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A programis presentedfor thestudyof collisionsbetweenheavy-ions.Theseincludeelastic, quasielastic,deep-inelasticand
fusion processes.For theinternal degreesof freedomof thetwo ions, we choose in TORINO the collective surfacemodes
treatedasdumpedharmonicoscillatorsandincorporatetheparticletransferasa statisticalprocess.Thesedegreesof freedom
are representedby classicalvariablesand their time evolution is followed by solving a system of first order differential
equations.The quantalfluctuationsof thedynamicalvariablesaretakeninto accountby following with theclassicalequations
of motion the evolution of the system in phasespacewith an ensembleof initial conditions which reflect the quantal
uncertaintiespresentin the initial state.

PROGRAM SUMMARY

Title ofprogram: TORINO deep-inelasticandfusion processes.The characteristicsof these
regimes are determinedby an interplay betweenthe relative

Cataloguenumber:ABDB motion of the two ions and the relevant internal degreesof
freedom.Calculationsof reactioncrosssectionswith TORINO

Programobtainablefrom: CPC ProgramLibrary, Queen’sUni- incorporatethe explicit coupling to collective surfacemodes,
versity of Belfast, N. Ireland (see application form in this which are treatedas dampedharmonicmodes.The statistical
issue) exchangeof nucleonsbetween the reaction partners is also

Computer:VAX 11/780 and8650 takeninto account.

Operatingsystem:VMS 4.6 Methodof solution
The different degreesof freedomare representedby classical

Programminglanguageused: FORTRAN 77 variableswhoseevolution is followed by solving a systemof
first order coupled equations.The quantal characterof the

High speedstoragerequired: 343 Kbytes surfacedegreesof freedomis takeninto accountby construct-
ing semiclassicaldistributions in phasespacefrom a set of

No. of bits in a word: 32 initial conditionswhich are consistentwith the groundstate
wavefunctions of these modes. For the integration of the

Peripheralsused: terminal,line printer, plotter equationsof motion, useis madeof theNAG library Mark 11
[1]. Resultsof thecalculationsaredisplayedin tablesandplots

Numberof lines in theprogram: 2427 which are producedby the CERN-library packagesHBOOK
andHPLOT Version 3 [21.

Keywords: nuclearreactions,heavy ions, low-energyreactions,
elastic scattering,deep-inelasticreactions,quasielasticexcita-
tion functions,fusion crosssections Typicalrunning time

Refer to table in long write-up.
Natureof thephysicalproblem
Collisions betweentwo heavy nuclearsystemsgive rise to a References
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LONG WRITE-UP

2. Formalism1. Introduction
2.1. Definition of thecoordinates

During the past few years considerableeffort
has beendevoted to the studyof heavy ion reac- The coordinatesspecifying the relative motion
tions. Particularinteresthas beencenteredin the betweenthe two ions are shown in fig. A. Defor-
essentially“new” kind of phenomenonthat was mation of the fragmentsis accountedfor by intro-
revealedin the earlydata, that of the deep-inelas- ducing collective variablesa,~,related to their
tic processes.This name has beenapplied in the shapeby
contextof heavyion reactionsto describenuclear -

collisionswheretheprojectile andtargetconserve R ( P) = 1 + ~ ~ ( ~)Y~(? )1.
approximatelytheir identity while acquiring cx-
tremeexcitationenergies.Different theoreticalap- where ~ is the equilibrium radius. The index
proacheshavebeenproposedto describethis class I (a, A) indicates projectile and target, respec-
of reactions.TORINO is a reactioncode which tively, while the label n is used to distinguish
combinesthe use of statisticalconcepts(used to modesof the samemultipolarity A but different
accountfor the exchangeof nucleonsbetweenthe frequency ~ From now on the label n will be
reactionpartners)with nuclearstructureinforma- omitted to simplify the notation.
tion (used to describedeformation of the ions The surface degreesof freedom ax~,(i) are
through collective surface excitations). By con- treatedas dampedharmonicmodes.Through the
struction.then,it allows for a smooth transitionin dampingmechanism,deformationenergyand an-
the descriptionof a variety of processesranging gular momentum is dissipatedincoherentlyover
from the mild quasielasticcollisionsdown to the the nuclear volumes. Additional damping of the
moreviolent deep-inelasticevents.Although based relativemotion is associatedwith the exchangeof
on a di-nuclearpicture the dynamic calculations nucleonsbetweenthe fragments.This processis
canevenbeused to estimatefusion crosssections. treatedin the proximity approximation[31.

A rather completedescriptionof the theory as Therestoringforce C~(i)andthe massparame-
well as a seriesof examplesin which this calcula- ter D~(i)of the harmonicmode are relatedto its
tion schemehasbeenapplied exist in the literature energyandto its strengththrough
[1,21.Thus, we do not intend to give here a de-
tailed accountof the formalism.We include,how- D~(i) = (3 +

ever, a section 2 where the principal variablesof h
2 8mf,S(i, A)

the problem are definedandwhere the equations () = [h~(~ )]2D
5(i).

of motion solved by the codeare listed. Section 3
is devotedto a detailed descriptionof the input.

I
Here the differentoptionsavailableto the userare a / y
presented.In section 4 the output of the code is
explainedthrough a seriesof examplesthat cover
the main applicationsof the code. Finally, section
5 gives a short list of diagnostics which may
appearunder illegal use of the code’s options as
well as a simpleguide to estimatethe computation
time requiredfor diversetasks.

/

p

Fig. A.
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Table we introducea factoraE so that
Setof coordinates

= aEA~
Relativemotion Intrinsicmotion

Coordinate r, 4) a
5~(i)i (a, A) Plottingfor eachmultipolanty A the fraction f~of

Momentum p,, p,~ ITI~~,(i)i (a,A) the EWSR exhaustedby each stateas a function
of the parameteraE, one can seethat, for most
nuclei, the RPA collective roots concentratein
distinct regions. Taking the centroidsof these

where S(i, A) indicatesthe total energy weighted regionsas representativeof the states,the univer-
sum rule (EWSR) in MeV spu (spu= single par- sal responsefunction shown in table 2 can be
tide unit) for the multipolarity A and J~is the constructed.Not very much is known about the
fraction of that strengththat is exhaustedby the systematicof theenergyspreadingof the states,in
modein question. particular for the higher multipolarities. Repre-

Table 1 lists the set of coordinatesused in the sentativevaluesof the width P are also listed in
program, together with their corresponding table 2. The large numbersused for A = 4 and
momenta x = 5 reflect the fact that for thesemultipolarities

the RPA responseis fragmentedoverseveralRPA
P~=mt, p4,=mr

2~, roots.
HAM(i) = Dx(i)x

5*~(i).

2.3. The interaction
In theseexpressionsm indicatesthe reducedmass
of the system(a, A). This choiceof coordinatesis
appropriatefor trajectorieswherethe initial angu- The interactionpotential betweenthe two sys-
lar momentumis along the z-axis andwhich re- tern is the sumof the Coulomb and the nuclear
main in the (x, y)-plane(cf. fig. A). terms

2.2. Universalresponsefunction U = UC + UN.

The Coulomb component UC consists of the
During thecollision, exchangeof particlestakes monopole—monopoleterm and the monopole—

placebetweenthe two ions. Theresponsefunction multipole terms
should thus only representthe averagecollective

Z ZAe
2

strength distribution for nuclei in the neighbour- U~= a

hood of the original projectileand target. r
The energy of the modesscaleslike A’~3 SO (A) 3Z e(R )A Y*(P)

+Zae~ 2X+1 r~1

Table2 (a) 3Z(R)5 ‘~(—P)
Theuniversalresponsefunction +ZAe~ 2X + 1 rX~ ax~L(a).

A aE F(MeV) %EWSR

2~ 0.41 — 20 For the nuclear interaction the program pro-
1.40 2 80 vides two options: the proximity potentialof ref.

3 0.40 - 25 [4] and the Wood—Saxonempirical potential of
2.36 4 50 ref. [5].

4~ 1.43 — 25

3.20 6 60 i) Proximity potential. The proximity potential is

written in the form5 0.65 — 12
2.25 8 50 UN(r) = 4’iryRbc~(s/b),
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where y is the surfacetension (y I MeV/fm2) 2.4. Dampingof relativemotion dueto masstransfer
and (b 1 fm) the surfacethickness.The quantity
s representsthe distancebetweenthe surfacesof The dampingeffect in the relative motion due
the two ions. It is approximatedto be to the exchangeof massbetweenthe ions is taken

into account by a frictional force. This force is
s = r — — P. a~~(a))+ RA(P, nx~(A))+ SI, given in the proximity approximation[31by

whereR
1 are the nuclear radii given aboveand S F= —4irn0Rb(u~+

is the Sussmanncorrection[4].The reducedradius
R is definedby where u,1 and u~are the radial and tangential
— componentsof the relative velocity of the two
R = [(c~1+Ci~)(Ca’+ CA.~)I—1/2 nuclearsurfacesat the point of contact and the

function ‘I’ is parametrizedas follows
where the C,’s are the curvaturesof the nucleusI
in the reactionplane(H) andin the perpendicular 11.4— ~, ~ � —0.4,
plane(J..). The equilibrium radii are given by / ~ + 0 4

— 1.6 — 0.6~—0.57 sink
R°=I28A

1~3+09A~~3—076 1.14

The function ~ is parametrizedas follows 0. ~ � 3.2.

