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Abstract 

We find that theoretical calculation using Hansen's model is significantly different from 
experimental results of weak source induced busts by Wimett et al. on Godiva-II. Based on 
solution of the probability of n neutrons at time t, the expected length of finite fission chain is 
evaluated and the multiplication of delayed neutron precursors is studied, which indicate that 
the number of delayed neutrons may vary several times during the waiting time. With 
consideration of the multiplication of delayed neutron precursors, an improved theoretical 
model of probability distributions of burst wait-time is presented, which consist well with 
experimental results of Godiva-II 

1. Introduction 

In slightly supercritical system in presence of weak source, such as reactor startup, critical safety 
analysis and pulse experiments, the stochastic behavior of neutrons during multiplication has 
attracted much attention for many years. 

The stochastic behavior of neutrons had been shown by Wimett et al. on Godiva-II in 1960 [1], 
and was also confirmed on CFBR-II by the Institute of Nuclear Physics and Chemistry, China 
Academy of Engineering Physics. 

Hansen studied this phenomena and developed a theoretical model [2] which has been used by 
many other researchers since then. However, we note that when the average waiting time in 
presence of weak source and the probability distributions in time of burst occurrence are 
calculated using Hansen's method, the consistency between calculations and experimental results 
is not good. 

Wimett improved Hansen's model by introducing adjustable parameters in the formula of 
probability distributions in time of burst occurrence. However, since these free input parameters 
don't have definite physical meaning and must be calibrated by experiments, Wimett's method 
cannot be used to predict experiments. 

This stochastic behavior was still not well understood till 2007, as pointed by Greenman, LLNL 
believed it is necessary to develop new code in order to simulate this behavior of neutrons in 
experiments. 

We studied Hansen's model and found that the contributions of finite fission chains and delayed 
neutrons are ignored in his model, although these contributions have been discussed in his paper. 
Furthermore, the source strength during the waiting time and the probability of a source neutron 
sponsoring a persistent fission chain are also considered as constants in Hansen's model. 
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In this paper, we improve Hansen's model by solving the expectation of finite fission chain and 
the multiplication of delayed neutron precursors due to finite fission chain. The calculated results 
are in good agreement with the experimental data. Then we discuss the probability of a source 
neutron sponsoring a persistent fission chain. The probability equilibrium equation and its 
solution are given. In section III, deduction of the probability of extinction and sponsoring a 
persistent fission chain at time t is presented. We evaluate the expectation of the finite fission 
chain in section W and give the calculated in section V with consideration of the multiplication 
of delayed neutron precursors. An improved theoretical model of probability distributions of 
burst wait-time is presented, which consist well with experimental results of Godiva-II in section 
VI. 

2. Probability Equilibrium Equation Pn(t " t)  and its Solution 

We consider a simple point reactor in which all neutrons behave identically, each neutron has the 
probability p of producing fission, each fission has the probability p(v) of emitting v neutrons. Let 
W be the probability of a source neutron sponsoring a persistent fission chain. Denote Pn (to , t), 

the probability of a source neutron at time to sponsoring n neutrons at time t, which satisfies the 
equation 

dPn (to,t) 
z 

dt 
-(1 pXn 1)P+1(tot) nPn(to,t) 

oo 

+pEP(v)(n—v +1)Pn_v+i (to,t) 
v=0 

Here 1- is the mean lifetime of a neutron. The initial condition of P„(tc,,t) is 

Pn(to,t)= 8,il
(1 n =1 

gni = 
o nil 

where cS ni is the Kronecker delta. Obviously Pn(tc,,t) satisfies 

oo 

(1) 

(2) 

Epn(t0,0=1. (3) 
n=0 

By introduction of parameter z, the generation function of Pn(to, t) can be defined as 

G(Z; to , t)= ± P n(to , Of (4) 
n=0 

From eq. (4) we can derive Pn(tc,,t), 

1  dnG(zn;t0,t) 
Pn(to t)= (5) 

' n! dz z=0 

Multiply both sides of eq. (1) with Zn and make a summation for n we can get the equation 
satisfied by G(z; to, t) , 
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+

