j-0 
/ 

1 

Aj esi(l+-t') s/.(t'>n(t'> dt' 

0 

+*4 j 11+" e""'+s-f" Sli( t') ,L( t') dt' 

I 

If we define 
+ Oo( t  + PA) 

Ij(t) Z Aj 6’ Csi(f-l’) Gli(t’)?X(t’)dt’ 

for all j and t, we have 

7l(t + 2/l) = n(O) + ,$, Ij(t + %I + QO(t + 2h) 

= n(O) + 2 {C2si’h Ij(t) 
j-U 

f4dj (+?* p++“’ Jk(t’)n(t’) &j 

+ act + 2h) 
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FIG. 5. Compensated response to r:tmp function reactivity changes in U*3( sysl ems wit II prompt ncut ron generatiou 
time, pi = 5 X 10e6 WC, ant1 shutdown coefficients in t.he rangeI = 10-I’ cm3/sec to IO-13 cmJ/sec. All c:tlculntions started 
from initid equilil)rimn with 71(o) = 1 neutron/cmJ. 

Using Simpson’s rule’ for integration, me obtain 
the linear expressions for ,r/,( t + 2h) and I j( t + 3h) 
in t,erms of ?a(f.), n(t + h), n(t + 3h), and Ij(l): 

Ij(t + 312) g e”““/j(l) 

i 

Tlr” es’2hsk( l)n(l> 

+ h-4j +1’1’1 Cs’“61C(l + h)7L(t + h) 
(A-4) 

+rv* 6k(l + LvL)n(t + Sh) 
where 14’0 = IV2 = f and TV, = $. 

To obtain linear expressions for r~(t + h j and 
Ij(t + IL) in terms of n(t), n(t + h), and Ij(t), one 
follows a similar procedure. Using the trapezoidal 
rulelo for int,egration this leads to the relations 

r. 
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COMPENSATED STEP (1.20$) : 

FIG. 6. Compensated response to a step reactivity change of $1.20 (ok,, 
energy shutdown coefficient, B, = 

= 0.0078) in W5 systems characterized by an 
2 X lo+ cm3/joule, and representative neutron generation times A, = lo-*, lOSo and lo-’ 

sec. Dotted curves are power response and solid curves are energy response. Initial neutron density, n(0) 
in all cases. 

= 1 neutron/ems 

Ij(t + h) S esihlj(t) and 1,(t). In particular when t = 0, n(t) is known’ 

+ hAi { 

4 eSih g(t)qt) 7, (A-6) and lj(Q E 0. One then uses (A-5) and (A-6) to 

+ &k(t + h)n(t + It)/ obtain values for n(h) and Ii(h). With values for 

Simpson’s rule for integration is usually more 
n(O), n(h), and Ij(O) one obtains values for n(%) 

accurate than the trapezoidal rule and is used when- 
and Ij(2h) from (A-3) and (A-4). The recursion is 

ever possible in the RTS code. The expressions for 
continued using (A-3) and (A-4). 

n(t -!- h) and Ij( t + h) which involve the trapezoidal 
In actual practice the RTS code computes n(h/2) 

rule are used only to obtain values to start the re- 
by trapezoidal integration making it possible to 
compute n(h) by Simpson’s rule. The recursion 

gf11 cursion. [If desired, trapezoidal integration can be 
used throughout the computation by setting TV0 = 

relations (A-3) and (A-4) are used for subsequent 

Jvz = $ and W, 
time intervals. 

= 1 in (A-3) and (A-J).] 
To start the recursion one needs values for n(t) 

For compensated-reactivity problems, where 

:. P,(t) is of degree >O or is a constant $0, the intro- 



688 Iaml’IS .4x13 cos 

TIME, SECONDS 
.008 

.004 

C 
s 0 s 
* -.004 

II(/) Icuds 1.0 :t (Iu:dr:Ltiv cqrcss 
.^ . ..I ..,., 1 ..‘ -..,.,. r: _.,. -,.:..L 

The 
signi’ 
ton’s 
possi 

Initi. 
is th 

\vlwl 
Ha\ 
t.ioii: 
t4- 
cnttc 

$’ ,.I! 

Q”(f) 

CtLSC 

will1 

I!,, ( 



Jo 

factor by which h is C~:LII~P~ (D’L ,\II.*LT’) is an 
illput, variable, normally spccificd in the range 1 to 2. 
The mnguitudc of the rclntivc di:wg:(~ in tt per time 
interval 1 6n/n I, is the criterion used to dictate I& 
changes. The test. scc~uence used in the c~wle is as 

- fl,,(t + ‘L/L) 
shown below. 

f*kpericnc:c wit,h the ItTS c~x.le thus far has If 

sl~own that, Sn 

0 < C,(l) << 1 
I I 
x <F” h is set equal to pwiws h :ml: 

