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SI]MMARY

The d"irect reaetion theory for the i-nel-astic scatter-
ing of nucleons from nuel-el is clevelopeil using a two-bod.y

reaction mechanlsm. Faetors which inf]-uence the relative

contributions from the nucl-ear interior and" surface are

identifled and. studied.

The purely optical- mod,el effects of rtphase averagingrl

whj-ch reduces the contributlon from the nuclea,:: interior,

and frfocussirgrt, which emphasises the surface region more

with lncreasing incident energy, àTe d.eflned-. It will-
be shown that phase averaging d-oes not Temove the contri-
bution from the nucl-ear interior, although it does give

a reduction from the plane wave situation, and that
focussing has a J-arge effect on the angular d.istributions

especlally on the extreme angle eross-sections.

Defining a surface reaction as one in wh.ich the region

r ( n, is weighted by the val-ue f=0 ¡ signifi-cant d.iff erences

in shape are foun<L between this surface and- complete

vol-ume calculations, Here R, is a suitably defined.

rad-1us. In many cases these differenoes cannot be removed"

by any reasonabl-e adjustment of the optical model parameters.

These effeets are extensiveÌy analysed in two reactions.

The first is the reaction F'1 (p,p')"'9* ,o the fírst
excited. level, a parity changing case with a small- Q-value.

ft must be stressed that althorrgh we d-o not expect

the single pa::ticle m.od-eÌ to be a correct d.escription

of the Fl9 bound states, we use this model- for simpllcity



as l,ve are concerned" with optical mod_el_ effects in these

angular d,istributions. Further, because of this and

the fact that th.e absol-ute strength of the two-bod.y

interaction insid.e nucl-ear matter 1s an unknowr. parameter,

we will- not be concerned with absol-ute magnitucles of
cross-sections.

Ihe second. is the reaction c¡3(p,n)Nf3 to the ground

state. In both of these cases, the differences between

vo]-ume and. surfaee mechanism calculations are significant
and cannot be reprod.uced by variations of any optical
model properties. This l-ead"s to the conc-l_usion that
the density d.ependence of the two-bod.y force for
reactlons proceed-ing by a two-trod.y, col_l_ision mech.anism

may be identifiecl by the angular d.istributions and the

energy d.epen.d,ence of the ext:reme angle cl:oss-sections,

rvhich are particularly sensitive to the foci in th.e

optical model 'wave functions.
.Prel-imirr,ary cal-cul-ations show that the incl_usion of a

real-istic finite range form for the two-body interaction
potential wil-l not invalidate th.ese conclusions.

Finally, calculations are reported. for the inelastic
scattering of protons exciting first state by X9'l . This

is expected to be a single particle transition between

two al-most shell mocl,el states and. involves a ehange of
parity.

It wil-f be seen that the conclusi_ons d,rawn from the

case for lighter nuelei are borne ou-t for this reaction



whlch we expect to be described" in our model- of the

reactionr possibly with the extensions mentioned in

the text.
ft is hoped that with this reaetion that we 'wil-I be

able to fit the experimental- results stil-l to be obtained

and thu_s d-etermine the two-bod-y force strength and

exchange features.
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CIIAPTER 1 INTBODUCIION

Section L.I of thls introd.uction covers the back-

grountt dlevelopment of Nuclear Reaction Iheory, relevant

to the work presentecL ín thls thesisr üp to the stage

of cllscueslng the dlrect reaction theory Ín particular.
Sectlon 1.2 deals with the dleveLopment of the dírect
reaction theory, Seetion 1.3 wlth distortj.on fn the

optlcal model ancl Section 1.4 eonsiclers the locallzation
of the reaction reglon and its signfflc€ur.ce.

1.1 SACKGROT]ND

lhe complexity of the nueLear nany-body problen

has leû nuclear physJ-cists to lnvestlgate nuclear

properties by the tntroductlon of particular slnBlifying
mod,els. A moclel is an approximate representation eLther

of the nucleus orr for some seatterÍ-ng problens, of the

reaction mechanism, or a combination of both. A chosen

mod.e1 is constructed. so that some known lnformation

about nucLear properties ls contained within lts construct-

ion. lhis can then be investlgated. to obtain further
lnformatlon about the nueleus, ancl, lf this information

is verifiecl by experiment, the nodel can be consiclered as

a factual representation within lts range of validity.
In fact, a prime object of the nucl-ear mocleI

approach 1s to gain frorn the characterlstÍcs of the node]

a better understantling of more fundamental nuelear

propertles, such as knowleclge about the two-bod"y foree

insícle nuclear matter. Ihe process is one of extrapolation,
and its F uccess in a given case clepencls upon the linitat-
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ions and conplexity of calculation of the ¡noclel ehosen,

For seattering problems, two extreme representations

have been particularJ-y suecessful, namely, the compouncl

nueleus and the direct reactlon theories. [he elastie

scattering problen often can be well cleseribed by using

the optÍcal model. Using this modelr the fltting of

experimental results r,vas quite remarkable in many eases.

Ihls is not aonsld.ered as a third representation because

cl.lrect reactlons can be thought of as extensions of the

optlcal model theory.

Eo'wever, the compouncl nucleus and. optleal moclel.s

are related., because the scatterfng matrix for each ean

be cterívecl from the same basic expresslorr*1 the

ctlfference rlepentllng on just how large an energy interval t

I, is usecl to form the average. When thts enexgy

interval is large enough, the seatterÍng natríx, whlch

ean be expanilecl as a sr¡m of the contributÍons from the

compouncl levels, can be separatecl lnto an average and

a fluetuatÍon tera. lhis average ca¡r be representecl

by the optieal model. Many au-thors have founcl this
relatlonship uslng slightly differing approaches.

Referenees to these are given by G.E. B=olr**1 '

Direct nuclear reactions are clefineiL as processes

ln which only a few degrees of freeclom of the nucleus

are excited. Iwo lnterpretations of these excitatlon
proeesses have been extensively lnvestigatecl in the past.

One is the coLlectíve excitation of many bouncl nucleons

by the incldent parti"k*2, causing the nucleus r or some
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part of the nucLeus, to vibrate or rotate. Good fits
to angular dj.stributions, both in magnitude and- shape ,

are obtained by this method", and r âs this theory d.oes

not involve the particle forces explicitly, the accvracy

of the results obtained indicates that the first ord.er

Distorted Vrrave Born Approxlmation (hereafter abbreviated

to D.W.B.A. ) is a gooct approximation, àt l-east for these

reactions "

The other d.irect reaction process which has been

extensj.vely investigated assumes that the reaction pro-

ceed.s by a two-bod.y eol-l-ision between the incid.ent unbound

partide and one of the target nucleus particles ' a bound-

part1c1e. ObviousJ-y, this invol-ves the t'wo-boily potential-

1n nucl-ear matter and. hre seek information about the clensity

d-istribution of this effective two-bod.y force. The two-

bod.y results however t frày be infl-uenced. by col-l-ectlve

excj-tatior,.**5, and, therefore, be difficult to isol-ate.

This type of pred.iction. can, of course, only be

attempted when satisfaetory expresslons for the initial
and. fínal states of the nucl-ear system are used.. The

computer cod"e described. in the l\ppendix does not incJ-ud.e

elther an exchange character for the two-bod.y force, or

a spln-orbit interaction effect in the optical mod.el

representations of the wave functions of the unbound.

particles. Further, most resul-ts reported" here invoJ-ve

a zero-Tange two-bod.y force. Some cal-culatlons have been

performed using a Yukawa finite range potentiaf and.

their discussi.on is contained. in Section
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4.7. Our ana3-ysis t¡sing thls two-botty potential is
not yet extenslve ancl, consequently, unless statedr all
results and cOnclusions refer to the zero-Tange D.üf.3.4.

calculations. Neverthelese, results obtainecl wlth this

zero-range cocle fndlcate that on taklng into accor¡nt

the etensity clepenclence by weÍghtlng the interaetíon reglon

approprlately there are significant differences l-n both

nagnitude aneL shape of the angular tlietrlbution when these

results are eompared" wÍth those ln which the 'whole volume

Ís consiclerecl. lhe energy variations of the backwartl

peaks in angular ctistrfbutions are also affected by thls

weightfng of the interaetion regÍon. Ihese differences

cannot be proctuced by any senslble variations of the

parameters of the theory. lhisr of courser supposes

the reaatlon stutlied d.oes occur via a two-bocly interactfon

meehanism and that the results of experiments are not

enhancecl by a¡ry eollective excÍtatlon effect.
However, there is some evidenee, basecl" on the

applicability of the shell motlel, that excltations by a

two-bocly interaction clo ln fact exist. For example,

there are cases where the she1-l- moclel pred.icts smalI

colleetive admixtures of wave functions anil correct

6 -ray transltion probabitities. Such a case is

the ground state ancL flrst exeitect state of Y8g .

In general, as both eompouncL nucl-eus and' clf rect

reaction mechanism contrlbute to the reactlon resultst

the relatlve contributions and. interferenee of the two
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p1gcesges canngt be acCountecÌ fgr. HOweverr there

ane two ways of aehieving some measure of separation.

Further, Ín ülany cases, undes appropriate cond.Ítionst

one or other of the contrlbutions can be made negliglbl-e.

lhe trrvo ways are: -
(t) The use of poor energy sesolutlon in an energy

reglon where the compouncl nucl-eus has suffieient

Ievels. In thls case the characteristic fluctuat-

ions clue to the eompounil nucleus wÍlL be averaged

out and the statistieal rnodel appliecl. Thi.s means

that the compouncl nucleus contrlbution ís nearly

i_sotropie anct ean be subtracted ineoherently from

the experimental- results.
( Z) The use of gootL energy resolution. llere the

eontributlons from the two processes add eoherently

ancl so eannot be separatecl. However, consistent

features in the resul-ts as a function of energy

can be attrlbuted to the ctlrect reaetion proeess.

In the Boor resoLution case, it has been shown by

Dodd ancl tllc0artfry*4 that the ttParityrt rule of Kromm ínga

a¡d. MeCarthy*5 r 6, deseribect ín some detail in Chapter 7,

can be used., proviitetl the very restrictÍve condltlons

of this rule are satisfied experimental-Jyr to separate

the eompountl nucleus ancl. cLireet reaction contributions

antL thereby no::nalize the ctirect reaction contribution'

At leastr wê expect to lden.tify the non-D.trtl.B.Ä. term

to within a fe'w nÍllibarns. Essentially they show th'at
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for poor reeol-ution the compound. nucLeus contríbutl-on

to the angular distrlbution 1s given by the statistical
moctel anrl so the angular distribution for this mechanÍsm

is then symnetrle about 9Oo. Hence, for a parÍty

ehanging reaction, the clÍreet reaction contrÍbutlon

at z,ero scattering angle is zero *so that any experinental

value at uero scattering angle must be solely that of

the compound. nucleus. This val-ue then must be that of

the eompound. nueÌeus at the backward seatterlng angle.

Henee, the differenee between the experinentaL cross-

sectlon values for the scatterÍng angl-es of lBOo and.

Oo ls the value of the cl.lrect reaction eross-section

at lBOo.

The reaction r"g(pB')Ftq* (first excited leveI)

woulcl appear to be just such a proeess. Butr the a

value of 0.11 llleV, together with the faot that the

second" excitett level of tr' '1 h"" a Q value of approxÍrnately

0,2 MeV, means that experiments must have extremely good

energy resolutiotr.

1.2 DEVEIOPMENf OF TI{E DIRÐCI REACTION THEORY

Seattering is a reLatlvely infrequent processr and

so analysis by means of first orðer perturbation theory

is possible.

Weisskopf*? has cLescrj-becl the d.irect reaction proeess

for inelastic scattering as follows¡-
Stage 1 - The incj.dent partiele ls scatterecl elastical]y

by the target nueleus.
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Stage 2 - Ihe interactfon occurs and energy ancl momentun

are transferretl within the total- system,

Stage , - lhe euergfng particle is elastically seatterecl

by the resultant nucleusi.

Vlewíng the cli.rect reaction i-nelastie process in
such a fashion means that the cross-seetlons can be

describecl in terms of the overlap of the inftial anil

final states of the system without the Íntroduction of

possibly uncletermlnecl intermed.Íate states. In other

words, all ueasurable quantíties can be expressecl Ín
terms of natrix elements havÍng the form -

'L = (rinal l InteractÍon I rnrtrar) ( r. r)
'where ln general the lnÍtial and fÍnal states of the

system are expressecl as an aBproprlate proituet of two

uave functlons, one describing the unbound, partlcle,
the other the bound partlcle or particles. The anti-
s¡nmrnetrizatlon of these total states of the systen is
not neglectecl", but fs most often taken into account by

appropriately defini-ng the form of the lnteraction.
lhe wave funetions for the bound anil unbouncl

particles are clerivecl from a sultable representation of

the nuoleus. [he bound states have been most success-

fuIly tLefined. in terms of the nucLear shell model*8.

Improvement on this can be obtainecl by using, for example

phenomenologieal rulxtures of configurations.

Ilowever, the wave functions of the unbouncl partÍcles
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are of most importance for a gÍven angular momentr¡m

transfer, beeause these are primarfly responsible foi:

the shape of angular distribr¡tiorr"*fo'1]. Slnce the

angular dlstributÍons are not so sensitive to the borrnd"

state hrave functíon, relatively sirnple forms are adopted

for the shell. mod.eJ- to reduce the complexlty of computat-

ion. Even then, using the best representatlon avallable
for the unbouncl particl-e wave funetlons (provided by

the optical nodel), the calculations require a large ancL

fa.st eomputer and" so conputíng facllities ancl economics

can be a consiclerable prob1em.

The first attempts to evaluate these matrix efements

used plane waves for the unbound particle wave funetions.

îhis ?lane Wave Sorn ApproxlmatÍon was used to clescrÍbe

strÍpplng and heavy partiele reactions. It predicted

the correct angular momentum transfer by flttlng some

general features of the angular dlstrib.,tiorr"*12. How-

ever, 1t ditl not yield detailetl fits j-n most of these

cases and Broved most lnaclequate for nueleon-ind"ueecl

reactlons.

The suceess of the opti.cal no,1e1*15 in fitting
elastic scattering*14 indicated. that this night give a

better representation of the unbouncl particle wave

function. No'w, although elastie seattering only elepends

on the values of the optieal model wave funetions at

large distances fro¡a the nueleus, the success of the

D.W.B.A.*11, especially for well known colLective
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.å+ 2excitatiotrs-'ot intlicated that the opticatr- model wave

fr¡nction is a goocl reBresentatlon also near to and. insíde

the nucleus.

1.5 DISIORTION IN THE O?TICAI MOÐET

îhe optical model represents the nucleus by means

of a eomplex potential welL

ø (r) = v(r) + iw(r) (r.e)

which strongly distorts ín both ampLitude and. phase the

plane l'rave funetions. It is kno'wn that the reaJ- part

of the potentÍal eauses refractlon ancl reflection of

the partial waves, while the imaginary part attenuates

the wave aB it progresses through the nuclear volume.

lhe effeet of refl"ectlon on the optÍca1 model wave

firnctions Ís to give parts of th.em a standing Ï/ave appear-

anee. Attenuation aceounts for the loss of probabilÍty

fnto channels other than the entranee channel.

Mcgarthyxl5 r 47 n^, shown how thi.s distortlon ls
most pronounced for the surfaee partial waves, where,

in the parti-al wave expansion for the optical mocLel,

the surfaee partÍa1 'waves are definect aÊ those with

angular momenta I^/kR, k being the lrave numberr R the

nuclear raiLÍus. He also has shown how the phase relation-
ships between the partial waves 1n ancL near the d.lffuse

nuclear eurfaee, result in eonstructive ínterferenee to

produce the rrfocusrr. The foeus 1s a regíon of large

probabtlity amplitude on the axi-s on the sicl.e of the

nucleus opposite that of the eoll1sion surface. the
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axls 1s defined. by the d"irection of the incid"ent partic1e

at a great d.istance from the nucleus. These features of

the optical mod-el- wave functions, together with a more

explicit background- d.iscussion , are d.escribed, in Section

2 of Chapter 3. It was *horrr*16 that flux and" ray

cal-culations inferred. the existence of this foeus,

because, although the probabilj-ty of a particle being

present in the focal- region on any trajectory is small,

many trajectori-es l-ea.d- to this region..

This*f 6 and other calcul-ationsxl7 ':l-B showed. that

the d"istortion described. above smoothed out the angular

distributions from that obtained- by plane wave cal-culat-

ions, whi-lst often retaining alJ- the salient features of

the plane wave resul-ts, and. al-so in many cases, produced

extreme angle peaking. Because angular d.istributlons

are measures of momentum transfer, these effects carl

be und.erstood. from the fact that distortion ca.uses a

IocaT.ization of the j.nteraction region which is not

present in the plane hrave theory. This Locaf-ization, in
view of the uncertainty principle, implies that momentum

is less resol-ved- and. so the angular distributions are

smoothed. out.

fhe predominant features of the l-ocalization are

a, f::ont rrsurfacerr term and the rrfocal-rr term. Using an

approximate wave function based on these two terms,

I'tcCarthy an<l Ìu::n.y*]8 hu.d. consid.er:able success in
fitting ( C,c(t) experiments and. expected reasonable

nucleon induced scattering results. Mc0arthy'and.
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for{p,p/)
basis of thi-s l-ocal-].ization. Now in an inel-astic scatt-

ering process, at least two such wave functions are

need"ed. and. so their overlap is greatest 1n the two

extreme directions. For the scattering angle

I ," = lBOo, the two focus terms overlap as d"o the

two surface terms; Ii-kewise for I ,. = Oo the focus

term of one wave function overlaps the surface term of

the other. Hence at, these two scattering angles, the

ove:rlap of the magnitudes of the wa.ve functions is
expected. to be a maxirnum. Then if the phase relation-
sh"ips both within and. between the two regions where the

overlap of the two unbouncl particle wave functions

has a large val-ue (trrat is when I ," = Oo or l-BOo),

are construetive, extreme angle peaklng wil-l- clearly

result.
I.4 IOCAIIZATION OF THE REACTION REGION

Early D.1f.B.A. cal-culations consideretL the reaction

mechanism to be a su.rface phenomerrorr*lo i.e., the matrix

el-ements were calculated- by repl.acing the radial- integral-s,

extending from r=0 to r=oo, by a thin sheJ-l of the nuclear

surface. E1ton and, GomesrÊlg suggested that these cal-cul--

atlons shoul-d, be suceessful because internal reactíon

products could be totally internally reflected. at the

nucl-ear sur-face, and. so the nuclear i-nterior woul-d not

contrlbute to the reactionr s anguJ-ar d.J-stribution.

l_l-.

later showed, that the anguJ-ar distribution
reactions could. often be rrnd-erstood on the
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However, this interpretatlon is inadequate as it

prohiblts any focus phenomerr"*16. later, Auster'''*Zo

investigated the optical nodel vlave function 1n more

detail, and. diseoverecl that the lnterior region may

not eontribute to reactíon values because the phases

of the 1ow angular momenta partial waves (tfre only

ones that have appreciable nagnltude in the lnterior)

vary smoothly with raclius and so would aver¡age out.

Me0arthy*l5 lnvestigated this ttphase averagingn

effect in greater detaj-I, covering the low energy

results speclflcally excluctecl in Austernts papert

ancl founil that this phenomenon perslsted.

By calculating the exact matrix element express-

ionsr w€ will- show that, while phase averaglng stfll

exists, the red.uction of internal contributions

caused by this effect is not as great as nray have been

expectecL. The contrlbution to tþe matrix elements

from the Iow partlaf waves involved in phase averaglng

should" not be influeneed by focal contributionsr ås

the focus is mainly generated by the surface partial

waves.

Hence, in eases where this purely optlcal- mo'del

effect of phase averaglng 1s not severe, where surfaee

andt volume ealeulatlons have cl.lfferences that eannot

be over:come by realistic ehanges 1n the parameters of

the theory or understoocL ln terms of focal contributlon
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alone, co¡ûparison of the theory and experllnent will"

yíe1d ín-formatj-on about the reastj-on mechanlsm'

Hereafter, su::faee ealculations are deflnecl as tltose

in whieh the radial integrants values from r=0 to

r=Rf âr€ taken as zeTT. Rf W111 often be ehosen

to be the saxorL well- radius. It will be seell that

parameter varlation cannot convert surface to vqlume

results, ancl r sinee the ctiff erences persist and'

sonetlmes amplify as energy inereases, the focus,

whj-eh moves further out into the surface region with

lncreasing energy, cannot bring about this eonve:rsion.

Now, although the íncorporation c¡f the focus 1s

not expecteil to invalidate the above, it is the most

i.nportant local-lzation feature and has markecl effect

on angular cllstrlbutlons. since the focus is ener8y

anü potentÍal ctependent, 1t was first thought that'

for low energies, it woulcl. be a probe into the nuel.ear

interior*16 t 6. This may st'il-I be the case for heavy

targets, but for nuclei of l-ow mass nu¡aber, the foci

of wave functions for energj-es in the 5 I{eV range ancl

lower are spread over both the nuelea.r lnterior anct

surfaee regions. Nevertheless fn the pieture proposed-

above, it ghoul-cl be still Bosslble to obtain informatj-on

about the nuelear interaction mechanism.

Although the focus is spreact, lts effects are sti1l

deolsive features that shouLat contain informatlon about

the nuelear lnteractiqtl. Ihe extreme angle peaking is

the ¡nost sensitive feature of the foeal effect ancl we
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r¡riIl- report here the results of analysls of the reactlon

c 13(p,.)Nl3 (l.ata of nagley, Haeberl-i and- Salad.j-n*2r.

lüe attempt to fit the extreme angle peak versus energy

variatlon but fj-nd that the lfunitations of our oalcul--

atlons are too severe. It 1s expected. that inclusion of

a finite range j-nteractlon wj-th an exehange character

wil-l improve the situation. The analysis by Agodi and-

Schiffrerx22,27 of the s?8 (tr,p)A/8 reaction indlcates

this fact. In particular, these authors find' that

exchange effects can have pronounceil- effects on the

baekward peaks. Nevertheless, our calculations ind.icate

the extent to 'whieh focussing affects the angular

distributions.
A sidellght to the fittlng of the backwarcl peaks

variation wlth energy is eviilence of the well- known

V Rn ambiguity where, in our calcuJ-atlons n is 2.
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oHAPEffi. 2 _MAIHE}4ASICAIJ DESCRIPTIoN

2.1 INt,noDucTIgN

Ðirect reactions can be clescribetl 1n terms of

the Ínitial a¡rcl ffnal states of the total system without

interventlon of any intermetliate compound states. Thus

observabl-e quantlties ean be theoretically cllscussed

1n this mechanism in terms of matrix e].ements of the

form -
"rrl = (finatf lnteractionf InttiaÞ (e.r)

L
It is also known that the flrst orcler Born approxima

is applicable and. ean be improved by lntroducing dis

ion lnto the unbouncl partieles descriptlon as glven

the optlcal uroclel. this 1s then the D.lf .8.4. ¡ a two

channeL flrst ord.er approxl*ttiorr*ll.
lhe differential cross section can then be elrpr

tion*24

tort-
by

essecl

as

Itg) = Nornalizatlon 4 \*¿ ¡

2- (z.z)
ave

¿l
where á*'refers to an average over the unneaSurecl quantum

ave
nunbers of the entrance channel and a sunma'blon over

the quantum numbers of the exLt channel. In the particular

ease of describing a nucleus as a closed. shell core plus

or minus one extra core nucleon, the l is then s1mpl-y an
ave

average over the 1n1tial bouncl state proieetions ancl &

surnnation over the final- bound state proiections

{ 4tJ'ttJ
(: ,¡)

¿Jr- I
o ve-

In sectlon 2.2,'we cliseuss the three constituents of
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the natrix elenents namely the representation of the

unbound partieles, the representatlon of the bouncl

partieles, aJICl. expresslons for the two-body interaetion.

Exact expressions are clerived. 1n section 2.5 for the

direct interactlon lnvolving a two-bod.y eollisj-on

mechanism, incluclíng a fintte range and exehange form

of the Ínteractlon, but negS-ecting any spin-orbit

coupLlng. Finally, 1n sectíon 2.4t the simBllfied

expression for a delta function interaction without

any exchange feature is derived from the results o-f

sectíon 2.7. lhe expression of the matrÍx element in

this case is shown to be equivalent to that as cafculatec[

by Glenclennlng*lo, assuming spinless unbouncl. particles.

2.2 TIM COM?O S OF TIIE MATRIX EIEMENTS

In the foLlowing three sub-sections we d.lscuss the

mathematical expresslons for the components of the

matrlx elements as a.re ealeulatecl. in the eod.e clescribect

in the AppendÍ_x. Hereafter, the reaction meeha,nism is

conr¡id"ereil as havíng the two-body form.

(') thc Sound States

Io ilescrlbe the bound. states r 'wê use the pure i-i
coupling shell moalel" IR particulat, the lnitial

and final nuetrei. are consiclerecl as oloseil shel]-

nuclei with one extra eore partlele, or the

equivalent closect shel-I with one hole eonfj"guration.

lhen the total spÍn ancl most propertieË of the

nuclei are deseri.bed. by the values assoclate¿l with

the extra-core particle.
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the elosed shelL core of nucleons in the target

or resj-clual nucleus enters the ealculations only

through the potential we1ls, wlth which we represent

the nuclei and which distort the unbouncl partielers

wave fr.¡nctlons from the pLane wave appearance.

T{e clescri.be the bountl states as

where "tL,rvt

?^o l*t tP j'";)
.P,,",r,¿n-> lþ'¿,r,/') (2.+)

are the lnitial and final prlme

quantum nu.mbers.

are the lnitial and final orbital
quantun numbers.

are the lnitia]- and final total-

spin quantun numbers.

are the initial and final totaL

spln projection quantum numbers.

the racl.ial vrave functions ,?"rpd+t

are usecl 1n our calculations ¡ âr€

those of the Harmonic 0sc111ator. The expression

for these are

þ,P,

J,J,

t¡,\

In particular,
r-Q'.','p'(-cr, that

(p*
r%

(ePn 7r,+ ¡) It-
r

I

L

?
P tr--,) / (.p+rt- r¡f (zp+ r) /

(r r;t")

ç2.5)

lq
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where following the notatfon of Glendenning,
{e10

ù
2- f r(-'*- r) +Pl +:

'Ri.., r'

( i) = À, i¡o - io.t ".-o-fy'i c ,'e 
^.,f

(2. a)

RnVf is what we shall call hereafter the traverage

interaction radlusrr. this parameter eontrols the

spreacl of these bountl state expressions ln space

ancl is a measure of the blnding energy of the

nucleon within the target. The Saxon well racllus,

if usecl for R1gl r correspond.s to a bintlíng energy

of about 10 MeV.

The angular ilepenclence of these expressions for
the bound states are

lrj1) = fr c (Þ,*o,L,tui j,-j)\^,rol
x Xr.,* lJ) (2.7)

where the three terms in the sr,¡nmatlon are notations

for the Clebsch-Gorclan eoefficients, normalløed.

spherical harmonlcs ancl normalizecl intrinslc spin

lrave funetLons reepectively.

lhe Clebsch-Gorclan coeffielent

C /c.,{, \¡s ,;c,v)
eouples the state clescribed by the anguÌar momerùrm

quantum nr¡mber Cc ancl lts proJectÍon d to a state 'wlth

the quantun nr.ubers brp Ut"tng a new state describett

by the quantum numbers C,V. The selection rules

for these eoefficients are then -
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lcr-bl<c-< q-*b

o{+ß = V (2.7 )

Thls ttescription of the bouncL states can be much

improvec!., but as well- as having sirnplieity r it 1s

adequate to specify the ehange of nuelear state.

Turther, angular d.istributÍons are far more

sensltlve to the localizations of the unbor¡ncl

partieles ancl eomplicatÍ-ng the boundl state I s

eal-culation is unwarranted.

(b) llhe Wave trtun.etl-ons of the Unbound Particles

Ihe wave funetions for the unbouncl particles are

caleulated from the optiea1. moclel. fhese are

the solutions of the Sehroectinger Equations for

partícles moving in complex potential wel-ls' The

ealeulatLons reported 1n this thesis ignore spin-

orbit terms j-n thls compl-ex potential. [he

couplex wel-L form used most often ls of the

Eckart type

V¿"^¡ = fVo ,* i w'] l r o .*p (¿+- rt) 
'"')] 

- 
'

( 2.8)

Vo., uJo are the well- dePths in MeV

R is the Saxon we]-l radius 1n fermis

o* Ís the surfaee thlckness parameter 1n fermis '

lhis optieal_ moitel successfully preclicts elastic

scatterlng resul-ts ancl total reaction cross-sections

but 1s not sufficient to d.iscuss inelastic processes.

To clo so requires the lneorporation of a reaetion

meehanism.
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Gl-end,enrllrrg*Io and levinson and. Ban""¡"**l-1 have

shown that dlrect reaction matrix elements are

accurate if we consi-d-er the wave functions of

the incid.ent ancL emergent particles as the

solutions of the optical- mod.el- representations

of the ini-tial and residua]- nuclel.

fn the partial wave expansion, the wave function

for the u¡rbound. particJ-e in this representation

has the form

þrt L+rtatr-r)J" niñ ( l,¿&.ù ¡1,ø¡25-l

7

are the coulomb phase shifts

f the fu Ð satisfy

(2.9)

F¿

Defining hrr'

Ii- " [t'- f ivt" *ìra/c*¡) -

2/:-E
Á2

u'+t]l lxfs ="
( z. ro)

(o)

where h= is the wave number (Z.i-l-)

At this point r wê can deseribe the total state

of the system as

V, = '|,'to,, $r",> (z.tz)
where 7þ is as given by equations (2.4) to (2.7) and'

Ø by equatlons (2.8) to (z.lz). 0f course the

co-ordinate system for the unbound partJ.cle is

different from that of the bound partiele.

The fnteractlon
I,tle consicler the two-bod-y col-lislon and- express

this lnteraetion as
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Interaction =

where the subscripts I and 2 disti guish the unbound.

particì-e co-orcllnates from the bounct partic3-es

oo-ord.lnates.

?¡ç is the exchange operator. It Ís this that

effectlvely lncluctes the antis¡runmetrizatÍon of

the wave fi.¡nctions.

L fs the angular momentum transfer ln the reaetion"

l)t (.¡,+") 1s the rail.ial t'wo-body lnteraction for
a given angular mouenttrm transfer quantum number L .

( i) the V, ¡".,,-n ¡

Includfng the expanston of the T. (c"a8n'') into
spherfeal harnonics, there are two forms ln whÍch

'we ean express this. lhe first 1s an exBresslon

in which the lnteraction has zero range, the d.e1ta

function lnteractlon. The seeoncl involves a finite
range. the finite range Yukawa interaction appears

to be the most realistic although a Gaussian form is
often used. Récent (przp) stuctles*25 h"lr" shown that

at high energíes (tfre orcler of 100 MeV) the GaussÍan

form 1s not acceptable.

Ehe three expresslons are

Derta functlon ilr- r+,;",> = J(T-c.l hv lt"

V (rn -t't) '?"

4 n' f ,- t+,+') ?¡ lru D,-¡ ?xt

r\ ,L -4/r,2+-rr])?¡/r.,r^') ã L Q- J-
Gaussian

(2.¡.7)

(;l-i ot+t ^n 1

1 z.r4)

Yukawa Vr- ("r, +.1 = J r t,'/.,,r.) if: r i¡,'tr'¡
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where þri. give measures of the range of the

forces

Q rÊ are respectively the smal.ler antt

larger co-ord.lnate of f¡ cr,r'o( itt

J r- are Spherical Bessel fu¡ctlons

[y are IIankel firnctions of the ffrst
kin.cl.

Now eaeh of these interactions must be normal-,ized'

by a strength value, in the delta funetlon case by

V" /Ë and. the Yukawa case ¡y Vo I y .

(fi) The Exchange Operato" P*

p-=w+BPa-I,Ps-HPH (2.15)x
where Pr = Bartlett Exchange Operator (Spfn

Exehange )

Ps = MaJorana Exchange Operator (Space

Exchange)

PH = rrPs tieisenberg Exchange Operator.

Ihe constants Tf ,MrE ancL H are not indepenclen.t, but

satisfy the foJ-lowing equation -
w + 3 + E + M = 1 (2.]-6)

lhe fol-lowing table glves values for these oonstants

as suggested by Rosenfel:d*26 ancL Pea.1""*27.

Rosenfeld. Peaslee

Tf -.I7 , .0575 +.245ð
M + .93 . +425 . 145 t,)

3 +.46 .0425 .01 LO

H -.26 .4575 - .09 É

W?rere 1( t¡ < 5,5
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tr'or a yukawa shape , with þ =r. 04 o d= 1. 51.005 .

Ihis was evaluated from nuclear saturation

concLitions. Peaslee also clef inecl the tWo-bocty

strength of fnteractlon as

Vo = 46 * + Q,s -2.5)L (z.u)

These values for the exehange operators are those

for free nucl-ear nucleon cl'ata. If we wlsh to

lnclude antisymrnetry into our calculatlons¡ then

this can be d.one by slmply cha,ngei-ng the vaLues

forW,M, 3 anil lI. For total antisynmetry, because

the two-bocly interactlon ín our matrlx element is

s¡rnnetric in I andt f" r 'wê need only consltler one state 
'

the initial or flnal staterfor total antls¡rmmetry.

Hence

V(l+,-ûl) fw+erø+ Htdrs- ntsJ [r-eøesJÐ tl'pr

= V(tt,-t'l) [f"-H) + (s+n)Pc-?s(a+r'n1

-(w- H) 
""?t] ürt "r"l

usi^,g 1o*= ?st= |

( z. t7a)

Thus we ca.rr now calculate the matrlx elements ancl

therefore the differentlaL croÊs-section undler

the following approximations

(l) The D.W.B.A. Í-s usecl. That iso conslcler only

a flrst oriler perturbatlon theory with a two

ehannel approximation.
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(íi) Ihe optícaI moclel, wlthout a spln-orblt

potentlal, deseribes the probabil-ity amplitude

oftheunboundpartleleswithinthenuclear
region.
(iff) [he puTe i-i coupllng shell mod.e]- cLescribes

thewavefirnctlonsoftheboundpartieles.Jn
parti.eular,weeonsld.eranucleusase-elosecl

shel1 core plus eíther an extra core partlcle

oÏ.l â hole in the cI0sed shelI core. The radial

formfsthatofaHarmonlc0scillatorwlth
para^uieters ehosen to fit the Sinding Energy as

was done by Glenctenning*lo.

(rv)Thej.nteractionisofthetwo-bodyform'
havlng eitherzero or flnite range '
In the next sectl<¡n we sha1I flnd. expresslons for

the matrlx elements assoeiateit with a reaction uncler

these approximatl.ons. lhe last section consid-ers the

slnplification in the delta function lnteraetion ease

and. clerives from thls the expresslons as gfven by

*r0
Glenden.llLng o

Ihe najority of our calculatlons have useil this

sirnpllflec!- form as it Ís sufficient to cl'escríbe the

optÍcal moclel effects of lnterest. Further, these

effects are more elearly cteflne'd tf this slmplifietl

expressJ-on is used.

2.5 rHE c T

In the partial wave expansion, t}re wave funetlons

of the unbound. particles have the form -

F
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ó ¿ 
(t' t = I ï+n 

:Hr r'lî"T,!,::;',,o, u ¡ s,, yL,6 cr, )

Øi 6, = î, * -f"i*' {n, r tv*,ttYø, n2ì (ês-)

*r4r, ( (t t, 

^1', L,n' ; fl o' ) \:lr,rr.,¡ Xf o, ¿¿{ z' ra )

.where 9r.= scatterlng angle, the angle between hl ana

bf . [he exPansion -

I lcos 9,.) q * ä VrÏ*lse,) V¿,r4 rr¿,) 
çe.r9)

has been usecl 1n the partial wave expansion'

the lniti-al and. final bouncl states are ilescrlbeil

ï,y¡ -
,þ,fun) .?^ ,at ft C G,nnp,l,A;J,*i) X,*, (s¿-)\¿rta.-t

,þn",t'?Jr, r-t 
fr, 

Crf i"¡', t, :, (z.zo)
u)

where ç*t =ßo.h Íf we use racl cillator

wave funetÍons. some caleulations lfere performerl using

the corïesponding square well 'wave , functlons act justeil

to give the correct R.M.S. radíuso '

Therl,.withoutspeclfylngtheinteractlon,the
matrix elements for this case arer in geneta]-, funotion's

of 9.", -J and. rn l .

*¿ ff #*,d.3+. ds, c{s, d¡\r,'L¡\r*, Viu +'?*
( z. at)/( d¿ r:r) T; tÍ-)

where Virrt represents the ínteraction and P* the

exchange propertles to be used. Substituf,lng (Z'fA)
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anit (Z.ZO) using (2.t3) for Vlrr¡, ancl clefining E*",U*"ntt

as operators that exchange the sp€.ce antL spln co-orclinates

of the flnal bouncl state wave function with those of

the final unbouniL state wave functlon, the matrix

element 1s

E s oecurs twlee in thís expression, but this has
x

been clone to stress that both racLial and angular integraLs

are affeeted bY space exchange.

For the salre of elarity we will use the fol-lowing

notatlon.

\= {'(x, r', ,, *:.o-,c1 lr, f 
,, 
f,¡^,, ^1,) 

[+n)5¡^ i' l-Ltei (cn*a-*'¡

x (z/*,)l C (¿,o,l,aif,r) C tl',nt¿' ,l r -1,'f ',u')

x C r f ¡.mp, {,,À'i j,-j) C (¡', -p' , l, ln'i¿',*¡')

x fþ,"Oo,t.t.lc" fi., (hçr) ç','p,¿{,) ù({,f.1 [t n E^tJ {nte;t,lP^rl+¡

x rl* ff .lse, otrZ* 
tX,,îu,{rr_¡) %,,1¡ (r-¿z)

r Y.,-" fs¿,) Y.r*{s¿il [r* rf] Y,o (.ß,) Yp,-r,*Ð

x If *t, crs. T{¡ ,^-l )tå, rJ,) X+ ¡- /-82) xl o- r,r,1 [rrr]eJ

Vx I x', ^l 
I 9"') 

(z.zz)



Tlt.L, -- Íl*O¡,q'clc.'t, 
(h+.¡ù?"rrr (r'r) irt'',¡,1 fi {ki+') ?"'p rq¡

(2.27)

rrra f¿f¿, ís the above integral uncter the operation of

the space exchang" El

(o""¿ lcyt bÊ> = fa*ä,lrol %,¡lsz) YsU 1s-a)
(2.2+)

2 c-rr) ( zb+ ¡)
C f b,") c,ê i ft,o) C (|p,c,via,d)

41- (z;t+ r)
x28(see Rose )

( Xnt, I x1r) for xir, /.¡) lCr.r ß) (2.25)

27.

1, I ,n,{',L,Ml o, ú', prf', l^,ln' ,\,) ( 2.26)

AnrL, whenever they are usetl, the superscripts SrSprSSp

refer to SBace Exchangecl, spln exchangecl ancl. both space

and spln exchangetl quantities respeetively.

(a) lhe ggtrix elemg4t wlthout exchangg

!
2

{rr,

L (-¡, ^j,9,.) =

x (z,r+tltt-

¿ 
l-l' eì @t*nL'\ T )¡tt

f, o) C (.(.t,n"r,+ ,n: ,Fi 
t')

4, (rrrr)s¡'

C ('t,o,l, Tj

x C (p,rnp) f,) A; J , r¿') C tp ', ^p', b,p'i ¡ ', m¡r )

x 1L',ry"'/1,-t"r I l,o) <P1ryp/ ltrv I pr rnp)

x (Xlo., lX{o) ,xtÌ^,lxlr*) Yt,n\, (9rJ (2'27)
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Now uslng the expresslons gÍven in (2.27) to (2.26),

the matrlx eÌement (2.27) recluces to

1r*r,*¿" D")

C (.'(-,o, L,- tt¡ il-t,-vt) C C P, rnpi L, Mj P',*/)

, {*nf'^ ¿l-l'tnt((x$1t) I,rr"'

C ß,o,,l,aj f )a) C (p.o, L,órp',')

=l)-l
l¿'t- M rtLLpp

f (ap+r) 1V,
tep'-ù (r/"û l

x þL+') (rr-+ r)

X

x C (/,or L ,ø¡.(.t,o) C (1,'r-M, L, o j f', l')

x ( (p,^0,\., lnjj,-j) C (Þ,,^p,,L-,lnj¿/r-¿')

* Y¡,,*r4 (osò (z.ze)

where the sr.¡umation over the quantum numbers 1s

greatly reclueecL by the seleetlon rules associatecl

with the various eoefffei"nt"*28 1n (z.ea). These

seleetion rules àTe, firstly for the angular

momentum quantum numbers t

t+r,), l>, [r-o I

I+I/ +I¡ = even

e+L7t p / 2t In-l I

p+p /+tr = even (2.29)

f ,f ' "un 
have the values -&L,2'*L

respectively

Seconcl.ly, the proiection quantuun nt¡rnbers must

satisfy the fol-lowing

Ã!' = -M

^f'=-M+c
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rp + tL = *j

^pl *þ - ^i,
lul<r'
*p =c (z-rO)

Surther, frand f;^eay, 
have only the values +å and

1-8.

