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N-Z distributions of secondary fragments and the evaporation attractor line
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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[S0556-28138)03208-1

PACS numbd(s): 24.60.Dr

In many nuclear reactions, one or more excited primarythe EAL in this region of the chart of nuclides was subse-
fragments are formed which decay by the evaporation ofjuently found to be coincident with the EPAX formula of
nucleons and light clusters. This evaporation process caSummereret al.[4] giving the average location of fragmen-
substantially alter the proton-neutron asymmetry of the initation products produced in reactions of GeV protons on tar-
tial primary fragments. In a study of complex fragment emis-get nuclei located close to the line gfstability. These prod-
sion in fusion reactions, the values of the detected second- ucts can therefore be understood as the evaporation residues
ary fragments were measuré¢dl]. In order to estimate the associated with the decay of highly excited primary frag-
average mass associated with each fragnznstatistical ments produced by the initial reaction with the profdi
model calculations were performed varying the assuied In light of these conclusions and the need to estimate the
A, and excitation energy of the primary fragments. It wasmass of fragments with largér values, evaporation calcula-
noted that at sufficiently large excitation energies, indepentions were performed to cover all of the known region of the
dent of the assumed and A of the primary fragments, chart of nuclides. The conclusions from these calculations
evaporation models predict that the average location of thare identical to those obtained early apart from two excep-
secondary fragments in the chart of nuclides is always clos#ons. First for primary fragments that are very neutron-rich
to a particular line. The location of this line is mainly deter- relative to the EAL, the location of the secondary fragments
mined by competition between proton and neutron evaporaapproaches, but never reaches, the attractor line even for
tion. very large excitation energies. Also it was determined that

For compound nuclei on the neutron-rich side of the line for heavier nuclei, the EAL and the EPAX formula for frag-
neutron emission is the most important evaporation modenentation products are no longer identical. These two results
and this drives the system towards the line. On the neutrorare related and easily understo@ee later.
poor side, proton emission is the strongest decay mode and Statistical model calculations were performed with the
again, this acts to move the decaying system towards theomputer codeseMiNi [5,6]. Apart from the dominant low-
line. This line thus acts as if it is attracting the decayingenergy decay mode@, p, and « emission, the calcula-
systems and hence it will be called the evaporation attractdions also consider the evaporation of ground and excited
line (EAL). The same concept was referred to as the “resistates E* <5 MeV) of all He, Li, and Be isotopes. Separa-
due corridor” by Dufouret al. [2,3] who indicated that its tion energies were obtained from the experimental and pre-
position is near the line where the ratio of neutron and protordicted masses tabulated in R¢¥]. The other parameters
decay widths [',/T") is unity. For light systems, the attrac- used in these calculations are identical to those used in Ref.
tor line is coincident with the line oB stability. However, [8].
for heavier systems, the larger Coulomb barrier for proton The location of the evaporation attractor line is deter-
emission pushes this line to the neutron-deficient side of thenined from evaporation characteristics of the system near
valley of stability. At the attractor, the neutron and protonthe end of its decay path, it is not sensitive to uncertainties in
driving forces are about equal. A system located on the atthe values of the statistical model parameters at the highest
tractor will tend to follow the attractor down to lower massesexcitation energies. However, these parameters are important
until its excitation energy is exhausted. when predicting the mass distributions of the fragments. The

At lower excitation energies, the only other important EAL is sensitive to neutron and proton separation energies,
light particle decay mode isx particle evaporation. The however, except for very heavy systems, the attractor line
emission of this particle moves the decaying system almodtes in a region where atomic mass excesses are well known
parallel to the attractor line and thus preserves a memory afxperimentally. The EAL is also sensitive to the Coulomb
system’s neutron excess or deficiency. For these low excitébarriers for proton emission. A number of studies have sug-
tion energiesw particle emission is often less probable thangested that average Coulomb barriers for charged particle
neutron and proton evaporation and only slows down themission are lower than those obtained from optical model
general movement towards the attractor. fits (Ref. [8], and references thergirHowever, at present it

