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Intermediate-Energy Fragmentation of
Heavy-Element Beams: A Novel Approach
Towards the Nuclear Drip-Lines

G. A. Souliotis !

Institute of Nuclear Physics, NCSR Demokritos, Athens, Greece.

Abstract

The fragmentation of heavy beams at intermediate energy and the opportuni-
ties offered by this in the exploration of heavy nuclei near the drip lines will be
discussed. First, a study of '%"Au projectile fragmentation at 30 MeV /nucleon will
be presented in which an appreciable number of new p-rich nuclei were observed.
Perspectives of proton radioactivity studies using the fragmentation approach will
be discussed. Second, a study of the fission of 238U projectiles at 20 MeV /nucleon
will be presented, where a number of new neutron rich nuclei were identified. Pro-
duction rates of extremely n-rich nuclides from a typical projectile-fragmentation
facility are given. A large number of nuclei along the astrophysical r-process path
can be investigated and approach of the neutron dripline in the region Z=45-50 may
be possible. The ability to produce and study these either p-rich or n-rich nuclei at
intermediate (and possibly lower) energy facilities may open a variety of possibilities
for experimental studies of exotic heavy nuclei.

1 Introduction

Access of unexplored regions of the chart of the nuclides has recently become possible
by the production and use of radioactive nuclear beams (RNBs) [1]. Radioactive
beams are produced by two main principles: ISOL (Isotope Separation-On-Line)
and IFS (In-Flight Separation) or PF (Projectile Fragmentation) principles. ISOL
techniques [2] offer very high intensity beams, but require separation times of 1-20
sec. On the other hand, IFS techniques [3] are characterized by fast separation times
(<1 usec) and rather moderate intensities, offering the possibility of accessing and
studying very short lived proton-rich or neutron-rich nuclei at the limits of stability

(4].
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Fragmentation of heavy target nuclei by energetic protons has been known as an
important path for the synthesis of new proton-rich nuclei. The large intensity of
the proton beams, the large penetrating power (enabling the use of thick targets
and high production rates) and the high excitation energies of the reaction interme-
diates all lead to the efficient production of proton-rich nuclei. This fact has been
recognized in the design of several radioactive beam facilities which are Isotope
Separation On-Line (ISOL) facilities.

Projectile fragmentation (PF') facilities, while not having the overall beam intensities
of ISOL facilities, have some advantages that complement the ISOL facilities. In
particular, the lack of a release or delay time in a PF facility allows the study and
use of short-lived nuclides not accessible in ISOL facilities. Recently this feature has
been used in relativistic[5] and intermediate energy studies[6] to produce and study
several new, short-lived neutron rich nuclei.

A recent measurement of the fragment yield distributions for the reaction of 20
MeV /nucleon ®7Au + "Ti and *°Zr provided evidence for the formation of very
p-rich nuclei [7]. However, the exploratory character of that study did not provide
a clear identification of new p-rich species. The possibility of using intermediate-
energy '97Au projectiles to generate and identify new proton-rich nuclides was
further investigated. Specifically, the distributions of heavy residues from the in-
teraction of 30 MeV/nucleon '®7Au projectiles with *Zr were studied using a
high-resolution spectrometer/detector system. The measurements showed that new
proton-rich nuclides can be identified among the reaction products of this reaction.
After a short description of the experiment and analysis procedures, the mass and
charge distributions of heavy residues from the Au+Zr reaction are presented. Fi-
nally, possibilities of nuclear studies of p-rich nuclei offered by the PF approach are
discussed.

Concerning the generation of neutron-rich nuclei, recent work done at GSI [5] has
demonstrated that a projectile fragmentation (PF) facility can be a useful source
of n-rich secondary beams. These experiments, involving fission of relativistic (750
MeV/nucleon) 228U ions, demonstrated the production of a large number (more
than 100) of new n-rich radionuclides. The production mechanism was low-energy
fission induced by electromagnetic excitation and peripheral nuclear interactions [5].

