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It is in general a rormibable problem to calculate

Au a first step the interaction ol a nucleon pair, in free

space 1s considered. The effect oi the Pauli exclusion

principle is neglected and the treatment is restricted

to s partial waves.

Then

AECk) = gkk = |1 B (ryv(r) Yk (r) d=r

S Inf,'" ! rl »k(r) Yk (r) dr
m

Introducing the radial wavefunctions

S%(E) = r *%UQ = sinvkr
(9.306)
Rk (r) = r Yk (r)
Then
gkk = 4irh2 / %ggf) V(r)R%(E) dr (9.3/)
m
Mow Sk 1s the solution of the Schrodinger equation
when no interaction potential is present.
~ Sk =38= 3%
/fm
or -V2 Sk = k2 Sk (9.30)
Rk is the solution of the Schrodinger equation in the
presence of an interaction potential V.
-V2Rk ¢ VRk = kZRk (9.39)

In order to normalize the wavefunction correctly,
suppose that the wavefunction is subject to the boundary

condition R(b) = 0 where b is large compared to the interaction
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ran-c and the do Broglie wavelength. r.(b) must also
vanish and we have from cqn 9.36, that both R and S arc

zero at r=o.

Fron. the normalization conditions

5,.(r) = sin kr (9.70)
k
r-b
where kb = nir

If we introduce the interaction V, S”*(r) goes over into

R, (r). However we require R to vanish at r=b and this
necessitates a slight shift in the momentum. Thus

R 5 const sin (k'r+ 6 (kl)) (9.71)
where k'b ¢ 6(k') = kb =nir (9.72)

The Schrodinger equation obeyed by R, equation 9.39, thus

becomes

-V2Rk ¢ VRk = k '2Rk (9.43)

Now multiply equation 9.43 by Sk and equation 9.38 by

Rk » Ve then take the difference md integrate from 0 to b.

This gives

(k',-kI) /? Rk Sk dr * A (SkV ,Rk-SkVRk"Rk72sk) dr=0
b b b
f% vV Sk dr = (k'!-k!) /i Rk Sk dr *

= (k-'"-kM n Rk Sk dr & SkVRk |-/, 7Ek VRk dr

- Rk Vsk 'o ’ ;0 mk Vsk dr

= (k'2-k2) fh Rk S. dr (9.44)

dr
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By the normalization condition v, A
Therefore l.O RK 5.K dr = lO k
b
=/q nin?kr dr from equation 9.39
k2
= _b_ (9.45)
2k2

Also from equation 9.42

k'2-k2 ~ -2k 6 (k) (9.406)

Therefore /e SMVRR LK o

The g matrix (from equation 9.35) 1is therefore

g.. = AE (k) = -4irfi2 6 (k) (9.48)
KK m k

If we allow for the presence of partial waves other than
6 waves 1in the nucleon-nucleon interaction, this expression

can be generalized to

AE = “ATrfi2E(2&+1) 6. (k) (9.49)
- - £ - L -

It is thus possible to relate the energy shift experienced
by an interacting nucleon pair in free space to the phase shift

experienced by the nucleons in the interaction.

IX.7 The Integration in Momentum Space

To derive the interaction energy density, e (kF1l,kp ,,K),

the integration / / 6 (k) d’k"d3k0 was performed analytically.
PI F 2 ~ ™ 1 2
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It war found that a ttnivfulchoice of the interration

vc.riabler could nveal ]y aitnplifythe inton-ation. In

najc 1 iculties arose.

Fig. 9.6. Integration variables kp and k.

To treat the problem in phase-shift approximation all
that 1s now required is an expression for 6 (k) as a function
of k where 6 1is the phase shift experienced by nuclear
matter colliding with nuclear matter with relative momentum
k. What is well known 1is the phase shift experienced in
nucleon-nucleon collisions. We make use o ( this information
and use a statistical averaging to approximate nuclear matter
interaction.

For proton-proton (p-p) scattering and neutron-noutron
(n-n) scattering only singlet states arc possible. However
in neutron-proton (n-p) scattering both singlet and triplet

states are allowed. The triplet states arc weighted 3:1



«if',in. t thf wuingli.-i Lat,cv. for the n-p r.onttorinr. The
average pl.irr ahift * ia thci'ef re

i =1y\ 12 ¢TSS 1 + 1 €1 (9.50)
s PP Tf r,n K nP 1 "p

where ilenotca ILnf.let elates

and t denotes triplet states

Below are shown t..e chase shifts for nucleon-nur leon

in
scattering as given by Arndt and McGregor (in)
40
20
100 200

lob” [MeV]

Fig, 9.7. DNuclron-nucleon phase shift data from Ref (35).

It is possible to construct a good fit to these curves
using an expression of the form 6 = E + Ak(c "% Ckc '™

where B,C,D and E arc parameters which can bo adjusted to
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,—1ive the closest fit to the experimental curves. This
form was chosen to facilitate the integrations in momentum
space. The expression 1is given the correct low energy

behaviour by the condition that

A = lim tan (o6(k)) = -a (9.51)
k-o

where a is the scattering length for the nucleon-nuclcon

interaction being parametrized. Equation 9.75 become”

dlk1ld 3k2 (9.52 "

IX.3 The Reaction Matrix for Bound Nucleons

A pair of particles in the nucleus does not scatter in
the same way as a pair of free particles. The Pauli
principle prohibits any particles from scattering into states
which are already occupied by other particles. A method
has teen proposed "~ by Scott and Moszkowski for constructing
an effective two-body interaction in nuclear matter.

