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Rare isotope production in statistical multifragmentation
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Producing rare isotopes through statistical multifragmentation is investigated using the Mekjian method for
exact solutions of the canonical ensemble. Both the initial fragmentation and the sequential decay are modeled
in such a way as to avoid Monte Carlo and thus provide yields for arbitrarily scarce fragments. The importance
of sequential decay, exact particle-number conservation and the sensitivities to parameters such as density and
temperature are explored. Recent measurements of isotope ratios from the fragmentation of different Sn
isotopes are interpreted within this picture.
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[. INTRODUCTION neutron-to-proton ratio of the colliding nuclei is less than 1.5
[3].
) _ . . (4) By dividing the ratio of isotope yields from the frag-
_ The study of rare isotopes is attracting increasing attéNmentation of'24Sn by the same ratio from the fragmentation
tion due to the recent development of radioactive beam fagf 11255 one can extract the relative chemical potentials be-
cilities where isotopes are produced through nuclear colliyyeen the two systems which appears to be robust with re-
sions. Projectile and target nuclei might vary in size from aspect to sequential decay. Can these results be quantitatively
few dozen nucleons all the way to uranium. The mechanisninderstood within the framework of a statistical model?
for rare isotope production might entail the transfer of a few  (5) Might multifragmentation provide a superior environ-
nucleons between the projectile and target, induced fission afient for the production of exotic isotopes in certain regions
the projectile, or at highest energy transfer, multifragmentaof the N/Z plane? Currently, abrasion/ablation models 6]
tion. This last mechanism, which assumes temperatures of @ovide the preferred scenario for creating rare isotopes and
few MeV, is the focus of this study. experiments have focused on searching for rare fragments at
Multifragmentation is an extremely complicated processprojectile rapidities. The EPAX parametrizatipfl, which is
that takes place at a time scale of 100 ¢mAt such excita- in common use for designing experiments, is built around
tions tunneling through barriers plays a less central role thaguch a picture. It is not clear to what degree multifragmen-
in fission. In this short time the system is able to sample arative pictures can either complement or compete with
enormous number of configurations which makes dynamicaibrasion/ablation models.
calculations computationally very intensive. However, this The canonical ensemble is employed in this study. The
very complexity lends justification to statistical calculations motivation for choosing the canonical ensemble, along with
which have proven remarkably successful in predicting masgescriptions of the statistical fragmentation algorithm and the
yields for excitation energies in the range of a few MeV persequential decay calculation, appear in the next section. Iso-
nucleon[1,2]. tope yields are primarily determined by the breakup tempera-
It is our aim to apply simple statistical calculations to theture and sequential decay. These themes are introduced in
study of the production of rare isotopes, nuclei with neutron-Sec. lll. The importance of enforcing exact conservation of
to-proton ratios far from the valley of stability. Our investi- overall charge and baryon number with the canonical en-
gation addresses a variety of questions. semble is discussed in Sec. IV. The sensitivity to the size and
(1) How do yields depend on the physical parameters oheutron excess of the overall system is explored in Sec. V
the thermalized system? Such parameters are size, oversthile Sec. VI contains a study of the sensitivities to several
neutron excess, density, and temperature. aspects of the model such as breakup density, level density
(2) How sensitive are the yields with respect to variousand tunneling through the Coulomb barrier during the se-
aspects of the modeling such as breakup density, level dequential decay process. Recently, Xtal. have measured
sities, and barrier penetration probabilities? yields of light fragments from the fragmentation of both
(3) Is there a qualitative and possibly quantitative expla-'*?Sn and*?‘Sn, and by taking ratios of isotope yields have
nation for the isospin amplification effects seen for light iso-determined the relative chemical potentials of the two sys-
topes? Furthermore, do these effects carry over into the prdems[3]. This result is interpreted in Sec. VII. A summary is
duction of heavier or exotic isotopes? It has beenprovided in Sec. VIII.
experimentally observed that the ratio of mirror nuclei, e.g.,

15 /15 3
O/™N or t/°He, can be of order 10 even though the \, ‘v;ne| NG STATISTICAL MULTIFRAGMENTATION

AND THE SUBSEQUENT DECAY

*Current address: Department of Physics, Washington University, The initial statistical fragmentation of the system is cal-
Campus Box 1105, One Brookings Drive, St. Louis, MO 63130. culated assuming the canonical ensemble. The choice of the
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canonical ensemble is explained in the following subsection1.0 MeV per nucleon, or less if the systems are much larger
The recursive method described in Sec. Il B provides a probthan A= 100, or if the temperature is away from the transi-
ability for creating any state of any nuclide. The modeling oftion region.
the subsequent sequential decay is described in Sec. I C.  Unless an experiment gates on excitation energies to an
accuracy better than 1.0 MeV per nucleon, there is little mo-
A. Choosing a statistical ensemble for fragmentation tivation to pursue a microcanonical treatment. Microcanoni-
calculations cal treatments have been shown to give much different re-

