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X Introduction 
(1) 

The most remarkable feature of many Inelastic alpha 

scattering angular distributions is the large amount of 

(1) 
structure that these curves show. This structure can¬ 

not be accounted for on the basis of the compound nucleus 

theory of nuclear reactions, where the size of the compound 

nucleus and the available energy restrict the angular momenta 

of the scattered particle to fairly low values. High 1-values 
! * 

must contribute to get the complex angular distributions that 

are observed experimentally. 

(2) 
Since 1951, when Butler*s original paper 0n the direct 

interaction theory of nuclear reactions was published, many 

attempts have been made to fit inelastic scattering angular 

distributions on the basis of a direct interaction model of 

one sort or another. 

If one takes the simplest calculation using direct inter¬ 

action theory-a calculation using plane waves for the incident 

and scattered particle wave functions and assuming that the 

interaction giving rise to the inelastic scattering is local¬ 

ized at some radius , one then finds that the differential 

cross section is proportional to J ix I^R)! • Here is the 
(■5) ® ' 

spherical Bessel function J of order X and is the 

momentum transfer or recoil momentum. The order X of this 

Bessel function may be considered the angular momentum trans¬ 

fer, and its value is restricted by the conservation of angula 



(2) 

momentum and parity. The result has been fairly adequate for 

inelastic alpha particle scattering bttti not so successful 

(cn 
for proton inelastic scattering. v^' 

A more successful analysis pf the inelastic proton data 

of Sherr has been carried out by Levinson and Bannerjee (5) 

who used a more sophisticated direct interaction theory cal¬ 

culation. In their calculation, they included the effect 
tot K 

of distortion of the projectile wave functions duetto Coulomb 

and optical nuclear potentials. 

A distorted wave calculation for inelastic alpjha scattering 

has recently been carried out by "Rost and Austern (^). Concept¬ 

ually, this calculation differs considerably from Bannerjee and 

Levinson*s. Bannerjee and Levinson assume that the interaction 

causing the inelastic scattering occurs between the projectile 

particle and a "shell model” particle in a bound orbit around 

a nuclear core, while Rost and Austqrn assume that the inter¬ 

action occurs between the projectile and some collective 
of 

excitation on the surface of the. tar.gat nucleus. The final 

formalisms of these two pictures are, as we shall see, remark¬ 

ably similar. 

We haye written a program for the IBM 70h that calculates 

the differential cross section for inelastic alpha scattering 

on the basis of the particle excitation assumption used in the 

calculation bf Bannerjee and Levinson. By modifying this 

program we have also set up a program for the 70k to calculate 
this cross section on the basis of the collective excitation 



(3) 

assumption, as was done by Host and Austern. With these 

programs we hope to make an extensive study of inelastic 

alpha particle scattering in order to determine how valid 

the direct interaction model is for this reaction. The 

results described here represent the preliminary study in 

this project. We have made no attempt to fit experimental 

results, but have concentrated rather on comparing the two 

models described above, on studying the effect of the .range 

of interaction of the projectile-bound particle interaction, 

and on'studying the effect on the differential cross section 

when some of the physical parameters of the theory are varied. 
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1£ Theory 

Our calculation will be based on the distorted wave Born 

(7) approximation (DWBA). The DWBA is essentially a combinat¬ 

ion of thq optical model theory of scattering with standard 

perturbation theory. The wave functions for the initial and 

final scattering states are calculated on the basis of optical 

model, the Initial and final target nucleus states are calcul¬ 

ated on the basis of some definite nuclear model, and the matrix 

element of the Interaction potential with respect to the initial 

and final states ,ip taken as the transition amplitude. The 

differential cross section in terms of this transition amplitude 

is 

in of n. (miv)’' \<^ "P . 

The transition is considered to take place from channel c< to 

channel (3 • PV is the reduced mass in channel ^ , and 

is the momentum at infinity In channel • 

Formally, the transition amplitude is given by 

(2) A., - <tr | v i C> 
The plus and minus superscripts on these states refer to the 

boundry conditions Imposed upon the scattering waves. The 
Q.fc iw-fi »l 1 < 

plus sign is used to mean thatAthe Incoming part of thi^ wave 

is Identical with the incoming part of a plane wave al—lufinity, 
• ■ eyt ivv-f I'VUI t y 

The minus sign means thatAthe outgoing part of the wave is like 



the outgoing part of a plane wave JII. trrrirrtjhyt The potential 

V is the interaction potential between the projectile and 

the target nucleus. 

We will consider the ,two alternative representations for 
( Q\ 

the target nucleus provided by the shell model and the 

collective model. 

Shell Model Nucleus 

When we speak of the shell model, we have the following 

picture in mind* -The nucleus is considered to be made up of 

a spherical structureless core. *Bound to this core are the 

nucleons in th,e last,' unfilled shell. The core is taken to 

be the result of all nucleons in closed shells, and provides 

the central potential in which to bind the last nucleons. We 

shall assume that the interaction that gives rise to the 

inelastic scattering takes place between the projectile and 

one of, the particles in this unfilled shell. We consider the 

interaction to have no effect on any particle other than the 

one it has ,fstruck”. This allows us to make up our scattering 

amplitude from a sum of terms, each being the interaction 

between the projectile and one of the last shell particles. 

Since these particles are all assumed to be in the same shell 

they will be treated identically and the final result will be 

to multiply the scattering amplitude for one particle by N, 

where N is the number of particles in the unfilled shell. In 

this picture we represent our nuclear wave function as a sum 
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of terms, each term being a product of the wave function for 

the struck nucleon and the wave function for the rest of the 

nucleus. 

We see that the inelastic scattering reaction is reduced 

to a three body process, in which we have an incident particle 

and a target nucleus that is made up of a nucleon bound to an 

inert core. By convention the subscript ”p” shall stand for 

the projectile, the subscript ”n” (for neutron, though the 

theory is more general) for the bound particle, the subscript 

•V for core, and the subscript ”t” for the target nucleus. 

Below is a diagram illustrating these relations 

The subscripts “I” and ”F" shall be used to stand for "initial” 

and”flinal” when referring to states or conditions. 

Since we view the three particles in this process as having 

no internal structure but spin, there are only two independent 

configuration space co-ordinates, these may be taken to be 

the relative co-ordinate of the core and bound particle, and 

Vp-r the relative co-ordinate of the target and projectile. To 

find the transition matrix element we shall, in general, have 

to perform two three dimensional integrations. Under certain 

simplifying assumptions we find it is possible to perform the 

angular integrals analytically, leaving the padial integrals- for 
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numerical calculation. 

Since we assume that the projectile interacts with the 

particle bound to a nuclear core, the potential which appears 

in the matrix element for inelastic scattering is the potential 

between the projectile and the orbit particle. In our calculat¬ 

ions we have used both a three dimensional delta function and a 

Yukawa well to represent this potential. 

Each of the wave functions and is taken to 

be a product of the optical model scattering wave functioryg for 

the relative motion of projectile and target, and the shell 

model wave function for the target nucleus. The target nucleus 
.A 

wave function is made up of spin state vectors for the core and 

the shell particle, and the wave function for the relative 

motion of shell particle and core. These are coupled together 

to give a nuclear state of definite spin. Various aspects of 

the theory will depend upon the order in which these are coupled. 

Taking a definite coupling scheme, we may write the transition 

amplitude as 



(8) 

Here 
T <*) 
g) is the' relative motion wave function for projectile 

and target, and « is the radial part of the relative motion 

wave function for bound particle and core* The angular part of 

this wave function is contained in the brackets. We will assume 

that the interaction'potential V^p is independent of spin. 