(u) lhe ngtrlx-elenent Jgr space eðeþane'g

thls 1s achievert by changing the co-orcllnates in

the final state clescrlption. That j-s equation

(z.zz) is no'w -' 

"¿i;, lu, , 
gs c ) = 4, (+t¡'r' ¿({' et 

(r"¿+6¿r) (24-+r)å Jì|''

r C t"l-,o,L,Ç,. p,c) C tl',oy',t,r¡; 7tr9')

* C(prûprfA;i,.j) C (Pt,'*rt, b,^''iJ','d')

x ( pí"ni I L,-M I ¿, o> < !',rn,!.'/ LrI'Ì I p, -p)

x ( Xl¡, lXoÈ lLyr,lyro-) t/*,,^r, 
t gs.) (z.r')

Uslng the re]-atlons given in (2.2+), (2.25) ancl

(2.26), this becomes

nll^ 
r,-,,r, Þs') = 1.t,rl t , M,

¡ erMJ¡T-¿, (z'L+r) /el+r)

x C (lro, L¡@j pl') C (i,"r L,-M j p',-M)

x C (¡rtnp) L, M ¡ xt,mr,) C tt,Ò, t, ni /t, c)
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x C U',.¡-¡^*M, *,r j/,,1,) Cfpi-M, r,Aj J,,,1,)

x C (P,-J^Êr t,l'iJ r ^j) ï,, Ì,4+,"'J-* (&sc) 
1 z.rz)

lhe sel-eetion rules for this expression are as

follows. tr'or the angular momenta

1+p/+I=even
t * LVp/ ), ll-l I

B + T, + 1' = even

p + r,)rt/>, ¡n-t l Q.35)
and- again f , f 

I can have the vaLues 1ùl , 1'tL.

respectively, exeept, of coursen f =-L, f' =-L,
are prohlbitect lf l-,1/ =O respectively.

For the projeetions, the selectlon rules are

^/ = - Mp

J /,-Mm

m

*p = ^l-þ
r/ = I1l.-

J

-fi
A*M

/)I

^p'= 
*;-A +u+ o- (2 '74)

(") lhe matrlx elenent for s'oi.n-exghalLse

Slnce we neglect spin-orbJ.t coupllng, for spin

exchange onIy, the contrlbutj-on to the matrix

element from the spin wave fr¡nctions change from

cJ-o-o*, .Þf t to ùo- ,*' Ð cr . Ilence, the

uatrlx element for sBin exchange is given by
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eguatlon (Z..ZA) with the coefficients

replaced by the coefficlents

C(ll -u, {,A ipi ru) Ctpr,,rpr,t,ri Jl*rr)
0f course thls change weights the partial contrl-
butions 'bo the matrlx element for spin exch.ange

differently from the no exchange case, and alters

some of the selection ruLes for the plloiection

quantum numbers.

(d) [he @trië e]ements fgr space and-spin exehagge,

As for the case of spin exehange alone, the matrÍx

element for thls case is sÍnpIy the expression for

space exchange alone, eguation (2.72), with the

coeffi.eients

C fl I ^,,-r*Mrå,rjf 
,,V,) C tpf -m, à,,- ; ¿ i.i )

replaced by

C ()',-tY,f,, rjf ,, v,) Ctfj .o,rL,f; jl^¡,)

C (,,t', nrJ-¡+rt4 , l-¡ipr,-¿*M ) C¿f ',-Û'ì,[,íi ¿t,-¿')
and the approprlate selection rules for the

projection quantum numJcers ohanged. '

Deflning the rnatrl-x eLements for the four cases

statecl above by -

*L .¡ïr

J) P*. )'lYl
L

s Yh

*¿

YN
¿

(q *L S

Jr &t. )
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2.4 CAITO P¿.RT ZERO RANG

Uncter the z,ero ïange cleLta functi-on forru of the

j-riteraction, the d-ouble radj.e.l an(i. angul-ar integrals o-[

the precerllng section recLuee to sing)-e lntegi:a-l-s. ThÍs

means that space exehange is irrelevant. Flrther, if

we al-so a.ssune that the unboun.d. par:tÍcles are not iust
u-npol-arised but are spirrless, then spin. exchaT).ge is

also imelevant. Hence, irl this $eetionr w€ merely

need conslder the dlreet m.a.tri-x element expression

given by equatlon (Z.Za)

The two assurnptions stated here affect the expressions

for the un.bouncl partielef s descriptíons and the interaction

form given by ( Z. fe) and ( z. f 4) respeetirrel-y.

Ihe unbound partieles now are d'eseribed by

Øuro) = e|[+n-ru',,r1 å t{e¡n}{r,thi+,) \.0.,r(r¿r)

ry,t' = \sP 
i'c-l 

r 1,r, 9,, )

ntto = n-ls 5¡i* (h¿ rm¿r, 9r. )

the total matrix element for the reaction is -found

by adding them with the weight cteflned 1n the

exchange eharacter eh.osen for the interaction as

per equation (e.t]a)

'f,t" = (w - H) Iry- ryt"J + (s+rrr) [o?'o- nJ'J 
, z.3j)

Y,',^n,
(2.76)

Qnrol = 4,t,i+Tr i'-'[{"i 
s2' 

d, 
tån""'' 

t,rrñr¡"-,,
(8rr)
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anal. the raclial' lntegrals I-,q ¡¿ r become

T (.r!,, = ¡** fu,,oo*) ?.ípt*l fi ru,r-)'Q.,.p r^rr (2.77)

thus the natrix elements now have the form -

Tc- 1rr.,,1, 
M, * 

(+o)='-¡,"n¡)l Þ.. ) ;1-1 
"i 

t

(e"p,*r) 12.0 l+ t

C (t,o, L,rs ; l,,o) C (y, o, L,o ; pr,o )

Ctl,o, L,-lnl ì/!-rrt) C(p,-o,L,M; p',^¡,)

C ¿prnrp,l,f; 
J, ^j ) C(pt,^i, L,f-i Jí-j)

[*p* r)

q

LL

)ç7+

n T.,tt/-, fr-C+r) (rl+ r)

/

{

I

Í

The term -

Yrî- * ( &,r
(e.7a)

fr* 
cL(,o,l,o-;¡,a) Cur,'vt,å,o,.,^',vr) 

(2.7s)

has dlsappearecL under the assunption of spinless

partlel.es.

Now Ectmorrd."*28 h"* shown that the following relation-

shlp exists



54.
4 C ¿,",*, trß i c,y ) Crd, r, crf i T,t) C¿ ¡, 

f3, 
.,.1; e, c,)

f5'

= f(rcl+r)h*n,!L W (o,[,r,": drc ) C{..,o,.,¿;lf,¡.) (2.40)

where the V,/ (^, b,1., c; cl.,e) is a Racah functlon.

Thls rela.tlonship can be usecl to generate the

matrix element expression as given by Glendennlng*lo.

In partlcular we deflne

eL= j c =P/ €=L

P ='Y

# C (¡,tJ , Þ,'t; 'f,,/') C I å,¡', p'¡,n',p'i¿l,n¡') Clp,r, t\td i L¡m)

= [. cr r-u ,f L h/l¡ ,lr,J,, p, s å, r- ) Cl j, .. , L,M; .t 1*1,)
(2.42)

Using the syrnmetry properties of the Clebsch-Gorclan

eoefficlents, the rlght-hand sicLe of (2.42) can be

written as

b =P cl= { (2.+t)

'z L
2-

ì+r
d

ÍIhen

RH,s. = {e-låi¡t+L+p C*,-'t, L, l*t J,.,1)'u

* C /p',r,r¡r, à,¡i ¡',^r,) Ct¡,t-,LrMi p,,rp,) lffilt
(2. +5)

Henee by definlng t=- flp anct since the sum rule

for these coeffleients shows np+A = *j e the sumrnation

over T ean be replaced. by one over y', , sinee for thls

bracket of terms 1n the matrix elements, T1lj 1s eonsiderecl

f ixecl.
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l- c(P,.p,t',Ai ¡,^i) C rff .,'Ér/^;¿r,^¡') Cft'^t'L'h;p"*p')

1,
(-) o

¿
t L+p r

LLf+r){ L r- r) lz tr-r-+ r¡]
,/-

t Czu+ r)

x W,i,þJ', 
¡ri L, r-) ¿ (j,*J. ,L, ¡t i J,, ^j )

(2. +4)

Hence the matrix element glven by (2.5a) can now

be expressecl as

+(Ut'lJ',g"')

x e)å 
-")'oL-P 

¿z,l*r) (zl*r) +r) / -r-r) Lz
úz¿ t+,1

x C t,{.,o,L,o¡ l|o) C(p,r,\,; p1r) CU,a,L;M¡.t',-n)

x Cî,'"j,L,M;J,,d ) W¿p,Jr?l¿,¡å,t) Yr,i /¿esc)

(2.4:>)

where the rearrangement of the orcler of the quantum

numbers rplthin the Racah coefflcient 1s allowable by

Íts s¡rmnetry. Surther, the natrix element given above

1s not a functÍon of three varlables but only of two.

lhls 1s because of the sum ru]'e

rj+M=rJ (z-+6)

lhis is extremely benefícial- for mrmerieal calculatlons

and eomputer economics.

However, this expresslon, which agrees with
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Glencl.enningt s formulation , earr be macLe somewhat simpler

from the point of vie'w of calculatfon. The sinpllftrcat-

ions arlse from the particu]ar]y slnple form for the

Racah coefficient usecl. More baslcalJ-y, the particul-ar

form that Ís used in the Tflgner-Eckart th.eorem for this

calculation can be slmPlifiecl.

using the relatlonships reported by Glendennf.ngt

we find the following exPressions

T,^r,p..) = 1rr,,r,*(*fr-'rl-t' eì Kt+Ú-¿t) þ/+ù êr-+r)

X

x

)-¿î | V,
e U,o, L', o ; I', o)Ðu' fz¿ t+rt ( z.Ít+ ù

C l¿;å, L,oiJt,-f ) C \t',o, L,-fh, l',-tû\

nq )
,ln

inr

*
t9,,\X L*,)( ([

) JI \)
(2. +7)

It ls this expression- we flrst cod'ecl for the

IBM ?O9O computer, and. most of the results reportecL

here have been obtalnetl witb. this epinless and zeto

range approxlnation code.
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CHAPTER 7 DEFTN]TIO}Í OF EFFECTS

3.I INTRODUCIION

-4.n objec'b of these calculations is to $ee whether

angular distrlbutior:. shapes contaín furthe:r information

about the ef f ective two-bocty foree. Izr partieular we

ask whether the tl.ens1ty clepenilence of the effective

two-bod.y force 1n nuclear matter rather th.an any optfcal

model prope:rty causes th.e surfaee mech,anism reaction tcr

occur, and whether the srrrface i:eaetion results are

significantly ctifferent from the vol-ume calcu"lationst

so that the type c¡f reactíon could be j-dentified experlnen'bally.

The anal¡rsis to be presenteil will be cons:istent

with tl:.e followÍng points.-
(i) fhere exist measurable differenees between surfaee

and" volume ca].eulatÍons.

(11) These dlfferences cannot he explained b¡r an¡r sen.síbl-e

varj-a'blon of the optlcal model parameters or by any

optical moitel eff ect present Ín the rnatrix el-ements.

(ifi) The eoapounil nueleus propertJ-es for the system do

n.ot over-rid"e the clirect reaction featur€s.

The analysÍ-s reported here eentres a::ound two

reaetions. The first 1s F'l (prp/ )¡¡9 
x to the first

exeited leve1 wlth a Q val-ue of 0.11 MeV. Thris 1s a

parity changing reaeti-on with a smal1 Q-value. IJence

the parity rule of McCarthy and. Krom,nlnga*5 shoulcl. holcl

and , within the approxlmatlons used , ít iloes. this then

eoultì indieate the normal-izati.on of the direct reaetion



38.

eontributlonsr âs suggested by Dod.d and McCarthyx4 and

d-escribed. ín Section l.l-. In any event, it is hoped" that

thj"s wi-1.1 be atrl-e to give insight lnto point (iii) above

in relation to points (i) and. (if). Of course, the parity

rule l-imitations must be fully understood" and each case

reviewed to see whether conditions are within these

limitations.

The second reaction studied" extensively is g '3 (p,n)N'3

to the ground state of Nl3, Q-val-ue = 5.00! MeV. This

experlment has been performed- by Dag1ey et ul-*2\ over

the range of energies from 5 MeV to 12 MeV wj.th good

energy resol-ution. We atternpt to fit general features

of this d.ata. fn particular, we investigate the energy

variation of the extreme angle peaks and" try to evol-ve

the angular distributions 'whose shape d"oes not vary

rapidly with energy.

In both of these reactions, the surface to vol-ume

calculation differences are pronounced, and- shoul-d be

sufficient to recognize the reaction mechanj-sm property

und.er question.

The next section of this chapter is d.evoted to a

short d.iscussion of the optical mod.el- wave functions t

and the effect of the optical model- wave functlons 
'

and. the effect of the optical mod"el- parameters on them.

Then we d"ef ine , ir more d.etail, the optical mod.el-

properties of focusslng,phase averaging and the parlty

involved, in the matrix el-ements. these d,etailed
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definltions are necessar.y for our interpretation of

the ïesul-ts presented 1n Chapter 4.

3.2 THE OPTICAI MODEI }TAVE FU}TCÎION
x29

Before diseussing the magnitud.e and, phase pictures

of the tota.l-optieal mod.el- wave functions at different

energies and. potentials and. for various nucl-ei, for

completeness we shall- review the loackground of its

development more fuJ-ly than was done in Chapter f.

By 1957, the compound. nucl-eus as postulated- by

Bohr had, been extended. by changÍng its basic assumptÍons

slightly, thereby permitting a more rigorous mathematícal-
*ãosrructure - . This l-ed to the Breit-wigner formul-a.

Within this frameworko two extreme situations exj-st.

One was the case for isol-ated, resonances which gave the

Breit-Wigner one l-evel- formula. The other was the

overlapping resonance situation which was clescribed,

by the many l_evel Breit-wigner formul-a ancL Save cross-

sections d.epend.ent upon the unknown phase rel-ationships

between these overl-apping resonances.

In the l-atter case, Weisskopf anat Ewing*7l ,

assuming constant partial wid,ths and. rand.om phases

were abl-e to calculate cross-sections by defining some

reasonabl_e mechanism to find the probabil-ities of

formation and. decay of the compound- system. Hovrever'

whil-e the statistical mod.eI, a.s it was called-, agreed

with some experimental results*52, for the nuclear

wave functions d.escribing thls system of complete ehaos,
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the cross-sections are srnooth functions of energy wh.en,

as ctescrlbe<ì. in chapter 1, an avelaging ls made over

Several resonances. Ihis is not in agreement with some

observecl eross-seetions*", and, further, the podel

eannot explaln the large as¡rmmetrÍc angular distrÍbutions

as founcl by Guge:,u+,*j4 "

In fact, such features coulcJ not be explalned. by

any compoììncl nucleus theory. Ilowevero the single

partiole mocLels hacl more success in this regaril. In

partfeular, by representing the target nucleus by a

comptr-ex poterrtial wel-l, a. good aceount of high. energy

nucleon seatteringx1S "" wel-r as 1ow energy erastie
*zA

sca.ttering"'o was found, and. its usefulness was further

shown by th.e agreement with the total- anil differential'

cross-sectlons of V{alt et 
"f-*57 

.

The fundamental assu-mption 1n the optlcal moclel is

that the scatterirg of particles by nuclej- 1s a proTrlem

of the motion of the particle ln a. tirne in<lepenilent

complex potentlal we1l, whi-ch earrnot gi-ve ínformation

on the d.eta.iled st-ructure of the nucÌeus. ITenee it

cannot deseribe ehanges in the target. Also, because

it eontains no d.etails of the j-nteracffo.n, the model

can onJ-y produee the averageil va.lues"for the cross-sectj'ons

anct not Show eompound nucleus resonance feattrres.

[he luave -functíons for th.e unllound particle in this

model are, the:refore, solutio¡s of the Schroeclinger

equa.tion -
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I v. * lc' + ç u,rrl nf'(a,*)

I*=

=O

tmÉ
(5.r)
(3.2)where tF:

anc[, 1n lts most general forrn -

V(*) = '+Vc{r*) *LWo Aîr+É.)ïuro+ t w5o]

*l ü c,L (z-z

Vn , U/o, V*", Wro are the real antl lnaginary

parts of the central aniL spin-orbit potentials
Ë-t'W s ff- roeson Conpton h/ave length.

Defining R as the raclius at whlch the potential

has a.magnltucle one half of lts central valuer a as

the surface thickness parameter ancl b as a gaussian

spread. parameter, the form factors f(r) and g(r) have

two generall-y accepted forms

(") for Volume absorption -
f(r) = e(r) = tt + exp((=-n)/u)]-1 (3.+)

(¡) for surface absorptlon -
f(r) = Saxon form factor (7-+)

e(r) = eip(-(r-R)a/bz) (7-n)

In the ealculations 'vre have made, spín-orblt

coupllng is neglectecl ancL the volr,¡ne absorption 1s

used.

From equations (¡.f) to (7.5) 1t ean be seen that,

1n lts sinplest form, the optlcal moclel theor¡r contains

at least four pareneters. They are V"rWor a and R. It

is usual to consicler the racllus parameter as
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a 4¿ HUz (7.6)

Hence one test of the theory 'would be to find. a conslstency

between the sets of parameters for various cases. Unfortun-

ately these were found, to vary from reactlon to reactlon

as wetl as being energy clepenilent. Howeverr Biorklunct ancl

tr'ernbach*I4 found that the follo'wing set of parameters

'were at Least a goocl startíng polnt for analysis.

"o = L '251

a = O.65f

b =If
V = 52 MeV for E)0 MeV ancl deoreasing as E

lncreases

Tf = 5 MeV for E+ 0 MeV and increaslng to 20 MeY

for E=1O0 MeV and s]-o'wIy d.ecreasing for

x ) roo Mev.

A recent evaluatlurr*4I *u well- as the aclvent of

the non-l-ocal optlcal moctel potentlal, has advancecl

the paranetrízatlon of the model. Most important is

the fact that theee resuLts show a falrly smooth monotonic

variation wfth A, and, with the non-loeal potential

cal-sulatlons some markect closecL sheLl effeets are

notícecl.

Nevertheless, defects still exlst in the paranetrlz-

atlon. lwo noticeable f1øws are the followlng

(a) There 1s a Vro¿ anbiguity. lhis j-s quite evid'en.t

in figure 13 1n Chapter 4 anct referenee will be made
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to it then.

(b) Many sets of parameters give equivalent fits to

results ancl wlth higher incldent enei:gies, calr:u-l-

a'Li.ons are far ll-ess sensitlve to ehanges 1n the

potential- V. So*oro*78 eites the case that, -for

EqtItS I{eV, the e-l.astic seatterJ.n.g data can be

fitted. with a.ny val-ue of V J:etween 1.0 MeV ancÌ

40 l\ietl. Howeve:", thÍs number of sets: of pa:rameters

ca.n be ::eclueed. if other reactíons å.re eonsiderecl .

Wh:î-l-e these features detraet f::om the mocÌel, its
suecesÊ is not d.ouhtecl so that it wel-l rLescrihes the

wave funetion of tb.e unbound particle not only in the

external region of the n.uclêüs e but, a,s stated in
Chapter 1, al-so in-side the nucl-eus.

tr'igure 1 shows the mod.uì.i of the optical mod.el

wave fune'b j-ons for 5, :l-0 and 20 MeV protons on C 13 .

These pÍc'bures are (a), (b) anct (e) respectivel¡r.

Also Ín Figure l-, contour maps of th.e phases of the

10 aniÌ 2A UIIY cases are shown in (,1) and (*) respeetively.

The pala,meters usecl Ín these cal-eulatio,-ts are

V - 50MeV, lf = 6MeVt à = 0.55f and" ro = 1.2f.

lhe surfaee region, that 1s the reglon of space

in which the nuclear potentia.l has a value between J-O",i

anil go'i, of its central va1ue, is shown Ín blael< in the

magnituil.e pictures, anct the nuclear rad.lus and the

surfaoe region by a dotted 1Íne ancl brackets in the

phase pietures. In all these pho"bographsr the focus



FIGI]RE 1

(a), (¡) ancl- (") are the magnltucLe pictures of

the optlcal model- $¡ave fu.netions for 5, 10 and

20 MeV o* c /3.

(d) anci (e) are the phase pletures fo:: the 10 and'

20 MeV incj-clent energy cases.

Ih-e parameters useil. were

l/=50MeV fl=6IiIeV a = 0.55f r = 1.2f
o
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is most pronouncecl anil the inciclent d.ireetlon is always

taken as from the top of the page do¡,vn. îh.e maximun

magni-tudes of the foej- increase wlth energy fror¡ 2.9,

7.O7 to 5.258, but nore important than this are the

structu::aI eLranges.

the most obvious structural- change is the extra

peak for h1gher ineid,ent energy i.n the Oo - l-BOo line.
Th.is is a,ecompanied by outwa:rd shÍft of the position of

the maxÍmu-m of the .fc¡eus ancl an Ínwa.:rd shift of the

f::ont surface peak posÍ-tion. Inereasecl strueture and.

decreased magnitude in th-e 9Oo area ís: also a -feature

of lncreasing energy.

In the phase pietures of Ffgui:e 1, the for:mati-on

of the focus is quite errid"ent and, while dÍffraetion
effeets are present, the main distortion of the phase

from that of the plane wave ease oceurs witbin the

nuelea.r surface reglon and bears out the tÌ¡eoretieal
dlscrrsslon of the next section. As is expected, w1'üh

increase in en.ergy, the phase charrges are ütore rapid.

anil are less severe. However an important feature of

these results is that phase lines crowcl together in

th.ose regions of space where the magn-itud.es of the

wave functions are small and there al:e relatively
srnall- phase changes in regions of maxima in the

magni-tudes of the wave funetions. I'b is loeearlse of

thj-s that the plane wave theory in. man¡' cases gÍves

results not as wildly ili.vergent from those of the
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ilistorted wave theory as the magnitude pietures seem to

lnclieate.

Figure 2(a) and (t) are the magnÍtud"e anil phase

¡;lctures for 10 MeV protons on F ¿? using the fo1lowing

parameters

V - 55MeV, lf = 4I{eV, a = O.55f amd =o = 1.2f

Ffgure 2(c) ancl (A) are the same pictures but fo:r

the case of V = 45 i{eV. The maximum magnitudes of the

foci are 7.57 for the V = 55 ivleV case and. 2.88 for the

\I = 45 MeV case but the position of the maxlmum i-n the

f = 45 lvieV case is fu::ther J-nsirle the nuclear volurrre

than the higher V ease. lllhile th.is is n.ot as might

be expected. there is more struc'bure along the Oo 18Oo

I1ne for the V = 55 MeV case indieating that the relatlon-
ships be'bween part,ial waves is nore complex than for
the -l-ower V cåse.

Ilowever, both wave functions h.ave eonslderable

strueture in their magnitudes but, in the lower V

case this 1s more sharply defined, especiall¡r ln the

spreacl in spaee of the focus.

the phase pictures (b) and. (d) once again show

the crowiling of phase lines in the regíons of small.

rnagnitudes and are similar except 1n the focal region

where in the hlgher potential- case a closed l-oop of

phase exísts. Ihis fs eonnected with the fact that

ttre foeal reglon for this case j-s mo:re extensive tha,n

in the -l-ower poten.tÍ al. ease where no such eJosed. Dilase



FIGUB,E 2

The magnitucle a.ntl phase pictures for 10 MeY protons

on F i ? . Plates (") ancl (n) are the 'wave fun'ctions

for V = 55 MeV. Plates (") and- (a) are the wave

funetions for V = 45 MeV.

Ihe other parameters were

\,rf = 4 MeV a = O.55f r = I.zf
o
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loop exis'bs.

Figure 7 shows the magnitucle (*) a.nd phase (b)

Bic'bures of the optical model wave fune-bion for 60 Me\r

nrotons on F l1 . Exeept Ín the foc¿rl- region the

rnagnítr-rde 'th::ou-ghout rnost of the nuel-eâr rrolu¡re shows

little d"evj-ation. from that of a plane wave with a

mod-uIus of near 0.85. In 'bhe focus, th.e magnitude

ríses fa1r1y snoothly to about 2"77. The reffeetion

effeets can be seen most elearly in "bhe front surface

region (at top of page) r^¡].rile dlffraction seems

evident at baelc of the nuclear vohme, espeeially

the start of the second peak at a.bout 2 to 3 nuel-ear

rad-ii. The focal- regíon shows a peeulia:r: d.ouble peak

ef-fect whlch noËt likel,v is a cornbinatlon of dj-ffraot-
ion around", antl refraetion throrrgh. the nuclear volume.

The phase pictrrre bears out the plane wave tenitency t

and the characterlstic Íncrease in the rate of phase

change with increase in energy e¿{ll easily be seen

íf th.is j-s eompared with the corr?espond"ing eliagraras

of Figure 2. Dlffraetion may appear more Brotrabì-e

in this case 'because relative ahsenee of erowd"i-ng

of phase lines.
tr'lgure 4 shows the optica.l model wave for 24 MeV

neutrovrs on Sn //8 . For this heavy nueleus we see that

most of the nuclear interior has the flat plane wave

shape as for the previous figurer with againr the

exception of th.e foeal region. The rnagnÍtud.e of the



TIGURE 3

The nodulus (a) and phase (¡) of the optieal nodel

lvave funetion for 60 MeV protons on F 'l . [he

parameters are

\f = 40 MeV Tf = B i[eV a = 0.5f "o = I.2f
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lnternal region here j-s about 0.6 and alJ- structure

of this wave function is fairly ruell contained in the

nucl-ear surface. [he fr:ont side , I = 1800, ex]ri.hits

slight refl.ection effects '¡¡híle the foeus is most

pronouneed (magnitude 2.8) and centrecl" on the mrelear

raclius. Compari.ng the magnÍtude picture wi'bh the

previous flgures we ean see th.at 'this focus l-s well

d.efinecl. ln angle but quite spread radia1ly. In this
wave func'tíon, the focus subtenils about a 7Ao angle

whereas in the 10 I{eV protons ot F 19 , for example,

it subtend^s about a 50o ang1e.

In the phase picture the plane wave â.ppeararrce

ean be readlly seen as can the .fact that str:uctt.r"ring

1s only pronouncecl in the foca.l region ancl the small

angl-e parto of the nuclear surface.

These two clj-a.grams point to the fact that

refraction of tlie lraves through the nuclLear sur-face

produces "bhe f oeus. The para.meters used. foi: this
figure wÉrê v = 40 ivleV, W = "l-l- I{eV ¡ Ð. = 0. ?f anil

"o = 1'25f'
Fj-gr;re 5 showe e, square well" cal-euJ-ation with

paraureters V = 40 MeVr Ïl = 0 t{eY, ro = I.zf fo:: t}re
case of 10 MeV protons on F /? . Again a foeus appears

which must he d-ue tr¡ wave effeets th.rough the nuclear
j-nterj-or. It has a ma.gnÍ-tude of 3.0. In thi-s ca$e the

wave function 1s very structured", presumably tLue to

refl.eetion e-ffects, anrl thls ls born.e otrt by 'ühe phase

picture.



FIGURE 4

The magnitude (") and phase (t) of the optical model-

\lrave funetlon for 24 MeV rreutr-'oR.s on Sr-l"" . Ihe

¡rara.meters used were

\[=4OMeV, W=llMev, & =0.7fr "o=I.25f
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FIGURN 5

The nagnitud.e (a) and phase (¡) of the optical model

!Íave fun.ctlon for 10 MeY protons on F /? using a Square

potential well with parameters

\f =40MeV, W=0MeV,
o

r a^¡
= Loë!
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I{ence the opti-ca1 moclel .wave function has â

stnuot'ùre far renorretl f:rom that of tTte ,ol-a.ne wave pictur:e

(altl:rough the phase propertie* in th.e low ene"gy ease

way offset this to sorue extent), and onl¡r u¡i1l tenrl. to

.olane vrave sítuati-on for higher lncident ener:gies

or when heavler nu-c1ei âre used as the target except

in the focal region.

In fae t, the aptrrroxi.mate w¿rve functlon of Mc0a.rthy

ariil ?urÉiey appearls to be more arlequate 1n these eå.,ses'

ThÍs is borne out bJ, results obta.ined ì:y this method.

If a square welJ- potential is used the structure

of the wave funetfon beeomes more extreme tha:n for the

Saxon ltle]I case trut the phase properties are far removecl

from th.e diffuse edge calculations anil, in view of "bhe

role played by the phase in the next seetion, thls
may be a se::iorrs o'bjection to the use of a square wel-l.

3.5 TIlE CE EFTECTS IN THE PARTIAT, WAVE

FORMAIISYI

We will shor¡¡ here how the terms rrfocusrr, nphase

averaging[ and ttparlty rulen arise from the nat]rema.tical

descrlption of the optíca1 model wave functions and the

tllrect reaction theo::y when the partial wave expansion.

teehnique is used.

(a) the Fo d Phase Ave

thls dl.scussion. follows closely that given by

I{cCarth Y'xl.5 
t +7 

"
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In the partial u¡ave representation, the optical

noilel wave function for a partÍcle of energy E,

lnplnglng on a nucleus eharacterisecl by a railius

R, has the form -

gÞ, ( +,tt = 
Ê- Ë, uo) ?t/cos s ) (3.1)

4, il t t*,> uiú t o, (r.a)
'where, as before , f -- k*

In the limlt as r+ 6 , the functj,ons

the assymptotlc fom
fU-tf, have

(
LP;i þL"f)+ ct-LG.t-+¿ r-{J] (5.e)

where fjr,e Fg , GX tat<en at the orlgin are the

regular and. irregular couÌomb or spherical bessel

functions for the charged ancL uncharged. incldent

partlcle cases respeetlvely. .The coefflci "nt, 
Cl

ale relateil to the nuclear phase shifts ü¿, ancl

the reflectlon eoeffÍctent\a, by the fol-lowing

expression -

[¡
Cg+ t

Lr
øL "= 7c. ( 5. ro)

For large angular momenta the reflectlon eoefficient
T

I
,,¿L

( 3.11)





5r'
where 1.,¡ll - [u'_ 

o,*, *,# lrr,il h 
,-,r\u l+a ,.\ J (5.I5)

and L/(*) i" the representative potenti.al of the

nucleus. llhe integrand. in the above is complex.

Eor Low ..L-, that is for interior partial waves

where the classÍcal turning polnt is welL insiile

nuclear matter, this integrancl has a rapicl smooth

variation of phase wlth racli-us. Consequentlyt

the integration value is sma}l.

Constder the plane wave r.mcharged projectÍIe ease

r'T¡?):Jt[o) i {t.'cr (3.r0¡

where ,),,t(f) ,, a spherical besseL fr¡¡rction, hence

the phase of successive partlal waves ntty,) are

9Oo apart. So wê rlow consÍiler

dr rÍ) .4.¡¡,t

where d, is the phase iLifference between thetl

opti-cal. moÖel partial rùave function ancl. the

unchargeiL i-nciilent particle plane wave case.

Further, in the plane wave case, eaeh partial wave

has sudden clrops of 1800 in phase at the zexos

of the apBroprÍate spherical bessel function. This

is evlilent from the phase of the large ( external)

partial waves, which tencl to the plane wave

situation, as shown 1n Figure 6.

These waves are expected, to be of plane wave form,



}TGURE 6

The phase of the jtL partial wave in the optical moilel

'wave function for the scattering of l0 MeV neutrons from

^ r:).C'* , using the parameters.

\r = 40 MeV

tr{= SMeV

ro= 1' 2f

a = 0.5f
The phase is plotted against p-=le:f . The curves are

J

l-abel.led with the correspond-ing value of .L .
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as they have influence at distances larger than

the nuclear potential raclius. The numerical

solution of the Schroedínger equation for the

partial uraves, Figure 6, also shows the phase

variatj-on of the low waves that lead.s to the

phase averaging mentionecl above.

Since the nuclear interior extenits +o (x' 2 (nigure

7), the phase of the partia]. waves can be taken

as their central value, aniL the changes offf at

the zeros of the corresponiling spherieal bessel

functions can be ignored., sinee for any given

value of ¡) , the optical mod.eI wave function is

a sunnation of the values of al-l. the parti.al waves

for that chosen value off only.

Further, from the nagnituite consiileration' onJ-y

those partial- waves given by '(,¡..l,tl'*nure .,t N,o for

any given value o, 
,o , 

ar:e major j.n the evaluation

of the optical mod.el t{avo function as per equation

(7.7), The rest of the partial waves providing

contributions to the su.nnation for the given

value of /S , which are negligibte for the purpose
t

of a qualitatlve cliseussion of interference.

Consider only the two d.Írections 0'= 0or I80o

measured from the cLlrection of the lncident beam

and. the effect of assuming

I
+t ( r. ra)



ForP=oo,rr(oo)=t
53.

and. so from equatlon (=.:-l) the

phase of a given partial 'wave is Øl * lV* its
neighbour is Øn*, + Uqf and the effect of these

1s as shown in Dlagram 1. There is art overall reln-
forcement and so larger probabillty anplltude at

0 = 0o if the rule, equation (r.rg) is obeyecl.

,L1r/^

(.t.rtt-*"f

Ét*,)

Diagram 1

Forg= 18oo , pL(lBOo) = Gl)!. ( 7.r9)
Hence there is a refl-ection of the direetlons

associated. with all odd" Í- partlal 'waves. fhis
results ln an overal-l ùestructive interference

reduci-ng the probability anp1itude al I = l-BOo

if the rul-e, equatlon (j.1:A) fs obeyed. (c.f.
ctÍ-agram 2 1n which .(. is taken even for conven-

ience of presentatlon. .

,ItTlz

Rer ull*'."h

óL

(l+t)Tlx
Diagram 2
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For sma1l vaLues of ,L, the magnitud.e of the parti-al.

waves Flgure I, shows that only the interior values

of ø' are i-nportant ancl fron Figure 7 'we see that

al-]. the d, invol-veil here have smalL separation and'L
the rule, equation (r.fg), ls satisfied. Ilence,

from the above description, there is sl1ght construet-

fve ancl clestructive lnterference ¡ at I = O and. 18Oo

respectively, fhie slight effect ean be reversed by

the Coulomb term.

The same argument for 1ar ge .{- val-ues shows that a1L

-/y,L involved., are near zeto, have snal-l separationst

and, reserving the fact that the coulomb term may

invert the inequality, the rule, equation (r.fg) is
obeyect, again inplying slight effects as for the

smal.l- .(- .^r..
For the surfaee partial waves, however, the rulet
equation (3.f9), afways hoJ-ils and. the difference

4, -- d,, , - , is appreciable, often as much as 90o.'1;_ 1.(+ I

Hence, there is a strong constructive interference

at 0 = 0o anä a strong destructive interference at

0 = 1800. Ihis means a large probability anplitud.e

results ín the ïrave function along the Ê = 0o line
ancl this is the focus d,lscovereil by McCarthy et aI

from their fJ.ux and classícaI ray caleulations.

The strong ilestructive interference at 9 = 1B0o

means that the probability anplltucle along the

col.lision surface is d.ue onJ-y to the other partial



FTGURE 7

The phases of the first few partial- waves for the

scattering of SOMeV neutrons from c12. The

parameters are given in Figur.t .
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FTGIIRE 8

The nagnitudes of the first few partial- v¡aves for
the scattering of 70 MeV neutrons from c\2. R 1s

the Saxon Ttel-l Radius. The parameters are those

given in Flgure L .
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preclonlnate , aJ:r effeet other than magnitucle overlap

must be present. This effect 1s phase averaging.

Uncler the coniLltÍons statecl tn Chapter 2 for section

2.4, the d.ifferentia]. cross-section for a ilirect
reactlon process 'with zero range Ínteractíon has

the form -

ckr¡p,, ¡ ¿

2l"r r
rl

l,'Ì
r2-

(ta¡,, F.. ) |
4
1
rnjci-:l* (t.zo)

where y')-Ls the reiluced mass of the inclclent particle t

aII other quantlties as previously defined., and'

,2 ( ^ ð, 9.,, ) "" given by equation ç2. +7) , rn

this expresslon for the natrlx element, overlap

lntegral.s of the fol.lowing form are ínvolveil

,t)

t.2r)
where V'('l-) is the ractial d.ensity factor to be

assoeiated wl.th the lnteraction. In this thesis

thls is taken to be either a constant or a singl.e

step function. For the discusslon of this section
'we wil]. consicler Ít to have a eonstant value of

one.

The phase properties of the optioal moclel- partlal

wave fr.rrotions as l1].ustrated. in Figures 6, 7 and

I for 30 MeV protons on cf3 , exhibit the phase

averaging form for the interlor partial vrarres'

lhus the proðuct of two partia1 wave functlons of

IÅ.(, = f"-t.t. {u,tt 
,*rQ,ilpr 1rì dir."l'?,p1*) 

Vt



57.

low angular momenta Lr!/ not only wiJ'J- exhibit

oscll}atÍons j.n magnitude, but also have a phase

that fal-ls smoothly and. quickly with radius.

Consequently ¡ ãîY lntegrals invoJ-ving the l-ow

angular momenta shoul_d give l-1ttl-e contribution

to the natrix el-ement because these integralst

by phase averaging, shoul-it be sma}l. As these

partial waves have their pred'ominant magnitud'e

within the nuclear volume, this can be interpreted

as a smaLL reaction eontribution from the nucl,ear

interior. For heavy partlcles, such asd. -particles

this is the case, and. surface reaction theories

give good. resul-ts r even though the magnitud'e of

the e( -particle wave function is not smal-I insicie

the target nucleus. Hotvever, whlle phase averaging

always gives a reduetion of the contrlbution from

the nucl-ear interior, this red-uction is not

particuJ-arly large in the case of nucleons in

the entrance and exit channel-s. This is i-Ilustrated-

in Figure 9, where the I]-::-/ for the reaction 60MeV

protons on F/úÌ to the first exeited leverr are

plotted against 1 for the particular quantun

nr¡nbers L,=1 t M=0 r no=* , ancl. are compared with.J^
ooulomb excitation values.

lrlhile phase averaging effects are not especially

large for the nuclear interior, the ilistortlon

of the wave fr-¡:rctions of the unbound particles

associated with the optical model- creates phase



FIGIIRE 9

The overlap integrals ILLO| ,,tr,Lt and, I{01 ,11,0 plotted

againsfr.!, . ,['nu, va]-ues "(, +l , !.-l respeotlvely.

The reaction is the inel-astic scattering of 60 MeV

protons from F19 for L = 1. The Q-val-ue is -0.11 Mev.

Circl-es + case for V - l0 MeV

= l-5 MeV

=o= I'zf
a. = 0.55f

Crosses + case of coul-omb potentj-al onJ.yo i.e.
V = 1{ = 0.0
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d.ifferences between the various l.,.,/ and thereby

cause their partial cancellation. llhese itifferences

are often onJ.y important for the surface partial
wave vaLues of lrll for, in these cases the phase

clifferences are large ancL can often be of the

order of 9Oo. Hence if we consider the backward

scattering angles, the large phase differences for
the partial 'uraves procl.ucing the focus term and

those produclng the surface term can reverse the

dlreetlons for some of the I,.l, with respect to

others, and. thereby produce the large backward.

peaks often observed in the iLirect reactlon

process. This means that for any case where the

clistortion effects are wel]. locaLized. to the

nucl-ear surface, that is, for reasonably high

incid.ent energies in this work¡ àîy depend.ence

of the reaction angular d.istribution on the nuclear

interior must be clue to some property of the

reaction mechanj-sm or bound state description,

and not to any optical moiLeJ- ef f ect.

The Parity RuIe

In his thesis, Glendenning founil that angular

d.istributions for some parity changlng reactions

had small f orward val-ues. In general, clirect

reactlons have forward cross-sections which if
not peaked are certaj-nly not zeto.

Mc0arthy and. Krorri-nga*5 *"=" able to show how
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the decrease 1n angular distribution Ín the parlty
changing reactlons is þresent ln the D.W.8..4.,

Thefr argr.ment conslclers the matrlx element in
the form -

,T 
"< ,l?tr* úo,x¡) úc',[l*, t*r (7.22)

where the ?! (:l contalns the cleserlption of the

inltia]. and. fina]. bound. states and. of the inter-
aetion. lhe t'wo-boity lnteractlon is always even

in parity whether it be of zero or finite range

and. so PtO earrles the parlty of the Ínitial.
rË

anil final nucl-ear states. In other woriLs '1¿ (f)

has the parlty ehange of the nueleus.

Now for the scattering angle tencllng to zeto,

b+h/ "n that

ó*ìu,", o (7.25)

Hence the prod.uct 6,"*C þ',., )

is even Ln parity at thls angle and so for the

parlty changlng reactlons, the matrix eleuent tenils

to zero as P5.tenas to zero.