—3.437exp(—~/0.75), The velocity u is evaluatedat each instant of

~� 1.5, time in terms of the relativevelocity, the nuclear

= —0.5(~— 2.54)2 — o.o85(~— 2.54)~, radii and the rotational frequenciesof the twoions and,eventually,in termsalso of the deforma-
<1 .5. tion variables.It can be written as

u = v,jW) — vA(W)
ii) Wood—Saxonempiricalpotential. This potential . Fr

=r+Q XR,(—r)—Q XRAr+v
as beenobtainedwith a best fit analysisof exist- a a A

ing elasticscatteringdata. A built in parametrisa-
tion is of the form with

— V or — Irr Irr

UN(r)= V —V~ VA.
I+exp[(r—R)/a]

The angular velocity fi, is calculatedfrom the
where intrinsic angular momentum I~ using the rigid

fr~= 16’rraR, a = 0.63. moment of inertia of nucleus i. With ~~rr we
indicate the velocity of the surfaceof nucleus I

At equilibrium the quantityR is given by due to the vibrational degreesof freedom.Using

R = R~+ R~— 0.29 the irrotational flow approximation[7] we have:

with R’ K
2~. a~ )YAM(OW,~W)

R~= 1 .233A~~3— 0.978A, 1/3 R~

In addition to these two internally generated
forms of the nuclearpotentialan externallygiven where the label W is used to indicate that these
Wood—Saxonfunction can also be entered. velocitiesare evaluatedat the window.
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2.5. Equations of motion through the damping of the surface degreesof
freedom is evaluated by integrating along the

The codessolves the following systemof cou- trajectoryits rateof change,that is
pled equations

— . — J~ 8(U~+ UC) LVIbdIS(i)=J~~dt~ D~(i)Lxd~S(i).r — pr/rn, Pr — — + Fr,
mr Or The angular momentumloss in the relative motion

= P1 . = — 8 (UN + UC) + M dueto the dissipativeforce F is evaluatedthrough

mR
2’ ‘~ 8i~i ~“ p+OO

* . LtransdiS =J dt (rx F)~.
H~~(i) -~

D~(i) This expression provides the total angular
~ momentumlossdueto masstransfer. It is divided

H
5~(i)= _Cx(i)ax*~(i)_yx(i) D~i~ betweentheionsaccordingto

/ Liransdis = Ltransdis(a) + Liransdis (A),

8(UN + UC)
— . , whereOax~(l)

1. R,(t) .

where M,~ standsfor the torque associatedwith trans,dis~

1)— Ra(t) + RA(t) Ltrans,dIs~t).

the frictional force F. The damping coefficient

Y~(i) appearingin the equationfor ~ is related In a similar way the energy balance can be
to thewidth F~(i) of thevibrational modethrough written as
the relation E~

01= Erei + E(a) + E(A) + UN + UC,

y~(i) = ~F~(i)D~(i). where

2.6. Dissipated quantities rei — 2m + 2mr2’
E ( i) = E~Ib( i) + Etransdis ( i) + EV1b dis( i),

The equationsof motion written abovedo not
conserveenergyand angularmomentumbecause EVIb ( i) = ~ E~,,vib(i),
of the presenceof dissipativeterms.The angular
momentum balancecan however be written as H (~ 2

1 Ati~/ 2
follows, E~,vib (1) = ,. . ~ + C~I a~~5(~)
L~0~=p4, + L (a) + L (A),

L(i) = LV~b(i)+ LV1bd1S(i)+ LtraflsdiS(~), EVIb,d~S(i) = ~fdt~~2 IH~~(i)

whereLVIb(i) is the angularmomentumstoredin
the surfacemodes.This canbe evaluatedfrom the The totalenergydissipatedby the masstransferis
relations given by

LVIb(i) = ~LxV~b(i), Etransdis = El~~d~S(a)+ Etransdis(A)

=f dt(r.F).
LAV~b(i)= ~ —~

This energy is then divided between the two
The angularmomentumdissipatedin eachnucleus partnersin relationto their masses.
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2.7. Fluctuationsand zeropoint motion 2.8. Quasielasticspectra

The descriptionof the collisionprocessin terms To constructexcitationfunctionsfor the quasi-
of the averagetrajectory,would be completeif the elasticregime,the codelooks for the set of impact
fluctuations about the expectationvalues of the parameterswhich feed a given scatteringangle0.
dynamicalvariablesweresmall. The experimental The averageoccupationnumber(N (p)) for each
data, however,show that large fluctuations are modeis given by
presentin measuredquantities like energy loss, ~ = E,(p)/hw,.
scatteringangle,etc.

Inspired by the resultsof the linear coupling where E,(p) is the excitation energy associated
model (cf. ref. [1] and referencesquoted therein) with the mode of energy hw,. The probability
the fluctuationsin the energyloss E1055 (excitation distribution for having a number v, of phononsin
energy) can be incorporated in a simple way. the mode is
Making use of the linear approximation the dis-
persionaroundthe averageenergylossdue to the ~ =

excitation of the surfacemodescan be written as v,! exp( —

(~El~$~h= ~ [(NA(a))(hwA(a))2 while the probability for an energy loss E is
A definedas

+ KNA(A))(hwA(A))21,
P(p, E)= ~ ~(E_ ~P,hW~)flPr(P).

where (N~(i)~is the averagenumberof phonons { ~
presentin the mode A of the nucleus i, and hWA Here { v~} indicatesthe set of all possibleoccupa-
indicatesthe correspondingenergyof the mode. Lion numbers.The double differential cross see-

Besides the excitation of the surface modes,
Lion is then written as

energy is also dissipatedthrough mass transfer.
This is a statistical process,and we can estimate d

2G = ~ ~ Idp/dO
its contribution to the dispersion in energy in dE d~ ‘ 2i~sin OdE ~ E)T(p).
terms of the energy loss due to this mechanism p

Eiransdis. The total dispersionin the energy loss is where T(p) is a coefficient describingthe prob-
written as ability to remainin theinitial masspartition(a, A).

It is givenby
(~E~ = E

1055 )~jh + (~~ dis )2 . 2

T(p)=exp{~J ~r(r)dtl.
This procedure gives only an idea of the L -

fluctuationspresentin the excitationenergyof the
The function ~r(’) describesthe depopulationof

fragments.To take into accountthe fluctuations
the entrancechanneldueto particle transfer.

in all dynamical variables one follows with the
classicalequationsof motion the evolutionof the
systemin phasespacewith an ensambleof initial

3. Inputconditionswhich reflect the quantaluncertainties
presentin the initial state.Since the relative mo- The information that it is necessaryto provide
tion is regardedessentially classicalthe sampling to run the code has been kept to a minimum.
of initial conditionactuallycoversonly the values

Thus, in its simplest form the programcanbe runof thevariablesa~~(i),H~,~(i).Theseare given by
Gaussiandistributionswith standarddeviations supplying very few data records.Of course, this

meansthat quite a few decisionshaveto be taken
2 hw (~H)2 haD by the code itself during execution. Theseinter-

= 2C’ — 2 nally generatedchoicesare called default options.
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It is quite naturalto expect that the utilization of this option becomesobviousif you want
of the codein specific applicationsmay not be to improve the statisticsof a given run by
optimal with the default options. Thus, ways to adding more trajectoriescorrespondingto
overrule these internal choices have been pro- the samebombardingconditions.
vided. K2 = 0 Proximity potentialof ref. [4] is used for

Following theseremarkswe. canroughlydivide the nuclearion—ion interaction.
the data records into two groups. There are re- = 1 Empirical potentialof ref. [5] is used.
cords that always should be read and other that = 2 Externally given Woods—Saxonpotential
are only read when a default option is to be is used.An additional recordcontainingits
overruled. In what follows we shall always mdi- parameterswill be read(seerecordnumber
cate one of the records belonging to the second 5 (~)). Note that in this casethe depthof
groupby meansof a diamond(ci). the potential is kept constant along the

trajectory.
RecordnumberI K3 = 0 Surface deformations are taken into

account.

READ ( *) MA,ZA,MB,ZB,ELAB = 1 Surfacedegreesof freedomwill be ignored
in the actual calculation,even if specified.

MA = Massof the projectile, In this way the nuclei remain spherical
ZA = Chargeof the projectile, throughoutthe collision.
MB = Massof the target, K4 = 0 The dissipative effect of nucleon ex-
ZB = Chargeof the target, changebetweenthe reactingnuclei is taken
ELAB = Energyof the reaction in the laboratory into accountaccordingto ref. [3].

system. = 1 The dissipative effect of nucleon ex-
changebetweenthe reactingnuclei ignored.

Recordnumber2 With the choices(K3,K4) = (0,1) or (1,0)
one can thusinvestigateseparatelythe ef-

READ ( * ) K1,K2,K3,K4,K5,K6,K7,K8,K9,K10 fects of the inelasticand transferchannels.
Note,however,that oneshouldnot usethis

Ki = 0 For averagetrajectories.The calculations type of analysisto drawconclusionscon-
are performed with initial conditions for cerningthe relativeimportanceof thesetwo
the surfacemodes that correspondto the processes.This is dueto the fact that either
quantalexpectationvaluesof the deforma- mechanismstrongly affects the dissipation
tion andmomentumin the groundstate, through the other. It follows from these

= 1 Randominitial conditionsfor the surface considerationsthat the choice (K3,K4) =

modes.Thecalculationsareperformedwith (1,1) canbe usedto generateelasticdeflec-
initial conditionsfor thesurfacemodesthat tion functions.
aregeneratedat randomin consistencywith KS = 1 Thisgeneratesasspecialmodusoperandi
the spreadin deformationand conjugate which is suitedto the study of reaction in
momentum correspondingto the ground the quasielasticregime.Since the contribu-
state.Note that although the initial condi- tion to quasielasticevents come from a
lions are provided by a random number rather narrow range of partial waves close
generator,the samesequenceof numbers to the rainbow, the program will try to
would be repeatedin anotherun with iden- optimize the calculation by selectingthose
tical datarecords. impact parameters.The main objective of

= 2 Irreproduciblerandom initial conditions this option is to generatethe crosssections
(sameasabovebutgeneratesirreproducible as a function of energy for a few angles
random initial conditions. A call to the neartherainbow. Theseare internally cho-
clock achievesthis result). The advantage sen. In order to constructabsolutecross



348 C.H. Dasso,G. Pollarolo / A semiclassicalcoupledchannelcode

sectionin mb/sr MeV the depopulationin of the relative velocity and the rotational
the initial mass partition is taken into frequenciesof the two ions only.
account through an absorptive potential = 1 An extraterm is addedto the velocity u.
W(r) (see ref. [8]). The default values of representingthe velocity flow associated

are0, 25, 50 MeV. Theangleswhere the with the deformationdegreesof freedom.
crosssection is producedand the valuesof Applications seem to indicate that more

can be externallyspecified (see option reasonableresultsareobtainedwith K9 = 0.
keys K7,K8). If the calculation is per- This question is still under investigation
formed with random initial conditionsfor and therefore an eventual updateof the
the surface modes (K1 = 0) the impact equationsof motion may be needed.Exam-
parameterrange must be specified exter- pies in section 4 are all calculatedsetting
nally (seekey option K6 = 1). K9 = 0, an option which at the momentis

K6 = 0 Impact parameterrangegeneratedinter- recommended.
nally. K10= 0 The output via HPLOT is not produced.
a) For average trajectories (Ki = 0). The This valueis recommendedif onedoesnot

calculation will sample the impact intend to usethis facility, as a considerable
parameterrange from zero (SMIN) up amountof computingtimeis saved.
to a valueslightly exceedingthe rainbow = 1 Theoutputof HPLOT is savedin unit 29.
(SMAX) with a numberof trajectories
which is specifiedin recordnumber3. If Recordnumber3
this value(NTR) is left zero, the interval
for the impact parameter(DS) is set to READ ( * ) NMA,NMB,NTR
0.2 fm.

b) For randominitial conditions(Kl = 0). NMA = number of surface modes for the pro-
In this casethe numberof trajectories jectile. The signof this quantityis usedto select
must be specified.They will be distrib- different possibilities. If NMA < 0 the specifi-
utedbetweenSMIN andSMAX so that cationof the modesis externallygiven.A set of
each trajectory carries the same cross — NMA records,one for each mode, will be
sectionweight.The interval DS is thusa read (see set number4 (<>)). INMA I should
function of S. so that more trajectories not exceed12. If NMA = 0 an averageset of
are calculated for the larger impact surfacemodeswill be internally generated,as a
parameters. function of the projectile massWMA (cf. 5cc-

= 1 Impact parameter range is externally tion 2). If NMA > 0 a set of NMA modesis
given.Extra recordis read(seerecord num- addedto the averageresponsefunction gener-
ber 6 (~)). ated internally. NMA extra records are read

K7 = 0 Quasielasticspectra angle range gener- (see set number 4 (~)). In this case NMA
atedinternally, shouldnot exceed4.

