
A General 

Abstract 

. 
This r epor t  describes a CDC-1604 binary  program ( f o r  wl 

FORTRAN i s  a v a i l a b l e )  t h a t  computes the  s c a t t e r i n g  angular c 
t i o n  and in t eg ra t ed  c ross  sec t ion  f o r  any two-particle nuclc 
t i on ,  subjec t  only t o  t h e  r e s t r i c t i o n s  t h a t  t h e  sp in  of one 
i n  each r eac t ion  channel be no g rea t e r  than 1 and tha t  t h e  
number of p a r t i a l  waves necessary i n  any one channel be no ( 

than 16. The input  required by t h e  program i s  the  charge, r 
p a r i t y ,  and optical-model parameters f o r  a l l  t h e  channels tL- 
the  compound nucleus can decay. 
Hauser-Feshbach theory modified t o  include sp in-orb i t  coupling 

The ca l cu la t ion  makes use of 

i i ch  no 
i i s t r i b u -  
3ar reac- 
p a r t i c l e  
maximum 
yea t er 
nass, spins,  
i r n y e h  which  

-0-- 



LEGAL NOTICE 

T h i s  report wa5 prepared as an account o f  Government sponsored work. 

nor the Commission, nor any person act ing on behalf of the Commission: 

A. Makes any warranty ar representation, expressed or implied, w i th  respect to  the accuracy, 

completeness, or usefulness of the information contained in th is  report, or that  the use of  

any information, apparatus, method, or process d isc losed in  th i s  report may not in f r inge 

pr ivate ly  owned r ights; or 

Neither the Uni ted States, 

6. Assumes any l i ab i l i t i es  w i th  respect t o  the use of, or for damages resul t ing from the use of  

any information, apparatus, method, or process d isc losed i n  th i s  report. 

As  used in  the above, "person act ing on behalf of the Commission" includes any employee or 

contractor of the Commission, or employee of  such contractor, t o  the extent  that  such employee 

or contractor of the Commission, ar employee of  such contractor prepares, disseminates, or 

provides access to, any information pursuant t o  h i s  employment or contract w i t h  the Commission, 

or h i s  employment w i t h  such contractor. 
. 
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PROGRAM OPEFETION 

I 

d 

The input t o  the  program and the  de f in i t i ons  of t he  symbols a r e  given 

i n  Table 1, Several cont ro l  options a r e  specif ied by making c e r t a i n  input  

parameters pos i t ive  o r  negative.  These options, other information p e r t i -  

nent t o  the  operation of t h e  program, and the  forms of the  optical-model 

po ten t i a l s  a r e  described below. 

Control Options and Other Information 

The maximum number of channel types (T)  which may be simultaneously 

included i s  10; the  t o t a l  number of channels ( T , i )  of a l l  types and 

energies i s  600. 

In  running the  program the  parameters corresponding t o  a given type 

of p a r t i c l e  (group 1) a r e  read i n ,  followed by the  parameters f o r  each 

l e v e l  of t h a t  type (group 2 ) .  

a number N > - SO3 i s  placed a f t e r  t he  l as t  (JT)i" 

parameters (group 1) a re  read i n ,  unless  previously ZI had a negative sign, 

whereupon t h e  energy (group 3) i s  read. 

computer proceeds t o  ca lcu la te  t he  cross sect ion,  a f te r  which, if E was 

pos i t ive ,  another group 3 i s  read i n .  I f  E was negative, then the  

ca lcu la t ion  starts anew w i t h  t he  reading of addi t iona l  group 1 parameters, 

and so  on a s  before.  

running terminates a t  t h i s  point .  

To terminate the  reading of l e v e l  parameters, 

Then addi t iona l  "type" 

After  group 3 i s  introduced, t h e  

However, i f  the  las t  5 was negative, then the  program 

Three addi t iona l  options are ava i lab le .  I f ,  when reading group 3 ,  

T 

of p a r t i c l e  type T2 and l e v e l  i2. 

s ingle  l e v e l  can be changed without repeat ing the  whole ca lcu la t ion .  

i s  negative, then the  s ign and value of E replace t h e  p a r i t y  and spin 
2 

I n  t h i s  way the  sp in  and p a r i t y  of a 

The 

next item read i n  w i l l  be another group 3 ,  which, again, may be e i t h e r  a new 

3 4456 0549251 b 
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Table 1. Order of Input Parameters and Definitions 

Group 
Number Paramekers Format 

a 
(8~10.3) RO 

aR '1 % 'T ?I' JI max 1 

a' - +s vso V W av aw % 
Qr ?( JT)i Qz --k( JT), e e a Q. +(JT)i e e. +l.OOOE+& (8~10.3) 

1 -  
2 

3 E T2 12 ( 1E10J9213) 
Parameter Definitions: 

I 
T 

Denotes the incident ( o r  light) particle in the channel. 