Statistical calculations have proven remarkably successt ults than canonical treatments in the study of fluctuations
P y nd fragment multiplicity distribution$16], topics which

in describing mass vyields for multifragmentative Processes, i not pe pursued in this study

Such models assume a fixed volume where all distributions Grand canonical treatments s:um over configurations with
O.f N neutrons and pf°t°”5 Into various fragm_ents and ex- ifferent totalZ and N. Since we are interested in the pro-
cited states are considered. A rather wide variety of thermaguction of extremely neutron-rich or proton-rich fragments,
models have been employed in the study of nuclear fragmeqt- seems prudent to use the canonical ensemble. A compatri-

tation, mcjudmg grand canonlcw]z .canomcgl[l], ffjmd M son of grand canonical and canonical calculations is pre-
crocanonical[2] treatments. Additionally, isospin effects sented in Sec. IV

have been studied in lattice-gas modés11] and in perco-
lation [12,13. Since our goal is to study the yields of rarely
produced isotopes which may be produced in future radioac-
tive beam facilities as rarely as in one pert4@vents, we Our calculations are based upon the recursion relations of
employ the methods recently promoted by Chase an€hase and Mekjian which permit one to sum over all parti-
Mekjian [14—-16 which forego the need of using Monte tions of the system into different nuclear fragments. The re-
Carlo methods. Majumder and Das Gupta have in fact studeursion relation for the canonical distribution function is
ied boron, carbon, and nitrogen isotope production with a
similar model to what is presented hédde’]. The disadvan-
tage of this method is that explicit interaction of fragments
(beyond mean field or excluded volume effedts outside
the scope of the formalism. where the labet in the summation in the first line indicates
Furthermore, we choose to focus on the canonical enene particular configuration, ang, is the partition function
semble rather than the microcanonical ensemble whiclaf a specific nuclear speciés
would strictly constrain the energy of the sampled configu-
rations. The canonical distribution considers all configura- Vred(miT)3/2
tions of the same ndll and netZ, weighted by the Boltz- wi(T)=
mann factore” ”E. The mean energy and variance of the

energies are given by derivatives of the canonical distribu- .
wherem, is the mass and,, n;, anda; are the charge neu-

B. Fragmentation calculations with the canonical ensemble

Q=3 e =3 LM 4 nn (D, ©

—_— 7ﬁE-
e ]7 6
(2) 32 internal levels j ©

tion tron number and baryon number of the spedie¥he re-
aln(Q,) duced volumeV oq= Viota— 2A/ pp , roughly accounts for the
(H)=— B (1) overlap of the nuclei. Given the default breakup density of
one sixthpg, the resulting reduced volume is four times the
H(H) volume of a system at normal nuclear density.
((H=(H)}=—-—= (2 Calculating the partition functions of specific specigss
Ip straightforward given the levels and degeneracies of the nu-

clei. This was done for all fragments widr<<6. However,
_ 3) many of the nuclei which are generated in this approach have
aT not yet been observed, and for almost all of them the level

. structure is not known. Given our lack of understanding of
It has been shown that these systems undergo first-ordegge ground state energies, let alone the excited state energies,

phase transitions, which implies an infinite specific heat for,q employ a liquid-drop treatment. We have chosen the
infinite systems. However, for systems of si&e-200 the finjte-range liquid-drop mode€FRLDM) [18] as a means for
energy rises by approximately 4 MeV per nucleon as thgenerating ground state energies and have ignored the micro-
temperature changes by one MeV in the range Tof scopic terms in the model which account for shell structure.
~6 MeV. This results in a variance of the energy perThe spectrum of excited states was generated by assuming a

nucleon uniformly spaced assortment of single-particle states with
spacingAE= a/+\/A, wherea is the level density parameter,

e E 4) chosen to be 10 MeV. The degeneracy of a state with exci-
E/A JA tation energynAE was found by counting all ways to ar-

range particles and holes such that they summed to the de-
Thus canonical calculations effectively sample configurasired excitation energy. For heavy nuclei, the separaii&n
tions within an excitation energy window of approximately becomes small, and when the separation fell below one
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MeV, the spectrum is interpolated onto a mesh of 1.0 MeV - o om/z.z.e2
resolution. Finally, all mass-formula energies were modifieds(E)= —ex _ZJ' —(L—E)dr ,
R r

to account for screening of the Coulomb potential k h?
Ecou— Ecou(1—p/po), (7) o 2 ZMEV(Z) ro—R
e T R
wherep/pg is the ratio of the density to nuclear matter den-
sity. B E ro—R
Once the functionsw;(T) were calculated, the partition ro R '
function Q z(T) was then generated through the recursion
relation, Eq.(5), in less than a second of computer time.
Subsequently, the populations of individual levietsf a spe- _Zkae2
ciesi were found, = (12)
_di,jeiﬁEi‘jQZ—zi,N—ni(T) If the energy exceeded the Coulomb barrier, the capture
Yij= Q5 N (T) ' ®) cross section was taken as= m/k2. For all decays, both the

classical form for the cross section in Eg0) and theswave
piece described above were compared and the larger of the
whereE; ; and d; ; are the energy and degeneracy of thetwo cross sections was chosen for the decay rates ift%q.
level. Decays were calculated for all levels in all nuclei, begin-
ning with the heaviest nuclei. For the decay of each level, the
decay rate was calculated into every possible level energeti-