Recently McCart|nyx+' by considering the partlal-
'urave expansion expression for (5.22) , has been

able to extend thls ruLe to cleflne oases where no

parity change occurs. By uslng the partial wave

expansion, he finils that for odd. L transfer

reactlons the partial natrix elements oaneel
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lead,ing to small forward. cross-sections, and. that

the grad-i-ent of the angular d.istribution for small-

scattering angles shoul-d. be positive, whereas f or

arL even L transfer reaction just the opposite is the

ease.

The complexity with which terms add- in the L

even case forces a restriction into the argument,

namely, that for any given rad-ius on'ly those partial

r^raves f or which Å rlf ø Þ.^r, tJn' respectively

are considered in similar fa.shion to the method.

of Sectio'. 7.5(a) . The exten.t to which this rul-e

is obeyed- d.epends critical1-y on two factors' The

first is the expression for the matrix element,

for the incl_usion of arr exchange term may well

inval-id.ate these results. The second. and more

crj_tlcal factor is the equivalence of the wave

functions for the unbound partlcles. For this

second_ factor there a.re three points to eonsider.

Fj-::st, how large can the scattering angIe, whieh

d.etermines the overlap of the optical mod.el- funct-

ions, becone loef ore the parity rul-e can no longer

be identified. experimental.ly? Second-, the

slmilarity of the wave functj-ons implies a smal-l-

Q-valuer so that the momentum transfer is small-,

i.e. lüo.t nu thr I . This imposes a fimit of about

2MeV on the Q-val_ue. Third., even t^¡hen the momentum

transf er is smal.l, the d-escriptj-on of the unbound
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particl-es may require different potentials in the

entrance and. exit channels and this woul-d certainl-y

be the case if the reaction changeil the structure

of the nucleus. For instance, it may be that the
,/

ground state or ¡'i? is d-escribed by oió + H3and.

the flrst excited state by Ntf +ue1 -Another point

that may infl-uence this ruJ-e is the coul-omb fiel-d

effect in the case of dissimllar particl-es in the

entrance and. exit channels.
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CHAPTER 4 RESUIIS

This chapter has been d.ívided into four sections.

the first two sectj-ons are closely relatecl however, and'

the results reported, in these 'were for::rd using the cle1ta

function form for the two-boily interaction. Sectlon 4.1-

reports and. d.iscusses the energy variation results anil

1s almost exolusively conoerned. with the c 13(p,n)Nr3

reaetlon. In Sectlon 4.2, the surface welghtlng

postulate is shown to influence the angular distributlons'

Section 4.7 contaj-ns the results founiL using a flnite

range interaction of a Yukawa form with the parameter
t -l

þ=r'f /J - Finally Section 4.4 contains a d.iscussion

of the results so far obtalned. for the (p,p') reaction

on ytol to the first exclted. state. From spectroscoPyr

we believe that the sinnle J 
-¿ coupling shel-l- mod.el

should be aclequate ancl so expect the analysis of the

experj-ments to give d.efinlte information about the

reaction mechanism.

4 .1_ lHE OPTICAI MODEI ET'TIECII ON ANGTJE CROSS-

SECTIONS

Many direet reactlon experlments exhibit large

values for the cross-sections at one or both of the

extreme scattering angles, Oo and l-80o. This effect

cannot be explalned by the plane wave theory of d-irect

reactions, which predicts sma]l cross-sectlons at

these scattering angles for reasonably emall momentum

transfers. The case of zeTo angular momentum transfer
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is an exception but, for the eond.itlons specifled above,

the backwarcL crfoss-sectlon even in this case is small.

However, it is well known that the illstorteil wave

theory can pred.lct large val-ues for the extreme angle

cross-sections.x16tl7tl-8. But the D.TrI.B.A. can al-so

predict smal-I values for the extreme angle cross-

sections, and. one case of this is in parity changing

reactions for forward cross-sections, as iliscussed.

1n the prevlous chapter. Mc0arthy and KromminSr*6

fou:rd this to be a general feature of this class of

reactions provid.ed, certain cond.j-tions were satisfied.
Hintz et 

^L*79 
conflrmed this parity rul-e for a (p,p/)

reaetion exciting a known 3-l-evel in N¿f$' arrd NrCt

Figures 16 and. L7 in the next Seetion verify the parity
rule for a two-body coll-ision reaction mechanism.

As mentioned. before, the I /? experiment need.s

a good. energy resolutlon apparatus, henoe the energy

variation of the forwaril cross-section should. aLLow

a stud.y of the statistical- fl-uctuations and resonances

without contamination from the d.irect reaction. Also

slnce the normalizaLion proced.ure of Dodd & Mc0arthyx4

requires poor resolution, we can average the experlmental

results over energy thereby meeting their conditions.

Fi-gures 16 to 2l in the next Section show that a

finite Q-value d.oes not inval-iôate this rule. 0f

course, all Q-val-ues reported here are fairly smallt

so that the limiting value for preservation of the



6+.

parity rule is not yet known. However, more important

is the fact that the rul-e seems evld.ent for angles up

to about 15o. The F "1 "*p""lment may be most eviilent

as the ratio of the vaLues of the cross-sections at

50 and. at the first peak is of the order of l- to 50.

Nevertheless, there is no reason why the potent-

ial-s of the entrance and exit channel-s should be the

same. Figure 22 also in the next Section shows that
if the potentials of the channel-s differ by l0 MeV

at l-ow energies, the parity rul-e d.oes not suppress the

forward cross-section, although the d.erivative stil-l-
has the right sign. In fact the sufficient cond.ition

for the parity rul-e to be effect is that the entrance

and, exit charrnel vrane functions are simlLar in con-

figuration space. Further, this d.iseussion invol-ves

only a contact lnteraction, and. the incl-usion of a

more realistlc two-body force with an exchange

character, into the reaction may well- affect the

parity rule. The effect of a finite range force is
ind.icated. in SectiorL +.3. The extension of the cod.e

reported in the Append,ix to include an exchange

character in the two-bocly force is being undertaken

at present. We have seen that the extreme angle peaks

observed. in the D.lf.B.A. arise from -
(a) the overlap of the two foci and. the two surfaces

in the entrance and. exit channel- wave functions

for the backward scatterlng, and
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(¡) the overJ-ap of the focus in one wave functlon with

the surface term of the other in the case of Oo

scattering angJ-e.

Except when speciflcally stated, what foLl-ows wil-I

be related to the backward. cross-section val-ues as the

forward. cross-sectlon behaves in a siml]-ar \^¡ay for non-

parlty changing reactions.

The backward. cross-section value i-s the resul-t of

the phase relationship between two essentially d.istinct
regions, the focal and surface overlap terms in the matrix

elements. It is the interference between these regions

that leads to the energy variation of the backward. peak

val-ues. Because of the d.ivislon of the reaction reglon

into two contrj-buting parts, the energy variation of the

extreme angle peaks d.epend.s on the optical moiLel- propertles.

One such property is the positions of the foci. These are

d.etermined by the energyof the unbound partlcle and. the

real parts of the optical- mod.el- potentials, anÖ are

important in d.eternining the position of the peak in
the energy variation and., to a lesser extent, the

rel-ative magnitudes of the values of the extreme angle

cross-sections for different energies. This relative
magnitude is more sensitive, though, to the energy

variation of the imaginary parts of the optical model

potentials, aniL hence absorption, because of the

lntensity of the focus 1n an optical model \áIave function

ls reduced wlth larger W.
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Besid.es these optical mod.el properties, the bound

state description wil-l- influence the energy variation.

To show this, one must recall that, for low energies

or large V, the focus is centreil. lnside the nucl-eust

and. as energy increases or Y d.ecreases, it is centred'

further out in the nucl-eus, eventually being mainly

contained in the nucl-ear surface region. So r âs

energy lncreases, it is possible that the centre of

the focal- term wil-I move through the val-ue of the

rad.ius of the peak in the bound state product

d.escription, and so the magnitud.e of overlap, and

hence of the integrand., in the matrix el-ement for
the reaction, exhibits a peak 1n the range of incident

energies consid.ered. The position of this peak in

energy is depend.ent on the radial d.esoription of the

bound. state.

For the cri (p,n)Nl'3 reactlon the initiat and

flnal bound states are described by the same 1p

Harmonic 0scilLator function and so their product

exhibits one peak in configuration space. Hence,

using focal language, a peak in the energy variation

w1l-l occur when the focaL reglon in the prod.uct of

the optical model- wave functions moves through the

maximum in the bou:rd. state product. A double peak

in the energy varlation could resul-t if the tvio foci

involved in the focal- region only overlap to the

extent that a double peak shape appears in the focal
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reglon of the prod"uct of the optj.oal model- 'hrave functions.
Pearson*40 h.u" studied this using a semi-cl-assical-

mod.el- and has found. remarkab-l-e resuLts although the

bound. sta.te radius used" gives too smal_l_ a val_ue of the

root-mean square radius. However, this semi-cl-assical-

approach assumes that the focus is sharp, and further,
that j-n this model- the changes of phase throughout the

focus and. its neighbourhood are not inconsistent with
this assumption.

Jn fact in the optical mod"el wave function, the

focus is not that sharply d.efined, and the phase

changes throughout the reglon of its spread_ a.re not

large as shown in Ch.apter 1. I{ence it is not too

surprising to fi-nd. that the D.'W.B.A. does not reproduce

the sharp variations of the semi-classical- treatment

without inc]usion of features that localize the

opticaÌ model- wave functíons more than shown ln the

previous Section. ft appears that this locali-zation
cclul-d onJ-y be prod-uced. by a spatial dependence of the

interaction.
Figure 10 is a plot of the experimental cross-

sections of Dagley et uI*21 for the reaction
C/3(p,n)tU/3 with incid.ent energies in the range 7.5 llieV

to 13 MeV. The angula.r d"istributions in the region

of 5.91- MeV show smal-l variations over a large energy

spreail, and so 'we expect this to be a d,irect reaction
cross-section. The energy variation of the extreme



FIGIIRE 10

The di-fferential- eross-sections for the Reaction

Cl1(p,n)NlJ for incid"ent energies between J.J) l[eY

and, l-2.86 MeV.

(Reproduced. from the papèr by P. Dag1ey et al-. Nucl.

Phys .4,557 , (1961) ) .
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FIGURE 11

the experimental val-ues for the energy variation of

the extreme angle differential cross-sections of

the Reaction C1t (p ,n)N1 ' 
'
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angl-e cross-sections are shown in Figure 1 1. The

backward cross-section energy varlation shows a

strong peak centred at 6MeV ancl posslbly a second.

smal-l-er peak between I and. 9 MeV, and, although the

points are widely scattered., probabJ-y iLue to resonance

effects, the general trend. of the energy variation is
expected. to be given by the direct reactlon theory.

The energy variation of the forward cross-sectlon

shows a strong peak at about 7 MeV and. a tail that

may be oscil-l-atory.

Ihe first attempts to fit the backward peak

energy variation for the reaction C lts (prt)wt3 are

shown in Figure 12. The parameters used are the sane

1n both entrance and exit channels. Curves A and C

were cal-culatecl. using V=IOMeV, curve B used y={lMeY.

the same for all curves. Curves A and, B are volume

calcul-ations, curve C is a surface weighted calcul-at-

J-on wlth Rrr the weighting raiLius, 2.2f and' welght

V=l/!6. The bound states were 1P Harmonic OsciLlator

wave functlons with radius Rb=2.3 for curves Â anil B

and. Rb=2.2 for curve C. These rad.ii give too small- a

root nean square radius, but the resul-ts are sufficient
to show the general features need.ecl here. The centre

weight val-ue for curve C is the case where the surface

and. volume parts of the integrancL contrlbute with the

same ord.er of magnltude.



FIGIIRE 12

The energy variation of the backward. scattering

d"ifferential eross-section for the Cl3 (p,n)N15

calcnl-ation using a zero-Tattge two-bod.y f orce.
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Ihe rel-ative posltlon of curves A and B is contrary

to that expected. from the fact that the foei are centred

further out in the nucleus for l-ower values of V.

However, many factors complicate the sltuation and. it

is not surprising to find. the rel-ative posltion of

curves À and, B as shown. Flrst, the rel-ative phases

of the surface and. focal terms change with V and

energy. Secondly, the entrance and. exit channel-s will

not have identical foci, partially d.ue to the coulomb

potential, but in the maj-n beea.use the Q val-ue is

falrly large (-¡.OO¡wteV). Hence, the unbound particles

have different energles. Thirdly, (and perhaps to

some extent combining the first two factors), the

energy variation of the optlcal nodel potentials has

not been inctud-ed. An energy plot of the parameters

used. by nany authors to fit el-astic seattering of

nucleons was nad.e, and. calculations of the angular

d.istributions for incid.ent energies from 4.5MeV to

11.5 MeY in lMeV steps are reported. in Flgure L7, with

the parameters Y and. W varying with energy. These

parameters are given in Tabl-e 1 . A more real-j-stlc

bound. state radius has been used here, and a single

peak again results in the energy variation of the

backward scattering cross-section. Figure 17 contalns

two graphs, the top graph reports val-ues of ro=1.2,

the bottom graph for ro=l-'25' comparison of these two

graphs in conjunction with the data of Tabl-e 1, shows



ÎABTE 1

rHE PAR.IffETERS USTD IN T'IGI]RT 17. THE VJ,RIATION OI'

$-(reoo) wrns xNERey FoR lHE REAcr ToN c'3(o.rr)N't
(rnrws nErnnsENt rru¡.1 sr¡,r¡ eg¡.ivnrnrss)

A=A

v(wtev)

6+.,

69.5

62.8

62,A

6r.2

60.5

59.7

58.7

= ,65f

w(uev)

5.5

6.5

7.2

7.7
g.L

9,7

8,5

9.7

t L.2fo Rb = 4.7f
w 

r(mev)

0.6

2.O

7.4

5.0

6.0

6.9

7.5

7.9

I

n(uev)

4.5

5.5

6,5

7,5

8.5

9,5

lo.5

Ll-. 5

v /(uev)

54.L

52.9

5t.9

50.8

+9.8

49. f
48.4

+7.8



FIGIIRE 1'

fhe Energy Yarlation of the baokwarel seattering cross-

seetione for variatlon of potential- anil raelius.

Para¡neters a,re as glven 1n EabLe 1 .

flhe contlnuous l-ines shovr the results uslng the above

para^ueters. The broken J-j.nes use values of VrV/

2MeV larger than J-n the table. llhe dotted lj.nes use

values of Y,V / 4MeV larger than 1n the tabLe.
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very clearly the Vrn ambiguity, where tlxL .

The most strikj-ng feature of these resul-ts is the

quite sensitive variation with potentíal V. Further,

whil-e the volume calcul-ations can reprod.uce the general

shape of the energy variation of the extreme angle

peaksr îo vestige of a second peak can be founil. 0f

course the second peak must be a direct reaction feature

for the above to hol-d. It is felt that this is so in
view of the semic]-assieal results of Pear*orr*4O.

Further, it is known that the imaginary potentials, W,

vary wlth energy. If this variation 1s faster than

that used in Table 1 , the val-ues of the backward. cross-

sectlons decrease more rapid.Iy with energy than shown

in Figure 17. This can be understood since the focj-

for the higher incident energies then have a much

small-er amplitud.e than those used in the calculations

of tr'igure 15.

Howeverr âs the energy variation of the optical

nod,e1 potentials shouJ-d. at f east be monotonic, the

appearance of the second. peak in the energy variatlon

inil.icates that a reaction property weighting the

surface region is required. The eurve 0 of Figure 12

shows that surface weighting d.oes in fact produce a

second peak. .

Hence the parameters Y ,Y 
/ primarily d.etermine the

positions of the major peak in the energy data; their
d.ifference may possibly affect the relatlve positlons
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of the two peaks; l,ri antL i{/ determine the rel-ative size

of the cross-sections for d-ifferent energies, and weight-

ing the interaction region d.etermines the shape of the

energy variation.

ft can be seen in Figure 10 that there is a 2 to

5 MeV energy range centred. about 5.91 MeV for which the

angular distributions al-l- have approximately the same

shape. llence, as stated. beforer w€ expect that this

shape is a direct reaction result, and so the parameters

giving best flt to the energy variation of the backwar<i.

cross-sect j-on shoul-cL give this angular dlstributior.

Using the vol-ume interaction form¡ flo semblance of a

fit was found. In fact no fit was found" for the

parameters l-isted in Îable 2' al-l curves exhibiting

1ü shape wherea.s the experiment has a N shape. The

calcul-ation uslng V=6JMeV and- y=þlMeV was l-east

d-ivergent f:rom the experiment, and this calcuJ-ation

'was repeated using !rI=!MeV. T.,itt-ì-e change in shape

resul-ts.

Cal-culations using 1P Harmonic Oscil-l-ator wave

functions with a characteristj-c rad,j-us RO={.Jf al-so

gave 1[-shaped angu]ar distributj-ons for al-l incident

energies between 4.5MeV and. l-f .5MeV incl-usive. th.ese

ca.l-culations used the parameters listecl- in Tabl-e 7.

The values of V and V/ were increased. by 2MeV and

4ltieV for each energy and al.though si-gnificant changes

in normalization were found. for the l-ower enellgy



TABTE 2

PA-RII{ETERS USED IN TIIE ANAIYSIS 0F THE 5.91MeV REA.CTIOS

g][-(r,o)rvß usruc A votuu¡ rNlpnacrroN. (pnruns DENoTE

SlATE ITIES

V values ranged. from 52MeV to 67MeV in lMeY steps

Y / values ranged. from 46MeV to 59MeV in lMeV steps

W = 6.83MeV V/ =3.68MeV þ. = ul = .65f

=o = L'25f'

1P square wel-I wave functions were also usecl to describe

the bounil states, and, were calculated. using the follow-
ing parameters

VB = Square well- depth = 38.4NIeY

E¡ = Blnd.lng Energl = 16Mev

Ro = Rad.ius of WeIl = 5.5f
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results, little variation in shape and. normalization

was found. above an incid,ent energy of 6MeV.

The calcul-ations were also performed using

to=L.Zf , I.3f and. L.35f ad.justing the potentials in
Tabl-e 5 by the V/=constant law. It was found that,
except for the lowest incid.ent energyr ilo slgnificant
changes in shape occurred.. llhls was al-so the case for
angular distributions with =o=f.75f and. with the optica].

mod.el- potentlals larger ancl more rapidly changing with

energy. Finally calculations with a smal-ler bound.

state rad.ius, Rb=Z.5f , were found. to be slightly better
in some cases for incident energies bel-ow 6MeV. In
all, 285 angular d.istributions \^Iere cal-cul-ated. with

the voLume lnteraction forn without fitting either the

energy variation of the extreme angle cross-sections

or the experimental- angular distributions.
Figure 1+ shows the angular d-istributions for

inciilent energj-es between 4.5MeY and. l-l-.5MeV uslng

the surface weighting mechanism and parameters of

Figure 12. Although these cal-culations are stil-l- not

very gooit f its to the experimental resul-ts, the angular

ilistributions in the 5MeY to 6MeV inciiLent energy

region are more appropriate than the voJ-ume caleulations,

and, the energy variation of the backward scatterlng
cross-section contains two peaks.

The obvious calculations to perform are surface

weighted calculatj-ons using a more realistic set of



FIGIIRE 14

The cal-culated ilifferential cross-sections for the

c'3 (p,n)N i3 
=""ction with energy variation and. a

surface weighting assumption. The parameters are

those as for Figure 12, Curve C.
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paraneters. This has not yet been d.one for the f ol-low-

ing reasons. First, the resul-ts reported above ind.icate

that a surface weighted. formalism is necessary. Slnce

spin orbit potentials shoul-d, give some surface weighting

effects, these must be incl-uiled . This 1s strengthenecl. by

the fact that the peaks 1n the energy variation of the

extreme angle cross-seetions are very sensltive to the

central potential-s. Second., the calcul-ations of Agodl

et e-I*22'27 have shown that the angular distributions
for the S ¿'E(n,p)At'6 reaction are strongly affected by

the exchange character of a real-istic two-bod.y inter-
action. ïn particular, the extreme angJ-e cross-sections

are most affectecl. Consequently the extensj-on of the

analysJ-s mentioned. before has been suspended. in favour

of one using a more real,lstic flnite range two-bod.y

force with exchange, and., if the computing facilities
and economlcs permit with the cod.e ad.justed to inclucl-e

sBln-orbit potentials in the optical mod.el wave

function cal-culation.

Neverthel-ess, the surface weighting calculations

show large deviations from the vol-ume interaction
caLculations. The corrections due to the above two

points may not be able to account for these d.eviations.

The discussion of this effect is reported in the next

section.

Final1y, 1n this section the effect of the foci in
producing forward peaks for cases where I, 1s even, and
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rtort-zero, is shown 1n Flgure 1r. This figure shows the

results of vol-ume interaction ( continuous Lines) and

surface weighteil (broken lines) calculations for the

inel-astic scattering of 10MeV (feft diagram) and. 20MeV

(right d.iagram) proton on F'? fot the case where the

nucl-eus is left in its second. excited state with a

Q value of -.22MeV. The angular momentum transfer
quantum number in this reaction is 2 and. the paranneters

used. were those of tabl-e 4 for the f¡=l reactloí..
the curves are arbitrariJ-y normal-ized., and. in this
ease only the shapes are significant, The weÍghting

parameters used. were f=0 Rr=R¡1, where R* 1s the

Saxon well radius.

fn the lOMeV case, the surface result has more

structure than in the vol-ume case, and. has small

forward. cross-section, whereas the forward. cross-

section Ís peaked in the volume case. This can be

und,erstood. from the fact that the foci are centred.

more 1n the nucl-ear interior, and. the phase of the

internal- contributing regions results in constructlve

interference. In the 20MeV case, the two calculatj-ons

exhibit extreme angle peaking with the sane amplitud"e

ratios of forward to backward. peaks. However, this
may be just coincid.ental- for this energy.



FIGTJRE T5

Angular Distributlons of t-OMeV (feft) and 2OMev (right)
protons in the reaction T lq ( p, p/ ¡ r' l{ 

* to the second.

excited, level- with a Q-va1ue tf O.2MeV. This 1s arL

It=Z reaction.

Parameters are glven in Table +.
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4.2 THE RE"A.CTION MECHANISM AND THE NUCIEAR INTERIOR

In the preced-ing section and in Chapter 5, the

optical mod.el effects on angular distributj-ons ldere

d.iscussed., and the effect of reasonabl-e variations of

the parameters noted.. In particul-ar the importance

of the foci in extreme angle scattering was emphasized.

Hence, if the reaction mechanlsm is d.ensity

depend-ent, then its effect must be more outstandlng

than those considered in the earlier discussions.

More fully, the angular dj-stribution for a surface

weighted. calcuJ-ationr or one in which the contrj-but-

ion from the nuclear interlor (d.efineil as afl-t(Rr)

is weighted. by the val-ue f(0 <f <1), must exhibit
d.ifferences from the volume interaction cal-culation

(f=t), and. these iLifferences must not be produced. by

realistic parameter varlations.
Figures l-6 and. 17 show the results of the volume

and. surface (f=oo Rr=R¡¡) calculatlons for the reactlons

and. parameters as given in Tabl-e +, large differences

are evident. Figures 16 and. 17 compare the volt¡¡re

(contlnuous l-ine) and, surface weighted- (broken line)
calcul-ations for incld.ent energies 5MeV and LOMeV

respectively. The characteristics are plotted on a

linear scale to emph.asize their shapes, and. the

scales for the surface cal-culations have been adjusted

by neans of a factor of the order of 100 to facil-itate
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rHE PARAMSTERS USED IN FIGITRES 16 AND L7. IHE E}TTRANOE

.O.ND IXIÍ CHAXNEIS ¿.RE DESCRTSED BY TH3 SA]qE S3T O3

PARÂMETERS.

!f =4MeV a=.55f r = L.Zf
o

Rb = RN = ruL,t/3f .

Reactlon

T,q (p,p /)¡¡ r?*

c13 (p,n)N 13

t* "t (p,p')t*"t

ca4o (r,p)K4o

B(uev) v(uev) rÁ

5+5 1

10 55

5550
r0 55

5 ,+5 5

5 45 7,5

Q(Mev)

-. 11

-7.oo1

-.54

-.6



FIGURE ],6

Angular distributions for the reactions shown with
parameters in Tabl-e 4 for 5MeY inciclent energy

nucleons. Vol,r"me ealcuLations are shown by the

continuous l-ine, surface by the broken l-ine.
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FÏGTJRE 17

Angular distributlons for the reactions shown with
parameters in filable 4 for l-OMeV lacid.ent energy

nucleons . Volune calculations are sho'wn by the

continuous Ij-ne, surface by the broken line.
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comparisons. In other word.s, the eontribution to the

matrix element from the nucLear interior is about 10

times that of the nuclear surface. The 5MeY resuLts

of Figure 16 show d.Ífferences between the volume ancl

surface calcul-ations that could possibly be expJ-ained

by parameter variations, but this is not the case for
the l0MeV results of Figure 17, where far greater

structure exlsts in the surface calcul-ations.

Disregard,lng the Ca4'a resuLts, which are conplicated.

considerably by the allowable d.ouble angular momentum

transfer, the surface calculations resembl-e the volume

calculations, if the latter were compressed to much

smaller angles r âs are obtained. if the average raiLius

is increased. However, the amount of compression

need.ed- is far greater than arry teasonable variatlon
of the average rad.ius would. permlt.

(a) Variation of the Optical Model Parameters

Figure 18 shows that real-istic variation of the

optical moil.el potentiaf V is unlikel-y to eause

the change from surface to voLume shape for the

F'1 reaction. This figure shows the angular

distrlbutlons for the lOMeV incident energy case;

volume cal-culation results are on the l-eft and.

surface weightecl. ( f=o, Rr=R¡i) cal-culations are

on the right. The continuous l-ines show the

calculations using [={lMeV, the broken lines, t[=55MeV.



FIGIIRE I8

Angular dlstributlons for 10MeV proton en F l? leaeling

to the flrst exclted. state. Yoh¡ne ealculatlons are

on the left aad surf,ace (R, = R", f = o) are on the

right. The csntinuous llnes are the results for
T = 45MeV and. the broken lines are those for
V = 55MeV. AII other parameters axe givea in Sable 4.
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All other parameters are as given in Table 4. The

surface cal-culations are agaJ-n muJ-tiplied. by

approximately 100, and. the scale values are

arbitrary, but consistent for the two potentials.
These results show that changing the real potential-

by a large amount has l-ittl-e effect on the volume

cal-cuLations, but greater effect on the surface

caLculatlons. As shown in Sectiott J.2, increas-

ing the potential by this amount means that the

focus in the optical- mod.eJ- wave function 1s

centred. more in the nucl-ear interlor. The

changes in position of the foci are not important

for volume calouLations because they are spread..

fn addltion, the phase ehanges associated with

the change in potential are small, and more over

any effects that phase changes may have are

further red.uced because of the spread. of the f oc1.

However, with the d.efinitíon of the surface used.

in this figure, only the tail of the foci enter

into the matrix elementr so that only slight
shift in positlon of the foci wil-l- cause a

noticeabl-e change in their eontribution. Further,

the sþengê in phase in the contributing region is
not compensateä by the shift in the positions

of the foel. This noticeabl-e surface effect
could. be most significant in proiLueing the energy
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variation of the extreme angle peaks, as the phase

relationships between the two regions (aefinea

before for backward. scattering as the surface and.

focal regions) , coulcl become d.estructive and then

constructive, and. thereby prod.uce the start of the

second. peak. It is the backward scattering cross-

section that is most affected. by the change 1n

potential. It is red.uced. by a factor of 3 when

the potential is changed. from 45MeV to 55NIeY.

Ihe effect on the forward cross-section is
not shown in this case because this reaction,

with an angul,ar momentum transfer l=1 and. a small

Q value, obeys the parity 
"rrl-u*43 

for the parity
change case.

ïIe have alreaily noteil the effect of increasing

the nucl-ear radi-us. 0f the remaining parameters

inerease of 1{ decreases the magnitude by a
constant amount, and. increase of ta/rotates the

angular distribution slightly anti-clockwlse.
The net result of changing the parameters can¿ot

account for the observed. d.ifferences between

the two types of calculatj-on.

Figure 19 gives the comparison of the change 1n

potential for the I,=0 case of lOMeV protons orl

c i3 in th" reactj-on c'3 (p,n)1tr ''3 Q = -5.oo1.
The parameters other than V are those in Tab1e 4



T'IGURD 19

8b.e. .a":ngular distrlbutlons or l-OMeY protons on 0 13

for the tr=o reaction 013 (p,r)ut? ¡rith a Q-value of

-5.005MeV; îhe volume ealeulatlons are on the ].eft

ancl surface (R, = Rgr f - o) are on the r1ght. llhe

cOntlnu,ous ]lnes are the results for v = 45MeV and.

the brokes llnes for V = 55MeY. A1l other para,-

meters are as glven ln ÍIable 4.
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and the d.iagrams are to be reaiL aE f or f igure lB,
except that the surface weight interaction factor
1s now IOOO. This reaction, r¡nl-ike the F l9 case,

preserves the parity of the nucJ.ei, and. so both

extreme angJ-e values are strongly dependent on

the foci, and are not smal-l-. fn the volume case,

when the potential is increased the backwariL

cross-section is affecteil more than the forward

val-ue, and in the opposite sense.

0n the other hand. the surface resul_ts show a

generaÌ d.ecrease in the cross-sections, in
agreement with the fact that more of the foci are

in the non-cots.tributlng region of the matrix
el-ement when the potential is increased..

(b) Y iation of Wei t Ê and. lfeisht Val-ue f .

The large itifferences shown in Section 4.I (a)

result from a stringent definition of the surface

weighting. ltfe shaLl- now l-ook at the effect of
varying the two parameters, f and Rr r that d.ef ine

the surface and. its weight. Â11 calculations in
this Chapter, unless otherwise stated, use as a
radial- weight factor, a step funetion form -

(r)=fforr Rt

=lforrRt
The first ealcul-ation was performed with the

optieal mod.el- parameters (as given in Table 4)
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for the .l-OMeV incident energy reaction ¡'?(p,p/¡¡¡(i*

to the first excited. l-evel-. With the Saxon wel-l

radius val-ue of R, and a weight, f, of 0.5,

the resuJ-ting angular distribution has a shape

ind,istingulshable from that of the correspond-ing

volume cal-culation, but with a magnitud.e red.uced

by a factor of +. Hence this ls equivalent to

a vol-ume calcul-ation with a reduced. interacti.on

strengthr or a slightly d-ifferent bound state

d.escription. In fact, the form of the angular

d.istribution wil-l- be that of the appropriate

extreme case with different magnitud-es, unless

the two regions of nuclear space, defined by our

d.efinition of the weighting surface, contribute

to the matrlx element i-n the same ord.er of

magnitude. That is, there are three categories

of results d.efined. by the weight parameters.

The first category contains those val-ues of f

and- R, which yield angular d.istributions

indistinguishable in shape from that of the

complete vol-ume iilteractÍon case; the second

contains those parameters which give the

characteristic pure surface interaction results;

the third classification contains the intermed-

late results. In the first and- second, categories,

as the weight parameters change the magnitudes

of the cross-sections d.eerease in the d-irection
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8l-.

of the pure surface case.

The intermed.iate resul-ts are shown in Figure 20.

The parameters are those of Tabl-e +. lhe broken

curve is the angular distribution for the weight

val-ues Rr-1.8f and. f=or and.the eontlnuous Line

is that for Rr-2.2f and' f=0.5. llhese resul-ts

show the third peak characteristic of the

surface interaction case, but each has a large

backward peak which 1s characteristic of the

vol-ume lnteraction results. Consequently, the

lntermed-i-ate region is observably dlfferent
from either extreme case.

The angular distributions hrere also cal-culated'

using the Eekart forn factor shape for the welght

variation wlth rad.ius. These were found' to be

ind.lstingulshable from the surface caleul-ation

results.
Variation of En€lqgI

We have alread.y seen in Figures 16 and 17 that

for an inciclent energy of 5MeVo the differences

between the surface and volume cal-culations could'

be explained. by a reasonable varj.ation of para-

meters, but for the IOMeV results the cl'ifferences

are too great to be explaj-ned, thls I¡Iay.

Figure 2I compares the surface anCL voh¡.me

calculations for lneident energies f5MeY, 251['e'{

and l0Mev for the reaction Flq(p,pt )r'1* to the



FIGIIRN 20

Angular d.istributions f or l-OMeV protons on F l? exciting
it to the first state. The broken line is the result
of using Rf = l.Bf and f = o, the contlnuous line
for Ro = 2.2f and, f = 0.5. All other parameters are

T

as in Table 4.
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first excited. level-. The volume cal-cul-ations

are shown by the continuous lines, surface

calcul-ations by the broken l-ines. Ihe entrance

and. exi-t channel potentials are the same and are

V = 55MeV, W = 4MeV¡ à = O.55, ro = L.zf, and.

the surface factors are R, = 7.2f, f = o. {Ihe

bouncl states ate cal-cul-ated using an interactlon
rad.ius of 3.2f, and. are described. by a 2S

Harmonlc Oscill-ator wave functlon in the entrance

chan:rel, and. a 1P lvave function in the exit
channel. The surface cases al-l- contain-one more

peak in their angular dlstributlons than the

corresponding volume calculations. As the incid,ent

energy increases, the backward. cross-section j.n

the vol-ume calcul-ations show l-1ttle magnitud.e

change, but the rest of the angular d.istributions

increase, until, dt 30MeV, the other peaks 1n

the cross-sectlon have a larger value than the

backward. scattering angJ-e value. For the surface

cases, however, as the energy lncreases the valleys

in the angular distributions are more sharply

defined. These energy variation differences

between the vol-ume ancl surface cal-cuLations may

not be a sensitive test of the reaction mechanlsn,

because the variation of potential-s with energy

alters the angular distributions. Nevertheless,

Figure 21 supports the fact that negligible



FIGI]RE 21

The angular dlstributlons for l-5, 20 and. 25 and' 30

MeV protons on F'9 to the first excited. state.

The continuous lines are the results for volume

cases, the broken l-ines for surface (Rt = 3.2f ,

f = o) cases. The parameters used are

V = V / = 55MeV l{ = 1¡l / =  MeV

a=al=0.55f
Rb = 5.2f

r = I.Zf
o
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8+.

rapid., thereby causing a larger ilestructive
interference than is present i-n the l-ower energy

cases.

tr'igure 22h shows the effects of using different
potentials in the entrance anil exit chan¡el-s for
the reactiotr r'¡f(p,J)F¡Îx at incident energies

of 5MeV and. l-OMeV. The parameters used are

those of Tabl-e 5.

ït is expected. that the l-OMeV dlfference in
potentlals is excessive for the Q value -0.I1MeV

in this reaction. Ilowever, in spite of this
factr we expect the trend. of change 1n curve

shape wj.th a more real-istic variation of potential

to have the same form. The most important

feature of these resul-ts is that the parity ru1e,

most evident in Figures 16 toA, while not as

obvious as 1n the prevlous figures, is stil-l-

obeyed, in that the derlvatlves still have the

correct sign. Further, the surface and vol-ume

caLcul-ation d.ifferences are not as pronounced.

as in the equipotential- calculations, but

for the 10MeV results they are still quite

evident.

FINIIE RANGE EFFECTS

From the previous Sectlons, it can be seer. that,
uslng a zero-rar,ge approximation for a slngle particle



FIGIIRE 22a

lhe angular distributlons for the reaction F'?(P,P/)¡"9*

to the first excited. ]-evel.

These 60 MeV inei-d.ent energy results used. parameters

V = V1= TOMeY lf' =Wl = l5MeV

a = al = 0.55f "o 
: 1.2f

R¡=72f
The contlnuous l-ines show the vol-ume interaction

results, the broken lines the surface cases.
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FTGIIRE 22b

lhe angular distrlbutions for 5MeV and 10MeV protons

on Fl9 to the first exeited leveL. These show the

effeots of clifferent potentials ln the entrance and.

exit channels. llhe parameters are thoee in |Iable 5

anil, the voLume cal-cul-ations are sho.wn by the

contlnuous lines, the surfaee results by the broken

lines. The 5MeV results are on the Ieft.
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TABIE 5

PARÁi{ETER FOR TFIE EV AND 0MeV S

(pnnEis Ðnugrr ¡xrr cH¡,uunl)

n(uev)

5

10

T,¡ = w /= 
4Mev

Rf = 7'2f

v 
/(ruiev)

+5

45

v(ivlev)

55

55

aa =.55f
f = o.

t = I.zf
o
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excitation, the optical nodel effects of phase averag-

ing, absorption and. focussing often d.o not cause the

nuclear interlor to give an lnsj-gniflcant contribution

to the angular d.istributlons.
However, the inel-usion of a finite range force

may be expected. to amplify the optical moilel- effects

and. cause a greater reduction in the contribution from

the nuclear interlorx42, In fact, 1t may be that this
reiluctlon is large enough to remove the slgnificant
d.ifferences between the total- volume and. surfaee

calculations. That the finite-range foree has a

noticeable effect on angul-ar d.istrlbutions 1s well,

krro'w,,*22'27. That thj-s shoul-d. be so can be seen from

Figure 27. In this d.i-agram a comparison is mad.e

between the bound. state coord.inate depend.ent part

of the rad.ial- lntegrals for the zero-rarge ( continuous

line) and the finite range Yukawa force wlth A =O .87+''
(broken 11ne).

These curves show the prod.uct of the nuclear

wave functions S t=l for the F'9 reaction to the

first excited state using raiLial harmonie oscill-ator

$¡ave functions, nor(r), where the partial matrix

elements have the folÌowÍng form -

I.u,t fru î*, to'n fulÞ.s) tr*>
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For the zero-rarLge case t G¡ = R /, (r)n¿o(r) and- for:

the rinite ra,,se case ú G' ) = f"' d.r Rr, (r)Rro (=) !, ( /r--"1 ) .

These curves have been arbitrarily normalized to all-ow

for an easier comparison. It can be clearly seen that
the finite range emphasises the nuc.l-ear surface region

far more than the zero-Tarrge case not only in relative
magnitude but also in rad.ial spread.

'!Ve describe this partially by saying that the

finlte range cau$es the average interaction rad-ius to

be increased. Hence from purely magnj-tude ground-s we

expect that the relative magnltud.e of the contributions

from the 1ow partial wave terms in the matrix element

to be much smal-ler in the fi.nite range case than in
the zero-Tar:ge case. This is the case as can be seen

i-n Figure 24, where the partial matrix elements,

the f 
'', 

as defln.ed i-n Figure 9, for the zero-range

case of 6OMeV protons 1nciil"ent of l'? and leading to

the first excited. state are compared with the finite
Ta.rr.ge val-ues.

However, while the phase averaging effect is
amplified because of the ehange in the magnitude

and shape of the bound state term, Figure 25 shows

that the significant differenees between the vol-ume

ancL surface cafcul-ations stil-l exist. These are

angular d.istributions for l-OUIeV protons T tq to the

first excited state. The vol-ume calcul-ation is
shown by the continuous 1ine, the surface usi-ng



FIGIIRE 23

The bound. states weightlng anplitud.es for the zero'

range (continuous llne) and finite range Yukawa

(broken line) forces. The quantum numbers are

!r = 1,I = 1 and. Nl = 2, 1l = 0 with I = 1. (|lfre

primes d.enote final state quantities) .



3

2

I

-l

-z

-s

-¡

i

l

I

I

2

t
t
t
t
t
I
I
I

at 'r

I
I

,
I
I

I
I
I

,
I

/
?

t 4 ¿I

¿\

¡
t
l
t

\

\

¡
t

¡

t

Ï-¡?



I
I
P

I
I

f t
\
\

\
ì
\
\Ê\

\
ì
\ \

\

I t,l',

,
,

,
tf

t
t

t
,

f
I
I
f \

\
\
\
\
\

\

\
\

\

I
2.

t
t

,
t

I''.,t

3

2

t

I oo 2 r¡ 6
N+

2 tÞ ê t



FTGUEE 35

fhe angular dlstributlons for lOMeY protons on

f l1 exe lting the first level. lhe volu.me ealeufatlon

is sho'wn by the contlnuous llne whlJ-e the broken

anil. clotteiL l-ines respeotively show the surface

câses Rf = r.zf, f = or. anCL Rf = 1.8f, f = o.

All curveÊr use the parameters V = 55MeV, f[ = 4MeYt

a = 0.55f ancl ro = I.zf. Ílhe surface calculatlon

wlth Rf = 1.2f 1s nornaLised by a factor of L00.
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Rf = 7,2f, f = O by the broken ].ine, and. the niil.il]-e

case Rf = l-.8f, f = 0 by the d'otted' l-ine' |Ihe para-

meters used for al-l these curves were V = 55MeVt

If = 4MeV ¡ 4 = 0.55f, fo = -azf, Rb = 3.2f' The

surface case, Rf = 3.2f, is normalised by a factor

of 100.

AsforthezeTo-Ian}ecross-Sectionsthetwo
extreme calculations show the characteristie d'ifference

of one more peak in the surface angular distribution'

However, the third case' Rf = 1'8f' shows that the

nuclear centre does not have asmuch infLuence in

these finite range results since the d-ifferences between

this calcul-ation and the Bure vol-ume case are far

less evident in both magnitud.e anct shape than j-n

the correspond.ing zero-range cases ' fn fact the

region out to r = l-.8f in the finite range results

seems only to affect the slope of the forward" cross-

section and. the rel-ative magnitud e of the peak to the

backward cross-section value n both of which coul-d-

probably be prod.uced by a yatl:ation of the parametels.

