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N-Z distributions of secondary fragments and the evaporation attractor line

R. J. Charity
Department of Chemistry, Washington University, St. Louis, Missouri 63130

~Received 27 January 1998!

The process of light particle evaporation moves the position of an excited fragment in the chart of nuclides
towards a line which will be called the evaporation attractor line. The predicted location of this line is
parametrized and the conditions necessary for the secondary fragment distributions to reach this line are
discussed.@S0556-2813~98!03208-7#

PACS number~s!: 24.60.Dr
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In many nuclear reactions, one or more excited prim
fragments are formed which decay by the evaporation
nucleons and light clusters. This evaporation process
substantially alter the proton-neutron asymmetry of the
tial primary fragments. In a study of complex fragment em
sion in fusion reactions, theZ values of the detected secon
ary fragments were measured@1#. In order to estimate the
average mass associated with each fragmentZ, statistical
model calculations were performed varying the assumedZ,
A, and excitation energy of the primary fragments. It w
noted that at sufficiently large excitation energies, indep
dent of the assumedZ and A of the primary fragments
evaporation models predict that the average location of
secondary fragments in the chart of nuclides is always c
to a particular line. The location of this line is mainly dete
mined by competition between proton and neutron evap
tion.

For compound nuclei on the neutron-rich side of the lin
neutron emission is the most important evaporation m
and this drives the system towards the line. On the neut
poor side, proton emission is the strongest decay mode
again, this acts to move the decaying system towards
line. This line thus acts as if it is attracting the decayi
systems and hence it will be called the evaporation attra
line ~EAL!. The same concept was referred to as the ‘‘re
due corridor’’ by Dufouret al. @2,3# who indicated that its
position is near the line where the ratio of neutron and pro
decay widths (Gn /Gp) is unity. For light systems, the attrac
tor line is coincident with the line ofb stability. However,
for heavier systems, the larger Coulomb barrier for pro
emission pushes this line to the neutron-deficient side of
valley of stability. At the attractor, the neutron and prot
driving forces are about equal. A system located on the
tractor will tend to follow the attractor down to lower mass
until its excitation energy is exhausted.

At lower excitation energies, the only other importa
light particle decay mode isa particle evaporation. The
emission of this particle moves the decaying system alm
parallel to the attractor line and thus preserves a memor
system’s neutron excess or deficiency. For these low exc
tion energies,a particle emission is often less probable th
neutron and proton evaporation and only slows down
general movement towards the attractor.

The calculations and conclusions of Ref.@1# were con-
fined to region of lighter fragments (Z,40). The location of
PRC 580556-2813/98/58~2!/1073~5!/$15.00
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the EAL in this region of the chart of nuclides was subs
quently found to be coincident with the EPAX formula o
Sümmereret al. @4# giving the average location of fragmen
tation products produced in reactions of GeV protons on
get nuclei located close to the line ofb stability. These prod-
ucts can therefore be understood as the evaporation res
associated with the decay of highly excited primary fra
ments produced by the initial reaction with the proton@4#.

In light of these conclusions and the need to estimate
mass of fragments with largerZ values, evaporation calcula
tions were performed to cover all of the known region of t
chart of nuclides. The conclusions from these calculatio
are identical to those obtained early apart from two exc
tions. First for primary fragments that are very neutron-ri
relative to the EAL, the location of the secondary fragme
approaches, but never reaches, the attractor line even
very large excitation energies. Also it was determined t
for heavier nuclei, the EAL and the EPAX formula for frag
mentation products are no longer identical. These two res
are related and easily understood~see later!.

Statistical model calculations were performed with t
computer codeGEMINI @5,6#. Apart from the dominant low-
energy decay modes~n, p, and a emission!, the calcula-
tions also consider the evaporation of ground and exc
states (E* ,5 MeV) of all He, Li, and Be isotopes. Separa
tion energies were obtained from the experimental and p
dicted masses tabulated in Ref.@7#. The other parameter
used in these calculations are identical to those used in
@8#.

The location of the evaporation attractor line is det
mined from evaporation characteristics of the system n
the end of its decay path, it is not sensitive to uncertaintie
the values of the statistical model parameters at the hig
excitation energies. However, these parameters are impo
when predicting the mass distributions of the fragments. T
EAL is sensitive to neutron and proton separation energ
however, except for very heavy systems, the attractor
lies in a region where atomic mass excesses are well kn
experimentally. The EAL is also sensitive to the Coulom
barriers for proton emission. A number of studies have s
gested that average Coulomb barriers for charged par
emission are lower than those obtained from optical mo
fits ~Ref. @8#, and references therein!. However, at present i
is not clear whether this is only a high excitation ener
phenomenon or to the extent to which the evaporation
1073 © 1998 The American Physical Society
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1074 PRC 58R. J. CHARITY
and subsequent decay of, unstable clusters can lead t
apparent lowering the Coulomb barriers@8#. Finally, the lo-
cation of the EAL was found to be largely insensitive to t
level density parameter and to the angular momentum of
primary fragment.