If we assume that the interaction potential is a function 

only of the separation between the two interacting particles, 

we may expand it in terms of the product of two spherical 

harmonics, one dependent' on the angle of jTpj , and one de> 

pendent on the angle of . 

t4) V«r (IXJT - ^ tat0 * ZL 

This expansion defines the functions • 

By now expanding the initial and final projectile states 

into partial waves, we find that we can perform all of the 

angular integrations. For these partial wave expansions we 

choose the following series 
  py 

(1S&.V"PT) = X c * -frirU^My TJ (SL)rSr) ft Ckx.rflO, 
j, ' JL 

iPV*>-S
1"* H* Vi LSI«J yx 

Here we have made our choice of co-ordinate system explicit. 

We are choosing our z-axis to coincide with Kx * and de- 
AVAN 

fining our orentation around that axis by taking the plane 

of scattering to be the 4" ° plane. By carrying out all 

of the indicated operations and using the Wigner-Eckhart 

theorem 
(10) 

we find that we may express the scattering 



(9) 

amplitude as 

(6) 
X /U 

' JLA* 

£ 7
 LJT J 

x 

where 

^ M TT YTZ^OUx ■+0 
X.17 

X o 
X •*• 
X/ -,**• 

r uuo “ 

P"r /) (*r 
&* ^ ^ -OprO y.Ui^O 1 

Z 
and 

t o 
X © 
2' 6 

Crt 

I-X7 
,X 

x y*- r two, 

(\ 
<3 cn 

f'Af d?.^p V.0-, 0. 

The square brackets denote Clebsch-Gordan coefficients 

The reduced matrix element ^ FII VU appearing In the 

expression for A is easy to evaluate, using Racah*s 

(10) 

(10) 

techniques, but It will depend upon the choice of coupling* 

P (Uv) 
The \ [%Z') are called the radial integrals, and are done 

numerically. 
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JO Collective Model Nucleus 

If the excitation of the target nucleus is assumed to 

occur in a collective mode of motion, I.e. a rotational or 

vibrational state of the nucleus as 3 whole, the problem 

becomes a two' body one* We must, however', allow the target 

nucleus to have an internal degree of freedom representing 

the collective mode of motion with which the incident 

particle can interact. We may write the transition amplitude 

for this type reaction as 

(7) 1 VpT I 

X ^ Here the $ are the wave functions for the relative motion 
. 3rt 

of the projectile and target. The £|) are the wave functions 
! 

of the target pucleus. These functions will in general depend 

upon the angular orreulab'£a**-of the target, as well as it's spin. 

In writing the above expression we have assumed that the inter¬ 

action potential Is Independent of spin. We shall allow the 
or/e h t a.-L i o'n 

potential to depend upon the orehtatltm of the target nucleus 

with respect to the direction of the incident particle. If 
o rte >t. to.£ fan. 

the angular o-rent-frtrion of the target nucleus Is expressed 

by -5“LT > we may expand1 the potential In spherical harmon¬ 

ics as 

PT = T. v> ^ 'A sC. (8) V 



If we now expand the projectile wave functions in terms of 

partial waves using the expressions shown in Equation (5) 

as before, we find that we may perform the integration over 

the projectile angles. Then, with the help of the Wigner- 

Eckhart theorem, (10) 
the scattering amplitude becomes 

(9) 
<r— ^ C^) 

A s 2- T (^) 
X/M. 

Tr MT 
X ^ 

LTT J 

where 

3sVM 

H TT 

XX' 

p C\ 
1 / 2\ 

"40" ~X 0 “ 
X 0  

1 
O 

 1 
r-  l~jJ r~ 

i Fa-tO 

^ ^rtKiO ^,rO<FJ0 vx(r) 
pr 

and <^||yl| is the reduced matrix element. The X 

and ' refer to the partial wave expansions of the 

projectile wave functions. 

If we are dealing with the excitation of rotational 

states in symmetric nuclei It is possible to simplify this 

result. For rotational excitation we can take the interaction 

potential to be symmetric about some plane through the nucleus, 
c oKse^Ch-ce, 

and, as a eoncequeuee, the expansion of the potential will only 

Involve even values of ^ We may consider \ the angular 

momentum transfer in the reaction because of the conservation 
[V rt/1 

rule implied by X . 
brrtrj 

We shall .therefore exclude the term X=o from the expansion, 

assuming that it was this term that was used to distort otir 

projectile wave functions. We shall also take the nucleus to 
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be symmetric about it*s a-axis, so we may take our nuclear 

wave function to be 

(10) 
ST-*-1 

fvj (11) 
where U r-| is the free symmetric top wave function# 

The indices P*'! and K are the magnetic projections 

along the space fixed axes and body fixed axes respectively* 

Using this wave function the reduced matrix element .can be 

evaluated and the scattering amplitude becomes 

r- IX) 
(ID A 

1
 2_ ■+ 
X>o 

"JT K " 

X X 0  
1
 

V
 1- 

If we wish to excite vibratipnal levels, we cannot go 

any farther analytically than Equation (9) ‘above, since we do 
^ r 

not have any nice vibrational wave functions like the * 

We cannot drop any terms from the sum over \ either. How- 

ever, for calculational purposes, we can assume only one value 

of \ is allowed and in that case the reduced matrix 

element serves only to modify the differential cross section 

by a constant factor. 

We see that although the premises of the surface inter- 

action and volume interaction cases are quite different, the 

scattering amplitudes can be written in quite similar form. 

-i UJ 
The T are identical, with the only differences appearing 

in the radial integrals. 
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Details of the Calculation 

The actual formulas used in the calculation are 

specializations of thope given in the proceeding sections. 

We restrict ourselves to one value of angular momentum 

transfer X • The conservation of angular momentum and 

parity will in fact restrict us to only one value in many 

cases, e.g. when the initial or final spin of the target is 

zero. In any pase when We average over the initial and final 

magnetic quantum numbers to get the expression for the 

differential cross section, we .find that the contributions 

corresponding to different values of X a<3<3 incoherently. 

We take only one value of X because the coefficients in 

the X expapsipn depend on such things as whether we 

assume shell model or collective excitation, on what particular 

coupling of relative motion, bound particle spin, and nuclear 

spin is chosen in the shell model case, and on what particular 

value is taken for the reduced matrix element in the collective 

case. 

Another specialization used in the case of s'hell model 

excitation applies to the bound state wave function. We 

assume that the bound particle is in a definite A and ^ 

state both before and after the interaction has taken place. 

Our justification for this comes from shell model, which makes 

this assumption. .If we didn*t do this, we would be forced to 

make assumptions as to the mixture of allowed A values 



(11+) 

making up each state. 
tdi-t r<fma'in' ”3 

Once thesa assumptions are made, the only pkys-lcs—Isft 

potentials and the bound state wave functions. The distort¬ 

ing potentials for the projectile wave functions contain both 

a Coulomb part and a nuclear part. The Coulomb potential is 

taken everywhere to be that due to a ohapt^-ed option). 

Here K Is the wave number, and is the charge 

parameter given by 

in tlny~prubleiu is the evaluation of the radial Integrals 

which depend upon for the 

(13) "2p M rp 

The nuclear potential is taken to be a flat bottomed 
(12) 

approximation to the Woods-Saxon potential. The actual 

formulas used are 

(11+) \) + \AJ r< f . 
fi. -- 

and 
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where \J , Uj , and R are the parameters of the Wonds- 

Saxon potential, and w Is a constant. Once these poten- 

tials are given, the wave functions are determined by the 

differential equations they obey, and the boundry condi¬ 

tions placed upon them. These boundry conditions are 

that the solutions should be regular at the origin, and 

should be normalized. T'he normalization chosen is that of 

the Coulomb analog to the plane wave. 

