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Production of intense radioactive ion beams using two accelerators
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An intense beam (1.5x10' particles/sec) of radioactive "N'+ ions (half-life: Tv2 10 min)
has been produced and accelerated to 0.65 MeV/nucleon, by coupling two cyclotrons with an

electron cyclotron resonance ion source. This is the first time a short-lived radioactive ion beam
has been produced by this method, at such an energy and with such a high intensity, a result

which opens up a wide field in many applications. The first experiment along these lines will be
the measurement of the cross section for the nuclear reaction 'H("N, y)'~O which is the crucial
reaction for the operation of the so-called hot CNO cycle in nuclear astrophysics.

The production, acceleration, and use of radioactive ion
beams is a topic of great current interest. ' ' Possible ap-
plications for such beams can be found in nuclear astro-
physics, ' nuclear structure physics, solid state physics,
biomedical research, and cancer therapy. ' Until now,
radioactive ion beams have been produced by bombarding
suitable targets with primary beams from a single ac-
celerator; the kinematics of the recoil products is then
used to separate the primary stable beam from the secon-
dary radioactive ones. Using this method, beams of Li
have been produced in the energy range suitable for astro-
physical applications, i.e., below 2 MeV/nucleon, with in-
tensities between 2 and 5 & 10 particles/sec. Radioactive
ion beams of much higher energies, i.e., above 10
MeV/nucleon, have been obtained by fragmentation of
primary beams in the energy range between 10 and 44
MeV/nucleon (Ref. 5) and above 100 MeV/nucleon.
The approach followed in the Louvain-la-Neuve project
is radically different from the previous ones: it uses two
accelerators coupled on line by an intermediate ion source,
in our case two cyclotrons with an electron cyclotron reso-
nance (ECR) ion source as shown in Fig. 1. The first ac-
celerator, the cyclotron CYCLONE 30, is used to produce
large amounts of the radioactive atoms of interest by a
suitable nuclear reaction. The radioactive species are ion-
ized in the ECR source, transported to and injected in the
second accelerator, the cyclotron CYCLONE. The latter
brings them to the desired energy, and the resulting beam
is directed to the user's station. This two-accelerator
method has several advantages: radioactive ions of
different types can be obtained, a wide range of energies
can be reached, in particular in the astrophysically in-
teresting region, i.e., between 0.2 and 2 MeV/nucleon, and
high intensities can be achieved. We have shown the
feasibility of this method by producing, for the first time,
a radioactive ' N '+ beam with an energy of 0.65
MeV/nucleon and an intensity of 1.5x10 particles/sec.
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FIG. 1. General layout of the radioactive ion beam facility.

Other projects to produce and accelerate radioactive ion
beams with energies and intensities similar to ours have
been proposed. s

The '3N'+ radioactive ion beam has been obtained un-
der the conditions summarized in Table I and illustrated
in Fig. l. A 30-MeV, 100-pA proton beam produced by
the cyclotron CYCLONE 30 (Ref. 13) was directed to-
wards a target located in the concrete wall separating the
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TABLE I. Performances of the elements involved in the pro-

duction of a ' N'+ radioactive ion beam, achieved during the
most recent on-line run of the whole system and during previous
off-line separate tests. l~ is the proton beam intensity. N(p) is

the number of protons, N("N), the number of ' N nuclei pro-
duced by the "C(p,n) "N reaction. e„t„„,,„ is the extraction
efficiency of the "N activity from the target, t. ;,.;,.t,,„ the ioniza-
tion efficiency of the ECR source, and e„ l„,t,,„ the acceleration
efficiency of CYCLONE, all quantities quoted in percents (%).
N("N'+) is the number of "N'+ ions extracted from CY-
CLONE, in particles/sec (pps). The number between

parentheses represents the expected performance.

Quantity One-line run ON'-line tests

I~
N("N)/N(p)

&extraction

&ion &zat&on

&acceleration

N(13N! + )

100 pA
1.6x10 '

