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System H tli. s ni Kxcl lotion K unction for (n.cli.irpccl particle) Ken et lona 

ZHAO Zhixiang and ZHOU DelIn 

(Institute of Atomic Energy, P.0.Box 275(4 I),BelJing,China) 

On the bases of evaporation model con6lderlnc Che 

preequllibrium emission under some approximations, the 

analytical expressions Including two adjustable parame­

ters have been derived for excitation functions of (n, 

charged particle) reactions. Fitting these expressions 

to the available measured data, these parameters have 

been extracted and the systematic behaviours of the pa­

rameters have been studied. More accurate predictions 

than before could be obtained by using these expressions 

and systematica parameters. 

Introduct ion 

Charged particle producing data of neutron induced reactions are 

of great Importance for design of fission and fusion reactor. Unfortu­

nately, experimental data especially measured excitation functions are 

very scarce. The unmeasured energy regions and nuclei may be comple­

mented by model theory calculation and systematica predictions. Gene­

rally, the latter is more efficient. All earlier work on systematica 

3 ( 1 ) 
of (n,q) crosB sections (q-p,d,t. He and a) except Pearlstein's are 

carried out at E -14.5 MeV* . The Pearla te in ' s work was performed 
n 

by using a hybrid empirical-statistical model in region of proton 

number of target Z-20-83. 

In the present work, we concerned that the neutron energy region is 

up to about 20 MeV and that target mass region 1 B 23 < A < 197. Charged 

particle p,d,t, He and a emitted In (n,q) reactions are considered. 
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Formulae 

Based on evaporation model considering preequilibrium emission,the 

analytical expressions of excitation function for (n,q) reactions have 

been derived under some approximations. Some primary approximations are 

as follows: 

1, The preequilibrium emission only occurs at the state of exciton 

number n-3. 

2, There is only one competing reaction of (n,n'). 

3, The (n,qn) reaction is primary channel for secondary particle 

emission and the neutron emission mustfollow if the rest energy in com­

pound nucleus system is enough after the q emission. 
3 

4, Complex particle such as d,t, He and a are regarded as excitons 

which are prior formed in target nucleus with a probability P .In this 

work, we took P -0.2*8* and P.,Pk,P,„ <<1. ct d t 3He 

5, The penetration factor of rectangular-well potential 

Dq(eq)¿exp(-aq(l-eq/E;})) (1) 

aq-0.63772(Aq)T(l+A
1/3)(E|})T (2) 

are used to describe the effects of coulomb barrier.In eq.(l) and eq.(2), 

The A and A are the mass number of target nucleus and emitted charged 

particle respectively. The e and Eq are the kinetic energy of particle 

q and the height of coulomb barrier respectively. 

6, The energy level density of compound nucleus is taken in the form 

of constant temperature. 

The details of the formulae deriving have been given in ref.(9). The 

ultimate expressions are given as follows: 

^ n n n q ^ 

A, o" 

for p and a and 
, L /L 

o (E )-C ( q . " +r /T ) 
n,qv n' «I *2' n

 q n i 4 ) 

3 
for d,t and He,where 

X./L -0.035A(1+S /E ) 3 Í5) 
i n n n 



. íqh(tg ftg ttj;« ) E^Q 
qn 

°?=j (6) 
^(h( tg , tg , t | ; « q ) - . h(tg,ty ft |;aq)) En> Qqn 

1 

v 1- OCf (E + 

GJj=f (7) 

q-n V ) / f 4 
L

q
/ L n = Ô q h ( t 0 " t 0 ' t 2 Î a q ) <8> 

r ' n / r q = u
q ^ 1 - ( 1 + E n / T ) e x P ( - V T ) ) Ü / f q ( E n + C í q ) ( 9 > 

h ( z 0 , z 1 , z 2 ; a )=—,"X 
z 2 

(z 0 +2+(z Q z l - z 0 +2z 1 -2 )exp(z 1 ) )exp ( -a ) z ^ a 

{ 
f q ( z ) = ( ^ 

l f q - ( 1 + 

q 

(10) 

( z 0 + 2 )exp ( -a q ) + a q z 0 - z 0 - a 2 + 2 a q - 2 + z 0 z f / 2 - z ^ / 3 - z 0 a 2 / 2 + a ^ / 3 Z l > a q b q (1 - (1 - z / (Tb q ) ) exp (z /T b q ) ) e x p ( - a q ) z ^ E q 
C (11) 

£ - ( l + z /T)exp(-z/T) Z > E 2 

J í = b q ( 1 - ( 1 - E 2 / ( T , b
q ^ x P ^ / ( T - b q ) ) ) e x p ( - a q ) + (1+Ej/T)exp(-Ej/T) (12) 

bq=(aqT/E^ - I ) " 1 (13) 

a = 0 . 6 3 7 7 2 ( A n ) i ( 1 + A 1 / 3 ) ( E j ) i ( l i f ) 
q q i. 