Denotes the target ( o r  heavy) particle in the channel; also 
used to denote the channel itself - in this sense the maximum 
number of T's assimilable by the program is 10. 

Z Charge 

M iMass, in mu. 
J Spin; for JT the sign preceding the parentheses indicates 

whether the parity is positive o r  negative; (note also that 
J 

The maximum angular momentum in the channel is ARmax(Ecm+ Qi) 

A suggested value for neutrons is AR 

cannot be greater than 1). - -- 1 
1/2 

'Amax 
= (Iv$)~/~ and f o r  max 

The real potential radius is Ro%lh F. 
0 

R 

a Real potential diffuseiess in F. 
The imaginary potential radius is R'Iv&,,'/~ F. 

0 -  

a' Imaginary potential diffuseness, in F, 

S Fraction of surface-peaked imaginary potential. 
Spin-orbit potential, in MeVo 

The real potential depth is V + AV(Ecm + Qi) MeV. 
The imaginary potential depth is W + AW(E 
Denotes the channel relative energy index, 

Q-value, in MeV, of channel (T,i) with respect to channel (1,l); 
the program can handle a maximum of 600 (T, i) channels 
(Ecm + Qi) 

Vso 

V,AV 
W,AW 

i 

Q 

+ Qi) MeV. cm 

Negative 
values are automatically bypassed in the calculations. 

E Bombarding energy, in MeV, in the laboratory system, 

T2 Particle type index nw-nber for the observed channel. 

iz Excitation level index number for the observed channel. 
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E or a new (J ) 

as before,, when a positive Tz is introduced, 

depending on the sign of T2. The calculation proceeds T i’ 
0 

If W is negative,, then the penetrabilities for all the levels of the 

current particle type are printed ovct in the order first of increasing j ,  

then increasing A, Thus for spin-1/2 particles the order for the penetra- 

etc. A heading identifies bilities T 4 is T !l,1/2 ‘1,1/2 T1,3/2 ‘2,312 T2,5/29 
the channel to which the penetrabilities belong by printing the correspond- 

ing values of T and I. 

If S is positive, then a surface-peaked Woods-Saxon derivative imagin- 

ary potential is employed; if negative, the surface-peaked potential is of 

the Gaussian form, and, in addition, in calculating the Woods-Saxon volume 

component of the potential the diffuseness a’ is replaced by 0,69af in 

order that the volume and surface potentials have approximately the same 

taper widths, Control options are summarized as follows: 
a 

9 Parameter Value Program Action 

Read another group 1 after termination of group 2 reading. +zI 
Proceed to group 3 after reading group 2. 
Start over at group 1 after termination of group 3 reading. 
End calculations after termination of group 3 reading e 
Terminate group 2 reading. 

Parity of ( J ~ ) ~  is positive. 

- zI 
+% 
-MI 
Qi > lo3 

+(JT)i 

- 

-(JT)i Parity of (JT)i is negative. 

+E Read another group 3 at end of cross-section calculation. 
-E Return to beginning (group 1) at end of cross-section 

calculation, unless previous M was negative. I 
+T2 E is interpreted as bombarding energy. 

4 

d -S 

E and its sign are interpreted as replacing the spin and 
parity, L(J,)~, of level T = T29 i = ize 

The imaginary potential has the form 
(I - S)(Woods-Saxon) + S(Derivative) 
The imaginary potential has the form 
(1 - S)(Woods-Saxon) + S(Gaussian) 

-W Print the penetrabilities for all levels of the type 
particle to which W corresponds. 
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Optical Model P o t e n t i a l  Form Factors 
c- 

The form f a c t o r s  a r e  functions of t h e  two constants rad ius  ( R )  and 

diffuseness (a)  and of t he  var iab le  rad ius  (r): 

Woods-Saxon: f ( R , a )  = l/ (1 + exp [(r-R)/aJ} ,. 
Derivative: 

