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TORINO - A SEMICLASSICAL COUPLED CANNEL CODE FOR HEAVY ION REACTIONS
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A program is presented for the study of collisions between heavy-ions. These include elastic, quasielastic, deep-inelastic and
fusion processes. For the internal degrees of freedom of the two ions, we choose in TORINO the collective surface modes
treated as dumped harmonic oscillators and incorporate the particle transfer as a statistical process. These degrees of freedom
are represented by classical variables and their time evolution is followed by solving a system of first order differential
equations. The quantal fluctuations of the dynamical variables are taken into account by following with the classical equations
of motion the evolution of the system in phase space with an ensemble of initial conditions which reflect the quantal

uncertainties present in the initial state.

PROGRAM SUMMARY

Title of program: TORINO
Catalogue number: ABDB

Program obtainable from: CPC Program Library, Queen’s Uni-
versity of Belfast, N. Ireland (see application form in this
issue)

Computer: VAX 11 /780 and 8650

Operating system: VMS 4.6

Programming language used: FORTRAN 77

High speed storage required:. 343 Kbytes

No. of bits in a word: 32

Peripherals used: terminal, line printer, plotter

Number of lines in the program: 2427

Keywords: nuclear reactions, heavy ions, low-energy reactions,
elastic scattering, deep-inelastic reactions, quasielastic excita-
tion functions, fusion cross sections

Nature of the physical problem

Collisions between two heavy nuclear systems give rise to a
wide variety of phenomena. These include elastic, quasielastic,
* Permanent address: Dipartimento di Fisica Teorica, Uni-

versith di Torino and INFN, Sezione di Torino, Via P.
Giuria 1, 10128 Torino, Italy.

deep-inelastic and fusion processes. The characteristics of these
regimes are determined by an interplay between the relative
motion of the two ions and the relevant internal degrees of
freedom. Calculations of reaction cross sections with TORINO
incorporate the explicit coupling to collective surface modes,
which are treated as damped harmonic modes. The statistical
exchange of nucleons between the reaction partners is also
taken into account.

Method of solution

The different degrees of freedom are represented by classical
variables whose evolution is followed by solving a system of
first order coupled equations. The quantal character of the
surface degrees of freedom is taken into account by construct-
ing semiclassical distributions in phase space from a set of
initial conditions which are consistent with the ground state
wavefunctions of these modes. For the integration of the
equations of motion, use is made of the NAG library Mark 11
[1]. Results of the calculations are displayed in tables and plots
which are produced by the CERN-library packages HBOOK
and HPLOT Version 3 [2].

Typical running time
Refer to table in long write-up.
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LONG WRITE-UP
1. Introduction

During the past few years considerable effort
has been devoted to the study of heavy ion reac-
tions. Particular interest has been centered in the
essentially “new” kind of phenomenon that was
revealed in the early data, that of the deep-inelas-
tic processes. This name has been applied in the
context of heavy ion reactions to describe nuclear
collisions where the projectile and target conserve
approximately their identity while acquiring ex-
treme excitation energies. Different theoretical ap-
proaches have been proposed to describe this class
of reactions. TORINO is a reaction code which
combines the use of statistical concepts (used to
account for the exchange of nucleons between the
reaction partners) with nuclear structure informa-
tion (used to describe deformation of the ions
through collective surface excitations). By con-
struction, then, 1t allows for a smooth transition in
the description of a variety of processes ranging
from the mild quasielastic collisions down to the
more violent deep-inelastic events. Although based
on a di-nuclear picture the dynamic calculations
can even be used to estimate fusion cross sections.

A rather complete description of the theory as
well as a series of examples in which this calcula-
tion scheme has been applied exist in the literature
[1.2]. Thus, we do not intend to give here a de-
tailed account of the formalism. We include, how-
ever, a section 2 where the principal variables of
the problem are defined and where the equations
of motion solved by the code are listed. Section 3
is devoted to a detailed description of the input.
Here the different options available to the user are
presented. In section 4 the output of the code is
explained through a series of examples that cover
the main applications of the code. Finally, section
5 gives a short list of diagnostics which may
appear under illegal use of the code’s options as
well as a simple guide to estimate the computation
time required for diverse tasks.

2. Formalism
2.1. Definition of the coordinates

The coordinates specifying the relative motion
between the two ions are shown in fig. A. Defor-
mation of the fragments is accounted for by intro-
ducing collective variables « related to their
shape by

nApe

R(F)=RY|1+ 3 ay, () Y5(P)].
nip

where RY is the equilibrium radius. The index
/= (a, A) indicates projectile and target, respec-
tively, while the label » 1s used to distinguish
modes of the same multipolarity A but different
frequency w,,. From now on the label » will be
omitted to simplify the notation.

The surface degrees of freedom a,,(i) are
treated as damped harmonic modes. Through the
damping mechanism, deformation energy and an-
gular momentum is dissipated incoherently over
the nuclear volumes. Additional damping of the
relative motion is associated with the exchange of
nucleons between the fragments. This process is
treated in the proximity approximation [3].

The restoring force C, (/) and the mass parame-
ter D, (i) of the harmonic mode are related to its
energy and to its strength through

Dy(i) _ (3+A)°42
B 8tfS(i )]

Crli) = [hoy ()] Dy(i).
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Table 1
Set of coordinates

Intrinsic motion

o, (1) i=(aA)
II,, (i} i=(a, A)

Relative motion

Coordinate r, ¢
Momentum P Py

where S(i, A) indicates the total energy weighted
sum rule (EWSR) in MeV spu (spu = single par-
ticle unit) for the multipolarity A and f, is the
fraction of that strength that is exhausted by the
mode in question.

Table 1 lists the set of coordinates used in the
program, together with their corresponding
momenta

p=mi,  py=mr’$,
H)\u(i) = D)\(l)a)’\ku(l)

In these expressions m indicates the reduced mass
of the system (a, A). This choice of coordinates is
appropriate for trajectories where the initial angu-
lar momentum is along the z-axis and which re-
main in the (x, y)-plane (cf. fig. A).