Í
13A"* A * i 6 5 

(15) 

(0 .0125A-1.0625)*13A~* A > 1 6 5 

t?=(V^n)VEc ° 6 ) 

and >9 are two empiricnl parameters 

1-A/130 Ai 130 

(17) 

« • ( 0 A ̂ 130 

1 A<128 

0063A A>128 (18) ll.740-0. 
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The values of 8 and u are given In table 1. 
q q 

Tab.l The values of 8 and u 
q q 

q 

8 
q 

u 

p 

1 

1 

d 

6 

1/3 

t 

9 

1 /3 

3He 

9 

1/3 

1 .6 

2 . 5 

In eq.(3) to eq.(18),E Is the Incident neutron energy; S the 
n n 

neutron separation energy of compound nucleus system; T the nuclear 

temperature of target; the meanings of A and A are as the same as In 
q 

eq.(2); Q and Q are reaction energy for (n,q) and (n,qn) respectively, 
M M * * 

The E ,S ,T,Q and Q are all In unit of MeV. n n q qn 
3 

For the emissions of d,t and He, the process of secondary particle 

emission have been omitted so that the sum of cross sections 

o - o + o +0 „ +o :. +•••• (19) 
n,q n,q n,qn n,q2n n,qp 

are given as eq.(A). 

In eq.(3) and eq.(A), there are two adjustable parameters C and E**. 
q c 

The Eq represents the height of coulomb barrier and C a constant pro­

portional to maximum of o defined by eq.(19). 
n,q ' M 

Systematica of Local Parameters C and E • 
q c 

For (n,p) and (n,a) reactions in mass region 23<A<197 the measured 

excitation functions for about fifty nuclei have been collected in the 

light of ref.(10) and ref.(ll). The least squares fits have been carried 

out for available experimental data by using eq.(3) and the fitting para­

meters (called local parameters) have been obtained. Before fitting,' Q 
and 0 have been calculated from ref.(12) and S taken from ref. (10). qn n 

The agreement between fitting curves and measured data is satisfactory. 

These results demonstrated that the contribution of thepreequllibrlum 

emission must be taken into accout in the formulae. For middle weight 

nuclei, the portion of preequilibrium is about 30-50Z at E -20MeV (see 

fig.l). 
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The local parameters C and E*j for (n,p) and (n,a) reactions can be 
1 c 

expressed as a simple functions of neutron number N and proton number Z 

of target nucleus as following 
T 2 f N"Z 

Ep-(0.6+0.25Z-0.001Z -2exp(-0.05(Z-28) ))exp(29.6 r ).MeV (20) 
C A 

E a- -3.4+0.57Z-0.003Z2-3exp(-0.3(Z-28)2) ,MeV (21) 

N—Z 
C~-(i+A1/3)2exp(5.88-33.7 ; 16 .8A~ 2 / 3) .mb (22) 
p A 

N—Z 
C^-(l+A1/3)2exp(2.0-23.7—- +21.0A2/3),mb (23) 

The parameters C and E" calculated from above systematica are called 

regional parameters. The comparlslons between local and regional parame­

ters are given as fig.2 to fig.5.From fig.2 and flg.3tone can find that 

the shell effects exists at Z-28.And It can be illustrated emprlcally 

with a normal functlon.lt Is not clear for shell effect and odd-even effect 

of target nucleus on parameter C . 
<1 

The corvarance matrix V of regional parameters would be estimated In 

order to get the uncertainties of cross sections predicted with regional 

parameters.To combine the uncertainties such as negligence error,corelated 

error and uncertainties of the expression for excitation function and the 
— ~ (13) 

systematica Into V ,V was estimated by moment method .Let 
«1 «I 

V -P M P (24) 
q q q q ^"" 

where 

Pq-| ~ -. I (25) 

and 

( o I<) 

VI-1>-.¿r¿<<,
1>2- s r i n , ' ^ 1 <»> 

m(m-l) 

Mq(1.2)-M (2,1) 

- r r rXt î i ; - B7¿-TT¿>t;£i; (28) 

m~l±m\ * m (m—1J "¿̂ i i-1 

tJ-(Cq(N1,Zi)-Cq(N1,Zi))/Cq(Ni,Z1) (29) 

IJ-(EJ(H 1.Z 1)-EJ(H 1 ÍZ 1))/EJ(M 1.Z 1) (30) 

http://functlon.lt


It follows that 

r 0 . 3 0 2 0 . 1 1 ( 0 . 3 0 ) ( 0 . 2 5 ) 
I 

0 . 1 1 ( 0 . 3 0 ) ( 0 . 2 5 ) 0 . 2 5 2 / 

_ . 0 . 3 1 2 - 0 . 2 4 ( 0 . 3 1 X 0 . 1 4 ) . 

