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Abstract. Radioactive beams expand considerably the range of reactions with a large charge-to-mass asym-
metry between projectile and target that can be probed experimentally. We introduce a simple model to
estimate the magnitude and energy distribution of the prompt dipole gamma-emission that takes place
while the symmetry is restored during the short contact time. In addition to this pre-equilibrium compo-
nent we also introduce a procedure to calculate the delayed gamma-emission of statistical character that
occurs after thermal equilibration of the compound system —or the binary reaction ejectiles— is reached.

PACS. 21.60.-n Nuclear-structure models and methods — 23.20.Js Multipole matrix elements

1 Introduction

Since the earliest stages in the study of deep-inelastic col-
lisions it has been known that motion in the mass asym-
metry degree of freedom is a rather slow process. Thus,
how much of the path towards equilibrium can be com-
pleted while the densities still overlap becomes an essen-
tial ingredient to understand the observed distributions
of the mass for the projectile-like and target-like emerg-
ing fragments. Relaxation in the charge-to-mass asymme-
try degree of freedom is, on the other hand, a much faster
process occurring in a time scale comparable to that of the
physical contact between projectile and target [1]. Even if
the collision leads to fusion, the reshuffling of protons and
neutrons that establishes charge-to-mass equilibrium over
the entire volume takes place during intervals of time of
the order of &~ 1072! s. This scale establishes a qualitative
distinction between the prompt emission of 7-radiation
and the one that follows thermalization of the highly ex-
cited reaction products. In this context, we can equally
consider here a fusion reaction, where the source of sta-
tistical emission is the resulting compound system, or a
deep-inelastic collision leading to two hot emerging frag-
ments which subsequently decay.

As stated previously, the mass drift leaves a clear sig-
nature of the process on the experimentally measured
mass distributions. Motion along the charge-to-mass de-
gree of freedom may not be that straightforward but
can also be traced, insofar as the rapid rearrangement of
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charge is accompanied by an emission of dipole radiation
that is observable.

Since stable, light systems have Z/N = 1 one may get
the impression that shooting a beam of such nuclei on a
medium heavy target (Z/N = 0.65) should create favor-
able conditions to trigger a substantial emission of such
prompt dipole radiation. The argument that leads to this
conclusion is, however, incorrect; what really matters is
how much the absolute value of the charge edZ that must
be shifted around to restore the charge-to-mass balance
is. Since normally §Z/Z < 1, the relevant information
cannot be extracted from a simple inspection of the ra-
tios Z/N. Reactions with radioactive beams are an alto-
gether different matter, as one can now prepare situations
that enforce a larger exchange of protons and neutrons to
achieve the overall equilibrium ratio (Zp+Zr)/(Np+Nt).
In fact, just by moving the projectile one or two units of
charge further away from the stability valley (something
that changes little the overall lack of balance between the
ratios Z/N for the projectile and target) one can bring
about a significant enhancement in the pre-equilibrium
radiation yield.

This possibility has been discussed theoretically by
several authors [2—4] previously, and experimental efforts
have been oriented towards this goal [5-8]. Among the
most fundamental approaches it is worth mentioning those
that exploit the time dependence of the mean field ob-
tained from solving the BBU equations [4]. It is our opin-
ion that the practical implementation of this technique is
not completely free from ambiguities, especially in what
concerns the setting up of the initial conditions, aspects
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that may affect its predictive power. The search for a vi-
able alternative to such elaborate calculations provides the
motivation for our work. We aim at an operating scheme
that —albeit remaining simple— incorporates sufficient
physical input to qualify as a useful tool for the inter-
pretation of existing experimental data. In particular, we
think also of its possible use in the rapidly expanding field
of reactions with radioactive beams, where there is a need
for general guidelines that can provide orientation in the
design of new experiments.