2.2. Universal response function

During the collision, exchange of particles takes
place between the two ions. The response function
should thus only represent the average collective
strength distribution for nuclei in the neighbour-
hood of the original projectile and target.

The energy of the modes scales like 471/ so

Table 2

The universal response function

A agp I' (MeV) %EWSR

2+ 0.41 - 20
1.40 2 80

3" 0.40 - 25
2.36 4 50

4" 143 - 25
3.20 6 60

57 0.65 - 12
2.25 8 50

we introduce a factor ag so that
hoy,=agAd™'3.

Plotting for each multipolarity A the fraction f, of
the EWSR exhausted by each state as a function
of the parameter ag, one can see that, for most
nuclei, the RPA collective roots concentrate in
distinct regions. Taking the centroids of these
regions as representative of the states, the univer-
sal response function shown in table 2 can be
constructed. Not very much is known about the
systematic of the energy spreading of the states, in
particular for the higher multipolarities. Repre-
sentative values of the width I" are also listed in
table 2. The large numbers used for A =4 and
A =5 reflect the fact that for these multipolarities
the RPA response is fragmented over several RPA
roots.

2.3. The interaction

The interaction potential between the two sys-
tem is the sum of the Coulomb and the nuclear
terms

U=U+U".
The Coulomb component U consists of the

monopole-monopole term and the monopole—
multipole terms

2
A
“r

(A) A yk(p
3z RO Yh(F)
+Zae2 g}\_'_lA r:+1 a)\pt(A)
Ap

@ 3ZztRY Vi(—F)
+ZA6AZ 2A+1 el
o

ay,(a).

For the nuclear interaction the program pro-
vides two options: the proximity potential of ref.
[4] and the Wood—Saxon empirical potential of
ref. [5].

i) Proximity potential. The proximity potential is
written in the form

UN(r)=4nyRb®(s/b),
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where y is the surface tension (y =1 MeV /fm?)
and (b = 1 fm) the surface thickness. The quantity
s represents the distance between the surfaces of
the two ions. It is approximated to be

s=r— [Ra(_;’ a)\u(a)) + RA(F' a)“‘(A)) + S]‘

where R, are the nuclear radii given above and §
is the Sussmann correction {4]. The reduced radius
R is defined by

2

R=[(c)+c)(c +¢cH)] 7

where the C.’s are the curvatures of the nucleus i
in the reaction plane ( ||) and in the perpendicular
plane (L). The equilibrium radii are given by

RY=1.2841%+0.94, /%~ 0.76.

The function @ is parametrized as follows

—3.437 exp( — £/0.75).

£>1.5,
—0.5(£—2.54)" — 0.085(¢ — 2.54)",
S ¢<15.

®(§) =

ii) Wood—Saxon empirical potential. This potential
as been obtained with a best fit analysis of exist-
ing elastic scattering data. A built in parametrisa-
tion is of the form

-V
UN(r) = : ,
(r) 1 +exp[(r—R)/a]
where
V,=16maR, a=0.63.

At equilibrium the quantity R is given by
R=R%+ R -0.29

with

RY=1.23341°-0.9784,1/3.

In addition to these two internally generated
forms of the nuclear potential an externally given
Wood-Saxon function can also be entered.

2.4. Damping of relative motion due to mass transfer

The damping effect in the relative motion due
to the exchange of mass between the 10ns is taken
into account by a frictional force. This force is
given in the proximity approximation [3] by

F= —4an,Rb(u,+ ‘u )¥(s/b).

where u, and u, are the radial and tangential
components of the relative velocity of the two
nuclear surfaces at the point of contact and the
function ¥ is parametrized as follows

fl.4—£, < —04,
N ]
w(¢) = 1.6—0.6£~O.57sm( 114 )
1 ~04<&>32,
0

£>3.2.

The velocity u 1s evaluated at each instant of
time in terms of the relative velocity, the nuclear
radii and the rotational frequencies of the two
1ons and, eventually, in terms also of the deforma-
tion variables. It can be written as

u=1v,(W) — 0, (W)

=F+Q XR(—F)— QX R\ F+v"

with

ftro__orr
v= bu Ua -

The angular velocity £, is calculated from the
intrinsic angular momentum [/, using the rigid
moment of inertia of nucleus i. With o' we
indicate the velocity of the surface of nucleus /
due to the vibrational degrees of freedom. Using

the irrotational flow approximation [7] we have:

Ro

>

Ap

a,, ()Y (8y. ¢w)}~

where the label W is used to indicate that these
velocities are evaluated at the window.
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2.5. Equations of motion

The codes solves the following system of cou-
pled equations

2
p IUN+UC
F=p/m, 1'),=—¢2—L——U—)+F

mr or ’
c_ P N [CFAETN 0
%)
a“(l)_T(i)’
I,,(i)
H ( ) Cx( )a>\p( ) YA( ) ( )
UM+ U9
aa,\ﬂ(i) ’

where M, stands for the torque associated with
the frictional force F. The damping coefficient
(i) appearing in the equation for II,,, is related
to the width I',(7) of the vibrational mode through
the relation

(i) = 2L,() Dy(0).

2.6. Dissipated quantities

The equations of motion written above do not
conserve energy and angular momentum because
of the presence of dissipative terms. The angular
momentum balance can however be written as
follows,

Ltot =Py + L(a) + L(A)’
L(l) = Lvib(i) + Lvib,dis(i) + Ltrans,dis(i)’

where L, (i) is the angular momentum stored in
the surface modes. This can be evaluated from the
relations

Lvib(i) = ;L)\.vib(i)’
L)\,vib(i) = Zp‘a)\p(i)n}\p.(i)'

The angular momentum dissipated in each nucleus

through the damping of the surface degrees of
freedom is evaluated by integrating along the
trajectory its rate of change, that is

Lonai) = "0y 240

Dy(i)

The angular momentum loss in the relative motion
due to the dissipative force F is evaluated through

+ o0
Ltrans,dis=/ dt (rXF)z'

— o0

L)\,dis(i)'

This expression provides the total angular
momentum loss due to mass transfer. It is divided
between the ions according to

L Ltrans,dis (a) + Ltrans,dis (A) s

trans,dis

where

- R,(1)

L (i)=—7""—"———L ().
trans.dls(l) Ra(t)"‘RA(t) trans,dls( )

In a similar way the energy balance can be
written as

E,=E.,+E(a)+E(A)+UN+ U,
where

2
E pr + P¢

rel = >

2m  2mr?
E(’) = Evib(i) + Etrans.dis(i) + Evib,dis(i)7

Evib(i) = ;Ek,vib(i)’

E)\wb( )_22 %

E (i) = + oo YA()
- S( ) :;uf_w D, (i )

The total energy dissipated by the mass transfer is
given by

E

C}\ |a)\p(i) |2

T, (i) )2

trans,dis = Etrans,dis (a) + Etrans‘dis (A)

=f_+°°dz (r+F).