They note that a realistic s-state interaction for a
pair In nuclear matter has a short-range repulsion and a
long-r.'nge attraction. If the total s-—wave pha”e ohif , is
attractive, which it is up to about 250 Mev, they picpose
splitting the interaction into two components. These
components are a short-range part V£ which contains the
short range repulsion and enough attraction to give =zero
s wave phase shift and a long range part VL which is the

remaining attractive potent I il.
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Kif. o.fl, reparation of nucleon-nucleon potential into r.tiort rar”e,
V , and Im,' rar®o* V., corponent;'..

The reaction matrix 0 r,atinflea the integral equation

Uaint perturbation theory Scott and Moszkowoki showed
that the reaction matrix can be expanded in terms of the
short range reaction matrix for particles in free space,

d , and the longrange interaction potential V, as

0 * *! ¢ VL - *0 <2 - U 8n - 2=0 a VL- VL 0 VL

e e O e
O

(9.03)

The first term is just the term we have previously
considered and approximated in the phase shift approximation,
f'or low values of the relative momentum the phase shift
approximation gives much too large an effect. In nuclear
matter the exclusion principle prohibits the large phase
shift that would occur for free particles and thus cuts
down the interaction.

We compare the phase shift approximation with the first

o

order' terms, G = g% + V*, of the true reaction matrix in

Pig. 9.9



100,

-300

-900

Order
1200 Terms Only

+1500

k (lemis-")
Fi*. 1.9 A eorpartoon of the nucleail rr-ietior, matrix elerr.ont u.ntz
the plkine nhift approxirrvition with the correct reoult.

Scott and Moszkowski tabulate the wvalues for the first

order terms in the reaction matrix in Ref. (36). We can

again parametrize the intern tion in the form

gF ¢V, =S + A (e‘uk*Cke’Dk)
K

IX.1 Analytical Solution of the Integral

We illustrate the technique adopted to rolve the energy

density integral (Equation 9.52) by considering the integration

of the second term of equation 9.52 for the cane illustrated

by Fig. 9.3b
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Fig. 0.10 Care 0.5

.'he w».*ctor Eg cnn take on all valuea for which its
endpoint lie:: innide Fermi nphore FO and the endpoint of the
vector 7?7k must lie 1inside Fermi sphere 1[I\ . We must
tl.erefore perform a six-fold integration, two of which are
trivial owing to cylindrical symmetry arising from our

choice of integration wvariables.

. -iJk
I i e
FI F2
-1 i? Pirk"dk., f ° d cos 0- A Atik* o /7 flcoBd (jI o"IKKlk
kpi \ k'+k”-k* B k2-kKl kK K' -k~ o
Pk K ik K
¢/ 1 Zmkdk, I d COSO—/ ;1 Lik,0"i'dk./k' " / 1cro, W% ik
,2-K 2 k'+k', =/ /" . .
k T 7S kA-kj  kVK'-kj/’
~~>k2K
k. /:
ic”-K 1
$F . M " k2i pk K, k=, » -14:
£ 2rckidkp I dcosO T Y ak+ I /) doro. e dk
O
kF1-kP k', +K'-k*
ikKK

(5.54)

A lengthy but straightforward calculation leans to the

following expression
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tIJK3*a1ntp; - ~r2 ~S”L "Tu iAf)
3 k k k s 2 Kt?' k~1 kdt /
ot-7T1[V 8°Mr K [ 2kn 172 » “>r<- 2kn 4*? 4
£:3 \ -1<7 o o a’ 6
+ 211" e- 6 ('V'trc *1 -k > k f f2a2kz. + 2>, 4 J -? .N - < 4
n ~ <?J k~ Kfcl
- v > )
_ z_ 4 4 z W » _j’
-*ktijizl, 4 - 2 fau -2k2, +12hr? - <id /
" d "k s kf~ i:6a kJ: /
v _ g 1 1 ] ] 1 " nw ( l h« ANY **_;;. woo_ ‘,V "iS.W L A l ? v -
* ~kSTA -y ~ B -S*g. x5 )

Similar calculations wore performed for the oth-'r tormr,

i this case and for all terms in the other cases nr well

(Appendix A). To check that the intcpralions had the correct

form it war. noted that for symmetrical casor the result war,

invariant for interchange of k%, and k"™ - Also the different

integrals for different cases wore seen to yield the same

result at their mutual boundaries.
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In order to avoid numerical difficulties theue

integrations were also performed for the limiting case

The expressions which were thus generated are totally
general and it 1is only when a particular parameter choice
has been made that these exp assions reflect a particular
interaction theory.

We have thus been able to derive analytic expressions
for the interaction energy density for two interacting
nuclei. What remains to derive the total interaction is

to sum over all volume elements 1in coordinate space

V =/ c(kpi,kp2,K) d'r (9.56)

This calculation was performed numerically using
Gaussian gquadrature. V/e are thus able to derive an
interaction potential between heavy-ions which displays an

energy dependence and 1is parameter free.