Gaus s i a n  : f G ( R , a )  = exp {-[(r-~) /a12} a 

w s  

f ( R , a )  = -4a d fws D 

2 d  --t 

Spin-Orbit: f ( R , a )  = - - - f 0.2 , s o  r d r  w s  

For spin-1 p a r t i c l e s  t h e  sp in-orb i t  form f a c t o r  agrees with t h a t  

used by Robson' but i s  twice t h e  one employed by Sa tch ler .  2 

The meaning of t he  parameter S can now be s t a t e d  more e x p l i c i t l y :  

i f  S is  pos i t i ve ,  then t h e  imaginary p o t e n t i a l  f o rm f a c t o r  i s  

f ( R ' , a ' )  = (1 - S)f  ( R ' , a ' )  + SfD(R' ,a ' )  ; w s  

i f  S i s  negative, then 

f ( R ' , a ' )  = (1- l ~ l ) f w s ( R ' , 0 . 6 g a ' ) + l s ]  f G ( R ' , a ' )  

The Coulomb po ten t i a l ,  when present,  i s  the  p o t e n t i a l  of a uniformly 

charged sphere having the  same radius,  Ro%1/3, as the  r e a l  P o t e n t i a l .  
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c 

di' 

The input parameters are reproduced on the printed output, together 

with headings which identify the various output quantities. The different 

reaction channels are indexed by integers according to the identity of the 

two particles in each channel, designated type (with index name T) and for 

each type aceording to the excitation energy (with index name i). 

T and Ze start with the value 1 and correspond in sequence to the order 

_I 

Both 

of the inpu-t data. The incident (or initial or bombarding) channel must 

always correspond to T = 1, i = 1. The particular channel for which a 

cross-section calculation is desired is called (T2,i2). If T2 = 1, i2 = 1, 

then the program computes compound-elastic scattering. The end result of 

a calculation is the integrated cross section and also the center-of-mass 

differential cross section from 8 = 0 to 90' in 10' intervals (this is tne 

same as tbe cross section from 8 = 180 to 9@io). 

angular distribution is relative to that at 90'. 

is in' absolute units. 

From 8 = 0 to So0, the 

Only the 900 cross section 

To use the program on the Oak Ridge cDc-16~4 computer the cards illus- 

trated in Table 2 must be present in the front of the program deck in the 

order showr:. The first, card is obtained in the computer room at the front 

desk. The user should supply his own name and account number on cards 1 
4 

and 2. After the number of minutes specified for "maximum execution time" 

(first card) have elapsd, the run is aborted. 

substituted here. 

Any other number can be 

The program can be run with only the FORTRAN 62 monitor 

system of the e~c-16& 

b 
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Table 2 

Cards in Front of Program Deck 

1604-A JOB CARD 

__ __ __ _ _  

P R O G R A M  Ut&. - 
FUNCTION RE&. - 
C X E C U T I O N  UtG. - 

U C N - 4 2 4 2  
19 2-83) 

c 
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Calcula t iona l  Method 

The c a l c u l a t i o n a l  method makes use of t h e  Hauser-Feshbach theor? 

4 modified t o  include sp in -o rb i t  coupling. 

Hauser-Feshbach Cross Sections.  
-9 

Let J be t h e  sp in  of t h e  compound nucleus and be i t s  p a r i t y .  Con- 

s i d e r  a c e r t a i n  channel with inc ident  p a r t i c l e  I and t a r g e t  p a r t i c l e  T. 

C a l l  t h i s  channel K. Then J i s  formed by j j  vector coupling i n  t h e  follow- 
3 

i n g  manner: 
4 4 4 4  -+ 3 

RK + (J ) = j,, j, + JT = J . I K  

The coupling i s  t o  be done i n  such a manner t h a t  p a r i t y  i s  conserved, 

b rev i ty  of notation, l e t  SK = (JI)K and JK = (JT)K. 

ment t h e  ca l cu la t ion  of t h e  in tegra ted  and d i f f e r e n t i a l  cross sec t ions  w i l l  

For 

I n  t h e  upcoming develop- 

-3 be revealed i n  an "unfolding" order; t h a t  is, q u a n t i t i e s  w i l l  u sua l ly  be 

defined i n  terms of subsequent equations and recurs ion  r e l a t i o n s .  L e t  

K = 1 be t h e  bombarding channel, K = 2 the  observed channel, k t h e  wave 

number, and TadK t h e  p e n e t r a b i l i t y  i n  channel K for p a r t i a l  wave hK and 

t o t a l  sp in  j 

which a r e  ca lcu la ted  by means of a recurs ion  r e l a t i o n 5  f o r  Racah coe f f i c i en t s  

and an e x p l i c i t  expPession5 f o r  Clebsch-Gordon coe f f i c i en t s .  