a 1 - 0 . 2 4 ( 0 . 3 1 X 0 . 1 4 ) 0 . 1 4 2 / 

( 3 1 ) 

(32) 

3 
For (n,d),(n,t) and (n, He) reactions,the fitting with two parameters 

C and E^ could not be carried out because of lack experimental data for 
q c _ 
excitation function.We had to replace E and E with EP and to replace c c c r 

E with E so that there is one parameter C in eq. (4) .Thtsref ore.only c c q f ' 

one point cross section is needed to determine parameter C,.Taking into 

accout themeaning of eq.(4) and status of experimental data for (n,d), 
3 

(n,t) and (n, He) reactions,the following experimental data have been 

selected : 

(n,d) reaction:data measured at LLL with magnetic quadrupole spectro-

(14) meter in neutron energy region E «14-15MeVx 

(n,t) reaction: t emission cross sections measured at E -22.5MeV 
n 

3 
(n, He) reaction: cross section measured by activation method at 

"Ë -22.5MeVil6). n 

Assuming the shapes of C.,C and C_ versus Z all «re the same,the 

systematica for C,,Ct and C,„ have been found as follows: 
a t J il e 

'cj«23(l-0.052Z+0.00083Z
2),mb (33) 

d 

"ct-5.81(1-0.052Z+0.00083Z
2),mb (34) 

£,„ -2.9(l-0.052Z+0.00083Z2),mb (35) 

By the moment method,the relative errors have been estimated: 

AÏÏ./C-. =0.38 
a d ' , 

AÏÏt/ÏÏt =0.35 (36) 

AÏÏ3H./ÏÏ3H. S ° - 5 1 

The comparision between local parameters and regional parameters are given 

in fig.6 to fig.8 for Cd,Ct and C 3 H e respectively. 
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Discussion 

With regional parameters,excitation functions of (n,p) and (n,a) 

reactions have been calculated for about fifty nuclei in region 23<A<197. 

The predicted cross sections are consistent with measured ones within errors 

calculated from V .The results are shown in fig.A and fig.B.The excitation 

function of (n,t) reaction have also been predicted for several nuclei on 

which experimental data are available.The agreement between the predicted 

curves and experimental data are fair (see fig.9). 
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Fig.8.Systematics of C,IIe * 0 

<• A,,*tV 
Fig.9.Excitation functions of (n,t) reaction for several nuclei 

o experimental data 
— predicted values by this systematics 

13 



F í >; . A 1 - A S 1 : o 

y i )-. . H 1 - B3 1 : o 

n, p 

t h e f i t t i n g c u r v e s ; 

t h e v a l u e s p r e d l c t e d . h y t h i s w o r k w i t h pa r a m e t e r s ( C , E ^ ) ; 

t h e v a l u e s p r e d i c t e d by t h i s w o r k w i t h p a r a m e t e r s ( C , E q ) ; 
q c 

E In MeV;o in mb 
n n,<] 

« 

Mg-25(n,p) 

St , 

/ / 

A3 

14 



' 

K-39(n 

m ' 

» 

/ 

,P) 

** 

1 

^-"" 

, - ' -

S 

\ 

" - * 
•s. 

'$ 

'i 

*"* •*- — 

•s 

47 ' 
. 

s 

• 

M 

At* 

Ca-4Ó(n,p) 

$ 

15 



16 



N 

\ 
\ 

Í \ X. 

,i • - « 

"* An • AH 

li7. 



Ni-62(n ,p) 

/¡ i l* 

Z n - 6 4 ( n , p ) <ij!f, . I 

:i • * i 

• \ i 11 

! 11 fl ' 

LUIJL 

Sr-86(n ,p) 

À 

- 4 

-ÁJT 

~Rti " 

nüf 
i , s i :'•> ::i i •• 

18 



Pd-105(n,p) 

- - i 

(1 

JrUJ 

*?T 

AM " 

19 



Sn-117(n,p) 

!<*• 

* 0 f 

Cs-I33(n,p) 

1 __ 

yTt--— 

AM 

TO '• 4T* 

Au-I97(n,p) 

20 



21 



f«: 

«• 

J» 

J» 

1* 

Sc-45(n,a) .iljjl 
¿*^X\ 

//' " A •/' ii\ >'/' \ 
'/ * \ 

/ / 1 VA 

7 ' v \ 
y / i^w. 

/ ' / V S J 
// "̂ * 

il 
7 

* - —¿L- -

22 



Zr-92(n,a) 

BU 

As-75(n,a) 

k 

j ! 

1 
fi> 

y LJ I -, -
' , 

• i i 

It 

$to 

8» 

9W 

23 



I -127(n ,a ) 

i 

i • -; ' 

. • ' j ? 

•'•fy 

« 

.^~ï 

* 

wr -

1 

•>» 

Au-197(n,a) 

j i 41/ " 

24 