IX.10 The Cal culations in ihasc dhift Approximation
We have 1in phase shift approximation that

ekk = E(2*+1) 6% (k) (9.57)
m / T "

In Pig. 9.11 we show the phase shifts for various
partial waves for p-p scattering. It is clear that at low

energies the dominant contribution is the s wave phase shift.
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9.11 Empirical p-p scattering phase shifts for 3,1' ar*i D waves
vC. energy. From Ref (3D).

We have therefore restricted the treatment to r partial
(35) . .
waves. Arndt and McGregor give extensive data for the
1S ” p-p scattering and for the 1S1 n-p scattering. A

reasonable fit to the experimental data wan found with -

expression having the functional form £>Ak(c *K>Cke )

where A war determined by the scattering length. Choosing

the following values for the parameters provided a fit as

shown in Fig. 9.12

A [fma] B [fms] C[fmo] D) [fma] E.

7.8163 .910 .004 -2.0 0

5.400 2.30 -.370 2.5 2n
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Fic. 9.12 Empirical fits to pjh'icc shift data. The experimental

cui'ves ai’e the ful' lines

The integration f dkpi.k.,i,K) d3r war. then performed

numerically where E<kp” ,k"p,K) had the analytical form

determined by the integration 9.52. The form of

is illustrated in Fig. 9.13 for a fixed wvalue of K.

cCk”.kp" K

A

family of ouch surfaces for different values of K was

i/lainod.
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Pi~. 9.13 Enerpy density surface for K=0. The dashed lino indicates
kP1=kE2*
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Those values of ¢ K.~ ,k.,0>K) are determined by the
nucleon-nuclcon phase shift data and are thus wvalid for all
ion-ion collisions. They were used to calculate the
potentials for 160-160 scattering.

The compound density form for the density distribution
gives that for all points 1in coordinate space. In
this case only the wvalues of c (kp” >kp2»K) which lie in the
diagonal region, denoted by the dashed 1line in Fig. 9.14,
need be used for the integration.

The p:ocedure used was to first consider the problem

in coordinate space. A compound density and consequently
the Fermi momenta and kp, were associated with every
point in coordinate space. The nucleus-nucleus relative

momentum AK was calculated for a given separation distance
R, from the centre-of-mass energy Ec and the total
effective potential at that separation distance. These
values of kpl# kp2 and K determined the value of kp2,K),
the integrand. These values of the integrand were then
inserted into a Gaussian quadrature routine and the potential
was calculated (Appendix B).

The nucleus-nucleus potential was thus determined as a
function of energy without any free parameters. The form
of the potentials and their energy dependance is illustrated

in sudden approximation in Fig. 9.14
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The 1|01s0 real potential in sudden approximation showing
Tiic potentials with the Coulomb contribution

These potentials arc calculated in phase shift

Fig. 9.1"
their energy di nee.
added arc also
approximation.



The overall chape of the potential is seen to have the

same form as the overlap density. The potentials become

shallower with increasing energy reflecting the decreasing

overlap in momentum space.
The potentials were also determined in adiabatic

approximation. In adiabatic approximation the magnitude

of the compound density is restricted and consequently the

value of c(kpl,kp2 ,K) is reduced increasingly with increasing

overlap. The effect of this can be seen in Fig. 9.15

where the adiabatic and sudden potentials are compared.

The potentials with the Coulomb term added are also illustrated.
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Pi#. 9.15 Comparinon of 1'0 ,60 potential'! calculated in cudden and
adiabatic approximation using tlic pliase shift approximation.



119.

'X. 11 Th- Calculations usinn the “pparation fv'ihod

In the separation method we have for the reaction

matrix Gkk

P
5] + V. + 6h (Q " I ) 3Rr2gRQ VL - VL Q VL ¢

kk -
We have considered the contribution of the first order
terms only,as considerations of higher order terms require a
treatment of the Pauli operator whic i gives rise to more
complicated boundary conditions for he integration in
momentum space.

It was again possible to parame rize the reaction

matrix by an expression with the functional form

gl + Vv = ¢ A (e"Bk+ Cke-Ilk)
S

~e

The parameters found were

A [fms] B[fms] [fms] D [fms] D

113.618 1.860 2.250 2.950 0

These provided a fit as shown in Fig. 9 16 below



IX. 11 The Calculations using the Separation Method

In the separation method we have for the reaction
matrix

Gkk = 4" 1vL ¢< <S-1i ) \ - vL SvVL ¢

e eG e e

We have considered the contribution of the first order
terms only,as considerations of higher order terms require a
treatment of the Pauli operator which gives rise tomore
complicated boundary conditions for theintegration in
momentum space.

It was again possible to parametrize the reaction

matrix by an expression with the functional form

gl + V{ E+ A (e"Pk+Cke~Dk)

oell

The parameters found were

A [fms] Blfms] cl[fms] D [fms] D

113.618 1.860 2.250 2.950 0

These provided a fit as shown in Fig. 9.16 below
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Pig. 9.16 The dash'd line is an empirical fit to the first order
interaction energy.