The 6, J ' ~  (RKj$)  are angular momentum coupling coe f f i c i en t s  K' 

The Py a r e  

Legendre polynomials and are ca lcu la ted  by recursion. The Hauser-Feshbach 

in tegra ted  and d i f f e r e n t i a l  cross sec t ions  a r e  ca lcu la ted  as follows: 

9 
A. 

c j =  

k2(2J1 + 1) (2S1  + 1) 
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where 

P y ( k j J )  = V(RjVs)V(JjVJK)xRy 

- zV 
9 - 

zV+l (2a-V) (2d-V) (2a+V+2) (2d+V+2) 

z = 1 ,  
0 

Y = 1 ,  
0 

Y1 = -x , 

a = a(a+l)  , 
-...- 

x = 2Cc-a-dl , 

and, i n  add i t ion ,  

P o = l  , 

p1 = case e 
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In the above, DJT = 1 is the swn over all penetrabilities with 

K,RK>jK 

subscripts which can be coupled to form a compound state with spin J and 

parity T i n  the manner of Eq. 1. 

in all respects except one: determining which terms to include in the sums. 

The way in which this is accomplished is outlined now. 

described applies to the calculation of the B,. 

four times in the program. 

The above calculational scheme is simple 

The routine to be 

Similar routines were used 

To begin, calculate V 

Set K = 0. 

(J,2) in a manner similar to that shown below max 

f o r  Vmax(J,K). 

1. Add 1 to K. If P 2 ,  go t o  the next section of the program. If not, 
calculate J = Jmin = max c 151-51 1, IS2-J211 and, 

Jmax = min C ( R ~ s s ~ + J ~ ) ,  ( R a + ~ s + ~ 2 )  1 

2 -  Set Vmax(J,K) = 0. T f  J = Jmax , go to step 1. If not, calculate 

. j =  jmin = ~J,-JI 
and 

jmax = rnin C (J~M) , ( Amax+ sK) 3 e 

3 .  If j > j max’ add 1 t o  J, set V wax (J) = min cVmax(J,2), vmax(J,K)l 

and go to step 2. 

, 
If not, calculate Rmin-l = I j - S  K 1-1 and 

A max = min C( j+s,), %( maxi 

4. Add 1 to A-1. If R > A , add 1 to j, and go to step 3 .  If not, max 
set Vmin = 0 and determine Vmax = min C2J,2j,2k,Vmax(J,2)] and 
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5. If V > Ymax, go t o  s t e p  4 .  If not, ca l cu la t e  pys(ijJ) , 
add 2 t o  V ,  and go t o  s t e p  5.  

DJfl i s  summed i n  an  analogous manner except t h a t  t h e  rou t ine  ends w i t h  

RK 
s t e p  4, t h e  ca l cu la t ion  of Vmax i s  deleted,  and a l s o  %he p a r i t y  gK(-) i s  

determined i n  order t h a t  t h e  p e n e t r a b i l i t y  '2 can, be correspondingly 
V K  

added t o  e i the r  an even-parity sum o r  an odd-parity sum. The sums 

3: and a r e  performed i n  t h i s  manner a l so ,  t h a t  i s ,  separa te  sums 
&52 

ace made f o r  even and odd p a r i t y .  

Optical-Model P e n e t r a b i l i t i e s .  

The so lu t ion  x of t he  s c a t t e r i n g  r a d i a l  Schroedinger equation has 
R j  

f o r  boundary conditions that  it vanish a t  t h e  o r ig in  and t h a t  it be propor- 

t i o n a l  asymptotically t o  the  func t ion  

where FA and G a r e ,  respec t ive ly ,  t h e  r egu la r  and i r r e g u l a r  Coulomb wave R 
functions and @ i s  a boundary matching constant.  The la t te r  i s  obtained 

by reqiirirzg the so lu t ion  with zero value a t  t h e  o r i g i n  t o  be propro t iona l  
R j  

t o  t h e  asymptotic so lu t ion  a t  two poin ts  e x t e r i o r  t o  t h e  nuclear p o t e n t i a l .  