Nevertheless, the ciiff erences between the two extreme

cases cannot be overcome by parameter variation.

Ilence while the finite range force red.uces the

results discussed in the zero-Tar[Se calcul-ations, it

does not appear to invalidate them'
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+.+ THE REACTTON y#l(o.o/)yv9 x (o = -o .91-5MeV)

The resul-ts sh.own 1n the previous sections of th.ls

ehapter consider reactions that are expected to be single
particle transitions, but use pure j-j coupling shel-l

mod el- wave funetions f or the initial and" final- bound.

states in the cal-cul-ation of the matrix el-ements. I¡rhir-e

this description is not the best, expecially for F f? which

is essentially a three body problem, if one considers

only partlcles, the states used are expected. to be pre-
dominant over other possible configurations and. so we

expect the angular distribution shapes to be meaningful

but not the absol-ute magnitud,es. fn any event, th.ese

have permitted us to investigate the effects on angular

d.istributions of the properties of the optical mod.el_

representati-ons of the unbound. partlcles.
IIowever, the ground ancl" first exclted" states of

y4 are well- described- in this simple theory as not

only does the j-j coupling modeJ- predict the correct
spins, parities and energy separatior-x+5,+6 but al-so

expeets an M4 l-"uy transition whose cal-cul-ated rate*46

agrees wel-l with the experlmental val-ue of L6 sees.

Consequentlyr 'w€ expect both the shapes and. magnitud_es

shown in the following d.iagrams to be meanJ-ngfrrl at
l-east to within the limitations imposed by the neglect

of spi-n-orbÍt eoupling in the optical model_s and the

exchange effect whichr âs seen in Chapter 2, al-so

includes the antisymmetry.
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Figure 26 shows the surface (broken l-ines) and

volume (contlnuous l-ines) cal-cul-ations for a zero-TarLge

(feft and. finite range Yukawa (right) interaction for
the inel-astic scattering of l-OMeV protons from y39

leading to the first exeited- 9/2+ state. The Q-va1ue

of the reaction 1s 0.91-5MeV and. the bottom diagrams are

the results of cal-cul-ations using Vs4OMeV and. other

parameters as given. for the top eul:ves which use

V=5OMeV. The other para,meters usecl are as shown in
the Figure 26 caption and, there is a weight factor
of l-00 mul-tiplying the magnitud.e of the surface

eal-cul-ations.

-A.s with the calculations on lighter nuclei, there

are noticeabl-e differences between the volume and.

surface welghted cal-cul.ations and, although it is not

evident for the lOMeV resul-ts of Figure ?.6, the

surface cal..cul-ations exhibit more structure than the

correspond.ing volume results.
In the volume calculations, the deJ-ta function

interacti-on resul-ts show ]-ittle ilifference when the

real part of the distorting potential is ehangecl by

10MeV. This is al-so the ease for the Yukawa inter-
action volume ca.l-cul-atlons because the structural
differences that can be seen at scattering angles less

than about 70o have smal-l magnitude, l-ess than I.A%

of the value of the ba,ckward peak.



FIGURE 26

The angular d-istributions of IOMeV protons on Y 89

leading to the first exciteil state.

The delta-function results are on the ]-eft and- the
-tYukawa finite range with Å. =0.87f are on the right.

Surface resul-ts are shown by the broken l-ines and.

vol-ume results by the continuous Ij-ne.

The parameters used were:-

' = 5oMev

| = 10MeV

| = O.6f

T - I.zf
o

R-= 5.+f0

Rf= 5.4f and f=0

The bottom curves are the results for caleul-ations
I

usi-ng V=Y' =40MeV with a]-l- other parameters unchanged-.

These results both are normallzed using Vo, the

two-bod.y interaction strength, - 100MeV.

V=V
ïf=ï{
a=A
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However, most important is the fact that there seems

to be a breakdown of the parity rule although the cross-

sectlon slope 1s essentially flat in the range Oo l-0o

scattering angle. This effect will- be shown to persist

for higher lncid"ent energles for l-ower values of V which

one may expect to be applicable from the analyses of

elastic scattering on heavy nueÌei.

The surface cal-cul-ations show three significant facts

when compared. with the volume results" First, the shapes

of the angular d.istributions are very d"j-fferent from the

volume resul-ts so that any such effect should" be experi-

menta1ly observable. Seconti, , Iarge eff ects are noticed in

the ma.gnitud-e of the backward cross-sections as the potential

V changes. Third., and. possibly most significantly, the

parity rul-e is always obeyed..

The 20 and. 50 MeV incid-ent energy results shown in

the following figures ind-icate simil-ar trend-s as those

of Figure 26, exceptr âs r4ras seen in the earl-ier discuss-

ions, that more structure is evld,ent at higher energies.

Figure 27 is a plot of the partial matrix el-ements for

various I and" I/ combinations in the delta-function

results. This shows little phase averaging for the cases

where l- and- l-'differ by three to five and- begins to

indicate this effect only in the ll-]-'l = 1 cases. This

can be und,erstood, as in the first four cases the l-o'w l-
t/(o" 1ow 1') terms involve a surface L' (o" 1' respectivei-y)

in the overÌaps.



FIGIIRE 27

The partial matrix e1ements for M=0, * j = LL , in
the l=5 Y8{(p,Þ/ )V*9* reaetion for 2OMeV inciitent energy

The I L,L, are plotted. against ,{ on the top row and
,'/

against .U on the bottom row.
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However Figure 28 is a plot of J 1¿r against ,[/ where

q' = {Y* T-t-' 
'rir 

(*ÇLsc)

for this ease of M=Qr rn, =li and the phase averaglng

effect can be seen more easily. This is produced" by

the partial cancellatlon of the I ,0r_t*p and, 'Ia+¡rr1-

where 'Þ 1s 7 or 5 for any scatterj-ng angle but moref-

so for Ðr.= Oo an6 18Oo where the Y¿,c; (B) =('r.)
respectivel-y, make these matrix elements eomparable

in magnltud-e. Their phases are always nearly l80o apart

so that eancell-atlon occurs.

I{owever whlle phase averaging still_ exists even

for large momentum transfer and the phase eancelJatj-on

of the IÅl-tis more important, there are quantitative
differences between the volume anö, surface results for
20 and JOMeV incident energy protons on Ya? using the

%ero range interaction as shown in the top left and

right diagrams of Figure 29 respectively.
The ?-O and, l0 MeV vol-ume resul-ts for the Yukawa

j-nteraetion are shown on the bottom iLiagrams of Figure

29.

Finally figures 10 and 3I have the resul_ts for 20MeV

incident energy protons with a variation of the weighting

value and radius.

In Figure 29 it can be seen that the structural
rLlfferences betlveen the volume and surface calculations
persists with increase in energy with an overal-l- increase

I
2-



I'IGIIRE 28

The total matrix el-ement term J ¿l given in the text
plotted agalnst Ll . The crosses are the del-ta

function interaction results and the ci-rcles are

the Yukawa results for 20MeV incid.ent energy protons

on Y81 with the parameters!-
IV=V

]¡V = ïü

A:a

= 45MeV

l0MeV

= O.55f

2f

I

I

r=1.
o

R.
0 +f5



Ir

3.0

2,0

1.0

J

\
\

/
/

I
I
I
I
I

\

\

\

\

\

\I
I

I
I

I

0L23 4 56 789

Àt)



FIGiIRE 29

The angular d.istributions for 2oMev (tert) and 70Mev

(right) protons on Ye? I**d1ng to the first excited-

state. The d.el-ta function results (top d.iagrarns)

show the volume (continuous) and surface weighted.

(broken lines) and. the finite range resul_ts use a
range fr= O.B7f-' .

The parameters used. are:

v = v/= 5oMev

1{ = 1{ 
l= lOMeV

tu = a/- O.6Mev

ro= I.2f

R = 5.4ff

= 5.4f.R.
tl
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in strueture aS energy increases. Once again there is

a scalq factor of loo between the surface and- volume

magnitud.es and. the parity rul-e is trarely discernabl-e

for the vol-ume resul-ts which is now also the case for

the sullface cal-cul-ations.

"A.s with tbe previ-ous cal-cul-ations the finite Ïange

r:esul-ts show more structure than the zeTo Tange ones

but still- not enolLgh to protl.uce the differences betv¡een

the vol-ume and surface theories. It{ost striking however

is the fact that the finite Tange resul-ts are smal-l-er

in magnitud_e than the correspond.ing delta function

resul_ts as energy increases. For example the ratios

of the major peaks i-n the zego and" finite range vo-l-ume

cal_cul_ations are about 10 es to I and the ratio is

about 427 in the surfa.ce calculations atr 10MeV. Also,

as energy increases, the diff erences ir angular d"j-stribut-

ions for d"ifferent potentì-als increase for the vol-ume

cal.culations especially in the val-u.e of the backward

scattering angle, but although d-ifferences in shape

appear in the surface cal-cul-ations, the variation in the

backward cross-secti.on val-ue is much less than that fo:r

the lOItleV case shown in Figure 26.

Figure 10 contains the resul-ts for 20MeY protons on

aoyÕv aga¡;n exciting the nucl-eus to the first excite¿

l-eveI. These use a d-elta function in.teraction and use

the parameters, V=V -4OMeV, lf=\[ =]-OMeV, a=a =O.6f ¡

ro=f . 2f and. Rir,.t = 5. +f .



FIGURE 70

the a.ngular d.istributÍons for 20 MeV protons on YB9

to the fi::st excited. state via a d"elta function inter-
action. The continuous l-ine is the resul-t for a pure

volume cal-culat1on. The bottom broken lj-ne is the

resul-t for a single calculation usi-ng Rf = 5.4f and'

f = 0.0.

The top broken line is the result using Rf = 3.Bf

and f = 0.5 and- the dotted ]ine 1s that using Rf = 7.Bf

and. f = 0.0.

The other parameters are as given in the text and the

magnitudes shown are not scaled as in previous d.iagrams.
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As shown in Figure 29, there are large d.ifferences

between the volume and- extreme surface (Rt = 5.+f ,

resu-l-ts. However, if the cut off radius is
red,uced, to R,. - 3,8f then irrespective of the va.lue o-fI

the weighting, no evid"ence of the surface resul-ts

appear. Consequently the interior of the nucleus as

defined- by this radius has no effect on the angular

distributi-on for a volume reacti-on other than on the

rel-ative magnitudes of the backward peaks.

But this is expected. because r âs we have seen from

the earl-ier secti-ons, the foci of the optical- model

wave functions extencl- wel-l into the nucl-ear interior

and. are critical in formi-ng the baekward, peaking.

Fínally, Figure 5I shows the 20 MeV results for a

d-ifferent surface weighting usi.ng a rad.iu" Rf = +.4'f

and. weighting the central- region by L/2 (continuous

.l-1ne) and" try zero (tfre broken line).

lhese angular distributions are simil-ar in structure

to the surface resul-ts of Figure 29 in that peaks and

minima oeeur at the same angles t¡ut differ not only in

absol-ute magnitud-e but al-so in the rel-ative heights of

the peaks within th.e eross-sections. Figure 50 shows

the curves for the internêdiate band. il.efined earlier.

Also r âs expected. from the extreme cases, the pari.ty

rul-e is not cl-early evid.ent beeause the large angular

momentum transfer i-nvol-ved" 1n this reaction as well



FIGTJRE 7T

The angular d.istributions for 20 MeV protons or,. Y89

leading to the first excited. state. [he continuous

line is the resul-t using a weight radius Rf = 4.+f
and. weight of t/2, 'whereas the broken J.ine weights

the same region by zero.

Parameters used":-

V=V =40MeV
\¡/ = Vl = l_0 MeV

a = a = 0.6f
r = I.?-f

o

Bb= 5'+f

P= o'B?f-|
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as the larger Q-value cause smalJ- ileviations in the

parlty rul-e cond.ition

Hence the concl-usions drawn from the earl-ier

cal-cul-ations on F19 and c17 appfy equal-J-y well- in the

heavier nucl-ei cases. Furthermore as discussed earl-ier
'we expect this YB9 reaction to be 'wel-l described- by

the mod"e-l- we have used., save perhaps for the incl-usion

of the exchange character of the interaction, and.

therefore antisymmetrization of the wave functlons,
and the spin-orbi-t coupling Ín the optical mod-eJ- wave

functions.

At present two things are being d.one in regard. to

this reaction. First, the erperiments are belng per-

formed by the group at Davis, and. second. 'we are per-

forming the final d-ebugging of the extend.ed- versi-on of

the cod.e cLescribed 1n the thesis 'which removes many

time consuming operations and incl-ud.es the space exchange

term. This is being mad.e as an lntermediate step

to'wards the complete D.W.B.A. coil-e which will use a

more realistic bound state description for other re-
actions as well- as including the spin-orbit coupling

and ful-l exchange character in the two-body interaction.
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CHAPTER 5 CONCIUSIONS

We have seen that the angular distributions for

direct reactions via a two-body interaction mechanism

aïe strongly influenced. b,y the opti.cal mod-el- effects

of phase averaging and focussing. In particulat, the

extreme angle peaking can be qualitatively understood

from the overlap of the foci in the optical mod-el- u¡ave

functions and- the parity rul-e hol-d.s even for a realistic

finite ranéje form of the two-body iirteraction.

Tlowever the anal-ysis of the resu.lts for th.e C15(p,rl¡UI'

reaction to the ground, state showed- that the pure vol-ume

calculation.s were most inad-equate in explaining the

d.irect Teaetion f eatures of the experimenta-l- resultS 
'

namely the general- energy va.riation of the backward-

cross-sections and. the angular distributions that

ch.anged- l-itt-l-e in shape over arL energy range of an MeV

or so. 3ut this situation was greatly improved- through

the introd.uctj-on of a density depend-ence for the

effective two-body for:ce Ín n.ucl-ear matter b¡t sur:face

weì-ghting, âs I not only dj-d thj.s gj-r¡e the doubf e peak

in the energy variation of the backward, cross-section

but also the angular distribution shapes were far

closer to the experimental- resul-ts.

Of course, one may expect red.uction of the nucl-ear

interior contribution on two other ground.s. Firstr the

sr;ccess of the non-l-ocal- optical model- potential in
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reprod.ucing el-astic scattering ind.icates a correctin6;

eff ect. As was shoum by Satchler*42 in the Pad.ua

conference, this potential calrses a red,uctj-on of the

nucl-earwave functions in the nucl-ear interior by

about f5% from the val-ues generated by the local-

potential. Iloweverr we have seen that to produce

the surfa.ce results, one needs a cent:cal- wei-ght far

in exeess of this. Second, the optical- mod.el- can

only be strlctly bel-ieved. beyond. the matching

boundary and. by good extrapolation baek to the nucl-ear

surface region. Hence the significance of the internal

wave function may be suspect. Ho'wever, as shown in

Section 7.2 the internal val-ues of the wave funetj-ons

for nucleons, especially in the heavier nuclei, has

smal-I and fairly constant val-ue and there is an

al-most plane wave appearance about the phases. Now

for the cases consid.ered the bound state deseriptions

have smal-l- values in this region so that one can

expect l-ittle contribution from the region well insld"e

the nucleus in any event. I{owever, it was al-so seen

that the f ocus, which is formed" by th.ose partial

waves arising from the nuclear surface and. therefore

from the region most critical- j-n describing elastlc

scattering, extends into the nucl-ear interior. Hence

we expect the nucl-ear interior to have contrlbution

unl-ess there exists some density depend.ence of the

two-body force in nuclear matter.
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The analysis of the reaction ¡'f?(p,p/)¡lq* to the

first excited level-, with a Q-value of -.11-1t{eV and, a.n

angular momentum transfer I'=1, has shown that there are

significant d-ifferences between the vol-ume interactlon
and. the surface.weighted, calcuJ-ations, and that there

is a large range of surface weight parameters which give

intermediate resul-ts. I{ence it shoul-it be possible to

experimentally observe à d.ensity d.epend.ence of the

reaction mechanism.

This is i-n agreement with th.e evid_ence from doublet
* c.7splitting L I that the strength of the two-bod-y f orce

in sh.el-l model- ca-l-culations d.ecreases with increasi,ng

nucleon d-ensityr â.s one coul_d expect in view of the

Paul-i Principle, and, also to some extent with the

recent experi-mental materia.l- of Ct"gg*44.

The most striking d-ifference between the surface

weighted and volume calcul-atlons in this reactj_on is
the greater structure (more peaks) a=sociated with
the surface val-ues. Th.j.s d.ifference persists over

a large range of energies and. is therefore more gene::al

than the distinction j-mplied- by the focus property of
the backward peaks.

The a'ppearance of a peak in the angular d-j_stribut-

ions at about 9Oo for iir.cid.ent energies between IOMeV

and. 20MeV seems to be a critical_ test of the surface

weighting assumptlon. The incl-usion of a spin-orbit
potential (which accentuates the surface contribution)
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into the optical model- calculations, and, also the

incl-usion of a more realístic two-bod,y force, or of

a d-ifferent shape of the density depend-ence of the

two-bod.y Ínteraction, is not expected- to change this

qualitative concl-usion. Althou-gh. the resul-ts of Agodi

et alx22r23 for the reactiol S i*9 (r,p)A*t" have shown

that arr exehange character in the two-bod.y interaction

has a significant effect on the angular d-istributions,

mainly on the extreme angle parts, it is not expected

to d-ominate contribution. from the nucl-ear interior, and-

hence surface and. volume calculations should, sti-l-l

exhibit differences.

The persi.stence of the differences between volume

and- surface calculation.s at high energíes shows that

no purel-y optlcal mod.e.l- effect, such as ph.ase averaging 
'

focussing or total- intern.a.l- refl-ection, makes the

interior non-contributing. Iherefore, we are tempted

to conclude that any experi-mental- evidence of surface

weighti-ng in a two-boti.y reactj-on is caused- by a

d-ensity d.epend-ence of the :reaction mechanism.

Fu:rther, th.e fjnite rartge form for the two-bod.y

interaction emphaslses the nucl-ear surface more than

the corresponding z,evo-Tange interaction, not only by

spreading the effective bound. states product but also

by amplifying the phase averaging effect. However,

despite this amplification, the phase averaging effect

sti-l-]- does not remove all- contribution from the nuclear
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interlor and. the differences between the surface and

vo]ume calculations persist. llence the genelal- con-

cl-usj-on.s d"erived, from the zero-range cal-cul-ations

remai.n.

.A.s noted earlier, the absol-ute magnitudes of the

cïosS-sections for a given reaction are not expected.

to be correct because of the bound" state d-escription

used-. However, this is not the case for the results

f or th.e inel-astic scattering from Y89. In this nucl-eus

the I - L coupli-ng sh.el-L mod.el can be bel-ieved at least
()ï

for the ground_ and_ first exclted- states and. so shoul-d-

be a means of investigating the reaction mechanism.

We have seen from the first analysis of this

reaction that the surface weighted ancL volume cal-culat-

ions exhibit d-ifferences in both zeTo ai:.d- finj.te range

resul-ts that are 1n keeping with the results derived

frorn th.e lighter nuclei calcu-l-ation.s namely that

extra peaks appear in the surface calculations. Further

this reaction involves a large angular momentum transfer

and has a Q-va-l-ue of nearly an MeV which we found- to

be limiting the pa.rit¡r rule effect. However, this

appaïent l-oss, or at least reduction, of the parity

rule may be changed. by the lncl-usion of the exchange

properties of the interaction, so that further invest-

igation of this has been l-eft til-l the more complete

cod.e is d.eveloped .
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APPEI{DTX

this A¡ryendix describes the conEtruction and calculation

procedure of the direct interaction code used to find the

results reported in thís thesis. It is divided into four parts

as liEted:-

A. Ðescription of Code

B. Results of a Typical Data Deck

C. Gtossary of S¡arbols

D, Listing of Code

The code SCAT4 of Metrkanoffr Saxon, Cantor and Nodvik has

been used as the basis of or¡r code. fn SCA14, the opticaL rnodeL

wave fr¡nctions and the elastic scattering results are calcula ted.

CÖnsequent\y, ín the sections of this .[ppendix outlining routLne¡

of SCAT4T on\r a general outline is given along with changes that

have been made.
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(ii)

A. DESCRTPÎTON OF CODE

t'f/A,IN4

This routine is the com¡nencenent point of the caLculation¡

Hlren aLL variations and/or changes have been carried out and

ansrÍers pninted, the corputation returns to this routine and the

programme is tenninated.

ft ca1ls the FAP routine SPILL (,lSptl,l,rlSPILL;o.oro.o) and

this sets up a system by which underfLow andfor overflow in any

section of the code can be identified.

Then four test nr¡mbers are defined EPSl"rltPSzrEPSS and EPS4.

The first six cards of data (identification) are read, an

instruction to the rnachine operators printed out on l-ine, and

the main directive routine OI'EROT is caLLed.

The program is then ternrinated.

hlglE - EPSL and IìPS2 are later used as the real and imaginary

parts of the Yukawa interaction, but are always redefined before

any further optical model wave fi¡nction is calculated.

Ðata Used

NUr'fRIlN(r)rI'1r5 NIIITRIIN(I) - day

NUMRUN(Z) - month

NIIÌ'IRIJN(3) - Year

NIJMRIJN(4) - o

NIX'RIIN(5) - 0 - This must be so for an

orderecl label of run

numbers.

NII{PRG = 2O - gives print out of partial rilatrix elements.



(iii )

Dinension and Conrnon Requisí-tes

JSPTLt

TSPILL

EPS1 EPSz EPSS EPS4

t¡ur'tRUN(5)

NU}IPRC

Staternents require 85 locations in rttrich to work.



(iv)

OYERCT

This routine controls the pattern of the calculatLon and is

divided into two parts¡-

(a) Cal-l-s the routines that generate the incident particle wave

function, ttTe final wave function and the computation that

uses these wave functions.

(b) Has control over parameter variation.

Has control over energy (of unbound particl-es) rariation.

IIas control over swface/volume ca1cuLation.

The calcula tions wiLl be performed in the order of section (b)

ví2, lor a given type of calcalatíon (surface/volume) and given

enersr, al-1 variations of parameters are performed.

the general- pattern of 0VERCT is as follows:-

(1) Cal1s LGFACT - this generates a1-1 1-og n! for n up to 50

(except (n - 0)),

(2) CaLLs Il.IPt4 - this reads in al"L relevant incident particle

data necessary to form the incident particle optical nodel

wave function.

KSUPER is then set as 2 so that INPT4 is then side-stepped

in the variations which follon.

NoTE - !{SUIER is used to transfer LT, the anguLar momentum

transfer, in the differentiaL cross-section caLoub,tion to

generate the tvro body interaction. It is reset lo 2 aftet

this use.

(3) Parameter variation is set up as follows:-

Y/W, neaL/Irnaginary parts of central potential varieil by

a¡nounts Ðvr/D?[, l{\MAX,/l{T'Ít'lÂx ti¡nes.



(v)

VS/WS, Real/Inaginary parts of spin orbit potential- varied.

by amounts DVS/DT,IS, NvSì,jAX,/NTtrSl'fAX times.

A - surface thickness parameter varied by amounts l)4, NAFIAX

times.

(4) Cal-ls CTRII which generates the normalísed optical- nodel

wave functions for the incident particle. Then all incident

particle data is set aside into tempotary storage so that we

can set the final partíc7-e data into the r.¡orking storage

l-ocations. These ternporary locations are not in co¡mon or

diniension as they are onþ used in this routine.

(5) The final- wave function is calcalatecl- and the differentíal

cross-sêction is formed by caLl-ing CØVttUX. Tf we are perfonn-

ing the first run of parameters these are set into storage

so that hre can recalcuLate the same parameter variations

for a different energy or type of calcuh tion, starting with

the first r¡a1ues that were defined by the input data.

I^fe a]-so change the r¡a1ue of RG so that subroutine RtrAÐ-ÐR

wiLl- not attenrpt to read in data after the very first

cal-cul-ation has been performed. Howeverr the value of RG

onþ sidesteps cards that read in data in IìilAÐER, hence , aLI

energy dependent qtrantities for the final" particl-e are

calculated for every run.

This is not so for the incident particl-e quantities r as

INPT4 is conpl-etely sidestepped. Consequently, energy

dependent incid.ent particl-e dataæe recalculated in this

routine for every energy variation and iriany energy dependent

final state quantiti-es do not need to be a[located temporary



(vi)

storage for the pararncteî variation.

NOTE - Using RG in thís way prohibits the use of a Gaussian

shaped central weJ-1., i.e. IITRL(I) rnust never be 1.

(6) The final- particl-e data is reset into its temporary locations

and the incident particl-e data is replaced into the vorking

locations, FVrther, aL1- relevent quantití-es originally

caJ-culated in INPI4 are recalculatecL here. Followíng this,

the subrouti:le l{IFts, which resets the ¡natrix eleinent locations

to zero val-ues, is caL1ed and the paranieter variation 1.oops

are closed.

(7) the energy variation is now performed. In this section the

1ab. energJr of the incident particLe is changed by a positive

amount, DEIAB. The final- particle 1-ab. enerry is redefined

so that the Q-rralue of the reaction is unchanged.

NOTE - REAÐFiR reads in the Q-r¡alue and calcula tes the final

particlefs 1ab. enerry, but the Q-value (etVAf¡ is not in

corllnon storage.

The incident particle energy-depenclent quantities are redefined

and cross-sections calcu-lated until the value ELAB of the

incident particl-e exceeds the input quantity EFIN. Howevert

the first val.ues of enerry used are kept in ternporary storage,

so that the energy (and parameter) variations wiLl- alL be

reperforrned if calculations with differently weighted centraL

regions are required.

(8) l-inaL1y, this routine permits repetition of the above variationst

weighting the central region of integration (out to a radius

value RADWO) by an amor.mt (nr¡2. This is done in the
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calculation of the bound state radial wave functions with

each wave function weighted by llF for al-l- radii less than

or equal to IìAÐlfC. The central weighting calcul"ations will
be performed ISP1 tirnes, each run usiug a weight valu.e

reduced by TSPS percent of the initial weight value fron the

value of TIF userl in the previous run. The calcu]a tions are

concLuded by returning to MAIN4, if ISP1 variations have been

perfonled or the value of I{F has become negative.

N0TE (i) thj-s does not accept a singl-e surface run unless

ISPB = 0 because, if not¡ the I{F wi1l" ah'øys be

zero and we can never exit fror¡l the weighting Loop.

NOÎE (ii) The singl-e location 1ÈEdlfi(L00) is used to transfer

the fi¡st uscd l-a.b. energy of the incident particle

to other subroutines,

Data Used - Ni1

Dimension and Comon Requisites

6IITER

NV NW NVS NWS l\I.,[

N'[T}TAX NV}IAX NVSMAX N}Ù.XI'îAX NA]VIAX

TV TT,i lVS TTIS TA

v T'f vs iÍs A

DV DW DITS Ð'IfS ÐA

KTRI,(1-3)

nHøn\I(MrAX) Ni.;fi( flûry EcM r.r"tAxr"r

F}T;T EIAB I.MA]T NþIAXP RG

Ft{B REJ},fZ(10O) BG Cø2 DELAB

ZZ RC RO FTP FÞlU

ISPl

rsPS

ISPILT

ETA



( vr-1-1_ ,

ErrN JSPTLT RHøBN trHøRC DRlldrN(MfAXP)

Statements require 716 locations in which to work.
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CTRI4

this controls the order of the operations which generate

an optical nodel wave functíon norrnalised to the extent that

each partial wave functio'n is matched to a Linear cornbination

of coulomb or bessel functions for a proton or neutron respect-

ivel¡r. this ¡ratching occurs at a bor.¡ndary, RliøIíAX, sufficiently

far renoved from the nucleus so that the non-coulomb part of the

potential is negLigibl,e.

The run number identification is changed by 1- every tirne

üIRL4 is ca11ed. This meafls it wil-l be increased by two for each

differential cross-section calcuiation. The run number is there-

fore decreased by one for each cross-section print out so that

identification is in integer order.

Data Used - NiL

Dimension and Common Requisites

KSUPER

Nrn'fRUN(5)

Iflr¿r(13)

Stater¡rents require 92 locations in which to r+ork.
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INPT4

This routine inErts all basic data necessary for the

evaluation of the i¡¡itial prticle optical model partial- røve

fi¡nctions. ft is used on\r once in the matrix element code as

it stands at present, í,e. once for a given target and projectile.

We can stil1 \rary eners¡, parameters and weight sorne central,

region in sorre way as well- as elíninatíng the central region

contribution aLltogether, without needing a ner{ set of input data.

Data Used

?mRL(l-3)

FI"IT

A

DV

NVl,lÁ,X

EIAB

YS

Dê.

NA}¡AN

E?,

T{S

DVs

NVSrüX

RC

RG

D'üs

NT.ISI.fAX

v

BG

DBG

NBGIí¡,X

F}.JB

DÏÙ

w

RO

}II{I,AX

DEI.,AB EFÏN

ISP1 TSPz TSPs ISP4

Ni,ì/fx

n¡¡dr¡¡(uulx) DRHdTN(¡¡laxp)

tI:i,Aru

Dimension and Co¡mon Requisites

M':,A,XP-l'tMAX-1

All the above data and -

TV lTT TA lVS T}ÙS TBG

Ft'{u Ecr"f FTGY ru{øBN nudnc Rr{øBNG

rDr ( LI'r[x)

tþ'fllx

Nì,IAXP

Statements reqrri.re 346 locations in which to ¡rork"

ETA
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qøT1cll

This routíne checks the values of LI{AX¡ the number of partial

waves specified by data, and ltHúd\x, the boundary at which the wave

functions are to be matched, so that -
(1) .4,1-1 partial waves sensib\r affected by the potential- are

included in the calculation.

(2) The non-coulomb part of potential is negligible at th:is

boundary.

Both these checks¡ onê of them or neither of then, ate perforrned

depenrling on the input value of ICTRL(L3).

ITIRL(L3) = 1 Routine checks boLh f nzx and lrnax

2 Routine checks onlVfnax

3 Routine checks onLy lmax

4 Routine is sidestepped altogether

the form of this routine is just as is specified in the code

SCAT4. Tl're checks used depend on what type of potentj-al-is to be

used (but, now we cannot use the Gaussian form).

Briefly, this routine operates in the foLl-oning way:-

(1) Find the maximun r¡a1ues of aLl potentials to be used.

(2> ff IffRL(]-) ' 0 -à Saxon T{e1"1- potential

using S - ¡max
P ' lilrax

C ' Vrnax

D - Ifrnax

X = VSrnax

Y ' T{Snax

Check nax by:- fca-r-ÞzJ"'/ f E 
'r f 

I+n-.eçs-fu)/WdJÏ(€+
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Check lmax by the above test with p in place of s, and also by:-

Lx'*Y \ / lE.rr [ ¡ ¡ "e.,,-p KÞ- F"\ lrr^)] ] -( t+

ICTRL(I) - 2 lSquare Well

check 
fnax 

o\ f**>/ fn - the RiIf corresponding to the

nucl-ear surface

lruax by lnøx 7¡Pi + S
I

ff arSr condition is not met, then a print-out to this effect

occurs, and the tests are reapplied with the r¡al-ues of 
¡ 

max

and./or lrnax increased Ay AfUs, and 1 respective\r.

For a more explicit d.iscussion of routines like thisr that are

developed frorn SCATA, the reader is referred to the write up

of SCnT4 by I.flEIKAN0FF et a1.

UgIg - If a square well is used, the surface thickness shouLl

not be taken as zero. ft does not enter the calculation

except in an irrelevant way, but i¡r this it will cause an

overflow if taken as zeroi

Data Used - Nil-

Dimension and Connnon sites

r¡ffRL

FTAYA

FIûIÏB

Statements require 636 locations in which to work.
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srcsRø

Thís isthe $C414 routine that generates the couloub phase

shifts for l- - 0, 1r fron the fol-Lowíng expressíons:-

rf oL = f F''.-.. 'n * l-a.l-rr"t lr) * l-a-^'-l ¡"¿ le) Ì

t3 t (na +e)
39 fr¿z+rG)a

+

L E coulonib parameter

thon
F" = ."iT-(l+ir¿)

= -"? ù, T\lt. (q"+t6¡ + 7r^t*u' ' c1/+) - o( - F\ln (12+ú)

and
Oi = Ío * rcf,r[

AL1 other Ú1 can be calculated. rsith these,

Data Used - Ní1

Dinension and Conmon Requisites

SIGMAO

srcual

Statements require 204 tocations in wfiich to uork.
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DXSG}TL

This routine is used to cal-cul-ate e

subroutine CSQR(ArBrC,D), which finds the

L o'¿ In this, the

(A+iB) = C+iD is

appl-ied to the SCAT4 caLculatíon of e2iq in its reaL and

imaginary parts.

Ðata Used - Nil-

Dimension and Cormon Requisites

ÊXSGtrrR(t) ExSG¡lI(t) L=1,LM[X

Statement requires l-90 locations in which to work.



(xr)

nsdTB

This is the SC,A,T4 routine that generates the tabl.e of poínts

fà¿ = hfl at each of which the soLutions of the Schroedinger

equation for the ínel¿stic Scattering problem wi11 be cal_culated.

It also forms a table of spacings between these points and

can vary the last spacing of the tabl-e so that any uneven (in

spaces) P røx can be reached.
I

The table is constructed from the basic set of r¡alles read

in INPI4.

e.g. the case of NI4AX = 3.

]($Í c¡J c¿)(l€ (3)
<+

trù tt¿)<r-å
C.t+$trt tzl (31 (.+) ¿s) (¿) 0) E) (c)

'Rl{$rl (r)

(.{J (sl t('l (rr CYJ 8)(à+)<åë#tæ 0oJ1+

Us) (¡r)

ê-)
ÞRH+)rw fr)

(fL) 1r si

R,rt$ o.t /:)R* Crx /r)
<-+

ÞR HSrx (r)

Data Used - NiL

Dínension and Conmon Requisites

Rlrd(r) r=1,IIAST

DRHø(I) r'1IIIASÎ-1

RHønr(J) J-1,l{trAX

DRI{ønr(J) J-1'N}iAXP

IIASÎ MîAXP nHøI4AX M¡AX Dru{øL



(:<t¡i )

Special Notes

The first r¡al-ue of f (nHd(f)) wiLl not be the first stored

point corresponding to ifr"t stored value of wave functions (see

Rlfitn).

State¡rents require 165 locations in which to ¡+ork.
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cøurFN

this is a sub-routine from scAT4 in which are cal-cuLated

the regular and irregular couLomb wave furctions and. their
derivatives, for aLL I val-ues needed. (¡y pdrrcul, ut the boundary

P = f) ^u*. these wil-l- be used to normaLíze the solutions of thett
Schroedinger equation.

A brief outline of the basic steps in ttris routine folLows¡-

The first ca'l,cttLations for large 
¡and 

L=0 and 1, are the

assymptotic forms of the couLomb functions:-

Fo,, = s;" [e. u+",,;J exp ? {*i4",, ) ]
r'\
Gor r

T{here -
ædlo

þ,

f-"¿losut'¡) 
*q+ 4 h=¿

and if -

=Ê

_ôy'r 
=

dz=
? =X,
\'/eu*È ï, =Xz

and -

for the

from the recurrence rel-ation

F, 
'= 'L

' for the {series

= Xl

f3-. -t-:|fh+ L1tlr-- Xa

¡] series, these seríes are found
t

fd-l
Xr* = -l ã,',"; Xr,,-xh-,,' '; ( h.-') Xi.-, / e-

These ass¡nmptotic values are then used to give an accuracy

check on the recurrence relations for the coulomb functions.



The irregular furctl-ons cr(f
(xviii)

nax) can be cornputed by the

forward recursion -

Gr*, = (t,l-+ t) f"t.* Çt(t"r) /p*^*)lG. - (*ù[Ff G*t
I (Itr)! t 1a

The regular functions rnust be computed by a backward recursion

having a forrnula as for G, above.

Then when an accuîate set of Gr(p max) has been found the

derivatíves are formed via:-

f1. * (l*,)'\p,,,*J X¿ - .a¡z + ¡!+t\zf X¿- 
r

X¿ t-*t
The computation is as fol-Lows:-

(a) Cal-cul,ate the d, ana 
f 

series and if:-

L/h = aç/L(n-,r pfi'l
then the fo1-Lowing tests are performed:-

lest 1

tA, f uun, jl' * H* rr'.,)] = lun,, l' > | tJn'f '
lest 2

The contributions of both the real and imaginary terrns

eventually nust give negligible changes in 4., d, .

Test 3

The series must not diverge too qrrickly.

I""! i
The series rüust not converge too slow\y. (i.e. that the

series do not need rrrore than 48 terms).

(b) Form the ass¡zrptotic quantíties, and check that the l.lronskian (r)

satisfies: -



(xix)

t,) l.tt f F,G,-tr,G"-trf l < e,

(c) Perforn a backward recr¡rsion to get the regular couLomb

functions F X and check if;-
S - F¿ for¡nd by the ,rth ""*rsion
, = ,I found by the (rr*t)th recursion

lsrr-rl<
(d) Perform the forward, recursion giving the irregular fr¡nctions

G¿and check if:-

2' * LI+ù

(e) Cal-cuLate the cterirratives of these functions , ,í , *;.

Data Used - Nil
Di:nension and Conunon Requisites

rirRl nra.z L Ðnnør

AR(75) Ar(7s) FBAR(J) J up to u'Ax+40

F(t) c(t) FP(L) cP(r) L-1,1tfAX

Statements require l-1"35 locations in which to ro rk.

l(e.
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RTVIXINC

This sub-routine, as in SCAT4, enabLes us to increase the

tab1,e of p and Ap if the value of ¡) rnax had been increased tot I --t---"'
give the correct generation of the coulomb ftrnctions. Any

increase is done by increir¡ents of Àp (rmst) untir- the modified
I

vaLue of /Jrnax is reached.
I

Staternents require 36 locations in which to work.
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PGN{4

this is a SCAT4 routine that calculates and stores the

required values of the potentials at all the tabled points fJ ,

and at aL1 rnidpoints of tne p; . Actually it generates the

f-independent sections of the r¡arious potentials, ancl stores

theri in the f ol-Lowing locations: -
UCRII(I), UCIB(I) ReaL and imaginary parts of l-independent

and section of the central- potential" at points

ucru{r(r), ticlli(l) and (p¿ + *;'l .
l+

usRB(r), usrB(r)

dí1d

îJsRt"í(r), usri'i(r)

FFCR(r), FFcr(r)

and

FFCRT,(r), rFCTM(I)

riFsR(r), FFSÏ(r)

and

FFSRr'f(r), FFSrlf(r)

As above for the spin-orbit potential.

r;

Real and imaginary parts of the forrn factor

usad on the centraL potential at, the sarne

points as above.

As for FFCR etc. for the spin-orbit form

factor.

Now it is here that KIRL(1) operates and chooses what form of

potential wi11, represent the nucl-eus. FVrtherrnore, althouþh in

ÍiCAT4 there is a facility for having a wide range of shapes of

the nucl-ear sr¡rface, we harre eliminated this, leaving onþ the

standard Saxon form-factor.

Data Used - Nil



Dimension and Co¡rmon Requisites

ucRlf(r)

usrB(r)

FilSRlr( r)

usìÈu(r)

ucrM(r)

l'FsrM(r)

FcR(r)

usDi(r)

(xxii)

trFsR(r)

FFCr(i)

f=1, 1LAST

ucRB(r) TJSRB(r)

FFCrìi,i(r) ucrB(r)

Fr¡sr( r) trFcri''i(r )

Rr-rdM

SpeciaL Note

At present ,mR¿S(7).......(12) alL niust be zero, otherwise

the program stops.

Êitatements require 715 locations in which to r,¡ork.
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INTCTR

This sub-routine controls the flow pattern of computation

over the routine RKINI. It sets up the initial- data necessary

to perforn the integration of the Schroedinger eqrration, and, on

cornpletion of the integration for a given partLaL wave, it stores

the val-ue of the wave fi¡nction and its derivative at the boundary

/J max. these are used later to normaLíze aLL the values of this
{

wave fr¡rction at the different (r: . It is at this point that

the spin-orbit potential is ornitted, i.e. ne store on\y the å.å - 1

function and use Vs - T{s - 0.0.

Data Used - Ni1

Dinension and Cornmon Requisites

rFrRsr rc1 xcpl ycL ycpr. xL(r) x1p(L)

Ð1 xDPl 1DL lDP1 rr(r) r'lP(L)

Statenents require 84 locations in which to work.
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RT{TNT

Thís is the sub-routíne that performs a Runge-Kutta integration

procedure on the schroedinger equation. T{e have onþ nodifíed

the scar4 version so that 
"11, 

o.rr" fi¡nctíons at points 
f I are

stored and their corresponding vaLues of f have the same index

number. ALso the scAT4 versíon has a renorrnaLization procedure

that prohibits overfl-ow in the machine. Tf a4y such process

occurs we store its value aLong with the value of ft at which it
occufred.

