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Rare isotope production near the neutron drip line
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The underlying mechanism involved in the production of very neutron-rich nuclides using projectile frag-
mentation is studied with an abrasion-ablati@®) model. The AA model suggests that very neutron-rich
nuclides are produced by removing nearly all the required protons in the nonequilibrium abrasion stage, with
minimal evaporation of neutrons in the ablation stage—"cold fragmentation.” Furthermore, the production of
the most neutron-rich nuclei from a fixed projectile relies heavily on the neutron fluctuations in the ablation
stage. The production of the nuclides closest to the neutron drip line using neutron-rich unstable beams is
examined.

PACS numbd(s): 24.10—i, 25.60—-t, 25.70.Mn

In the nuclear chart of neutron numbers versus proton The general goal of this article is to better understand the
numbers, all the stable nuclides, about 300 of them, ar@rocess of producing neutron-rich nuclides using projectile
found in the so-called “valley of stability.” The terra incog- fragmentation.(In target spallations, neutron-rich targets
nita of rare nuclides lying away from this valley mainly con- have been shown to enhance the production of neutron-rich
sist of three regionstA) nuclei near the neutron drip line nuclides[11].) Specifically, we want to explore the most
[1,2], (B) nuclei near the proton drip lingl,2], and(C) su- effective means to produce these. nuclides. It i_s hoped that
perheavy nuclei with atomic number greater than 13p this study will suggest future experimental techniques toward

Production of these nuclei will be of great interest for thethis end. , _ , ,
current radioactive beam facilities in the world as well as R€cent systematic studies of the effects of the isospin of

future generation of accelerators, including the rare isotop&€2cting nuclei has identified a measurable quantity which is

; o - . useful in such explorationgl2]. This quantity, R,;(N,Z)

ﬁ]ci;ﬁée[)art]ﬁglzIgzéttggzc:instructlon of which is being studied —Y,(N.Z)/Y(N.Z). gives the relative yield¥;(N.Z) of al
Even though gree{t étrides have been made in the pats?e nuclides from two reactions 1 and 2, which differ prima-
decade to push toward the proton and neutron drip lines, fuIrII y in the isospin of the reacting systems. In cases covering

. X a wide range of energies, it is found ttR4;(N,Z) follow a
knowledge of thege puclldeg with extreme proton and neu\'/ery striking behavior as a function of the charge num@er
tron numbers are limited to light elements up to oxy@gh

- ) . and neutron numbe(N) of the nuclides. Namely, for reac-
As the proton drip line lies closer to the val_le_zy of stab|l_|ty tions where a high degree of equilibrium is achieved, the
due to the Coulomb force, most of the nuclei in the proxim-gepnendence is strongly exponential in both varia@eand
ity of the proton drip line will be explored in the coming N |f we follow the convention that the initial system of
decade. On the other hand, locating the neutron drip lingeaction 2 is more neutron rich than that of reaction 1,
proves to be much more challenging experimentally, as iR,,(N,z) gives a quantitative measure of the enhanced pro-
lies about three times further away from stable nuclides thaguction of neutron-rich nuclides.
the proton drip line. However knowledge about these nuclei In this article, we have chosen to study the fragmentation
is of utmost importance to the full understanding of manyof Kr because the range of neutron numbers spanned by the
processes in nuclear astrophysics and basic nuclear propewo stable Kr beamg®r and 8r is large. While there are
ties. For example, nuclei found in this region provide impor-very few experiments that measure a large range of isotopes,
tant pathways for nucleosynthedi§], especially those re- such data exist for the fragmentation of both Kr isotopes
lated to the rapid neutron captufe) process. Extremely [13,14. Figure 1 shows the observabldR,;(N,Z)
neutron-rich nuclides also provide structure information as to= Yeeq (N,Z)/ Y78, (N,Z) constructed from the respective
whether nuclear shells vanish in the “sea” of neutr¢gi@s  isotope yields for element&=23-36, measured from the
In addition, they offer opportunities to extrapolate our projectile fragmentation of®Kr and 8Kr, as a function oN.
knowledge from these rare nuclides to properties of the bulkdo provide a clearer representation of the data, all e&en-
neutron-rich nuclear matter such as the neutron $&rs isotopes are shown as solid points while the @di$otopes
While theoretical calculations can provide indications ofare shown as the open points. The corresponding solid and
conditions for the drip lineg9], there is no substitute for dashed lines in the left panels are drawn to guide the eyes. It
direct measurements. By necessity, observations in this clear that as one goes toward very neutron-rich isotopes
neutron-rich regime require the production of short-lived nu-there is a substantial rise in the valueRyf;. For isotopes of
clides and beams. In the past, one of the most effective teclelementsZ=28-31, there is an order of magnitude increase
nigues has been to use projectile fragmentation as a mechar isotope yield for each extra neutron. In the data Zor
nism to create such nuclid¢$0]. This technique continues <25, the measure®,; exhibits a V shape suggesting that
to offer promise for the future. production of the lighter proton-rich isotopes, for example,
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FIG. 1. The relative isotope ratio Ry(N,Z)
=VYsex,(N,Z)/ Y8, (N,Z) as a function ofN for Z=23-36. Left
hand panel: Data are represented by s@kenZ) and open(odd-