I n  terms of P A j ,  t he  p e n e t r a b i l i t y  T i s  
R j  

Let xRj be the so lu t ion  which vanishes a t  the  o r ig in  and rl and r2 be two 

r a d i i  outside t h e  nuclear p o t e n t i a l .  Then p 

above, by so lv ing  the equation 

i s  determined, as described 
A j  
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i s  generated stepwise from the  or ig in  by means of t he  approximate r e -  X f i j  

cur 6 ion  r e  la t i on 

where 

E = t he  center  of mass energy, 

m = t h e  reduced mass, 

= the  sum of the  Coulomb, spher ica l  nuclear,  and ' A  j 
spin-orbi t  po ten t i a l s .  

I n  the  above, V and hence, q, xAj, and B 

the equations must be t r ea t ed  accordingly. 

q ( O ) ,  the  following algorithm i s  employed t o  start the  so lu t ion  a t  $he 

a r e  complex quan t i t i e s  and 

I n  order t o  avoid an i n f i n i t e  
RJ 

or ig in :  

x .( -6 )  = 0, q( - 6 )  = 0, x ( 0) = l+i), 
RJ 

and 

q( 0) = 0. 

This i s  equivalent i n  t h e  present method t o  having x (0) = 0 and Q 
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xRj is generated outward to the radius 
+ 9a and + gar. In the present 

\+6, where R,, is the larger'of Ro% 1/3 
s 

calculation, 6 = 0.15 f .  The boundary 

matching is carried out at the radii rl = Rb and r2 = \ + 6. 

To obtain Coulomb functions at rl and r2 in a universally valid manner 

is not straightforward. 

given a sufficiently large radius, but in order to prevent having t o  

generate the interior solution to unnecessarily large radii, with a conse- 

quent l o s s  of computer time, it is desirable to have a scheme valid at any 

radius. Let recursion in a be called %ertical" and recursion in r be 

"horizontal." 

inward and outward recursion in r, upward and downward recursion in R, 

an asymptotic power series in l / k r ,  and a power series in kr valid either 

near the origin or for large but which is often not an accurate method 

for obtaining GRo 

recursion relations, so that any error which enters represents an admixture 

of, for instance, GR in the recursion of FA. 

rapidly decreases as the recursion progresses, the error incurred in generat- 

ing FA is continually damped out. Below a certain radius and above a certain 

4, FA decreases rapidly. 

recur FR outward and downward and G 

An asymptotic power series can always be used, 

As reasonable methods for obtaining Fa and Ga, we have 

Both F and FR obey the same horizontal and vertical 

However, if in this case GA 

The opposite is true for GR. Thus one wants t o  

inward and upward. R 
In a scheme not used in the present calculation, we generated F14 and 

F15 by the kr power series and GO by the l/kr power series. 

these series or both of them were not sufficiently convergent at rl and r2, 

they were generated at the limits of the valid ranges of the respective 

series and Fa was then recurred outward, and GO inward, to rl and r2. 

FA w&s recurred downward. 

If either of 

Then 

GR was recurred upward in terms of the FA by means 
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F 

and F to obtain GA. The vertical R-1’ FA-l’ R of a relation which employs G 

recursion relations and the power series are summarized in an article by 
,e 

6 Froberg. Thirty-one terms were used in the kr series and 16 in the asymp- 

totic series. The radius was picked such that the maximum powered term was 

less than of the zeroth-powered term. 

The method used in the Hauser-Feshbach program differs from the above 

method when the kr power series for F does not converge sufficiently at r2. 

In that case, G1 and Fo are calculated in the same manner as described above 

for G o ,  

GA are separately recurred upward. 

the kr power series is not convergent for F14 at 1-2, then the FA do not 

R begin to decrease rapidly when below Fx4, and hence upward recursion in F 

is safe below R = 15. This method has shown good agreement with the other 

14 

Then F1 is found in terms of Fo, Go, and F1. Finally, the FR and 

This is done on the assumption that if 

method in a number of trial comparisons. 

The Coulomb phase shift 00, needed for the asymptotic series calcula- 

tion of GR and FR, was generated in the manner shown below: 

- arctan (4’) O 4-1 = OR 

where 

f3 = arctan (&) ’ 

9 
a = (961 + rl 2 ) 112 
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