This energy is then divided between the two
partners in relation to their masses.
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2.7. Fluctuations and zero point motion

The description of the collision process in terms
of the average trajectory, would be complete if the
fluctuations about the expectation values of the
dynamical variables were small. The experimental
data, however, show that large fluctuations are
present in measured quantities like energy loss,
scattering angle, etc.

Inspired by the results of the linear coupling
model (cf. ref. [1] and references quoted therein)
the fluctuations in the energy loss E, , (excitation
energy) can be incorporated in a simple way.
Making use of the linear approximation the dis-
persion around the average energy loss due to the
excitation of the surface modes can be written as

(AE )l = X [N (@) (hoy(a)’
A

+ (N (A (her(A))].

where (N,(i)) is the average number of phonons
present in the mode A of the nucleus i, and hw,
indicates the corresponding energy of the mode.

Besides the excitation of the surface modes,
energy is also dissipated through mass transfer.
This is a statistical process, and we can estimate
its contribution to the dispersion in energy in
terms of the energy loss due to this mechanism
E, . .ais- The total dispersion in the energy loss is
written as

(AE)I«)SS = \/(AEloss)iib + (AElrum,dis )2 -

This procedure gives only an idea of the
fluctuations present in the excitation energy of the
fragments. To take into account the fluctuations
in all dynamical variables one follows with the
classical equations of motion the evolution of the
system in phase space with an ensamble of initial
conditions which reflect the quantal uncertainties
present in the initial state. Since the relative mo-
tion is regarded essentially classical the sampling
of initial condition actually covers only the values
of the variables a, (i), I1,,(i). These are given by
Gaussian distributions with standard deviations

(Aa)* =22 (am)? =292

2.8, Quasielastic spectra

To construct excitation functions for the quasi-
elastic regime, the code looks for the set of impact
parameters which feed a given scattering angle 6.
The average occupation number ( N;(p)) for each
mode is given by

(N(p))=E(p)/hw,.

where E,(p) is the excitation energy associated
with the mode of energy Aw, The probability
distribution for having a number », of phonons in
the mode 1s

(Ni(p))"
P, = —V!—Lexp( —{(N,(p)))
while the probability for an energy loss E s
defined as

P(p. E)=Y, S(E‘ Zvihw,)nP,,’(p).
(v i i

Here {»,} indicates the set of all possible occupa-
tion numbers. The double differential cross sec-
tion is then written as

de < pldp/df| .
GEde ~Zamsnoapl (e E)T(e).

o

where T(p) is a coefficient describing the prob-
ability to remain in the initial mass partition (a. A).
It is given by

(o) =exp| 3 [ W) ai

The function W[r(r) describes the depopulation of
the entrance channel due to particle transfer.

3. Input

The information that it is necessary to provide
to run the code has been kept to a minimum.
Thus, in its simplest form the program can be run
supplying very few data records. Of course, this
means that quite a few decisions have to be taken
by the code itself during execution. These inter-
nally generated choices are called defaulr options.
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It is quite natural to expect that the utilization
of the code in specific applications may not be
optimal with the default options. Thus, ways to
overrule these internal choices have been pro-
vided.

Following these remarks we can roughly divide
the data records into two groups. There are re-
cords that always should be read and other that
are only read when a default option is to be
overruled. In what follows we shall always indi-
cate one of the records belonging to the second
group by means of a diamond ().

Record number 1
READ ( * ) MA,ZA MB,ZB ,ELAB

MA = Mass of the projectile,

ZA = Charge of the projectile,

MB = Mass of the target,

ZB = Charge of the target,

ELAB= Energy of the reaction in the laboratory
system.

Record number 2
READ ( * ) K1,K2,K3 K4, K5,K6,K7,K8 K9,K10

K1 =0 For average trajectories. The calculations
are performed with initial conditions for
the surface modes that correspond to the
quantal expectation values of the deforma-
tion and momentum in the ground state.

=1 Random initial conditions for the surface
modes. The calculations are performed with
initial conditions for the surface modes that
are generated at random in consistency with
the spread in deformation and conjugate
momentum corresponding to the ground
state. Note that although the initial condi-
tions are provided by a random number
generator, the same sequence of numbers
would be repeated in another un with iden-
tical data records.

=2 Irreproducible random initial conditions
(same as above but generates irreproducible
random initial conditions. A call to the
clock achieves this result). The advantage

K5

of this option becomes obvious if you want
to improve the statistics of a given run by
adding more trajectories corresponding to
the same bombarding conditions.

0 Proximity potential of ref. [4] is used for
the nuclear ion-ion interaction.

=1 Empirical potential of ref. [5] is used.

2 Externally given Woods—Saxon potential
is used. An additional record containing its
parameters will be read (see record number
5 (). Note that in this case the depth of
the potential is kept constant along the
trajectory.

0 Surface deformations are taken into
account.

1 Surface degrees of freedom will be ignored
in the actual calculation, even if specified.
In this way the nuclei remain spherical
throughout the collision.