The organization of the paper is as follows. Section 2
introduces the expressions that we use to estimate the
probability for emission of pre-equilibrium dipole radia-
tion and its distribution in energy. We refer here to the
specific case of fusion reactions but the formalism applies
to the case of deep-inelastic collisions as well. In sect. 3 we
complement the radiation spectra thus obtained by adding
the statistical emission of dipole photons that takes place
in a time-delayed scale. This latter process occurs in con-
junction with the evaporation of nucleons and a set of
coupled-channel equations that mimics a cascade calcula-
tion is implemented. Applications of the scheme are pre-
sented in sect. 4 for different systems. The fusion process
induced by the reaction 4°Ca + Mo at low energies and
the deep-inelastic regime in the reaction 32S + "Ge are
discussed. Concluding remarks close the presentation in
sect. 5.

2 The pre-equilibrium part of the ~ spectrum

In this section we introduce the expressions used to con-
struct the probability for the emission of prompt dipole
radiation and its energy distribution.

One could, in principle, develop a formalism to predict
the expected mean frequency of the photons emitted dur-
ing the fast rearrangment of charge that takes place during
the collision time. This would involve a series of assump-
tions concerning the spatial distribution of the charges in
the projectile and target at the point of contact and the
nature of the nucleon flow that ensues. However, calcula-
tions along these lines are rather complicated and the in-
evitable uncertainty over the accuracy of the results would
not justify the implementation of such an approach. Thus
—and in consistency with the stated aim of keeping things
simple and reliable— we adopt, instead, a more pragmatic
attitude. Since the centroid Fp and spread I” of the struc-
tures in the energy distributions associated with the pre-
equilibrium phenomena are put in evidence by the empir-
ical data we will take this information as experimentally
given. We then restrict the scope of our study to inves-
tigating the existence (and relative magnitude) of these
effects in correlation with the mass and charge of the re-
actants and the excitation energies involved.

The macroscopic specification of the harmonic decay
mode requires, as we know, one other parameter besides
its energy Ep. We obtain this information from the driving
forces that come into play to restore the balance in the
charge-to-mass ratio throughout the system. Making use
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Fig. 1. Cuts of the energy surface V(0A,0Z) for the sys-
tems 3¢S 4 94Pd (left) and *°Ca + ®°Mo (right). The upper
frames show the mass dependence of the potential V, (§A4) =
V(6A,6Z = 0), while the lower frames exhibit the charge de-
pendence for V,(6Z) = V(§A = 0,0Z). The dotted lines indi-
cate the location of the reference system (the injection point),
always defined for §A = §Z = 0. Notice that in the two reac-
tions the same nucleus, *°Sm, is formed. However, the path
towards eventual equilibrium in both situations involve a quite
different exchange of charge.

of the mass formula
M(A,Z)? =~ Zmpc® + (A — Z)mpc® — a, A
Z? (A—27)2
2/3
+as A% + aCA1/3 A2 ’
where the parameters a; are taken from ref. [9], we can ap-
proximate the potential energy for two spherical fragments
of mass and charge numbers (Ay, Z1), (As, Z3) placed at
a distance equal to the sum of their radii as
+ 62 Z1 ZQ
Ri(A1) + Ry(Az)
If a redistribution of nucleons takes place at this con-
tact configuration in such a way that the fragment “one”
changes its mass and charge by dA and 67, the resulting
variation in the potential energy can be expressed as
V(6A,67) = M(A, +0A, Z, +62)c?
+M(Ay —5A, Zy — 6Z)c?
62(21 + 6Z)(Z2 — 6Z)
[R1 (A1 +0A) + Ro(As — 514)}

Cuts of this two-dimensional surface in the (§ A4, §Z)-plane
for 6Z = 0 and § A = 0 are shown in fig. 1 for the reactions

+aa

Viet = M (A1, Z1)c? + M(As, Z)c?