The potential used for the bound state wave function 

is taken to be a harmonic oscillator well for RH and 

a Coulomb potential (zero if the bound particle is assumed 

to be a neutron instead of a proton) for r ^ The 

strength of the harmonic oscillator well is adjusted to 

give the right binding energy. 

For the volume interaction' cases, we try two choices 

for the interaction potential. We use either a Yukawa 

potential of the form 

(15) V, v„ e - * V 

or a zero-raqge potential of the volume delta function type. 

In the former case, the spherical harmonic decomposition of 

the exponential gives tl> M M 

s - HT, „„ I iUK tu,r>> 4 

Where the notation and Y> mean respectively the lesser 

and greater of the two radii Vy- a**d —r is 
(3) T 

the spherical Hankel function. in the zero-range case, 
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the delta function does away with the integration involved 

in the °| * and replaces the relative co-ordinate Kc 
V v*%*s**s 

|M MB 

with as the variable in the bound state wave 

function. 

In the case of collective excitation we take the inter¬ 

action potential to be a surface interaction. This gives 

for the 
(16) v„ - v 
For this reason we will sometimes use the terms "surface 

interaction” and "volume interaction" to distinguish bet¬ 

ween the shell model excitation and collective excitation 

cases. 

The effect of assuming a surface interaction is to re- 
r oo 

place the radial integral y (£2') by the product of the 

radial wave functions at the given radius. 

JTTK Calculatlonal Procedures 

The calculation of these quantities is not difficult. 

All calculations other than that for the radial integrals 
_ O) 
r LlV' ape simple sums over well known functions. The 

- \ 
calculation of vijijL1) is based on replacing the continuum 

by a finite mesh of points, and calculating the functions at 

these points. This procedure replaces all differential 

equations by finite difference equations, and all integra¬ 

tions by weighted sums. 

Since Oo is as meaningless a term as infinitesimal 
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to a digital computing machine, all our integrals must be 

limited to a finite region of space. The upper limit on the 

radius is determined by how fast the bound state wave function 

goes to zero. Once this outer radius F9 is determined, 

the region from the origin to f„ is divided into a 

(finite) number of small equal intervals, whose size is 

determined by the projectile energy. 

The bound state radial wave function obeys the different- 

ial equation 

(17) iC- 
V" 

U M+0) V-fc o . 

The boundry conditions placed upon v~ cf ai?e normalization, 

and vanishment at infinity. In the above expression is 

the wave number, which, in the case of a bound particle, Is 

Imaginary. 'h is the charge parameter. 

'V'l c ^ M^c . 

and 1* are nuraerial parameters dependent upon units. 

The calculation of the bound state wave function begins at 

ir9 with the calculation of the asymptotic series for 

(12) 
this function. This series is given by 

\ [ AX 
(18) y <f = £  

(AX )^ 

x i) M+'U+A) 

A ! (A>V 

4 

Ti (ax)3 
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Here we have written Y - l<n ' . 

i\fter the' values of i~ <j? at two points have been calculated 

using this series, cf is calculated from a difference 

equation derived from the differential equation. This 
(12) difference equation is, v ' -f8r ^ ~ r ^ 

O = Qo -ia ^6r)) (r+ $) Crt- S) 

(19) ^Cr-i) 

i^m 1
 TA u<" + “h * -pr- J. 

and S is the interval size. At the nuclear radius the 

log derivative of is computed and matched to the log 

derivative of the harmonic oscillator wave function 

(20) A v- 
i., AH t p ( 'x MH-I) (?<■'). 

to fix the value of ^ . 

F is the confluent hypergeometric function given by the 

terminating series 

(21) f (*1 U X) c - X 
l» * 

a~ C^+\) x. + 

\o(b+0 At 

This harmonic oscillator wave function is used from Rw, to 

the origin. 

By putting the Vj, for the Yukawa well into the ex¬ 

pression for ^ , we obtain 

(22) X •Hv v. 
f 

. to 
n i 11 * *>r ) A + 

L 



(19) 
ti VrC 

wher-e A a J y1 <¥ptr) *j ,, U * ^ O ; 

B ■ 
r dlv v' ‘PF

1
'"’ K' (U 77/ ) 

J 
/ri/ 

The spherical Bessel functions 
V 

and spherical Hankel 

functions V\ ^ are calculated directly from the definition 

for \ s o and A = | 

j.t: xr - - (e’-e*)/* ; j, <ixJ • -i [(*-'Ks-j/ax; 
(23) ~) 

C’co- - e'A ; C«° - ]. 

For higher orders of A the functions are calculated using 

the functions for and A- / and the recursion relation 

(24) ■j,,, <f> * 
a J+I 

T" 
i*lO - io. 

The integration In Equation (22) is performed numerically, 
/n <Thi' meto*l appro^/*>n«-tei 

using the 3/8 integration procedure, ajisumos that the integral 

of a function £ between limits y\ and B fcs=w®4rl 

repirOTTont-ed by the series. 

B r a 

J-fCWeix = 1 f | -fOO + ^A+0<-f(AtaSW Y f(At3Sj 
A ^ L 



(20) 

(25) + • • • + | jf (o- 3S) + -f (G-as) +. e-s) + i f(s') 

where £ is the mesh interval. 

Now that we have the ^ we need only the radial 

A PT" r“ LS) 
functions K ^ in order to compute the \ (j£>) 

If we write ^“^0/r we ma^ wr,i^e th® differential 

equation for "V as 

(26) 
d * 
— + K 
dr 

X = o . 

Where p and P are the real and imaginary parts of the 

distorting potentials at the appropriate radius multiplied 

*7 IQ. • 

Near the origin a power series is used to calculate 

The power series used is 

(27) 
Kj • Cj i^ ; <p -1 <?,x0 

and <?u - C + L 

where the ■+ and - refer to the real and imaginary parts 

of • These quantities are determined by the 

following recursion formulas. 



.(21) 

(28) ~ ( Ao 4v,-a~ *) /h ( h+2J+l) 

^) = (" xr ^h+-i. *■ No ^ )/vo(n+a^+o > 

where 

>a
+= K’- 12L5 -i>_ 

<R. i+e'tv’ 

>7 . - w/,tc* 

The radial wave functions are calculated by this power 

series from the origin out to large enough values of f so 

that they are sure to be appreciably different from zero* 

The number of points is dependent upon the i of the 

partial wave. The last two points calculated in this way 

are done particularly accurately, since they will be used 

as the initial values in the calculation by the difference 

equation. 

The difference equation, which is used is derived from 
(12) the differential equation s and is 

Q IL^r) + Pir+%) X Cr) 
Xt a “k “— £ “  *A 

+■ pOr+$) 

(e 

Jl(*M l) 



(22) 

(29) 

XJL Cr4S) = 

tr+O X (r) - P Cv+O -X (r^ 

(r+ + P t ) 

^ CD ( (5-10 ^CrJ^^lr) “ ^Cr-0"Xa(r-0 -/OpCr)^(r) 

— P(r~f) 'Xx ^ r'"’ ^ 1 

X7r) , (u-.ov^)V^ -^-^>-s)',OP<r)^° 

_ P (lr - S ) “Xj ( r"" ^ ) ? 

tCrJ) C 
rs+ <£" T “*• X(4t 1) [ , + p (r) + il { K - — J , 

p tr) c PV) . 