∞

− +
=
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Here τ is the mean lifetime of a neutron. The initial condition of ( )ttPn ,0  is 

 ( ) nln ttP δ=,0       
ln
ln

nl ≠
=

=
1

0
δ                (2) 

where nlδ  is the Kronecker delta. Obviously ( )ttPn ,0  satisfies  

 ( )∑
∞

=

=
0

0 1,
n

n ttP . (3) 

By introduction of parameter z, the generation function of ( )ttPn ,0  can be defined as  

 ( ) ( )∑
∞

=

=
0

00 ,,;
n

n
n zttPttzG  (4) 

From eq. (4) we can derive ( )ttPn ,0 , 

 ( ) ( )
0

0
0

,;
!

1,
=

=
z

n

n

n dz
ttzGd

n
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Multiply both sides of eq. (1) with nZ  and make a summation for n we can get the equation 
satisfied by ( )ttzG ,; 0 , 
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a 
T — G(Z;t0,t)=LpEP(Oz v — zj+ (1— Al— 

z)1 a 
— G(z; to , t) (6) at v jaz 

The initial condition of eq. (6) is 

G(z; to, to ) = z (7) 

Then eq. (3) can be written as 

G(1; to, t)= 1 (8) 

And the characteristic equation of (6) is 

T d t = —4E PH? — zj— (1— pXi — z) (9) 
V 

From partial differential equation theory, we have G(z; to, t) = z . G should also satisfy the 

equation which is satisfied by z. Therefore, replacing t by to and z by G in eq. (9), we can get 

ra t G(Z;t0,0= —4E P(v XG(z; to, Or — G(z; to, t)j— (1 — pli — G(z; 400] o 
And the initial condition (7) becomes the final condition 

G(z; t, t) = z 

For convenience, let 

W(z; to, t)= 1— G(z; to, t) 

Substitution of (12) into (10) yields 

rat W(Z;t0,0= ior E P(v li — w(z; to,or_i}±w(z;t0,t).  o L v 

Eq. (11) becomes 

W(t, t; z) = 1— z 

And the normalization condition becomes 

W(1; to, t)= 0 

For a slightly supercritical system, where W<<1 is satisfied, the term 

(1— W(z; to, t))v may be approximated as 

(1—W)° .A,. 1— vW + —
1

v(v —1)W2
2 

Substitute (16) into (13), and note E p(v)= 1 , we have 
v=0 

(16) 
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
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Eq. (11) becomes  

 ( ) zzttW −=1;,  (14) 

And the normalization condition becomes 

 ( ) 0,;1 0 =ttW  (15) 

For a slightly supercritical system, where W<<1 is satisfied, the term 

( )( )νttzW ,;1 0− may be approximated as 

 ( ) ( ) 21
2
111 WWW −+−≈− νννν  (16) 

Substitute (16) into (13), and note ( ) 1
0

=∑
=v

vp ，we have  
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d i \ \ 1  
Wv;t0,t)=—akqz;t0,t)+—pv(v —1)W2(z;t0 ,t)— 

1 

dto 2 r 
(17) 

11
Utilizing a = —Vc —1); v=Ep(ov; v(v -1)=Ep(ov(v -1); F 2 = V(V — 1)/V 2 , we can 

r v 

rewrite (17) as the linear equation of 1
Fqz;to,t) 

d 1 =  a  r 2v 2 1 ,  , P 
dto W(z;t0,t) WV;t0,t) 2 r 

The solution is 

V 

(20) 

ea(t-to) 
PV(Z;t 0, t)= 2 (21) 

r ev  p 1 (ea(t-to) 1)±  1 

2 ra 1—z 

which can be further rewrote as 

Here 

\ e  z-1  e 
Pqz;to,t)= 

17 )
z— 1+ 1 

1+i
— 
77 

—1(k-1Xt—to) 
e = er 

r V 2 1 1(k-1)(t—to)  

17 = 22 p ra (er —1)

So we have 

P o(to,t)= 1 E*
1+i

n 

Pn(to,t)=  e 1+ 1
)