0 The dissipative effect of nucleon ex-
change between the reacting nuclei is taken
into account according to ref. [3].

1 The dissipative effect of nucleon ex-
change between the reacting nuclei ignored.
With the choices (K3,K4) = (0,1) or (1,0)
one can thus investigate separately the ef-
fects of the inelastic and transfer channels.
Note, however, that one should not use this
type of analysis to draw conclusions con-
cerning the relative importance of these two
processes. This is due to the fact that either
mechanism strongly affects the dissipation
through the other. It follows from these
considerations that the choice (K3,K4)=
(1,1) can be used to generate elastic deflec-
tion functions.

1 This generates as special modus operandi
which is suited to the study of reaction in
the quasielastic regime. Since the contribu-
tion to quasielastic events come from a
rather narrow range of partial waves close
to the rainbow, the program will try to
optimize the calculation by selecting those
impact parameters. The main objective of
this option is to generate the cross sections
as a function of energy for a few angles
near the rainbow. These are internally cho-
sen. In order to construct absolute cross
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section in mb/sr MeV the depopulation in

the initial mass partition is taken into

account through an absorptive potential

W(r) (see ref. [8]). The default values of

W, are 0, 25, 50 MeV. The angles where the

cross section is produced and the values of

W, can be externally specified (see option

keys K7,K8). If the calculation is per-

formed with random initial conditions for
the surface modes (K1 =0) the impact
parameter range must be specified exter-

nally (see key option K6 = 1).

= (0 Impact parameter range generated inter-
nally.

a) For average trajectories (K1=0). The
calculation will sample the impact
parameter range from zero (SMIN) up
to a value slightly exceeding the rainbow
(SMAX) with a number of trajectories
which is specified in record number 3. If
this value (NTR) is left zero, the interval
for the impact parameter (DS) is set to
0.2 fm.

b) For random initial conditions (K1 = 0).
In this case the number of trajectories
must be specified. They will be distrib-
uted between SMIN and SMAX so that
each trajectory carries the same cross
section weight. The interval DS is thus a
function of S, so that more trajectories
are calculated for the larger impact
parameters.

=1 Impact parameter range is externally
given. Extra record is read (see record num-

ber 6 (O)).

=0 Quasielastic spectra angle range gener-
ated internally.

=1 Quasielastic spectra angle range exter-
nally given. Extra record is read (see record
number 7 ({)). Note that this key is rele-
vant only if K5=1.

= 0 Strength of imaginary potential generated
internally.

=1 Strength of imaginary potential is exter-
nally given. Extra record is read (see record
number & ()). Note that this key is rele-
vant only if K§S=1.

= 0 The relative velocity u is defined in term

of the relative velocity and the rotational
frequencies of the two ions only.

=1 An extra term 1s added to the velocity u,
representing the velocity flow associated
with the deformation degrees of freedom.
Applications seem to indicate that more
reasonable results are obtained with K9 = 0.
This question is still under investigation
and therefore an eventual update of the
equations of motion may be needed. Exam-
ples in section 4 are all calculated setting
K9 =0, an option which at the moment is
recommended.

K10=0 The output via HPLOT is not produced.
This value is recommended if one does not
intend to use this facility, as a considerable
amount of computing time 1s saved.

=1 The output of HPLOT is saved in unit 29.

Record numbper 3
READ ( * ) NMA,NMB.,NTR

NMA = number of surface modes for the pro-
jectile. The sign of this quantity is used to select
different possibilities. If NMA < 0 the specifi-
cation of the modes is externally given. A set of
—NMA records, one for each mode, will be
read (see set number 4 ()). |[NMA| should
not exceed 12. If NMA =0 an average set of
surface modes will be internally generated, as a
function of the projectile mass WMA (cf. sec-
tion 2). If NMA >0 a set of NMA modes is
added to the average response function gener-
ated internally. NMA extra records are read
(see set number 4 (). In this case NMA
should not exceed 4.

NMB = number of surface modes for the target.
The sign of this quantity is used to select differ-
ent possibilities. If NMB < 0 the specification
of the modes is externally given. A set of
—NMB records, one for each mode, will be
read (see set number 4 ()). | NMB| should be
exceed 12. If NMB = 0 an average set of surface
modes will be internally generated, as a func-
tion of the target mass WMB (cf. section 2). If
NMB > 0 a set of NMB modes is added to the
average response function generated internally.
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NMB extra records are read (see set number 4
(O)). In this case NMB should not exceed 4.
NTR = number of trajectories to be calculated.

For average trajectories (K1 = 0), this number
is ignored if the range of impact parameters is
given with option K6 = 1. In this case NTR will

be equal to (SMAX — SMIN)/DS + 1.

Set number 4 ()

We call this a ser because it may contain more
than one data record. Actually it must contain
INMA | + [NMB| records. The information for
the surface modes is read first for the projectile
and then for the target.

READ ( * ) L(N),E(N),ST(N),G(N)

L(N) = multipolarity of the mode.

E(N) = energy of the mode in MeV.

ST(N) = percent of the energy-weighted sum-rule
carried by the mode.

G(N) = width of the mode in MeV. For the
low-lying mode (W(N) > 8 MeV) the code sets
a width of 0.2 MeV. When the option for
random initial condition is selected (K1 =0)
the program automatically sets the width of the
modes to zero even if read.

Record number 5 ()

READ ( *) V0,AQ,RO

VO = absolute value of the depth of the
Woods-Saxon ion-ion potential (VO > 0).

AQ = diffuseness of the ion-ion potential.

RO = radius parameter (R = RO * (WMA * * 0.33
+ WMB * * 0.33)).
This record is read only if K2 = 2.

Record number 6 ()

READ ( * ) SMIN,SMAX,DS, TSTEP,FLINE

SMIN = lowest value fo the impact parameter S

(in fm).
SMAX = highest value of the impact parameter S

(in fm). Note that if SMAX = SMIN just one
trajectory will be calculated. Only in this case
detailed information is printed along the trajec-
tory.

DS = impact parameter step (in fm).

TSTEP = time interval for the printing of infor-
mation along the trajectory (in 2 MeV™!'), If
left zero, the assumed value is 0.4 MeV L.