U!38 - The renormalizatíon proceclure is such that there must

always be at least one point used (because, 1a"ter, we have nfi f - L,

NEI\¡Dr therefore, NEIÐ 7l L). so¡ if no renorrnal-izatíon occurs,

we define I'i!f,.{D - 1

nfn(r¡ = 2** max

Iü'M'IE(1) - 1.0.

N0TE - the point" p¿ corresponding to the stored wave functions

are now stored in ndsp(f).

Data Used - Nil
Dimension and Conunon Reqrrisites

rsPl Rft{ì,Ë(J) J=I'NEND n/Ut¡l

RøsP(r) xcs(r,L) rcs(r,r)

I-1, IEND L=LrLl.ÍAX

Statements require BTL locations i-n which to work.
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CSTJBL

T1æ sub-routine generates the raatching coefficients c1r needed

in the normalLzation of the ¡r¡ave function values cal-cul-ated in

RKINI. The c, are found from -

Úí Ft' + c^c L
\b ft * LtL

where t¿ , pl are the boundary values of the wave functíons

xl(r), yl(t), x1P(L), Ep(L) stored in INTCIR, the FUt G}t T.l , Gt'

are coul-omb functions and the pri:nes denote differentiation with

respect to Þ ¡ i.e. at some point, fat enough rernoved. fro¡r the
I

nucleus so that the coulonb fiel-d alone influences a particler the

wave function describing this particl-e is a Ljrrear combination of.

the regular and irregular coulomb functions.

This logaritt¡nic matching is obvious(y independent of the

nornaLization of the solutions of the Schroed.inger eqrrations.

Data Used - Ni1

Di¡rensíon and Cor¡non Requisites

cm(r) cil.(r) L-lrLr{AX

Statements require 261 Locations in which to work.
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TÍFNøRI'f

This sub-routine nonnLízes the stored wave functions. In

fact, this routine onty normalizes the radial part of the complete

partiaL nave expression: -
FA = 4x [urr¡a¿*r)l't- t8 ;on trft],o ,'',

renorrnlization procedure values by R (i.e., from tho overflow

prevention section in RKTNT), this nors,aLization isr-

The integration in RIffNT calcula

Hence here we r¿'ant to calcu].ate

tes Xltrù = Hf fty>
Yltl"') /A î . Defining the

Q,
*C¿LG¡*iF¿l

a

fr,rt X1
J

f =r^'*

Ifhere I t"utr" that, whenever the point at which a renortøL-

ization occurred in RKIÀtrî, (tL , is greater tnan 
fj , the wave

function is further modified by this renormali zat'íon r¡al-ue, ?, .

Data Used - Nil

Ðj¡rension and Cornmon Requisites

AlL as before

Statements require 378 l"ocations in which to v¡ork.
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Þ
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OUTPT4

This sub-routine prints out the data reLevant to each opticaL

model rvave function caLculation. This is dependent on whether

Iilm(z) = l- or not. If ICTI¿L(Z) = l-, then a print out occurs.

!'urthernore, it prints out appropriate headings for the different

d.ata and keeps NUl,lRIlN(5) increasing only by l for each corirplete

cross -section calcula tion.

Stateuients require 308 locations in rùr ich to work.
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IÉNACl

This sub-routine is first called in y'WnCf and generates

the J,ogarithms of a1l. factorials froru n - X. to 5L.

€ogo FG(3) . 1og"3! . 1o9*6 = 1.7918

trog n! is used so that any possible nultipLicatíon or division

of a set of factorials wil"l not cause overflow at arryt stage.

thís ie especíal-Ly so in generating Clebsch-Gordan coefficients.

N01E - lfe cannot use 0t To overcone this the following expression

is used:-

1og nt - 1og (n+1)¡ - log (n+t)

Data Used - Ni1

Dinension and Conmon Requisites

Fc(51)

State¡aents requLre 42 Loæ.lions in which to work"
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sPrI,t (,rsruy,l, rsPrLL, o.o.o.o)

This sub-routine is a FAP section operative throughout

the program and pinpoints the location in the machine at which

underflow or overfLow occurs. ff underfLow occ'urs, this routine

shows rvhere and replaces the sina11 quantity by zeto and a11ows

the prograrn to conti¡ue (See SC¡.T4).

Statenents require 53 locations in v¡trich to work.

csQR(86, 87, 88, E9)

This eval-uates -

(no+187¡ 'E8+iE9

This ís done by forning the ¡nodul-us and phase </ of tlrre

cornplex nr¡nber.

Staternents require L6l- locations in which to work.

ñp¡,nv(¡ot, gp)

This eval,uates (-)NN for l.trN a positive or negative integer.

Statements require 73 locations in which to work.
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srG(Nl'I, rr, JJ)

This evaluates (i)NN for NN a positive or negative integer.

{!fg - This routine outputs the real- or furaginary sign coefficient

in FfTlìÐ ndfNf forra.

Statements require L34 l-ocations in which to work.
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cl,P(AU, B, C, D, RL. 'iiR)

This computes the complel product -

RL + iUR = (.ArJ + iB) (C + iD)

hence

p¡-i\{J.lrÇ-BltÐ

¡n-3+rc+AUrrD

Staternents require 59 locations in which to work.

clID(Al, B, C, 'Ð, RL, UR)

This conputes the compl-ex division -

hence

RL+iIIR-{!S
c+iD

ptr = (Al+?c + B+Ð)/ 1c2 * 'o2¡

Staternents require 70 Locations in whích to work.
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cøNtIEx

0øNNIX( is the routine that controls what cal-cul-ation is to

be done. It does this by reading in a set of control nunbers

i{CøÌ\n(I) f=1r9 if RC<20.0. (For the trnrameter or energ'y

rmriations or the varied weight caLculations, lVnnCf will put

RG >20.0 thereby sidestepping this input reading).

the subroutine then tests these numbers in the order f-1

up to 9. If any of them are one, e.g. say for I-J KCøNT(J) - 1,

then the corresponding TIEiIP ¡¡il-l be ca1-1ed, e.g.

TIEUPrlJrr where tt¡tt is an integer.

nCdr'rt(l) = L - form, t'tlnl o,t'\" for the incident particl"e

(cal-l TIEUPI).

fiCøNT(3) - 1 - forrn \r^o,â) (call TIEUP3)

KCøÌ\TT(4) = 1 - form cl ôf{asr- (call TItruP4)

Data Used

¡rcØxr(r) r - 1,9

Dimension and Corimon Requisites

Kcøñr(e)

Statements require I27 Locations in wtrich to nork.
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TIFWl

this sub-rortine is called if I{CøNT(l)-1, and prínts out the

incident particle wave frnction ín the form l!+l z'ûo
( rltreferred between tff) where -

Iú¡l = (t L*tl I fitf l I

(partíal normaLísed) as from ItFt{/R}f.

These val,ues are printed out in blocks of 4, e.g,

RHø udn ntrs l,-o udo nis l'1 Mu plrs l-e ldo rgs r.,-g

(l)xxxxxxxx

(Z)xxxxxxxx

etc. etc. etc. etc. etc.

Also if KcdNf(9) ) 5, the potentíal well shape that has been used,

is printed ort.

Statements roquire 673 Locations ín which to work.
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TIEUP2

This perforus no oaLcul-ation and is present if arly incident

particLe quantity (e.g. el¿stic scattering) is to be coded.



(>oorv)

TIEUPS

This is the routíne that computes the rnatrix el-er¡rent for an

inelastic scattering process by a direcL teacti-on mechanisn using

distorted unbound particle wave functions, i,e. we compute

'rrl = <-út Qç J V',, I tþ¿ 4¿2(.

which by using a partfua1- wave expansíon in the unbound particles

'wave functions is -

*l [-.,, Þr..) 4 (,rrr¡3/' LL-!' .'.Pt[cä*92'l (rl+ r)
lL'

[¿J'"1) (r'tr+r)
(u*')Q, LLtt C

J

TL

+
Y, ('9". )t'í

+r)
,1. o -!

t J,x

e¡OO

x ct L2t
o-M-Yl

I cltt-'

I
L

rn. lvl

CJ..
a'
J, J

where %, d¿'are the coulomb phase shifts.

Qnr*r = Radial- integral
(/9 60

fy:a", frld*, 12,¡it f1,tp,t &rr*"1 Q,,h,(+') [.¿''fù

r¡here flrÐ,fX,UÞr. the partial-\r nornraLízed. optical- model fr'mctions

and R----R--r-r the bound state wave firnctj-onsr flrh', p, p'being the
np1 n p

initial and final- state prime and orbital- angular rnontentum quantr.un

numbers. Vr(r, ,t" ) is the t¡o body interaction.

r 1[t fn¡

i, i. i.c' E Clebsch-Oordan coefficients
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*r*t (9 ) = NonnaLised sphericaL har:monic.

As yet rre have not included the

effect puts in the antisyrunetry

extension will- be included when

coupling in the optical moctel-.

NCTI:,* - The matrix element above

exchange operator, which in

of the v¡ave functions. This

we al-so consider spin-orbit

is only dependent on the scatter-

ing angle &"" and n- - the initial- bound state projection quantum

nurnber. The final state projection quantum nu¡rber is not a variable
¡r .Ì'[n I

in this case because of the Sum rul-e in the coefficient CrÍ., J r i.ê.
JLJ

r 1 it fixed for each m. and. l.f bq m .+Ii=r . . This al-so effects theJ J - JJ J

forrnation of the differential cross-section (see TIEUP4).

Before this routine is used, the initiaL unbound partic.le rvave

functions, and all- qr.nntities relevant to this, must have been

calculated.

The routine then foLl.ows this pattêrn:-

(1) Store the fol1owing in nel'¡ l-ocations:-

(a) The Incident particle r'¡ave function fo¡r al-t- 1 and fi=hl+¿
(¡) the CouLomb phases, {rt "t , for all 1.

(c) The Values of 1ru* and ka.

These are placed in the locations XCST(IrL), ycST(f,L)

IISGI,IL(L), USç¡[L(L), LI]', FIP respectiveþ.

(2) Call RUTDER. This inputs the finaL particle data (for the

first calculation of aLL variations to be performed in one

data deck). Then it ca1:c:u1.ates the energy dependent quantities

and recaLls CTRL4 to generate the final- particle optical wave

functions. This routine inputs the scattering angles and
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- which a11owsredefines the basic p values by p¿

the finaL particle wave ft¡nctions to be calcuLated at the

sane radií, tt as were the initial particLe wave functions.

(3) Cal-l ADJUST - This redefines the indocing of the stores

wave functions so that even spacing in r is achieved. ft
aLso defines a tabl-e of these radii and finagr calculates

the bound. state wave fi¡nctions and their products at these

radii.

(4) The matrix element computation is then begun and summation

,tof 1, 1 initiated. The 11L' dependent terms are for:ned

þ/-,) f
,fr)

TER I
[z¿ '+r) (z-( t+r)

and puts øôdr, ntdi', i. 
l-! ' ,rr*o temporary storage.

Then if 1 and 1 
/ bnth are greater than 4, tne routine checks

whether (z.r+r) t {¿tz + (ztt+t) llr'l ?stør at the nuclear

surface ( {f optical- model wave functions, Sl,l/1 is a snalL

test nu-'nber read in frorr data). ff this is the case, a print

out occurs and, the 1-11 term is not caLcul-ated further and

the next LLI caLwlation begins.

Then the products of the tr,p optical model, wave furctions

and of the two bound states are found.

(5) The swmation of angul-ar rnonentum transfer¡ L¡ is begun,

and selection ruJ-es are tested. They are: -

1+L +L Ê even

li-Ll ( i/(i*¿
P+P +L:even

l r-l l ( r'E t*r,
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ff these are not satisfied, the caLcuTatíon of the next

tern contribution to the Summation is begun,

ff they are all- obeyed, the lrLt and. L dependent part of the

natrix element is forrûed¡ the integraL having been perforned

i$ TøEY with IßIIPER rrsed to transfer the angular nomenttrm

valrtes and reset to the value 2 after the integral had been

calculated.

R + i U =- @r.)'l' ¿'t-1' .*p f ùt6¿tq¿')l rFR I

x (rr-+r¡ Qtu, C
êoö

"Q, 
L-21

LTI1

LW2

(6) then the surnmation over the projection numbers of the angul-ar

rnomentum transfer is perforr'red, and incl-ud.es the variation

of m-.- the ínitiaL bor¡nd state (projection) quantum number,
J

and 8r"- the Scattering angles.

the rnatrix elernent \t,rr,fr)is then stored in the locations.

Ì'IFI{dD(M,J), PHASE(I{,J) -[near and Inaginary partt "* t¿l

In this section we also have the facility to print out the

f11rt¡t for all- mr- where fll,ü.t are the contritrutions to

.'\ t-r, 9e.)for each rn, without the spherical harmonic

-J{ }tt, (t)
this will be done if the val-ue of NUll?RG specified in data

is greater than 10.

llata Used - Nil

Dimension and Conmon Requisites

LT,TAX FIIIT

FIP

r.fit1-

MN2

CIEB

wútw

nd;r

nilJrLIP
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rE¡,rD S[ø1 ffiØsl{ L'lÍ3 rT{ sø}fi

L;HrrD Ln YLMT EXSGIìIÍ(L) RIId(r)

DTIIETA ]ff, RSGUT(L) IJXSGI'II(L) Tmûm(J)

mnBm YLp,IR USOI,:IL(I) UtRN(r) THETAD(J)

xcsr(r,L) xcs(r,r,) ucRB(r) it¡'t'iúp(¡e ,¡)
ycsT(r,L) Ycs(r,t) ucrB(r) p¡n¡ss(MS,,r)

NOTE - the looations of WfUdO and PI{ASE are not reset to zero

before or after the natrix eleru.ents are calcul¿ted - this is

done in subroutine ]{IPE wbich is ca11ed in rorrtine dvgncl.

Statemrents require 1154 locations i¡ which to work.

gE- - The ïtt/U¡ print out is in the form e.g. for forrM for

n1e(rpl) (mr--à) ('r= L)

122+L

L220

122 -1

.11,9

.0841

.0841-

.001-37

.000968

.000968

.890 .5L7

-.oB4L2 - .0000968

-.1L9 - .001"37

i. €.

Í+:-lltl¡+t M a+lh c+id'

But ¡^¡hen a selection rule is violated as is the case in

above f6¡ i{=-l ^i--\(*j*M--g/2 
and. ltr'l( L) tt" partial- nøtrLx

el-ement values of the preceding case is printed orrt again.

Hence when using these one rmrst al-so le ep in uind the

selection rules o" 1t¿ ví2. Lr>rlMl

+M-m I and l. tl=<
xm.

J J x
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T]IEUP4

This generates the differential- oross-sêction fro¡'r the stored

values (conpl-ex) of the rnatríx elements r\(rn¿, 9s.) via

o[ 0-(ûrc)

cJs

i.e. effectiveJy a sum,nation over projection quantum numbers of

the residr,ral target nucleon (effective\y, as .i'= t'I + nj) and

an average of projections of initial- target nucleon.

The interaction strength V. has been removed fron

and so t}rre actual calculated expression is

olç br Ð"

1 l'rtlt-,,9..) lt x to "'.Ls J çl-ec-*^á '
crve

å-= {î 4-,-r'

#, lt2 t-',,9*..) l'
ot-t¿ It; ê16+,4+ ¿J + I

Data Used - NiL

Ðímension and Conmon Requisites

lBDPøT

SPECIAL NOfE

this routine prints out the answers in forr¿

Angle Cross-Section Arb. Normalized

A1 8L 1.0

A2 B2 BZ/BL if 81 )L.O

1.0 if 8L<1,0

The print out may include an angular distribution norm.lízed

to 1,.0 at O =0 (or lst angLe) as well as results calcul-ated

by the code, but onty if the cross-sêction for the first

angle considered is greater than L.0. If this is not the

case 1.0 is printed for all, angl-es, ê.8. if the parity ru1-e

hol-ds, f (O) may be 10-9 or smaL1er, then one possibl-y may
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overfl-ow the nachine by dividiug by this number.

Statenents require 284 Locations in which to work.
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ÎIEüPS, 61 7r B and 9

TIEUPS to I are ttdurruvtr routines; they perforn no

calculation as yet.



(x1iv)

REAÐER

Ttris is the counterpart of INPT4 for the fina1 state data.

However, it has írnportant differences from INPT4. the pattern

of this routine is as fol-l-ows:-

(1) Tests the r¡a1ue RG - for the first (absolute) calculation of

a,ny specific reaction, al-l rel-evant data is read in. This

ís so if the input value of llG frorn INPT4 ís Less than 20.0.

A1l- subsequent cal-culations, e.g. parameter, energy, surface

calculations, use RG > 2O.A - this is fron /Vfnm.

(2) ff data is to be read, there are again differences fro¡it INFT4,

ê. 8.

(a) RG, BG, Ðv, ÐId..... ÐBG, Rr{ørN(T), Ðir}IdrN(r) are not

input data here.

(b) The Q-val-ue of the reaction is read, instead of Er.O in

INPT4.

(3) A1-l energy dependent vall-ues are a1.ways calcul-ated in this

routine. Hence, fimnCt on\r needs to corrstruct the initial
patticLe energJi dependent quantities for variation runs.

However, /vnnCt changes energy and potentiaLs for final
particle.

(4) Although the basic P/ -k+" values are not read, the table of

f{ for the final state is cal-culated by this routine so that

both the initial and final wave functions are er¡al-uated at,

the sa¡re poínts f¡ .

this is done by constructr'-ng
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(5) Tf ÏffRt(5) = l and RG 12O.O, the scatterir,g angles are read

in. A1so, this routi:re inprts -
(a) the bound state quantr.rm numbers;

(b) the interior weighting facto" ( ,Æ) and its change

radius;

(c) the test nrmber to terminate partial wave contríbutions

to the nøtríx elernent;

(d) the bound state interaction radius;

(") the interaction strength.

(6) Fina1"1y, CTRII is called using ÏGtrPlllR = 2 and this generates

the final particle opticaL model- wave function.

Data Used

KIRL(5)=1" for scattering anglesrmRL(r)

F}47

F}IB

QUAL

Aß

tÌßXIrI

J},IAX

LPT

I - 1113

A

vs

Ì¡s

Tr{nmD(J}íAX)

LPF NHT

RC

v

Ï't

R
o

NHF

u6¡¡ uØæ

RADT{C i.trF

sNøl RHøBs tnDPør

Dimension and Co¡nmon Requisites

.å,bove data and FMti, EclI, FItaY, RHøBN, ]ÌifIøBC, ETA, RI{d(I),

DRHø(I), MfAx, Etp, RG, Ll,íAni, ïr{(J), TIIETA(JMAx¡
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NOTE

(1) Iab Energy is caLculated from Q value by -

*finaL
rao

-InitiaLtl-ab +Q m+M-ú-

ti" nffitial t" carried over by RFNI{i¡(i.00), i.e.

Rü{i,fr(100) = olnitiar fron f-rrnnct

(2) Scattering angl-es Îf{l¡TAD(J) are read in degrees - then

this routine iromediately forrns the THIITA(.1) - these

angLes in radians.

(3) LPr, L?F, NHï, NHF, HøJr, L1øJT - prpi , nrnl , ¡r¡l - are

the initial and final quantran numbers of the bound

states (p is the orbital angular montenttmr),

IIAD'Í'IC is the change radiusr inside of which each bound

state is weightecl by -f'lF, hence the nucLear interior

will be weighted ¡y(Vf')2.

S¡ldf is the number in.the test -

ß0.t.', 
t{.r (fJ l' *bl'*,) ll,(fì) l'] < sNd, þ !,ß'6ort>; 4

The ter¡rs with both 1 and 1/ greater than 4, satisfying

this relation, do not contribute. RHøBS is the inter-

action radius of Harmonic Oscil-lator fi¡rctions used in

r,f '
2. Ë¿(n--r)+'$ +3

-ll;.,r'
TBÐPøT is the interaction strength Vo in

V(r-.r_l) = V $(f*l)
Statsnents reqrrire 4I2 Locations in which to work.
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ADJUST

(a)

thís does three things:-

rt creates a ner,ir tabLe of p.' so that all- points are equa1,\r

spaced (there rnay be the exception that îrnt-has not the same

separation as fJ:.-> pi+t , i ) I . It also relabel_s the wavet¡
functions so that they correspond in ind.ex number to this

new set oî þi .

It fonns a tabl.e of r.., the radii, from these fi .

ft cal-l-s BSIIFHø twice to generate the incident and finaL

bound state wave functions, using the appropriate quantum

numbers input from READER.

These fr¡nctions are stored in Locations FFsR¡{(r) and FFSI]4(r).

Firral-1y, the product of these two are pJa ced in locations

ULRN(I) which are to be used in the case of ".Ifunction
interaction (Ispz <b in TøEy).

Iìrrthermore, this routine ensures that ¡tre have in aL1 an odd

number of points, evenþ spaced, so tha-t a Simpsons Rul-e

integration can be performed. I{owever, from fd1rúm, the

original- spacing arrangement nust be such that spacings

increase in size from range to range, and each rangers spacing

is a multipl-e of -every 
preceding one. This can be rnore readiLy

seen from the e;<araples of a1-1 looping in AÐJUST as shoun be1ow.

the swibols used ate2-

RøSP(I) - tkre fírst storage point (= ¡ffrd(2) frorn routine

I'J{øTB if a vol¡¡re calcul-ation is used).

IND - index number referring to tabLe of¡ before adjustment.

NP - index number referring to table of¡ after adjustment.

(b)

(c)

(d)
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- index number referring to tabl-e off at u¡hich

spacing value changes.

- index number refeming to the nu¡rber of spaces

in each range that rnust be missed to get even spacing

of f í.
- j¡rdex number referring to value of IND at which

the nextfc is to be stored to give even spacing ofp.I " t'
- number of points ín the first region (0)RHøIN(l)).

- number of points in the first region (O+tt¡dfN(l))

that have the sarne J"ength 1 { S¡;) as the la st

region spacing ( òp(IASf )).
I

the number of points in the first region

(0 ->RHøIN(l)) rernaining a ter all, lß sets possible

have been formed.

- is the index count that gives the r¡al-ue of the

second value of P to be kept. This is because

the first space may not be separated fron p^**n
the even spacing that separates al-1 other pairs of

points ¡)¿.
T

from RII/TIJ and
RKINT.

f" , fÐ ' , f+ adjusted storage

Here I{A-3, therefore KBoo (as 4x ô.ff rtft ) ¡tC=¿

lfc=3, thus 
f , 

-nlsnt') 
¡lr=^tdSn(lþnd 

as shown

ME

ì4c

I,R

TçA

TG

a

KC-

KIIP

Part 1

Statenent 6000

f+ fs'l'" f,
fr



þrt 2

(a) Statenent G010

(xLix)

FROM RT{TìÍI

adjusted storage

6Pt
+t Rtl+ tl{(z) af.

ft

fs />e

laÈ - G t

b f, "-'

Here I{C-4 KA-A, therefore i(B=1 I(C=O

rhus fr =RøSp(¡) f4=RøSpfÐ fs=Rosp{s)
(b) Statenent 6011

Êft

nr' 

'' It f'(
frl',

from RKflfI

ft

f
I

fu. -,adjusted storage

rt l.l+ ¡t1 12)

Here ItC=4 lli=S, therefore KB=l KC=l

rhus /, =Rdsrf,) ¿¡=nlsrrÐ f6=nlsn t}l
(c) Statement 60L2

I , ., ; f.9{' , l,Rx4"'rt'> t 1l t

fq

fr f'e frorn RKfNT

adjusted storage

ITJAX

LIP

N}rLX

}IT'AXP

¡.IÇAY

Here IíC=4 IlJ^{ t therefore I(B-1 KC=B

Data Used - Nil
Dirnension and Cornmon Requisites

rAÐs(r)

RIIø(T)

ÐaHøI}I(r)

trcs(r,L)

xcsr (r, r)

LHø

NHø

LPT

LPF

M.IT



(1)

Ycg ( I, L) Ì{HF

YCST(I, L) ur,r¡t(r)

prsi¿r:( r) r.END

¡usr¡q(r) ÐRHør,

Staternents require 616 locations in r¡trich to work.
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BST,nrHø

This generates the radial Harmonic Oscillator wave functions

for a4y 1-(angu1-ar-momentr.¡rn va1-ue) with n-( ¡rprincipal quanttun

nu:rrber) taking the vaLrres Lr 2 or 3. ALso, r4re are able to

generate 1"lne n=4 1=0 function. The routine cornputes -

2
r (l-rr"+¿)

21" z"-- t) !Q*r (") =

'lî (n-r) ! (,[.*ru-r) / ] ìarÐÈt'

.F¡*1, I ( h (a'Ln t7 I I (ar r )
,e.rl-,

þd [*]
1-

+l +l

where
: [z (n-r) + ,{] .+3

?;*Ê
Rint = RI'IøBS - input data from äIiAÐ,!iiì. (fo11owi¡g G1-endenni:rg,

we use Rint = Saxon T[el1 radius)

(: 
)

z binornial, coef f icient

slt = 1r 3r 5 ,,...,..s if s is odd.

To operate this routine the call-ing code must define, prior to

caLling BS-llT,Tfø,

tn6 = l* t
I{H/ - n

RADS(I), I - l-, IIBID - the set of points at which the R nL(,+¿)

is to be calculated.

IÐ{Ð - the totaL number of points at whLcln the Rrr¿ is to be

cal-cul-ated.

FG(N) - a set of Log(nl ) for n as h rge as r¡iLl" be required.

AADì{C - the value of the radius out to which the function

t
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is to be weighted by 'i{F.

l,JF - the weight number modifying the Rr.4 lor aLl r;

up to the val-ue iùiÐIfC

IìlløBS - the írfteraction radius to be used, in the calcrrlation

orV.
The harmonic oscil-l-ator values at aIL r ¿ are put into the

set of locations clefined by ULIL¡ü(I).

A simplification used is that we treat 1=C separate\r for

arqr n=1 , 2, 3 or 4.

Staternents require 550 l-ocations in which to work.
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T@
This strbroutine perforrns the r, integration (ty Simpsonts

turle) of the integral -

T? , n, , = f "k,'\' úüe-r,¡ fr,(kt,,) fd""ÊQ^rt..çn ,(c-)ìJ¡rE't')

where Vt( ft,-É, ) = Tukana radial function íf TSP?>/5' or ít

fonns complcte integral wtren Vr(ll-t t) t+Ë if ISP2 < 5.

ft first defines ,ibf/ for a given point of the integration

grid for wh:ich the produ "t fLf¡tnas previousl¡r been stored in

the locations UCIìB and UCIB. The value of the index of the grid

point "l'; is put into the Location IIORL, thls al"l-ows the Yr:kawa

function to be calculated at tl'le correct .fí vaLue. îhen the routine

tests ISP2 to see wl'lat t¡¡pe of interaction vre require.

If TSF2 ( 5, u J-function interaction is rrsed, and then this

subroutine performs the compl-ete integration using UIìì.N(I) for

the product of the two bound state wave functions.

If ISP2 77 5, a Tukav¡a ínteraction is used and the l'a integration,

by Simpsonrs Rul-e¡ is performed in Subroutine ACTI/N.

the total integral Qll¿' is eval-uated and its values are put

in the locations Sd¡n and SdUl.

The location ÐRI-lfL contains the ralue of the spacing between

successive poínts of integration,

Data Used - Ni1

Di.uension and Corunon Requisites

uorB(r)

RAÐS(r)

s/m¿

sØur

ÐRHøL

IEI.fD

YLþTR urRN(r)

TSP2

ucftE(r)

rIffRLYLI'TI



(liv)
r,loTn - This shows rhat the products fntdnr) ft,/É"h)
and ç^p[r¿l?,,Jpr (+d) nust be stored in the locations

UCRB(I), UCIB(f) and ULIN-(t) respectíve\r at each poínt

in the table of IIAÐS(I) príor to calling this routine.

Statenents require L25 Locations in lyhich to work.
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¡crrdu

this subroutine performs tfre t'¡_ integration for each given

value of \ . This is used only is I.SP? 7/ 5, i.e. !Íe v¡ant to use

a Yukawa interaction form. lhe integration is done via Simpson ts

Rule with the aporopriate radial- r¡alues of the ltukawa potentiaL

being generated in the routine VGfitl and carried to thj.s sul¡routine

by ilPSl and EPS2.

Nor¡ because EPS1 and EPS2 are test number l-ocations, we first
set these test nwrbers i.nto tanporary storage STøm and S'I$RZ and,

replace them in irPsl- and EPS2 after the Tuka¡va values have been

used.

The integralrs vaLues are put into the locations Yf,trfR and

Ï-T,MI.

The two f¡ dependent wave functions must have previousþ been

stored in the locations f¡SRti(I) and FIEIM(f).

Data Used - Nil-

Ðimension and Co¡ønon Requisites

rFsRr{(r) RADS(I) EPSz Yr,}ü IEND

FFSrr{(I) EPS1 YLtm DRr{ør

Statements require ZLL Locations in which to work.
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VGEN

this routine generates the radiaL part of the yukawa potential

between the points \ and 1¿ for a given anguLar momentum transfer L.

This is caLculated from the expression obtained by the nuJ-tipole

expansion -

tt, ¡"h-+[ 2 rL 
l,(i¡*.1 L,frl tq y.iä.,

/t-,t .-+, ' = 
,5^=-.J' 

(ip*.'\ L'lty+') Y'"'r"'l

where þ= finite range parameter

Q,*> are respecti.vel¡r smaller and Larger vaLues of fi
and 'ï-¿ respectively.

, l¡lthe h,-t."¡rlis calculated from:

e-F

where c( (t-l") ( t+ h-+ r )
la. L (E+,\ F ? do= l'o

and

where

,,
h.r,'¡,.*l = - (-i)L +" o(¡

o(r
h+r

L 

"<i 
PoU4)= (i)L)lûJ,- ¿i

pr {l*l^ /^/A+r) (.arrala+s)
Phnr = r

(1)

(2,

(3)

(4)

(5)

2
o-¿2¡..+)!!

Before this routine is used, the cal-Ling code rnust -
Define the finite range parameter r¡al-ue as DBG. This value

is set in fronr data.

Define IöUPER = L+1.

Define a tabl-e of RADS(I) ='ìf¿t for f-1, Iü{D.

Define ßÎRL as the index i corresponding to the point Yì .

Define ILAST as the i¡dex i corresponding to the point fe .
Data Used - Ni]"
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Dimension and Common Requisites

ÐBG TKTRI, IìAÐS(I) ]iPS2

KSUPER TI.AST TPSI.

Staternents require 547 Locations in which to r,rork.
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fl¡ oz
This computes C-. - -, the CLebsch4ordan coefficients, via -- Jr JrJ'

m¡ mlm
c.

J¡ JåJ
+i

I

Ia

L

+ Ia t+
Jr l -fft r+ml

¡ I
a 2 L l

t
L

x' k

for j, jt, j, integers, or two of them half-intergers.

To use this subroutine, the calling routine must define prior

to ca1-1-ing ;,tfGlrTER.

(1) A table of rc(ru) - 1os (N¡).

(2) Have a routine /nEmq(m,S¡ which evat-uates (-)N-S (for N

posítive or negative).

(3) Set fïf 12 for integer 3ts or) 2 for half integer vzrltres of

two of the jrs.

(4) Set LIül - j¡ for integer case, or Zjr for hal-:f integer case

L\{2 = j, for integer case, or 2jrfor half integer case

LIíS = j for integer case, ot 2 j for hal-f integer oase

(5) Set FII{I = jr+l-¡rr
for both cases

I4W2 = ir+l-nr
The answer is put in the l-ocation CLEB

NOTE - Thís always uses n! = EXFFfIoS(n+f)t - fog ("*f)]

' EXPF f nc(nr*r¡ - 1os (n+r)]

which pernrits 0t to be defined.

These coefficients have selectl-on rul"es

m, +rn. = I'f

Ij,-j^l ( j<j,*i,
and these rul-es are buiLt into this code. If they are not satisfied,

( -)k*i.*tr ( j+jr+r r -k) t ( j, -n, +k) !î7 j:]|FjFI¡-f iã:E[-(-r+]!lr:i1)¡
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is restricted to thosethe coefficient is taken as zero. The #
values of I for which none of the arguments of the factorial-s,

shown un,ler { above, is negative.

Þcanpleg

To evaluate C

-3-L-2
344 fH=1 Llfl=1 Liltz=3 LTfS=4 }frfl=7 \l$2=4

L.L-x r1-
C I ^ 3 llt=S LT'fl1+L LTf2=4 LT,¡'3=6 IML=Z If.,{2=2ltz

Data Used - Ni1

Dimension and Cor,'¡ron Requisites

CL.qB ÌThI1

tT!.r }fit2

Í;þ¡2 il.Í

rr{3 i'c(N )

State¡rents require L245 toea"tions in which to r¡ork.
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IÅ'GENÐ

This calculates the Spherical Hannonics via -

Y*ro,ót =l It¡-LJ Þ,1'/r,, s) L
¿Md

the PJ^l6r'sa) (Iægend.ne fr¡rctions) are generated by their

recurrence fornn¡la.

As for subroutine r,{IGNItrR, to use this routine, the calling

code rmrst have previous\r defined. -
(1) A table of I¡G(N) - log(iv! ) for al-lt{ needed.

(2) IJ( - true value of angular momenturn L

t'ff - t*f-ü
PHI - fr l" degrees

IIPHI - Ø ," radians

ÐTHETA - A ¡n d.egrees

RTI{ETA - I i"radians

'Ihe spherical harmonic vaLues are p1a ced in locations TLÌ.iR

and YLÞÍI. r

Exasp1es

yl,' (oo, loo)Hr

LX=4

r,,Ð( - 6

DTHETA = O.O

RTH¡,'TA - 0.0

PHI = 10.0

RPHI - O.L'145

CAI,L I.EGEND

I ooo, soo¡
2

Y-3

-'Q

-l

IJ(

If,ï

DTI-IJIÎA = 60.0

R.THIìT.A = L.O472

PHI = 30.0

RPHI = .5236

CALI LEGü\rD
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Ter¡nino1ory

useIJ(=O nx=P

useIJ(=2 n¡¡--ZL+L

Data Used - NiL

Dímension and Comnron Requisites

lm¡ìItR. PHT IItI{ETÁ, IJ( FG(N)

ÏL¡T RTHETA RPHI },DI

State¡nents require 795 l-ocations in which to work,

'i
v-f
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}EPii;

this routine is used to clear the rnatrix element storage

locations Ïi'FþrøD(mrJ) and PFIASE(rn,J), after ar\y cross-section

has been evaluated and printed onto the outErt tape and before

the next caLculation is perfonned.

Statenents require 36 locations in ulrich to work'
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B. Rì'SIILTS OF A TI?TCAI DATA DECTT

The typicaL data should perform 8 calculations; 2 energies

l-0 and 20 lIeV¡ two potentials 55 and 51 MeV for real welL depth¡

arrd each of these four cases are caLcula.ted for central region

weighted by 1.0 and 0.0, the so cal-1ed volume/surface cal-culations.

triach calculation is identified by a run nwrber and the date.

(1) The Data Deck and fts Description

This contains L3l- cards eíther in fonnat 15 or 815.9. For

sinplicity ai-1 nr.lnbers without deciruals read as in f5 a1L

with as in El-5.9,

22

4

1963

L

0

1"00

)
)
)
)
)

Ðate

Dunmry

Run identification start value - 1

iilltl'fPRG ) 10 an¿ so partial matrix el-esents

wil-L be printed out.

(mru(l) = O -) Saxon Ïlel-J. used.

(mnl(2) = L -7 duTpr¿ will be used.

IdlRt(r) r = 1113

0

1-

0

0

0

0

0

0

0

0



0

0

L

(1*i")

Both ¡ max and l¡iax will- be

1.0

19.0

10.c

9.0

r.2

55.0

4.0

I.2

0.55

0.0

0r0

0.0

0.0

-4.O

0.0

0.0

0.0

0.0

0.c

2

L

1_

L

t_

(¡mru,(rs) . 1
checked

-m.1

-%
Êruo (incident)

- 7,rxZ"

a

ll
o

Rc

v

ri

v
S

T{
s

-R úò

-B tò

Av
- All
- AA

- Avs

- Am
- l-^-

Number

- Nunber

- Number

- Ntrnber

- l.lumber

of Vrs to be used

of Tf f s to be used

of Ars to be used

of Vrrs to be used

of l{rts to be used



2

L

L

10.0

20.0

L00

1

3

0.625

0.5

1o.o

o.625

0,25

7

0

0

L

1

0

(]xv)

Nrmber of B*rs to be used

A Etu¡

Etut (hst value of íncident energy to be

used)

Nunber of times weight factor is to be varied

Test whether a eF -furrction or a finite range

interaction is to be used. R tr-f,rn"tion is
used in this case.

Percentage of first weight factor that is to
be subtracted for subsequent va1u,es.

Ilrrnrqlr.

The basic points.

The spacings between the basic poínts.

I1 ''l
max

Nr¡nber of basic points k.r

)
)
)
)
)

)
)
)

) itcó¡r(J) J=1,9. I(cd{T(3)=r -> TIEUP3 used
)

- ) r) natrix elenents.

KC6IT( 4)=I+ TEUP4 used

-> d c-las_

Kcø¡'il(7)=r *) TIEUP'/ used

-2 on-line print out to operator

on completion of each run.



0

1

0

0

0

1

0

0

1

0

)
)
)

(1xvi)

KTRI(I) ¡ I-.1.¡1-3. r.JRL(5)=1 Scattering angles

wi1L be used in final- state

data.

0

0

0

0

0

0

1

1.0

19.0

-0.11_

9.0

a.2

55.0

4.o

L.2

0.55

m.
L

M

Qvalue

t. xZ-1b

Rc

v

Tf

R
o

a



(1xvii)

0.0

0.0

7

28

L

0-

L

2-

=
0.5

0o5

3i2O2

1.0

0.00L

3.202

100.0

the Results

v
s

TTs

1nøx

Nunber of angles to be used.

0.0 10.0 60.0 100.0

2.O 20.0 70.0 LOZ.O

4.0 30,0 80.0 105.0

6.0 40.o 90.0 106.0

8.0 50,0 95.0 108.0

110.0

120.0

130.0

140.0

150.0

L60.0

170.0

180.0

the

2B

Scatter-

ittg

Angles

)
)
)
)
)
)
)

Bound State Quantum numbers

n-prine p-orbital

and j'.

rrRc.off rrand inítial weight val-ue.

Test number.

rRi.nt tr

1\ro body potentiaL strength.

p

p

n

n

)

ì,,

)
)
)

(2)

Because KTRI(2)-L in both the incident and the emergent

particles I data, each angul-ar distribution is preceded by

at l-east 1"6 l-ines of output of data values, Thenr because

IIUI4PRG) fO, the partial matrix elements IU/f¡l are printed



(:xvLl-i)

The print out takes the form
^t

"(. +L, ¿'+Lt L+lr Mr ft1, nt for nr=-j ,TLL, ¡; for n---j+t .......

the IrrrT,M ur" printed j-n real and imaginary parts.

If j > S/Z +nen the print out is of the form:-

.I *t ,!-'*L L+l M aj=-j Tmr'-j+t Ttt.=-i+Z rnj--j+g

fnr=-i+4 Irnr=-i+5 etc.

Iìrrther, al1 sel"ection rul-es must be remembered and used in

conjunction with these results, as zer.os are not shown, e.gr

for F19 run:-

L LP [,T M (rj=-å ) (^r- å )

L 2 2 1 1.5-.L4 .Bg .51 (1") 0oO 0.0 O.O O.O

1 2 2 0 l-.1-.10(8.:+) etc.

1 2 2 -L 1.1-.10 etc.

2 L 2 O -1.8.16 etc.

(t+r) for the first line as j ), lirirotrrr)l i' -1.

t*j'{ ana !/2 not valil

(n+a) for the thirrl line ¡ / - l and man---l-å =-3/2 is not allowed

So, the lLrZrZr_, for *j--l is zero. This is shor¡r by the fact

that Lt has the I value irnmediateþ above it.



The anzular distributíons.

1.4.x10

Þcponent is superscriPt.

-3 - L.43

4 5 6
Run No
Angle 1 2 3 7

(lxix)

I

0.0

2.0

4.0

6.0

8.0

10.0

20.0

30.0

40.0

5000

60.0

70.0

80.0

90.0

95.0

100.0

L02.0

105.0

106.0

108.0

110.0

L20.0

130.0

140.0

L.403

1.031
7-

3.69
a-

8.02

L.40 
t

2.r31
I

7.30

t.27

1.55

1.46

L.T2

7 ßLI

4.641

3.L3|

2.47 I

!.74 '

I
L.44

9.962

8.631

h
9.22'

?. L33

2.5g2-

c
5.L7

3.8?z

S

5.22

4.6Lr

1.g3I

4. 06f

7.Lol

L.0g

3.62

5.96

6.69

5.4.6

3.04

B. O4I

'z

2.55

t.23

2.41

3.75

4.28

5.02

5.24

5.65

5.99

6.45

5.07

3.50

3.29L

ç
5.22

l-.98r

4.35

7.59

+

+

1.163

3. Bd

6.463

7.g23

5. gg3

3
L.02

IL

8.8? '

3
3.62

5. BO3

g.16?