= I Quasielasticspectra angle range exter- NMB = numberof surfacemodesfor the target.
nally given.Extra recordis read(see record The signof this quantityis used to selectdiffer-
number7 (t~)). Note that this key is rele- ent possibilities. If NMB <0 the specification
vant only if KS = 1. of the modes is externally given. A set of

K8 = 0 Strengthof imaginarypotential generated — NMB records,one for each mode, will be
internally, read (seeset number4 (t~)). INMB I shouldhe

= 1 Strengthof imaginary potential is exter- exceed12, If NMB = 0 an averagesetof surface
nally given.Extra recordis read(seerecord modes will be internally generated,as a func-
number 8 (~)).Note that this key is rele- tion of the targetmassWMB (cf. section2). If
vant only if KS = 1. NMB> 0 a set of NMB modesis addedto the

K9 = 0 The relativevelocity u is definedin term averageresponsefunction generatedinternally.
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NMB extrarecordsare read(seeset number4 (in fm). Note that if SMAX = SMIN just one
((~)).In this caseNMB shouldnotexceed4. trajectory will be calculated.Only in this case

NTR = number of trajectories to be calculated. detailedinformation is printedalong the trajec-
For averagetrajectories(Ki = 0), this number tory.
is ignored if the rangeof impact parametersis DS = impactparameterstep (in fm).
givenwith option K6 = 1. In this caseNTR will TSTEP= time interval for the printing of infor-
be equalto (SMAX — SMIN)/DS + 1. mation along the trajectory (in h MeV I) If

left zero, the assumedvalueis 0.4h MeV ~.

Setnumber4 (~) FLINE = this parameterallows to scalethe plots
of the nuclear shapes for different printing

We call this a set becauseit may containmore papersizes. It shouldbe chosenso that as the
than one data record. Actually it must contain nuclei approacheach other, they appear as

INMA I + INMB I records, The information for circles in the output. The default value is 41
the surfacemodes is read first for the projectile which correspondto printers with 8 line/in.
andthen for the target. For printers with 6 line/in one should use

FLINE = 31.
READ ( *) L(N),E(N),ST(N),G(N)

This recordis readonly if K6 = 1.
L(N) = multipolarity of the mode.
E(N) = energyof the modein MeV. Recordnumber7 (ci)
ST(N) = percentof the energy-weightedsum-rule

carriedby the mode. READ (* ) TQMIN,TQMAX,DTQ
G(N) = width of the mode in MeV, For the

low-lying mode(W(N)> 8 MeY) the codesets TQMIN = lowest value of scatteringanglein the
a width of 0.2 MeV. When the option for centerof masswherethe quasielasticexcitation
random initial condition is selected (Ki = 0) function is calculated(in degrees).
the programautomaticallysetsthe width of the TQMAX = maximumvalueof the scatteringangle
modesto zero evenif read. in the center of mass where the quasielastic

excitationfunction is calculated(in degrees).
Recordnumber5 (~) DTQ = scatteringangleinterval (in degrees).

READ ( * ) V0,A0,R0 This record is read if K7 = 1 but it is only
relevantwhen KS = 1. Distributions of crosssee-

VO = absolute value of the depth of the tion are displayedin histogramsof one MeV bins
Woods—Saxonion—ion potential (VO> 0). up to 30 MeV of excitationenergy.

A0 = diffusenessof the ion—ion potential.
RO = radius parameter(R = RO * (WMA * * 0.33 Recordnumber8 ((~)

+ WMB * * 0.33)).

READ ( * ) WMIN WMAX DW

This recordis readonly if K2 = 2.
Recordnumber6 (~()) WMIN = lowest value of the imaginarypotential

usedto generatequasielasticcrosssections,All
READ (*) SMIN,SMAX,DS,TSTEP,FLINE values of the imaginary potential should be

enteredas positivenumbers.
SMIN = lowest value fo the impact parameterS WMAX = highestvalueof the imaginarypotential

(in fm). usedto generatequasielasticcrosssections,
SMAX = highestvalueof the impactparameterS DW = imaginarypotential interval (in MeV).
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This record is read if K8 = 1 but it is only the elastic deflectionfunction is by the combina-
relevantwhenKS = 1. tion (K3,K4) = (1,1). In this casethe information

for the surface modes (either provided or inter-
nally generated)is ignored.

4. Output Considerthe reactions56Kr + 208 Pb at 610 MeV
and 160 +208Pb at 125 MeV. The simplest data

The resultsof the calculationsare collectedin a sets for thesereactionsare
numberof tableswhich are mostly printed at the >> 86 0 36 0 208 0 82 0 610 0
end of the run. Oneshould thenbe carefulnot to .

>>00l1000000underestimatethe specifiedtime limit. An orienta-
tion on this matteris givenin section5. Severalof >> 0 0 0
the calculatedquantitiesare also plotted in the for the Kr + Pb case,and
output. Although the quality of figures produced
in a standardline printer is not high, it is hoped >> 16.0 8.0 208.082.0 125.0
that this facility will prove convenient to the users. >> ~ o i i ü 0 0 0 0

All the line printer plots are obtainedby using >> ~ ~

the CERN HBOOK Version 3 package. High
quality drawings of the same plots, suitable for for 0 + Pb.
talksandpublications,can also be obtainedusing The printouts appearas shown in fig. 1. The
the CERN HPLOT Version 3 package. This is first column corresponds to the Kr + Pb reaction
done by selecting the option K10 = I (cf. record while the secondis for 0 + Pb. Since this is the
number 2) that savesin the outputof HPLOT in first examplewe explain all the elementsof the
29. This output file has then to be sent to a high output, tables(A) and(B) andfigure (C).
resolution graphic terminal.

In order to explain the output we have pre- (A) This tablewill alwaysappearin any run of
pared a seriesof examplesthat cover the most TORINO. It containsa reminderof the input data
standard applications of the code. In each in- plus some useful information pertinentto the re-
stancewe give an overview of the printout, plus a action understudy. Theblow-up of this table is in
detailedexplanationof tablesand figures as they fig. 1(A). We trust that the identification of the
appearfor the first time. different quantities is evident. Since in our data

We also provide a list of error messagesthat NMA = NMB = 0 the table shows the internally
can appearwhen problems in the data and/or generatedresponsefunction for the two nuclei.
dimensionviolations are detected.It is possible, Thesequantitiesare ignored in the presentcase.
however,thatprotectionmaynot cover someother In the box labelled “reaction information” the
inconsistencies, conversionfactor from impactparameterinto an-

gular momentum is given. Estimations of the
ExampleI: Elastic deflectionfunction Coulomb barrier andgrazingquantitiesaccording

to ref. [9] are also printed. Theimpactparameters

The simplestapplicationof the codeis to pro- quotedin the lastbox give the actualrangewhere
duce the elastic deflection function for a given the calculation is performed.The code will nor-
reaction.This is a fast and inexpensiverun that mally completethe tablesup to S = 16 fm, assum-
provides a first idea of the range of scattering ing elastic Coulomb trajectories.The lower limit
anglesandimpactparametersthat are relevantfor canbe cut shortin thequasielasticoption(K5 = 1).
the case.It is alwaysconvenientto start the analy- (B) This table collectsthe resultsof the calcu-
sis of a reaction by producingthe elastic deflec- lated trajectoriesconcerningthe relative motion.
tion function. This is especiallyimportant if one The scatteringangleand the final energy are in
wantsto input the impactparameterrange. the center of mass system. Fig. 1(B) allows to

As explainedin the dataset, the way to obtain identify the different columns.Here the last two
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352 1 OrIno—sem Iclasincal coupled channei~ Code for neavy Ions reactions

• projecri le a charge 36 00 00 target )b( charge 02 00

mass 86 00 “0 ,,ass 209 00

response function of nucleus al 00 response function of nucleus lb

I dccv, nt),.) 91mev) 0* elmevl st’Y.l 91mev)
o 2 381 200 2 00 2 284 200 2
C 2 1300 800 20 *0 2 969 800 20
C 3 3 72 25 0 2 mc 3 2 77 25 0 2
a 3 21 92 50 0 4 0 Cc 3 16 33 50 0 4 0
• 4 13 28 25 0 3 0 00 .i 9 ao 25 0 3 0
o 4 29 72 60 0 6 0 00 4 22 14 60 0 6 0
— 5 6 04 12 0 2 00 5 4 50 12 0 2 0
o 5 20 90 50 0 8 0 0* 5 15 57 50 0 8 0

• reaction Information 0

• olab = 610 000 1mev) ecm 0 431 565 (eec)
— initial angular momentum a 35 59 C impact parameter)fm(
O coulomb barrier eb= 294 29 (meul rbo 13 78 fm) 0
• grating parameters 190 276 81 (h—bar) go 13 37 (Cml sg 7 78

5fm,

C Impact parameter range smaov 12 00 smlnv 00 duo 20 Cml

o key options 00110 00001 0

Fig. ~(A).

results of trajectory calculations for the relatiue motion

• Impact initial o scattering e final a final a energy 0 a mom.mtum
C parameter C a momentum e angle * eneray a a momentum * loss loss• fm) •:CC~n;b5rl de