( 1  +17)17 17 

1 
1 E  Zn 

1 
17 n=1 

1+ —1 n
17 _I_ 

(n#0) 

(22) 

(23) 

(24) 

(25) 

(26) 

/ 
With a =— 1 Vc —1), k=i7p, Vis the average number of neutrons emitted by one fission, (23) 

r 
and (24) may be rewritten as 

1 v-(k-im-tot = ea(t-to) 
£ = er (27) 

, = r 2v ick-ixt-to, 1 = 
_ v r 2 ( e a ‘(t—to,) _ i) (28) 

17 
er 

2p i 

[ 

2p 
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With ( )11
−= k

τ
α , pk ν= ，ν is the average number of neutrons emitted by one fission, (23) 

and (24) may be rewritten as  

 
( )( )011 ttk
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 (27) 

 
ρ
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where p =
k -1 

is the prompt reactivity. Thus, as we can see from eq. (21), the probability W of a 

source neutron sponsoring a persistent fission chain is related to the prompt reactivity p and the 
mean lifetime z- of a neutron. 

If we treat Was the probability of non-extinction, that is, W =1- limPo(to,t). 

Then, when (t - t0 ) —> 00 , from eq. (22),(25)and (28), we can obtain 

W(to, t —> 00)= 1 - lim Po(t 1- lim 1 6 = liM 6 = 2 (29) 
1+r7 1+

p 
['2v 

0,0= 
t->o,

And (28) can be rewrote as 

_ ry (east-t°) -1)=-1 (6-1) (30) 
2p 

When i  is large enough, n in (1.28) can be considered as continuous, thus we have 

n 

P(t (31) 0,0= e (1+07

The normalization condition is 

ao co

Po(to,t)+ Pn(to,t)dn = Po(to,t)+ dn =1. (32) f f 
0  

(1+ 07e 

The average neutron numbers can be obtained 

n 

ea(t-to) = 1,7 (33) e e = 
fonPn(to,t)dn n (1+07 

Since (1- W)n W represents the probability of n neurons not inducing persistent fission chain, 

while the n+lth neutron does, therefore, it is the expected value of n neurons sponsoring a 
persistent fission chain, then we have 

W + (1 - + (1 - WY W + (1 - W + • = Wip (1 - =1 (34) 
0 

Thus we obtain the average number of neutrons required to sponsor a persistent fission chain in 
the system 

1 
= (n + 1X1 - V)n = —

w 
(35) 

n=o 
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3. The Probability of Extinction and Sponsoring a Persistent Fission Chain at Time T 

We assume the first neutron is introduced into the system at to = 0 . And the probability of n 

neutrons sponsoring persistent fission chain is 1— e -nW where e -nW is the probability of n 
neutrons not sponsoring persistent fission chain. Thus, nvEfPn(t)(1— e-nw)dt is the contribution 

of the probability of n neutrons in the system to sponsoring a persistent fission chain in dt, 
whereas nvEfPn(t)e-nwdt is the contribution of the probability of n neutrons in the system to 

sponsoring a non-persistent fission chain in dt. 

Define P0(t) as the extinction probability at time t, and assume there is already one neutron in 

the system at t= 0, thus P0(0) = 0 is the initial condition. And we also have 

p(0)e-w = p(0)(1 W 1 W (36) 

p(0)(1—e-w)=P;(0)W (37) 

Pn4 (0) = 0 (38) 
n 

P n (t) 6.
= (1+077

 e 

where £ = eat , r7= Veat —1), Po(t)+ f Pn(t)dn =1. 