The evaporation attractor line obtained from theGEMINI

calculations can be well approximated forZ,90 by

Z50.909N21.1231023N2 ~1!

or

N51.072Z12.3231023Z2. ~2!

Shell effects cause small deviations, of order of a nucleon
less, to these smooth parametrizations. Note, the presen
rametrization can be used for heavier systems unlike the
from Ref. @1# which is valid only forZ,40.

A more general definition of the attractor can be obtain
from the condition

dN

dZ
5 K GN

GZ
L , ~3!

whereGN and GZ are partial decay widths for neutron an
proton removal including both the contribution from nucle
and cluster evaporation. At low excitation energy these
be approximated as

GN5Gn12Ga ~4!

and

GZ5Gp12Ga . ~5!

The contributions from other clusters need to be included
higher excitation energies. As an example, the ratioGN /GZ is
plotted as a function of mass number for Zn isotopes in F
1. The curves showing the ratio at different excitation en
gies all cross close to the intersection of the dotted
dashed lines which indicate the position and slope of
EAL from Eq. ~2!. Thus at the EAL, the ratioGN /GZ is

FIG. 1. The ratioGN /GZ predicted by the statistical model ca
culations for Zn isotopes as a function of mass number. Results
shown for the indicated excitation energies. The position and s
of the attractor line are indicated by the dotted and dashed li
respectively.
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largely excitation energy independent and has a value ap
priate so that, on average, a decaying system stays on
line. In Eq.~3!, the EAL is defined in terms of a local ave
age ofGN /GZ as shell effects are responsible for local flu
tuation in this ratio. The slope of a curve in Fig. 1 gives
measure of the ‘‘restoring force’’ which tries to hold th
decaying system near the attractor line. For example
GN /GZ is close to unity, the decaying system moves appro
mately parallel to the EAL and so does not move toward
or away from it. However, the more the ratio differs fro
unity, the more direct is movement inN-Z space of the de-
caying system towards the attractor line. Clearly this ‘‘rest
ing force’’ is reduced at the higher excitation energies. T
point will be become very important in the remainder of th
paper.

The path by which a decaying fragment approaches
EAL depends on its initial proton-neutron asymmetry a
the excitation energy. Typical examples simulated with
GEMINI code are shown in Fig. 2. The contours show t
predicted location of secondary fragments produced from
decay of a very neutron-rich (A5164) and a very neutron
deficient (A5137) Gd compound nucleus. The solid curv
show average trajectories followed by the decaying syste
when the initial excitation energy is 100 MeV. The neutro
rich system164Gd is quite distant from the evaporation a
tractor, and decays towards it almost exclusively by neut
emission. The neutron-deficient system137Gd is on the other
side of the attractor. As it is relatively close to the attract
its decay is not exclusively by proton emission, there is s
some small contribution from neutron emission. Howev
on average, more protons are emitted and the decaying
tem moves closer to the attractor.

At higher excitation energies, there is a change in
initial direction of the trajectories inN-Z space. As the
nuclear temperature rises, the difference between the e
gies required to remove a proton and to remove a neu