Z) points. The solid and dashed lines are drawn to guide the ey
Right hand panel: The soligevenZ) and dashedoddZ) lines are
ratios computed fronePAx2.

FIG. 2. Isotope distributions from the projectile fragmentation
of 8%r [13] (top panelsand "®Kr [14] (bottom panels The distri-
butions are offset by factors of 108ee text for detailed explana-
‘?ions). Solid lines are predictions from the AA model while the
dashed lines are predictions from theax2 calculations.

) ) ~_ left pane). The disagreement is the largest for the lightest
Z=23, N=25 particles, from the neutron-rich projectile is elements. This difference between data and predictions may
also enhanced. This observation is counter-intuitive and maje due to the experimental conditions usiffr [14]. The
arise from features other than theZ of the projectiles. experiment used a massive target Ni with lower beam ener-

Because of the importance of estimating the yields of spegies (7 MeV). This combination may invalidate the as-
cies from fragmentation of primary beams, there has been mption of limiting fragmentation used in the fit of the
concerted effort to phenomenologically fit the systematics opax parameters.
isotope_ yield with parameters obtained from existing frag- |n order to understand the physics underlying the en-
mentation data. The programpAx has been successfully hancement of neutron-rich isotope production, we rely on a
used to develop radioactive beafi$]. (In this article, all  mjcroscopic abrasion-ablatiofAA) model. The abrasion
EPAX calculations were performed with the new improvedstage assumes a nonequilibrium process wherein nucleons
version of EPAX2) Predicted values oR; from EPAX are  are rapidly removed from the projectile during an encounter
shown as solid and dashed lines in the right hand panel gfjth a stationary target. The remaining portion of the projec-
Fig. 1. The slopes of thepax lines in Fig. 1 for the different  +jle js then left in an excited state. In the second stage, the
elements are mUCh ﬂa.tter than the eXperImenta| data. The@(cned System decays by a quasiequi”brium process to reach
are also strong differences in the trends for the proton richhe final products. Many models based on this general pic-
isotopes of the light charge elements. ture have been propos¢ti6—18.

_Figure 2 shows the individual isotope cross sections ob- |n our AA version, the first stage is modeled by the geo-
tained in the fragmentation of°Kr (top panel$ [13] and  metric shadow cast by the target on the projectile using ex-
"®Kr (bottom panels[14]. All even-Z isotopes are shown as pressions derived for early fireball modgl®]. The material
solid points while the od@- isotopes are shown as the open removed in the first stage is treated by assuming that the
points. Furthermore, each eleme(®) is offset from its  protons and neutrons are each uniformly distributed over the
neighbors by a factor of 100; 3§22 for Z=22-28(left  nucleus thus providing a probability factor for the removal of
hand panelsand 1629 for Z=29-35(right hand pan- n neutrons andz protons, based on the assumption of no
els). A comparison of the experimental isotope yields fromcorrelationg17,20
projectile fragmentation using®Kr beams and®®Kr beams
shows clearly that the production of neutron-rich nuclides is N.\/Z A
greatly enhanced by the use of neutron-rich projectiles. An Pz( p)( p) / ( p), (1)
enhancement of several orders of magnitude is found for
many of these species. As will be explained later, presently it
is not possible to obtain a reliable quantitative enhancementhere (*) is the combinatorial that gives the number of
factors using the/®Kr fragmentation data. ways of choosing out of Ny, etc., whereN,, Z,, andA,

