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Abstract
Various beams of short- and long-lived radioactive nuclei have recently been produced at the ATLAS accelerator at
Argonne National Laboratory, using either the so-called In-Flight or the Two-Accelerator method. The production tech-
niques, as well as recent results with 44Ti (Ti/2=60y) and 17F (Ti/2=64s) beams, which are of interest to nucleosynthesis
in supernovae and X-ray bursts, are discussed.

INTRODUCTION

The availability of beams of unstable nuclei at various
facilities worldwide has allowed to investigate questions
in several areas of nuclear physics that previously could
not be addressed. For example, nuclei at the neutron or
proton drip line exhibit new structures, such as skins and
halos, which have been shown to strongly influence other
reaction channels such as transfer or fusion. The effects
of neutron-proton pairing can best be studied in heavier
N=Z nuclei, which beyond ^ C a are P-unstable. In nu-
clear astrophysics it has been known for some time that
a large fraction of the elements above A~20 is produced
in explosive nucleosythesis where the reactions occur on
such a rapid time scale that unstable nuclei produced in
these processes do not have time for P-decay, but rather
continue to react with protons, neutrons or cc particles.
Nature has no difficulties producing these unstable, short-
lived nuclei in the stellar furnaces. In the laboratory, how-
ever, it was only during the last decade that some of these
important reaction rates could be studied.

BEAM PRODUCTION

The majority of the radioactive beams are presently
produced either via the isotope-separation- online (ISOL)

technique or with the projectile-fragmentation method.
In the former the radioactive material is produced with
a high-current driver accelerator or at a reactor. At high
enough temperatures some of the nuclei effuse from the
target material, are ionized and accelerated with a post
accelerator. In the latter technique a high-energy heavy-
ion beam is fragmented in a thin target, and the fragments,
after electromagnetic selection are used directly in the ex-
periment. Because of the production technique, the ISOL
beams show better beam qualities compared to fragmen-
tation beams. On the other hand the effusion from the tar-
get is for many nuclei a relatively slow process and, thus,
short-lived nuclei are more efficiently produced with the
fragmentation technique.

At the ATLAS accelerator at Argonne National Labo-
ratory we have used modifications to the two techniques
mentioned above. For longer-lived isotopes (T1/2 >2h)
the irradiated material can be extracted from the produc-
tion accelerator and converted into a suitable chemical
form allowing to produce beams of nuclei that, because
of their chemical properties, are difficult to extract using
conventional ISOL techniques. Examples for these ra-
dioactive beams produced by the two-accelerator method
are1 8For5 6Ni.

For shorter lived nuclei we have used the in-flight
method to produce beams of e.g. 17F (T1/2 = 64s) or
25Al (Ti/2 = 7.18s). In this technique a high intensity
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FIGURE 1. Schematic of the experimental setup used to pro-
duce short-lived radioactive beams via the in-flight technique.
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(d,n) or (3He,n) reactions secondary beams of unstable
nuclei which are separated from the primary beam and
transported onto a secondary target that is to be studied.
An example for this technique is the production of a 17F
beam via the d(I6O,17F)n reaction. In this case a few ppm
of the primary 16O beam particles are converted into 17F
in the deuterium gas cell and transported through a 12m
long beamline/separator system onto target. With a 100
pnA primary 16O beam a 17F intensity of 2x 106 has been
achieved. The experimental setup is shown schematically
in Fig. 1.

A superconducting bunching resonator, located 10 m
upstream from the production target provides a time fo-
cus of the primary beam at the gas cell, minimizing the
longitudinal emittance of the secondary beam. The 17F
particles produced via the inverse (d,n) reaction are emit-
ted within a cone with an opening angle of a few de-
grees. A superconducting solenoid located after the target
is used to capture the particles within this cone and to fo-
cus them through a 22° bending magnet that separates the
secondary ^ F 9 * particles from the primary 1 6O8 + beam.
The selection of the particles according to their magnet-
ic rigidity results in a suppression of the primary beam
by a factor of ~3 x 10~7. The debunching resonator lo-
cated about 3 m after the production target can be used
to improve the energy spread of the secondary beam. By
making use of the energy-time correlation and choosing
the RF phase of this resonator appropriately the energy
resolution of the secondary beam has been improved by a
factorof3(seeFig.2).

The 400 keV energy spread achieved for the 17F beam
translates into a 23 keV spread in the cm. system for a
study of the p(17F,I40)oc system.

The beams produced with these two techniques at the
ATLAS accelerator, including their energies and intensi-
ties, are summarized in Table. 1.

FIGURE 2. Effects of the debunching resonator on the energy
distribution of a 60 MeV beam of 17F

Details for some of the ion beams produced with the
two-accelerator or the in-flight technique can be found in
Refs.Q, 2,3). ' ~

ION SOURCE AND ACCELERATOR

For the production of radioactive beams via the two-
accelerator method a negative sputter source SNICS(4),
dedicated to radioactive material, has been installed at the
Tandem accelerator which is one of the two injectors of
the superconducting heavy ion accelerator ATLAS. It has
quite large efficiencies for certain elements(e.g. ~ 1 % for
fluorine) and it's compact geometry makes decontamina-
tion after a run much simpler. For elements with small
electron affinity (e.g. Ti~) molecules (e.g. TiO~) have
been used.