The neutrons sponsoring persistent fission chain will not die out, that is 
00 

00 

(39) 

f Pn(41— e-nw kin = Pi(0)(1 — = W (40) 
0 

The extinction probability at time t equals the probability of sponsoring non-persistent fission 
chain at the initial time minus these at time t, that is, 

Po(t)= (1— W) — f P(t)e-nw dn 

e
Po(t)=1 6 —1  1 

1" 1+ 
w

(eat —1) 

.0
,+w 

f 
 dr _11 ±wiin

P(t)e-nw dn=  e  f e '7 e-nw dn  e  1 1 e 
(1+017 0 (1+07 1 L 00  ± r,vjo 

77 

eat 1 1 

1 +  1  ( e at 1) 1+ e at — 1 1 
1+ (eat — 1) 

(41) 

(42) 

(43) 

.0 1 
e 

f 1 n = 
—n at 

(44) Pn (t)dn = f e dn =  f e 4 = , 
1+17)17 (1+0  77 j (1+ I0 1+    

w‘ 
Substitution of (43) and (44) into (40) yields 
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The extinction probability at time t equals the probability of sponsoring non-persistent fission 
chain at the initial time minus these at time t, that is, 
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Substitution of (43) and (44) into (40) yields 
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Pn (41— e-nw )dn = f Pn(t)dn — f Pn(t)e-nwdn 
0 0 0 

eat 1 eat —1 W 
=   = =  W (45) 

1+ 1 (e'ca —1) 1+ —1 (eat —1) 1+ 1 (eat —1) "  
w. 

  +1 
W W W eat —1 

which is satisfied under the condition W I (eat —1)<<1, or (eat —1)>>W . 

From the experimental data of Godiva-II, W ,.110-3, and the above condition requires at >>10-3
3 or t 

>> 
10- 

• a 
-3 

 
10 

Apparently, t <   is a very short amount of time, which is also the requirement in the 
a 

deduction of the continuous form of Pn (to, t), where l<<1, or W (eat —1)<<1 is required. 
77 

From (42) and (43), we obtain the left side of eq. (41) 

Po(t)= 1  
1+ —(eca —1) 

and the right side of eq. (41) 

eat 

00 

1—W — f Pn(t)e-nw dn =1—W 
1 

1+  (eat —1) 

W + eat 
=1 (47) 

1 
1+ (eat —1) 

respectively. We note that ea t >> W is satisfied for Godiva-IL thus (46) equals (47) 
approximately. Therefore, eqn. (41) is verified. 

(46) 

4. Expectation of Finite Fission Chain Length (
n
f 

Let us consider a point reactor and ignore all delayed neutrons, assume one neutron is introduced 
into the system at the starting point which sponsors a non-persistent fission chain. Then the 

average number of fissions (n f ) is defined as the expectation of the finite fission chain length. 

As defined in section III, e-nw is the probability of n neutrons not sponsoring persistent fission 
chain, and n vEfPn(t)e-nwdt is the contribution of the probability of n neutrons in the system 

sponsoring a non-persistent fission chain in dt, we have 
00 00 

(n1) = f do f nvPn(t)e-nw dt (48) 
0 0 

First do the integration over t, 
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which is satisfied under the condition ( )1−teW α <<1, or ( )1−teα >>W . 

From the experimental data of Godiva-II, 
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or t >>
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respectively. We note that teα >>W  is satisfied for Godiva-II，thus (46) equals (47) 
approximately. Therefore, eqn. (41) is verified. 

4. Expectation of Finite Fission Chain Length fn  

Let us consider a point reactor and ignore all delayed neutrons, assume one neutron is introduced 
into the system at the starting point which sponsors a non-persistent fission chain. Then the 
average number of fissions fn is defined as the expectation of the finite fission chain length. 

As defined in section III, nWe−  is the probability of n neutrons not sponsoring persistent fission 
chain, and ( ) dtetPn nW

nf
−Σν  is the contribution of the probability of n neutrons in the system 

sponsoring a non-persistent fission chain in dt, we have 

 ( )∫ ∫
∞ ∞

−=
0 0

dtetPndnn nW
nf ν   (48) 

First do the integration over t, 
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n 

H =nvE e-nw f e dt 
f (1+17 i 0 

1 1 
let y = ,then e = +1 ; = 12 ; 77 = —

1
(eat —1)=-

1 
—
1 

; —
1 

=Wy. . e -1 W y 
Substitution of above equations into (49) yields 

(49) 

H =nvE fe-nw

0 dy 
H 

ao 
eat nW 

e -nwydy

(50) 

-1 dt f e at

0 1+  1  (eat _1) e —1 
W \ 

-nWy 

a 
(w y y fvne -nW 1 wt „-nW 

a 
,„. 