C. Modeling sequential decay cally accessible through the eight decay modes listed previ-

The vast majority of the nuclear levels considered in thes@®usly. The weight associated with the decaying nucleus was
calculations are particle-unstable, including the ground statei€n apportioned into all the states according to the rate for
of those species outside the proton and neutron drip linehe decay into each state. The weights were also simulta-
After the initial yields were calculated, the subsequent decaj€ously added into the ground states of the eight nuclei rep-
was modeled by apportioning the weight of an unstable levelesenting the eight decay modes. Thus, the decaying process
into all the levels into which the nucleus might decay. Eightexactly preserved the initidll and Z of the original system.
decay modes were considered: proton, neutron, deuteron, dgiven that heavier nuclei might have up to a thousand levels
neutron, diprotont, 3He, anda. The decay weights were !0 decay with each level decaying into any of several hun-
chosen according to Weisskopf arguments. Considering th@reds of levels in a daughter nucleus, and given the existence
decay from a stateto a statef via the emission of particle of Of thousands of isotopes, the calculation of sequential decays
type k with energyE,=E;—E;, often required a few hours.

Ri_«(Ex)xmEw0oy s, 9
I1l. SENSITIVITY TO TEMPERATURE AND THE ROLE

. ) ) OF SEQUENTIAL DECAY
whereo, ¢_; is the capture cross section which we choose as

the geometric cross section(R;+ R,)?2, scaled by the Cou- Fragmentation is clearly sensitive to temperature, not only
lomb correction in the mass yields but also in the isotopic yields. Higher
temperatures allow the system to produce nuclei with unfa-
vorable symmetry energies more efficiently. However,
» Ex—Ecoul higher temperatures also result in hotter nuclei that experi-
ok = TR+ Ry) TE (100 ence longer decay chains which in turn push the resultant
residues closer to the valley of stability. The interplay of
temperature and symmetry energy is discussed in the follow-
Here, Ecq, is the Coulomb barrier ing subsection by studying the liquid drop model. Section
Il B presents results of the canonical calculation with and
without sequential decay. By modeling the fragmentation
e?Z;Z, and decay of a system with=200 andZ=80, it is found
Ecou= Ri+ Ry’ (12) that for lighter masses~40, isotopes with highest/a are
best produced at temperatures near 5 MeV. Heavier neutron-
rich fragmentsa~ 100, are best produced at lower tempera-
To account for particles tunneling through the Coulombtures near 3 MeV, but such production is certainly in the
barrier, thesswave contribution to tunneling through the bar- domain of fission, and purely statistical calculations should
rier was estimated through the WKB approximation as not be taken too seriously.
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A. Insights from the liquid-drop model of phase separatiofl9] and that Samaddar and Das Gupta
For a nuclear system at high excitation, where the initiaN@ve made similar conclusions using the lattice gas model

nucleus is nearly completely dissolved into the constituen . o . , .
protons and neutrons, the neutron-to-proton ratio, and the 1he distribution described in EGL3) can be described by
triton-to-3He ratios are roughly equal to the neutron-to- " offset and a Gaussian width. The offset is largely deter-

proton ratio of the decaying nucleus. At lower excitation, Mined by the neutron fractioN/A of the composite system

where most of the mass resides in large nuclear fragment&nd does not depend strongly on the temperature unless the
this is no longer true. In heavy nuclei, the relative popu|a_temperature becomes so high that protons, neutrons, tritons,
and 3He fragments can absorb much of any initial excess of

tions for nuclides of fixea are determined by the symmetry ) )
energy, temperature, and Coulomb energy. Applying thdhe neutron number. The width depends on the ratio of sym-

grand canonical ensemble, one can make a liquid-drop esfhetry energy to the temperature:

mate of the relative populations given the chemical potential

m1=(mn—up)/2, related to the difference in neutron and o = /T_a
n-z— 2§

proton number (18)

a+(z—n)

2
/ al3 Thus, although the ratio of yields of mirror nuclei tend to be
2

largest for lower temperatures, higher temperatures result in

the broadest widths and the greatest yields for nuclei with

+M|(n—2)) / T], (13)  extreme neutron or proton imbalances. However, this conclu-
sion will be significantly modified by sequential decay.