_‘/ref .
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365 4 104pd and °Ca + 1°“Mo. Notice that these are two
combinations of reactants that lead to the same nucleus
1408m. The examples chosen are thus suitable to illustrate
different situations that may emerge depending on the ini-
tial conditions. To the left, the reaction with sulphur as
a projectile, leaves the samarium quite close to the stable
isobar. Thus, a relatively minor displacement of charges
does, in this case, restore the global charge-to-mass sym-
metry. One expects that such a reaction will not be accom-
panied by a substantial emission of pre-equilibrium dipole
radiation. To the right, instead, one observes that the in-
jection point (defined always as 0A = 6Z = 0) forms a
composite system farther removed from the stability val-
ley, a condition favorable for the detection of a larger num-
ber of prompt emission events.

It is interesting to note that, under this type of
scrutiny, the widespread assumption that reactions in-
duced by neutron-rich projectiles and/or targets always
favor the prompt emission of dipole radiation appears to
be unjustified. Consider, for instance, the reactions 48Ti +
64Ni and 60 + 98Mo leading to the formation of 1'4:1128n.
This situation can be examined also in terms of potential
surfaces as those shown in fig. 1. An inspection reveals
that insofar as the drive towards stability in the charge-
to-mass ratio is concerned, the reaction induced by the
stable oxygen nucleus places the resulting tin system in
an entirely similar condition as the one associated with
the neutron-rich nickel and titanium isotopes.

The curvature of the potential energy as a function of
0Z for 0A = 0 (relaxation in the charge degree of freedom)
yields the restoring force parameter C. With this value
and an estimate for the damping constant I" one can pro-
ceed to calculate the total energy radiated or, equivalently,
the number of photons emitted by each fusion event. This
is done exploiting standard electromagnetic radiation for-
mulas [10], which establish that the number of prompt
photons emitted by interval of energy E is given by

dnb(E) 2 1 p}
dE 3 (he)®

(B + 1)
. E2E
[(E-E2+ ] [(E+ B2+ 5]

where pg is the initial value of the dipole moment (deter-
mined by the position of the injection point relative to
equilibrium) and E; = \/E% — r?/4 is the “shifted” en-
ergy of the damped harmonic motion.

In fig. 2 we show the energy distribution of the
promptly emitted radiation for the reaction 4°Ca, 4-1%°Mo.
The different curves correspond to different choices for the
value of I', as indicated in the figure caption. The areas
under each curve give the total number of photons nb
emitted and put in evidence a sharp dependence of this
quantity on the assumed value of the damping.

3 The statistical part of the v spectrum

We have discussed in the previous section the ~ spec-
trum produced in the early stage of the reaction, namely

281

0.010 . . . ; . ;

0.0056

dn/dE (MeV ™)

0.000 E

Energy (MeV)

Fig. 2. Energy distribution of the prompt dipole photons for
the reaction *°Ca + °°Mo for different values of the damping
width I". The full line corresponds to I" = 2 MeV, the dashed
line to I' = 4 MeV and the dash-dotted line to I" = 6 MeV. The
area under each curve gives the total number of pre-equilibrium
photons emitted.

the pre-equilibrium part. In order to compare the pre-
dictions of our model with experiment it is necessary to
add to this component the contribution of the ~’s that
are produced after thermal equilibrium has been reached.
In the case of processes leading to fusion, a single com-
pound system is formed, with all the dissipated energy
and angular momentum. In the case of deep-inelastic pro-
cesses one has two separate and independent “hot” sys-
tems which share the initial excitation energy and angular
momentum. There are available quite sophisticated com-
puter codes to deal with the evaporation cascade processes
that follow. In the spirit of this contribution we introduce
a simple way to estimate this statistical v component. To
this end we resort to a simple prescription along the lines
described, for example, by Brink [2]. Each equilibrated
system is assumed to decay by particle and y emission,
and we describe its evolution by simultaneously follow-
ing in time the average excitation energy E*(t), the total
number n,(t) of evaporated neutrons and the accumulated
number dnnd/(E7 t)/dE of delayed 7’s of energy E per unit
energy interval up to time ¢. The usual assumption is made
for the corresponding temperature T'(¢),

in terms of the level density parameter a, and, under the
assumption of a Boltzmann approximation for the density
of states, the width for neutron emission ey (t) is given
within the model by