FLINE = this parameter allows to scale the plots
of the nuclear shapes for different printing
paper sizes. It should be chosen so that as the
nuclei approach each other, they appear as
circles in the output. The default value is 41
which correspond to printers with 8 line/in.
For printers with 6 line/in one should use
FLINE = 31.

This record is read only if K6 =1.
Record number 7 ()
READ ( * ) TQMIN,TQMAX,DTQ

TQMIN = lowest value of scattering angle in the
center of mass where the quasielastic excitation
function is calculated (in degrees).

TQMAX = maximum value of the scattering angle
in the center of mass where the quasielastic
excitation function is calculated (in degrees).

DTQ = scattering angle interval (in degrees).

This record is read if K7=1 but it is only
relevant when K5 = 1. Distributions of cross sec-
tion are displayed in histograms of one MeV bins
up to 30 MeV of excitation energy.

Record number 8 ()

READ ( * ) WMIN,WMAX,DW

WMIN = lowest value of the imaginary potential
used to generate quasielastic cross sections. All
values of the imaginary potential should be
entered as positive numbers.

WMAX = highest value of the imaginary potential
used to generate quasielastic cross sections.

DW = imaginary potential interval (in MeV).
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This record is read if K8 =1 but it is only
relevant when K5 =1.

4. Output

The results of the calculations are collected in a
number of tables which are mostly printed at the
end of the run. One should then be careful not to
underestimate the specified time limit. An orienta-
tion on this matter is given in section 5. Several of
the calculated quantities are also plotted in the
output. Although the quality of figures produced
in a standard line printer is not high, it is hoped
that this facility will prove convenient to the users.

All the line printer plots are obtained by using
the CERN HBOOK Version 3 package. High
quality drawings of the same plots, suitable for
talks and publications, can also be obtained using
the CERN HPLOT Version 3 package. This is
done by selecting the option K10 =1 (cf. record
number 2) that saves in the output of HPLOT in
29. This output file has then to be sent to a high
resolution graphic terminal.

In order to explain the output we have pre-
pared a series of examples that cover the most
standard applications of the code. In each in-
stance we give an overview of the printout, plus a
detailed explanation of tables and figures as they
appear for the first time.

We also provide a list of error messages that
can appear when problems in the data and/or
dimension violations are detected. It is possible,
however, that protection may not cover some other
inconsistencies.

Example 1: Elastic deflection function

The simplest application of the code is to pro-
duce the elastic deflection function for a given
reaction. This 1s a fast and inexpensive run that
provides a first idea of the range of scattering
angles and impact parameters that are relevant for
the case. It is always convenient to start the analy-
sis of a reaction by producing the elastic deflec-
tion function. This is especially important if one
wants to input the impact parameter range.

As explained in the data set, the way to obtain

the elastic deflection function is by the combina-
tion (K3,K4)=(1,1). In this case the information
for the surface modes (either provided or inter-
nally generated) is ignored.

Consider the reactions " Kr +** Pb at 610 MeV
and 'O +2®Pb at 125 MeV. The simplest data
sets for these reactions are

> 86.0 36.0 208.0 82.0 610.0
>0011000000
>000

for the Kr + Pb case, and

> 16.0 8.0 208.0 82.0 125.0
>0011000000
>000

for O + Pb.

The printouts appear as shown in fig. 1. The
first column corresponds to the Kr + Pb reaction
while the second is for O + Pb. Since this is the
first example we explain all the elements of the
output, tables (A) and (B) and figure (C).

(A) This table will always appear in any run of
TORINO. It contains a reminder of the input data
plus some useful information pertinent to the re-
action under study. The blow-up of this table is in
fig. 1(A). We trust that the identification of the
different quantities is evident. Since in our data
NMA = NMB =0 the table shows the internally
generated response function for the two nuclei.
These quantities are ignored in the present case.
In the box labelled “reaction information™ the
conversion factor from impact parameter into an-
gular momentum 1is given. Estimations of the
Coulomb barrier and grazing quantities according
to ref. [9] are also printed. The impact parameters
quoted in the last box give the actual range where
the calculation is performed. The code will nor-
mally complete the tables up to S = 16 fm, assum-
ing elastic Coulomb trajectories. The lower limit
can be cut short in the quasielastic option (K5 = 1).

(B) This table collects the results of the calcu-
lated trajectories concerning the relative motion.
The scattering angle and the final energy are in
the center of mass system. Fig. 1(B) allows to
identify the different columns. Here the last two
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Fig. 1(C).
columns contain zeros, as we have an elastic pro- sign when the trajectory bends past the beam
cess for all impact parameters. direction, in all plots the scattering angle is dis-

(C) This figure displays the content of the first played with positive sign. An enlargement of this
and third columns of table (B). Although the plot is shown in fig. 1(C). The example of O + Pb
scattering angle is printed there with a negative has been chosen to illustrate this point, as shown
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ENERGY VS SCATTERING ANGLE
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results of trajectory calculations for the
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inelastic and mass transfer degrees of freedom to
the relative mot

Fig. 2(H).

actual value of the quantities plotted (scattering
angle vs. impact parameter in this case). The up-

per and right “channel” labels may be ignored.
A natural extension of the previous example is

Example 2: Full calculation with average trajecto-
to consider a case where the coupling of the

in (D). The left and lower scales correspond to the
ries
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CISTRIBUTION OF CROSS SECTION v5 ENERGY (MEV)
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The output of the code is displayed in fig. 2. Its
elements are labelled by the letters (A) to (J).

(A) See example 1(A).

(B) See example 1(B). Note that in this coupled
situation the last two columns Contain now num-
bers which differ from zero. Since the equations of
motion listed in section 2 do not strictly conserve
energy some of these quantities could in principle
be negative (cf. example 5 below).

(C) See example 1(C).

(D) This figure displays the energy loss in the
relative motion as a function of the impact param-
eter, i.e. columns 6 and 1 of table (B). A blow up
of this figure is shown in fig. 2(D).

(E) This figure displays the angular momentum
loss in the relative motion as a function of the
impact parameter, i.e. columns 7 and 1 of table
(B), cf. also fig. 2(E).