1r.e C meoP a lh—bar a 1mev) C lh—bar 0

o 16 00 • 569 37 C 34 21 a 431 56 a 569 37 • 00 • 00 0
o 15 80 0 562 25 C 34 62 431 56 562 25 C 00 0 00 C
o 15 60 0 555 13 C 35 04 C 431 56 C 555 13 C 00 • 00
• 15 40 C 548 01 • 35 47 C 431 56 C 548 01 C 00 C 00
o 15 20 C 540 90 35 90 C 431 56 C 540 90 0 00 C 00 C
• 15 00 • 533 78 C 36 35 C 431 56 • 533 78 • 00 00 0
o 14 go C 526 66 C 36 81 C 431 56 C 526 66 C 00 • 00
o 14 60 C 519 55 C 37 28 • 431 56 519 55 0 00 C 00
o 14 40 C 512 43 37 76 • 431 56 C 512 43 00 C 00
o 14 20 505 31 0 38 25 • 431 56 C 505 31 00 00
• 14 00 C 498 19 0 38 76 C 431 56 C 498 19 C 00 C 00 0
o 13 80 C 491 08 C 39 28 C 431 56 C 491 08 * 00 00 C
o 13 60 C 483 96 • 39 81 C 431 56 0 483 96 C 00 C 00 a
C 1340 • 47684 C 4036 C 43156 C 47684 C 00 C 00 0
o 13 20 C 469 73 • 40 92 • 431 56 C 469 73 C 00 C 00
C 13 00 C 462 61 0 41 49 C 431 56 C 462 61 C 00 C 00
C 12 80 455 49 C 42 09 C 431 56 C 455 49 C 00 C 00 a
o 12 60 C 448 38 C 42 69 C 431 56 C 448 38 C 00 C 00
C 12 40 C 441 26 0 43 32 C 431 56 C 441 26 C 00 C 00 a
• 12 20 C 434 14 C 43 96 C 431 56 C 434 14 C 00 C 00
0 12 00 C 427 02 C 44 62 C 431 56 a 427 02 C 00 C 00 C
C 11 80 C 419 91 C 4525 C 431 56 C 419 91 • 00 00 C
• 11 60 C 412 79 C 45 94 C 431 57 C 412 79 C 00 0 00
C 11 40 C 405 67 C 46 64 C 431 57 C 405 67 C 00 C 00 0
C 11 20 C 398 56 0 47 36 C 431 57 C 398 56 C 00 C 00 C
C 11 00 C 391 44 48 10 C 431 57 C 391 44 C 00 C 00 0
C 1080 C 38432 C 4895 C 43156 C 38432 C 00 C 00
C 10 60 C 377 20 C 49 62 C 431 56 377 20 C 00 C 00 C
C 10 40 C 370 09 0 50 40 C 431 56 C 370 09 C 00 C 00 C
C 10 20 C 362 97 C 51 20 C 431 56 0 362 97 C 00 00 0
o 10 00 C 355 85 C 52 00 C 431 56 C 35585 00 C 00
C 980 C 34874 0 5280 C 43156 34874 C 00 C 00 a
o 9 60 * 341 62 C 53 61 C 431 57 0 34162 C 00 C 00 0
C 9 40 C 334 50 C 54 40 C 431 57 C 334 50 C 00 C 00
C 9 20 C 327 38 o 55 18 C 431 57 327.38 C 00 C 00
a 9 00 C 320 27 55 91 C 431 56 C 320 27 C 00 C 00 C
C 8 80 C 313 15 C 56 59 C 431 56 C 313 15 C 00 C 00
0 8 60 C 306 03 C 57 18 C 431 56 C 30603 C 00 C 00 C
o 8 40 C 298 92 C 57 63 C 431 56 0 298 92 C 00 C 00 a
C 8 20 C 291 80 * 57 85 C 431 56 291 80 C 00 C 00 C
• 8 00 C 284 68 C 57 71 C 43156 0 284 68 C 00 C 00 C
C 7 80 C 277 57 C 56 90 C 431 56 a 277 57 0 00 C 00 C
C 760 C 27045 C 5468 C 43156 • 27045 C 00 C 00 0
C 7 40 C 263 33 0 47 94 • 431 56 0 263 33 C 00 C 00 C
a 7 20 C 256 21 a 34 99 C 431 57 C 256 21 a 00 C 00 C
0 7 00 C 249 10 C 29 63 431 56 C 249 10 C 00 C 00 a
C 6 80 C 241 98 0 30 63 C 431 56 0 241 98 C 00 C 00 C
C 6 60 C 234 86 C 34 34 C 431 58 23486 C 00 C 00 C
C 6 40 C 227 75 C 38 95 C 431 56 C 227 75 C 00 C 00 C
C 6 20 C 220 63 C 43 82 C 431 61 C 22063 C 00 • 00 C
• 6 00 C 213 51 C 48 71 C 43158 C 21351 C 00 C 00 C
C 5 80 C 206 39 C 53 54 C 431 51 a 206 39 C 00 C 00 C
• 5 60 C 199 28 C 58 31 C 431 55 C 199 28 C 00 C 00 C
C 5 40 C 192 16 C 63 01 C 431 59 e 192 16 C 00 C 00 C
C 5 20 C 185 04 C 67 63 C 431 62 C 185 04 C 00 C 00 C
C 5 00 0 177 93 C 72 18 C 431 59 C 177 93 C 00 0 00 C
• 4 80 C 170 81 C 76 66 C 431 48 0 b70 81 C 00 C 00 C
C 460 C 16369 C 8111 C 43144 C 16369 C 00 C 00
C 4 40 C 156 58 C 85 55 C 431 70 C 156 58 • 00 C 00
C 4 20 C 149 46 0 89 91 C 43156 C 149 46 C 00 C 00
o 4 00 C 142 34 C 94 26 C 431 57 C 14234 C 00 C 00 C

• 3 80 C 135 22 • 98 59 C 431 59 C 135 22 C 00 • 00 0
0 3 60 C 128 11 a 102 90 C 431 55 C 128 11 C 00 C 00 0
C 3 40 C 120 99 C 107 21 C 431 81 a 12099 C 00 C 00 C
C 3 20 * 113 87 0 111 49 C 431 56 C 113 87 C 00 C 00
C 3 00 C 106 76 C 115 78 C 431 79 C 10676 C 00 C 00 C
• 2 80 C 99 64 C 120 05 C 431 54 C 9964 C 00 C 00
C 2 60 C 92 52 0 124 33 C 431 63 C 9252 C 00 0 00 C
• 2 40 0 85 40 o 128 60 C 431 70 C 85 40 C 00 C 00 C
• 2 20 C 78 29 0 132 87 C 431 64 0 7829 C 00 00 C
C 2 00 C 71 17 C 137 14 C 431 62 C 71 17 C 00 C 00 C
o 1 80 C 64 05 C 141 42 C 431 58 C 6405 C 00 C 00 0
C 1 60 C 56 94 a 145 71 C 432 45 C 56 94 C 00 C 00 C
C 1 40 C 49 82 C 149 98 C 431 52 C 4982 C 00 C 00
0 1 20 C 42 70 C 154 26 C 431 49 C 42 70 C 00 C 00
• 1 00 C 35 59 0 158 54 C 431 49 C 35 59 C 00 * 00
— 80 C 28 47 C 162 83 C 431 62 C 28 47 C 00 C 00
C 60 C 21 35 a 167 12 C 431 55 C 21 35 C 00 C 00 C
C 40 C 14 23 C 171 41 C 431 50 C 14 23 0 00 C 00 C
C 20 C 7 12 C 175 71 C 431 47 C 7 12 C 00 C 00 C
o 00 C 00 C 180 00 C 431 56 C 00 C 00 • 00

Fig. 1(B).
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DEFLECTION FUNCTION

H8006 ISO 10 NOn 1

CHANNELS lOU 0 1 2 3 4 5 6 7 8 0 A
1 N 123456789012345679901234567890123456789012345678901234567890123456789012345678901 V B
CCCCCCCC CCCCCOCCCCCCCCCCC CCCCCC*CCCCCC CCCCOCCOCCC CCCCCCCCCCCCCCCCCCCCC CCCCCCCCCaCCCaCCCCCCC

ABN C C ABN
OVE C C OVE
180 C o C 91
178 C • 90
176 C C 89
174 C C 88
172 C C 87
170 C V C 86
168 C C 85
166 C 0 C 84
164 C C 83
162 C 0. C 82
160 C C 91
158 C + C80
156 C C 79
154 C V C 78
152 C C 77
150 C C 76
148 C a C 75
146 C C 74
144 C V 073
142 C C 72
140 C + C 71
138 C C 70
136 C * C 69
134 C C 68
132 C 0 C 67
130 C C 66
128 C 0 C 65
126 C C 64
124 C 0 C 63
122 C C 62
120 C * C 61
118 C C 60
116 C C 59
114 C 0 C 58
112 • C 57
110 C * C 56
108 C C 55
106 C a C 54
104 C C 53
102 C 0 C 52
100 C C 51

98 C V C 50
96 C C 49
94 C * C 48
92 C C 47
90 C C 46
88 C a C 45
86 C C 44
84 C 0 C 43
82 C C 42
80 C + C 41
78 C C 40
76 C 0 C 39
74 C C 38
72 C 0 C 37
70 C C 36
68 C C 35
66 C + C 34
64 C 033
62 C V 032
60 C C 31
58 C V C 30
56 C 000*0* C 29
54 C 0 0*0 C 28
52 C * 0* C 27
50 C *0* C 26
48 C * 0*4 C 25
46 C 0 0+ C 24
44 C *0* C 23
42 C 0 *00* C 22
40 C **a C 21
39 C * +000*0 C 20
36 C 00 C 19
34 C * * C 19
32 C C 17
30 C * C 16
28 C C 15
26 C C 14
24 C C 13
22 C C 12
20 C C 11
18 C C 10
16 C C 9
14 C C 8
12 C • 7
10 C C 6
8 C C 5
6 C C 4
4 C C 3
2 : C 2

C 1
UND C CCCC*CCCCCCCCCCCC CCCCCCCCCCCCCCCCC CCC*CCCCCCCCCCCCCCCCCCC000CCCCCCCCCCCCCCCCCCCCCCCCCCCC: UND

LOW—EDGE 10 1111111111111111111111111111111
1 1111 1222223333344444555556666677777888889999900000 11111222223333344444555556
0 024680246802458024680246802468024680246802468024680246802468024680246802468024690

Fig. 1(C).

columnscontainzeros,as wehavean elastic pro- sign when the trajectory bends past the beam
cessfor all impactparameters. direction, in all plots the scatteringangle is dis-

(C) This figuredisplaysthe contentof the first playedwith positive sign. An enlargementof this
and third columns of table (B). Although the plot is shownin fig. 1(C). Theexampleof 0 + Pb
scatteringangle is printed therewith a negative hasbeenchosento illustrate this point, as shown
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ENERGY LOSS

HBOOK IDC 10 NOo 2

CHANNELS 10 U 0 1 2 3 4 5 6 7 B 0 A

1 N 123456789012345678901234567890123456789012345678901234567890123456789012345678901 V B

ABN • ABN
OVE a C OVE
300 • C 41
2925 • C 40
285 C C 39
2775 C 39
270 • a 37
2625 a a 36
255 a C 35
2475 C C 34
240 • C 33
232 5 C ****+000* C 32
225 C *050* • 31
217S C +0 C 30
210 C 0* C 29
202 5 C 0*0 C 28
195 C 0+ a 27
1875 C 0* 0 26
180 C *0.* C 25
172 5 C 4** C 24
165 C *0+ C 23
157 5 C 00* C 22
150 C VV* C 21
1425 C *V C 20
135 C 0* a 19
1275 C * C 19
120 C C 17
1125 C * C 16
105 C C 15
97S C * C 14
90 C C 13
825 C C 12
75 C * C 11
675 C a 10
60 C C 9
525 C C 8
45 C C 7
375 C C 6
30 C C 5
22S C C 4
15 C * C 3
75 C C 2

UND C C 050
C****WCC* CCCCCCCC CCCCC CCCCCCCCCCCCCMCCCCCCCC CCCCC CCCCCCCCCCCCCCCCCCCCCCCC CCCCCC CCCC CCCCCCCC

LOW—EDGE 10 1111111111111i1111111111111111l
1111 12222233333444445555566686777778888B9999900000 11111222223333344444555556

0 O24680246802468O246802468024680246802468O2468O24680246802468024690246802468024690

Fig. 2(D).