Pa(n—z)fxexp‘ ( —é(n—2)%/a—Db,

where¢ is the symmetry term in the liquid-drop model. The
Coulomb term also contributes to the symmetry energy. The
parameters chosen here aré.=0.7 MeV and ¢ In this section we present results from the calculations
=23.4 MeV. A more complicated parameter set is employediescribed in Sec. Il which combine the canonical ensemble
in the FRLDM. However, for illustrative purposes, we con- with sequential decay. We will see that the expectations from
sider the Bethe-Weizsker liquid-drop model here. the previous section, that higher temperatures produce more
Ignoring the Coulomb term and completing the square insotopes far away from the valley of stability, are qualita-
the exponential above allows calculation of the mean neutrotively modified by the effects of sequential decay. Sequential

B. Results for the fragmentation of A=200,Z =80 nuclei

excess for fragments of maas decay will more strongly narrow the distribution when the
temperature is higher and more decays occur, allowing the
M final residue to approach the valley of stability more closely.
(n—z)=a2—§. (14 Combined with the production probability of producing a
fragment of sizea with any n—z, the optimum temperature
The neutron to proton ratio is then for producing fragments with a large neutron excess is not

trivially understood.
Figure 1 displays the yield ai=40 fragments as a func-

(15  tion of n— 2z for the fragmentation of aA= 200, Z= 80 sys-
tem at several temperatures. The upper panel displays yields
for the case where sequential decay is neglected. Clearly,
higher temperatures create the best conditions for creating
highly neutron-rich nuclei when sequential decay is ne-
glected. TheT=4.5 MeV results are well described by the
Gaussian resulting from the liquid-drop expression, #8).
The magnitude and center of the Gaussian were adjusted to

Yn éE(n—z
Y—p=exr(2,u|/T)=ex;{4?< a ) .

If most nucleons reside in large fragments, the rgfio
—z)/a of a single species equals the ratio for the entire sys
tem.

By considering the limit wherén—z)/a is small, one can
derive the isospin amplification factor

Y,—Y fit the peak but the width was determined by the liquid-drop
v +Yp =tanhu, /T (16)  parameters.
ntop Post-decay yields are displayed in the lower panel of Fig.
1. Sequential decay strongly narrows the distribution, espe-
%2§ (n—-2) 17) cially for higher temperatures. Figure 2 displays the yields of
T a ° sulphur isotopes for the same system. From Figs. 1 and 2,

one concludes that the probability of producing rare neutron-
Thus, the isospin amplification factor ig/2T, which exceeds rich isotopes is highest for temperatures near 5 MeV for
10 for temperatures less than 5 MeV. This ratio is the samenassa~40 fragments.
for all mirror nuclei related by changing one proton to one Yields of a=100 fragments are shown in Fig. 3. Since
neutron, e.g.t-*He and*®0-1N. Large ratios of mirror nu- heavier fragments evaporate more particles, they are more
clei have been observed in intermediate-energy heavy ioaffected by sequential decay. For heavier fragments, espe-
collisions[3]. It should be noted that Serot and Néw pos-  cially at temperatures less than 3 MeV, fission should pro-
tulated similar ideas regarding isospin fractionation in termsvide the dominant production mechanism. Although the sta-
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FIG. 1. Yields of mass 40 fragments are shown for the fragmen- FIG. 3. The same as Fig. 1, except for mass 100 fragments.
tation of anA=200, Z=80 system at a variety of temperatures. Post-decay yields for extremely neutron-rich fragments in this mass
Yields are shown both for the case where sequential decay is iange are largest for temperatures near 3 MeV.
cluded (lower panel and neglectedupper panegl The pre-decay
yields at 4.5 MeV are well described by a Gausgiare) where the
width is determined by liquid drop parameters described in Eq.

(13). Pre-decay yield curves are broadest for higher temperatures, . ) )
but post-decay yields of very neutron rich fragments are largest for 1he canonical ensembles employed in this study enforce

exact conservation of neutron and proton number. In order to
understand the importance of this constraint, we present cor-
. . ) ... responding calculations in the grand canonical ensemble. In
tistical description presented here does consider fissionlikg,q grand canonical ensemble densities are determined by
partitions of the system, both dynamics and shell structurgpemical potentials, and the presence of a fragment ofitype
play a significant role in fragmentation at low excitation gges not affect the possibility of observing a second frag-
where barriers play a pivotal role. For that reason, we confinghent. A grand canonical ensemble supposes either an infinite
our future discussion to the production of lighter fragmentssystem or one chemically connected to an infinite bath of
a<Al3. both heat and particles.

Performing calculations in the grand canonical ensemble
begins, as in the canonical ensemble, by calculating partition
functions as defined in in E@6). The yield of fragments of
typei is then

IV. GRAND CANONICAL vs CANONICAL
ENSEMBLES

temperatures near 5 MeV.