re
e
s,

FIG. 2. Contours showing the distribution of secondary fra
ments in the chart of nuclides predicted for137Gd and164Gd com-
pound nuclei with 100 and 400 MeV of excitation energy. T
contour interval is 20% of the peak yield. The location of the co
pound nuclei is indicated by the solid points and the average tra
tories followed by the decaying systems are indicated by the s
and dotted curves for the 100 and 400 MeV simulations, resp
tively. The dashed curve shows the predicted location of the eva
ration attractor line~EAL!.
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~separation energy plus Coulomb barrier! becomes less im
portant and so the rates for proton and neutron emis
become more similar. Also, the emission ofa particles, deu-
terons, tritons, and intermediate mass fragments beco
more important. Both of these effects conspire to force
initial trajectories towards paths where, on average, eq
number of protons and neutrons are lost and the system
tains a memory of its degree of neutron or proton richne
This change in average trajectories is clearly seen in Fi
where the dotted trajectories were predicted for initial ex
tation energies of 400 MeV. The initial directions of th
trajectories for excitation energies of 100 and 400 MeV
quite different. These dotted curves also show that as
systems cool, the forces which drive the decaying sys
towards the evaporation attractor again become domin
However, for the neutron-rich system, the average posi
of the secondary fragments never reaches the evapor
attractor line. As substantial movement towards the attra
only occurs at the lower temperatures, there is a limited nu
ber of evaporation steps available during this phase. Th
fore if a system is initially located too far from the attract
line, it will move towards, but not reach, the attractor even
very large excitation energies. In principle, the average
sition of the residue is predicted to slowly approach the E
as the excitation energy is increased more and more. H
ever, if one is restricted to excitation energies where
model is valid, i.e., where the temperature of the initial s
tem is not greater than the nucleon separation energy,
the very neutron-rich systems such as the164Gd example will
not decay all the way to the attractor line. As the attracto
located closer to proton-rich side of the region of know
nuclides, proton-rich fragments will always decay to t
EAL, if given enough excitation energy.

One modification to the statistical model calculatio
which was considered is the predicted temperature de
dence of the symmetry energy associated with the chang
the effective nucleon mass in the surface of a nucleus@9#.
The predicted increase in the symmetry energy at large t
peratures will shift theb valley of stability closer toN5Z
and so might enhance neutron and reduce proton emis
The kinetic part of the symmetry energy can be related to
temperature dependence of the level density parameter@8#.
Calculations employing these modifications were found
have very little affect on theN-Z distributions of the second
ary fragments. Basically, the predicted changes in separa
energies were always found to be small compared to
temperature and hence has little affect on the predicted
ticle emission rates. Unless the symmetry energy has a m
larger temperature dependence than assumed, this effec
be ignored in statistical model calculations.

Figure 3 gives a general overview of the final position
secondary fragments in the chart of nuclides as a functio
initial compound nucleus excitation energy and neutr
proton asymmetry. A selection of compound nuclei whi
are very neutron-rich, very neutron-deficient, and interme
ate examples were calculated with theGEMINI code. The
large solid points indicate the position of the selected co
pound nuclei in the chart of nuclides. The curves extend
from these points are the loci of the predicted, averageN and
Z of the secondary fragments as the excitation energ
increased. The small points indicate the average positio
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the secondary fragments as the excitation energy is incre
in increments of 100 MeV. These curves should not be c
fused with the average trajectories of the decaying syst
which, as shown in Fig. 2, can be quite different at hi
excitation energies.

These curves clearly show that, except for the ve
neutron-rich fragments, all secondary fragments are foun
the vicinity of the evaporation attractor line for large excit
tion energies. Generally, there is an initial rapid movem
towards the attractor when the excitation energy is of
order 100–200 MeV. Once there is enough excitation ene
to bring the secondary fragments close to the attractor,
creasing the excitation energy only causes the average p
tion to approach the attractor asymptotically, following
down to lower masses. In this excitation energy regime,
secondary fragmentN-Z distribution can be described as
ridge orientated parallel to the attractor line~e.g., Fig. 2!.

The very neutron-rich systems, as noted early, never re
the evaporation attractor. At high excitation energies the
erage location of the secondary fragments asymptote to l
approximately parallel to, but on the neutron rich side of t
EAL. For the selected neutron-rich compound nuclei sho
in Fig. 3, one sees that the final separation from the attra
increases as the mass of the system increases. This is
tially a result of the fact that the heavier neutron-rich syste
were selected further from the attractor. However, in addit
to this selection bias, the increasing separation from the
tractor can also be attributed to the shape of theb valley of
stability which is broader for larger masses and hence
‘‘forces’’ driving the decaying systems towards the attrac
are not as large.

Above Z*50, even primary fragments located on theb
line of stability are sufficient distance from the EAL th
their secondary fragments do not reach the evaporation
tractor. To illustrate this, in Fig. 4 the loci of average po
tion of of secondary fragments are shown for selected
mary fragments located on theb line of stability. Rather than
EAL, the location of the secondary fragments approach
subsequently decay, on average, down the dotted line in

FIG. 3. The curves show the loci of the predicted, average
cations of secondary fragments in the chart of nuclides for the c
pound nuclei indicated by the large solid points. The small poi
on these curves correspond to the average location of secon
fragments as the excitation energy is increased in 100 MeV in
ments. The evaporation attractor line~EAL! is indicated.
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4 which can be approximated by the equations

Z50.911N21.5031023N2 ~6!

or

N51.045Z13.5731023Z2. ~7!