The calculations and conclusions of Rgf] were con- is not clear whether this is only a high excitation energy
fined to region of lighter fragment& 40). The location of phenomenon or to the extent to which the evaporation of,
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FIG. 1. The ratiol'/T"; predicted by the statistical model cal- FIG. 2. Contours showing the distribution of secondary frag-
culations for Zn isotopes as a function of mass number. Results alants in the chart of nuclides predicted f6¥Gd and64Gd com-

shown for the indicated excitation energies. The position and SlOpﬁound nuclei with 100 and 400 MeV of excitation energy. The
of the attractor line are indicated by the dotted and dashed lineg,ohiour interval is 20% of the peak yield. The location of the com-

respectively. pound nuclei is indicated by the solid points and the average trajec-

tories followed by the decaying systems are indicated by the solid

and subsequent decay of, unstable clusters can lead t0 8y gotted curves for the 100 and 400 MeV simulations, respec-
apparent lowering the Coulomb barri¢€. Finally, the 10-  jyely. The dashed curve shows the predicted location of the evapo-
cation of the EAL was found to be largely insensitive to theyation attractor lingEAL).

level density parameter and to the angular momentum of the

primary fragment. largely excitation energy independent and has a value appro-
The evaporation attractor line obtained from themINI pria‘[e so that, on average, a decaying system stays on the
calculations can be well approximated 5+ 90 by line. In Eq.(3), the EAL is defined in terms of a local aver-
B 3012 age of['\/T"; as shell effects are responsible for local fluc-
Z=0.90N—-1.12<10"°N @) tuation in this ratio. The slope of a curve in Fig. 1 gives a
or measure of the “restoring force” which tries to hold the
decaying system near the attractor line. For example, if
N=1.072Z+2.32x 10372, 2) I'y/T' 7 is close to unity, the decaying system moves approxi-

mately parallel to the EAL and so does not move towards it
Shell effects cause small deviations, of order of a nucleon oor away from it. However, the more the ratio differs from
less, to these smooth parametrizations. Note, the present panity, the more direct is movement M-Z space of the de-
rametrization can be used for heavier systems unlike the ongaying system towards the attractor line. Clearly this “restor-

from Ref.[1] which is valid only forZ<40. ing force” is reduced at the higher excitation energies. This
A more general definition of the attractor can be obtainecpoint will be become very important in the remainder of this
from the condition paper.
The path by which a decaying fragment approaches the
d_N: & 3) EAL depends on its initial proton-neutron asymmetry and
dz \I'z/’ the excitation energy. Typical examples simulated with the

GEMINI code are shown in Fig. 2. The contours show the
wherel'y andI'; are partial decay widths for neutron and predicted location of secondary fragments produced from the
proton removal including both the contribution from nucleondecay of a very neutron-richA=164) and a very neutron-
and cluster evaporation. At low excitation energy these cageficient A=137) Gd compound nucleus. The solid curves
be approximated as show average trajectories followed by the decaying systems

when the initial excitation energy is 100 MeV. The neutron-

Iy=Tn+2l, @ fich system!®4Gd is quite distant from the evaporation at-
tractor, and decays towards it almost exclusively by neutron
emission. The neutron-deficient systéiiGd is on the other

r,=T,+2T,. (5)  side of the attractor. As it is relatively close to the attractor,

its decay is not exclusively by proton emission, there is still

The contributions from other clusters need to be included asome small contribution from neutron emission. However,
higher excitation energies. As an example, the rAtjdI',is  on average, more protons are emitted and the decaying sys-
plotted as a function of mass number for Zn isotopes in Figtem moves closer to the attractor.
1. The curves showing the ratio at different excitation ener- At higher excitation energies, there is a change in the
gies all cross close to the intersection of the dotted andhitial direction of the trajectories ifN-Z space. As the
dashed lines which indicate the position and slope of thewuclear temperature rises, the difference between the ener-
EAL from Eq. (2). Thus at the EAL, the ratid"\/I'; is  gies required to remove a proton and to remove a neutron