(23) 

(30) 

For sufficiently high values of JL the wave function 

is very nearly zero everywhere within the nucleus. These 

functions are therefore well approximated by the Coulomb 
(13) radial wave functions. The calculation of the Coulomb 

radial wave functions proceeds in the same way as with the 

distorted waves. The power series' becomes 

Xe - CKr)*" Ao-+A, CkO + A*Cl«0 -- 

. 3 *Y\ AH-/ - 
I j A, ' —| j AH' H t« + '3U+ O * 

The difference equation is the same except that the imaginary 

part of the potential is'taken to be equal to zero. 
Tke distort** VIS.vo. 1 

T-heee functions as calculated are not normalized. The 

normalization we choose is that the functions are normalized 

the same as the Coulomb analogs to the spherical Hankel 

functions. Let (T* denote the.phase shift of the Coulomb 

radial wave function. Then‘the normalization factor Cji and 

the elastic cross section parameter (3^ for the Coulomb 

radial wave functions are given by the expressions 

(31) c. -- e 
i CTjj 

B s e UJL 

The Coulomb phase shift C~JI is defined by 

(32) CT^ = arfij f (JL* \ + ^ ‘fy) , 



n For the calculation we use Stirling*s approximation for the 

function ^^ 

(rx - (JLt -UvT1^^ * ^ K i~u+ov+ 'yf - 

(33) 

- S ivi S in 

and 
l^oi 

step down for 

3? - 
3 

St 

3(?0 * 
all of the 

 ££ 

6o 
lowe r _fl 

S<v> 7£ 

11)%0 S . 

values using the 

recursion relation 

(3lt) crx_, , cr, - 

The notation used here is (2 = 1 (-2I,) and ii-i+if + „ 

For the distorted radial waves the relation between 

the functions and the various parameters is CJ.'XJ ~ ^ |* + j 

for sufficiently large values of y- . Here the 

are the Coulomb analogs of the outgoing spherical Hankel 

functions. The ^ j are found by the asymptotic expansion 

(“ (i-H+jc + ib q^-^) UV-*-0 (i'hun) 
~r l+ \\ (ilKr) At (alKO* 

where £ = l<v - a, l< i- - * For a given value 

of >- this asymptotic expansion loses accuracy as 

X increases. This is the reason we do not calculate 

all of the waves using nuclear distortion, but use Coulomb 

radial wave functions for the partial waves of high X • 

The last two values of each radial wave function are used 

in the above expression to find Cj. and 3^ . 

We now have all of the quantities necessary to calculate 
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IT tX) 
the radial integrals /' . These radial integrals 

are computed using the 3/8 integration procedure described 

earlier. Actually, two types of radial integrals are 

computed. One is the integral from the origin to y* , 

and the other is the integral from some cut-off radius 

to ir0 . The differential cross section is calculated 

for both these cases. 

For the surface.interaction case, the radial integrals 

F (j2/)ape taken to be the products of the radial wave 

functions at a given radius. The radii used for the two sets 

r IV fi 
of (JlZ')9Pe the cut-off radius R, and the nuclear radius 

The calculation of the differential cross section pro* 

ceeds directly from the radial integrals in the following 

_ \ 
sequence. First the 13-/ are calculated, where 

(3 -/ “ C— I ; •/ I lJL JL ) (“ 0 ^ 
and ** Z ' 

n X ^ 

z zf 
" X *1 (o.x + i) (2Z + 1) 
z/ 

_ 2 o 
Z' o 

ml o _ (AXt/) 
Using the Q _ 

#4 
\ 

/ 
the (3^ are calculated. 

en#> . i* £ 

The differential cross section is then calculated, It is 

N y r I p *"t*> 

given by 
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The elastic cross sections for both pure Coulomb 

scattering, and optical model scattering are also calculated. 

These cross sections are given by 
z 

‘1^1 SVuKrKd? * I ^ I * 
where 

h - ’I _1_ exp 
l< 

Z 

A- 

- ^ a S'"’'! ) , 

RUiiW^- 
fix 
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7DL “Results of The Calculation 

In discussing the results of the calculation we shall con¬ 

sider both differences in the cross sections arising from dif- 

ferent models taken for the interaction, and differences in the 

cross sections arising from different optical potential para¬ 

meters, and interaction potential parameters. It would be wise 

to set down a series of difinitions that will enable us to 

easily describe the main results. Since we are normalizing our 

inelastic scattering differential cross section curves to the 

peak value, any difference in magnitude between two curves can 

only be a difference relative to the peak value. By '’variation'* 

we shall mean the change in the average magnitude over the en¬ 

tire range of angle from zero through 175 degrees. By "struc¬ 

ture" we shall mean the strength with which the individual 

maxima and minima appear. By "forward angles" we shall mean 

the angles between zero and about 35 degrees. By "backward 

angles" we shall mean the angles from about 135 degrees to 175 

degrees. These may change by 10 degrees from graph to graph. 

The central region is between the forward and backward direc¬ 

tions . 

On many graphs some of the curves tend to run very close 

together for some distance. When this happens, only one line 

is drawn and the lines that are not drawn may be assumed to 

follow the drawn line. 

The differential cross section arising from different 



(28) 

models are shown in figures 1 and 2. The different models 

chosen are the surface interaction at two different radii, 

the volume interaction with finite and zero range inter- 

action potentials, and 'the cut-off volume interaction with 

finite and zero range interaction potentials. Certain fea¬ 

tures of these graphs stand out very clearly. Figures la 

and 2a show that the surface interaction has much less vari¬ 

ation than the volume interaction. These curves also show 

that the cut-off volume interaction gives more structures 

than the standard volume Interaction. This is quite reason¬ 

able since the cut-off radius will not allow the low-1 par¬ 

tial waves to contribute to a very large extent. 

The comparison between the cross sections given by the 

finite range interaction and the zero range interaction 

(figures lb, 2b) shows that the finite range inter¬ 

action gives more structure. This is also quite reasonable, 

since the finite range interaction will make the nucleus look 

larger, and so allow contributions from partial waves of 

higher J? . 

The basic thing of nbte in the comparison between the cut¬ 

off zero range interaction, and the cut-off finite range inter¬ 

action curves is the marked similarity between them. The only 

systematic difference is the diminishing structure with in¬ 

creasing angle for the zero range case. This does not occur 

for the finite range interaction. 

The comparison of surface interaction cases at two dif- 
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«■ 
The cut-off volume Interaction model makes all of the 

assumptions of the volume Interaction model, plus the 

assumption that there Is no contribution to the Inter¬ 

action from Inside the cut-off radius R • 
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ferent radii give just the results one would expect- (figures 

Id,2d), these show the forward shift of the peaks as the radius 

increases, which Is a characteristic of even the simplest model. 

Figure 3 shows the behavior of the elastic cross sections 

as the parameters of the optical potentials are varied. 

Figures 3a and 3b* which deal with the variation of the real 

and Imaginary parts of the potential respectively, show the 

very Interesting phenomenon of peak creation'in the backward 

angles. The peaks in these curves tend to move forward either 

as the real well depth Is Increased, or as the imaginary well 

depth is decreased. The backward peaks tend to remain sta¬ 

tionary, and the slaok is taken up by the creation of a new 

peak in the backward direction. These curves also show that 

as the real part of the potential increases, or as the 

imaginary part decreases, the variation decreases. 

d 
Figure shows that the elastic cross section is quite 

sensative to a change in the radius used in the optical poten¬ 

tials. The peaks tend to move in as the radius increases, 
c. 

Figure 3# shows a marked decrease of structure with increasing 

diffuseness a. There the peaks tend to move forward with 

increasing a. 