3
9.07

1
L.26

9.5

c
3.15

5
6.64

¿L

2.55'

b.68tr

g.82tt

1.503

5.053

g.433

g.541

7.723

4.L43

l-.18 3

g.65 +

4.063

6.433

B.893

g. 82è

5.99

7.44

3.38

7,go

3.lL

+

7
1.09

2-
L.A2

( (

L+

l-.51-l

5.22'

g.l-B I

l_.15

L.L4

g.4,51

6.Bgr

4.651

2.7g1

I

L.90

l-.0g'

B. ogÀ

4. 952

4.26'.

3.62)

4.15r

5.67

9. B9

L.44

1.54

3.42

5.97
t

9.L2

3.O4

5,01

5.65

4.68

2.df
I

7.50
2.

l-.08

1.l_1

2.26

3.62

4.17

4.95

5.20

5. 64

6.01

6.58

5.06

3.2L

2,g24

6.403

2
1.1_0

L
L.65

4.552
I

5.18

2. g52

ì
3.77

4.48

2.4*

3.51¿
L

2.43

1.50'

7.2*

5. 1g5

I

l
6.93

L.7:l\

L.75'
7

4. 88

L
5.63

z
3.25

6.29 -

?
4.M"

2-
2.2L

Lt.r, 
_

2.45

L.72

1,09

9"22

7.63

'¡_

?-

3

L

L

I
31.J

)-
6.3 6

r.. oB¿ L. 112 3.413
3

J-.07

L.LAZ

L.LA\ 3.18? 1. 363

L.zL\ 3.233

L.zt L. z6' 3. 881

3
7.L6

?,36 
3

g.94 3

6.u- 3

4.86

2.23

t.23

3.52

3.541
?-

L.28
la
S' 9.3s"
'33

4.79 4.55

l-

3.59
3€

2.05 2.37



(bo<)

Run No
Âns1e 1 2 3 4 5 6 7 B

150.0

160.0

170.0

180.0

7.O7

l_1.09

L4.32

l_5. 5 6

6.65

9.9?

12.58

13.57

3.59

7.O0

1_1.39

13.39

3.91

6.87

10.59

T2.28

133

1.99

.13 s

.BL

L.l-43
U4.56 '

1.49 ì

2.1g3

l_,3g

6.54

L.34

't z.et
2_

9'I7
r 1.eg

1

+ a

1

L 2.06 i3 1. 661

E10
v55
Tüeight 1.0

s1-

1.0 1.0

51 55

0.0 0.0 0.0

10

5l_

1.0

20

55

20L020 10

55

o.o

20

51



(1¡a<l)

C. GIOSSARY AÌ'ID DESCRIPTI0N 0F Sh4B0LIC VAüIAts f,ES APPEARII,Ë

II'I COM}fO}i AND DT}IT,]NSION STAI¡] }fDüTS

FORTBAN
sT-rßot DESCRTPÎION RI'FEREN6E

Val"ue of the ROUNDING

PARAI4IITEIì. appearing in

opticaL modeL potentiaL.

(dvmm)

AR(I)'A,I(I) Re(a,)F ("J Real and rrnaginary parts (CØuf¡u)

of the tenns of the aux-

i11ary series used to

calcul-ate ass¡rnptoticalþ

the coulo¡rb functious

BG If it is input as zeto,

this keeps a count of the

tota7. number of runs

performed.

(dvsncr)

I,![,TH.
SYlEOL

aA

Cø2 Sun of masses of -
(1)m.+lnarget incident and target (drnnm)

nf+M

Residual

or

emergent and residnal

(2) As a term usecL rn

generating the matching

coefficients

(csu¡r)

or



FOITTRAì.I

sn[B0L

cRL(L),

cil"(r)

L-1r LIßX

(1xxii)

I,TATH.

sa4B0L DESCRIPTÏON REFEREI,ICE

ne(c¿) tlt(C,¡_') Real and rrnagínary parts (cu¡t )

of natching coefficients

f or al-L f- | s.

cRz(r) , cr2(L)

IF1, I¡{AX

Dunury variables.

CLlîB
m I nl,À

c.
JI JLJ

the r¡a1ue of the Clebsch-

Gordan coefficient.

(sre¡¡¡n)

DV, D't{, ÐVS,

Dlls,DA

.[mounts bJ' which VrWrVSr (dV¡nCt)

ITS and A nust be incremented

for succeeding runs.

DBG /)- The width lnrameter in the (VCEN)

Yukawa interaction

DRHøTN(I)

f=1, NI,íAXP

fntervals' between Points

in different ranges at

which integration is to be

perforrned.

(nudrn)

DEIAB A trro Iab. Energy increments in (dvrncr)

energy variation

ÐRTIø(I)

I=1, TIÁST

Tnterval for numerical

integration.

(nHdm)of



FORTNAN
SYI4BOL

DRHøt (1)

(2)

I.IATH.
sa'IB0r,

(lxxiii)

ÐESCRTPTION Iffi'ERü.lCE

Value of ã st spacing (nudrg)

needed to reach Runge-Kutta

integration Linit

Spacing of points at which (tØny)

Sinrpsonrs Rule integration

perforrned.

ÐTHElA 9t. Scattering angle in degrees (ffpUpg)

EPSl (1) tt

(2)

Error Threshold used in (CdUmm)

couJ-omb function cal"culatioa

Real- part of interaction

potential for given points

r, ¡ ra anguLar momentum

transfer L.

(vcuu)

EPS2 (1) cL Error threshold used in (CdUf¡m)

corrlonb function calcuh tion,

Imaginary part of inter-

action potential.

(vcau)(2)

EPSS t
3

Error threshold used, in çgfiulFï{)

coulornb function caLcuh,tion.

Error threshold used in

pdrrcn

BPS4
e+

(rdrrcu)



EORTRAN
srßß0t

EIAB

Ì.ÍtiTll.
sY!ß0L

Etu¡

DESCRTPTION

Iab. energr of unbor.urd

particLe.

(1xxiv)

REFERM,ICE

(drnnm)

EClf orE Centre of nass energy of

unbound particLe.

(Øvsnm)
cm

cofm
E

ETA

"¿
Coulomb paraneter (Øvsncr)

fin
EFTN Elub (dvnnm)Iast val-ue of EruO to

be used (for incident

particl-e)

EI(SGrn(L)

EXSGI.E(L)

L=1, LÞÍAX

g qL

Real and Imaginary parts (fxSClit )

of the exponential- of the

couLomb phase shífts.

EÎA2 "t Coulomb Parameter Squared (EXSGMI)

Flfr m.
L

Ihss number of unbound

particl-e in atorúc un:its.

(øvirtcr)

F}fB mu{urorri*l Iaass nunrber of larget (or (ØU¡nm)

Residual) nucleus

Reduced mass of rrnbound

particle.

(Øuinm)FÞfU



FORTRAN

s]ßß0L
trdATH.

Sn{BOL

( locv)

DESC}I.TPTION REFERENCE

Wave number associated (IlrTPT¿)

with enerry of final

and initial- unbound particl-e

FTçAY,FIP K k,

FIßYA k x largest a (rdrron)

FBAR(r)

L-lrLtr'i]\X

F1
(") Regular Coulornb functions (cduffU)

used in backward recurrence

relatíon to find the

correct nr( prnax)

F(L)

L-LrLù4P.X

F Regular Coulonb functions (CøÌII.,FN)
1

îFP(t)

L=1,LtS,X+1

F Ðerivative of the regul-ar

Coulonb fi¡nction

(cluu'm)
1

rrcR(r)

¡'!'cr ( r )

f-l, IIAST

Real and fmaginary parts

of the deñvatíve of the

Saxon form factor used in

the central potential,.

(pens¿)

Ii'FSR(T)

FFSI(r)

I-1,IIÁST

Real and Inraginary parts

of the form factor used

on the Spin-Orbit centraL

potential.

(pcuN¿)



(bocvi)

FORTfttrN

SY}{BOL

FFCRU(r)

FrcrM(r)

I-1,II+\ST

!t\TI{.
SYMÜOL DESCRTPTION REFERENCE

Central forrn factor at (PCøtl¿)

SCAT4 half vaLues of p .
I

FrsRM(r)

I-LrIlAST

(1) Spix-orbit fomr factor (PCftrI¿)

at half values t

Storage for the initial
bound state).

(nswruØ)(2)

TG(N)

N-1r51

1-og(nl ) mgaríthm of nl (LGFAcr)

c(r)

L-1rLI'IAX

Gt Irregular CouLomb

ft¡nctíons

( cduLr'¡¡)

cP(r)

L-1, Ll!\X+l

aGt Derivatives of the irre-

gular Coulomb fwrctions.

(cdumu)

nfittrufltr j ,i the final- and initial (tfguPe)

bound states total- spins

(in j-j coupLing model for

a singLe extra-core particLe),

ISPilt Underf]-ow indicator in

FAP routine, SPILL.

(sPILL)

Nr¡¡nber of times the centre (OVmm)

weight r¡alue is to be l

varied.

ISP]-



FORTRAI'I

SY}fBOL

ISP2

Ì.ÉTH.
SYI4BOL

(tuoçf ii)

DESCRTPTION REFERENCE

lest nr¡mber defining (fdny)

whether a J-function

(rspz {s¡ or yukawa (tsez)rs)

interaction is to be used.

rsPs Percentage of first weight (óænCt)

value that the change in

weight is to be.

rsP4 IÌlnny variable. (dv:CInm)

trN(t)I,=1rLþiax ùunmy r¡ariabLes defined

as orre in SC,4,14.

(n¡m¿)

r¡ffRL (1)

(2)

lernporary storage of

rtrRr(13)

( cØuu'¡u)

Index number for r, used (VCEV)

to generate interaction.

IEND Total nr¡nber of points at

which wave fr.mctions are

stored (for even spacing

of points,

(trnura¡

ITI,ST (1) Total number of points at

whicli wave functions for

the unbound particle are

calculated.

(n¡n¡¡r)



FORTRAN
Sn{BOL

MAIT{.
SYI{BOL

(2)

(lxxviii)

DESCRTPTTON

fndex number for fr
used to generate interaction.

REFEREI{CE

(vcpu)

IFIRST fndex of first value of (n¡fCtn)

P -k" used.

fÌ\I Index number to generate

correct Cl-ebs ch-Gordan

coefficient.

(r{rcN$n)

JSPILL 0verflow indicator used

in FAP routine, SPTLL.

(sprr,l)

JMAX Total number of Scatter-

ing angle s to be used.¡

(READER)

lírRr(r) Control numbers to fix the

pattern of the calculation

of the optical- model wave

functions.

(lripr¿)

T{.SUPER (1) Sidesteps 1{PT4 being

called twice (rnust - 2 for

correct operation).

( crrua1

(2) L+t f,s used to transfer the

value of the angular

ronentr¡n transfer to the

interaction calcula tion.

(vcu{)



FCi{lRAN
s11fB0L_

KcøNr(r)

I-1r9

I,'ATH.
syt{BOL

(]:<xix)

DESCRTPTTON

Control nunbers that

deter:mine what cal-cuLat-

ions wilL be performed

REFERE{CE

(cd\wsx)

TMAXM 1
max Maximr¡n pattiaL wave to

be used in the calculation

of the wave function.

(dwnct)

L¡AX¡LIP lmax+l Total nunber of partial

waves used in final- and

initial cases.

(/uatrct)

L 1+f Partial wave nu¡rber plus (mfcrn)

one.

LPI,LPF orbital angular momentr¡n (BSI{FHø)

quantun numbers of initíal

and finaL bor¡nd states used.

PrP

LîflrLl:i'z,

LT,i3

irit-
j Angular momenturn values

used in the Clebsch-Gordan

coefficients.

(wrci'lsn)

D( rt+l Angular momentum used in

the Spher ícaL Hatmonic.

( ¡mr,rln)

Angular momentun (orbital) (gsifFHd)

used to generate the Harmoníc

OsciLl"ator fmction.

u[ø p+l



FORTRAN
gne,gl

MIfl,MTf2

I'IATH.
sa"ßoL

jr -n¡+ I

i.-n¡ I

(u:or¡

DESCRTPTTON Rþ]FT]RH{CE

Projections used in (WfCmgR)

C1e bs ch-Gordan coefficients.

}fENiD Total nr.rnber of initial

state projections needed

to eval'ate dc/¿s.

(rruupg)

I4[ Lt -M+ t As used in the Spherical

Harrnonic.

(rucnun¡

NrnmuN(r)

I=1r5

Identificati.on data. (mrl'l¿)

NUI'IPRG Governs the print out of (ffnUPS)

the partial rnatríx elernents

( > ro)"

NVrNï^lrM rl{VS

NVÍS

Cor¡nt of the r¡ariations of (dv¡nCf)

the paranreters VrTrA rVSrÌtrS.

NVMAX, NVSÌ4AX

N}ü4AI, NIÍSMAN

NAT{AX

TotaL nwnber of r¡ariations llunCt)

of the parameters TrtrfrA¡

VS¡I{S required.

NMAX Total nu¡rber of basic la

input. These specify the

various ranges rnentioned

before in ¡nudry(I)

(dvgRcl)



(bood)

FORTRAN
SYI,IBOL

MÍAXP

r.fAl}r.
SYÏBOL DESCRIIJ"ITON lìfFEIùEtr'íCE

(dv¡:nm)ì{r.fAx- I

NBGMAX Dunmy variable. (øvntcr)

NEND Total number of points at

which renormalization

occured in RKINI.

(Rr{rNT)

NHI,NHF trril The prime quantum numbers

for the initial" and final

bound states.

(rwusr )

NHø ntl The prime quantun nr¡nber (nSW¡'ttØ)

used ín calcaTating the

Harmonic oscilLator function.

#PHI The eler¡ation angle used (mCn+P)

in SphericaL Harmonícs

Y! ts,q)

PHASE(r.ÍSrJ)

MS-lrÞIEND

J=1rJì'ß,X

,f ^ _Inaginary part of the m.trix(fnUpg)
J^ll'l-ltr, &t'¡"r-enrent for an inelastic

scattering from a closed

she1l plus one nucleus in

the j-j coupling model.



FORÎRAN
sYl'ß0L

QVAL

(lrorxií)

DESCRTMTON REFERENCE

The Q-value for a reaction. (n¡lnfn)

This is not in dimension

and corisnon.

a

RENMU (100) Er.O(initial) Pennanent location for the (ØV¡x,Ct)

incident particle 1ab.

enerry¡

Rnrþís(r)

f-l'NEND

the renortø,Lízatíon val-ues (f,AC¡ruO)

defined in the Runge-Kutta

íntegration.

RTHETA Ð; Scattering angle in radia¡rs. (mCntn)

RAD1IC cutR Cut off radius for central (nSWfnØ)

weiglrting.

IIADS(T)

f=1rImtrD

f labl.e of equally spaced

radii.

(nurusr)
a-

RC r
c

The Coulomb radius para- (diænCt)

meter (R -r Ajl3 )'c c '

RO r The nuclear radius para- (d',tgn61)

neter tq=rfb )

o



(l:oo<iii)

FORTNANT

SYI,ÌBOI,
MATH.
snß0L DT]SCRTPTTON RDF]ÎR¡Ì.ICE

FJIøIN(I) The basic points kr r,*rere (nHØtn)

f=lrNl,4AX spacings Ðruøn¡(I) change.

-RHøH'I \, Corresponds to the nuclear (ØVnnCt)

radius.

ru/ss R.1nt The average interaction

radius used in llarrnonic

oscil-l-ator fi¡nction.

(nswrud)

RHøBC KR
c Corresponds to the Coulomb (dVUnCt)

radius.

RG rnput as 1zo.o - this is (drænct)

increased rrith each rtrn and

is used to sidestep repetition

of reading data - i.ê. aLl-ows

enerry and weight r¡ariations.

RSGML(r)
Q-["'*J Real trnrt of exponential (f'fnUpg)

of coulonb phase shifts for

the incident particle.

ftrd¡uc Ðulüny variab1e



FORTRAN
SYI,IBOL

Rnø(r)

ï=IrILAST

l"aÎIl.
S]ßTBOL

f;

(booriv)

ÐESCRTPTTON REFERN{CE

TabLe of lir¿ at which (AH/TE)

opticaL ¡node1 wave furptions

are calcula ted.

Rr{ør4ax The íntegration li¡ilit

val-ue.

(Rulrs)

f**
RøE(T) Values of kr at which (Rr{]}rr)

renornali zatíon o ccufs.
I

RøSP(I)

I=lrIEND

Val-ues of kr at which wave (mfNtf )

function stored.

STGÞÍAO

SIG}il1

t;,q Coulomb phase shifts for

,l= O, I

(srcrn6¡

sNø1 A test number to restrict (tfgUpg)

the nrrmber of partiaL wave

contributions to the natríx

el-ements.

sd¡m,s/¡¿r Real- and Irnaginary parts of (fdnf)

the radial integral in the

rnatrix elenents.

TV r TIù, T4 ,

TVS,TTfS

fnitial r¡al-ues of the

para.rrleters V rT'lrA 
'TVS, 

Tl,¡S.

(rupr¿)



FORlRAN.
snßoL

rHEri,D(J)

J=1rJI{AX

(]Ðon/)

ÐESCRIPÎION

Scattering angLes inprrt

in degrees.

RJF]]RM[CE

(nr,¡inun)

9":

rHErA(J)

J=1rJt'rAX

Scattering angles in

radians.

(n¡apsR)

TBDPøT v
o

Strength of the two-body

interaction used.

(rruup¿)

ucRB(r) (1) Real- and iraginary parts of (pcglt¿)

the L-independent part of

the central- nuclear potential-

--- -- t!-e? sþ -y31se -gf.f.: z - -

(2) Real and inraginary parts of (tdny)

r dependent wave function

product in the natrix elem.ents.

ucrB( t)
t=', (u,asÎ* *(rHrID

usRM(r),ucru(r)

I=1rII,AST

Real and imagi-:rary parts of (pCAW¿)

the l-independent centraL

poterrtíal at half val"ues ot 
f 

.

usRB(r),

usrB(r)

I=1rfI^AST

Real and imaginary parts of (PCmf4)

the spin-orl¡it nuclear potential

at the tabled values of p,
I



FORTRAI']
STI,TBOL

USRM(I)

usrM(r)

f=IrIIAST

trfÁTH.
sylfB0L

(1raÞcví)

:DESQRTPTION RE¡ERENCE

ReaL and ímginary parts (pCnU¿)

of the spin-orbit nuclear

potentiaL at the half vaLues of p
/

uscr{L(r)

L=LrLr'ttAX
Ç^¡"'"4

(rrsups)Imaginary part of the

incident partíclers

coulor¡b phase shifts.

urR{(r)

I-1rIEI{D

(1) Storage locatíons of the

Harmonic oscillator lüave

function at aLL points

(nsimud)

(2') Product of fio bound state (nSlÍF.nØ)

wave functions.

1¡v Real prt of the central

potential- we1-1 depth.

(Øv¡;nm)

VS v
S

Real part of the spin-orbit (lVl;nCt)

nuclear potential we1-1 depth.

wr[ Tmaginary part of the (øVERCT)

central potential vre11 depth.

IÍS }T trnaginary part of the spin- (dVnnCr)

orbit nuclear potential

weLL depth.

s



FORÎRAN
S]II{BOL

sruØp(us,¡)

HS=1rI4ffüD

J=LrJI,fAX

},[ATH.
SYI{BOL

0i"7 ('¡, g,,)]

(1:oocvii)

DESCRTPTTON REFERENCE

Real- part of the rnatrix (ffgUPS)

element for mj and Ðsc'

ìß Iff I{eight factor in each

bound state wave function.

(esi{FHd)

xclrxcPl -+ ,¡/
tp.(f),tt-'f'

Real part of the t¡¡normal- (nUtCtn)

ized radlal wave function and

íts derivative for spin up

case.

xDlrXDP1 {rf\ Real part of wave function (lVfCfn)

for spin down.

x1(r),

xlP(L)

L-lrLI'IAX

o*f, (p-,^^)

¡+,T (¡'"^" )

Real part of the unnorrnal- (rufCm)

ízed spin up radial wave

function and its derivative

at the boundary.

rcs(r,r)

xcsl(r,L)

I-lrIEND

L-lrLMAX

r (¡i)

r¡i)
#1

ft

Real p.rts of the normal- (-t[pmØni¿)

ized radial" wave equations

for the finaL and initial un-

bourd particles.



FORTRAN
SY}fBOL

YCI'YCPI-

¡m,ÎH.
SN'IBOL

(Loocviii)

DESCRTPTION RI]FERENCE

Inaginary part of the (INTCTR)

urulormal,ized radLal wave

fi¡nction and its d.erirrative

for spin up case.

tÐ1,yDPL tuøgínary part of the spin (f¡ltmn)

down ¡rave function and its
derivatíve.

Ta(r),

n-P(L)

L=1rLMAï

Tmaginary part of the (IrItCrn)

unnor¡ralized spin up radial

wave function and its

d.erivative at the boundary.

YCS(r,t)

YCST(r,L)

I=lrllJl\D

L=l-r II4AX

üraginary parts of the (r+¡wdru)

notrøLized radiaL ¡vave

functions for the fína1 and

initial r.¡nbound particLes.

It¡vlR, YLIfI (1) 
Yn!,e,-,ç¡

ReaL and lrnagínary parts of (l,gC¡:¡¡p)

the sphericaL harmonic.

Real and furøginary parts or (lCrfÓq)

tlne r, integral in the

rnatrix el-ements.

(2)



(boorix)

FORTRAN
SN4BOL

zn

ìIATH.
SYI,IBOL

Zí',ZT

DESCRTPTTON

Product of the charges

of the r¡nbound particle

and the target (or

residual) nucleus.

RE;FT'NE¡{CB

(rmrura¡
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c THE Cûi'lf{llil l\illD DI Ml.:hlSItÍ\) ST/\TË14ET\¡TS
CDÞìMONA9 4.,ìr AI t

IBG r
2CR1 r CI I ¡ C,,12,Cr?.r CLE[] r
3DA t DVt llr,t" 

' DVS r Dl.tS r DllG ¡ DE LAtsr D'IHETA, DRHOr DRH.tjI N¡ üRHOLT
4EC$lrEl-Âilr::['IlrlrJiPSlrEPS2rIPS-]ri.:P54TEfAT ETA2TEXSGI4RTEXSG¡!4I,
5FTFFTFUAIìrFGrFlPfFMIrFl4Rr[:MUTFKAYATFKÀY!:JTFKAYTFFCRTFFCITFFSR¡FFSIT
óFFCRM, FF C IM, FF \RM r FI- S I 14,
TGrGPr
SHOJI'lJrl.JF,
9ISPILL'IF.tRSTr ìIÌ{r ILASTTIKTRLT ISPIr ISP2TISP3TISP4T IËNÐt IN

COM¡4ON¡JS P ÏLL, J¡ÎAX,
IKTRL r KSUPl"iR r KCOt'¡T t
zLMAX , L , LI1.\XMr LI P r LWl r LW7- r LW3 r L}i r LI-IO I LP I r LPFI
3MËNl¡ r MXr Fl Lrl r l'.!W.: r '
4N tjf\4 p Rü r il U i'ìR Uf,l I I I t4A X r NMA X p , N V ¡4A $4AX r NA¿qAXr NVS ÈlAX r NIJ SlþlAX r f,lf:G|rlAX t
5NVr f i!{r i'lA r iÌVS r Nüi S r FlllG r NHTJ NENDt

X r Nt4¡

r NHI rN ¡-lF,
óPH/-\ 5Ë, Pi-t I ,
7RHüRCrlìHUìjl.¡r!ìl-l0BNGrR0rRCrRtrRHûÍIIAX¡RHlfrp.Hüllrlt.HflIf,lrlìSG¡,lLrRADS,
i3RTll Ë'tA r 1{ A ll}{ C r ß t' N}l 7- r R0E r l.ìf-ls P r
9S0t-lR r 5[lò',t I, S Iùl4AtT r SI tMJ\1

coMptuN'IV r Th r TA, t'\rs r '[Ùrls, 'tgG r Tt.tËT AD¡'IHE.r A r
1UCIìÈ] r UT,I B rUSIl'ß, tJ5I B, UCP. }{I UC I1"'Ir USF.14r US I M r USG}4LI ULRN,
2VrVSr
3ld r HS r h'[-Mf]:,'¡ tr{F r
4XI r X2 r XI P r X2Pt XCI r XCPI r XDI ¡ XtlPL r XCS r XCS'[ r XDS r
5Y I r Y2r Yl P f Y;)_P, Yü l- , Y CPl T YüI T YÐPI T YCS, YCS IYL HR, YLIîI, YD
672

c rif'¡lMor\i5N 0 r, Rt-t ûl.t s, Tl] DpüT
DIt\lENS_IUi\.:\Fì (75 ), AI ( 75 ) r

t_cF. Ll2L ), C Ir 121) t
zDf;Ìt-iú ( t0ü ) ¡ilhit{fjl f\¡{ Lriû ) ,
3ËX:;G1{rì(2t);EXS(ìt4r ( 2'J.t ¡
rtF { )l.ll ) r Fir { 2l I rf:!:'CfÌ ( l-00 ) r !:FCI ( 10û I 

' 
FFSR( Ill0l r FFS I ( 100 ) ? FFtRt4l 1OO } r

SFFC I 14 I Lü 0 I' FFS!ìl{ ( I l)O ) r FF:SI i'l ( J-{J(j ) n l=G ( 1O-1 ) r FBAR( ?0 ) r
ËrG(,1;¿lrr,;Pl;ll)t
7II¡l(211r
EKT|ìl_ (.[3) r ,"(;Oil'I i it{) ) r
IjFIU¡4fi.tJ:'I (':t )

Ð I MË: hlS I tlf\itlSG plL ( 2 l" )'
rt{Hil(riìo}ri¡.FuIþf(Lrjùt,t{ADs(tüDlrRENMZftoCIlrR{lE(roc}rRosp(lo0}r
2TllËT/t ( 75 I ?'f l{í:TAtl ( 151 ¡
,t ue R t} ( 1 r) 0 ) r ue i il t r ùtt r u s tl ift r 0 o t , ú s I ¡J ( I 0 0 I , uc t{ ¡r,t ( I 0 o I r u c I M ( I 0 0 I r
4USlii\i f Iû0 l 

'tJS 
I ôl { 100 ) , USGML ( 2 I ) r Ut-RN( 100 I ,

.5x1( 2t t ;x1_ ìit 21) , XLs f 1û0 
" 
r61 , xe .sT( 100,ló ) r

óYl ( ?Ll ¡Y1pf 21),yCtj(1t0¡ 1ól r ycsT ( 100, 161
D I t4[ l'¡ S I 0 N kF j.1{][) { L t_ , 7 5 I , p ri A s h ( I :!. , 7 5 t



c Þ44ïí\i i{ílij'tL,Ji: Il,¡i:L SCAI
cALL tipl Ll-( JSpILI_r ISpILLTû.,0. )r.:PSl= ü.0iJ{)l)I
EPlì21= C.0i ()ûI
[:PS'J= r).0i]iJ01
FP5¿r'=û.0tJJ.
iÌ8/lijIí\PU'f tAPE2 r Ii)r { NUI''IRUN( I I r I- 1r5 I
RE^ll I í\iPU f r'\ PE:: r I r), i,¡Ul4Pili;

to Filt"ì:ìAt-(I51
P lì I f1j'I2 I

?L F(lRi.4/XT( t0i)il f ¡:fl,MI;\¡ATE PRüGlì,4¡{ IF ANy t-tÐLLEtìITH
lFIEL') PRIi"ifED'40iÌË'tr1-lA:'\¡ 20'fIl4ES REPËTItMLYI

C,\L l--tJVt;lìt i'78 tALt-i:XI I

ËN[]

ü0-
00-
00-
00-
t0-

ûo-

REPEAT Ht}LLfRI:TII



SUBROU I NITVERCl
KVAL=O
MCSR=l
KSUPER=1
CALLI-GFACT

93 CALLINPT4
KSUPER=2
AAI=RHOIN{L)
AA2=RHO IN{27
AA3=RHOI N t3 )
ÀA¿r=RHoi N iÐ
BBl=DRHilI ¡il1)
BB2=DRHilI N( 2 )
BB3=llRll0I Hl 3l
UGB= RHIJHAX

101 V=TV
Vzu=Tva

9 DOZ0NV=1 ¡ |{VHAX
TFt-¡rt-v-rl rc.z_, ror t-Laz -

GOTÛ103
t02 V=V+ÐV

V2D=V2D+D V
log DozaNu=T- NUI.tAX

IFINH:l) l$5r104r1O5
104 Ù{=Tt.'l

blZD=TH2
goTol o9

105 H3l,{+Dl,t
lâlzD+DW

109 DtZ0NA=l,ruAHAX
-rTT-r.m:Tf ilT_-r r r ü, tr r

IIO AJTA
ãzil:TÀt-
GOTO112

11 I A.rA+D¡{
A2D=A2D+DÅ- llrÐ-{tzÐilvs=t rNV x
IFf NVS-l I T_14r113r114

1I 3 VS=TVS
VS2D='tVS2
GOTÜ1

l14 VS=VS+Dì/S
t5

VS2D= SZIJ+IJV5
1t5 DA2ONHS= I ,NhrSl{AX- IËTN}IS:TIIT7 r l1ór 117
t16 HS=TlrlS

HSZU= I H5Z
GOTflll8

r17 çis¡l¡s+-o-r,rs
llS2D=}'l52Ð+DhlS_ 11ð KSUPËR=2
RHOIN(ll=AAI
RTiUIN{ ZI =AA¿
RhJDIN(31=AA3
RHUI N I /tl =AAtf
DRHOIN( I I =BBl
DRET'T_fìT { 2l =Bll2
DRHUtrNl3.)=BB3
RHûÞ|AX=UG rl



CALLCTRL4

I
1,515 FOR${A LH./lH, 1P8813.4/tH I

NBUIl=K'rRLl 1l
N
ND301=Kf Rf.( 3l
Alo40l =KTRL ( ¿r )
NO5t)L=KTRLf 5 )
NO6OI=KTRt-l6l
l{t}70l=KTRI-f 7l
NO80 L(BI
NÛgOI=KTRLT 9 }
NOlOul=KTRL l 1ü
Ntlltll=KTil^L l11l
NBl2ol=KTrlL( 12)
NOI3OI=KTlll ( Ì31
Fl.,lI 1ï=!:t4I

I

F!,lB t T=FHB
ELABIT=E L AB
RENM¿( loO ¡;rtacrr
RENf.tZ I 99 I =FHB/ { FHI+FMB )
ZEIT=z7
RCIT=RC
VIT=V
l{lT=ù.1
A
R01T=R0
V51T=VS
t{SlT=HS

MÅX!{
FMI =Fl'îI2D
FMB=F zt)
ELAB=E LA B ?l)
zz={zzg
RC=RC2D
V=V2D
H=H2D

ll
A=Â21)
VS=V52D
l¡lS=H52D
LMI\ X11=Ll{A XHz
KTRL ( I l=NillCI2
KTRL { 2 l=N ï12
KTRL(3)=N03O2-KïRL (.,*)=NG-oZ

, KTRL(5 )=NG5û2
KTR.L (61=ñ-0s02
KTRL(71=N07O2
f<TRt r B }JNOdBZ
KT!ìL ( 9l=Nû9O2
KIR L ( loJ =--N-oLilo?
KTIIL( 11) =NOIlo2
KTRI- tfzf =NO12 UZ
KTRI-(13)=NOI3O2
CALL EX

I
HRI TEitUT P UTTAPT_3 r I 5 15 r f RHOIN( I I TDRHIIIN( I lr I= Lr 3.l T RHOIN I ÀTF{ÂX ) iRHOmA



BG=BGt1.0---FrTÞ¡=rlt-I-- - - -
Fltlå20=F!{B

CA LLK,'I PE

zz2õ;vz
RË2D=RC

RENHZ( 98 I =FMB/ ( FHI+FHB)
ELAB2D=Ë LAB

v2Ð=V
Dû2D=l{
RO2D=RÛ
A2D=À
vSzD=vs
HS2D=ilS
LHAX =LH*qX{¡l
NBIO2=KTRL( ll
ño2-oZ=KTRI-TZI
N03O2=KTRLI 3 I
NO402j Rtf +)
NCI5u2=KTRL( 5l
N06oz=KTRt-t 6 i
Nt]7O2=KTRLl T l- - ñÌl8il
NOgCIzjKTRLt 9 )
NOl0B2=KTP.L l lo)
N0l lÐZ=KT,ìL I I1 )

- - NÐf 2- 0 2=KT',ìL-Tl ?J-
N013O2=KTIìL ( 131

-- rTmrrII=NrI-tl
K'l RL (21=NtJ2Ol
KTRL(31=No3oll
KTRL (41=N0¿r0l
KTr{Lt5l=ittTtol- --
KTRL(ó)=N0óOl
KTRITZI=Nü701
KTIIL(tl=NOBOl- KTRftg)=N o90I
KTIìL ( 101=N0l0D1
KTÏ.t ( LII= J II',t
KTRL t L2l =Nu12O1- ---KïrL_l t-Ð =lquÏTm.
Fl'lI=FMIIT
I.HB=FHBlT
ELAB=FLAB 1r
Il,=Zl IT
RC=RC1T
r/=trI-T
I'Jéh'l I T
RO=R0IT
A=AlT
v5=ysIT*-
WS=lrl617

- -ttrÄxflÉ LF'IAXHI
MCSR=NUMRUN I 5 I

--TFTSTSR-ATZ41-;Z4[124Z-24L TV2=V2D
Tru=wzD-
TA2=A2D
T\rszËvszD



THS2=llS2l)
MCSR=l 0
E 1=E LAB
E 2=E LAB2 D

242 CBNTINUF
CO2=Fl'l I+F f4B

Fl{u= ( Ftrtl *FMB I lCO?
ECI'l=EL lcBzl
FKAY=0. ?T95376T,.5QRTF ( FT'tU*ECîI )
T=tSAIg LEIIB_T!0 r 3?333e3.att
RHOÐNJT*RÜ
RIIT]BC=T*Rü
ETA =0, I5 8û5OSérZZ*SQRTF t FÞîI /ELAB t
LFIAX=LMAX¡v,+1
!ì6=RG*5O. û

20 tUÍ\¡TINUE
QOM=RENf'l Zl99 )+rLA8-REI{HZ Í 9S ) *ELABZD
ELAB=ELAß+DELAtl
IF(DELÀB¡ ¡aÐ,erõ,989

889 IF{ ELÀB.EFIN'2OO
200 ELABZD=( Rt:NHZ 199

2O0r2LO
*ELAB-QUM) / RENI¡|Z I 98 I

,
)

ËClvl=ELAB*FMB/ ( FltÐ+Fltl I
rr I v=o . 2 r e557 6ã Se nr F ( F mu*Ec r.r I
T=F KAY* I F t{B**g ;373"33333 I
RHOBN=T*Rt
RHOSC=T*RC
ETA 0. 15 B05OBó*ZZTSQ RTF ( FMI /ELÂB }
GBTÜ9

¿LO IF I r sÞ3) 20r;2ç't,200
?60 KVAL=KVAL+I

26 ð26rr262
2ó1 RTV=I{F

PC=I SP3/ I rlo
DEL= 1. 0- S SRTF I 1. o-pc )
DELIúF=DE L*RTV
rF{DELHF I 8ó8r901,8ó8

8¿e córull¡¡uE
262 ldF=l,lF-DE LHF

HC SÍl=l
ELAß=EI
ELArl2D=E 2
I F ( tdF' 90L r2o0 t7_63- - -263- rF(-KVAL- rcÞItZùOizoo, gbl.

9Ol I5P4=5O00
KVÁL=O
CÀLLhII PE

2O1 tFtI sPr LL t651-ró52 t 6sr
ó51 PRINT653, ISPILL
653
652
654
ó55

FORMAT(14¡+ UNDERFLÛT{ AT T5, TON IN OVERCTI
I F I JSP I LL )ó54, 656, 65+
PRINT655T JSPITL
FORIjIAT(13H BVERFLO'r,¡ AT I5rlOH IN OVERCTT
CALL EXIT
RE:f URN
END

ó5ó



SUIJIIÛU'TI N i: I'NP ¡'4
IË llIVItlE üHECt('100r110

100 pRrf,tTI0l
101 FORMAT15?Í.I ÐIVIDË {:HECK TRIGGER FÜUND ON AT STAIìT DF INPT4 SUBROU

IINEI
CÀLLEX I'T

1tCI ISPILL=i)
JSP I LL=li
IìEAÐINPUT IAPE2, TÙ, KTRL ( I }
IF {K'il{Lf t)-tDCl I5ÐrL5rr151

15I. CALL ËXI T
15rl REAtlIf,¡PU'f IAPEZr10r IKTRLÍ I I r I=2r 13)

10 FCIllÞ4AT (I;)
lìEAüInlPUTtAPEZrl2rF14Irf-i,{BrELAllr'L7ri\CrVri,ürR0rArVSrhlSrRGrP,Gr

IDV r tl llr Í)A r i}V S r Df'lS r Di3G
Ri:AÜ I NPUT'iA PE2, 1O r NV$4AX, N}IMAX, NA'qAX, NVSI4AX I NhISì{AX r NFJGI\4AX
REAÐ INPt,T I AP;:2 r l2 r lJELAtl r ËFI \i
Ri:ADINPUT TAPi:2'lOr I SP1 r ISP2r ISP3r I5P4

l? FilRt'tA t- { E 15. I }

TV= V
TW=h¡
TA=/t
TVS=VS
Tt{S=WS
TtiG=lJti
READ TNPU'T'T-APE2, 1 O, NHAX
NMII XP=ltlilÂT-1
REAilIf.¡PUT f APE2.r l2r ( RHt¡IN( I ) r [=f ¡NNAX) r I DRHBINI I lr I=IrNMAXP I
Ci.i2.=FNI+F l'Li
F14U= ( F lqI .e i. MB ) /C ¡12
ECM=ELAB* iFMB/CÜ2 ¡

FKAY= .71')5376*SQRI-F ( FHI.J*EC14 )
T=FKAy* ( F r,:[]*¡r. 3i333iZZZ I
Rl-ltlllirl= T*¡{(l
Rllüiìir't= [* ilG
Ër.FlA=pMA* R ì túß{tl
{.iûi[i= P]tB* [ì; .û¡]N
ill_{[JriC,,= J-*. tC

llTl\= .I5 A C5086*7-Z*SQlìTF ( t:MI /i:L/\B )

IF fiIVIDI CHECK 2ù'J¡47
200 PRI t'1T201

2Of FLIRi''iåT(4]H Ii\¡f,(JT DIVISIIi{ lljÂ:j ZERÜ IN INPT4 SUBRtjUTIi,*Ë)
C¡1LI_EX I ].