(F) This figure displays the final energy of
relative motion as A function of the scattering
angle in the center of mass system, i.e. columns 4
and 3 of table (B), cf. also to fig. 2(F).

(G) This figure gives an indication of the distri-
bution of the reaction cross section as a function
of the impact parameter. It excludes the events
which led to the formation of a composite system
(fusion). In this example, which involves very
heavy systems, there are no trajectories leading to
capture. In a lighter combination of projectile and
target, such as '*O +*Ni at 100 MeV, the distri-
bution would display a “bell-shape” centered at
the last partial wave leading to an emerging trajec-
tory. The area under the curve corresponds to
quasielastic events. The edges of the function are
smooth even though the calculation involves aver-
age trajectories because a folding is performed
using the quantity 6 = SZPM (cf. section 2).

(H) This table collects the results of the calcu-
lated trajectories which concern the status of the
outgoing fragments. As a function of the impact
parameter (partial wave) the excitation energy and
angular momentum in the projectile and target are
listed (see fig. 2(H)). Columns 5 and 8 give the
percentage of the excitation energy due to particle
transfer for the projectile and target, respectively.
Note that the sum of the excitation energies does
not match the energy loss in the relative motion

due to the lack of energy conservation (cf. (B)
above).

(I) This figure displays contours of the double
differential cross section d’sc/dE d2. The plot
incorporates the fluctuations in the final energy of
relative motion and scattering angle as explained
in section 2 (cf. fig. 2(I)).

(J) This figure gives the distribution of final
energies of relative motion for all impact parame-
ters, (cf. fig. 2(J)).

Example 3: Information along a trajectory

As explained in section 3 one can calculate a
single trajectory using the key option K6 =1 and
specifying the impact parameter S by entering
SMIN = SMAX = § (DS # 0). If only one trajec-
tory is calculated, it is assumed that the user is
interested in following the evolution of the colli-
sion as a function of time. Thus, only in this case
information along the trajectory is printed. The
time interval for this intermediate output is
TSTEP =0.4h MeV~! unless specified different
from zero in record number 6 ().

Consider the collision 2%®Pb +2®Pb at 1600
MeV with an impact parameter of 3 fm. If we use
the average response function, the data set is the
following:

> 208.0 82.0 208.0 82.0 1600.0
>0000010000

>000

>30301.0

The printout is shown in fig. 3. The letters (A)
to (E) indicate the different elements of the out-
put.

(A) See example 1(A).

(B) In these tables detailed information on the
relative and intrinsic motion as a function of time
is given. The time quoted as the top of the page is
measured from the moment the integration of the
equations of motion starts. Therefore, it is only
meaningful to define time intervals. Fig. 3(B) al-
lows to identify the different quantities. All rela-
tive motion variables are referred to the center of
mass system. The information about the projectile
and target modes that appears at the bottom of
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the page is printed so that each column corre-
sponds in order to the modes as listed in table (A).

(C) If the distance between the surfaces of the
nuclei is smaller than 25 fm, a supplementary
figure to table (B) is printed in the next page of
the output. This figure displays in a schematic way
the density profiles of the reacting nuclei. The
crosses indicate the position of the half-density
radius for the combined system.

(D) See examples 1(B) and 2(B).

(E) See example 2(H).

Example 4: Quasielastic regime

A quite unique feature of TORINO is the abil-
ity of the code to produce excitation functions for
angles near the grazing. In this case, the average
energy and angular momentum loss in the relative
motion is small and a considerable fraction of the
cross section goes into single excitation of the
individual surface modes. Thus, the analysis of the

C.H. Dasso, G. Pollarolo / A semiclassical coupled channel code

xxuk time= 2.40 (h-barie{mevar-1) = 473.59 Fm/c *runnn » L 936963 9 0

#uns relative motion * L1 L2 * L]

*
# center of mass distance = 1% 48 fm »
% relative momentum = 3870.41 mev#n2/c "
# angle in the scattering Ellne = 143.08 degrees "
# angular momentum = 143 5 (h-bar) :
»
% energy = 689.81 mev »
L] L]
# separation between the surfaces = .27 ¢m *
» *
00D 0600000000000 00 0 06 00000 D6 06008 090 06 060606 00 06 .00 6 06 0000 00 43000 960006 00 D0 0196 30 36 06 .06 300 3000 06 00 303030 D6 0606 303090 D0 06 .96 3.

#usu intrinsic motion » * L1 00000
* *
: projectile (a) target (b) :
: excitation energy (mev) 64.46 €4.46 :
* in deformation 11.27 11.27 *
» dissipated $3. 19 53. 19 »
» through inelastic excitation 16.56 16.58 *
» through mass transfer 36.61 36.61 »
* »
“ »
* »
. angular momentum (h-bar) -23.23 -23.23 *
»
» in deformation -. 54 -.54 *
* dissipated ~22.69 -22 69 »
* through inelastic excitation -1.03 -1.03 »
: through mass transfer -21.67 ~21.67 :
» »
* *
: temperature (mev) 1.56 1.56 :

projectile modes
number of phonons 78 .01 64 01 .09 02 1.02
deformationh energy 2.20 .12 1.77 24 .88 .38 4 .89
deformation lng. . ~.28 ~.02 ~. 38 - 01 -. 10 00 29
dissipated energy 40 3.53 .26 1.78 3.08 1.80 1. 65
dissipated ang.m -.20 -.09 -.01 -.03 -.13 -.06 -.18
target modes
number of phonons 78 .01 64 01 09 .02 1.02
deformation enorgy 2.20 .12 1.77 24 88 38 4. .59
deformation n’ . 28 -.02 ~. 38 -.01 -. 10 00 29
dissipated enefgy 40 3.5 26 1.78 3.08 1.80 1 6%
dissipated ang.m - 20 - 09 -0 - 03 - 13 -~ 06 - 18
Fig. 3(B).
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quasielastic regime provides a way to check and
adjust the response function of the reacting nuclei.