0 
= f 2 

Y 

= 1 —WLE -1 e-nWy = E v—enW
(nW j 0

f vne-nw 
a f a 

Here the condition 1 <<1 has been applied. 
77 

as a =VE fvp , eq. (50) can be rewritten as 

H = E v —W e-nw
f a 

1 = We-nw . (51) 
vp 

And the eq. (48) becomes 
oo 

(nf )= f Hdn 
0 

=
I 1 

We-nwdn = 
1 1 r -nW (52) 

0 vp
L—e = 

vp 

If the upper limit of the neutron numbers is n, the expectation is 

1 I 
1 ) n = f Hdn= 

0 
(53) e-nw). 

vp 

If n=1  , then (F./ > =  1 0.632. That is, from n= 0 ton = 1 , the contribution of the 
W f 

n 17f) 

neutrons to the finite fission chain is 63.2%; the contribution of the neutrons from it = —
1 

to 

= oo is 36.8%. 
In eq. (48), if we first do the integration over n, let 

co co -(--FW)n 

G= E  nPn(t)e-nwdn = E   '' do 
0 (1 + ti)ti e0 

=Ef v
+FAT 

1 E   
ne +E v i 

r 
n  

e°1 
do

+ 77 + W )7 1 lq f  (1+77)7 o _1 +W 
77 77 

1 
=E

f
v

(1+077 
+W 

77 
Substitute (54) into (48), we have 

(54) 
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Here the condition 
η
1 <<1 has been applied. 

as νρνα fΣ= ，eq. (50) can be rewritten as  

 nWnW
f WeeWH −− =Σ=

ρνα
ν 1 . (51) 

And the eq. (48) becomes  
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If the upper limit of the neutron numbers is n, the expectation is 
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= , the contribution of the 

neutrons to the finite fission chain is 63.2%; the contribution of the neutrons from 
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In eq. (48), if we first do the integration over n, let 
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Substitute (54) into (48), we have  
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(rtf ) = f dtG =E v f dt 
1

0 f 0 7 (1+177\ +WI 

77 

e
at v 1 

= f vi dt at =E fvf dte' = f = . (55) 
0 e2 0 a Vp 

1  I 
Here 

(1%) 0 p 
1 is assumed. Let (n1) = Efvf dte-at = ),aT = 3 , 

V

(nf )aT=3 = 
1 

0.95 which means the relaxation time of forming a finite fission chain is 

T = —
3

. The physical meaning of eq. (52) is manifest, for p <<1, (n1) is inversely proportion to 
a 

vp . 

Now we can evaluate the expectation of the fission numbers of finite fission chain. Given 

!3e 0.0069, 17=2.59, F2=0.795, p ($)=0.05 for Godiva- II , the expectation is (n f) 1119 

which is well consistent with (I. t f ) 1200 from Spriggs [3]. 

5. Delayed Neutron Precursors Equation and Its Solution 

Under the point reactor model, the differential equations for the slow development of the delayed 
neutron precursor due to the finite fission chain are considered as; 

dCi(t) 
= " .(t) + [S +DIG i(t)]0 i (tz f (t))ai (56) 

dt i =1 
6 

Ea ; =1 (57) 
i=i 

Among them, C; (t) is fraction of the delayed neutrons precursors, the i group; A is the constant 

disntegration of the i group of delayed neutrons precursors fraction, (t. t f (t)) is the mathematical 

expectation of the fission times of a source neutron and its progeny, So is the Spontaneous 

fission source and initial delayed neutron source 

In So = Ss. + Sd , Se is the spontaneous fission source for the device, Sd is the Delayed 

neutron source. If there is the delayed neutron in the initial system Sd , The spontaneous fission 

neutron can be regarded as the initial source So . 