In the present work, we investigated the fission of intermediate-energy 233U projec-
tiles to generate and identify new neutron-rich nuclides. For this purpose, we studied
the fission fragments from the interaction of 20 MeV/nucleon 233U projectiles with
208ph, The measurements showed that very n-rich nuclides are produced in this
reaction and can be unambiguously identified. Also, estimates of production cross
sections and rates of new very n-rich nuclides from a typical second-generation PF
facility are given.

Finally, a summary of the present work on very heavy beams at intermediate energy
and the possibilities of drip-line studies are presented.
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2 Production of Proton-Rich Nuclides by *"Au Projectile Frag-
mentation

The experimental work on 27 Au projectile fragmentation was performed at the Na-
tional Superconducting Cyclotron Laboratory at Michigan State University using
the A1200 fragment separator. The use of this separator as a high resolution spec-
trometer has been discussed previously [6,8-10]. A 30 MeV /nucleon *“Au beam (i
= 0.3 particle nA) struck a production target of ®°Zr (1.0 mg/cm?) with an incli-
nation of 1° with respect to the axis of the spectrometer. Recoilling fragments from
the target passed through a slit defining a 3% momentum acceptance, a position
sensitive parallel plate avalanche counter (PPAC) and a thin (0.22 mg/cm?) alu-
minum emitter foil of a microchannel plate timing system (giving a start signal)
at the first dispersive focus of the spectrometer. At the focal plane of the spec-
trometer (~ 14 m from the start detector) the fragments passed through another
thin (0.22 mg/cm?) aluminum emitter foil of a second microchannel plate timing
system (giving a stop signal) and then into a three element (554, 50u, and 300u)
silicon detector telescope. The minimum observed fragment flight time was ~ 200
ns. Foreach event, the fragment time-of-flight, dE/dx, E and magnetic rigidity (Bp)
were recorded. From these quantities, the values of the atomic number Z, velocity,
mass-to-charge ratio A/q, atomic charge q and mass number A, were calculated
for each fragment. The spectrometer was calibrated by measuring its response to
analog beams of 2Ni %87n,124Sn, 129Xe, 130W 197 Ay, and 2°%Pb. The details of the
calibration procedure are discussed elsewhere[10].

Typical examples of Z, q and A spectra of heavy fragments from this reaction at a
single setting of the spectrometer are shown in Fig. 1. The values of the resolution
{(FWHM) associated with the measurement of these quantities are 0.9, 0.9 and 0.8,
respectively, for the heavier fragments. After summing over all observed q values and
velocities, the mass distributions of the various isotopes (Z=50-84) were obtained.
For a number of elements in the region Z= 60-73 (see Fig. 2), there is evidence for
the formation of “new” proton-rich nuclei. Estimates of production cross sections
are obtained as described in [10,7].

The general features of the yield distributions of the reaction products are first
presented, before discussing further on the new p-rich nuclei. In Fig 3, the velocity
integrated yield distributions are shown as Z-A contour plots with the Z coordi-
nate given relative to the line of 3 stability [11]. The average fragment Z—-A values
expected from relativistic nuclear collisions (dashed line) [12], the so-called “evapo-
ration residue attractor line” (EAL)[13] (dash-dotted line), and the position of the
proton-drip line for odd-Z nuclei [14,15] (solid line) are shown in the figure. [ The
EAL is a line in the N-Z plane that represents the locus of fragment yields produced
by the evaporation of neutrons and charged particles from highly excited nuclei.]
One does note that the reaction products are very proton-rich, some having 7 or
more protons than the stable isobar. The centroids of the yields are more p-rich
than those obtained in relativistic nuclear collisions, and seem to follow the evap-
oration residue attractor line rather closely. Interestingly, a substantial fraction of
the yields lie at and beyond the position of the proton dripline. Detailed fragment
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Fig. 1. Typical examples of the Z, q and A spectra of heavy fragments from the
reaction of 30 MeV /nucleon ¥"Au + %9Zr.

charge distributions for selected mass values are shown in Fig. 4, where new p-rich
nuclei are indicated by larger points.