ANGULAR MOMENTUMLOSS

HBOOK i~ o 10 NO V 3

CHANNELS lb U 0 1 2 3 4 5 6 7 8 0 A
1 N 12345678901234567B901234567B901234567890123456789012345678901234567B9012345678901 V B

ABN :CCCCCCCC 0CC CC C ~ ABN
OVE • C OVE
120 • C 41
117 • a 40
114 C C 39
111 • C 39
108 • 0 37
105 • n++*0 C 36
102 • V 0 035
99 C ++ 0 C 34
96 • * C 33
93 C V 0 C 32
90 C 0 C 31
87 C ** C 30
84 C + * 0 29
81 C * 029
78 C * C 27
75 C + C 26
72 C C 25
69 C * * C 24
66 C * C 23
63 C * C 22
60 C 0 C 21
57 C *0 C 20
54 C + C 19
51 C 0 C 18
48 C 0. V C 17
45 C V C 16
42 C + C 15
39 C 0 • 14
36 C + C 13
33 C * C 12
30 C 0 C 11
27 C V C 10
24 C 0 C 9
21 C * C B
18 C V C 7
15 C C 6
12 C * C 5
9 C * * a 4
6 C + C 3
3 C * 0 C 2

050 C : UN~
CflCCCCCC CCC CCCCCCCCCCCCC CCCC CCCC*CCC CCCC CCCC CCCCCC CCCC CCCCCCCCCC CCCC C CCCC CC CCCCCCCCCCCCCCC

LOWEDGE 10 1111111111111111111111111111111
1 11111222223333344444555556666677777889885999900000111 11222223333344444555556
0 0246802468024680246802468024680246802468024680246802469O2468O2468O2469O24690246B0

Fig. 2(E).
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ENERGY VS SCATTERING ANGLE

H800)< ID 0 10 NO V 4

CHANNELS 10 U 0 1 2 3 4 5 6 7 B 0 A

I N 12345678901234567890123456789O1234567B9O123456789O1234567890123456789O1234567B9O1 V B
ABN C a ABS
OVE C 0 OVE
7675 C a 41
7575 C C 40
7475 C C 39
7375 C a 38
7275 0 a 37
7175 C a 36
7075 0 C 35
6975 C C 34
6875 C C 33
677 5C0000000000V+v** o 32
6675 C a 31
6575 C * 0 30
6475 C 0 29
6375 C 0 28
6275 C 0 27
6175 C C 26
6075 C C 25
5975 C 0 0 24
5875 C C 23
5775 C 0 C 22
5675 C C 21
5575 0 -0 o 20
5475 C = 0 19
5375 C 0 C 18
527 5 C *0+ C 17
S17 5 C +0.0* 0 16
507 5 0 *0+ C 15
497 5 C +0*0 C 14
487 5 C 50 +0 V 13
477 5 C 00= 0 12
467 5 C *=* C 11
457 5 C *0= 0 C 10
447 5 C 0+ +0 * C 9
437 5 C V* 0 .0 0 8
4275 C C 7
4175 C a 6
4075 C C 5
3975 C 0 4
3975 C C 3
3775 C 0 2
3675 C C 1
((ND C C (INS

CCCCCCCCCC0C CCC0000 CCCCCCCCCCCCCCCCCCCC CCCCCOC CCOCCCCCCCCCCCCCCCCACCCCCC 0000CC CCC000COCCnOC
LOW—EDGE100 1 1111111111111111111 11111111 11111111111122222

10 111 1222233334444555566667777B88899990000 11112222333344445555666677778888999900001
1 247924792479247924792479247924792479247924792479247924792479247924792479247924792
O 0505050505050505050505O5O5050505O50505050505050505O5O5050505050505O50505O50S05050

Fig. 2(F).

DISTRIBUTION OF CROSS SECTION (MB/FRi SOPS 0 822

HBOOK ID 0 10 NO V 5

CHANNELS 1000 1 2 3 4 5 6 7 8 0 A
1 N 1234567B9012345678901234567B9O123456789012345678901234567B9O123456789012345678901 V 8
CCCCCCCC COCa CCCCCCCCCCCCC C CCCCCCC CCC CCCCCCCCCCC C CCCCCCCCCCCCCCCC CCC CCCCCC CCC C CCC COCCCCC

0000
ABN C C ABS
OVE C 0 OVE
600 a 0+ C 41
585 C 0+ ** C 40
570 a + 039
555 C 0 * C 38
540 a 0+ C 37
525 C 0 0 C 36
510 C .0 a 35
495 C + C 34
480 C V 0 033
465 C -0 032
450 C 0-0 C 31
435 C .0 030

420 C 0 0 C 29
405 C = 028
390 C * 027
375 C +0 0 26
360 C 0 V C 25
345 • ° 0 24
330 C * C 23
315 C * 022
300 C *0 * a 21
2B5 C * 020
270 C * 0 19
255 C * C 18
240 o * 0 C 17
225 C 0* C 16
210 C 0 C 15
195 C 0 C 14
180 C 0 V a 13
165 C 0 0 12
150 0 00 0 10
135 C * * 0 10
120 C 0 0 9
105 4 + 0 8

90 C +0 a C 7
75 C * C 6
60 a ++ + 0 5
45 C ** C 4
30 C 0+ + a 3

~ +
UNO C C UND

LOW—EDGE 10 1111111111111111111 11111111111 1
1 1111 1222223333344444555556666677777B8888999990000011 111222223333344444555556
0 02468024680246802468O2468O2468024680246802468024680246B02468O246802468O2468O2469O

Fig. 2(0).
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risults of trajectory CalculatIons for the Intrlmslc motion

CCCCCCCCCCCNCCCCCaCCC CCCCCCCCCCCCCCCCCCCCCCCC CCCCCCCCCCCCCCCCCCCCCCOCCCCCCCCCCC
C projectile Ia) C target ID) C

CCCCCCCCCCCCCCCCCCCCCCC0000CCCCCCCCCCCCCC*4CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC9CCCCCCCCCCCCC CCCCCCCC
C ICpICt C initIal C eacltatlCfl C angular C ‘/. energy • e•c~tati•n C angular a 1. energy C
C parameter • a momemtum C energy • momentum m due tO C energy C momentum C due to C
C Ifel ~ IB—birl C ImeCI C (h—bar) a transfer C Ceo) C IS—bar) C transfer a
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCNCCCWCCCCCCCCCCCCCCCCCCCCCCC CCCC C CCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C 16 00 C 832 86 C 00 C 00 C 00 C 00 C 00 C 00 C
C 15 80 C 822 45 C 00 a 00 C 00 C 00 C 00 C 00 C
C 15 60 C 812 04 C 00 C 00 C 00 a 00 C 00 a 00 C

a 15 40 C 801 63 C 00 C 00 C 00 C 00 C 00 a 00 C
C 1520 C 79122 C 00 C 00 C 00 C 00 C 00 C 00 C
C 15 00 C 780 81 C 00 C 00 C 00 C 00 C 00 C 00 C
C 14 80 C 770 40 C 00 C 00 C 00 C 00 C 00 C 00 C
C 14 60 C 759 99 • 00 • 00 C 00 C 00 C 00 C 00 C
C 14 40 C 749 58 C 00 C 00 C 00 C 00 C 00 C 00 C
C 14 20 C 739 17 C 00 C 00 C 00 C 00 C 00 C 00 C
C 14 00 C 728 76 C 00 C 00 C 00 C 00 C 00 C 00 C
a 13 80 C 718 35 C 00 C 00 C 00 C 00 C 00 C 00 C

C 13 60 C 707 93 C 00 C 00 a 00 C 00 • 00 C 00 C
• 13.40 C 697 52 C 00 C 00 C 00 C .00 C 00 C 00 C
C 13 20 C 687 11 C 00 C 00 C 00 C 00 a 00 C 00 C
C 13 00 C 676 70 C 00 C 00 C 00 C 00 C 00 C 00 C
C 12 80 m 666 29 C 63 C — 41 C 00 * 85 C — 62 a 00 a
C 12 60 C 655 88 C 67 C - 43 C 00 C 90 C — 65 C 00 C
C 1240 C 645 47 C 70 C - 46 C 00 C 94 C — 69 C 00 C
C 12 20 C 635 06 C 74 C —48 C 00 C 99 C — 72 C 00 C
C 12 00 C 624 65 C 78 C — 51 C 00 C 1 04 C —76 C 00 C
C 11.80 C 614 24 C 82 C — 53 C 00 C 1 10 C — 80 C 00 C
C 11 60 C 603 83 • 86 a — 56 C 00 C 1 15 C — 83 C 00 C
C 11 40 a 59342 C 85 C — 55 a .00 • 115 C - 84 C 00 C
C 11 20 N 583 01 C 88 a — 57 C 00 C 1 20 C — 87 C 00 C
C 11.00 * 572 59 C 91 * - 59 C 00 C 1 24 C — 90 C 00
C 10 80 C 562 18 • 94 C — 60 C 00 C 1.27 C — 92 C 00 C
C 10.60 C 551.77 C 96 C — 60 C 00 C 1 30 C — 94 C 00 C
C 10.40 C 541 36 C 1 00 * —.60 C 00 C 1 33 C — 94 C 00 C
C 10,20 C 530 95 C 1 06 a — 60 C 01 C 1 37 C — 93 C 01 C
C 10 00 a 520 54 C 1 22 C — 62 C 1 98 e 1 49 C — 94 C 2 48 C
C 9 80 * 510 13 C 1 73 C — 83 C 10 78 C 1 94 C —1 11 C 14 68 C
C 9.60 C 499 72 C 3.33 * —1 65 C 23 27 C 3 48 C —1 87 C 34 03 C
C 9 40 C 489 31 C 10. 14 C —5 16 C 28 21 C 9 95 C —5 08 C 43 87 C
C 9 20 a 478 90 C 43 37 C —25.86 C 25 14 C 41 51 C —23 85 C 39 91 C
C 9 00 * 468 49 C 54.57 e —37.15 C 28 23 C 53 45 C —34 84 C 43 68 a
C 8 80 C 458 08 C 60 91 C —43 99 C 30 41 C 60 55 C -41 65 a 46 28 C