The dashed curves in Fig. 2 ageax calculations. Since are the neutron number, proton number, and mass number of
8&Kr data(top panelswere used to obtain the fitting param- the full projectile andch, z, anda are the number of neutron,
eters, it is not surprising that the agreement with data is veryproton, and mass removed.
good. For’®r, the agreement betweewpax and data is not The excitation energy of the system remaining following
good, especially for the proton-rich isotopesZsf 28 (lower  the first stage N,—n,Z,—2), is modeled after the work of

n 4 a
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Schmidt and Gaimarfl7], where the average excitation en- ' ' ' '
ergy was found to equal 13.3 MeV per removed particle, and 36 ® S
we take the width of this distribution to be Gaussian with a / 86y
variance proportional to the number of removed particles. I P
The proportionality constant is fit to the examples in Ref. 34 S ]
[17]. The excited system is then allowed to evaporate accord- / / //O %16
ing to the formalism outlined by Friedman and Lynj@i]. I / J/ 0 ”% ]
This formalism follows the mean path of particle loss, arriv- roS s 0%
ing at a mean final system. In order to approximate the effect / ST _©
of the fluctuations in the ablation paths we use the following 30  / , .7 .7 =" __® ]
procedure. The width of the kinetic energy distribution for S
each emission is calculated to determine the variance of the L e e T

L . 2806 T O OO GTE 00 —0—c00
excitation energy about the mean path of evaporation formal- 86, —WNYING | X
ism. Using the separation energy for neutrons, we map this 20 35 20 15 50
excitation energy variance onto the variance in the number of N

neutrons emitted. Since the shape of the fluctuation function
is uncertain, we assume a Gaussian dependence on neutronFIG. 3. Fragmentation 0?6Kf6t0 produce Ni isotopes according
number centered at the mean, and truncate the distribution & the abrasion-ablation model’kr was plotted aZ=36 andN

the integer value of the standard deviation plus one. We havé 5?-_?"6” (E’Oif’:ts rheprebsen_t the mean "T‘Le”gedri]atg l_stages of the
ignored the charge fluctuations. This procedure for handlin%uc el formed after the abrasion process. The dashed lines represent
e average evaporation paths from the intermediate nuclei to the

fluctuations suggests that the predictions for the most neu: L . )
- . . inal Ni isotopes which are represented by the closed points along
tron rich nuclides should be more accurate with our model, _ 5o

than the predictions for proton rich ones. The former pro-

cesses are found to undergo ablation processes which iggyilibrium) stage removes nearly all the charge, while ad-
volve only neutron emission, while the latter undergo ablajtional loss of neutrons to reach the final product occurs in
tion processes which are also sensitive to the chargghe second stag@blation.

fluctuations. Extending the Gaussian form for the neutron |f the path from the initial system to smaller final one
fluctuations beyond one standard deviation greatly raises thgere to involve equilibrium processes only, the average ten-
prediction of the proton rich nuclides and, to a lesser extentgency would be to move toward the valley of stability. Con-
enhances the predictions of the neutron-rich nuclidessequently the population of the most neutron-rich nuclides
Clearly future improvement in the treatment of ablation fluc-would rely entirely on fluctuations about the average process.
tuation is desirable. This completes the description of ouiThis would seem much less efficient than the two-stage sce-
model which is used to calculate the isotope yields shown imario described above, in which the proton removal is en-
the figures. tirely nonequilibrium, and the burden for obtaining the de-
Results obtained from this model are shown as solid linesired end product is placed on the evaporation of the second
in Fig. 2. The AA model prediction is similar to that from Stage. Thus, populating the most neutron-rich nuclides re-
EPAX calculations for both Kr beams. The agreement withduires the excitation of the intermediate system to be as low
data is very good fof®Kr. For 78, the disagreement with 25 possible. This allows for the minimal decrease in the neu-