The, changes in the finite range volume interaction model 

differential cross section as the optical and interaction 

potentials are varied has been treated quite throughly (fig.!}) 

for a number of reasons. These curves show much more pro¬ 

nounced effects than any of the other models, and this case 
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is believed close to physical reality, so that these curves 

may be used as a guide for the operator of the program in 

his attempts to fit experimental angular distributions. 

The changes produced by variation of the real and 

imaginary parts of the optical wave functions may be treated 

together (fig. 4a, l\b). Both these graphs show drastic dif¬ 

ferences in the curves in the forward direction, while in 

the backward directions the curves have the same shape. 
i 

There is a decrease in variation as the imaginary part of 

the potential is decreased. As the real part of the poten¬ 

tial is decreased, there is an increase in the amount of for¬ 

ward peaking, but no change in the overall variation. As the 

imaginary part of the potential is increased, there is an in¬ 

crease in structure, and the shape tends to approach that of 

the cut-off case (fig. 5a). 

The variation of the optical potential radius (fig. 4<3) 

shows again very drastic changes in the forward direction, with 

essentially the same shape in the backward direction. There 

are really no noteworthy effects here. 

The variation the diffuseness parameter of the optical 

potential (fig. 4°) and the range parameter in the inter¬ 

action (fig. 4e) are quite similar to one another. It should 

be noted that as the range parameter is increased the effect in 

range of interaction is decreased. Thd basic things worthy 

of note here is the change of structure that occurs. The 

structure tends to increase both as the diffuseness parameter 



(3D 

and the range parameter decrease. The curve with the high¬ 

est value of the range parameter is very similar to the zero 

range volume case (fig. f?b). 

The changes produced in the differential cross sections 

of the other models by the same variations in the parameters 

are not nearly so great. Figure St which illustrates aspects 

of these cases, is not intended to be an exhaustive study of 

these effects, but merely an indication of what to expect. 

The three models that are radius dependent, the surface 

interaction model and the cut-off volume interaction models 

for both the zero range and finite range Interaction, behave 

quite similarly under the variation of the optical potentials. 

In many instances the standard volume interaction with zero 

range interaction behaves in the same manner, however, the 

positions of the peaks remain more constant for this latter 

case. 

The three radius dependent models show a tendency for the 

peaks to move forward as the real part of the optical poten¬ 

tial becomes stronger. This is shown in figure $a, which is 

a graph of the finite range cut-off volume interaction model. 

Figure shows the effect of variation of the real part of 

the potential of the zero range volume interaction model. 

Here there is no shifting of peak positions, but there tends 

to be more structure as the potential becomes weaker. 

Figure So shows the effect of changing the imaginary part 

of the potential in the surface interaction model. These 
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curves show how the structure becomes more irregular as the 

strength of the imaginary well is decreased. The other cases 

show this, and also have a tendency toward smaller variation 

as the well is weakened. 

We may treat the three radii dependent cases together 

when we discuss the effect of changing the optical poten¬ 

tial radius. These cases all show the peaks shifting in as 

the radius is increased, figure £d is based on the zero 

range cut-off volume interaction model. There is very little 

change in the other case with radius variation. 

All the models show the same sort of behavior under a 

change in the diffuseness parameter of the optical potential. 

There is not much change in any of them, what change there is 

being in the direction of increasing structure as a increases. 

Figure 5>e is from the finite range cut-off volume inter¬ 

action model. 
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Appendix A Description of the IAS program 

The inelastic alpha particle scattering program is a 

program designed to calculate the elastic scattering cross 

section for alpha particles on the basis of the optical 

model and the inelastic scattering cross section for alpha 

inelastile cross section particles on the basis of the DWBA. 
, - I 

There are? in faot two programs, ohe that calculate^ the77tC^a* 
£ roSS S€.GtiAY\ th-C botf/J of 

A volume interaction theory^ and one that calculates it on the 

basis of the direct surface interaction theory. Each of 

these programs;is a group of 16 subprograms designed to run 

in sequence. The subprograms used by the'volume and surface 

programs are in many cases identical. 

The program reads* tablcfs o£ the log derivative of the 

harmonic oscillator wave function to use in the calculation 

of the bound state wave functions, and tables of the P 

coefficients used in the calculation of the G 7P , 
v 

from tape. This tape should be placed on logical tape 6. 
i 

We shall now consider the purpose of each program. In 

each description we shall Include the program stops, and the 
i' •' ; 

meanings of the sense switch settings. The only meaning one 

can attach to the program stops is that if they occur, soma? 
4 « 

thing Is seriously wrong. The programs are listed In the 

order in which they should be loaded. 

Part 00 This section does the elementary data processing. 

It reads the basic data deck, and processes these numbers 

into numbers.more useful to the rest of the program. This 
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program prints a header card with six alphabetic characters 

called McaseH and ten alphabetic characters called ”dateM. 

This header is read with an 16, 16, Ii^ format. The ’’case" 

first and the "date" second. The floating point data is 
\ 

then read. It is read with an IP4E17.8 format. This data 

should be four words per card on sequential cards in the 

following orders 

AMO =■ h0 : Controls the number of mesh points calculated 

by power series for the radial wave functions. 

ABLER = I?- The cut-off radius. 

ARN - R* - The nuclear radius. 

AM - = The approximation to the saxon potential... 
D£LTO 

B3S1F& -- 

AVI Vi = 

AVP sVFc 

AWI = Wx ^ 

AWP - Wp - 

A CI 
-■ X, 

AL2 ^ 

AAN1 <■ W. = 

Controls the Interval size. 

The real optical potential for the incident 

particle • 

The real optical potential for the scattered 

particle . 

The imaginary optical potential for iihe incident 

particle- 

The Imaginary optical potential for the scattered 

particle • 

Initial 1-value (angular momentum) of the bound 

particle • 

Pinal 1-value of the bound particle . 

Initial n-value (principle quantum number) of the 

bound particle . 
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AAN2 * ! Pinal n-value to the bound particle . 

ARI = - - Optical radius parameter for the incident particle . 

ARP = RP = 
: 

Optical radius parameter for the scattered particle 

AAI s 4,x s Diffusness parameter for the incident particle. 

AAF a ft. p s Optical Diffusness parameter for the scattered 

particle . 

AMI = \v\j - Mass of the target nucleus . 

AMN - - Mass of the bound particle. 

&
 

ii P
 

II
 Q-value of the reaction; positive for endothermic 

reactions• 

AED 1 Ep s Lab energy of the incident particle. 

AN2 c ^ a « Convergence criteria for the asymtotic series for 

Coulomb wave functions . 

AN3 * * 

AN4 = VOtj ■ 

AN5 = ^5 = 

Not used . 

Not used • 

Convergence criteria for bound state wave function. 

AN6 - h6 ^ Convergence criteria for power expansion for 

distorted waves. 

AN7 - h7 r Not used . 

AN8 = h f = Controls the total number of mesh points . 

AN9 - Hcj * Controls the point at which the saxon potential 

is taken to be zero. 

AN 10 - Hl0 r • Not used . 

AZI = *Tr Charge of the target nucleus. 

AZN Charge of the bound particle ■ 

A ZD - = Charge of the incident particle. 
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AVO c \)0 - Strength of the Yukawa interaction. 

ALPB - c\ - "Range of the Yukawa interaction. 

AEB : Es= Binding energy of the bound particle. 

ALAM - X - Angular momentum transfer. 

WN1 ■=. to, 5 Controls the number of distorted particle waves 

for the incident particle. 

WN2 = - Controls the number of distorted particle wave 

for the scattered particle . 

WN3 - W ^ - Not used . 