C 8,60 * 447 66 C 65 04 C —48,38 C 32.38 C 65.58 C —46 13 C 48 53 C
C 8 40 C 437 25 C 67 83 a —51. 14 a 34 34 C 69.37 C —49.08 a 50 69 C
* 8 20 C 426,84 C 69 77 a —52,76 C 3631 C 72 37 C —50 96 C 52 79 C
a 800 C 416 43 C 71 21 C —53,61 C 38,24 C 74 88 C —52 12 C 5481 C
C 7.80 C 406,02 C 72 33 C —53,88 C 40 14 a 77 07 C —52 73 C 56 74 C
C 7.60 C 395.61 C 73 29 C —53,74 C 41 96 C 79 09 C —52 95 a 58 53 C
C 7 40 C 385 20 C 74 14 C —53 28 C 43 69 C 80 99 C 52 86 a 60 20 C
C 7 20 C 37479 C 74 95 C —52 57 C 4532 C 82,83 a —5252 a 61 72 C
C 7 00 C 364 38 C 75 76 C -51.66 C 46.85 C 84.63 C —51 99 C 63 09 C
C 6 80 C 353 97 C 76 61 C 50 59 C 48 24 C 86 44 C -51 29 C 64 31 C
C 6 60 C 343 56 C 77.49 C —49.40 C 49 51 C 88.25 C —50.45 C 65 39 C
C 6 40 C 333 15 C 78 43 C -48,09 C 5065 N 90 09 C -4949 C 66 33 C
C 6 20 C 322 73 C 79 37 C —46 74 C 51 69 C 91 93 C —48 47 C 67 14 C
C 6 00 N 312 32 C 80 44 a —45,28 a 52 57 a 93 81 a -47 32 a 67 82 C
a 5 90 N 301 91 a 81 60 N —43,77 a 53 31 C 95 73 N 46 09 C 68 38 N
C 5 60 C 291 50 * 82 84 C —42.22 a 53 92 a 97 69 C —44 80 a 68 81 C

• 5 40 * 281 09 $ 84.11 C -40.64 8 54.41 C 99 69 C -43 45 a 69 15 C
C 5 20 * 270 68 N 85.54 C -39,05 C 54 78 * 101 73 a -42 05 C 69 38 a
a 5 00 a 260 27 C 87 01 a -37 45 C 55.05 C 103 81 C -40 61 a 69 53 C
C 4 80 C 249 86 C 88 56 C —35 87 C 55.22 a 105 93 a —39 14 a 69 60 C
C 460 a 23945 C 9020 C —34 30 C 5529 C lOB 12 C —37 65 C 6958 C
C 4 40 C 229 04 C 91 92 C —32 77 C 55 29 C 110 35 C —36 15 C 69 50 C
C 4 20 C 218 63 C 93 64 C —31 27 C 55 24 C 112 58 C —34 63 C 69 38 C
C 4 00 C 208 22 C 95 48 C —29 81 C 55 11 C 114 90 C —33 11 C 69 20 C
C 3 80 C 197 81 C 97 34 C —28 40 C 54 95 C 117 23 C —31 59 C 68 99 C
C 3 60 C 187 39 C 99 23 C —27 03 C 54 76 C 119 59 C —30 08 C 68 75 C
C 3.40 C 176 98 C 101.13 C —25 71 C 54 55 C 121 97 C —28 59 C 68 49 C
a 3 20 C 166 57 C 102 99 C —24 41 C 54 35 C 124 31 C —27 10 C 68 24 C
C 3.00 C 156 16 C 104 81 C —23 13 C 54 16 a 126 63 a —25 62 a 68 00 C
C 2.80 C 145 75 C 106 56 C —21 85 C 53 99 C 128 88 C —24 14 C 67 77 C
C 2 60 C 135 34 C 108 20 C —20 55 C 53 85 C 131 04 C —22 67 C 67 56 C
C 2.40 a 124 93 • 109 57 C —19.25 C 53 81 C 133 05 C —21 23 C 67 40 C
C 2 20 C 114 52 C 110 97 C —17 89 C 53 74 C 134.98 C —19 72 C 67 26 C
C 2.00 a 104 11 C 112.23 C —16 47 C 53 70 C 136 78 C —18 17 C 67 14 C
C 1 80 C 93 70 C 113 22 C —15 00 C 53 73 C 138.31 C —16 59 C 67 08 C
C 1 60 C 83 29 C 114. 10 C —13 47 C 53 78 C 139 71 C —14 96 C 67 04 C
C 1 40 C 72 88 C 114 84 C —11 89 C 53 85 C 140 93 C —13 27 C 67 03 C
C 1 20 C 62 46 C 115 42 C —10 27 a 53 93 C 141.96 C —11 52 C 67 04 C
C 1 00 C 52 05 C 115 95 C —8 60 C 54 00 C 142 87 C —9 71 C 67 05 C
a 80 C 41 64 C 116 24 C —6 91 C 54 11 C 143.51 C 7 84 C 67 09
C 60 C 31 23 C 116 49 C —5 20 C 54 19 C 144,03 C —5 93 C 67 13 C
C 40 C 20 82 C 116 64 C —3 47 C 54 25 C 144 39 C 3 98 a 67 16 C
C 20 C 10 41 C 116 74 C —1 74 C 54 29 C 144 61 C —2 00 C 67 18 C
C 00 C 00 C 116 77 C 00 C 54 31 C 144 68 C 00 C 67 18 C

Fig. 2(H).

in (D). Theleft andlowerscalescorrespondto the inelasticand masstransferdegreesof freedomto
actualvalue of the quantitiesplotted (scattering the relativemotion is takeninto account.Consider
anglevs. impact parameterin this case).The up- the reaction‘36Xe + 208 at 1150 MeV. The sim-
perandright “channel” labelsmaybe ignored. plestdataset is:

Example 2: Full calculation with average trajecto- >> 136.054.0 208.0 82.0 1150.0
ries >>0000000000

>>000
A naturalextensionof thepreviousexampleis

to consider a case where the coupling of the wherewe makeuseof all the defaultoptions.
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CORRELATION BETWEEN ENERGY VS SCATTERING ANGLE

*8000 ID * 10 50 c 6

Cl-fuNNELS 10 (3 0 1 2 3 4 5 6 7 V 0 A
O N 12345678901234567890123456789O1234567890123456789O12345678901234567B901234S678901 V 8

ABN C n A8N
OVE • a OVE
690 a a 41
680 C CCCCC0000CCC•CC a .10
670 C C e 39
660 C C C 38
650 C C 37
640 a 0*0 036
630 • +220* C 35
620 C 23332° 0 34
610 C 3454320 a 33
600 C 35654320* a 32
590 C 467754320* a 31
580 C 47887654320+ a 30
570 C 470987654322000 a 29
560 0 470999876433220+0+ • 28
550 C 368AAAA97654332220*V* a 27
540 C 3579AAA98765443322200000 C 26
530 C 24689Aa9987655443322200H-e*o a 25
520 C *3S68999BB77665444332222*,000 o 24
510 • 023567BBB77786554443332222*o,** C 23
500 0 02345666666655544433332222 C 22
490 C 02334445555444444333333222 0 21
490 • 00223333344333333333333222 0 20
470 C 0*022222222333222222222222 * o 09
460 • 2222222222222222*000V+ C 18
450 C *++++V++V+++2222 ++*+aV**000 C 17
440 C ++V000++ ++u+o*V*o*v***ou o 16
430 C +V + +0*0* C 15
420 C a 14
410 C 000 C 13
400 C C 12
390 C C ii
380 0 C 10
370 C C 9
360 C C 9
350 C C 7
340 C C 5
330 C 0 5
320 C C 4
310 C C 3
300 C C 2
290 C C
(iSP C C 0Nt

LOW—EDGE100 111 lllllIllllllllllllllllil 111111111111122222
10 111 1222233334444S55566667777BBBB99990000 III 12222333344445555666677778B8B99990000 I

I 247924792479247924792479247924792479247924792479247924792479247924792479247924792
0 0505050505O50505O50505O505050505050505050505050505O505O5O5050505O5050505050505050

Fig. 2(I).

C)STR(B’JTIQN OF CROSS SECTiON vS ENERGY (MEVI

*9000 (0 IC, NO 0

Y(I0NNELS 1000 1 2 3 4 5 6 7 V 050
O N j23455799012345579901234567890123456799012345678901234567890i2345678901234567g9012 .0 8

ABS • a ABN
00K C C OVE

80 C

039
74 a C 38
72 a 0 37

66 C C 34
54 C 0 3J
62 C 0 32
60 o * a 31
59 a 0 C 30

~
52 C 0 C 27
50 C 0 C?)’
48 0 0 C
46 C 0 C 24
44 a 0 C 23
42 C 0 C 22
40 o 0 0 21
38 a C C 20
36 C 0 C 19
34 C C 18
32 0 0 C 17
30 C * C 16
28 C 0* * C 15
26 C 0 0 0 C 14
24 C 0 * * C 13
22 C 0 0 C 12
20 C C V C 11
18 C 0 0 C 10
16 0 0 0 C 9
14 0 C 0 0 8
12 C 0 0 C 7
10 • V 0 0 C 6

8 C 0 0 C 5
6 C 0 0 000 0 4
4 C C 0 0 C 3
2 C 00 **000 Oo

)JND C 0 750

cOW-EDGE 100 22333333333333333333334444444444444444444455S5555555S555S5S5S566666666666666666666
10 99001 I223344556677889900112233445566779B990011223344556677B89900112233445566778090

O O5O5O505O50505O50505O50505OSO5O505O5050505050505O505O5050505050505 0505050505050505

Fig. 2(J).
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Theoutputof the codeis displayedin fig. 2. Its due to the lack of energy conservation(cf. (B)
elementsare labelledby the letters (A) to (J). above).