From these results it is not surprising that the EPAX f
mula for the average location of fragmentation products fr
b stable target nuclei moves away from the evaporation
tractor line for largeZ. In fact the EPAX formula and the
dotted line in Fig. 4 are reasonably similar, and deviate
most by 2 nucleons for the heaviest fragments. Whethe
not the EPAX formula and this dotted line should be exac
coincident is not clear, it depends on the neutron richn
and excitation energy of the primary products produced
the fragmentation process.

Statistical models calculations were performed vary
various model parameters to see if was possible to move
predicted asymptotic line forb stable primary fragments
~dotted line in Fig. 4! towards the EPAX parametrization. I
this respect is should be noted that for the heavier fragme
the final, low-temperature evaporation sequences are d
nated by neutron emission as these fragments are alw
very neutron-rich compared to the EAL. As such, the lo
tion of the asymptotic line for the heavier fragments is n
very sensitive to small changes in values of the statist
model parameter at low excitation energies. On the contr
the values of these parameters at high excitation energy
modify the predicted location of the fragments. It was fou
that the asymptotic line predicted byGEMINI can be moved to
the EPAX parametrization by decreasing the Coulomb ba
ers for charged particle emission by;15% or decreasing the
level density parameter at high excitation energies to
valueA/16.

Unlike proton induced target fragmentation, fusionlike r
actions between moderately heavy nuclei create compo
nuclei on the neutron-deficient side of the valley of stabil
not too distant from the EAL. Therefore, at large excitati

FIG. 4. As in Fig. 3, but now the loci of secondary fragme
positions are shown for primary fragments located on theb line of
stability. At high excitation energies the final fragment positio
follow the dotted curve which is parametrized in the text. For co
parison, the EPAX formula is indicated by the dashed line.
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energies, one would expect the secondary fragments to
along the evaporation attractor line. This has recently b
confirmed for theE/A514 and 21 MeV96Mo158Ni reac-
tions @10#.

Another important property of the EAL is that the avera
position of secondary fragments can only approach the
tractor, but not cross it. This observation can be usefu
formulating possible reaction scenarios responsible for
creation of the primary fragments. For example, in a num
of studies of projectile fragmentation@11,12# and fusionlike
reactions@13# very neutron-deficient nuclei were observed
inferred. However, in the projectile fragmentation studie
the projectile is on the opposite side of the EAL to the d
tected fragment. Similarly in the fusion study, the compou
nucleus and the inferred position of the evaporation resid
are on different sides of the evaporation attractor line. As
average decay trajectories of the evaporating fragments
not cross the EAL, these results cannot be explained in te
of the standard theory of evaporation from the projectile
compound nucleus. In general, the production of su
neutron-deficient secondary fragments would seem to req
an initial reaction mechanism which produces very neutr
rich primary fragments~on the neutron-rich side of the EAL!
with not too much excitation energy@12#.

In conclusion, it has been shown that the process
evaporation moves the position of a fragment in the char
nuclides towards a line which has been called the evap
tion attractor line~EAL!. Provided the primary fragment
have sufficient excitation energy and are not located too
form the EAL, the secondary fragments, on average, will
located on the evaporation attractor line and the fragme
will have lost memory of their initial neutron richness o
neutron-deficiency.

Substantial movement towards the EAL only occurs wh
the fragments are relatively cool, and hence there are a
ited number of evaporation steps possible in this phase.
primary fragments located too far from the evaporation
tractor line, the number of evaporation steps in the c
phase is not sufficient for the average secondary fragm
position to reach the EAL. For light nuclei, the location
the secondary fragments will always reach the attractor
if given enough excitation, unless the primary fragments
located close to neutron-rich limits of known nuclides. F
Z*50, the secondary fragments associated with evenb
stable primary fragments will not reach the attractor lin
These observations explain why the EAL and the EPAX
rametrization for the location of fragmentation products fro
reactions of GeV proton on target nuclei located along theb
line of stability move apart for heavier masses.

The use of the evaporation attractor line for estimating
average masses of fragments for which only theZ value is
measured must be cautioned ifZ*50. In such cases, if the
initial Z and A of the hot primary fragments are not we
known, it may be advisable to consider the range of mas
between the values associated with the EAL and the EP
formula.

This work was supported by the Director, Office of Hig
Energy and Nuclear Physics, Nuclear Physics Division of
U.S. Department of Energy under Contract No. DE-FG0
87ER-40316.
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