WNl). - - Controls the number of Coulomb waves for the.' 

scattered particle • 

AMALP r Hp - Mass of the incident particle. 

Next part reads two fixed point variables with a 214 formats 

NOLD Number of log derivative records on the table tape . 

LIL Controls the interaction potential. 

This data is then printed out, each number labeled with the 

above name* The program then processes this data and prints 

out the results of the data processing along with the names 

of the resultant numbers. 

A list of the output variables which result from the operations 

of part 00 will now be given. The first column is the list of 

FORTRAN names assigned. The second column contains the 

symbol of this variable as it appears in this paper, and the 

third column contains the definition of this variable in terms 

of the input variables. 

AIPE = Pc- - 1+ e'1'" 

AAIB - - “ Rx/ *T . 



AAFB = aP * - R P / ftF. 

AN£ s hr. 

ANO = 

ABN6 = IQ" • 

C 
3/H e . 

AAKW r Its"' 

AETAI ; = nPT 

AETAF ‘ ̂  "VlF - ^rKx /K p • 

AVIB -- V, - a M FT Vx /“h1 p E • 

AVFB - • VF - 3 MPT VF /\ PE • 

AWTB : : Wl - 3, r^l pr u i /■bi1" f e • 

AWFB 1 Co f : a MpT U?F / Pfc • 

ACOI = Co ('Hi') ^ nj afr^hx / (o<p ^R'Vvx- 0 . 

ACOP *- C0 I'HF) = V ^TT «ViF / ( ^Tl^p- 0. 

ABO = V"# - C ft 4 VTJ /(KV,, -t Kn*V] v 

ARHB " K. - ^ <U w>csl^ . 

ARB 5 R - £ R l ^ • 

AEPS 6 £ - 
^o/(Kx+ KFV 

AKI ‘ l<z 
- 

ITK!. 

AKP “ K F c 

AKIS - K# - a M FT £P /V Mp. 

AKFS c - 3k M pj ( E p - (^ PT /rt P) Q )/ti 

ARIB ' ftr * ^ j - & x \ ^ c i + A £ 3 • 

ARIB3 • Sr' 
3 

v. 

ARPB * ftp - - &. P |n (.1+ 5 £ V 

ARFB3 - ftp 
c Rp3 . 
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ASRI * rx ■ i?r + (.61^is-+ hcj a.30 as’SS’). 

ASRF c rp s Rp + (. m\5 + a,30g.5’85')- 

DEL ■ $ ~ 3> 6 . 

AROI s II H
 Rl “ Aj . 

AROF 11 ?p * R F - A P Wi . 

AT 13 * ** /jNnt . 

AETA = = |<p M pr /l<i HTT^-C1. 

AGAMI * Vx ' '/CKJ , 

AGAMF ‘ VF 
S 'AF . 

ALAM ~ X . 

AVO 11 Vo . 

AtiPB 11 
ok * 

AKNB1 a Kvi i s (
MT/

Mc
>) iTaM„t eB /•K

U
 • 

AKNB2 x (rlr/rfc)-/Jl Mv,c ( /V-. 

AL1 = js.,i . 

AL2 - ■A V - 

AAN1 ■' H, . 

AAN2 a HA ■ 

AETAN1 5 - Sc ^nc -?ol /|<V1) . 

AETAN2 : 2: / Kv,^ 

N1 ~ ( 6 ) m+i^ev ■ 
N2 - NiAv^btv of vv><.sV\ polwHs +o r0 

m$ - NU.M la< Y- elf Vv\ts pojv^'hf +0 R 

LAM - A • 

LDI = Ri K i •+ Wi . 

LDP = R F K F 
+ LO^ > 
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=. u C F •+ A . 

LOP - 1*4 K (? + VO u) . 

Some of the variables have not been given symbols. In general 

they are variables peculiar to the calculation, and do not 

appear in the formal expressions. 

Limitations inherent in the program impose certain 

restrictions on some of these numbers. N2 must be less than 

500. Each of the four L*s, LDI, LDP, LCI, and LCP must be 

less than 50. LAM must be less than 25. Also LDX must be 

less than or equal to LCX or the distortion check and elastic 

cross sections for X will be wrong. N1 must not be equal to 

Ml5 or the cut-off cases will not work. If N2 is greater 

than 500, part CO prints "N2 GREATER THAN 500” , where 

X = N2 and Y = Nl. N2 is then set equal to 500. Since 500 

is an invalid value for N2, the data should be changed and 

the case re-run. 

Part IZAs This section computes both the initial and final 

bound state wave functions and writes them on the drum. 

This section reads the table tape (logical tape 6) to look 

up the log derivative. This section calls "Subroutine 1Z” 

which does the actual calculation of the bound state wave 

function. 

Part 1ZB This section folds the two bound state functions 

and the interaction potential together to calculate A 4 

£ (Eq. ). If LIL equals 2, the program takes the 



interaction potential to be a delta function and the result 

is just the product of the two bound state wave functions. 

If LIL is equal to 1, the program assumes a Yukawa interaction 

potential, an<£ starts the calculation of the finite range 

integration that constitutes the folding process by calculating 

the functions to be integrated. These functions are loaded 

onto drum. This section calls subroutine A JH to compute the 

Bessel and Haiikel functions. 

Part 1ZC If LIL is equal to 2, this section checks sense 

light one, and if it is on, spaces four? records on tape one. 

If the program is on tape, this will skip over the calculation 

of the optical potentials and wave functions. If sense light 

Is off, this section does nothing. If LIL is equal to 1, this 

section completes the finite range integration and calculates 

the ^ ^ . The program then interrogates sense light one 

as above. This program also calls subroutine AJH. 

Compute D Potential This section computes the optical potentials 

for the incident particle, and writes them on drum. It calls 

subroutine ONEPD to do the actual calculation. 

Compute P Potential This section computes the optical potentials 

for the scattered particle, and writes them on drum. It also 

calls subroutine ONEPD to do the calculation. 

C2ABD This section computes the real and imaginary parts of 

the optical wave functions for the incident particle. It 

computes LDD functions using the optical potential, and then 

(LCD-LDD) functions using only the Coulomb potential. It 



writes these functions in sucessive,pecords on tape 2. It also 

writes the last two values of each wave function on drum. For 

the surface case, this section writes the values of the wave 

functions at ARN and ABLKR on drum. This section calls subroutine 

2AB to do the actual calculation of each optical wave function. 

C2ABP This program does the same thing for the scattered 

particle waves, writing them on tape 3» 

SEC 1(3) This section calculates the Coulomb phase shifts and 

the normalization for the Coulomb waves. Subroutine 3B is called 

to do the actual calculation. The results are written on drum. 

C3A This section computes the phase shifts and normalization 

for the distorted wave functions using the last values of each 

function that were written on drum earlier. This section calls 

subroutine THREEA to do the actual calculation for each value. 

The results are written on drum. 

This section also prints "DISTORTION CHECK", m,x,y, where 

m is a fixed point number, and x and y are 

and (cOU4or+«4>) " S} U OtA-U W\ \o) tor JKL’X D • 

x and y should be of the order of magnitude 011 

less. If they are not small enough, more distorted partial waves 

should be taken. The number m signifies whether this check Is 

for incident or scattered waves, with. 1 for the scattered waves 

and 2 for the incident ones, x refers to the real part, and y 

to the imaginary part of each wave function. 

This section also calculates and prints the reduced widths 

at the radii ft 0 and ^ . The reduced widths 
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If sense switch 2 is down in this section, the distorted wave 

phase shifts will be printed out also. 

products are integrated to give the radial integrals. Subroutine 

POUR Is called to do the actual integration. The results are 

written on drum. If an accumulator overflow occurs in the 

formation of the products, the program stops (HPR 4322). If 

this is a surface case, no integration is performed. The 

appropriate products are formed from the numbers on drum, and 

these are treated as the radial integrals. 