(I) This figure displayscontoursof the double

(A) Seeexample1(A). differential cross section d2a/dE dQ. The plot
(B) Seeexample1(B). Notethat in thiscoupled incorporatesthe fluctuationsin the final energyof

situationthe last two columnsContain now num- relativemotion and scatteringangleas explained
berswhich differ from zero.Sincethe equationsof in section2 (cf. fig. 2(I)).
motion listed in section 2 do not strictly conserve (J) This figure gives the distribution of final
energy someof thesequantitiescould in principle energiesof relativemotion for all impactparame-
be negative(cf. example5 below). ters,(cf. fig. 2(J)).

(C) Seeexample1(C).
(D) This figure displaysthe energy loss in the Example 3: Information along a trajectory

relativemotion asa function of the impactparam-
eter,i.e. columns6 and1 of table (B). A blow up As explainedin section 3 one can calculatea
of this figure is shownin fig. 2(D). single trajectoryusingthe key option K6 = 1 and

(E) This figure displaysthe angularmomentum specifying the impact parameterS by entering
loss in the relative motion as a function of the SMIN = SMAX = S (DS * 0). If only one trajec-
impact parameter,i.e. columns 7 and 1 of table tory is calculated, it is assumedthat the user is
(B), cf. also fig. 2(E). interestedin following the evolution of the colli-

(F) This figure displays the final energy of sion as a function of time. Thus,only in this case
relative motion as A function of the scattering information along the trajectory is printed. The
anglein the centerof masssystem,i.e. columns4 time interval for this intermediate output is
and3 of table(B), cf. alsoto fig. 2(F). TSTEP= 0.4h MeV~ unless specified different

(G) Thisfigure gives an indicationof the distri- from zero in recordnumber6 (<>).
bution of the reactioncrosssectionas a function Consider the collision 208Pb+ 208 at 1600
of the impact parameter.It excludesthe events MeV with an impactparameterof 3 fm. If we use
which led to the formationof a compositesystem the averageresponsefunction, the dataset is the
(fusion). In this example, which involves very following:
heavysystems,thereare no trajectoriesleadingto >> 208.082.0 208.0 82.0 1600.0
capture.In a lighter combinationof projectileand

18 58 . . >>0000010000
target, suchas 0 + Ni at 100 MeV, the distn-
bution would display a “bell-shape”centeredat >> 0 0 0
thelastpartialwave leadingto an emergingtrajec- >> 3.0 3.0 1.0
tory. The area under the curve correspondsto The printout is shownin fig. 3. The letters (A)
quasielasticevents.The edgesof the function are to (E) indicate the different elementsof the out-
smootheven thoughthe calculationinvolvesaver- put.
age trajectoriesbecausea folding is performed
usingthe quantitya = SZPM (cf. section2). (A) Seeexample1(A).

(H) This tablecollectsthe resultsof the calcu- (B) In thesetablesdetailedinformation on the
lated trajectorieswhich concernthe statusof the relative andintrinsic motionas a function of time
outgoingfragments.As a function of the impact is given.The timequotedas the top of thepageis
parameter(partialwave) theexcitationenergyand measuredfrom the momentthe integrationof the
angularmomentumin the projectileandtargetare equationsof motion starts. Therefore,it is only
listed (see fig. 2(H)). Columns 5 and 8 give the meaningful to define time intervals. Fig. 3(B) al-
percentageof the excitationenergydueto particle lows to identify the different quantities.All rela-
transferfor the projectileand target, respectively. tive motion variablesare referredto the centerof
Note that the sumof the excitation energiesdoes masssystem.The information aboutthe projectile
not match the energy loss in the relative motion and targetmodes that appearsat the bottom of
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Fig. 3.
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aaaN tlmeC 2,40 (h—bCrIC)m.aa*—lI a 173.59 fm/c C*CCC$CCC*CCCCCCC*CCCCCCCCCCCC

*0CC relative motion CCCCCCCCCCCCCCCCCCmCCCCCCCCCCC*CCCCCNC$CNCCC*NCC$CCCCC***

* center of mass distance C 15 46 fm N
a relative momentum C 3870.41 meCNC2/C
C angie In the scattering plaCe 0 143,08 degrees a

C angular momentum o 143.56 IS—bar)
A energy o 689.81 men A

a separation between the surfaces C .27 fm C
C C
CCCCCCNNNCNCNNCCCCNCCCCCC*CCCCCCCCCN*CCCCCCCCCCCCCCCCCCNC*CCC*CC$eN*C*NNCCCCCC

CCCC intrinsic motion CCCCC*CCCCCCCCCCCCC*CCCCa***CCCCCCaCC*CCCCCCCCCCCCCCCCCC

: projectile IC) target (bI A

: eecitatlon energy 1mev) 64.46 64 46
C in deformatIon 11.27 11.27 C
a dissIpated 53. 19 53 19 a
a through iCelastic eacltatlon 16 58 16 58 a
C through mass transfer 36.61 36 61 C

~ angular momentum Ih—barl —23,23 —23 23 A

C in deformCtiom —.54 —.54 C
C disslpated —22 69 —22.69 C
C through Inelastic eCcitatlon —1.03 —l 03 C
a through mass trCnsfer —21 67 —21 67 C
C C

A temperature (men) 1.56 1.56 #

CCCC*CC$CCC$C**CC*CCCCCCCCCCCCCCCCCaCCCNC*CCCCCCCCCCCCCCCCCaCCC•CC*CC*CC*aC*CC

projectile modes
number or phomons 78 .01 64 01 09 02 1 02 07
deformation mCermy 2 20 12 1 77 24 88 38 4 59 1 10
deformation ama C — 28 —.02 — 38 — 01 — 10 00 29 — 04
dissipated en.Pgy 40 3 53 26 1 78 3 08 1 80 1 65 4 08
dissipated ang.m. — 20 —.09 —.01 — 03 —.13 — 06 — 18 — 32

target modesCamber of pBomonh 78 01 64 01 09 02 1 02 07
deformation energy 2 20 12 1.77 24 88 38 4 59 1 10
deformation mm I — 28 — 02 — 38 — 01 — 10 00 29 — 04
dissipated enePgy 40 3 53 26 1 78 3 08 1 80 1 65 4 08dissipated ang m — 20 — 09 — 01 — 03 — 13 — 06 — 18 — 32

Fig. 3(B).

the page is printed so that each column corre- quasielasticregimeprovides a way to check and
spondsin orderto the modesaslisted in table(A). adjusttheresponsefunctionof the reactingnuclei.

(C) If the distancebetweenthe surfacesof the The code produces the distribution of cross
nuclei is smaller than 25 fm, a supplementary section for the event where only inelastic exci-
figure to table (B) is printed in the next pageof tation of the two nuclei takes place. Of course,
theoutput. Thisfiguredisplaysin a schematicway theseare not the only processeswherethe massof
the density profiles of the reacting nuclei. The the detectedfragment coincideswith the one of
crossesindicate the position of the half-density the projectile. Processeswhere eitherexchangeof
radius for thecombinedsystem. particlesor particletransferfollowed by evapora-

(D) Seeexamples1(B) and2(B). tion takesplace also contribute to the cross sec-
(E) Seeexample2(H). tion. These events constitute a sort of “back-

ground” over which the distributions calculated
Example4: Quasielasticregime by the codeare superimposed.The absolutevalue

of the inelastic crosssectionsis fixed taking into
A quite uniquefeatureof TORINOis the abil- accountthe depopulationdueto transferchannels

ity of the codeto produceexcitationfunctionsfor by meansof an imaginarypotential (cf. section2).
anglesnear the grazing. In this case,the average In the quasielasticregime it is important to
energyandangularmomentumloss in the relative representaccuratelythe nuclear responsefunction
motion is smallanda considerablefraction of the in the initial masspartition. Thus,it is convenient
cross section goes into single excitation of the to use this exampleto illustrate how the informa-
individual surfacemodes.Thus,theanalysisof the tion about thesurfacemodescanbe enteredexter-
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TH* 8 0 Co 25 0

(48001< 0 V 10 NO = 4

51 999 999999999999999
50 VBX 9000000vXVRvBvX
49 909 0900X9000000XXI(
48 000 00000X00050009X
47 000 909VOX90000VOXX
46 000 000000000000000
45 000 X09009005000056
44 XXI) BXXOXXV0000009X
43 000 009000X00000XXI)
42 000 XVXX000000000XO
41 000 XBV000000000001(
40 000 )fVVXVXI10009000X
39 000 V0590000000000X
38 000 000X00000000000
37 000 000000000000009
36 XXX 000000000000000
35 000 0000000XX000000
34 000 00000000XRXXXXX
33 000 XXXXX0000XXVXVX
32 000 000000X00000000
31 000 000000000000000777
30 000 0000X000XXXOX000XX
29 000 XXXOXOXX000000000)f 222
28 000 0000009XXXXX0000XX XXX
27 000 0000000XXX000XXXX)) 000
26 000 00000XXX000000XXXX XXX
25 000 OXXXXXX000000X0000 222(f))))
24 000 00000XX000000X000X 000000
23 XXX X000000000XXX00000 000000
22 XXX 000050500000000000 000000
21 XXX XXXXXX00000000000X 000000111
20 XXX XXXXXXX00000000000 000XXXXOX
19 009 XX000XX00000000000 000000000
10 XXX XV0000000000000000 XXX000XXX
17 XXX 000000000000000000 000000009
16 XXX XVXX00000000000000 000XXXXXX
15 XXX X0000X000000000000 000000000
14 XXX 000000000000000000 000000000
13 XXX XXXX0000000000000098800000XXXX
12 XXX XXXXXXX00000000000000000000000222
11 000 0000XX00000000000000000000XXXXXO0
10 XXI) XXXXX000000000000X000X000000XXXXX222
9 XXX VXX090500000X00000000000XXXXXXXXXXXX
8 XXX XXXXXXX00000X000000000000000X0000000333
7 XXX XXXXXXX00000000080000000000XXXXXXXXX000 111 555000
6 000 0XXXXXXX000000000)IXX00000000000X0000000S55999000666999050000555444000
5 XXX )(000000X000000000000000000000XX0000XXX0000000000000X00000X00000000000444
4 XXX 000000000000000000000X00000000XXXX000XX0800000000XXXX0009XXXX0000000XXXO888 111
3 XXX XXX000XOX0000XXX000X800X000000X000X0000000000000000000000000XX0000000XX0000000444
2 XXX XXXX0000000XXX000000000000000XX000VX000000000000000X0000000X8000X00000X0000000000888
1 XXXS55000XXX00000000000000000000000000XVOXRXX0000000000005000X00000VX900X0000XXVXX00000000