The values of e(kF1l,kF2,K) were again calculated in
this approximation.

The potentials for ,cO ,60 scattering were then
calculated in sudden and adiabatic approximations. The
potentials found in adiabatic approximation are illustrated
in Fig. 9.17 and are compared with those found in phase

shift approximation.

The inhomogeneity correction term was then added and

the corresponding potentials calculated (Fig. 9.18)

120.
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Fig. 9-17 Comparison of *WY-1*0 adiabatic potentials as calculated

in phase shift approximation and using the separation .ncthod.
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Fig. 9.18 160 u O adiabatic potentials using the separation method
both with and without inhomogeneity corrections.

122.



The effect of addin# an inhomogeneity correction term
can be seen from a plot of the difference of the potential
with the correction term to the potential without the

correction term (Fig. 9.19)

2 4 6 8 [ImsJ

F!f£. 9.1"'") riot of difference in potcntinl with and without inhomogeneity



The inhomogeneity correction increases the depth of
the potential everywhere since it always gives a positive
contribution to the size of the Fermi spheres and has an

increasing effect for diminishing overlap.

IX. 12 Calculation of the Cross-Section

The real potentials which we calculated were used with
the imaginary potentials calculated in Ref (27) to determine
the cross-section for 160-160 scattering. As the imaginary
potentials calculated in this method are energy dependant
and since the wave number at any separat"'™n distance
depends on the effective potential at that separation, the
form of tne real potenti?l modifies the form of the imaginary
potential. The imaginary potentials that were obtained in
the adiabatic approxima* ion with inhon.ogeneity correction

and using the separation method parameters are illustrated
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Fig. 9.20 Imaginary potential for 160-,60 in adiabatic approximation.



These potentials were then used in
of H.J. Fink and T. Morovic to generate
for 160-160 scattering. The predicted

compared vo the experimentally observed

126.

the computer program
the cross-sections
cross—-sections are

cross-section in

Fig 9.21. The values of the mass distribution parameters

were taken as C=2.9 fms and b=0.73 fms for '60yand C=3.97 fms

and b=0.59 fms for 3*3.
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Although there are no free- parameters in our treatment
at al.«.j the excitation Junction can be f'airly well reproduced
over a range of several orders of magnitude.

Fig. (.22 shows the behaviour of the amplitude of the
various partial w "cs as a function of energy. The effective

potentials of the first twenty-two partial "waves arc also

plotted.
T
/N
50
40
Lo
I
30
I
f
Yis

Fig. 9.22 Amplitudes, and potentials for tix various partial waves.



The rather regular structure of the amplitude forms
above about 50 MeV is seen to result in regular oscillations
in the cross-section above 50 MeV. Gobbi claimed that
below 35 MeV the oscillations in the excitation function
were caused by an individual partial wave. In contrast
we find that the amplitudes of the partial waves are such

that there is seldom only one partial wave contribution.
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The solutions of the various integrals in momentum space

arc given below
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APPENDIX. B

The calculation of the potential was done in two steps.
Firstly the program INTEGRAND was executed. This program
calculated the numerical value of the energy density as a
function of and K using the analytical expressions
calculated for the encrgy-dcnsity. The grid used covered
values of k”* >k¥1 from 0 to 5 fm 1 with spacing of .2 fin 3
and values cf K from 0 to 1.0 fm 1 in steps of 0.1 fm 1.

The program POTENTIAL then user ese values of e
to calculate the real potential. i v separation distances
of the nuclear centres less than twice the radius parameter,
the coordinate space was subdivided into two regions as

illustrated below

Fig. Bl. reparation for R-PC

Three-dimensional Gaussian quadrature was then
performed in each region using ll-point Gaussian formulae.

The Gaussian n-point quadrature formula is of the form

1 n

f f(t) dt = / u) .£(t.) (B.1)

1 i=1
where w . are weights

and t . are the corresponding points
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b
For the integration /a f(x) dx, subntituuion of

x =5 (b-a)t+&(b a)

gives

For three-dimensional integration we -ave

"h B rxy? ***80 w 21y wti/<x

(R.2)

where x. I (X, .=x%3)t; tXXy»x%)

yi ' (yu-yl)t.*!(yu+yl)

zi = !

For separation distances of the nuclear centres greater
than twice the radius parameter, the coordinate space was
subdivided into six regions for increased accuracy as the
numbers involved became smaller. The division is

illustrated below

or

Fig. R.? Reparation for R>2c

At each point the density of each nucleus and the

compound density (in either sudden or adiabatic approximation)



w-re r'llcil :i‘fei. The inhom, goneity correction was

cnl cula*. ed in th- function subroutine SUHF. This p.-ivo

'he F-rni r.ur.c/a f. r each separation distance am, as the

1' cal nucleus-nucleus relative momentum woa calculated

f r each sopara'ion distance the momentum space situation

I1x"™ 5% values «f (he functions F( x.,jfj,2") were

then taken by Interpolation from the 3-dimensional array

generated by the program INTEGRAND. The summation B.2 was

performed and the potentials thus realized.
Using 1ll-point Gaussian quadrature the value of the
potentials could be calculated with a numerical error of

about 5 per cent.