The beam intensities of the radioactive beams extract-
ed from the ion source are usually too weak to either sta-
bilize the terminal voltage of the tandem accelerator or
the timing of the bunched beam which is required for in-
jection into the superconducting RF accelerator. For this
reason a wedge-shaped Bicron Corporation plastic scin-
tillator was mounted on a photomultiplier and installed in
the vertical plane behind the tandem 90° analyzing mag-
net. Timing signals from this scintillator were used to sta-
bilize the time-of-arrival of the beam pulse by adjusting
the phase of the pre-tandem buncher(5).

Another problem that had to be addressed was the tun-
ing of the RF accelerator and the beam transport system.
In some cases the stable isobar which is present in the
source material can be used (e.g. 18O for a 18F beam).



Table 1. Radioactive ion beams produced at ATLAS

Beam Production Method Isource
[sec"1]

harget E/A
[sec"1] [MeV/u]

18p
56Ni
56Co
44Tl

17F

21Na
^ A l

110m
6. Id
77d
60y
65s

22.5s
7.2s

le intensity of this

two-accelerator
two-accelerator
two-accelerator
two-accelerator

in-flight
in-flight
in-flight

beam could

5xlO7

2xl07

lxlO8

2xlO7

5xlO7

2xlO7

lxlO7

3xlO6

6xlO4

3X105

5X105

3xlO6

5X105

2X105

0.6
5
5

2-7
3-6
5
5

EjtH-alMeV]
overwhelm the detector system. For this reason the w-
hole accelerator was tuned with a pilot beam which has
the same magnetic rigidity and velocity as the beam of
interest. For 250 MeV 56Ni10+ , a pilot beam of 125
MeV 28Si5+ was used while for ^T i 8 * the pilot beam
was66Zn12+.

EXPERIMENTAL RESULTS

In the following results from two recent experiments
are discussed in more detail.

Study of the 17F(p,a)14O Reaction

The relatively long half-life of the nucleus 14O
(Ti/2=70.6s), produced via the 13N(p,y)14O reaction lim-
its the energy production in the hot CNO cycle. 14O
is, therefore, considered a bottleneck which is only
broken when, at higher temperatures, breakout via the
I40(oc,p)'17F reaction starts to become possible. Be-
cause of the difficulties with a direct measurement of
the 14O(cc,p)17F reaction, which requires a low ener-
gy I4O beam and a He gas target, the inverse reaction
l7F(p,a)I4O was studied to get information about the
properties of excited states in 18Ne.

In the experiment CEfe targets with thicknesses of 100
or 500 fig/cm2 were used. The energy and the scattering
angle of the outgoing particles (p and 14O) were measured
in coincidence with two position sensitive double-sided
annular silicon strip detectors. The measurement of the
four quantities 0 a , E a , Qi*o

 anc* E M 0 allowed for a clean
identification of the I7F(p,a)14O reaction with a detection
efficiency of about 65%. The measured cross sections are
shown in Fig.3.

The circles represent measurements with a thin
(100^g/cm2) target, while the crosses are the results from
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Z 2 U 2 . S U 3.0 32 3.4 3.8 3.8

FIGURE 3. Cross sections measured for the 17F(p,a)14O reac-
tion. The symbols are explained in the text

a 500 /ig/cm2 target. The horizontal bars, shown for one
point only, indicate the energy interval covered by the tar-
get thickness. The dotted line is the expected thick target
yield using parameters from Ref.(6), while the solid line
is that for the thinner target. The dashed line represents
the direct component estimated in Ref.(7). The difference
between the observed and the expected cross sections is
due to incorrect spin-assignements for particle-unbound
states in 18Ne and to the omission of higher-lying states
in Ref.(6).
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FIGURE 4. Measured excitation function for the 44Ti(<x,p)47V
reaction. The solid line corresponds to a calculation done with
the code SMOKER (see text for details).

Study of the Reaction

Nuclei of ^Ti are produced in the last stages of a su-
pernova event in the so-called alpha-rich freeze-out(8).
The recent observation of y rays associated with the de-
cay of ^Ti from Cassiopeia A showed that the ^Ti af-
terglow can be used to locate individual supernovae rem-
nants. With the launch of the next-generation gamma-ray
observatory INTEGRAL, new supernovae remnants are
likely to be discovered. The amount of ^Ti generated in
a supernova is governed by a subtle interplay between the
nuclear reactions that produce it and those that destroy it.
For the latter the ̂ TKcyO^V reaction has been shown(9)
to have the strongest influence.

This reactions was studied with the recently developed
^Ti beam at ATLAS. The material was produced via the
45Sc(p,2n) reaction using a 50 MeV, 20 //A proton beam
from the injector of Argonne's Intense Pulsed Neutron
Source. After a 70 hour long irradiation, 1.3 fig of ^Ti
were produced which was chemically separated from the
Sc material. The 44Ti(oe,p)47V reaction was studied in in-
verse kinematics using a 4He gas target and the Fragment
Mass Analyzer for separating the 47V particles from the
incident beam. Details of the experimental setup can be
found in Ref.(10). Figure 4 shows the measured cross
section for the 44Ti(oc,p)47V reaction in comparison with
results from the statistical model code SMOKER (11).

While at the higher energies good agreement with
the theoretical predictions is observed the falloff towards

lower energies is slower than predicted resulting in cross
sections that are about a factor of two larger than the
SMOKER predictions. This translates to an astrophysi-
cal reaction rate which is higher by at least a factor of
two than earlier theoretical predictions (12). This higher
rate results in a reduction of the amount of ^Ti produced
in supernovae explosions. However, changes in other re-
action rates which have not been measured so far, could
effect the ^Ti yield as well.
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