LOW—EDGE 10 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3
1 123456789012345670901234567890

Tl1* 10 0 WO 25 0

(48000 ID 0 10 NO 0 5

90 222 222222222222222
88 XXX 00000000X0000XX
86 XXX 0000000XOXXX000
84 XXX 00000000XX00000
82 XXX XXXXXXXX00000IDX
80 XXX X0000XXXX000000
78 XXX 000000000000000
76 000 0000XX000000000
74 XXX 000000000000000
72 XXX X000X00000XXXX0
70 XXX 0000000000000XI)
68 000 X0000000XXXXXXX
66 000 XXOXXXX0000000X
64 000 XXX00000000000X
62 000 XXX000XXX00000X
60 .000 000000090090900
58 000 XXXVXXXXX00090X
56 000 000909000000090
54 000 X0000XOXXXXXXXX
52 000 00000X000000XXX
50 XXX 00000000000XXXO 555
48 XXX X000X00000000XX222 XXX
46 XXX XOX6009X0000XXXXXX 500
44 000 XXOXX00000X00000XX XXX
42 XXX XXX0000X0000XXX000 990999
40 XXX 0XX00000XX000XXXXX 900000
38 XXX XVXXX000000000000X ))XXXXX
36 XXX XXXX00000000000000 990900
34 XXX X00000X00000000000 2220000XX
32 XXX X00000000000000000 XXXX00000
30 XXX 90000X00000000X000 XXX00000X
28 XXX X9000090000000000X )IXXXXX000
26 XXX VXXXX0900000XX000X XXX000000
24 XXX 00900V9000X0000000 000000000
22 XXX *XV900XXXXX0000000 000000990999
20 0CC 900XX0000X00000000 00000000XXXX
18 000 000X00000%00000000 000XXOX00009
16 XXX X0000000X000000000 000000000000222
14 XXX XXX000000000000000 XX000X0000X0000
12 XXX 090000XX00000000006660000X0000090090
10 XXX xnvXOXXX900906X0000X000000X000000XXX666
8 XXO V000090X90000X00000XXXCX9000000XOXXXXXX222777999777333III000000
6 XXX +V*OC*V990XX09000X00000000000XXXXXX000VXOX080000X00000000000000999777333
4 000 90VVXVVXCXXXXV9000000XXXXXXXXOOX999XX001I0000000000X000000900000S9000000X999444000
2 000333VV0000001(C9*VXVOX0000000000XX0009XV*VX0000000XCXXX9900990XXXCXCVVCVV099VVV*VOXCXX777

LOW—EDGE 10 1 1 1 0 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 3
1 1 2 3 4 5 6 7 8 90 1 2 3 456 7 8 9 0 1 2 3 45 6 7 8 9 0

Fig. 4.
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nally. Consider the reaction 160 + 208 Pb at 400 Notice that by setting K7 = 1 one can enter
MeV. We use thefollowing input data: externallythe valuesof the scatteringanglewhere

>~ 16.0 8.0 208.082.0 400.0 the excitationfunction is to be calculated. In this
examplewe haveselected8°and 10°.

>~.0001111000
The output contains, in this case. the same

>> —4 —9 0 elementsas in exampletwo plus a seriesof histo-
>> 2.0 6.9 8.0 0.0 gramsrepresentingthe excitation function. Since
>> 2.0 23.0 90.0 6.0 wehaveused the defaultoption K8 = 0 threesets
>> 3.0 6.1 9.0 0.0 are constructedcorrespondingto the valuesJ4’~=

>~4.0 23.0 25.0 6.0 0, 25 and 50 MeV. For eachvalueof W~,the set
>~2.0 4.1 16.0 0 contains the distribution of cross section as a
>> 2.0 10.8 82.0 2.7 function of excitation energy for all the specified
>> 3.0 2.6 17.0 0.0 angle. In fig. 4 we show the histogramscorre-
>> 3.0 17.0 80.0 5.0 spondingto W0= 25 MeV. At the top of the figure
>> 4.0 4.3 6.0 0.0 we list the valueof the centerof massscattering
>> 4.0 10.9 23.0 2.5 angIe in degreesthe strength of the imaginary
>> 4 0 24 0 71 0 7 0 potential in MeV. Theabscissa(as indicated)goesfrom zero to 30 MeV in bins of 1 MeV. The
>> 5.0 3.3 4.0 0.0 ordinate gives the value of the cross section in
>> 5.0 20.0 40.0 9.0 mb/MeV sr.
>> 0.0 13.0 0.1

>> 8.0 10.0 2.0

ENERGY LOSS

(48001< ID 0 10 NO + 2

CHANNELS 10 U 0 1 2 3 4 5 6 7 8 0 A
1 N 12345678901234567890123456789O1234567890123456789012345678901234567890123456789O1 V B

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC CCCCC CCCCCCCCCCCCCCCCaCCCCCCCCCCCCC CaaCCCCCC CC
ABS a C ABN
OVE o C OVE
400 C C 41
390 C C 40
380 C C 39
370 C C 38
360 a C 37
350 C C 36
340 C C 35
330 • C 34
320 a C 33
310 a * a 32
300 C 0 31
290 C 0 a 30
280 C 0 29
270 0 0 028
260 C 0 027
250 C 0 0 C 26
240 C 0 *0 C 25
230 C * 0 0 0 C 24
220 C + * * + + * C 23
210 C 0 a 22
200 C 0 * + 0 021
190 C * V V 0* V *0*0 3 C 20
100 C 0 nO 0 V 2 0 V C 19
170 C V 0 * C * 0* 2*0+ * * 0 18
160 C * * 2 V 50 *4 V C 17
150 C * + 2 * + **+ 0 0 + a 16
140 C 2 * 2* *0 +2 0* C 15
130 C + + * * 0 *0 0 *0 0 14
120 C * 0* 4* * + * 2 0* * o 13
110 0 * * * 04*000 *0 C 0 12
100 C 0 +00+ 0 C 11
90 C * + * * 0* .0 0 C 10
00 C 0 * 0 9
70 C * V a 8
GO C -0 +0 * * * 0+ C 7
SO C * 2 *0 a 6
40 C 0 2* * * C 5
30 C 22* C 4
20 C * ++** 2 0 3
10 C *0 *2*2 0* a 2

a 2 * .0 32*423666555576* C 1
UND a +2*2 *3*4422*242323 a UND

CCCCCCC CCCCCCCCCCCCCCCa C CCCCCCC C CCCCCCC COCOC CC000C*CCCCCCC CC CCCCCCCCCC CCCC CCCCC00000000CCC
LOW—EDGE 10 1111111111111111111111111111111

1 11 11122222333334444455555666667777788898999990000011111222223333344444555556
0 O246B0246802468024600246802469O2468024680246902468O24680246802468O246002468O24680

Fig. 5(D).
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Example5: Calculation with random initial condi- thereforegive hereonly a small table that collects
lions the CPU times used to produce the examples

containedin this manual(table3).
As has been mentionedin section 2, one can Executionof TORINO is abortedby several

takeinto account the effects of quantal fluctua- conditions. Most often they are due to illegal
tions beyond the linear approximationby a for- choice of key options and to vector variables
malism basedin the use of Wigner transforms. exceedingallotted dimensions.They can also re-
This is implementedby calculatinga set of trajec- suit from a choiceof bombardingconditionswhich
tories where the initial conditionsfor the surface arenot compatiblewith the numericalset-upused
variables are chosenat randombut consistently to integratethe trajectories.
with the ground state uncertainty in coordinate Following is a list of the messagesthat may
and momenta.Here we illustrate the use of this appear followed by a short explanation of its
option (Ki = 0) for the reaction 136 + 208 at meaningandpossiblecorrectivesteps.
1150 MeV, previouslyusedin example2. Thedata
set is: Message: -NTR- too small for ZPMoption

>> 136.054.0 208.082.0 1150.0 If the option Ki = 0 hasbeenuseda minimum
>> ~~ ~ ~ ~ ~ ~ ~ ~ of trajectonesis expectedin order to carry out the

administrationtask requiredby the randominitial
>> 0 0 299 conditionsoption. Increasethe parameterNTR in

In theserecords we havetaken Ki = 1 which recordnumber3.
makes the output reproducible, as has beenex-
plainedin section3 (cf. record number1) andwe Message:numberof modesexceeds24
haveset the numberof trajectoriesto be NTR = The total numberof modesfor projectile and
299. They will be distributedin the impactparam- target(either reador internally generated)cannot
eterrange(hereinternally generated)so that each be largerthan24. This numberis definedthrough
oneaccountsfor the samecrosssection. a parameterinstruction.

The outputof the calculationis shownif fig. 5.
It contains essentially the sameelementsas ex- Message:-ECM- is below estimatedCoulombbar-
plained in connectionwith example2. The main rier
difference being that TORINO shifts to a When the center of mass energy is below the
counter-displaywheneverthere is more than one estimatedCoulomb barrier the code stops auto-
trajectoryfilling the correspondingbox in the x—y matically since it is not meant to calculate
grid. Thus,for example,if a number2 appearsin Coulombexcitationalone.
theprintout it indicatesthat two of the trajectories
have led to final values of the variables which Message:numberof equations too large — max500
belongto the samebin (cf. fig. 5(D)). Latin char- This indicatesthat the numberof coupledun-
actersin alphabeticorder are used if the number ear equations n eq to be integratednumerically
of trajectoriesexceeds9.

A magnificationof the energy-lossdistribution
as a function of the impactparameteris shown in
fig. 5(D). Table 3

CPU times

VAX 8650 VAX 11/780

5. Time estimationanddiagnostics Example1 0.12 i.10

Example2 10.42 52.07

It is difficult to work out a formula which Example3 1.09 5.50

would reliably estimatethe computationtime for Example4 3.52 20.17
Example5 1.05.00 5.53.00

all the different applications of TORINO. We ___________________________________________
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exceedsthe maximumallowed, which is 500. This with random initial conditions. Resubmitsetting
numbercanbe estimatedas follows KI = 0.
neq ~2(Am + 1) + 2N + 16, Message:multipolaritv of a modeexceeds8

The code does not accept modes with multi-

where m goes over all the N modes included in polarity A> 8.
thecalculationand Am is the correspondingmulti-
polarity. This numberis definedthrougha param-
eterinstruction. References
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