140.
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INTEGRAND

r’i'i H11 i1 Au*»u

RI /1 vV( 10, JO, )(,)
F1-0.1 tJ>)265 1)32-»1)*01
rs=Pi*Pi

i LAr.("i,/,.:)Pii")( OLT,iviU' I.T

62 rfi'<MAT (if 10. 1)
PtAU( ,6U)(), 0, AGONS,CC!)N, t CHN

4U -K1hMATt Sno, 31
IiIT' (0,46)
46 O.fIAT( (Oi
110(4,11)
1S ,iIKMM( JX, M'THAGt f.'ID T FIT = E/K*A*(LXP (- i*K)«-OK*rXP (-n*K))' I

NKITI(6,140)
140 I AAt(sXief*,SX *eDe,'IX," A*»)Xf'Ce,'IX,*E ")
< 1tf (O, to)o,i)t ACO'is.rci 'i,t com
URIT: (6, 41) .U)Ot LT, TTOt t1,RMUfI T
41 )UV<AT ( 2X, «Till t:IT-1,F5. >, er. T'IkLT="',f .2 ,"THOf LT»* ,£6.2/ )
US=6*0
0C=US>6
i,f=0<:*h
I)¢=D*i)
nc-os*o
nr——or.* i
un”“nr *n
PSUHCAPSI/iTC

)’ MU ¢ 0
1=1

24 CUi1TIMJh
J 1

7C r.iviTIN'jr

irtf «i.i.T.o. if-ne)p.u=n. u-or-
101 KMf.=P.M*KM

P.MC="t'T,*C 1

M f

PKSr-KM-'n

kibris=i.

f.MUC=F M Alls

IUIF'.f =KM ~ijr

r5i)0k=PS/( nc* ini

Rn'i=o.
looi ctmr lour

kin?p.oo

K=. .
1000 LFINT !'NUf
IFtKOU.LT.NTDK I) TO Hi
RD=U0! i
PT=KTO0
00 TO 02
RT=ruio

@ ONN
EK}EE%EQ(I./3.)

kKO«HT*» (1./J )
P.E=KC*KC
Kf =RD*".n

e KO=KF*P.f

=



130

KH=*F*tiF

U, T=-H" (RC+K.[' +R']|

,PT=-H~( KC +\n-K MI

WPR“-0»(RC-KU+HM)

vjpr=-tj*( RH-RC » k)

WPG=-D*( R'1-K( -Rl) }

WPH--H* (KC-RD-F M)

XP')=-0*(RC+%U +R4|

XPT»-U*l RC +KU-K "11

XPR=-,7*(RC-IV) tRM 1

Xf1 =-1)«( F[)-KL+{ ‘U

XRGr-tV (RM-Kf -H) ¢

XRtl=-1)A( PC-RU-F

1= HRC

H1=J.1)0*( C*nt xn WPO)

LT=f.nO*kC*MI XR( WPT )

Ek-N;.UO*I.C*i)L XP( wPk I

t.k-A XP( wWPF )

LG=«?.Dn*EC*I)rXR( /?',)

1 H=2.UU*CC*I1LXP( GPu)

rc=psii,)v

Fil=2.00*FC*DEXP( XP 1)

FT=2.LiQ*FC*OL XI’( XPT I

FR-2.RO*FC*Ut XP( XPIU

FF=2.t)U*FC ' M XP( XPF )

FGr::".1)U»FC>1>1 XP( XP". |

FH=2.DO'FC*['LXP( XPH I

1FIKM.LT .U.ODG;) T1 141

SDTARLKRI)

ST'1=P|)*RM

| Ft SOT .LT.K'IIGD Ti) I 31

1F( STM.LF.fC)(»U Til 12

CONTINUE

COMP"1b. *(tItP1)/).-4. fRM-MM tRF)+2.»'(1C/ *RE*RF-2.+ (RG+Rtl) )/
ip.'hus.*,—i/ns- B>. # (Rr* u i/Rins+4,1. /»rmr

Cn=2.*RC tRn/11+2.* (R1+t 1')/RS+2. /1C

CT=(2.A(RF*RF 1+12. *hC 'KG) /P.P9Sf 12. * (KCkRO)/ RMGC +2.*(RC*RF +RI)tRt )/«
IMK* 1

CR-2. *KC*R /P- 12.ZRMHF ¢ (12.*RC*Rn-2.*(~C +RF ) | ZRMPR-2. ZRC

CF=2. *( Rf)-KC )ZF.S* 2. '* (Rt *PD-kC*KF)ZH''R +12.* ( Ri)-RC)Zf»'WC

p=tl' COMPki (j4(C.ikCT1kF TA (CI-CT ) kf K*( CRKCF ) kEF * ( CR-CF 1

i)ITtP»80.*( FMS-Rt -kF J/DC+T <6. ZOf 1k2.*(4.*kr$RF-3.*kH-3.*RG-6.*FF*RM
IL-(. ARMSKKMF k8. (%< RMk 3. *RTAR,1) Z>

Irj=4 .*k’1*( PF *ktikRF *i<C) Z')k 2<». * KM*RC*RU/0S+4.*RP*(RF +RF )ZDS ¢24.*FP* (
IRCkK0)ZDC +24.*P 1Z)f