data remains(The present calculations are also similar to{fon number, and the absence of further proton loss. This
results obtained from the AA model of Schm[d7,18,22.) particular process to produce neutron_-rlch nuclei has recently
If limiting fragmentation is not reached, as explained earlier,be?:rgo':]felzriredstoitaiss Cﬁgg ];rhag?ﬁgtiastc'g;ﬁlg]' roduction cross

the assumption of a clean separation of the mass in the first__ . 9. . ope prod

stage of the process assumed in the model may not be vali ections for the very neutron-rich nuclides are influenced by

In the AA model. both th ibr dth everal features. The most important ones include: the distri-
n he model, bo € nonequilibrium process and i€, iy, of the excitation energy following the first stage; the
equilibrium stages, in combination, play important roles in

. NP - "'probability for having a specific neutron to proton composi-
populating the most neutron-rich final isotopes from a giVention of the mass removed by abrasion; and the number of

system. Figure 3 shows the paths of producing different Nhossible paths, involving combinations of the two stages,
isotopeg(solid pointg from the fragmentation of°®Kr which  \hich reach the final product. The role of neutron fluctua-

is denoted by the symbol in the upper right corner of thetions becomes particularly important for the production of

figure atZ=36 and N=50. The open circles locate the nuclides which cannot be reached by the average-
charge and neutron number of the average excited nuclegvaporation path. All the above considerations explain why
produced after the abrasion stage. Particles are evaporatétk very neutron-rich isotopes of each element decrease in
(indicated by the dashed linefom the intermediate nuclei production cross sections with the neutron number as shown
during the ablation procesgFluctuations in the neutron in Fig. 2. These factors become less restrictive with more
emission number have been ignored for this pldhe pro- neutron-rich projectiles, resulting in the enhanced production
duction of the most neutron-rich isotopel>39) can be of neutron-rich nuclides as observed in Fig. 1.

traced to the intermediate systems where the abrdsion- In principle, major gains in the production of nuclides
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' ' ' ' ' ' FIG. 5. Isotope distributions from the projectile fragmentation
86 88 90 92 94 96 of %7r [22] for Z=30-40. The distributions are offset by factors of

A (projectile) 100 (see text for detailed explanation$olid lines are predictions
from the AA model while the dashed lines are predictions from the

FIG. 4. Calculated cross sections 8Ni from the fragmentation ~ EPAX2 calculations.

of Kr isotopes. The dot-dashed line extending fréfr to %Kr
represents th&pax2 calculations. The opeftruncatedn fluctua-
tions) and solid(untruncatech fluctuation$ points are predictions

from the AA model. The solid curve at the bottom illustrates theOf the drop in the b.eam Ill'(])E;".\E/InSI.ty.
relative production gains in a two step process of using the frag- If the fragmentation of 0 is used to produce the sec-

7 94 ; : T
mentation of'®Mo to produce the Kr isotopes first befof8iis ~ ondary b(_eams_o? Krto *Kr, the drop in beam intensity is
produced from the fragmentation of the Kr isotopes. exponential, with a loss of about a factor of 3 for each neu-