The code produces the distribution of cross
section for the event where only inelastic exci-
tation of the two nuclei takes place. Of course,
these are not the only processes where the mass of
the detected fragment coincides with the one of
the projectile. Processes where either exchange of
particles or particle transfer followed by evapora-
tion takes place also contribute to the cross sec-
tion. These events constitute a sort of “back-

ground” over which the distributions calculated

by the code are superimposed. The absolute value

of the inelastic cross sections is fixed taking into

account the depopulation due to transfer channels
by means of an imaginary potential (cf. section 2).

In the quasielastic regime it is important to
represent accurately the nuclear response function
in the initial mass partition. Thus, it is convenient
to use this example to illustrate how the informa-
tion about the surface modes can be entered exter-
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10 NO = 4
999 999399999999999
XXX XK HXHK KKK XXX
XXX XOKXXH XXX KKK XXX X
XXX XXX XK K XK KK KKK X
XXX XXX XXX N XK X
XXX XU KM XK XK KX XX
XXX XX R XX XX
XXX XXM XK XXX XK X
XXX XK HOHK XXX KKK KX KX
XXX XK XXX XX XXX XXX
XXX XOCHOCR XK K XK XXX
XXX KXKXHHKXXK KKK XX
XXX KAXHXAXX KKK XXX X
XXX AXXKXXXXKXXX XXX
XXX MUXXXXXXKXHXX XX
XXX AXXXXHXRXX XXX XX
XXX XXXRXXXXKKR UK XX
XXX AXXKXXRX KK KKK KX X
XXX XXXXXXXKKRM KRN X
XXX XXXRXXKXK KK MK XXX
XXX XXXXXXXXXXKXRXXXT T T
XXX AEXXXXHUXEKXKX XK XK XK K
XXX KXAHXXHXHXK KKK XX KK X 222
XXX XHXHHKHK KK HKKH KKK KKK X XXX
XXX AXXXXRRXXXKKX KX XXX X XXX
XXX EARXXKARXKXKARXXXAKX XXX
XXX RXMHHKHK KX KKK KKK KK N 222%X%XX
XXX AAXXXAXXKKXKKNX KX X AXXXXX
XXX AXXXKKKXHKXKX KK XXX KKK XXX
XXX KXXXKKKX XK KX XXX KX XXXXXX
XXX EXXKXKKXKXK XK XXX KX XXXXXX 111
XXX ARAKAHKMH K KKK XK KX KK X XXXXKXXXX
XXX AXHXXKAXXRRKRX XXX KK X AXRXXXKXXX
XXX XUARXXKXXXAKK XX XK XX AXRXXXXXXX
XXX XRXAXKXKXXK XX XX XXX XXXXXXXNX
XXX KAXKKKX XXX KX KK XK XK XXXXXXKXX
XXX XXXXKKXXXRKRR XXX KX X XXRXKNHXXX
XXX RXXXAAX KKK KK KKK KX X XXXXXAXXX
XXX XXRXRHX KRR KK XK X BEXXXXXXXXX
XXX AXRAXUH XK KKK KK XX lxxxxxXXXXXZZZ
XXX HXAXXAUX KKK XXX K EEAKRKXK KN KKK XK XXX
XXX XUHX KKK KKK KKK XXX xxxXXXXXXXXXXXZZZ
XXX XRXHHK KK KX KKK KKK X xxxxxXXXXXXXXXXXX
XXX KHXXKAK KKK KKK KKK XEXRXAX 333
XXX KXXKUXXXXKXRKK KKK YYYXXXXXXXXXXXX 355000
XXX AXKXRRKXX XX KR KX XXX K lll!lllllXIXXXXXXXXSSSSSSXXXSSA 9IXXXXXXS55444000
XXX XXXRXXUK XXX KA XKXXXKX l!!lxxxxiYXXXXXXXXXIKKXXXXXXXXK AAXXXXXXRXAXXXXXXX D44
XXX XURAXKKKXXKKKXXKX XX KEK KK KEKK KKK XK XK XXX XXKKXXHK XXX XAKXAXXXXXKXXRAA XXX XBOB L1 1
XXX XXAXXXXXXKAX KA X KKK KllxxxXXXXXXXXXXXXXXXXXXXXXXXXXKXKXXXXXXXXXXXXXXXXXXXXXXXXG
AHXXXXRK KK IR XK KKK KKK KKK XXX KK KK XX KX XN KKK XX XXXXXXXXXXXXXXXXXXXXXXXXBBB
XXX555XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXKXXKXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX XXX X
i1 1 1 1 1 1 31 1 L 1 2 2 2 2 2 2 2 2 2 2
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Fig. 5.
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nally. Consider the reaction 'O +?®*Pb at 400
MeV. We use the following input data:

> 16.0 8.0 208.0 82.0 400.0
>0001111000
> —4 —-990
>2.0698.00.0
>2.023.090.06.0
>30619.00.0
>4.023.025.06.0
>2.04116.00

> 2.010.8 82.02.7
>3.02617.00.0
> 3.017.080.05.0
>4.0436.00.0
>4.010923.02.5
>4.024.071.07.0
>5.0334.000

> 5.020.040.09.0
> 0.013.00.1

> 8.010.02.0

ENERGY LOSS

C.H. Dasso, G. Pollarolo / A semiclassical coupled channel code

Notice that by setting K7 =1 one can enter
externally the values of the scattering angle where
the excitation function is to be calculated. In this
example we have selected 8° and 10°.

The output contains, in this case. the same
elements as in example two plus a series of histo-
grams representing the excitation function. Since
we have used the default option K8 = 0 three sets
are constructed corresponding to the values W, =
0, 25 and 50 MeV. For each value of W,. the set
contains the distribution of cross section as a
function of excitation energy for all the specified
angle. In fig. 4 we show the histograms corre-
sponding to W, = 25 MeV. At the top of the figure
we list the value of the center of mass scattering
angle in degrees the strength of the imaginary
potential in MeV. The abscissa (as indicated) goes
from zero to 30 MeV in bins of 1 MeV. The
ordinate gives the value of the cross section in
mb /MeV sr.