DTr ( *kFVF f k.>, . KHk '.D+2. *RC*'1T) Z!)k(2.*RPS*(KD +RCI+2.* (R0O+RT) +22.*(
IKL*K'ikF C*PF )1 ZDSkl 22.* (RFkPF ) +2.* (MS+84 .*RC fRDIZDt +14.*(AC +RU)/UF +
234./DF|+2.*PMS*%C*RI/I

DP«(2. *(KC *KT kPJ»R)I-4.*kr*kF+2.*KC*Rn< RMS)ZDk (24.*t C*RD*RM4."*kM*
HKF +kf ) | ZDSkt R4.*FC*RD-22.*( Ki kkF )-2. *RV.S) ZDf-24. *PN/I)F-84. A»F |

OLF“4. krex(l.i *pO-RC "Rl )ZDk (22. M Rf *F.O-RC*RF )k2. *( RT-FU1) *2 .*RMS* (RD
1-KC) I/DSk-24.*FTM* (RD-kC | ZfK kF4. *( RD-F C)/OF

U=FC*00”"IPkFuv( linkDT )kf T*( nn-o I )kFJ*( ORKOF f ) kKFF* (D*-DC F)
U=8.*kN*RTZ( P. *P.M)-4. *RO*RMSZ'Il. -4.*F,T* <MSZ°.k4. *R11*RF/ 3. k4, *KT*RCZ
13.-<.*kG*kCZI15.-4.*KHy”*DZI5.-kG*kFZ(2.*R'l)-RE*F;H/(2.*PM|+RG*KMZ2.
2kF H<«RMZ?.kKO*f;liZ( 18.*RM ) kKT*RTZ( 1b. *P.M) -RF *PF "kMkRORMC/G. kRF *KMCZ
34«~RTCWRMSZ10

D=PS*1
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132

141

GO TO Hi
CONTINUE

CUT=2.*(RF*%E+RC*K4)/US +2. *RC *RF/ fI+12 « tKC/BC +2. 'kM/RC +1Z./BF
CTT=2.*(kU*RMK,. *RC :IU)/AS+2.*( RE*%D+AC*F )*RM)/B +12 .*RO/BC
CRT=2.*(RF+RF)/0S-2.+RC4Rr/n-2.*kC*RN/NS +2.*(Rf'-f,.*1'C)/9C +12./HF
CFr=2.MRf RCAKI>4K'1)/1+2. <(PU%RU-A.*RC*RD)/OS +12.*RD/8C

P=f:u*( CUT+CTTI+CR*(CTT-COT)+LC*(CRT-Cf T)-f.F *CCRT*CFT )

FOT -2.*(RC*kT#¢Kf)*Rt)* *RLvVhO’-RItKC *F 1)*P.MS 1/ D«-2. *( 11 .*PF*KD+Fn*RMS +
112. «kl *RII*kM+RT) /NS+ ( 2 4 . )*RM+84. *RC*K'))/UC+84.?RO/rF
FTT-(4.*RC*RF+4.*kCARF *RM)/u+(22. *RI*r>F +2.*RC*RMS+2.*RO+4.*RF*RM+4
I.*hE*R'U/US +(22.*Ri ¢:2.*kf+2. iRMS+24.*RC*RM)/OC+( 24. *KM+84 .+ kC ) /DF
2+84./OF |

FnT=2.*(RC*FT-2.*kl «RO* RM+KO"RO0+K. *Rr)*F.MS) /D +2. *( U ,*RC*R D*FM-11. *
U.( VKD-kT-I ()*R*1S» InS+12.*( 7. *Kf. <kO-2 . *kOVP.N) ZOC-84 . D/OF

Ff T=(4. '«kf 'KF-4.+RC <kf *P*1)/()+(4.*Rl “RM-2.*kC+4. « KF*PM-22. *RC* RF-2 .
I*RC*kMS) /DS +( 2.<:RMS+22. *RF-2s. *KC*RM+22. vRL )/ OC+( 24 , +f H-84.* PC) /DF
2+84./0f |

Q=Fflv( FiJT +F TT ) +FR4( FUT-FTTI +F  (Ff T+FFT )+PF*( FRT-FFT)

0=16.*R0O4kT/( 9,<*R1)

0=PS*0

GO 71 115

CON7MU':

irCRM.LT.O.DGfl 711 141

CnMPR=32. ‘RTAPSDHL/ >.