tron added to the beam. In Fig. 4, the solid cufwéth arbi-
close to the edge of the drip line can be obtained by usingrary normalization indicates the folding of this intensity
very neutron-rich(unstablé projectiles. To reach these it is factor with the optimisticEPAX production cross sections
necessary to rely on the fluctuations in the neutron yields(dot-dashed line This suggests that net enhancement for the
We illustrate this with a study of the production &iNi(N  production of "®Ni, may peak with the use of*Kr beams.
=50, Z=28). Obviously, the conservation of neutron num- However, the maximum gain is less than a factor of 10 going
ber makes it impossible to produce this isotope from therom 8’Kr to 8%Kr before the anticipated net yield drops with
projectile fragmentation of Kr isotopes with mass less tharmore neutron-rich Kr beams. In reality, this procedure is not
86. TheePAXx calculations(dot-dashed line in Fig.)4predict  practical. Even if we use a 2 gm/érthick °Be target, typi-
yields from the fragmentation dKr to %Kr. (All but 8Kr  cal secondary beam intensity 6Kr is about 20000 par-
are unstable isotop@swith 8Kr, eight protons must be re- ticles per second, six orders of magnitude smaller than the
moved with no emission of neutrons. This is highly unlikely. usual intensity obtained for primary beams such ®&sr.
Without relying on the fluctuation in the emission of neu- However, there might be incidences when the gains in the
trons, the AA calculations suggest that the lightest Kr isotopgoroduction of very neutron-rich nuclides using unstable
that will give appreciable’®Ni cross section iSKr. If the ~ beams of neutron projectiles will be practical and necessary.
number of evaporated neutrons is allowed to fluctuate with Since limited sets of data are used to provide the phenom-
no truncation in the Gaussian distribution, our AA modelenological fitting parameters in thePAX calculations, it is
predicts the production of®Ni starting at®Kr as shown by interesting to examine situations where the predictions of
the closed circles in Fig. 4. These AA calculations are abouAA model and theepAx differ. Fragmentation of®Zr pro-
the same agPAX predictions for most of the heavy projec- vides such an example. Figure 5, which has similar conven-
tiles, but deviate substantially when the process requires orions as Fig. 2, including truncated neutron fluctuations,
or no neutrons to be evaporated after the first stage. Howshows the isotope cross sections from the fragmentation of
ever, when the AA calculations are truncated to fluctuations’®Zr. There are substantial differences betweeregex cal-
of one standard deviation, as associated with the results @ulations(dashed linegsand AA model(solid lineg in the
Fig. 2, the yieldgopen circlesare much smaller for the very neutron-rich isotope yields. While the limited available data
neutron-rich nuclides. With this procedure projectiles with[23] seem to support the AA model, the ranges of isotopes
mass less than 91 do not rea@Ni. While all calculations measured are too small to conclusively favor one of the two
indicate a rise in production with increasing neutron richnessalculations. This example points to the need for high quality
of the projectile, there is normally a sharp drop in the antici-data with large isotope range. In general, the widths of the
pated available beam intensity when more neutron-rich unisotope distributions fron°Zr are narrower in therAx pre-
stable beams are used. Thus, one must consider the possiblietions. Thus intensity calculations for the production of

gain in yields with secondary beams against the constraints

064609-4



RARE ISOTOPE PRODUCTION NEAR THE NEUTRON ... PHYSICAL REVIEW &2 064609

neutron-rich beams usingpAXx calculations, as is common sion stage, with minimal evaporation of neutrons in the ab-
practice, might be too conservative. The possibility of en-lation stage. This requires minimum excitation energy left in
hanced production of neutron-rich beams would be a welthe intermediate stage. This picture accounts well for the
come relief. variation in isotope production with the isospin of the pro-
In summary, we have examined the enhanced productioﬁctile. Finally we suggest that the production of the nuclides
of neutron-rich nuclides with neutron-rich bearfk3,14. closest to the neutron drip line may benefit from the use of
EPAx and AA calculations agree well with the fragmentation Neutron-rich unstable beams. In that case the enhanced pro-

data for 8Kr. However. we note that neither accounts well ductions will require a balance between beam intensity and
’ the cross section for production of the desired isotope. This

for the "8Kr data which are obtained with heavier targets and . , .
lower energy. The differences between the AA model pre_may be accomplished by a systematic survey of various com-

dictions andepAx calculations for the fragmentation 8fzr binations of stable and secondary beams.

would require more data with large mass range to resolve. If The authors wish to thank Dr. Klaus ®merer for pro-

the predictions of the AA model are correct, production ofviding the EPAX2 code and the digitized data for the many
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around this mass range could gain a factor of 10. benefited greatly from the many discussions we have had
Using the abrasion-ablation model, we gain insight intowith him and Dr. Karl Heinz Schmidt. We would also like to

the underlying mechanism involved in the production of thethank Dr. Roman Gernhaeuser for the unpublisA&t data

neutron rich nuclides approaching the neutron drip line. Thaised in this study. This work is supported by the National
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