According to the formula (56), it is known that the (I. tf (t)) slow variation of the neutron with 

time is related to the expectation of the finite length fission chain. When the formula (1) is made 
of a single group of delayed neutrons, the neutron source in the system can be expressed as: 

S(t)= so + x(t) (58) 
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=T . The physical meaning of eq. (52) is manifest, for ρ <<1, fn is inversely proportion to 

ρν .  
Now we can evaluate the expectation of the fission numbers of finite fission chain. Given 
βeff=0.0069, ν =2.59, Γ2=0.795, ρ ($)=0.05 for Godiva-Ⅱ, the expectation is 1119≈fn  

which is well consistent with 1200fn ≈  from Spriggs [3]. 

5. Delayed Neutron Precursors Equation and Its Solution 

Under the point reactor model, the differential equations for the slow development of the delayed 
neutron precursor due to the finite fission chain are considered as; 

 ( ) ( ) ( ) ( ) ifi
i

iiii
i tntCStC

dt
tdC αβνλλ ∑

=

++−=
6

1
0 ][  (56) 
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=

=
6

1

1
i

iα  (57) 

Among them, ( )tCi  is fraction of the delayed neutrons precursors, the i group; iλ  is the constant 

disntegration of the i group of delayed neutrons precursors fraction, ( )tn f is the mathematical 

expectation of the fission times of a source neutron and its progeny， 0S is the Spontaneous 
fission source and initial delayed neutron source 

In dsf SSS +=0 ， sfS  is the spontaneous fission source for the device， dS  is the Delayed 
neutron source.  If there is the delayed neutron in the initial system dS ，The spontaneous fission 
neutron can be regarded as the initial source 0S . 

According to the formula (56), it is known that the ( )tn f slow variation of the neutron with 
time is related to the expectation of the finite length fission chain. When the formula (1) is made 
of a single group of delayed neutrons, the neutron source in the system can be expressed as: 
 
 ( ) ( )tCStS ξ+= 0   (58) 
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Among them, the mathematical expectation of the concentration of the precursor is the average 
decay constant of the single group. 

C(t) will meet the following differential equation; 

dC(t) 
= X(t)+ [S0 + C(t)17fieff Kt/ f (t)) (59) 

dt 
Obviously, it is also needed to consider prompt reactivitypp and the delayed reactivity of finite 

fission chain expectation value contribution, therefore, (n (t)) meet the following relationships: 

(n1(0) =  
1 

vpp + eff — C4t ) 

Handle (60) into equation (59) obtained 

(60) 

ffdqt) = 
Xv(t)+ [So + Cv(t)] (61) 

dt PP + 13
fie 
eff (1— C4t ) 

If the initial system does not slow the neutrons, so there are initial conditions 
qt 0) = 0 (62) 

Solving equation (61), and obtained by the initial condition (62) 

C(t)= fie  (1 e-4 ).S0 (63) 
APP 

Handle (63) into equation (58) obtained 

S(t) = S0 Li +  eff fl  r e-4t (64) 
pp 

Formula (64) shows the variation of the time of the system under the assumption of the point 
reactor model and the single group delayed neutron, proved that: 

6 
= = E (65) 

i=i 
According to the 235U fast fission neutron table data 1E31, the value of the Godiva-II is: 

= 0.4058 (66) 
1=1 

Table 1 data of delayed neutrons from fast neutron induced 235U fission 

gli-b-` 1 2 3 4 5 6 Li 
xi 0.0127 0.03151 0.1171 0.3108 1.37 3.83 

T1/21 54.60 22.0 5.92 2.23 0.506 0.181 
ai 0.039 0.235 0.207 0.381 0.114 0.024 1.0 
aiXi 4.953(-4) 7.4048(-3) 2.424(-2) 0.1184 0.15618 9.912(-2) 0.4058 

According to the formula (64) and the experimental parameters, the proliferation of delayed 
neutrons in the waiting time of the pulse is calculated. 
For example: When the t = 0 , S(0) = S0. 
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Formula (64) shows the variation of the time of the system under the assumption of the point 
reactor model and the single group delayed neutron, proved that: 
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Table 1 data of delayed neutrons from fast neutron induced 235U fission 

组号 1 2 3 4 5 6 ∑i 

λi 0.0127 0.03151 0.1171 0.3108 1.37 3.83  
T1/2i 54.60 22.0 5.92 2.23 0.506 0.181  
ai 0.039 0.235 0.207 0.381 0.114 0.024 1.0 
 aiλi 4.953(-4) 7.4048(-3) 2.424(-2) 0.1184 0.15618 9.912(-2) 0.4058 

 

According to the formula (64) and the experimental parameters, the proliferation of delayed 
neutrons in the waiting time of the pulse is calculated. 
For example: When the 0=t ， ( ) 00 SS = 。 
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The results of delayed neutron multiplication with the proliferation of Godiva-II were included in 
Table 2 during the waiting period. 