C')R=(2. "KC'AD/D )+2. MRC +ROJ/ iS+2. IRC

CTR=2-v(k( "KF+RL <kI' 1/RY8 +2."(,'U +RL+G. *F C*P.D)/ RMBS +12. * ( RC+RO) /R MBC
I +12,/RMilF

Crk=2.” (P.C*r<|illh +2.*(fU)-RC) /RS-2. /tiC

CFR*2. +(RC +kf -kr *KD)/kMQ+2. +( Pf +RI.-t . +RC+RD 1/ nMIS +12. * (PX"RD)/ RVBC
1+12./RMBF

I’=¢ )MPR+«n=iXCnR+CTf' 1+f T*(COP-C TRI +FM+(CRR+CFR ) +ER*| CRR-CFR)

DO 1PR=32.< Pi>*RT/OF

DOR=( 4. »r.| "1D'tp 4+4." .| *PF*PM)/;) +(24.*RC*1U*PH+4.*RF*RM+4.*RF$RM )/D
15+ (24. <i C+ M+24.vR()«PMI /O f+24. *R,1/0F

DTK- 14.*KC*F F+2.»FX + 7+2. *R0 *KD+2. *'X *RD*ItMS) ZD+ (22.*FX*RF +22.*KE*
Il 0+2.AkCP MS+2.«Rn«ID'6 +7. +1,7+2. "KOI /0S+ (22.*RF +22. +kF+2.* RMS+84 .+ R
2C*RD)/D( + 84.*RC+34. ‘KO)/OF +84 . |OF |

DkR -4. *( Rl *I.O*RM-KC <ia vPMI /( * (24 . “RC*PDARM-4. *“RF*RM-4.* RE*RM) /US+ (
124. *R0O' R1-24.*kri 'M)/DC-24. * <M/or

DFk= 2. +#( R{ Aro*k MS-,?.*PF<'kF +Pi: <on +rtG*k0) /n +(22.*Rr*kn-22.*PC*kF-2.*
Ik IXMS+2.< - D*kMS-2. 'A0 +2.*: 71 /0S+ (84.*kC *KH-22. *RF-22. #hE-2 .+ RMS)/
21)C+( 34."f D-84.1 PC1/Of - "4./Of |

i)30n MPts +F j->( HOK+UTs ) +f 7 u(OOr-DTKI +Fk*(DRP+ IFF, )+Fft«( PRR-DcP1

CONT IN (if:

iF(P*.LT.O,11KMS*0+0

U=0. *» £t KT/ 3.- H. »RT<KMS/ 0. - 8. FF*kT/ H .

0=rS*'|

| F(KM.Gfc .0. 1 JGO Tfl 115

COMPD - j2.*,. T*Pi,09C/3.

Clik2«RC*RF+r,H*I;C/HS+ (kf +KF 1/ ‘if 5. /8C

CT<2=5.*  <i/B+8. MRU/OS+kf *RD

CU2-: 3.*PS*ItF XP(-8»( P.C-POI 1/ ,3C

CT2«8.*PS*()L XP(-!1*( KC+KOI 1/0C

P=COMPke D 1o+(CfJR2-CT»21-ET2* ( CO R2+CTR2 1

OOMPK=32+*P SAK T/OF
IFDOR2=I 3(,.*RC*RF +4. »R0) /0+ 120. *RC/f'C+34. +( RC+RF 1/DS+ 120. ZDF+ti.* Rt* 0
OTP2=4 . +(RC*PT+10*80) +120.*RCARD/CS +(4.*PTf36.*RD*RC)/D +120 . * PD/OF
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4b

1C0$
6b
64

3001
16b
Ic4

F02=?."PS*Dt XP(-U*(KC-K;)) )/Du
FTZsZ."PS”"LxP1l- )*( iCtr.0l ) /nc
Q=1)0II'PA+ U "MDHK2-.nR2) —r T2*1 ,) ) K2*1>TK2 )
COUTINJt. .

v( 1ljik )=ir ") i*n*Ar.u,;b* (P*CCnii* j)
RTIisRTfHPTDLLT

K=KeI

I F(KT(J.LF «5.)30 VI 1000

Kt’iJ=Rill] ¢#KOOK LT

J- J1

IFiKnO.Lf .h. )f,0 TO 1001

RM=": UPMiifi 1

I-1 M

1F('"\M,LL+1. Ob1GO T) 2b

JM\X=J-1

WRITE*H,40)0,D,AC 1TS.CCf N,ELOM
WRITC t '1,4b) JMAX

FORMAT(2X ,H )

WRITL(M, b2)ROMI LT, RTDFI T,RM LT
on 04 i=L,n

03 Ob J=1,J<’AX

OfF ITF(t), IOOUt V(I,J,K) ,K=.|, J 1AX)
FORMAT( MF10+2)

CONTINUE

CONTINUE

no 144 1=1,11

no i<sb J=i,d ‘iAX

fP.ITt (n, TO.)) )(v(!,J,K) ,K=J,JTAX)
ro <MAT( 9F10.2).

COOTINtr

CONTINUE

CTO*

END

1M.