47 l{FAl) I flPU I IAPl.:2 r 10 r LHAXM
LH/\ X =L l"lÀ X i4+ I
llrl T4'7 J = _l r Ll'lA X

L47 IIl"l(Jl=1
IF {KfRL(:i} ) 48r50r1+8

4E REAI]INPUT IAPE2 T lOT JMÄX
READINPUT rAPt:;l tL2¡ ITHIT¡\D( I ) r I=lr JMAXI
Ð0 4.9 I=lrJ|4¡\X

+9 TH':TA( I ) = 0-017453'¿-9252xTHËTADf I )
50 CCNTIi'¡U):

?O7 IF( ISPI!-Ll2CZt,!A4¡2AZ
202 PRINT203,ISPIt_L
203 FUlll4ATf23i'i UÞ'lt)l:tlFLUiC 0CCURþLËÐ AT I5r2OH IN INPT4 SUBRÍIUfIil¡E)

2O4 IF ( J SP IL L )205 r 210 tíì_O5
2O5 PR I i'J'r20ó, JSPI Lt._

206 FllRi4AT l?-7ii ûVIil,FLl-JlC OCCURREÐ AT I5r 20H IN IfilPT4 SUBRIfUTINE I
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02-
02-

o2-
o2-
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02-
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o2-

o2-
o2-
a2-
02-
o2-
o2-
o2'

o2-

o2-
o2-
o2-
o2-
o2-
o2-
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o2-
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$2-
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I t 1 PRI,\rì-222
222 FÜRi'iAI-( 

' 
9iì DI Vi DE CHI:TK

IIIùi:l
CALLEXI'T

112 ü0Iu l20r 3 []r 40 ] , KSUPER
ZO t,¡\Ll-IitlPí4.
30 cALt_Pû'tIC¡i

CALLSI GZ lìir
TALLEXSÛM¡

40 !\Ui4RU¡! (",i ) ,=¡914¡11i\ ( 5 ).FI
CALI-RIjOT B

TAI-LüOUL F:,i
CALL:q${XI N.,;

CA L t- PGi:1.¡4
CALL I NT; J'II
CÄLLCSUTI L-

cALt_h'FN{1R..
IF { KTR!_( 2 I ! 33r j û0r33

33 CALLDU TI) T,
100 RITti:E,t'¿

[:¡Vl)

TRI GGER !:3Ui'.tD ON Ii,¡ sTAlìï 0F CTrìL4 SUBRDU T



SUßI{i]U'TI N': PÛTiT}I
IF üMÐË Ct-tECK 30,31

3O PRINTl3O
130 FI.IRilUl.T f óf ;IJ DIVIDË ÜHECi( TRIGGIR FTIUND

IUTHrE )

CALL EX I T'

31 I SPI LL=0
JSP I LL=O
IK'IlìL=l(TRl-( I3l
NMAX=Nl4A X
Nl{AXP= il¡Ë.\X-1
Al4AX=irlAiii¡l :i-I
TTA=¡t4AX"t_F (4, ( (Ai{AX*DA)+Al I
Vt'4AX=ßiVf'{ A;(- L
ïTV=;qAXtF {V, ( f \rf4/tx*Ðv) +vl )
HM¿\ X'=titf í4À ,,4- I
TTI'J=f4¡1Xl F { þl r t ( t{l4AX* Dtd } +t¡ I I
V SHA X= l{V S;14 X-l
ÏTVS=M/IXli]( VSr ( (VSMAX{ÊDVSI+VSI I
l,JSMAX=irlWS;:AX-1
T I lnl S =lçii{ X I i:: ( Id S r ( ( H 1i M A X* D i.l S ) + I{ S I }
Blïllilrx=NilG, AX-I
TT[]G=l\AJ(1 l- ( BGr ( (t]Gi4AX*DtJ0 I +Bt I )
FKAY¡\=FKAY*T fA
l-KAYi]=FKAY*TTr|,1
TZ=SeltTF ( TTV**?+T'f !i**2, /EC$
T7=TTV/Ë C..'
Td='t f i{/[ í. l.i
IF )IVIDË CHEC¡,: óOrí¡1

6O PRI idTI óO
160 FDR¡¡ÃT(21)ii EC$ is ¿ËRo tN Þurrcll suts¡

CALL=XI I'
6t {;O TD (3r ljr111r15l TIKTRL
3 IF ( KTI{L( I I -21 t4¡25t24
25 I F f tiHÐIi\¡ f .\þ4AX) -RHilBN¡ 10r 10 r B

24 T1=1.1 lL.t-tlXPF( (!tt{ûI N ( Nî{AX) -I1HI}B¡\¡) /FKAYA I I
IF ÐIVIDË CHECK 5,]I28

50 PRI i{ 115ü
150 FLll'l.i'iATl;¿Sí, FKA/A IS ZËR.t IN prl'iICt-t SUB)

CÂLLEXI'T
28 IF{K'[iìLt r ]-1¡ .+0¡îLt4Q
hO T3= -[Z¡r t I

IJN AT START r:tF PÛTTCH SUBRTI

03:
03-

03-
o3-

03-
o3-
03-
o3-
o3-
o3-
03.-
03-
03-
03-
03-
03:
03-
03-
03-
o3-
03-
o3-
03-
o7
O3.
03-
03-

03-

03-
03-
03-
o3-
o3-

GU
4L T3

tij t+3

= l7* T.L

03-

03-
o3-
03-
03-
03-41 I

10 PRINTl00' :ìilüI N( N¡MAX) rDRHilI N ( ¡{¡4AXp)
lOO FUIì¡"141-lI3f.i lìH0INlN'{AX)=E1ó.9r2H+ Eló. 9,46H RHO IN( NI4AX) IS SMALlL Iî\ i\¡UCL;:AR PiJTENTIALI_RHi]T 

lri( Nt,IÂX) = RHof N( NHAX)+DRHoIþI{ NT4AXP)
G0 ïrJ )

42 IF(KTRL(1)-tl 3rórts
6 TIl= EXPF(-((RHIJIN(NMAX¡-R¡{OB¡\¿GT/FKAYBI**21

03-
03-
03-
o3-
03-
t3:-

IFI I Tu*f 1.1):t-:P54) SrBr7 o3-7 PR,IÌ.IT103, -:I{OIN( NHAX},DR}IÐIN ( NftAXPI103 FÛ AT(15öì ¡-tltüiNfN¡4AxI=t16.gr2tit Er6.gt46H RHoININüAxl Is ror¡ sHAt 03-
IL IN $II"JCLJIAII PI)TËNTIAL) 03-

RHO I N{ Nf,4A x) = RH0l ñ t ñ¡,tÁx l+nirHixrut lr¡rqa 03-
Dr-
03-

GÛ 'TIJ 6
I co l-il( -r rT iI5 ) r i KT'ìL -
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Lt LÞ14 X=Lþlfi Xþl
rF(KTRLtl)-21 ¿.e 300,29

Lf{rlX- tRHüBi.l+3- 12t L2¡L5
29 T4=T..1 IL.+EXPF( (FLMAX-RI-IOBN)/I-KAYAI t

IF(KTRLI r l-r1 13¡'32¡33
33 T5= TZ*T4

03-
03-

03-
03:
03-
o3:

Grl Til 31 0 03:
o3-
03-

72 f|=Jl*fz¡
3Io - ¡F ( T5-Ëpsz+) t3r til rz

L?_ PRI htT101, t_ilAXt1
101 FORI4ÀT f 7ii Lt4AXil=I5r3H +lr4.5H LMAXM TOD Sl,lALL ßECAUSE OF CENTRAL P 03-

1ÜTENTIAL ) 03-

L!,1ÀXfll= LFlåXt4+t
LMA X= LMA x+1 o3-

03,-
õt-IIN(L¡4A

Gü TÜ 11r
L3 TFTKTR-IIrl-rl :L7r19,17-
19 T¿+=EXPI:t- { IFL¡,tAX-RIIUBNGt./FKAyi,t¡**21

Xl=l
03-- - -0-3-

03-
IF( ('rS ItI+ r-EP54.l L7 ¡Ll¡20 03-

2Ð PRINT20û, LMAXM
200 Fol4,t'4AT ('71; LM,\;(¡',1=I5r3t{ +tr+ltti L¡4AXft Tou st{ALL uECAUSE oF cENTRAL p 03-

lú f 
=i'¡f 

I ¡\L )-IEãXJI- lt¡t X:I l-
03-
03-

LMÂ Xt4= LfqA:\M+ I
IIN(LI',14x)'=i-
GO TN T9

f ? T2=SQl{ÏF f 'fTVS¡r*Z+T ii,'tS** Zl / Et t4

18 FLMAX=Li4A Xf4

| /+=L .I 11.'rt:XPF ¡ (FL¡4AX RHfltsN t /FKAYAt )

LM¡\XM= LMírXl,{+1
IINfLMAX)=I
ôû Iri 13

15 I F( r SttÍLL t2'2É04i 202
202 PRIí\iT2Ù3 r ISPILI.

03-
o3-
o3-
o3_
0E-
03-38 T6=2.l¡T2r+'f4* il-i(Ay**Z l 03-
03-IF {t6- ËP5/r) I5rl5r

I4 PR I I!T102 , LÌ,IAX14
102 Fo¡ìl'4AT ( ?ir Lt4,\xilËI5r3n +tr4.Bn LMAxr4 Toû SHALL BECAUSE nF sprN oRB 03-

1I T PTJTE¡\l T TAL ) 03:
03-
03-
03-
o3-

tI4ÀX= [rq-A rJr

o3-

203 FDRi¡tA'1.(zt;'i uNDr:RFLÐt¡ oceüRR-ED /lr ISrl4H IN porlct{ sUBt2A4 IF ( JSPILL t205r 2Iù ¡2A5
03-
03-

2('5_-PRTMT ISPI L L
206 FflllMATlâ?-ii DVI-erFLoW Occ|JRRí:D Ar I5r L4H IN PIITIcH sUBl 03-

TA fL'ËX I'I'
2IO RE TUlIN 03-
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SUBROUTI Ni: SIC¿RO
IE ,Ð-_LVrÐ_E__ütEç}. 5rþ _

5 PRINTI.05
105 F0R.¡,t4r !ó{iH DI VTDE CHECK TRIGGER FI]UND ON AT START NF s I GZRN

o*
0s

o5.
TUTINEI
CALLEX I T

OF

ó I 5P I LL=û
JSPI LL=0

0s
05.

SI6HA0=- ( f:TA/ (12. * ( ETA**2+16.1 I )*( I.+l ETA**2-48.1f ( 30.*l ( ETA*c.Z+lO 05.l. | *t2. + ilTA¡* ETA*!_-2_-l_+l¿g_q-.lll_Lf .L6.t_E'LAf t-Z-.lr*4L*IO5- Ð._ _ __ Q5-
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1I-(ATA ryE_LLr4l.+_{r-AtuF-!-El4le.ltAlAlULLETAl-3r I I 05.
S I Gù44I=S I i;MA0+ATANF I ETA t o5-

15_ IF f rö!LL_t,! _?_Qr_1!i
30 PR.I NTt 30 ? ISP I Lt

30 o5-

I3O FORHAT I23H UNIJERFI-OI{ OCCUR,REÐ AT I6¡2LH IN SIGZR,T] SUflRT]UTINE) O}3l rF IJSPILL) 32rltr3?- 05.32 PRIr{T132 t JSPI LL
132 F0R|'!AT (

CALLEXI T
2r:t1 ovERFLot{ occuRRED AT I6r21H Iil SIüZ RO SUBRTU'f INE I o1

11 R,ETUR,¡'¡
END
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SUI}RT]UTINF EXSI;!{L o7-
07.-IF D¡VIDE CHECK 10,T1

1O PR-INTIIO
110 F[ÐRI4A1 I

lUTINË I
CALLEXIT

ilCH DIVIDE CHECK TRIGGER FOUND TN AT START t]F ËXSSML SöBR{T 07.

l1 I 5P I LL=CI
JSPI LL=0

07-
07-

I FL=
EXSGI.IR I I ) =CO.SÍ- I 2. 0*S IGilA0 I
E xSG-ùr-( al;s-¡ rlr r 2l o -cTGHAi)
ETA2=ETAr}$z

)

o7-
o?--
O7-
07-

ËTÀ24= 2. O{tETr\ o7-
o7-DO 2A L=2zLl{r1X

FL=FL+l-. ü o7-
o7:1pg¿+p¡**)1"

TER 1=TER O.fETAz 0T!
oT-ïER.Z= ( fE R ü-ETA2 ¡ /TE Rl

TEIì3=( ETA2_A¡ F L I /TERI 07-
0?-IF DIVIDE CHECK I?T13

L2P 12rl-
ILZ FORÊ{AT (+41-t DIVIS0R Is ZERiI IN EXSG}4L SUBROUTINE FCIR L=I3l 07-

CALLEX It
LA EXSGT-tRf L) =(TERZ*EXSGHR( L-t t )-( TER3g+EXSË¡{I( L-t) I
zo ExsGMr lL l=(TËRzI}EXSGI{I ( L-I) t+(TER3*ËXSG!{Rl L-Il t

DO6é6L=1, LMAX
T-ß=E-XSGMR {[f-
PH=EXSGMI (L)
CA LLCSQR{ FìÊ,PHIACiAD)
EXSGllR ( L )=AC

oT-
07-

óõ6 EXSGItI (L I =AD
IF (ISPILt_l 14r15r14 o?-

14 PRTNT1I 4r ISPILI-
114 FT}'{I'IATIz3IJ UNDTIR,FLOH OCCURRED AT Iór2lH IN ExsG!'IL SUERt}UTINEI o7:
I5 IF (J PI Ll-l ló' l7r I6 07-
16 PRINTt16r JStrILi-

Tó'-FtrREATUzII-AVE-RFLOITECURRED AT IóI21H IN EXSG}IL SUBRNUft¡qtr' - OT'
CÀLLEXI T

I7 -R-ËTtlRr-¡

END
o7-



SUBR,T]UTI f{[ RHUÏB
DR-l-,|-fl-( r I = D-tsHOI N J L)
RHO{ll=fr.HOIN(1) .

08.
O8'
o&

___ _-08
o&

N=1
TËI

__ _ 2Q- _RHo_{ ltuiüq_(_r )+DRHOIN(NI
IF (RHO( I+1].RHOINI

____ 30_ rE $B5ttRu0ll+_1_L:tstl
35 N=XÍqI N'JF f N+1 , N!,tA

_ __ lq _ D8_ttp__r.!tl !_-.DREgIr-( Nt
I*I+1

NÈ4AXI )30150170 CI&
0=I_NLNIIì.L:._5IDEH0_I.N-(N! I ,â5_r_35¡.49 ___o&x-r r 

3i- ---- õ&
__48:

oe
GO TO 20

5O ILAST=I+I I
60 RHt I I 145_r_l= Btlp ï N .( _N}4AX !

DRHT I ILAST-tr ) =IiHO( ILASTI-RHO( ILÁST-II 08þ
o8-
0&
0&

FORMAI'123l¡'; UNDFRFLOU OçÇ-U,RRED AT- I6rZtH IN RHOTB SUBROUTINE)ì 0*IF(JSPILL}B2'SJ'ÛZ o8-

RHO}IAX=RH TI N ( NÍ'iAX }
DRIIOL=DllHilI N( NmÂX-1 I
IF_( t Sqr.]=L t gQrit] r g0 

-
PRINTlBO, ISPILL

RETU}IN
I f l l 8l{fr ( I +l ):Rllo_I N ( NI4AX l _! ¡, 5=*p_RHg I N l S } I :9, ãe r z-5
I LAST= I
G0 ï0 óü
END

82 P_R r $¡Ll__Q? r JS P r_L!.
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CALLËXIT
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SUBf{OUTI Ni: COUL.FN 09-
09-[F I].IVIDE CHECK 50 51

50 PRINT15O
I5O FTRMAT I6{JH DIVIDE CHECK TRIGËER FAUND TN AT STÂRT OF CÛULF¡ú SBBRN 09-

lUTI NE }
CALLEXIT

09-

P I Ll-=0
JSP I LL=O

K'TRLËKTRI.I 13I
LMAX=Ll,lA Xlt+ I

09-
09-
09-
o9-

ËTA2 =ETA*rz 09-
09-SQ=SQRTF I 1. +ET,T2,

I IJ=l
ARI 1l=-ETå

0$
09-

AI(11=0.
AR I 2l=-. 5*ETAZ

O9-
09-

2
AI(21=.5r1-:TA
SI =0.

09-
O9-
09-
09-

SR=O.
PR= Rl-lÐMAX
DO 10 K=,1r49
f= PR*FLOÀTF(l_K}

09-
09-

IR=AR¡K¡ / I
TIJAI I KI /T
IF DIVIDE CHECK

09-
o9-

53 ofl-
52 PRI NTI.52

15? FORHA"T{5?H DIVISOR T IS ZERO IN FIRST DIVISION OF COUI.FN SUBRA$TIil 09-
IE) OF
CALLEXIT

53 SeN+.[R**Z+Tl**a 09-
IF(K- I 4 r4t3

3
+

I F ( S8N-5 Q{Jl 4rlr r l1
TR=SR+TR
TI =SI+TI

O9.
o9-
o9:
0!t-
09-IFfTR-Sll,) 6¡5 flr

5
6

IF ( TI-SI I 6r 13ró
SRsTR
SI ='t I'- AR-IT+ttã0
AI (K+l)=0o

-KP=K/Z -

D0 7 il=lrKp

o9_
0+
09-
o9-
09-
o+
09.-

KM=K+1-H
AR ( K+t I =AR( K+1) -,4R ( Ml rAR( Kl4l +AI I [t] *AI (Kf.r I1 AI(K+Ð-=T r(KrT) -Af{KmT*ÀRllÐ :ArrmrrÄRïKt'tr-
IFfK-2¡tKP) 8r9rB

I ARTK+L)=ARfK+:t )=J"TAFIKp+IT**Z_ÃTI_Kp-+I)*r2 t
AI'(K+1l=AIlK+t )-AR(KP+tI*AI f Kp+t t

I FKã;5*FL[I¿TF[K]- -- ----
ÀI f K+l1=AI I K+l1-rX*qn( r I
AR T Kf II ; AR I K+I)+FKTÃÏ { K T
PR= PRr¡¡1{ltlÂX

10 sQrr=sQH- -

G0 l'o 101

09-
09-
09-
09-
o$
09-
09.
09-
0!t-
o9-
u!t-
09.
olF
o9-

lI f=-$|{*{lt5I{r*2
IF{T) 1O5 çLOSt]-Zrz IFtÀB-sF( sE[/Tr:Eps5) 13,13r 10a

13 SO TO (I+r15)rIJ
t+ pAR:RHÛirtAX-ETA+LOGF (2.;RHûltAX)

.-09:

09-
09-



L5

25

PH I ûR= PA R+5 I {}M¿iO+SR
PHI OI=SI
AR(2)=-I.+Atll2J
I J=2
G0 t'il 2
PHI IR= PA R¡+S I {iMAl- I . 57 07 9632 5+Slt
PHIIT=SI
Tl=ËXPt-( -rrHI 0I )

T2=EXPFI -,,HT1I I
G ( I ) =T1¡rC *SF t Pl-l.tOR I
{; ( 2 } =T 2*CllSF { Pt{I 1tl I

600

09-
09:
09'
o9-
o9-
09-
o9-
09-
09-
09-
09.:
09-
09-
o9-
o9-
09-
09_
09-
09-
09-
09-
o9-

IN COULFN SUBROUTINE I

F1='f 1*SI Ni:l PHIútì)
F2=T2* SI N::( PHI.I Rl
IF { ABSF ( F 1*Gl2 } -F2*c ! 1):!! /Stll -EPS t ) JLr jlr lgZ3I IDEC.=11

32 I=LF4AX+TDËC
FB¡\!ì(I)=.1
FB¡\8!!!!)--0,
L I f4I T= LivlÀ Xl'4+ I D HC
FL=l-MAX+ I Í
T1=SIìRTF f {FL+1. ) **l+ETA2 )
Ir ( J_sP¡!L ) 13e, Iò3rt39

L39 PRII'¡T1390 rJSPI LL
1390 F0t1¡1ATl23iì I'JVEIìFLrltJz 0CCURRED AT

CALLEXI T

L33 DU 33 I=1 '' LI MI I" 09-
L=Ll4¡\X+I D i:U- I
FL=L
T2=58RI'F ( fl**l+[TA2 )
FBÀf{ )= ( {.2.*Ft-+1 . I * I ETA+FL* ( FL+I-. ) /RHÐF1AX, *.FBAR{ L+l l-FL*T}+FB

T+2llllli=L+l.){rt2} 0$-
oq-,IF tIIVIDE CHECt.54t

54 PRIíÌt'15j4
154 Fotll4AT(56i-. DIVISoR IS Zl-:F,u IN sËcûNÐ DIvISIûN tlF couLFN SUB ROUTINE 09-

)
CALI-.EXI'T

09-

16 r?LFt 0+-

09-
q_?-

09-
AR(L 09:

600 IF(JSPILLI 6tJl r33ró01.
óOJ. PR,INT-l601 IJSPI LL

160r FLIIìFIAT l22i: ClVf tlf tOU UCCLTRRED A't T6¡ ZLH
T-T-TII'LY FI]ÅP,(II BY O.II

IN CIIULFN SUBRÛUTIil¡Ër 24ll I.'lU 09:
09-

o9-

K=LMAX+I DIIC
FtsAR ( K l=F Ì:ìAll ( K I *0. 1

09-
09-

JSP I LL=i)
GO 'ItJ 133

?'à T1=T2
AL[,]-lA=l . I I (FBAiì ( ]. I xG ( 2 )-FBAR ( 2- ) *cl I l' *sQ)
IF D IDE CHEC¡( 55143 o9-

55 PRIi,tTt 5S
155 FÛlì,ùiAT l5:rll DI',tISl R IS ZERO If,l THIRÐ DIVISIoN tlF coULFÑ sÙgnaufiñr 09-rl

CALLEX IT
09-

43 LHAXP=LþlAX+I
D-0 ?,4 I= I ,LMAX¡,

74 Í-BARII )=Ai PHÂIFBAtì( I )
IF(IDEC-1].) 31lI , 35

o9-
09-
09-
09-

09-
o9-
09-

37L IF(ABSFIF j_/FBAIì(t)-1. l-Etrsz) 37 r37 t3535 fro la t'= t rLþiAXp36 F( I l=FSAR tI )

09-
09-
09-
09-

I llEt =I DiC.+5 09-



IF f IDEù-/r0l 3?-t32r I03
37 Dû -3¡l I=l rLMrlXt)

Il-(ABSF(Ff I l/FllAR(I )-1.1-EPSZI 44¡44t35
44 IF UIVIÐE r-.HEtK 56¡'38
56 PiìI i,iTl56, L, I

FOR|"IAT(74Iì DIVISOIì' FBAR(II-1. IS ZERO If.d FI Súgnotirl*¡: FùiE L=I3r7H AND I=I3l
CALI-ËXI'I

09.
o9.
09.
09

OURTH DIVISIOIq ÐF COI'LFH 09.
09.

L56

38 co
Dt) 331 I=irLM¿\iP

381 F( I)=F tlAlt ( I )
o9-
o9-
09-782 Tl=SQ

D0 /i0 Gr,ulÀx
Í-L=L

09-
09.

TZ=SQRT!: ( IFL x*2+ETA 2l
Gl L+21=( ( lr,.*Ft-+1. ) * I ETA+F Lx ( FL+ I. I I RHüMAX )*G ( L+I ¡ -( FL+1. ) ¡rT trG I L t l

09-
09-

LI IF L¡*T2l'tS=FLl Tl
09-
09-IF ¡]IVIDE {:HECK 57 , t75 09-57 PRI ¡ì T15 7

L57 FtlRl4ÄTlEa;l Dtvlstttr Tt r.s zcrìs It'{ FIFTH DIVIST0¡..¡ oF cCIuLFN SUgnoutt 09-
INE I

CALLENIT
+5 IF(ABSF(l={Ll*r}{t-+r)-F(L+r)*ri(L}-TS)-Ëps1} 4or40rro4 09-+O Tl=l'2 09-+L Dtl /rZ L=I¡LMAX 09-

FL=Lr=nl-**2 33-
T L=T./R Hü ¡itAX+ ËT¡. 09-IF DIVIÐË CI-IEüI:. 5B,4ó 09.58 PnIÍ{rI5iì

158 FOI.I,I"1AT (ó:.]H DI'.JISÜR RHüI4AX IS ZER{.] IN SIXT[I DIVIsIDN DF ToULFN SUB 09-
1RNUTI¡IE)
CALLEXIT 09.

+6 TZ=SQRTI. ( l+F,T'it:t t ot-
FP( L)=(Tlqr-Ff !-)-TZ*F (L+t I I tFL 09-42 GP(L)=(TI+G(L)-T2*G(L+II llFL 09-IF $IVIDË CHECt',, 59147 09_59 PßINI159

L59 FÐIì.I:AT(60ü] DTVlSI]R FL IS ZERN IN SFVEf{Tfi DIYISIÛN ÐF COULFI¡ SUBROU 09.
TTIAiE I 09-

CALLEXI I-
47 IFIISPILLI óOr(,Iróu 09-60 PRI t'JT16[i r ¡5¡r1¡¡

1ó0 FOR¡4AT 123',: UNDi::lìFLtltj{ OCCURRED AT Iór 2tH IN COULFN SUBRûUTINE } 09-6l IFIJSPILL) 67_rü3162 09_
62 PRT[ITl62IJSPII-L

L62 FÜììi'lÀl- 1"2',i OVt:!ì,Fl-t)t'l OCCL¡|ìRED ¡tI I(r¡ l1¡¡ IN CûULFru SUBR0UTII\tË t 09-
CALI-EX I T

63 RETU}ìN 09-
101 PRI NTl21, "lltDnt/\x, DRHoL

GÛ 'ri:l (1Ïr)r110r1.09r109) rIKTfìt. 09_
109 PRIl"lTll¿+

{i0 't-0 L3 09_I0Z pR I;llTLZZ ; r-lHOHA.y,, DRHOL
Grl T0lll0rllÐrltlrllllrlKTRl 09-1tl Pt{INr114
ûCI 'rü 31 09_

103 PRI NTl23 r iì,Hoft{AX, ÐtìHûL

09-



¡,r3

lo5

Gt¡ TÐ llIÐrlt0rLl-¿tll2l TIKTRL
. llz PRI¡,rTL,l4.

Êo To 38?.
1O4 PRI NT124, BHOEAXTDRHOL, L

GO Ttl llliìr110r113r113) TIKTRL
PR,rN rl.14
f;u Tt] 4.0
PRI NTL25 , RI-lOÍr,tAX iÐRHOL
GU TÐ (11{irllOrtl5rl15l TIKTRL
PRI NTl I+
GTJ TÐ L2
P R IN It ?Þ r I_{H-BM_AX r D RHfl L
GD T8 f trt(jr1Lor1l6rL16) TIKTRL

ITó PRINTI14
GO ïO 13

IlO RHOI4AX=RH I]MAX+i)RHOL
Gt) TO 1

12r FoRt4AT ( 18H INcREASE RHO HAX=_E1_1r4r?H+= E_11._{tr_35_t1_À_oll g__SËeIE

09-

o!t-

09'

o9-

o9-

09-
_lr5

Lo6
o9-

09,-
o9-
09-

s c0$¡E o9:
lER6fS ïiJO SLOI¡JI-Yl o9-

09-
o9-

t22 FilRl{AT ( l Eri I NC:l,EASE RHtl }i!AX=El1!4,2Ht Elt!tr z;¿tt BAD INITIAL K
IIANI

LzA FORMAT(I EH _Ill_ctlEAsE IIHQ l{{{=ELL24l.ZH+ El 1.4r ?_hH _L_ :T tlo LARGE II!Û FEA 09:
o9-r.R (L) I

L24 FOR$4AT(lBH INCi(EASE RH{l }ldX=Ellr4rZH+ ELL.LTZI-!{ BAÐ WROTTSKIAN FSR 09-
1L=I3 I 09-

L25 F 6 ?'ri SERI ES I N PHIO DR PHTI IS zEROr CHECK ÐA-rÂr IE o_K r_Nq&E_ _ Qg:
tASË RHCIffAX=Elf..4rZH+ E11.4) 09-

L26 FORHA.Í I52H A. [IIì, B SËRIES DIVERGES TOO SUICKLY INCREASE RHO}¡IAX=ET.1J O9-
l4r 2l'l+ El I¡4) 09-

LT+ FÙRI-{AT 42FI R PER}ITTTED BY KTRLI 13T I 09-
END



-oï
-0ï
-0ï
-07
-oï
-0ï
-07

cl,r;{
i'¡ i{ tì.t l ìJ

(: itJ. ú.J
Itrllìls,=, ( I -i f; vl I ) ii{-lìtct

lrlFlììl(]+( T--l iìV-lI ¡f.ìilìJ-l.l SVIT )lifÌll
T+1.;ì \/-ìI=1,';V-ÌI

î 'Z¡T ( (J.'lt¡-tI )íillìr:-;,:\:lttl"ll-llr) -JI
'llt:Í );l+ii i'i I-Lni¡t:trfìS

¿

ï
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SUBREUTI Ni: PGEf{4
rF_- D_tvrÐE-_ _çtrLcK 601 6_1

óO PRINTIóO
160 FßRH{T I59H- DTVIDE CHECK TRIGGËR FIJUNÐ ON AT START {IF PSEN4 sB8ROU IË

}I:
_ __lr:

1TINE I
CALLEX I

61 ISPILL=O

3 KTRL(71=O
KTRL ( I )=0
KTB,L l -91_=9
KTRL ( I0l =nu+ Tl=V./ECfrt

JSPI LL¡O
rFf K'rRL{ li) 314;3

II.
11-
}I:
II.
It:

T2=ÛllEC,4
T10=VS/EC I"r

T I 1= ù{S/EC !1

T12=FKAY*BG

_ __t_þ
lk'
l¡¡

lü-
___¡F

1r-

tr-
II.

T3=2.*FKAY./A
rF DIyLDE çHEC|( 6?t65

62 PRI ilITT.ó2

l1-
1È

L6Z FqB44,I_t6:l!{_DTVISORS ECM OR A t¡ERE HRTINGLY INPUT AS ZERO rN P0Eltü4 tI-
lStJtìRUUTI NË)

CALLEXIT
65 T4=l'10*T3

TSrTl 1*T 3

Itr-

11-
1!-

T6=l'KAY*A
T7=ETA/RH{iBC
IF DIVIÐE CHnc¡< 6?r6+

63 PRINTl63

tI-
1ï.
tÞ

Ió3 FIJRMATI6lH DIVI .SOR RHOBC IS ZERO IN SECÛND DIVISION OF PGEN4 SI'8RO 1I-
ït-l UTI I.¡E )

UALLEXI
64 ï8ËR Gr? 1Ê

TgJETA*2;
I=jl

Itr-.
tþ

+o EX=EXPFI { frHO( I I-RHOtsNI I'16I 1þ
tt-IF ÐÎV IDE CtrECI( BOr 6¿r

80 PRI NTI-ó5
1ó5 FtRfì4AT (5AH QUAN'IITY Tó IS ZËRO IN THIRD DIVISION OF PGFN4 SIJBR8UT }f-

1T 1r-
CALLEXI'T

NÉI

6ó l(= I
4l IF(I-11 4?-t43¡+2+2 rT t unnot I l-unHrit r-r
+3 HDRHO=DRHr-}íII*J5

Iþ
1I-

I I 4'3t44¡43 1!-
Itrr

DEX=EX I l.tÐRH0./Tô 
'

I f-+4 IF(KTRLI I )-2153t52r53
52 ¡F tR-Hot ¡ I:RHAB,¡t' s4 r55r55

1p-

5+ SL=1.0
GO TO 68

55 SlÊG.0

II:
I}.!- -l1-

GÛ ï0 68
53 S1Ël.l lL.+EXl

Tf:
LI-
lI-

IF NTVIÐ
67 PRI tVTló7

cHECt'( ó-7, ô8 1

L67 FORÈ4AT (

I-UI I NE I
6OH DIVISOR I..+EX IS ZERO IÌ.I FNURTH ÐIVISION TlF PGEN4 su8,Ro ttr-

11-
CALLEXIT



6g SZ=[ X¡s ( S 1.**2 I
S4'=S2./RH[J { I )
IF nIVITJE CHËtt( t39t10

69 PR I í\¡T1 69 , T

169 FURI"IAT(58¡Ì TJIVI SirR RHO IS ¿El-lû IN FIFTH DIVISION OF PGEî,¡4 SUI3ROUTD

1r-
l1-

lN[: )

1r-

11-
I1-

1t-
C¡ILLEXI.T

7O IF (RHO( I)-!{H¡1,ìCl 9r9rI{J
9 53=T7+ ( 3. -( ¡{Htl i I } **2 ) /Tß I

ûo Tr] 1l
l0 53=T9ll-ìllUtI )

ll IF tK'[RLITl) 350r3 o0r35û
30o ucRF] ( I )=_1._Tlì&51+S3

FFCR(Il=Sl
30I IF (KT|{Lf :,1) 355t3D21355

302 IF(KTRLf 1l-r) .lC9rJ0Br3O9
308 S1=EXPF{-{(ll,hlûtI )-RH0BNGI/T12

1l-
1r-
lr-
11-
1t-
1t-
lr-
1r-

)** ) 1I-
11-

1r-

1t-
tr-
11-
1r-
1r-
1I.

82
182

"to9

303
304

305
500
306

50

L52
34

IF IJMD:: Cl'lEtil'" tl2r309
P.t I i'{ ï1 82
FÛR,'4AT 122:i ú}G T 5 ZIIitJ i Ìi PGEI! SR)
CI\ LL EXI T
UCIB(I)=-l?*Sl
Ff-CI{I)=SI
IF lK-rRLl':l¡ I 3,ior3û4r360
USRP-,(l )=J/1*$/¡
FFSRTJ)=Sjl
I¡: IKTRL(ff l)'iüIr500r5ûl
IF ( KTï{L ( I0) l3ó5r:30ór365
USILï I I l=-I .;*54
FFSI(I)=S4

3O1 IF (I I LA.5T ) 5r), 2OO ì2

1I-
tl-
1t-
11-
lr-

7 L PFII ¡.IT171
171 FUR9{AT(5/+li lrMSOt( IS ZT:[ìü IÞl SIXTl"l DMSIüN OF PGElt4 SUBR{]UTIrïE) 1I-

CALLI.=XIT

I=I+1
ËX=E X*DE X

lìlìO*Ì=lìHil ( I-1 l+i{Dlìllû
IFIKTRL( I)-2) t53 tL52t'153
I F ( iì,HO14-itt ioi3íï I 34, 75 r'35
5l=1,û
ûo 'r$ 72

35 S1=0.0
GO l'ü 7?_

l5A Sl=I.l|L.+EX)
IF DIVIDE CHËCì( 7L,7?-

72 52=1.-,X* 1 51 **2- )
s4=: s 2/ tìll ü .

Il- tlMùE CHEC!" 73¡7t+
73 PR I I'iTl" 73

T73 FOR,I4AT {Ó.ÌH :ìUAI¡TITY RHT]H IS
tRllUTINf: I

CALLÌ-:XI T
74 IFlP.Hilt,i:Rtiotict 2Lr2L¡22
2L S'j=T7* ( 3. -( P.!'lCll+n2 ) /TB )

ß0 'ttì 23
22 53=T9lt{ìJ t;',
27 IF ( K'rRL ( ?) ) r3:;U r 1300,1350

1300 UCÍllvl( i-I I =-I.--f I*S1+53
FFCI-1fl( I-1)=Sl

SEV¡:NTH ÐIVI5IûN 0F PË':N4 SUfr

1l-
1r-
tI-
1r-
1r-
II-
1I.
1I-
1r-
11-

1t-
l1-
11-

Lt-
1t-

1r-
1t-
1I-
1r-
1I-
1tr-
rt-

ZERT) IilJ



l30t IF tKTRLtS) I 1355rI302r1355
_ _ t30_2 r F ( KTRLI_I_ÞLI _13Qe_r l_308 r L3_0_e __ _

t308 SI.=;EXPF l- f ( RHOM-RHOBNG I ITLZI **2)
1309 UClftlI-11+T2*Sl

FFCIIt([-11=Sl
tr 3o3 r F ( Kt3_L-1 e ¡J_ ,I tóQ i r 304 r_r_3-ó0
1304 USRI4 ( I-f , =T4*S4

FFSRF,I( I- I l=54
ItoS rF ( KTRL ( 11 t l r501, 1500 r 1501
1500 IF Í_KIRL_{10J )t365r_1_30ó¡ LAô5 _
1306 USIt{( I-11=T5*S4

FFsI¡{l-L:_1_I=S4 .

1307 IF ( K:lü I 24¡+0'40

IT:
- l-F

TË

1¡¡
Ttr
Itr
rr-
1J.
f*þ
tÞ
I.F
lÞ

350

355

360

NitJ-:359 _
KK=7
GOTÛ??8
NllJ=355
l(K=8
GOT0?78
NråJ=36t
KKå?
cl¡ru¡-?_q_

501 ¡¡üJ*501
KK=l 1
ÊrlTt?I8

3ó5 h¡BJ*365

vT8

KK=lO
GÐT0778
PRI NT?77 T KK T NOJ
PRI NT779

7?7 FoR¡'lAT(18i1 ERROR KÍRL N0=I3t32H NOT ZERO IN STATEHENT NUI¡IBER =
I 14l

7?9 FORT4AT ( 34t.{
CALLËXI T

1350 NtlJ=1350
KK=7

CFIECK DATÁ LI STINû KTRL POSN )

GUTO778
L?55 N0J=1355

KK=8
G0TÜ778

t3ó0 9
KK=9
GOTO778

1501 NOJ=1501
KK=l I
GOTÛ778

1365 NOJ=1365
KK=I 0
GOTTTTB

24 K=K+1
tX=ËX*t)
60 Tt 42

EX
ll.
lt-
rr-

200 IF{ISPTLLt 75t't6t75
75 PRINTITST ISPILL

lI-
175 F
76 I

oRr4AT lz3tl UNDËRt-LOlt OC CURRED N PGEÌ{4 SUBROUTINE) 1tr:
TrF (JSPILLI 7?r5l ¡-17

77 PRINTl77T JSPILL
I7.T Ft]RI-IATIZ'¿Tí OVE¡1FLO}¡ OCCURRED AT I6,zOH IN PGEN4 SUBROUTIN

CALLEX I T
EI lIr



5l iiL l'r.itli.i
¡r:tiL

r1-



S L.i{} l{ l-r U T I í\,1 ::-

DtjI L=1r LIa
IFII),ST=I I...('l-=ltHU(IFI.ìS
¡ç 1= txfìH û { I l= I iì.jT )

XDl=XCl
FL=L
XCPI=FLx I
Xi)P I =XC i) I
YC 1 =ü.
YL] 1= ü.
YC P .[ =0.
Y[, P I =û.
cALt_ iìKI ht¡
Xt(L)=Xi. l.
Yl"(Ll=Yill
XlP(L)=Xu:,1-
YIi)lL)=Y{-;'l

t tuN'r I F.lrJ::

RL:'l-Uil¡',J
EtTri

I NT.: TR
,4,

L)
'[ ) *.* ( L-1 )

I2-
L2-
T?-
L2-
L2-
LZ-
L2-
L2-
L2-
L2-
L2-
L?-
t2-
LZ-
l.2-
I2-
L?.
L2-

l2-



SUBROUTI NE IìKI NT
IF DIY IDE CHECK tor 11 T}

l0 PRINTII0TLrI
lIO Fú}RIIAT(ó6H DIVIDE CHECK RIGGER FÛUND ON AT START OF RKINT SUBRSUT T3þ

llllE FOR L=I3r7i{ AND I=I3) l:}
CÂLLEXI T

It ISPI LL=o
JSP I LL=0
I NDEX=O
INÐ=T
I NDRE=1

T FL*L-I
F2L=-1.-FL
F3L=FL*( FL+1. I

l+
r.*
l+
L*

13-
1E-

r3-

TB=UCR[} ( I FI RST ) +F3L/ ( RHO ( I F T RST I **2 )
IF DTVIDE CHECK I?IL3

12 PRINTIl2, L, I
T12 FORHAT(7óH DIVISIJR RHOIIFIRSTIT*2 I5 ZERO IN FIRST ÐIVISION OF RKB TK

lNT SUBRÚUTI NE I.TR [.= rTll À D

CALLEXI T
13 PCB=TB+US¡ìts ( IFIRST) rFL

PDB*TB+[,SRB { I F I RST) ¡TF2L
0 B IFI + BI FI ST) *FL
QDB=UÊIS ( TFI RSTI +USIB I I FIRST I *F2L
IK=Il-AST-t
DO6ótrËIFI:iSTrIl(

2 HDRHOÉ.5*il8,HOlr)
DRHO2={ DRI{O ( I I **Z I r.5
RHOH=RH{J { Il +HDRHO
TM=UCR M( .I )+F3Ll ( RHOÌ'I**Z )

Ì:F

t!F
1&
13¡
ï:ts

IF DIVIDE CHECK 14T15 tf
1+ PRINTt14, L'' I

1I+ FúìRHATITOH DIVXST]R RHO¡{lt*z IS ZËRO IN SECOHT} DIVISION OF RI(IÀIT SUE T+
trROUTINE F[rR L=I3r?t-l ÀND I=I3l ¡.]
GALLËXIT

15 Pç¡r¡=ffi+IjSRM ( I I *FL
PDM=ln4+u5 t
8CMËUC II,{ Í T, +USIH ( I I *FL

- - - "-Q-Dn-ue IñTIT+USftr( IT-"FZL-- -
XCPP lrPC B *XCl-ecB*YCl l3
YC,PP 1=QCß '*xt,I+PcB*Y{"1
XD p p l=pD B*XD l-i.lDA*yD I
YDPPl=8DBl0XDI+Pi) +YI]I

l3'
T:F- -T3!
1:r-XC2=XC 1+XCPl*HDÍlHü

YC2=YC 1+ YCp 1ißHDRHO
XD2=XD l+XülP 1*H¡)RHO

L9
l!F
t7
13"

YD2=YD l+ YÐP1*H¡)RHO
XC P P 2É Pt ll *XG 2-dC Fl* YC2
Yc P P 2s eC M ¡ßXCz"+pC M*yC2
XDp p 2=pÐ H*XD2-1ìDH{ryDz
YDÞ P 2=Q D ¡4 *x o Z:r-. FDE* YD 2
DRHll4=.5 *ÐRHLl2

DRHt=. 3 g 3'33337*HDRHO
XC 3=XC 2+XCP P IfDRH04

Lg-
I}

--s
tF
1+- -TT;
Iæ

YCã=YC2+Y PPI*t_lKHUf -r3
1+XD3JXÐ 2+ XÐP P I*DRHT4

YD3= YÐ2+ YllPPl*t)RHtl4 I}
1+
T';

XCP P 3=PC ltl*XC3: ÈC MtYC3
y-tF p 3-=ef, F{.rXC 3t .rre m* y C 3



xDPP3=PDH{rXD}-{!D$,1*YD3 13:
YllPP3=QÐ14*XÐ:l+PDþ{*Yl,a3 L?.
XC/+=XC2'Ê X{,PP2*ÐRH02+XCP1*HD!ìHü t3-
Yü4=YC2+YüPP2*DRH02+YCP1+HDIìHü L3:
XD4=XDZ+ X ¡-;P P Z*DIìHO2+XDP I*HDRHü .t Z-
YD4=YD 2+Y1.,PP7-*DRHO2+YD}T I*HDRHÛ 13-
TB=UCRB( I.rll+F?L/ illH0( I+1)¡r¡s2) f 3-

13-IF i.¡IVIDE CUECK 1ó, t7
16 PR I í''l t116 r i-r I

116 FTIFI,I4ATI'741J ÜIVISDR !ìHÜ(I+TI**2 IS ZERü IN THTRD DIVISION FOR RKXNT 13-
I SUlllìüUTIhË F0iì L=I3r7H AND [=I3l f3-
CALLEXI'T

L-l PCB=Trl+tJS:lÐ ( I+I I *FL
PDtJ='tij+tJ S :r.B I I+ l' r¡F2L
fdcti=ut- I8 I I+1 I +usI il { I+1 I ltFL
8Di]=UCIîJ ( T+T I+USIÐ( I+11'ÊF¿L
XCpp4.=pÇft,*{Çr¡-rlÇB*y[4 Lg-
YuPP4.=QC B *XC4+PCB*YC4 LT
X|)PP4=P,.JB¡TXD4-IDB*YU4 13-
YDPP¿+--IìÐU*XII4+PDB*YÐ4 L3-
SXü=XÛPPZ+XCPPJ 13-
SYC=YCPP2'+YCPI'.'J 13.
SXD= Xii PP Z+ XD PP f L3-
SYD=YL]PP2 +YDPP3 IT
TXC- SXü+ Xr,"P P I 13:
TYC=SYC+Y,-PPI 13-,ÍXÐ=SXD+X:.PP1 

13.
TYD=SYD+Yi.rPP} Lg-
TXCI=XiI).+I_ÌRHO( f I*(XCPI+SDIìHü*TXC) 1A-
TYC I=YCI+iJRHÛ ( I ) * f YCPI+SDIìHII.}TYC ) 13-
TXDI=XÜI+i,RHCI(I}T(XDPI+5T]RIjL}:TTXD) 13.
TYDI=YDl.+i,lìl,lû(I l*(YDPl+SDRlJll*TYul la-'rxcPl=xcP.,.+sDtìHtlr(TXc+sxc+xcpp4l 13:
TYüPI=YI P.l+SÐlì,ilün(TYC+5YC+YCpp¿+l 13-
TXIìPI=XÐ PJ+SDiIiJil,I ('TXÐ+SXI]+XDPP4 } 13.
TYÐP1=YDP.t+5D¡ll{ll+ tTYD+SYll+YllPf'4) 13-
IF (JSPILi_I 2ùr21r20 13-

20 Iì,Eí{i'I2 { Il'{DilE ) =P,AXlF ( ABSF ( XC I I r AB SF I YC I ) t J\BSF ( XCp I } r ABSF f YCP I ) T.ASSF (

1XD1 I TABSF tYDl) rABSI- (XtjPll r¡\BSF(YDPll )
lìUE I I ¡¡DrtE l=Rlll,f ( I I
RllNûRt4=i{E¡\MZ I I,{Dlìll I
I ltlD R E= I )¡ D;ìË+ I
XC.L=XC 1/ ll :NtRl"î t3-
YCI=YCL/Ri:i{üRfll 13-
XCPt=XCP.L/lìi:NDlÌl*1 13-
YCPl=YCPl./RiiNll'ìÈ'l LT
Xì11=XIJI/R'NOR¡,ì 13-
YÐI=YIJI/R.:I{ORM 13.
XDP I=XDP 1 ,/RENO¡ìM 13-
YDF I=YDP I /ilF:l{tjillt l}
PIìINT20ü, t:iii\ÐRIrLrRt{ü( I )

2O0 Ftlp.FiAf 124:: REI{|INIMALIZA'f I0i\ FACTIJR=F-L6.9¡22H IN RKINT FOR CODED L=Ir L3-
l-3r9l.l Al¡D :-{iltl=E1ó.9} f3-
JSPILL=Û LT
GO T8;'_
XC l=TXül
YC 1=TYü,I
Xû I=TXD.l-

r3-
L3:
13:
ti-

2L

YI) I=TYül- LT



XùPl= [Xu P r

Y{:P1=TYüP i
Xi-j P l- = T'XJ l) .i-

Yi; i, _i =] Yü P ì.