Yi — wi(T)e,unni IT+ ppz; /T. (19)

One must then find the chemical potentials and ., that
give the desired net neutron and proton numbers. In practice,
this is accomplished numerically by applying Newton's
method. For the results presented here, only nuclei of mass
and charge less than that of the entire system were included
in the sum. Neglecting higher masses only affects results at
low temperatures.

Yields of a=40 fragments from grand canonical and ca-

log,[Yield(°S)]

log, [ Yield(°S)]

3

FIG. 2. Sulphur yields from the fragmentation of A= 200,

20 30 40 50 60 70
a

nonical calculations are presented in Fig. 4 for the fragmen-
tation of anA=200, Z= 80 system, and a system of half that
size, and are compared to results using the grand canonical
ensemble. The yields are similar for the two ensembles when
considering fragmentation of the heavier system, but are sig-

Z=80 system are displayed for a variety of temperatures. Yields ar@ificantly different for the lighter example. The reduced pro-

shown both for the case where sequential decay is inclideder

duction of extremely neutron-rich nuclei from the fragmen-

pane) and neglectedupper panel As in Fig. 1 the best chance of tation of theA=100 system i; easily understood as resulting
producing isotopes near the neutron drop line occurs for temperdfom the absolute conservation of neutron number. In sum-

tures near 5 MeV.

mary, use of the grand canonical ensemble is invalid for
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conservation in the statistical treatment is illustrated by comparing .ﬁé -10 E iy 2 ]
yields of sulphur isotopes for canonical and grand canonical calcu- o ro 0 1
lations. As expected, fragmentation of the-200, Z=80 system is SSRNDT S el B AR 1 B
better described by the grand canonical calculation than fragmenta- 30 40 50 60
tion of the lighter system\=100, Z=40. a

smaller systems, and even in the case of large systems, canF'C- 5. Yields of mass 40 fragmentspper panéland sulphur

result in overpredicting yields by an order of magnitude neatSCtoPesllower panel are shown for a variety of systems fragment-
the neutron drip lines ing at a temperature of 4.5 MeV. Yields of neutron-rich isotopes

were moderately decreased when considering a smaller overall sys-
tem of the same neutron fraction. For the=200 systems yields
were substantially reduced by lowering the net number of neutrons
from 120 to 115.

V. ISOTOPE PRODUCTION AS A FUNCTION
OF SYSTEM SIZE AND CHARGE

By fragmenting heavier systems, one is able to create hagtion stage of the collision. Reducing the number of neu-
systems with higher neutron fractions. By choosing largekyons emitted during the prefragmentation stage might be ac-
systems, yields are less affected by the constraints of exaCtB’omplished by choosing heavy-ion collisions as a means of
conserving the net number of neutrons and protons. Alproducing multifragmented systems. Since heavy ion colli-
though the qualitative trend is clear—larger and moresions, especially midcentral collisions, retain some of the
neutron-rich systems are better suited to producing extremelyitial collective longitudinal motion of the beam, the expan-
neutron-rich fragments—quantitative dependencies might bgjon does not require as much time to accelerate from rest as
rather surprising given the amplifications mentioned earlier; would in a pA collision. Furthermore, by colliding two

Yields for sulphur fragments are shown in Fig. 5 for threevery heavy nuclei, the global system would be relatively pro-
systems f=200,Z=80), (A=200,Z2=85), and A=100,  ton rich and not emit neutrons as preferentially, relative to
Z=40). Each system is chosen to fragment at a temperatulgotons, during the early stages of the collision. In fact, the
of 4.5 MeV. The importance of beginning with the most nigrapidity region, often referred to as the neck, might be
neutron-rich system is clearly apparent in the comparison ofven more neutron rich than the target or projed@@]. Of
the Z=80 and theZ=85 cases. Here, the neutron fraction course, the disadvantage to using heavy-ion collisions is that
changes from 0.6 to 0.575. Furthermore, comparison Withower beam energies are used and the produced fragments
the smaller system at the same neutron fracti@A=0.6  are not as forward focused which might make them more
demonstrates the modest enhancement of neutron-rich fragifficult to detect. If one wishes to produce fragments with
ments involved in using larger systems. charges greater than calciums= 20, and energies less than

Given the sensitivity of the yields to changing the neutrongoy MeV, electron recombination and the resulting impure

and proton number of the fragmenting system, evaporatiogharge states makes detection and refocusing especially dif-
of neutrons during the early stages of the reaction shoul@ct.