SEC III (1) This section calculates the x' ky taking 

the radial Integra ^normalizing them with the normalization 

coefficients, and combining them with the T coefficients 

from tape six. These 6-T ape then written on drum. 

CT.2 This section calculates and prints the total cross section 

and the convergence test. The convergence test is 

SEC II This section takes the ^ ^ from drum and the 

and "Xj' from tapes, and forms the appropriate products. These 

V *-C P 
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The convergence test should be of the order or less. 
•t 

If notjLGX, the number of Coulomb waves, should be increased. 

The two convergence test numbers refer to the zero-to-Infinity 

and the cut-off cases. The total cross section is also computed 

for each of these two cases. This section also reads a card of 

data for the inelastic differential cross sections. The format 

is 2E10.3, 110 and the variables ares 

THEATO = &0=The initial angle at .which the cross section is desired 

DELTA The difference between the angles desired 

NOT ' The total number of angles desired 

If sense switch 5 is down during this section the cross sections 

will be punched on cards. 

SEC 111(2) This section calculates the differential cross sections 

by combining the j3-T Legendre polynomials. The subroutine • 

LP is called to compute the Legendre polynomials. The results 

are written on drum. 

SEC 111(3) This section normalizes the differential cross sections 

to the maximum value, and computes the momentum transfer for each 

angle. The normalization constants are printed, and then, on 

another page, the angle, the differential cross section for the 

zero and cut-off cases, and the momentum transfer. If sense 

switch £ Is down in‘this section, all of the above will also be 

X 
punched on cards. If sense switch Ij. is down, the {3 (&) will be 

printed. 

Elastic Ct*oss Sections This section computes and prints the 
i ' 

elastic differential ci?oss sections, as calculated from'the 

distorted phase shifts. The section reads a card of date, written 



in an I2E17.8 format. These variables ares NOT, THEATO, DELTA, 

with the same meanings as before. If sense switch $ is down in 

this section, the cross sections will be punched on cards. 

We shall now review the subroutines and point out any 

peculiarities they may have. 

1Z This subroutine computes one bound state wave function. 

It reads the log derivative table from tape six. The calculation 

stops with HPR 73 if the 1-value, or the n-value, or the value 

of the log derivative cannot be found. 

AJH This subroutine computes one value of either a spherical 

Hankel or Bessel function, of any order up to 2$. 

ONEPD This subroutine computes the real and imaginary parts 

of the optical potential, and the Coulomb potential. 

2AB This subroutine uses the potentials mentioned above 

t6 compute the real and Imaginary parts of one wave function, 

either distorted or Coulomb, On entering this subroutine there 
) 

is an accumulator overflow check that stops the program (HPR 2126) 

If the light is on, 

THREEA This subroutine computes the normalization and phase 

shift for one distorted wave function. 

THREEB This subroutine computes the Coulomb phase shifts and 

normalizations for the $1 partial waves up to . 

POUR This subroutine integrates a function by the 3/8 

integration rule. If the Accumulator overflow light is on when 

the subroutine Is entered calculation stops (HPR i|32l). 

LP This subroutine calculates, for a given value of angle 



and in, the associated Legendre polynomial for Jl 
zero through 5>0. 

from 



Appendix B Operation of the inelastic alpha scattering program 

as it exists on tape at Texas A & M College 

The two inelastic scattering programs are written in two 

files, each containing 18 records, on the tape marked "Tobocman- 

■Rice #2". The table tape is marked "Tobocman-Rice #3". The 

first file of tape #2 contains the volume interaction case, and 

the second file contains the surface interaction case. 

"Blue Cards" labeled "fndl" and "fnd 2" are used to read the 

first and second files respectively from logical tape $ onto 

logical tape 1, and to start the program written on logical 

tape 1. 

The first program on tape is the "A-l" program. This pro** 

gram reads one card of data. If this card has a 9-punch in 

column 37 the program treats the next record on tape as a self** 

loading program and executes it. If there is no 9-punch in 

column 37, the program treats this card as the first card of a 

self-loading program and proceeds to execute it. Each data deck 

should be proceeded by a card w’ith a 9-punch in column 37 so that 

the program will be started. These cards are called "red cards". 

The purpose of this program is to allow control to be passed to 

the card reader in between each case. 

The second record on this tape is the tape loader that 

loads the rest of the records into core, and starts them. This 

program sits in the first 30 locations in core during the 

execution of the next 16 records. The entrance point to this 

program is location i| This program has a stops HTR 3« This 
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indicates either? a redundancy test error or a checksum error. If 

start is pressed, the tape is backspaced and another attempt is 

made to read this record. A manual transfer to 3 may be used to 

attempt to rerun the record in core, if something has gone wrong. 

If an HTR 3 is encountered, again encountered upon pressing "start” 

and this is the first run for a program copied from tape 5 to 

tape 1, read the blue card again, since the program may have been 

copied incorrectly. 

The next sixteen records of tape are the inelastic alpha 

scattering program as described previously. It would be well 

here to review the stops and sense switch settings of the program. 

The stops ares 

HPR 73 This indicates that the program cannot find the l~value, 

or the n-value, or the log derivative in searching for the log 

derivative on logical tape six. 

HPR 2126 This stop indicates that! the accumulator overflow light 

was on upon entering subroutine 2AB. 

HPR 4322 This indicates that a valid overflow occurred before or 

during the multiplication of the bound state wave function with 

the radial wave functions. 

HPR 4321 This indicates that the Acc. overflow light was on when 

entering subroutine four. 

The sense switch settings ares 

551 Not used 

552 Distorted phase shifts will be printed on line 

553 Not used 
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SSI4 The p will be punched on line 

555 All cross sections will be punched oh line. 

556 Not used. 

The data deck should contain blue and red cards in the 

approiate places. 

The program also has the option or calculating or not 

calculating the radial wave functions. If sense light 1 is 

on, the program will skip the calculation of the radial wave 

functions and use what ever is on tapes two and three as the 

radial wave functions. This feature saves much time if a 

number of cases are to be run which use the same radial wave 

functions (such as cases with only the value of X 
changed, or both a finite and zero range interaction poten¬ 

tial are desired). A green card labeled SL 1 is available 

that will turn on this sense light if it is placed before 

the red card of the appropriate data deck. The main program 

turns the sense light off. 

The instructions below give a quick summary of the 

operation of the program. The data deck should have all red, 

blue and green cards in place (also any self loading programs 

desired). The program tape should be loaded on logical tape 

5>, and the table tape on logical 6. The data deck should be 

in the read hopper and the hopper readied. To start the pro¬ 

gram, the ’’load cards” button should be pressed. If any of 

the above program stops are reached, one should go on to the 

next case (red card). If a regular fortran stop is reached, 
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the normal procedure should be followed. If HTR 3 occurs, 

follow the instructions given above in the description of 

the tape loader. If any other stop is reached, it is non¬ 

sense, and one should go on to the next case. The calculation 

may be broken at any red card. The blue card most recently 

proceeding the un-run case. This deck may then be loaded 

again in the normal manner. 

This program should keep running itself as long as there 

is data in the read hopper. The output for each case should 

consist of five pages of paper. The first page should come 

out all at once,, right after the program has started a case. 