2m
h2c?nm

Yeult) = R? T2(t) e~ B/T)

where R and B, are the system radius and the neutron
separation energy. The two decay processes are linked
together via the average, time-dependent excitation en-
ergy and one just needs to solve the system of coupled
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differential equations

T Yev (t) ,
d [dnd(E,t) E\? B
&( E ) - (ﬁ) 0 (E) o210
and
dE*(1)  dna(t)

d (dnd(E,t
— / — M EdE .
dt dE
The cross-section o0.,(E) for gamma absorption from the
ground state, dominated by the giant dipole resonance

with mean energy Ep and width I, has been fitted with
a Lorentzian [11]

(IbE)?
(E? —E3)?+ (IpE)?

o,(E) = op

Within this scheme, therefore, the inputs for the calcu-
lation are the initial excitation energy Ej, the average
neutron separation energy B, and the parameters op, Ep
and Ip for the photoabsorption cross-section in the sys-
tem considered.

As an example of the results that can be obtained with
this set of coupled equations we show, in fig. 3, the gradual
build-up of the photon emission spectrum in snapshots
timed by the concurrent evaporation of one, two, ... four
neutrons. The calculation is for the fusion reaction 4°Ca
+ 190Mo leading to '°Sm with initial excitation energy
Ey =71 MeV.

Since details on specific low-lying transitions are ig-
nored, deviations from the predictions of the simple model
are expected as the excitation energy decreases and the
system approaches its ground state. In particular, as only
the contribution of the GDR has been included in the pho-
toabsorption cross-section, this will in particular affect the
very low-energy part of the predicted ~ spectrum. In addi-
tion, in the way we have introduced our prescription there
will be a tendency to overestimate the contribution of the
delayed ~ emission. This is because part of the initial ex-
citation energy is associated with a collective rotation of
the system; this component should be subtracted in or-
der to obtain the actual thermal energy available for the
de-excitation process.

4 Application to fusion and deep-inelastic
reactions

Radioactive beams applied to nuclear reactions has
opened the possibility to study nucleus with different Z/N
ratios. In order to apply our model, we look to reactions
that present pre-equilibrium effects. These effects can be
observed by studying the behaviour of the same inter-
mediate system populated via different Z/N asymmetries
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Fig. 3. Energy spectra of the statistical component of the
dipole radiation for the reaction “°Ca + °°Mo. Each histogram
gives the accumulated distribution of emitted gammas up to
the instants of time signaled by the emission of one, two, three
and four neutrons (four being the maximum allowed, in av-
erage, by the specified value of the initial excitation energy,
Ej =71 MeV.)

in the entrance channel. These intermediate system could
produce a compound nucleus via fusion reactions or frag-
mentate through a deep-inelastic scattering.

In the case of fusion, we analyze the '*Sm com-
pound nucleus populated via the reactions 3¢S + 104Pd
and %°Ca + 1Mo at bombarding energies of 160 and
170 MeV, respectively [5]. The giant dipole resonance de-
cays are very good to study the pre-equilibrium effects
due to the different asymmetries of the two reactions. The
former reaction, 3¢S + 1%4Pd, is almost symmetric and
one expects a very small relative strength for the pre-
equilibrium dipole radiation. On the other hand, as shown
in fig. 1, the *°Ca + %Mo reaction has a larger Z/N
asymmetry which tends to enhance the fast emission of
dipole radiation. In fig. 4 we display, for this system, the
prompt, delayed and total components of the dipole radia-
tion energy spectrum. For the pre-equilibrium part, values
of Fp =12 MeV and I' = 4 MeV were used, as suggested
by the experimental data. Parameters for the statistical
part of the calculation were Ep = 15 MeV, Ip = 44
MeV and op = 325 mb [12]. The prompt component —
even in this favorable situation— appears as a minor frac-
tion of the total radiation strength accumulated in the
corresponding energy range. Specifically, in this case, it



C.H. Dasso et al.: Prompt emission of dipole radiation in nuclear reactions...