significantly reduce the production of rare neutron-rich iso-
topes. During the first 100 fro/ Weisskopf arguments sug-
gest that 20 to 30 neutrons, but only 5 to 10 protons, might
evaporate from a uranium nucleus heated to a temperature of
10 MeV. The neutron fraction of the residue might thus Although the calculated yields of rare fragments depend
change from 0.614 te=0.59 during the evaporation which on details of the modeling procedure, it is not obvious to
significantly reduces the possibility to emit fragments neamwhat degree yields are sensitive to particular aspects of the
the neutron drip line. Fission yields are also affected by thanodeling. One obvious parameter is the symmetry energy
number of evaporated prefission neutrons, which can be siparameter. As the symmetry energy is uncertain by one or
able, especially when the fission time scale is large. two MeV outside the region of measured nuclei the associ-
If one wishes to find reactions with the highest abun-ated Boltzmann factors might change by a factor of 2.
dances of rare neutron-rich fragments, one should try t&learly, a lower symmetry energy will lead to broader iso-
minimize the number of neutrons emitted in the prefragmentope distributions. The sensitivity to other aspects of the

VI. SENSITIVITY TO BREAKUP DENSITY, LEVEL
DENSITY, AND SUB-BARRIER EVAPORATION
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FIG. 6. Fragmentation of aA=200,Z=80 system at a tem- FIG. 7. The yields of mass 40 isotopéspper pangland sul-
perature of 4.5 MeV is calculated for three different breakup denphur isotopeglower panel are shown to be sensitive to the choice
sities. Yields are shown for mass 40 fragments as a functiam of of level density parameter. Higher level density parameters lead
—z (upper paneland for sulphur fragments as a function of massto broader isotope distributions due to the dynamics of sequential
(lower panel. The breakup density affects the mass distributiondecay. Again, calculations concernedAs 200,Z= 80 system at a
more strongly than the relative probabilities for isotopes of fixedtemperature of 4.5 MeV.
mass.

o o ) ) ) cay. Sequential decay, as seen in Figs. 1 and 2, strongly
modeling is not so trivial. In this section we consider threeparrows the isotope distributions as evaporation pushes the
sources of uncertainty: the breakup o_lensity, the level de”Sitﬁagments towards the valley of stability. The Coulomb bar-
parameter, and sub-barrier evaporation. ~ rier also leads to preferential emission of neutrons relative to
~ Adjusting the breakup density affects the mass distribupyotons. In our calculations a fixed Coulomb barrier was im-
tions as larger breakup volumes lead to preferential emissiofosed with an additional consideration svave tunneling.
of many small fragments. To determine the sensitivity of ther ynderstand the importance of tunneling, calculations were
isospin distributions to the breakup density, the fragmentaperformed with and without tunneling. Calculations were
tion of an A=200, Z=80 system was considered at three z5o performed with the Coulomb barrier completely absent.
breakup densitiep/8, the default breakup densips/6, and  Results considering the fragmentation of tie= 200, Z
po/4. The yield of fragments of mass=40 and of sulphur =80 system at a temperature of 4.5 MeV are displayed in
isotopes are displayed in Fig. 6 assuming a breakup tempergig. 8. Ignoring the tunneling increased the yields of proton-
ture Of 4.5 MeV. The dIStrIbutlonS Of ISOtOpeS Of f|Xed maSSrich fragments but |eft the y|e|d Of neutron_rich fragments
are fairly insensitive to the choice of breakup density. This i%nchanged. Ignoring the Coulomb barrier altogether signifi-
not surprising given the liquid-drop arguments presented ikantly reduced the population of proton-rich fragments and
Sec. I_II A. The distribution_o_f sulphur isotopes is broader f_oromy slightly increased the yield of neutron-rich fragments.
the higher breakup densities as would be expected since |nterpretation of Fig. 8 suggests that the yield of neutron-
higher densities lead to increased production of heavier fragich fragments is surprisingly insensitive to the imposition of
ments. the Coulomb barrier as the preference of emitting neutrons to

The level density parameter affects results with regards t®rotons is more strongly derived from the greater phase
the initial population of isotopes, the relative populations ofgpace available when decaying towards the valley of stabil-
levels of a given isotope, and in the dynamics of the sequenity  However, if one were interested in the production of
tial decay. The breakup of ak=200,Z=80 system is again proton-rich fragments, there would be a strong motivation to
considered, and the yields of mass 40 fragments and sulphwﬁprove the treatment of the Coulomb barrier.
isotopes are displayed in Fig. 7 for three level density param-
eters 8 MeV, the default value of 10 MeV, and 12 MeV. The
distributions are noticeably broader for the higher level den-
sity parameters. Very little effect was evident in the pre-
decay vyields and thus this sensitivity derives from the dy- The phenomenon of isospin amplification was presented
namics of the sequential decay. This suggests the importandée Sec. Il A in the context of the liquid drop model and was
of improving how excited states are generated as the levellso discussed in Sec. V. It was seen that relatively small
density is known to have a strong dependence on shell strugeutron excesses could result in large increases in the yields
ture. of neutron-rich isotopes. Experimentally, it has been ob-