HBOOK 0 = 10 No = 2
CHANNELS 10 U O 1 2 3 4 5 6 7 8 04
1 N 123456789012345678901234567890123456709012345678901234567890123456789012345678901 V B
*nununuununuuunnnnnunnuunuuuunnnnunnnninnnuun»nn*nnun»nnnunnuunuunnnnnnnnnnunnunuununn«nnu: ABN
ABN »
055 * #* OVE
400 » * 41
90 » ¥ 40
80 * » 9
70 * " 8
60 " * 37
50 * * 6
a0 * * s
30 * * q
20 » * 3
10 * + o 2
00 * * 1
a0 » + * 0
80 L] * 9
70 »* + * 8
60 * + * 7
50 » -+ + * 6
a0 »* + +4 * 5
30 » + + + * 4
20 * + o+ + + + + * 3
10 » + » 2
00 * + + + * 1
190 » + + + ++ 0+ ++++ 3 » 0
180 * + + + + 2 + + * 9
70 »* + + + + o+ 4+ 244+ + + " 18
60 * + + + + ++ + * 17
50 * + + 2 + + 4+ o+ + + L] i6
a0 » 2 + 2+ ++ +2 44 L 15
30 » + o+ o+ + + 4 + 4+ »* 14
20 »* + 44+ ++ + 4+ 4+ ++ + * 13
110 »* + + + Hrerr o+ + + + » 12
100 * + e + »* 11
90 * + + o+ + o+ + + * 10
80 * + + L] 9
70 » " 8
60 » L " 7
50 * + 2 + + » 6
40 »* + 2+ + + L] 5
30 » 22+ » a4
20 » + 4t o+ " 3
10 » ++ +2+ 2 ++ » 2
» 2 + + 32+423666555576+ # 1
UND * +2+2 +344422+242323 * UND
LTI T TR R ) NN L1 L T e e T YT
LOW-EDGE 10 1111121212041111111131111511111111%
1 111112222233333444445555%56666677777866888999990000011111222223333344444555556
[o] 02468024680246B02468024680246B0246B0246802468024680246802468024680246802468024680

Fig. 5(D).



C.H. Dasso, G. Pollarolo / A semiclassical coupled channel code 365

Example 5: Calculation with random initial condi-
tions

As has been mentioned in section 2, one can
take into account the effects of quantal fluctua-
tions beyond the linear approximation by a for-
malism based in the use of Wigner transforms.
This is implemented by calculating a set of trajec-
tories where the initial conditions for the surface
variables are chosen at random but consistently
with the ground state uncertainty in coordinate
and momenta. Here we illustrate the use of this
option (K1 =0) for the reaction *Xe + 2% Pb at
1150 MeV, previously used in example 2. The data
set is:

> 136.0 54.0 208.0 82.0 1150.0
>1000000000
> (00299

In these records we have taken K1 =1 which
makes the output reproducible, as has been ex-
plained in section 3 (cf. record number 1) and we
have set the number of trajectories to be NTR =
299. They will be distributed in the impact param-
eter range (here internally generated) so that each
one accounts for the same cross section.

The output of the calculation is shown if fig. 5.
It contains essentially the same elements as ex-
plained in connection with example 2. The main
difference being that TORINO shifts to a
counter-display whenever there is more than one
trajectory filling the corresponding box in the x-y
grid. Thus, for example, if a number 2 appears in
the printout it indicates that two of the trajectories
have led to final values of the variables which
belong to the same bin (cf. fig. 5(D)). Latin char-
acters in alphabetic order are used if the number
of trajectories exceeds 9.

A magnification of the energy-loss distribution
as a function of the impact parameter is shown in
fig. 5(D).

5. Time estimation and diagnostics
It is difficult to work out a formula which

would reliably estimate the computation time for
all the different applications of TORINO. We

therefore give here only a small table that collects
the CPU times used to produce the examples
contained in this manual (table 3).

Execution of TORINO is aborted by several
conditions. Most often they are due to illegal
choice of key options and to vector variables
exceeding allotted dimensions. They can also re-
sult from a choice of bombarding conditions which
are not compatible with the numerical set-up used
to integrate the trajectories.

Following is a list of the messages that may
appear followed by a short explanation of its
meaning and possible corrective steps.

Message: -NTR- too small for ZPM option

If the option K1 =0 has been used a minimum
of trajectories is expected in order to carry out the
administration task required by the random initial
conditions option. Increase the parameter NTR in
record number 3.

Message: number of modes exceeds 24

The total number of modes for projectile and
target (either read or internally generated) cannot
be larger than 24. This number is defined through
a parameter instruction.

Message: -ECM- is below estimated Coulomb bar-
rier

When the center of mass energy is below the
estimated Coulomb barrier the code stops auto-
matically since it is not meant to calculate
Coulomb excitation alone.

Message: number of equations too large - max 500
This indicates that the number of coupled lin-
ear equations n., to be integrated numerically

Table 3
CPU times
VAX 8650 VAX 11,/780

Example 1 0.12 1.10
Example 2 10.42 52.07
Example 3 1.09 5.50
Example 4 3.52 20.17
Example 5 1.05.00 5.53.00
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exceeds the maximum allowed, which is 500. This
number can be estimated as follows

Meg~ 22N, +1) +2N +16,

where m goes over all the N modes included in
the calculation and A,, is the corresponding multi-
polarity. This number is defined through a param-
eter instruction.

Message: -SMAX- too large for the given energy
The numerical integration is carried out only
within a certain distance in the coordinate of
relative motion. Outside this prescribed range the
trajectories are supposed to be Coulomb-like. If
the larger impact parameters are such that the
distance of closest approach in a Coulomb orbit is
larger than the integration range TORINO stops.

Message: -NTR- larger than 300

Indicates that the number of requested trajecto-
ries exceeds the maximum allowed. This number
depends on the memory capacity of the system. At
the moment we set it to 300. This number is
defined through a parameter instruction.

Message: illegal use of quasielastic option
The quasielastic option (K5 = 1) cannot be used

with random initial conditions. Resubmit setting
K1 =0.

Message: multipolarity of a mode exceeds 8
The code does not accept modes with multi-
polarity A > 8.
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