and



PRC 58 N-Z DISTRIBUTIONS OF SECONDARY FRAGMENS.. .. 1075

(separation energy plus Coulomb barribecomes less im-
portant and so the rates for proton and neutron emission 60 I
become more similar. Also, the emissionwparticles, deu-
terons, tritons, and intermediate mass fragments becomes
more important. Both of these effects conspire to force the |
initial trajectories towards paths where, on average, equal 40—
number of protons and neutrons are lost and the system re- ™ -
tains a memory of its degree of neutron or proton richness.
This change in average trajectories is clearly seen in Fig. 2 L
where the dotted trajectories were predicted for initial exci- 20
tation energies of 400 MeV. The initial directions of the -
trajectories for excitation energies of 100 and 400 MeV are
quite different. These dotted curves also show that as the e 1 1 1
systems cool, the forces which drive the decaying system 20 40 60 80 100
towards the evaporation attractor again become dominant.
However, for the neutron-rich system, the average position F|G. 3. The curves show the loci of the predicted, average lo-
of the secondary fragments never reaches the evaporati@ations of secondary fragments in the chart of nuclides for the com-
attractor line. As substantial movement towards the attractgsound nuclei indicated by the large solid points. The small points
only occurs at the lower temperatures, there is a limited numen these curves correspond to the average location of secondary
ber of evaporation steps available during this phase. Therdragments as the excitation energy is increased in 100 MeV incre-
fore if a system is initially located too far from the attractor ments. The evaporation attractor liffAL) is indicated.
line, it will move towards, but not reach, the attractor even at
very large excitation energies. In principle, the average pothe secondary fragments as the excitation energy is increased
sition of the residue is predicted to slowly approach the EALin increments of 100 MeV. These curves should not be con-
as the excitation energy is increased more and more. Howused with the average trajectories of the decaying systems
ever, if one is restricted to excitation energies where thavhich, as shown in Fig. 2, can be quite different at high
model is valid, i.e., where the temperature of the initial sys-excitation energies.
tem is not greater than the nucleon separation energy, then These curves clearly show that, except for the very
the very neutron-rich systems such as tf&d example will  neutron-rich fragments, all secondary fragments are found in
not decay all the way to the attractor line. As the attractor ighe vicinity of the evaporation attractor line for large excita-
located closer to proton-rich side of the region of knowntion energies. Generally, there is an initial rapid movement
nuclides, proton-rich fragments will always decay to thetowards the attractor when the excitation energy is of the
EAL, if given enough excitation energy. order 100—200 MeV. Once there is enough excitation energy
One modification to the statistical model calculationsto bring the secondary fragments close to the attractor, in-
which was considered is the predicted temperature depemreasing the excitation energy only causes the average posi-
dence of the symmetry energy associated with the change tion to approach the attractor asymptotically, following it
the effective nucleon mass in the surface of a nuc[@s down to lower masses. In this excitation energy regime, the
The predicted increase in the symmetry energy at large tensecondary fragmen¥l-Z distribution can be described as a
peratures will shift theg valley of stability closer taN=2Z ridge orientated parallel to the attractor lifeg., Fig. 2.
and so might enhance neutron and reduce proton emission. The very neutron-rich systems, as noted early, never reach
The kinetic part of the symmetry energy can be related to théhe evaporation attractor. At high excitation energies the av-
temperature dependence of the level density parani@ter erage location of the secondary fragments asymptote to lines
Calculations employing these modifications were found taapproximately parallel to, but on the neutron rich side of the
have very little affect on th&l-Z distributions of the second- EAL. For the selected neutron-rich compound nuclei shown
ary fragments. Basically, the predicted changes in separatidn Fig. 3, one sees that the final separation from the attractor
energies were always found to be small compared to thahcreases as the mass of the system increases. This is par-
temperature and hence has little affect on the predicted patially a result of the fact that the heavier neutron-rich systems
ticle emission rates. Unless the symmetry energy has a muahiere selected further from the attractor. However, in addition
larger temperature dependence than assumed, this effect canthis selection bias, the increasing separation from the at-
be ignored in statistical model calculations. tractor can also be attributed to the shape of ghealley of
Figure 3 gives a general overview of the final position ofstability which is broader for larger masses and hence the
secondary fragments in the chart of nuclides as a function dfforces” driving the decaying systems towards the attractor
initial compound nucleus excitation energy and neutron-are not as large.
proton asymmetry. A selection of compound nuclei which Above Z=50, even primary fragments located on tBe
are very neutron-rich, very neutron-deficient, and intermediline of stability are sufficient distance from the EAL that
ate examples were calculated with tikemiNl code. The their secondary fragments do not reach the evaporation at-
large solid points indicate the position of the selected comtractor. To illustrate this, in Fig. 4 the loci of average posi-
pound nuclei in the chart of nuclides. The curves extendingion of of secondary fragments are shown for selected pri-
from these points are the loci of the predicted, avetdgand  mary fragments located on thgeline of stability. Rather than
Z of the secondary fragments as the excitation energy i§€AL, the location of the secondary fragments approach and
increased. The small points indicate the average position agfubsequently decay, on average, down the dotted line in Fig.
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SNV P I B B N energies, one would expect the secondary fragments to lie
I along the evaporation attractor line. This has recently been
confirmed for theE/A=14 and 21 MeV°®*Mo-+ >®Ni reac-
tions[10].