The final aspect of the modeling considered here is barrieserved that yields are indeed quite sensitive to the neutron
penetration, which plays an important role in sequential defraction of the fragmenting system. By creating a ratio of

VII. ISOSPIN AMPLIFICATION AND BARYONIC
CHEMICAL POTENTIALS
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% C o Defoult; FIG. 9. Ratios of carbon isotope yields for the fragmentation of
> 10 -_£ E 1245n are divided by the same ratios for the fragmentatioh-#8n
O‘;’ rch a ] to obtain a quantity which should reflect d4p—2)Au,/T}, where
S _ s R T Aun is the increase of the neutron chemical potential resulting from

- using a heavier tin isotope. The logarithm of that ratio, which is

30 40 50 60 70 . . .
q presented here, rises linearly withas expected. The pre-decay

results(squaresand the post-decay resulsguaresare remarkably
FIG. 8. The sensitivity of isotope yields to details of evaporationsimilar.

criteria are studied by considering the yields of sulphur isotopes

from the fragmentation of aA=200,Z=80 system at a tempera-

ture of 4.5 MeV. Results from three cases are displayed. The evap

rative description in the default calculatigsquares assumes a

Coulomb barrier with as-wave tunneling contribution described in

Eq. (12). Calculations were repeated with no tunnelidgamond$

Jhe A=124 andA=112 systems. By creating a similar ratio
using isotopes of the same neutron number, one is able to
extractA u,, .

To illustrate the insensitivity of the ratio to sequential
and with the barrier eliminatettriangles, making the emission of decay, the Io_garlthm O_f th,e ratio is shown bOti?% before and
neutrons and protons equal. Yields near the neutron drip line wer@gter sequential decay in Fig. 9 for the fragment §3n and
insensitive to details of barrier, but yields near the proton drip line,. “Sn systems at a temperature of 4.5 MeV. The slight non-
were indeed sensitive to the barrier and to the tunneling. linearity of the _pre-decay results ‘?'e“VeS from the finite sizé

of the system, i.e., a grand canonical calculation would yield
) ) ) _ a straight line.
yields for different isotopes from the fragmentation‘dfSn The resulting ratio also clearly depends on temperature
and dividing by the same ratio for the fragmentation ofand breakup density. To illustrate the temperature depen-
1245, one is able to extract the difference of the chemicabience, calculations were performed for three temperatures
potential for the two fragmenting systems. 3.0, 4.5, and 6.0 MeV. The logarithm of the ratio was in this

To better explain the ratio, one considers the populatiortase multiplied by the temperature so that one could focus on
of a leveli of an isotope of masa in the grand canonical A rather thanAw/T. The slopes weakly depend on the
ensemble temperature as shown in the lower panel of Fig. 10. The

sensitivity to the breakup density was also investigated and
found to be rather weak.
amT)\ 3?2 The upper panel of Fig. 10 displays a line derived from
Z—T) analysis of several experimentally measured isotope ratios
[3], where the ratios were observed to be surprisingly robust
—Bi+zupt(a—2)u, with respect to the choice of element and isotopes. The com-
xexp{ T ] (200  parison with data is difficult to interpret. At the time in a
collision where multifragmentation occurs, one would expect
some of the extra neutrons in th&Sn system to have boiled
From the results of the previous sections, it is clear that theff. Thus, it is not surprising that the calculation overpredicts
yield is significantly affected by sequential decay. However A u,, as the calculation assumes the systems differ by 12
studies using the MMMC modé¢R1,3] have revealed a sur- neutrons. The experimental result was also of a different ef-
prising insensitivity of the following ratio to sequential de- fective size due to the fact that the mechanism for excitation
cay: was semiperipheral heavy ion collisions. As the experiment
involved 12%Sn+124gn, 11250+ 12450 and!t%sn+ 11250 col-
lisions, the effective system size might have been either
124 o 11o Y124ac) Y24 tee) more or less than the size of a single Sn ion depending on the
R1A°CIHC)= YIZAC) Y I I2G) (21)  centrality of the collision and experimental acceptance.
) ) Nonetheless, several positive conclusions should be drawn
from this analysis. First, the ratios are indeed robustly inde-
where the 124 and 112 refer to the different isotopes of th@gendent of sequential decay, even when one considers iso-
overall system. This ratio should yielef"~24#n'T where  topes far along the isotope chain from stability. Secondly, the
Ay is the difference of the neutron chemical potentials ofexperimental results would seem to be consistent with model

Y(3X)=2, V(23;+1)
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S L B L B N ture to the symmetry term in the liquid-drop model. Sec-
— r } ] ondly, isospin amplification, or isospin fractionation, could
& 5 [ } o© o 4 also be simply understood in terms of the same two quanti-
> § ! © ties.