A5

62

ICC3

65
6A

168

166
It7
It*
16 A
711
712
16

1A

1C

At

1AC

145,

POTENTIAL

OJVFNSK.''N K 12),kzZ( 12) ,M121,Y (U ),MN(12),>N(12), I( 12),7M(12)f*-’§*
12),YS(12f ,/1(12,12,12)tv(3C,3C,3C),V(>0)fVR(5n)
MC3 1

= 1.1
P:: =P 1IpI
«/INCt=IC.O
KL.U ,C, ACCNS,CCC N,ECCN

FUuPMAT (iH C.3)
Rt At (<-,,<« )JNA)i

rCRVAH2Xf 13)

REU (S,e2 )RCUfcL 1,!<1ULL1

FCRMAK3F1C.2)

oC 6A 1=1,11

LC 65 Jr1, JVAX

<tAL(i,ICC2)(V( I,w,K),K=J,JPAX)

r-CRPAI (fjf 1'.2)

CCNT I.NUE

CIM INLh

WK1TE(6, 16C )RGOT:LT, RIOCIT .PPOCLI

FLPMAI(/2Xf «r<CU(tl =, ,f5.2,, RTUNLT =«,Ft).2,, FPQELT3 ,fF5.22)
cL 1'A 1=1,11

CC 16 A J=1, JFFA X
CC 166 mJ , JNAV
V(1,K, J)r'v( 1,J,K)

UFin(6,16 7)(V(I,A,1<),K =1,JvAXI
PCRMAHVvilC.2)

CCNTIMt

CCMIMf:

Rt AC(6,7 11 IPA,I'C 1A

FLRM61 (2F1C.2)

RtAC (>, 712 )PtC

FCRMATtF1C.2 )

RLAC(6, 18)1 A

fLRM<I(2X,EIA.7)

RLAf (5, 10)CL,Dt ,0C, RR, ZL, XNL, AL, zR, xNR, AR
FLRMAH ICf 8.2)

(P<iX=CL

21LL=2.»CPAX

ZI LG— ZULU

xul=Zulu

YLL =XLL

XLL=ZL1.0

YLL =XLL

REAL(5, 1C)P,VZ

FGfi«AT(2(2X, 12))

WRITE(ft, AC)

FCRMAKIH)

WRITE(6,1S)

FURMA T( 3<, 1PPASc SHIFT FIT = I/K +A#([XP(-9*K) +C4K*EXP(-C*K))"')
WHITE(6,1 AC)

FCHMM{5X,M, ,SX,»t)*,«;*, M<,Sx,»C",7X,'f")
WFITEtfc, iC )L',r,ACCNS,CCLC,LCCN

El »V=IC.O

CNCP =E1AV

NPOT*RACGL/PA»C. 1

N= (VIR1) /2
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less
1CC4

1CC2

41

71
72

SS

72

1SS

ise

<7

ZENf.1=1.3*r s->RhO0{C. |AK,CR, Pl )
kPIIE(6,44)N,yZ
ETRMs | (/ ZX, M.SC
cr: e 1=1,EZ
fitec 15,*«)Z (1),kzZ (1)

FCRMST (jX,t 14.1 ,2X,F. 14.7)

CCM INUE

CC 2 1=1,M

ReAL(6,2 )X( 1),Vil >

FuHHM (2%, b14.7,2x,Ll-:14.7)
XK(1)=((XLL-xiL )1X(1))/2.H XUL* XLL)/2.
XSt I)=xr;(1)o>xN (1)

YS(I)=XS(1I)

CCNI INLf

WRITE (I,1CcGJbtN

KHMHUC.:)

WPITFE (1, ICC4)f IAV

bCRMAT(FIC.2)

WRITF.C 1, I" JNPL1,FA,t;11A

FCRMATI 11C,11 1C.4 )

CENT 1NLF.
RC=%5ANCE
vt.UuC+c.cC

1=1

1Z2=C

HPIT6(6,4 11ENCP
FLkMmATI1/2x, 'L.F.

w12, HY ",12," G

ENERGY =',r <. 2)

FURMT 1/1 2X, «SFP.DI STANCE ',SX, 'MCI .FCTEI.

CCNT IN Lt

1Z=1Z0¢ |
If[RB.Lt,5.)CC TG M
VCCL=64./HPt1.<1S 8
:r TO 12
Vf.OL=« '’
CCUT INLF.
tNLC 3 fcNC'A-1 \NLC ¢YCC L)
If(fcNLO.LE .0. )FM 0=C.C
RP=S3KT(4./F )*fcMCZ K. |
KA=1

SL*=C.C

ZIL=ZULU«RPZ2.

If (OL.CT.2.4G"\X)GC TC 73
ZI L=C+C

CD 1C 63

ZLL=ZLL

ZLL =ZLLfJ-RtiZ2 .

CO TO 63
ZIL=RbZ2.*Cl-2.*WL

CC TO 123
ZLL=ZLL

ZU =PLJZ2 .-(L+2
CC TO 183
ZLL =ZLL
21L=C-0
CC TO 183
ZI L=-(R8Z2
ZUl=C.C

*12 AR Zi.)*(RfI5.))/1c.*1.419 4

L, L

-CL*2 2 )1 )

146.

55 SL\C. )

. ', IX ,« NUCL¢CCULCM"

/>



156

155

62
163

22

2C
24

22
7(2

82

147.

GC TO 152

ZU =7LL

ZLL =- (rte/2 .4CL-1.*11)

GO TO U3

ZLL=ZLL

ZLL=ZLLO-RB/2.

GUM IMF:

CLNTINLLt

VCt=(ZU\ 7LL1Z2.*( XLL-XLL)/2.MVLI-tLI.) <2.
in: =0

CoO » 1=1,MZ
ZN(1)=((/UL-ZLL1*Z(1)1/2.4(ZLL*ZLL)I2.
zs=izritii-Rili.)*(zm i)-fm/2.1
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