(option i), testing is rontirlrlecl 

C,(1) ‘v 1 :Lt, e:Lch time! l)oint 
(option 9, h is hrld conrt:mt for 

c’?(t) N- -n(t) tire remnintler of the 

‘l%~~ csplicit sol\it ioii of &I. (;\-8) Icads .to loss of 
Ron witllollt furt.her 
t.esting 

significant, figures for values of 11 near unity. Sew- : sn 
toll’s itcratioll methotl” is iwtl to rr(l~~pc this 

b-o=<:- <lJ, 
in I 

h is incre:lsetl hy the factor, DT 

MGLT 
possible loss of figures: sn 

‘?/*1;+1 = T&i - [(‘tt rLj2 + Cl ni + C,J r, 5 
I I 
; <I;? h is IIIIC~:LII~C~ 

2CIj’tZi + Cl 
bn, 

= con;’ - c:! 
I’.: 5 - 

I I 

h is dccre:rsotl I)y tllr fxrtor, DT 

n SIULT 

2C.Y” Ihi + Cl Typical purnmetcr values are D1’ AILXT = 1.2, 
Initially ni is set equal to -C.JC, ; iteration on .rh k;, = lo-‘, FL = 3 X 10e4, r? = 3 X lo-“. The 
is then cont~inucd until It,, fiducial was introduced to minimize oscillations 

I( h+l - ni)/ni 1 < c 
in n(t) and a(t) which were found likely to develop 
during variable h operation when 1 h/n 1 becomes 

where e is specified -lo-‘. very small. To hold h constant one sets P, = lo”” 
Having thus determined n(t), values of the func- (in which case values of 8’1 and F? are immaterial), 
tions n, Cu , Cl , and C’, at succeeding time intervals, and the input value of h will be maintained through- 
1 + h and t + 2h are generated recursively as indi- out the problem. 
cated above. 

Similar recursion relations are developed for IXPUT-OUTPUT FEATTJRJZS 

fi2o( t) when this quantit.y is nonzero (nonequilibrium Quantities to be specified as input data to the 
case), viz : RTS code are 

Form of PI(t) : 

with 

W,,e”‘2hG(t) 
+ SVIeSihG(t + h) 
+W:G(t + 21~) 

( 1) Polynomial: specify degree, and coeffi- 
cients 

(3) Data fit: specify degree of polynomial 
tit, and data pairs, ti , 6ki, i 6 500. 

Form of P,(t): Polynomial: specify degree and 
coefficients. Specify: 

0, A, Aj, Sj(j = 0, 6)7p, 
DT, DT MELT, F,, , F, , F2, and R 

- A-1/3;n(0)lyie+’ + -ysS(t) 
If Q,(t) = 0, specify: 

9 IXDIC = 0, and omit all parameters 

i. II *. *+I = li - [.f(si)/f’(ri)l. . specified below for S(t) Z 0 



If G(t) # 0, specify: 

Q INDIC s 1, Xi 7 pi, C,(O), ri(i = 1, 6); 

ys , Define S(t) and supply needed parameters; 

Bj(j = 0, 6) 

“STOP-START” h:4TURE 

Input values must be specified for t, 11, I = 
Jn f.2, I, ) co, Cl , c, ) 

Ij ; if G(t) f 0, specify Inj 

At t.he end of each run, current values of these 
functions (and the current integration t.ime interval, 
DT) are punched on-line onto cards and written on 
tape for off-line printing. This OUTPUT DUllIP 
can then be used directly to continue the problem, 
in which case these function values are again written 
on tape to be printed as IXI’UT DUMP values for 
the continuation run. 

A run can be stopped manually at any time (sense 
switch 1 down). Alternatively, current information 
can be printed on-line at any desired time (by 
depressing sense switch 3) and the program con- 
t,inucd. 

PRINT DAT.,I 

Specify : 
ND, the numl)cr of intcgrat ions for each point 

printed 
>IAX IJIlT, IIUJ~~JW of points to bc prinkd 

in a run, 5 lo3 
2’ MAX, maximum (tgminat.ion) value of 

t in a ruti 
N MAX, masimum permissible value of ‘~1 

in a run 
COM3IEXT, optional comment inny be 

loaded on one card to identify problem. 
Lab&d quantit its included in the RTS 

print-out, format, [print, options in brxkcts] are 
Heading; Comment, statement,; Input pa- 
rameters; Input. dump; t; n(t), [watts,/cm’]; 
jdt, [joulcs/rmJJ; &k(t), [S(1)];DT; G(t); 
C,(r); C,(t); C,(f); t,,, 3 (Y time base; LY(/“) = 
ti(tU)/n(to); Output Dump. 

\Yit]l rcga~*d to romputiJJg speed : for’ coJtstaJlt 
time intervals, h, the c*omputation proceeds at. t.hc 
rate of ~1500 iiitcgrat ioils per minute, this rate 
decrcnsing slightly w1Jc1J I) is allowed to vary. lnte- 
gration time iiitcrv:lls are iilitially the order of A/p 
( masimum) for sl c’p rc>uctiYit its; generally largei 
for r:l~~~ps and court illuous 61: funcat ions. Representa- 
tivcb computiiig t imcs :w(’ - 10 miJJ per curve foJ 
u~rc~o~~~pcnsnt cd prol~lrJiis as ii, I:igs. l-1 ; -30 

min per curve for compensated problems as in I’igs, 
5-7. 

For further details, reference is made to the RTS 
program listing and flow diagram on file in the 
LASL code,library. 
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