The position in the Nuclide Chart of the “new” p-rich nuclei observed in this exper-
iment is shown in Fig. 5. By the phrase “new”, we mean these nuclei are not listed
in current compilations[16] of nuclear data or recent publications. These nuclei are
expected to have short halflives (< 1 sec) and some are at or beyond the proton
dripline [15]. Use of these hot asymmetric reactions involving massive projectile nu-
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Fig. 2. Mass distribution of holmium (Z=67) isotopes from the reaction of 30
MeV /nucleon ®7Au with ®0Zr. The arrows indicate the positions of “new” p-rich
nuclei observed in this experiment and the dotted line shows the position of the
proton-drip line (S,=0) for this element.

clei seems to complement the more conventional use of symmetric fusion-evaporation
nuclear reactions[17] to synthesize and study these proton-rich nuclei. We have ar-
bitrarily defined the “observation” of a “new” nucleus to be the observation of at
least 3 counts, which corresponds roughly to a production cross section of ~40ub
corresponding to that nucleus.

We have attempted to evaluate whether the production of these “new” nuclei is
consistent with the time-of-flight of the particles through the separator (7 >200 ns).
The typical estimated EC halflives of these nuclei [18] are milliseconds or longer.
Since several of these nuclei are expected to be proton emitters [16] , we calculated
the expected proton decay lifetimes for these nuclei using the WKB approximation
[19] . We assumed the emitted proton was in the spherical shell model ground state
orbital. We assumed a nuclear potential of the Becchetti-Greenlees form [20] with
electron screening corrections being calculated using the Huang et al. [21] electron
binding energies. The Q, values were taken from the mass tables of Liran and
Zeldes [14]. In all cases, the calculated halflives were greater than the transit time
through the spectrometer.

The typical magnitude of the production cross sections is 50-100 wb which is
more than 10 times the typical production cross sections observed in the symmet-
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Fig. 3. Fragment yield distributions as a function of Z (relative to the line of 3
stability, Zg) and A for the reaction of 30 MeV/nucleon %"Au with ®°Zr. The
dashed line indicates the expected values for relativistic nuclear collisions [12], the
dot-dashed line indicates the position of the “evaporation residue attractor line”
[13] and the solid line indicates the average position of the proton dripline for odd
Z nuclei [15].

ric compound nuclear reactions usually used to synthesize proton emitting nuclei
[17]. It is interesting to evaluate what beam intensities one might expect for the
proton-rich nuclei studied in this work if they were produced at a second genera-
tion PF facility[22]. Assuming a primary '"Au beam intensity of 1 particle nA at
30 MeV/nucleon[23], the same production cross sections observed in this work. a
production target thickness of 10 mg/cm? of %Zr, a fragment separator angular ac-
ceptance of 10 msr, and a momentum acceptance of 6%. one can estimate secondary
beam intensities of these drip-line nuclei of 100 nuclei per hour at 30 MeV /nucleon.
Such intensities may enable many new studies of these nuclei.

By studying the proton decay of these exotic nuclei, one can gain unique information
about the ordering of the single particle levels and the shell structure of the dripline
nuclei[24]. By using the technique described here, one may also be able to produce
and study the highly deformed (3 > 0.4) light rare earth nuclei and the position
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Fig. 4. Fragment charge distributions for selected values of the mass number A
for the reaction of 30 MeV /nucleon ®"Au with ®°Zr. The dashed curves show the
expected charge distributions for relativistic nuclear collisions [12]. “New” prich
nuclei are indicated with larger symbols.

of the proton drip line in cases where ordinary fusion-evaporation reactions do not
yield sufficient numbers of nuclei to study. Studies of di-proton emission in the rare
earths (and the heavy nuclei) may be possible{25].