Table 2 the proliferation data of delayed neutron in Godiva-II reactor 
t(sec) 0 1 2 3 4 5 6 7 8 
S(t)(1/sec) 90 690 1090 1357 1653 1732 1732 1784 1820 

When the waiting time t —> 0 0 : 

fi  1 S (t) = S0 L1 +  eff 1 pp  j (67) 

The experimental parameter of Godiva-II given by the Wimett 
fief = 0.0069 , pp = 0.05 , Sc, = Ssf ,. ', 90 / sec the source of the source of strength. 

According to the experimental parameters, and formula (68), the maximum can be calculated to 
increase the system's delayed neutrons to more than 20 times. 

Known, the Godiva-II experiment pp = 0.05 ($), we can obtain a source neutron that initiates a 

probability of a continuous fission chain; 
2p 

p 
2 

W . ' =  ,z-, 0.00022642 (68) 
VI"277 0721.48 

The average waiting time of the known Godiva-II experiment is about 3 seconds, according to 
the Hansen definition: 

1

s
t1 w = (69) 

The strength of the neutron source can be calculated in the moment of the system is about to be: 
1 1 

S(ti )=  ,z-, _1472 /sec 
Wt1 0.002264 x 3 sec 

This is very close to the results of the theoretical calculations in Table 2 for t , z - , 3 seconds 
S(t = 3) 1M7 / sec 

All the above analysis shows that the calculated results are in accordance with the experimental 
results. 

6. Hansen Model Improve and Validate 

The probability distribution model of waiting time probability distribution of pulsed reactor weak 
source is given under the assumption of step approximation of Hansen. 

Pis, (ti )dti = exp(—WSti )WSdti (70) 

Apparently, according to the Hansen assumes, that the probability of a continuous fission chain 
W , p , S are all constant during the waiting period. 

Obviously, Wimett found application Hansen model cannot simulate the good weak Godiva-II 
source outbreak pulse probability distribution curves, so Wimett in based on the Hansen model 
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The experimental parameter of Godiva-II given by the Wimett 
0069.0=effβ , 05.0=Pρ , sec/900 ≈= sfSS  the source of the source of strength.  

According to the experimental parameters, and formula (68), the maximum can be calculated to 
increase the system's delayed neutrons to more than 20 times. 

Known, the Godiva-II experiment 05.0=Pρ ($), we can obtain a source neutron that initiates a 
probability of a continuous fission chain; 
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The average waiting time of the known Godiva-II experiment is about 3 seconds, according to 
the Hansen definition: 
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The strength of the neutron source can be calculated in the moment of the system is about to be: 
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This is very close to the results of the theoretical calculations in Table 2 for ≈t 3 seconds 
( 3) 1357 / secS t = ≈  

All the above analysis shows that the calculated results are in accordance with the experimental 
results. 

6. Hansen Model Improve and Validate 

The probability distribution model of waiting time probability distribution of pulsed reactor weak 
source is given under the assumption of step approximation of Hansen. 
 11111 )exp()( WSdtWStdttP st −=  (70) 

Apparently, according to the Hansen assumes, that the probability of a continuous fission chain 
W 、 ρ 、 S  are all constant during the waiting period. 

Obviously, Wimett found application Hansen model cannot simulate the good weak Godiva-II 
source outbreak pulse probability distribution curves, so Wimett in based on the Hansen model 
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(70) by is introduced to adjust the parameters of the gamma method can well simulate the 
experimental curve. 

pst (N,ti )dti =WSdtie-wst (1— e- ''t )exp [—WS(1 — e- Yr )1 y) (71) 

Which y is used as the main adjustment parameter of the curve shape. However, the Wimett 

method needs to be debugged according to the experimental results, cannot predict the 
experimental results, and cannot objectively reveal the actual physical phenomenon, so the 
method is not ideal. 