N i } Sequential decay dramatically altered the yields, pushing
«;D‘:E 0 r ‘ the yields towards the valley of stability. The effects were
= i | strongest for larger fragments and for higher temperatures.
- 5 ey l I As the initial distributions for fragments of fixealas a func-
—  [oT=30 | N tion of n—z were broadest at high temperature, inclusion of
(& 20 EoT=45 o T3 sequential decay shows that 5 MeV is the best temperature
~ & T=6.0 gg ] for creating rare neutron-rich fragments in the 40 region.
8 0 F | @@ 3 For heavy fragments with= 100, the optimum temperature
%{S F } @@ ] was near three MeV which is more in the domain of fission
= o -8 ————————J than the domain of multifragmentation.
= C @é | ] In order to understand the sensitivity of the calculations to
-0 Bl b L various aspects of the modeling, the breakup density, level
10 15 20 density, system size, and system neutron fraction were sys-
a tematically varied. Results were weakly dependent on the

FIG. 10. In the top panel the same quantity as in Fig. 9 ishreakup density and moderately sensitive to the level den-
displayed for calculations at three temperatures 3.0, 4.5, and 69ity. Larger systems lead to somewhat broader yields due to
MeV. The solid line represents the experimentally extracted valudinite-size constraints. Yields were especially sensitive to
of Au, from Ref.[3]. The consistency of the experimental results small changes in the isospin composition of the overall sys-
with the T=3 MeV results may be misleading as the calculationstem. Thus, choosing projectiles and targets with large neu-
ignored the fact that some of the extra neutrons associated Wwitfron fractions, e.g.N/A for uranium is 0.614 and/A for
1245n could have evaporated before the onset of multifragmentaizagy, g 0.597, strongly increases the chances of creating
tion. The same resuits are displayed in the lower panel, only Muligneq near the neutron drip line. Finally, the sensitivity of
tiplied by the temperature. This illustrates thgt , is fairly insen- the yields with respect to details of the evaporation was con-
sitive to the temperature. . L .

sidered by adjusting the Coulomb barrier that leads to pref-
erential emission of neutrons as opposed to protons. The
a/ields of neutron-rich fragments were surprisingly insensi-
tive to the barrier and changed almost imperceptibly when
the Coulomb barrier was removed altogether. Proton-rich
fragments were, however, quite sensitive to the details, as the
tunneling allowed proton-rich fragments to return to the val-
ley of stability.

o ) ) ] ] ) The ability of statistical models to explain isotope produc-
Statistical multiiragmentation has been investigated in réyjon, js certainly of scientific interest in its own right. Addi-
gards to the production of rare nuclides, particularly neutrons;q a1y - one might also consider whether multifragmentation
rich isotopes. Statistical calculations have been performed iQouId o,ffer a competitive means for creating rare isotopes
the canonical ensemble, taking into account exact CONSeIVey, vover, separating and focusing particles could be prob.-

tion of N andZ. By comparing to calculations in the grand matic. If one fragmented heavy nuclei, which have the

canonical ensemble, particle-number constraints were seenrk)% .
be non-negligible, especially for the fragmentation of smaller, foadest yields, the Coulomb forces between the fragment of

systems. Assuming a simple liquid-drop form for the groung-"terest and various parts of the residual system would
state energies and assuming a simplified form for the distriSPread the emission over a large kinematic region making
bution and degeneracies of excited states, initial yields wer&@paration or focusing of the produced particles difficult.
calculated for every level of every possible isotope. Sequenlhis would be especially true for fragments produced at
t|a| evaporation has been mode|ed by Ca'cu'ating the Ways tmldrap|d|ty Thus, |t iS d|ff|CU|t to discem Whether there iS a
partition the initial weight of every particle-unstable level Pragmatic side to the isospin degree of freedom in multifrag-
into any state to which it might decay. Eight modes of decaymentation. To date, experiments that measure isotope yields
were considered. Since neither the calculation of the initiahave either been designed to focus on projectile rapidities
distribution nor the modeling of the sequential decay in-and thus ignore multifragmentative events, or have measured
volved Monte Carlo procedures, it was possible to calculat@roduction of light elementa<20. If statistical descriptions
yields for extremely rare isotopes. are shown to accurately describe isotope production for a

By considering yields of fragments of a fixechs a func-  broader range of nuclides, it might warrant serious consider-
tion of n—z, two lessons were learned by considering aation of designing an apparatus to capture and identify very
simple liquid drop model. First, the width of the initial dis- rare isotopes in a very different environment than projectile
tribution was determined largely by the ratio of the temperafragmentation.

predictions if one were to assume that approximately a thir
of the extra neutrons gained from going froftfSn to 24Sn
evaporated prior to multifragmentation.

VIIl. SUMMARY AND CONCLUSIONS
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