Another important property of the EAL is that the average
position of secondary fragments can only approach the at-
tractor, but not cross it. This observation can be useful in
formulating possible reaction scenarios responsible for the
creation of the primary fragments. For example, in a number
of studies of projectile fragmentatidd 1,12 and fusionlike
reactiond 13] very neutron-deficient nuclei were observed or
inferred. However, in the projectile fragmentation studies,
the projectile is on the opposite side of the EAL to the de-
tected fragment. Similarly in the fusion study, the compound
nucleus and the inferred position of the evaporation residues
are on different sides of the evaporation attractor line. As the

FIG. 4. As in Fig. 3, but now the loci of secondary fragment average decay trajectories of the evaporating fragments can-
positions are shown for primary fragments located ongfine of ~ not cross the EAL, these results cannot be explained in terms
stability. At high excitation energies the final fragment positions of the standard theory of evaporation from the projectile or
follow the dotted curve which is parametrized in the text. For com-compound nucleus. In general, the production of such
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parison, the EPAX formula is indicated by the dashed line. neutron-deficient secondary fragments would seem to require
. ) . an initial reaction mechanism which produces very neutron-
4 which can be approximated by the equations rich primary fragmentgon the neutron-rich side of the EAL
P with not too much excitation enerdy 2].
Z2=0.91IN—-1.50<10"°N (6) In conclusion, it has been shown that the process of
evaporation moves the position of a fragment in the chart of
or nuclides towards a line which has been called the evapora-
N=1.045 +3.57% 10 372 7) tion attractor line(EAL). Provided the primary fragments

have sufficient excitation energy and are not located too far
form the EAL, the secondary fragments, on average, will be

From these results it is not surprising that the EPAX fOr'located on the evaporation attractor line and the fragments
mula for the average location of fragmentation products from . P T . 9
. . will have lost memory of their initial neutron richness or

B stable target nuclei moves away from the evaporation at-

i neutron-deficiency.
tractor I!ne for I_argeZ. In fact the EPAX _formula and_the Substantial movement towards the EAL only occurs when
dotted line in Fig. 4 are reasonably similar, and deviate a%

most by 2 nucleons for the heaviest fragments. Whether 0he fragments are relatively cool, and hence there are a lim-

i . ted number of evaporation steps possible in this phase. For
no.t the EPAX formula and this dotted line should be Qxactly rimary fragments located too far from the evaporation at-
coincident is not clear, it depends on the neutron richnes

and excitation enerav of the primary products produced ir|ractor line, the number of evaporation steps in the cool
. 9y P yp P phase is not sufficient for the average secondary fragment
the fragmentation process.

position to reach the EAL. For light nuclei, the location of

_Statlstlcal models calculatlons_ were perfprmed varyingy, o secondary fragments will always reach the attractor line
various model parameters to see if was possible to move th

predicted asympotic line foB stable primary fragments |?g|ven enough excitation, unless the primary fragments are

(dotted line in Fig. 4 towards the EPAX parametrization. In located close to neutron-rich limits of known nuclides. For

. . X Z=50, the secondary fragments associated with egen
this respect is should be noted that f_or the heavier fragmentgtable primary fragments will not reach the attractor line.
the final, low-temperature evaporation sequences are do

. Mhese observations explain why the EAL and the EPAX pa-
nated by neutron emission as these fragments are alw

a . . . .
very neutron-rich compared to the EAL. As such, the IOC‘,:l_¥§1metr|zat|on for the location of fragmentation products from

tion of the asymptotic line for the heavier fragments is notr.eactlons of _GeV proton on target nyclel located along&he
line of stability move apart for heavier masses.

very sensitive to small changes in values of the statistical . . L
N . The use of the evaporation attractor line for estimating the
model parameter at low excitation energies. On the contrary, . .
average masses of fragments for which only Zzhealue is

the values of these parameters at high excitation energy can . )
modify the predicted location of the fragments. It was found.m.e.alsuzred Z]LA'St ?ehcaﬁtlone.dz'% 50f' In such cases, if the”
that the asymptotic line predicted BfMINI can be moved to :?r:tcl)?/lvn ita rr:1a boe ;d(\a/is:lt)lg rtlg] i%sirggr]tﬁreniairee r:)?tm\/\;ises
the EPAX parametrization by decreasing the Coulomb barribetweén the >\//alues associated with the EAL ar?d the EPAX
ers for charged particle emission byl5% or decreasing the
level density parameter at high excitation energies to théormula.
value A/16.

Unlike proton induced target fragmentation, fusionlike re-  This work was supported by the Director, Office of High
actions between moderately heavy nuclei create compourinergy and Nuclear Physics, Nuclear Physics Division of the
nuclei on the neutron-deficient side of the valley of stabilityU.S. Department of Energy under Contract No. DE-FGO02-

not too distant from the EAL. Therefore, at large excitation87ER-40316.
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