3 Production of Neutron-Rich Nuclides by ***U Projectile Fission

The experimental work on the fission of 223U projectiles was also performed at the
National Superconducting Cyclotron Laboratory at Michigan State University using
the A1200 (see previous section). The description of the experiment, data analysis
procedures and the identification of new n-rich nuclides are reported in Ref. [6]
and are in general the same as in the Au fragmentation work. However, a short

description of the experimental conditions will be given here.
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Fig. 5. Z-N plot showing the position of the “new” nuclides observed in this work

(solid circles). Open circles represent known proton emitters. Stable nuclei are shown
with squares. The dashed line represents the proton-drip line for odd-Z nuclei (from

[15]).

A 20 MeV/nucleon 238U beam (i=0.04 particle nA) struck a production target of
208ph (5.8 mg/cm?, 99.1% enriched) at an angle of 1° relative to the optical axis
of the spectrometer. Recoiling fragments from the target, arriving at the first dis-
persive image of the spectrometer, passed through a slit defining a 3% momentum
acceptance and an X-Y position-sensitive parallel-plate avalanche counter (PPAC)
also providing a “start” timing signal. At the focal plane (14 m from the start de-
tector), the fragments passed through a microchannel plate timing detector {giving
a “stop” signal) and then into a four element (50, 50, 300 and 500 pum) Si detec-
tor telescope. For each event, time-of-flight (resolution 0.8 ns FWHM, typical TOF
240 ns), dE/dx, E and magnetic rigidity (Bp) were recorded. The spectrometer and
the detectors were calibrated using low intensity ?**U beam and a series of analog
beams (197Au, !56Gd, 136Xe, 12°Xe, !0%Ag, %Mo, %8Zn and 27Al) covering a wide
range of Z, A (at three different energies). From the measured quantities and the
calibration data, the values of the atomic number Z. ionic charge q, mass number
A and velocity were calculated event-by-event. The resolution for Z, q and A for
fragments with mass around A=100 were 0.5, 0.4 and 0.7 units respectively (Fig.
6).

Among the fission fragments of this reaction, a number of *new” n-rich nuclei in
the region Z=38-48 were observed [6]. As an example, the mass distribution of Mo
(Z=42) fragments is shown in Fig. 7, where two “new” n-rich nuclei are observed
(indicated by arrows). However, it should be noted that these nuclei have been
reported in the published or unpublished observations of relativistic projectile fission
[5]. The present work confirms that finding using a different production mechanism
(see below).

The isobaric yield distribution of fission fragments from the reaction of 23U with
208Ph is symmetric [6], which rules out any significant contribution of low-energy
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Fig. 6. Typical examples of measured Z, q and A distributions for fission fragments
from the reaction of 20 MeV /nucleon 28U with 2%®Pb at a single spectrometer set-
ting.

fission processes in the reaction mechanism. In addition, the velocity distributions of
the reaction products are consistent with a quasielastic (or deep-inelastic) collision
of U on the Pb target followed by fission. This statement is supported by a related
study of the reaction 24.3 MeV /nucleon 233U + 197Au [26].

In Fig. 8, the yield distributions are shown as Z-A contour plots with Z given
relative to the line of 3 stability [11]. The fission fragment distributions lie on
the neutron-rich side of the stability line. These distributions are compared with
the centroids of the C+U products (solid and dashed straight-line segments) [27],
with the radiochemical data of p (24 MeV) + 238U [28] (dotted line) and, finally,
the centroids of the charge distributions from the n-induced fission of 235U [29]
(solid line). Charge distributions for selected mass values are shown in Fig. 9 and
compared with the charge distributions from n-induced fission of 23°U [29] (solid
line). Also in this figure are shown the charge distributions of fission fragments from
a parallel measurement of the reaction 238U (20 MeV /nucleon) + 27Al [6] in which
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Fig. 7. Mass histogram for the molybdenum (Z=42) fragments from the interaction
of 20 MeV /nucleon 2*®U with 2°®Pb with arrows indicating the “new” n-rich nuclei.

the majority of the fission fragments were rather n-deficient [30].