After the previous discussion, we think that the delayed neutrons will be in the system during the 
waiting period. This will cause W to change, that is p = p(t) , W = W(t) . Therefore, the 

Hansen model (70) can be rewritten as; 
t, 

[pst (ti )dti = W(ti )S(ti )dti exp — f W(t)S(t)dt (72) 
0 i 

Formula (72) and formula (70) is different, here is a source of strength, is a function of time. 
Obviously, formula (72) is difficult to obtain analytical solution directly. In order to solve, this 
order, then formula (72) can be expressed as 

t, 
pst (ti )dti = F(ti )dti exp(—IF(t)1t (73) 

0 
F(t)Can be written as 

F(t) = W(t)Sf(t)= WoS JO= W,(t)S0 (74) 

Formula (74), Scv(t) can be referred to as the equivalent source; kvo is the probability of a 

continuous fission chain triggered by a neutron of source, Wes, (t) is the equivalent probability of a 

continuous fission chain triggered by a neutron of source, Sc, called the constant source. Might as 

well assume: 
F (t) = WoS JO (75) 

The implication is that the spontaneous fission neutron and delayed neutron is equivalent to 
neutron source. The type (75) into equation (73) 

t, 
pst (ti )dti = F(ti )dti exp(-16):/t 

0 

1 
= W,S,(ti )citi exp[— f W0S,(t)dt 

0 j 
(76) 

Before previous chapter 1. We've got slow neutron Scv(t) expressions (64), formula (64) direct 

2p 
substitution type (76), and pay attention to this point, Wo L-. P , we can get improved Hansen 

17F2

burst probability distribution model for: 
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p st (ti )dti = dtiSo [  2 
17r2 

(pp + fleff )— 0 ,2 fleffe-' il 
\ 2 Et

x exp{ So
2  (pp + fie 

i  Vr2 

)ti 
+ 

so 1  2  ie, 
eff(1 — e —°1 )] 

Vr2 

Using the formula (77) and the experimental parameters, the fitting curve and the experimental 
results are satisfactory, as shown in Figure 
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Fig. probability distribution curve of waiting time for Godiva reactor with 94 times 

(77) 

The expression of the average burst waiting time is given under the step approximation of 
Hansen. 

tl = tip st(ti )citi (78) 
0 

According to Table 3 experimental parameters in formula (77), (78) can be calculated by the 
average burst pulse time. 

Table 3 pulse reactor parameters of Godiva II-

V pp ($) Beff So/sec F2 of

Goiva-II 2.59 0.05 0.0069 90 0.795 1119 0.4058 

The theoretical calculation of the average pulse duration of Godiva-II reactor 
00 

= f ty st(ti )citi =3.045# 
0 
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Using the formula (77) and the experimental parameters, the fitting curve and the experimental 
results are satisfactory, as shown in Figure 
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The expression of the average burst waiting time is given under the step approximation of 
Hansen. 
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According to Table 3 experimental parameters in formula (77), (78) can be calculated by the 
average burst pulse time. 
 

Table 3 pulse reactor parameters of Godiva-Ⅱ 
 ν  pρ  ($) Βeff S0/sec Γ2 nf ξ 

Goiva-II 2.59 0.05 0.0069 90 0.795 1119 0.4058 
 
The theoretical calculation of the average pulse duration of Godiva-II reactor 
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The results are basically consistent with the experimental results of the average burst pulse time 
of Godiva-II reactor for 3 seconds. 

7. Conclusion 

In the study of fast neutron pulsed reactor weak source burst experiment, we found the 
limitations of Hansen model and method of the Wimett, Hansen model is improved by 
introducing the finite fission chain and delayed neutron precursors, the model can be very good 
description of the experimental results. The model is also applicable to other similar experiments 
of pulsed reactor. 
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