InlDIX=I;''].)i.X+1
IF ( I I'iDlX- il;P ) ó'.i t71- r7 L

71 Xt:ì ( Ii"ilir l- )=Xí-l
Yt- 5 ( I :tllJ r L )=\¿f, .1.

ROSP I I NjJ ) :::ql'l{J( I +t )
ï;iD=I¡lL'Ì+ I

6ó CiINTI¡JI.Jì..:
lì,DE ( Ir'¡ìl:l'c )-=?- t'l'*Rit{}r:1AX
N':NJ=I)Ji];ì
I -l*ll-Ì=I ¡jì-,-,l-
ïF {I5PIL: ) 3úr3.tr30

3û Pi{ It:Tl3iJ, I5l.'ILLrLr I
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FCRff AT ( I4H UI\DERFLOI,I ÀT I5I IOH TN T IEUP3 )

I F ( JSP ILL)71 4 t7L6 r714
PR INT7I5 I JSPILL
FCRMAT(13H OVERFLCh AT I5IlOH TN TIEUP3)
CALLEX I Ï
RETU RN
ËND



SUI]RÜU N-TI FU:'4I
c TD Eì/ALUA.TE A¡¡.i DISTRII.} ¡.JIA ÜLE¡{DEi{'\¡ING

I I-Ù I VIDE C FIECKl I L, L7 ?
171 PIìIt\¡'t173
173 f:ÙRìqÂ (49I-I DIVIDE CHETT\ TRfCGR FffJND üN AT STA¡ìT T}F TIËUP+)

CALLEXI T

L72 ISPILL=ü
JSP I LL=il
AS l=G. 0
'nlR I T[0Uf P Uï tA¡)l:3 r ó5
["lR I TEUU]-P tJT'f il[.'i":3 r 193

193 F{lRf4 t\'t l4ai"; RESTJLTS .{NGt_.t: XS ECTN ARR t'¡O;l¡41
65 FURÍiAT (35;ì AN(;'JLAR DISTIìIÐIJ1'IOII Í{O SPI|\! [IR BTTI

A3=Fi4il+Ff4I
T E R = F K A Y I 1':I P / b ( {z 4 . 44 / I: . 0* fl fi J I + I . 0 } *T B D P OT r T B D P 0 T * F l4B*FliB^/A 3/ A3
I FD I i/I DEC htËü(z I L r 2-7 2

27L PRIùiTz73, ::IPriJ )JI
27'À FDt{}1AT ( 29

CÀ LLE X T

272 CDI:I'ÍIi',¡Ul;

I. ÐIVTDE CHECK PERI.IAPS I]F FIP'TPEIO.I?r9H T}fl, HI]JI= LPE10.2I

DüliüJ=lr J^"AX
Dû40iï=1, MftNÐ
Tl-=HFl{0:J ¡;+r J )
TZ=PHASI(frJl

40 ASl=AS1+,T l*TL+ l'?-*Tz
ANStf =A5l* ì.Eii,
/tS1=0. Ð

rF ( J-114L,+Lr+,?-
4I XllR=ANSt*l

ARll-=1. f)

ttoTü46
42 PTS=ABSF I XflRl

IF f PT5-1 . i I 4?L r4+2 ¡442.
42L JJK=JJ!{+ tr

I F ( JJK-1 I 424, +:14 ] 4',¿5
424 l{RITÊüUrPUt'tAP'-3 t 43L
43L Fi].ÀF'4¡\T(33'i /IIìB NOR14 AT ZERt] i-ESS TIIAN UI,¡ITY)
425 Altlj=1.0

G0't,.i46
+42 ARB=AtiSicl/XÐR
46 lrlR I TEüUTPtjTTAPi3r 67rTHETAD ( J ) r,1i\¡Sl.¡r ARB

I FIJ I VI D[ C ¡]ECK371 ¡ 77 2
371 PR i rrl T¡ 7"] , -titiì; T1 IE-TAD f Jl
373 FOR;.:AT1'¿2,1\ DIVtÐE CHETK FDR

lPINí.ì SlJ!]U'-u lüill' ALI_Oil Ti-tIS)
CALLEX IT

)(flil=lPt12. 2tgll WHEN ANGIPE14.'¿1301-l LüO

372 CONTII{tJÈ
5O CBNTI I.IUI:

-CALLËXI r
ó94 RETUNìi\,I

ËND

ó7 FDR¡1AT(1H r lPriL4.4¡2X¡ LPzË15.5,
IFI ISPILL ló91 r()92f 691

691 PRII',iTó97I ISPI L'.
691 FI]RilAT]¿41i UND.¡RFLÙþÍ II.I I7.UP4 AT T4}
692 iF ( JSPILL ló93 t,594, ó93
693 PRI,\!Tó98, JSPI T_L

69T FTJR-}'I,lT(23'-i OVEI(FLOW IN TIËUP/+ AT I''I



66

66

SUlti'ìiluTI N ; tI 3:r.rr)5
ft,'È tuidt'l
!: Nl)
su?,rìûuTI ;\¿,_ rI i:[J)tr
t.ìi_: f u1{i\
Fi,¡ü
SIJi] RT-}UT. I J\ :-, T I E U P7
irlìIi,,!T66, i{t.iMÍr.iJ¡!( q I
F'dfr¡1A't-l t H /)H RUN i{i)
l\utr4Rui{ I 4. I .,1{ui4RtJl'¡ I + I + I
fìi: IU|ì,;tl
ti,'lD
su']Lr-)uTI h,l._ I I i: uP *
Pll I ìï-tir o I N r.,M!ìl.Ji\ ( 4 I
fjüRÌ'iA l'( 1H l9H lìUN i\iü
:\ìijt{RUIJ ( { ),., NLr$4RUN ( 4 ) +1
Ri tlJììr,i
F i\il
SUÐ111ìLiTT í\i 'TI ËI",i)9
iìl-:'[U¡.ì,1
i:i,l¡l

I3r20;l

t3r20H

IOMPLFTEI})

TOMPL ET ED I

i.tA5

i'tA5

Ll'[:EN

;IEEN



I FÐ I VI DEC}iECK1 ù0, 11 O
to0 PRx"hüî101
101 FoRrlA

lTII{E )
CALL EXIT

T{óOIi ÞIVIDE CHECK TRIGGER FDUND ON AT START OF REÀDER SUBROU

IlO ISPI
JSPI LL=O--- 
r F ( RG-20: ol r--lcir-57r l5l

I5O CONTINUE
READINPUÍIAPEZtLOi { KTRL ( il ) r I=lr l3l

l0 FoRt4ATlI5)
READINPUT TA

-__ -f2 F-rIfuãTTÊTX tf--
I5I CONTINUE

PE? r 12 r Fl4I I Fl{Br SVAL r ZZr RtrVrlCrR Ar VSt lálS
E LAB = I RE NP¿ ( 99 I *RE NI{Z f 1 OO I + SVAL I * I F MI+F¡,IB I / F I.IB

co ,,JB

Fl¡f u=FH I* E yB lCÐ2
ECFl=ELAB *FMB/ C,)2
FKAY=O.2I Ì5376¡lSQRTF ( Ff¡lU*ECt{ I
ïSFKAY* I F tv B*r C -3333333333 I
R}IOBN='[*Ri.

RHOBC=T*Rç
ETAÉ0. 15 B C508ó*ZZTSQRTF { FHI /ELAB I
IFÐIVIDECI.IECK

2OO PRI ¡¡T2OI
200r4 7

2OI FßRI4AT I4+H
CALLËXI'T

I1!PUT DIVISOR trfÂS ZERO IN REÂDER SUBR"IIUTINE )

47 D0'71 IT=1 r I END
RTIO ( TT I=NHO ( T T I *FKAY/Ftr P

71 DRHO ( ITI =JJRHOf IT ) *FKAY/FIP
DB639NC= L rNl{A)rP
Rlrtl N( Nt I =RHOIN( NC) *FKAY/FI P

ó39 DRHI]Ii{ II.¡C I=:DRI-:DIN( NC I TFKAY/F I P

RHOI N ( NITA X} =RHt.]I N ( fi¡HAX } ¡FKAY./F I P
I F-D I VT DE E F'ETK7-7-7, 17 8

777 PRINT779" ',¡9Itr[FAT(35Ij DIV c¡.I TRIG oN IN READEIì FOR FIP)
gALLEXI f

??8--IF (RG-2O. r,t 153r t54r t54
158 READINPUT'TAPE2, lr T LI4AXM-It4 -e6NTrltrrË

LHAX=L l4A X,T+ 1-Ddt-4?J;l, illlnx -

L47 I ßN( JI =1- IF( Re-20- r) L56;I-s7i r5z -
I56 CONITINUE

REÃD I_-ÑÞUÏTAPE2-; r O;Jî.iãX
, READ I NPUTI'A P

DO49J=lr Jt'AX
E2 ¡12 r ( THETAD I J ) ¡ J=l r JPIAX)

49 THEïA{ Jl =ü. 01745329252*THETADI J t
RETA_D TNPUT T_A PEz;_TO-, LÞI; LPF.NH I T ÑHF
RËAD.I NPUTTAPË 2 I T2I HOJ I, HOJ F- - ----RFA-D-'[NHI[TÃ-FËZ; 12-tR AD-ù{-C r tl F
READI NPUT] APE 2 TLZT SNOI T RHOi}S T TBDPOT

I57 EÕÑTTNUE
KSUPER=2
EALLETRL4



207
202
2A7
204
205
206

210

IF ( r SP ILL )202t 2* 4t?Ç2
PRI i'i 2Ü3, ISPI LL
FÜRtì/iT I:¿3;. UNDEIìFLCIh ÜCC,URRED AT I5I2liI IN READER, SUBR,DUTIT{E}
IF ( JSPILL )2Q5121Crit5
PRIliì-:¿0É,.rst)ILL
r-iJRI":,4'T(22 ÜVE;IFLÜþü OCCUI{RED AT I9,21H IilI READER SUBP,T}UTIruE)
CALI- E;{ I
tìÈ tUiìirl
5,,ti)





LR=LR+KC
NP=2
I ND= KC

TCCC RADS (2)=RHt l2l / FKAY
KUP=l
GCTC 94 I

51 IF(RCSP(INDI-RCSP(LR) )5f ó'70
5 IND=IND+l

GCTC5l
7O PRINTITCIRCSP{ IND) TLR IRCSP{LR)

170 FCRI.qAT(3lH REDUCTICN FAILED F0R RCSP (Il=813.4¡26H WliËN STORE PT
lAS FCR LC=I4r5H RH0=E13.4¡

IlvE=19
C ALLREDEF

ô NP=NP+1
RHC(NP)=RCSP(INDI

941 RADS (NP)=RHC l1\P) /FKAY
DC345L=lrLMAX
XCS(NPrL)=XCS( IND'L)

345 YCS (l\PrL)=YCS ( INü'Ll
DC34óLI=l r LI P

XCST (NP'LI ) =XCST ( INDr L I )

346 YCST (NP'LI )=YCST{ INDt LI )

I F ( K LP-2 ) 1I00 r 1100,1t 11
llCC Kt¡P=5

GCTC5l
lllI QGQ=RHCIN (NMAX )-0.001

I F (rìH0 ( NP )-eCQ )95 ¡72 t72
95 TEST=RHCIN(¡{Z+11

I R0=RCSP ( tltiD )*I000.0
ICH=TESIt*1000.0
IF(IRC-tCH)9Lt92r93

93 PR I N I LgVr RHC ( I ND ) TTEST r NF r IND r MZ rMCr LRr ( RHO( I )' I=lrNP ) r SPACE rQQQ
IDRHCTN{I ) r I=1 rtlZ) r (RHCIN( I ) r I=lrMZ)

I93 FCRMATI26H STCRAGE FAILURE FOR RHO =E13.4rl5li AND CHANGE Pf E13.
l5H NCS=513/5H PTS'=10F9.51

I ME=19
CALLREDEF

9I LR=LR+Mü
I l\D= I ND+ I
GCTC5l

92 MC=SPACE/DRHGIN ( EZ+1 ¡

IFDIVIDECHECK793,794
793 PRINrT95rMZ
795 FCRMAT(33H DIV CH TRIG CN I¡I ADJUST FTR $,2=I4I

ItrE=19
C ALLREI]EF

194 MZ=M Z+ I
LR=I ND+ltC
GCrC5l

12 DRHCL=SP ACE/ FKAY
I FDI VIDECHECK88l7 I 8818

88I7 PRTNT88I9,FKÂY
!iR I TECUTPUTTâPE3 I 88I 9 I FKAY

8819 FCRl\,4AT(tH /22H DIV CHK Il\ ADJUST K=E13.4)
C ALL R EDEF

8818 CCNTINUE
I F (NP-{ NP /2) *2) 8l r82 r8 I

8,2 I END=NP-1
GCTC83

8l tEND=NP



83

3I

12
2811

LH0=LPI+l
NH0=NH I
CALLIJShFHÛ
DC3II=ITIEND
FFSRI¿ (I )=ULRI\ ( I )
LH0=LPF+l
NH0=NHF
CALLtsS}IFHC
DC)2I=lrlEND
FFSI¡a(I)=ULRN(I)
ULRN ( I )=FFSRIi ( I ) *FFSIIV ( I )

C CNT I NUE
CCNTTNUE
IF ( I SPILL) 813,8I4I813
PRINTSI5,TSPTLL
FCR¡IATI24H UNDERFLÛH IN ADJUST AT I5)
I F ( JSPI LL) 81ór Bl7 r816
PRINTSlSTJSPILL
FCRI4 AI I23H CVERFLC!i I¡ ADJUST AT T5 )

I l\'E= I9
C ALLREDEF
RE'TURN
END

813
815
814
8ló
818

817



SUBIìTUTI NfBSIdFHÜ
IFDM DECHECK50r5_l

50 PRINTI5CI
150 FsRl4ArÍ6gH D-_tVlpE_CH_EÇ_K _TXJÈC-ER EoUH_D !À¡ ÂT_ STAßT_-IIF.-B51dF_H0 .sgBÅOtL____

UTI ÛIE I
cåt=_LExI_T _

51 ISPILLéO
JSPII-L=O _ _
.ALP=2* l2* (NHO- 1l+(LHO-11l+3
A LP 

=ÂLPl¡_B_liQ_g 
S.1_Bl{0-ts*s_ _

SALP=SQRTFI ALP I
AtPSH=5Â L!!âL_P
ALPTQ=SQRTF { ALP3HI *0J751L2574
lF { l-tlO-:?-lJ¡2:2

1D09I=lrIEîtD
Q=S/ILP*R,AI]S{ I I
Q2=Q*8
cQT_Al3,r4r ìir_6_! r rïþr0

3 Y¿2.0*AL PI'Q*ËXPF I -0. 5*fì2 I
G0TO100

l+ Yjz. 449+898r?ALPTQ* ( l. 0-2. O*8213.û) *EXpF I -0.5*qZ )
ü0T0t00

5 Q4=Q2r82
Y=2. 7386 r zB*ÂLprQ* ( t; 0-4. o*g2l 3.0+4.0¡Q4/ 15, O) * EXpE ( :0. 5*Q2 I
GOTOl00

6 84+Q2*Q2
Qó=Q4'*Qz
Y=2. 95 803 99*ALPTQ*EXPF I -O. 5 !Q2 ) * I tr.0-2. g,*Ql+0_._Stql+-0.- 0761905*eé !

100 IFIRADS( I )-RADh'C)7r7rr
? ULRNf tr l=HF;IY

soT09
I ULRÌ{( I )=Y
9 CONTIilJUE

GOTr30
2 D093Ij1r II_Nt)

Q=SALP*RÅI}S I I I
Q2=Q*Q
GOTil lzlr 22,231 , NHO

2t FACTOR=FG lLH0-f I -Fg{ 2rL¡lO-l I
HONORI'{=2. ii** ( LþtOl *ËXPF ( FACTBR/Z.O }
Y=HONORM*ItLPTQTEXPF (-0.5*Q2I *Q** I LHU-1)
Ê0Tü90

22 FACTûR=FG {2*L¡tO+l l+2.0*FG( LHO-t l-FGl LHÐt :2. O*Fû ( 2rLHt)- 1 I
HONORI-I=Z o r.r*r!( LHU-I) rEXpF ( FAC'[0R/ Z.0l
Y=HONORM¡I /TLPTQTE XPF ( -0. 5}82 I *Q** (LHO-
60TD90

t l*l 1.A-2-*821 ( 2.O*CLHO+tJgl )

2t FACTIIR=FG (2*LHC+3t-FG( LHO+t I+2. 0*FG( LHO-t l-2.0rFG( 2*LHo-1 )
H0NORM=2 r -.ì** I Llll0--z-t IEIPtt FAcToR/ 2.0 I f L. 4

*ALPT(;*EXPF (-0.5*QZ l rQ** f LH0-l I *
42L35

Y=H0NüRl'l 1. t-4 .O*821( 2. û*CLHtì+I -O,
I +4 . ûr I 2 * Q¿l ( 2 . O * g ¡¡1 O-+ 1 . O I I 12 . 0 * C L H O+ 3- 0 )

90 IF(RADSI I l-RADr{ClgL rgLrsZ
91 ULRN(I)=l{F*Y

GOTÜ93
92 ULRNfI l=Y
93 CIJNTI NUÈ

7e7 htRITEüUTPUTTÁPJ3rJ9_Ð_rryI0rLUqrBF|QÞ!rAtprJAt=p_r4!p?Hr_ALpfQ,EoUg-ßËiEJ$q
t ToIl

798 FüRf4A'r

I
I
)

(14¿'i BSI,íFH0 FüR N=I2r.)H L=I2r lH r lP?El5.4)
rlil lobióir6030 IF(ISP



6i)
ló0
6I
62

I{r2

63

¡)RI,'i i-l :iii r I ì¡r I Ll,
Ftjiì:,ll\ l-(;Ì _.Jl tj1'lr) :sF'_,)t tj:;ii_tjì'ì1:u '\ [
Ii= (.jJl:,Il_L )ô2 t6j¡5,]-
iJ:ì.i, ll l. ö;1,,i,i¡r I Lt
!:,_rÍr,,ìåT (,:t.J iiv :ÍìFLlii,l tl;tuRll:t) .,\ f
{-AL]-I:XI !

iìl't U:ì .;

l-:t¡ r-)

Ih,?-'.Lt'l Ii{ ß:;i"lFl'l¡"ì SÌJBlltìtJTIi\ i )

I,i, 21;¡ Il\l i':StiFi'iÐ suBRnljTI¡,J[)





4268 CCNTINUE
RETURN
E NI)



3

5

SUBROUTINEACTION
IFDIVIDECHECKS¡4
PRINT5
I.,IR I T EO UTP U T T A PE31- 5
FCRMAT(2óH DIVIDE CHECK CN IN ACI-IONI
IlvE=21
CALLREDEF
I SPI LL=0
JSPi LL=0
Kt\=l
K=I
S't0R1=EPSI
STOR2=EPS2
C BA=C. C

F ED=C. 0
H=4.C
OERI=RAD S ( K ) *RADS ( K ) *F FSR}4( K ) *FFS IM ( K )
0EII=0.0
T LAS T=K
TALLVGEN
cALLCMp ( 0ERt rCEI I rEpSt, Ep52r 0ERl,0EI 1 l
IF ( I SPI LL ) 1357 rt06 ¡ L357
I F ( RENf'lZ l52l -4.0 ) 105, 105, t0ó
!'JRI TEOUTPUTTAPE3I lOT I I SP i LL, KI RADS{ K ) IÜERlT OEI I, AGL I SGLT YLMR T YLMI
FCRMA'II24H UI\DERFLCId IN ACTIÛN AT T.7II5IIP7E13'4I
RENM ll52) =RElr¡{¿ ( 52 ) +1.0
CCNTINUE
KN=K N+ 1
I F I K-l ) 504 ,5C4 t5Q2
I F ( K-I END ) 503 t5O4 t5Q4
CBA=CtsA+0ERI
FED=FED+CEI I
IF ( K-IEND )51C,511 r51 I
K=K+ I
GC TC4 98
c 8Â=cBA+H*CE R I
F ED= FED+H*CE I I
AGï=ABSF(0ERl)
BGT=ABSF(UEII)
üGT=AGT+BG T

IF(K-?Ot722t722t123
I F ( CGT-1.08-C91724 t724 r722
I TL=K
I F ( ITL-z* ( ITL/ 2l',511 r73l r5l I
H=l.C
K=K+ I
GCTC498
CCNTIIiUE
H =ó.0-H
K=K+1
GCTC498
YLMR=CBA*DRFiCL/3.Q
YLMI=FED*DRHCL/3.0
E PSl=STCR I
E PS2=STCR2
I F ( JSPI LL ) 3157 t4268 ¡3751
PRINT5317 I JSPILL
t.¡R I T ECUÏPUT I'APE3 I 53 I 7 I JS P I LL
FCRIVAl I?SH CVERFLOh IT\ ACTION AT T5 )

I IE=21
CALLREDEF

4

498

lcó

L357
lc5
1C7

5C2
504

37

51C

5C3

2

724

13r

122

51I

2468
3I57

53Ll



4268 CCNTINUE
RETURN
END



c
SUBRCU T I NËVGEf\
YUKAhA POTEf\ TIAL FORTI
IFDIVIDECHECKTI4

3 PRINT3I
HRI TECUTPUTTAPE3,3I

3I FCRHAT (33H DIVIDE CHECK CN A'T START OF VGEN)
I lt'E=22
CALLREDEF

4 I SPI LL=0
JSPILL=0
Llv=KSUPER-1
EG=Llv
Rl=RADS(IKTRL)
R2--RADS(ILASÍ)
TERI=2{ÊLfv.+l
LG=2+LM+1
IF(Rl-R2',t5t6)6

5 RL;=RZ
RL=R I
GCTCT

6 Rl,=R I
R L=R2

7 AL;=RU*DtsG
AD=iìL*DBG
A RG=-AU
fEX=EXPF { ARc )

IF(LÍv,)9r10r11
9 !iRI TECIJTPUTTAPESTgTT LIV IKSUPER

91 F CRMAT (25H TRANSFER I f\CCRRËCT LM= I2 r 8H KSUPER= t 3 )
IN.E=22
CALLREDEF

lC TSM=1.0
GC TC2O

lI KL=I
AL=I.0
fST=AL

l5 AKL=KL
AL2=AL* ( Ec+AKL) + ( EG-AKL+I.0 ) /AKL/ 2.O / AU
TSI¿=TST+AL2
IF(KL.LMIL2,20I20

12 K L=KL+ I
TST=fSM
A L=A L2
G CTC t5

20 FK=TSM*TEX/Al
CALLSIG(L14ILRILU)
A3=LR
A4=LU
TALLCMD ( FK r0.0 r A), Ã4r RH rUH)
HKR=-RH
H K U=-UH
SATE={!*nfÇ
E S=EG*LOGF ( 2 . O ) +FG ( LIV+ I I -FG ( LG+T I-LOGF ( EG+I. O ) +LÛGF{ TER I+I.O I
BL=EXPF ( ES )
IS4=ts1
X SM=BL
KP=l

56 AKP=KP
ts L2=B L*Ap*ÂD / 2.0 / AKP / 12.0 *EG +2.O*AKP+ l. 0 )
XSUM=XSM+BL2
REMI =1.0-AD * AD /2.O/ I AKP+1. Ol / I 2.0*EG+2.0 ¡AKp+3.0 )





SUBRT}UTI Nit.{I GNER
I ËÐ I_V-r_ pE rltE-c_l( :e I Q r eQ g

988 PRINT99O
geo FoRr4ÂT(60H DrvIDË CHECK TRTGGER FÛUND Ott ÂT_5r4eI gE f,I_ÇNER sttBRou

l.TINH I
çaLLËxrT

989 ISPILL=O
JSP I LL=O
AJ= LtCI
AK=LW2
ÀL=LH3
AL2=AB SF I ÀJ:AK l.
AL3=ÀJ+ÅK
IF(ALz-At-OiÞ) lr1r29

r IF f AL3-AL+0j5 l29 r2r2
2 Al¡t=Hldl

AN=t4ldZ
IF( It.l-2) 3 t3¡t+

4 AL=ALl:¿.O
AJ=AJ/12.0
AK=AK/2. û

? AÞ{=AJ+l.O-AM
AN=AK*I.O-AN
AAil=AB SF t .1¡{ I
AAN=ABSF I ANI
Flvl=Afrl+AN
AFM=ABSF f Ft'Tt
IF(AFH-AL-ù¡5I6r6r2'.9

6 IF( AAM-AJ-0. 517 t7 iZg
f_ If t_44[:4[:!. r )_Ër I ?_2 eI I F t Afil 20r ûO2r 201

202 IF{ANl201 ¡2031201
20L GOTO100
203 JT=AJ+AK+A.L

JTH=JT/2
. 1 . .Il ( JJ-JT!!*-2-f-2*04¡ ?o5 rzo+
204 CLEß=O.0

GCITß3,1
?A5 I l=J T-2* l- hI

I lH=lLl2
I2= 2*Lh2
IZH=L2/?
I3*JT-2* L bil
I 3H= 13 l2
AIL=Il
ÀI2=I2
AI3=I3
À tr IH=I IH
A I ZH=I 2H
AISH=I3ll
AJT=JT
Y=FG ( X 1+t )+FG{ [2+1t+FG ( I3+1 )-FG ( JÍ I
Y= ( Y+LoGF ( (2. tiAL+I. .ol I ( AI l+1. o ) I I AIZ+1.0 ) l( AI 3+I.o t/ I AJT+ L, øl I I I Z

L.0
YÉY+FG ( JTH) -FGI I 1H+ I i.FG I ¡ EN+T I -FG ( I3H+I T

Y=Y+L{JGF { (ÀI lH+ I i 0 } * ( AI2H+L. 0 I r ( AI3H+1. 0 I I
i o= ( Lli t+ L t¡2"- Ll,l-il I z
CALLDNE}1N Í I6, X5I-.CLtrB;x5TEXÞFIY¡

a



GOrO3ü
1O0 I1=AL+AJ+û.l-AK

AI 1=I I
IzjAL:AJtAK*0.1
AI7=I2
I3=AJ+AK-AL+0. .L

AI3=I3
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volume reactions, where the l'eaction mechanrsm rs

assumed to be the factor causing localization to the
surface region. Localization due to the optical-model
wave functions was discussed and two possible effects

identified, phase averaging and focusing.
The present work reports detailed calculations of

angular distributions in the distorted-lvave Born
approximation for several representative reactions. The
object is to describe more quantitatively the effects

identified in I. The rnain conclusions are that focusing
is very important in determining general characteristics
of angular distributions, in particular, it can cause large

backward peaks; phase averaging while it exists, is not
so important; the difference between surface and volume
reactions is qualitatively significant.

fn Sec. 2, phase averaging is discussed and examined
quantitatively in a particular case.

fn Sec. 3, four reactions which might be expected to
proceed by the two-body collision mechanism are

studied. Angular distributions for volume interaction
are compared with those for surface interaction defined

by completely eliminating the contribution to the
matrix element from radii less than rr¡-4å, the radius
parameter in the Eckart form factor used for the
optical-model potential. Large difierences in shape and

magnitude are found. In some cases, the dependence of
the differences ou the parameters is discussed so that
some idea can be obtained about whether the efiects

would be expected to be genuine features of the reaction.
The effects of different assumptions about surface

Iocalization are studied.
In Sec. 4, the backward peaks which are due to

focusing in the optical-model wave functions are

examined for different energies, different potentials, and

diff erent radial-locaìization f actors.
The present calculations are done with a ô-function

two-body interaction, since we are interested only in
the effects of the optical-model wave functions in
general. For reaiistic fits to experimental data it is

probably necessary to have a finite range force with a

realistic exchauge mixture, but this defect is not ex-

pected to invalidate the type of conclusions we draw
here,

2- PH.åSE ÂVEBÁGING 4][D IEOEUSIIIG
IN DISTORTED WA'VES

The differential cross section in the distorted-wave
Born approximation for incident and outgoing particles
of equal mass is given by

h/ p \2 I
d'o/dç¿:-( ) --'j*l L"r\ft^*"1', (l)

þ'\2t¡h'/ 2j+l

where å and k' are the initial and final particle momenta'

¡.r is the reduced mass of the incident particle, j,m are

the angular-momentum quantum numbers of the initial
bound state (assuming that only one particle can take
part in the reaction) L,M are the angular-momentum

transfer and its magnetic quantum number.

lfÇ,v r:Lu' iI-L' I 
^¡,¡ 

t JuY u 
rr (0,0),

where d is the scattering angle, l,l' are the angul
momenta of the partial waves for the entrance and ex

channel optical-model wave functions. Suppressing tl
quantum numbers m, M, L, the partial matrix elemen
I¡¡' are overlap integrals of the form

I u,: d.r r" J t(hr) f u (k'r) R*o ¡ Q) R", e, ¡, (r)a (r) , ('

where /l and fr are radial-wave functious for tl
entrance and exit channel optical models, Rnp¡ 3l
Rn,nr¡, ùre radial-wave functions for the initial and fi.n
bound states whose principal and angular-momentu
quantum nurnbers are respecti-reI¡r n,p and n',7
Ilarmonic-oscillator wave functions of the form givt
by Glendenning6 are used in this work. The ð-functi<
approximation to the two-body potential has been use

but its strength u(r) is assumed to have a radi
dependence.

It 'çvas shown in I horv, in accordance with tl
suggestion of Austern,a the phases of /r and Ív fallr <

with r more smoothly for distorted waves than f
undistorted waves, thus resuiting in a partial cancell
tion for small ((åR where R is the nuclear radiu
values of I because of phase averaging in the regi<

where R,oR,,r, is appreciable.
Figure 1 iìlustrates the phases of /r for differe:

values of I iu the case of 30-MeV neutrons on C12 wi
optical-model parameters 7:40 MeV, I4l:18 Me'
ro:L2 F. ¿:0.5 F. It is ciear that for l(4, which
approximately the surface value, the phase falls <

quite smoothly with r, whereas for larger l, the pha
curves have almost square cotners as they do for pla:
\,vaves, since the optical potential has little effect r

these partial waves.

F

n 2 , t 
P_t 

[ 12 tl

Frc. 1. The phase of rt(kr), the lth partial wave in the optic
model lvave function for the scattering of 30-n{eV neutrons frt
C12, with parameters I¡:40 MeV, U¡:8 MeV, r:1.2F, a:05
'l'he phasè is plotted agairst p:l¿7'. The curves are labeled by t
corresponding value of l.

6N, K. Glendenning, Phys, Rev. 114, 1297 (1959).
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5tl 2 1012
r (FERMIS)

action region now included a signifrcant amount of the
foci.

Figure 8 shows two intermediate cases where the
magnitudes of the cross sections are roughly similar. In
one case we have larger R¡ and larger / than the other.
The values used were Rt:2.2 F and 1.8 F and /:9.5
and 0 respectively. The third peak characteristic of
surface interaction is still present in each curve but the
backward peaks are large in each case. The magnitudes
of the backward peaks are 0.7 of the value for /:1.

The angular distribution was also calculated using
a form factor z(r) which was the derivative of the
Eckart form factor. Three peaks were again observed.

It is fairly clear that in this reaction a tendency to
surface weighting is shown by the appearance of a peak
at about 90", which seems to be quite a critical test of
the surface weighting assumption. It would perhaps be
surprising if refi¡rements to the calculation such as
inclusion of spin-orbit coupling in the optical rnodel and
a more realistic two-body force would change this
qualitative conclusion. Further work is planned on this
point. 'fhe experiment would be weli worth doing.

Surface and volume interaction has also been com-
pared in the F1s case at energies up to 60 MeV. Il is a

101

4
I

Fro. 7. Magnitudes a and phases (indicated by marks as for
Fig. 5) of the entrance (top) and exit (bottom) channel optical-
model wave functions for the cases of Fig. ó. The broken line is
Ior V:45 MeV, the continuous line is for 7:55 MeV.

surface interaction. It is unlikely that reactions would
be purely conflned to the surface. Calculations have
been done with a square-for"m factol giving the latlial
dependence of the interaction potential a(r).

a(r): ¡, r3R¡.
ø(r):I , r) R¡.

The incident energy used was 10 MeV and the param-
eters were those of Table I. The radius R of the Eckart
l^--- f^^r^- :^ ^L^-.r 2 O fl :- +L:^ ^^^^lUIIrt F@tugr r5 @UUqL JZ r ¡rr Urrtð L45¡_

For lR¡:¡, -f:0.5, it was found that the shape of the
angular distribution was indistinguishable from that in
the case /:1 (volume interaction), but the magnitude
was reduced by a factor 4. Cleally, this calculation
corresponds merely to a volume calculation with a
reduced potential a(r) and a slightly different tail. The
intermediate cases will have similar shapes to the
extreme cases unless the central and surface parts of
the overlap integrals are of the same order of magnitude.

when R¡ was reduced to 2.2 F, with ¡:9, it was
found that the three peaks characteristic of surface
interaction remained, but the backward peak was much
higher than the frrst peak, indicating that the inter-

0 60 120 180

C.M. SCATTERING ANGLE (DEGREES)

Fro. 8. Angular distributions for the inelastic scattering of
10-MeV protons from Fle with Z:1. The parameters are those of
Table I. The continuous line represents the calculation ¡,ith
&:2.2 F, ,f:0.5, the b¡oken line is for R¡:1.8 F, l:0.
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cross section using the following parameters in both
entrance and exit channels, 7:50 MeV, for curves
(A) and (C), 47 MeVfor curve (B), tr4l: 6 MeV, r o: !.2F t

ø:0.55 F. The radius R¿ of the 12 bound-state wave
function used in each channel was 2.3 F for curves (A)
and (B), 2.2F for curve (C). This is unrealistically small.
Two different shapes for the radial two-body folm
lactor a(r) were used, namely ,f: 1 (volume interaction)
for curves A and B, and /: l/16, Rr:2.2 F. This value
of / gives center and surface contributions to the matrix
element of the same order of magnitude, Only the
shapes of the curves are significant.

The most striking fact about tìre curves of Fig. 9 is
that the energy valiation of the ha,ckwa.rd cross section
reflects the shape of the factor

R,e ¡ (t') R *' p, ¡, (r) a (r)

in the overlap integral for the matrix element. In this
case, the same 1p harmonic-oscillator wave function
was used for both entrance and exiL channels. The
radial factor has one peak in the /:1 case. A peak
might be expected to appear in the energy distribution
when the focus is situated at the radius of the pcak in
the wave functions. The peak is at a higher energy for
curve (B) than for curve (A). This is contrary to the
simple picture because the focus should be at a slightly
Iarger radius for smaller tr/. However, the situation is
complicated by focus-surface interference. The relative
phase of the surface and focns contributions changes
rapidly with 7 and energy and the same situation would
be expected to arise at lower energy for higher 7. The
large Q value of -3.005 MeV means also that the en-
trance and exit channel foci occur at diffelent radii. The
magnitude and phase of the entrance channel wave
function at 5 and 10 MeV are shown in Fig. 10.

Curve (C) shows that, when the snrface is weighted
mole Lhan the ceriter, the backwartl cross secliolì
increases again as the foci enter the heavily weighted
regron.

The variation of the optical-model potentials w
energy is also a complicating factor. However, t
variation should at least be monotonic, so any sign
cant tendency to a second peak in the energy variat
curve could indicate surface weighting. It was for,
that, in this energy region, the increase n W w
energy was the most important determining factor
the shape of the energy distribution, causing it to dr
quickly at higher energies.

The effecb of the foci in producing forward peaks
cases where I is even and greater than zero is illustra'
in Fig. 11 for the inelastic scattering of protons fr
the second excited state of Fle. Here L:2.Thepara
eters were those of Table I. The curves on the left
for 10 MeV, those on the right for 20 1\4eY incidr
energy. The shapes only are signiflcant. The solid cur
are for Í:1, the dashed curves for /:9, R¡:R.

In the 10 MeV case for surface interaction, the fo,
is in the central region, so the forward cross sectior
small. At 20 MeV, the focus is in the surface region. 1

relative heights of forward and backward peaks are
same in this case for surface and volume interactio
This may, however, be just an accident at the particu
energy.

5. CONCLUSIONS AND DISCUSSIONS
OF EXPERTMENTS

Purely optical-model effects such as phase averag
do not significantly reduce the contribution o{
interior of the nucleus to the distorted-wave B<

approximation matrix elements at any energy. Sign
cant diflerences between surface and volume interact:
rnechanisms pelsist at high energy and show up
angular clistributions,

At energies up to about 30 MeV the shapes of angu
distlibutions are greatly affected by the Ìoci in
optical-model wave functions. The movement of
focus from small to large radii as the energy increa

!

b
!

I ( FERM|S )

Frc. 10. Magnitudes x and phases (indicated b), marks as for
Fig. 5) of the entrance-channel wave functions at 5 MeV (brol<en
line) and 10 MeV (continuous line) on the scattering axis for
case A of Fig. 9.

C,M. SCATTERING ANOLE (DEGREES)

Frc. 11. Angular clistribution for the inelastic scattering
10 MeV (left side) and 20 N[eV (Light side) protons fron
second excited state of Fre lvith Z:2, Continuous lines are
volume interaction, broken lines are for surface interaction.'
parameters are tr/:55 \[.eY, W:4 MeY, r¡:1.) F, .4:0.5I
R6:Pt:3.2 P.
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