100

40
Ca + "Mo
E =71 MeV
0.010 —
prompt
0.005 - —
__0.010 —_—
i delayed
>
)
\E/ 0.005 —
wl ‘,_,_,—'_\_\_\_‘_‘;
O
~
c
he}
0.010 —
total
0.005 [+ —
0.000
10 15 20

Energy (MeV)

Fig. 4. Same reaction as in fig. 3. In the three frames we
compare the energy distribution of the pre-equilibrium photons
(top) with that of the delayed or statistical ones (middle) and
the combined total for both types of processes (bottom). In
this calculation a damping width I" = 4 MeV has been used
for the evaluation of the prompt component.

contributes between 5 and 20 MeV with about 20% of the
total, a level that compares well with the experimental
findings of ref. [5], where a 14% value is inferred.

Finally we illustrate in fig. 5 a deep-inelastic situation
using the reaction 3?S + “Ge at 320 MeV of bombarding
energy [8]. A total initial excitation energy of 130 MeV,
was divided between the two fragments according to their
masses. The pre-equilibrium emission was calculated tak-
ing EFp = 12 MeV and I' = 2 MeV. The parameters Fp
and Ip for the projectile’s GDR absorption cross-section
were taken to be 24.9 MeV and 4.0 MeV while, for the tar-
get, 18.8 MeV and 4.0 MeV. The values chosen of op for
each fragment are such that the corresponding TRK sum-
rules are exhausted. In addition, a variation of the width
I'p with temperature was here incorporated, according to
the prescription given in refs. [11,13]. With this choice of
parameters the pre-equilibrium component turns out to
be more comparable in magnitude to the statistical one.
This can be better appreciated in the lowest frame of the
figure, where the ratio between the total yield and the
pure equilibrated component is shown. This ratio reaches
at the peak a value 1.8, quite close to the maximum value
1.6 displayed for the same quantity in the experimental
measurements of ref. [8].
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Fig. 5. Same diagram as in fig. 4, for the case of deep-inelastic
processes triggered by the reaction 2S + “Ge. The initial exci-
tation energy of E5 = 130 MeV is here shared by the emerging
fragments according to their masses.

5 Summary

In this paper we study the electric dipole emission induced
by reactions with radioactive beams that lead to a large
charge-to-mass asymmetry between projectile and target.
The reactants can be specifically chosen in this case to
generate a significant redistribution of charge before the
overall equilibrium in the ratio Z/N is reached. Relaxation
in the charge-to-mass asymmetry degree of freedom is a
fast process when compared with the thermalization time
of the nuclear system (or systems) that result from the
collision. This difference of scales reflects in the distinc-
tive experimental signatures that characterize the prompt
and delayed components of the photon emission that takes
place after the collision has run its course.

In our work we have introduced a simple formalism
that incorporates the relevant physical input and provides
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a practical tool to analyze experimental data. With this
prescription one can, by a straightforward inspection of
the gradients of the energy surface defined by the masses
and charges of projectile and target, infer the extent to
which a given reaction may (or may not) generate a sub-
stantial number of prompt-emission events. At the same
time, and for general convenience, we have discussed the
implementation of a simple coupled-channel scheme that
can be used to estimate the delayed emission of dipole ra-
diation. That is, the photons produced after thermal equi-
librium is established. These electric transitions occur in
competition with the evaporation of particles (mostly neu-
trons) from the highly excited reaction products. In the
case of nuclear fusion it is only the resulting compound
nucleus that rids off the energy and angular momentum
released in the process; for deep-inelastic processes one
considers, instead, the contribution of two independent
sources that share the total initial values of these quanti-
ties. We note that the results obtained with the suggested
alternative are of similar qualitative value as those ex-
tracted from modern evaporation codes and much easier
to tract.

We have applied the simple model to the fusion process
induced by the reaction *°Ca + 1Mo —'4°Sm and to the
deep-inelastic regime in the reaction 32S + "Ge. The re-
sults we have obtained show a reasonable agreement with
the experimental data.

We thank D. Pierroutsakou and P.F. Bortignon for discussions
and suggestions.
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