The individual charge distributions for each mass A, which are very broad (with
typical o, =~ 1.2), were fitted with Gaussian functions. The parameters of these func-
tions were used to estimate the cross sections of (unobserved) very n-rich nuclides
that could be produced using the present approach. The results of these calculations
are shown in a schematic way in Fig. 10 with open circles of variable size. Stable
nuclei are represented by squares. The solid circles are the most n-rich nuclides
produced in this experiment. For comparison, a typical path for the astrophysical
r-process (dashed line) and the position of the odd-Z neutron drip-line (dotted line)
are also shown. These lines are taken from Ref. [15].

It is interesting to evaluate, using these cross section estimates, what rates we
might expect for very short-lived n-rich nuclei at a second generation PF facility.
For this purpose, we assume a primary U beam intensity of 5x10° [22] at 50
MeV /nucleon, and the same fragment production cross sections and charge distri-
butions as obtained in this work. The higher beam energy will provide substantial
forward focussing of the fission fragments. Furthermore, we assume a production
target thickness of 25 mg/cm? 2%8Pb, a fragment separator angular acceptence of
10 msr and momentum acceptance of 6%. Under these conditions, we expect an
increase in the production rate by a factor of 10° as compared with the present
experiment and estimate that a production cross section of 1 nb corresponds to a
production rate of 10 counts/day.
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Fig. 8. Fragment yield distributions as a function of Z (relative to stability), and
A for the 20 MeV /nucleon reaction of **U with 2°8Pb. Highest yield contours are
plotted with thicker lines. Successive contours correspond to a drop of the yield by
a factor of 2. The solid-line and dashed-line segments show the values from !2C
(20 MeV /nucleon) + 238U [27]. The lower dotted line is from p (24 MeV) + 238U
[28] and the solid line from the n-induced fission of 233U [29].

We conclude that for a large number of very n-rich nuclei, production rates of 10-
1000 /sec (at 50 MeV/nucleon) are possible, allowing the study of the structure of
these nuclei. For very neutron rich nuclei along the r-process path, the predicted
halflives [31] are less than 1 second, making their production in ISOL facilities very
difficult. For such nuclei, counting rates of 10-1000 /day should be reachable which
suffices to verify their stability and in the most favorable cases allow measurements
of their decay properties. As an example, we can estimate the production cross
sections for the r-process waiting point nuclei ?°Ag, 128Pd and '2"Rh (N=82 isobars)
to be 0.3 ub, 50nb and 0.6 nb respectively, and predict counting rates of 4000, 500
and 5 particles/day. respectively. Finally, an interesting observation from Fig. 10,
is the possibility to approach the neutron drip-line in the region Z=45-50 (A=130-
140) with the present approach.
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Fig. 9. Charge distributions for representative nuclei formed in the 20 MeV /nucleon
238() 4 208Ph reaction. Also shown are similar data for thermal neutron induced
fission of 235U (solid lines) and the 20 MeV /nucleon 233U 4 27Al reaction [6] (open
circles).

4 Summary and Conclusions

In summary, the projectile fragmentation of very heavy beams at intermediate en-
ergy was presented as a novel way to create and study new heavy nuclei at the limits
of nuclear stability. Specifically, intermediate-energy '°"Au fragmentation is shown
to be a fruitful avenue for the synthesis of new proton-rich nuclei. Intermediate-
energy 228U projectile fission, on the other hand, leads to the efficient production
and separation of extremely neutron rich nuclei.

In the present study, the measured production cross sections indicate that useful

intensities of very short-lived proton-rich or neutron-rich nuclei could be produced at
intermediate-energy (or possibly lower-energy) PF facilities (which may complement
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tron-rich nuclei from the interaction of 20 MeV/nucleon 228U with 2°®Pb. Stable
nuclei are shown with squares. The solid circles are the most n-rich nuclides pro-
duced in the experiment. The dashed line shows a typical r-process path and the
dotted-line shows the position of the odd-Z neutron drip-line (lines taken from Ref.

(15])-

the more intense beams of longer-lived nuclei produced at ISOL facilities) offering
new possibilities for nuclear studies at the limits of nuclear stability.
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