The second page should come out in pieces. The heading and 

four lines will be printed at one time, followed by the rest 

a while later. The last of the second page of output should 

come out essentially together, followed immediately by the 

last three pages of output. Each case should run between 10 

and 20 minutes. If it runs faster, don’t worry. If it runs 

over a half hour, cut it off and go to the next case. 
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Appendix C Test: made on the program 

Apart from the checking against hand calculation that 

was done for each of the individual parts of the program, 

some tests were made of the program as a whole. The surface 

case was tested by taking plane waves for the projectile 

wave functions. The results in this case should be pro- 

portional to 

Cat-off 
This sort of test was also made on the/lvolume Interaction 

case, with a surface interaction simulated by increasing the 

binding energy of the neutron. Agreement here was fairly 

good, with the discrepancy easily accounted for by the finite 

volume integrated over. Another test made for ^ = o » sad 

used plane waves for projectile wave functions and IP har¬ 

monic oscillator wave functions for the bound states. 
(6) 

Bannerjee and Levinson ?ive 

^ z )> 

for the cross section in this case, where Ip is the 

harmonic oscillator parameter. Attempt^have also been made 

to check the elastic scattering routines by comparing our 
(15) 

results with Igo and Thaler*s optical model elastic alpha 

scattering curves-. 
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Figure Captions 

Fig. 1. Elastic and inelastic scattering cross sections for 
24 

34 Mev. alpha particles incident on Mg . The Q of the re- 

action is -1.37 Mev. The initial and final bound state wave 

functions correspond to a neutron with quantum numbers , 

Xj~ and hp = 3, JL?~ o. The radius of the well binding the 

neutron is 3.814-f. The angular momentum transfer is 

\ i O . The optical potential used for the elastic distor¬ 

tion has the parameters V= -30 Mev., W= -15 Mev., , 

and (X - 0.5” *P . The cut-off radius used was 6.0 *f. 

la) Inelastic scattering cross section! 

VZ-volume interaction model (zero range interaction 

potential) 

CZ-cut-off volume interaction model (zero range 

interaction potential) 

S -surface interaction model. 

lb) Inelastic scattering cross section predicted by the 

volume interaction models 

VZ-zero range interaction potential 

VY-Yukawa well interaction potential ( “ 1.0 £ ) 

lc) Inelastic scattering cross section predicted by the cut¬ 

off volume interaction models 

GZ-zero range interaction potential 

CY-Yukawa well interaction potential ( & - Uo -f. ) 

Ld) Elastic and inelastic scattering cross sections! 

E-elastic scattering cross section 
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S-inelastic scattering cross section predicted by 

the surface interaction model 

Pig. 2. Elastic and inelastic scattering cross sections for 
12 

31.5 Mev. alpha particles incident on C . The Q of the re- 

action is -7.65 Mev. The initial and final bound state wave 

functions correspond to a neutron with quantum numbers hi - p. , 

i and hp=H , /p * l • The radius of the well bind¬ 

ing the neutron is 3 . The angular momentum 

transfer is \ -o • The optical potential used for the 

elastic distortion has the parameters V= -30 Mev., W= -15 Mev., 

R= ^f. » and «. * O. S' *f . The cut-off radius used 

was S' f . 

2a) Inelastic scattering cross sections 

VZ-volume interaction model (zero range interaction 

potential) 

CZ-cut-off volume interaction model (zero range inter¬ 

action potential) 

S -surface interaction model 

2b) Inelastic scattering cross section predicted by the volume 

interaction models 

VZ-zero range interaction potential 

VY-Yukawa well interaction potential |«o f. ) 

2c) Inelastic scattering cross section predicted by the cut¬ 

off volume interaction models 

CZ-zero range interaction potential 

CY-Yukawa well interaction potential ( ot - |.0 -P. ) 
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2d) Elastic and Inelastic scattering cross sections; 

E-elastic scattering cross sedtion 

S-inelastic scattering cross section predicted 

by the surface interaction model. 

Pig. 3* Behavior of the elastic cross sections as the para¬ 

meters of the optical potential are varied'. The case taken 

as standard is oaaoiit±olly the elastic scattering of 31.5 Mev. 

alpha particles from Carbon 12. The standard parameters for 

the optical potential are V= -30 Mev., ¥= ^10 Mev., a, - o» S f 

and R * H. 3 -f • 

3a) Variation of the real part of the optical potential. 

30 V= -30 Mev 

25 V= -25 Mev 

20 V= -20 Mev 

3b) Variation of the imaginary part of the optical potential. 

20 V '= -20 Mev. 

15 ¥ = -15 Mev. 

10 ¥ = -10 Mev. 

5 ¥ = - 5 Mev. 

3c) Variation of the diffuseness parameter in the optical 

potential* 

1 a = 1.0 f. 

.5 a = 0.5 f. 

.25 a = 0.25 f. 

3d) Variation of the radius parameter in the optical poten¬ 

tial. 

4.39 R = 4.39 f. 

5.0 R = 5.0 f. 
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Pig. 4. Behavior of the volume interaction model, with 

finite range interaction, inelastic scattering differential 

cross sections under variation of the optical potential para¬ 

meters and the range of the interaction. The case taken as 

standard is uimunb'tJllj the scattering of o< particles from 

the 7.65 Mev. state in Carbon 12 at 31.5 Mev. incident energy. 

The initial and final bound state wave functions correspond 

to a neutron with quantum numbers hj - A > JLj - I an<^ 

^p- uf , Jl p s / . The angular momentum transfer \ - O . 

The nuclear radius ft s 3>.27o • 

The parameters used for the optical potentials for the 

standard case are V- -30 Mev., ¥= -10 Mev., &=o.S f, and 

ft = H.34? f. The range parameter in the Yukawa interaction 
m | 

well, = |,o f. 

4a) Variation of the real part of the optical potential. 

35 V= -35 Mev. 

30 v= -30 Mev. 

25 v= -25 Mev. 

20 v= -20 Mev. 

iation of the imaginary part of the optical potential. 

20 W= -20 Mev. 

15 ¥= -15 Mev. 

10 ¥= -10 Mev. 

5 ¥= - 5 Mev. 

4c) Variation of the diffuseness parameter in the optical 
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potential. 

1 a = 1.0 f. 

.5 a = 0.5 f< 

.25 a = 0.25 f. 

4d) Variation of the optical potential radius parameter. 

3 R = 3.8 f. 

R = I4.39 f. 

R = 5.0 f. 

of the range of the finite range interaction. 

<< = 0-5" f."1 

cK - |.o f1 

- 3.0 ' 1 

Pig. 5. Examples of the behavior of the inelastic scattering 

differential cross sections for the cut-off volume interaction 

model/ with finite range interaction and zero range inter¬ 

action, the volume interaction model with zero range interaction, 

and the surface interaction model. The basic parameters used 

are the same as in figure except where the parameter doesnH 

existi 

k 
5 

l|e) Variation 

.5 

1 

2 

5a) Variation of the real part of the optical potential, 

using the cut-off, finite range, volume interaction model. 

30 V= -30 Mev. 

20 V= -20 Mev. 

5b) Variation of the real part of the optical potential using 

the zero range volume interaction model. 

30 V= -30 Mev. 

20 V= -20 Mev, 
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5c) Variation of the imaginary part of the optical potential 

using the surface interaction model. 

5 W= -5 Mev. 

15 W= -15 Mev. 

5d) Variation of the radius of the optical potential using 

the cut-off, zero range, volume interaction model. 

5.0 B = 5.0 f. 

4.39 R = 4.39 f. 

5c) Variation of the diffuseness parameter of the optical 

potential using the cut-off, finite range, volume inter¬ 

action model. 

.5 a = .5 f. 

.25 a = .25 f. 
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