9%
4%
4%

1.5 x 10 pps

500 pA
1.6x 10

80%
15%
10%

(6 ~ 10 pps)

vaults of the two cyclotrons. This target was made of ' C
pellets, obtained by graphitizing 99% enriched ' C powder
under high temperatures and pressures, and embedded
into a natural graphite rod in good thermal contact with a
water-cooled copper cylinder. ' Large amounts of ' N
nuclei were thereby produced through the ' C(p, n)' N
reaction, whose cross section has been measured up to 30-
MeV proton energy. ' The ' N activity was extracted
from the ' C target as ' N ' N molecules using a small ni-

trogen support gas flow (-0.1 standard cm /h). These
N2 molecules were transferred to a single-stage ECR ion
source, especially designed to optimize the yield of 1+
atomic ions with respect to the injected molecules. ' The
'3N'+ ions were extracted out of the ECR source (extrac-
tion voltage ~ 7 kV), mass analyzed by a 90' magnet,
transported to the cyclotron CYCLONE using two lenses
and axially injected into the machine through a 90' bend-
ing magnet. The central region of CYCLONE has been
modified to allow its use for acceleration in the sixth har-
monic mode, ' necessary to obtain the low energies
(-0.65 MeV/nucleon) required for nuclear astrophysics
experiments. The '3N '+ beam extracted from CY-
CLONE was directed through a switching magnet to-
wards a thick stopper plate, and the P+ activity deposited
on the latter was measured with two NaI(TI) scintillators
in coincidence, whose efficiency, for the detection of the
annihilation radiations from the positrons, was deter-
mined with a Na calibrated source. The observed activi-
ty was checked to be due to ' N through its half-life, and
its saturation value corresponded to 1.5 x 10 ' N '+
particles/sec. The performances of the various elements
involved in the production of this beam are summarized in
the second column of Table I.

Previous off-line separate tests of these elements, whose
results are given in the third column of Table I, allow one
to expect the following improvements on the above-
mentioned achievement. The yield of the ' C(p, n)' N
reaction, for 30-MeV protons impinging on a thick ' C

target, is 1.6X10 ' "N nuclei/incident proton, and is the
highest one for producing ' N with proton beams whose
energies are limited to 30 MeV (Ref. 15). The number of
' N nuclei obtained with CYCLONE 30 can be increased
by raising the intensity of its proton beam to 500 pA, as
was already achieved, ' provided a suitable '3C target,
able to handle the corresponding 15-kW beam power, can
be designed. Tests with natural graphite targets bom-
barded with a 30-MeV proton beam of about 100 pA have
shown that extraction efficiencies for the ' N activity
larger than 80% can be achieved at a suitable target tem-
perature of about 2000 K. ' The best overall ionization
efficiency of the ECR source, measured with an enriched
'

N2 gas inlet, is currently about 15% of N'+ atomic
ions/injected N atoin for a pressure in the source of
1.5&10 mbar. The operation of CYCLONE in the
sixth harmonic mode has been tested with a '3C'+ beam,
and its optimum efficiency, in terms of the fraction of
' C'+ ions injected into CYCLONE which are extracted
from it after acceleration, is currently about 10% (Ref.
17). If all the above-mentioned optimal performances can
be simultaneously achieved, an intensity in the range of
several 10' particles/sec will be obtained for the ' N'+
beam, as shown in Table I.

Another improvement on the current result will be the
lowering of the only contamination present in the "N'+
beam, i.e., ' C'+, from the current ' C/' N ratio of about
1000 to a value lower than one. This will be achieved by
trapping the useless gas flow between the target and the
ECR source, which is mainly composed of H2, H20, CO,
CO2, and hydrocarbons as determined with a quadrupole
mass analyzer; this should, at the same time, improve the
performances of the ECR source whose ionization effi-
ciency is a very sensitive function of the source pressure. '

The first experiment which will be carried out with our
' N beam will be the measurement of the cross section for
the nuclear reaction 'H(' N, y) ' O. This reaction is cru-
cial to the operation of the so-called hot CNO cycle which
is expected to occur in supermassive stars, novae, and su-
pernovae outbursts, and accreting neutron stars. " It is
dominated, at the temperatures which prevail in these ob-
jects or events, by a resonance at 0.545 MeV center-of-
mass energy. The planned experiment will aim at the
determination of the y width I „of this resonance; the
present theoretical estimates of I „(Ref. 19), and the
available experimental indications on its value resulting
from indirect methods both fall in the 1-10-eV range.

The availability of radioactive ion beams with such
energies and high intensities opens the way to many
experiments in widely different fields: study of nuclear
reactions of astrophysical interest other than
'H(' N, y)' 0, ' investigation of the properties of exotic
nuclei in nuclear structure physics, ' implantation, at
large depths, of radioactive nuclei, possibly polarized, in
different kinds of solids, ' and application in the
biological sciences and medicine. There are thus wide
areas in different sciences which are opened by the
acceleration of short-lived radioactive ion beams whose
energies are below 2 MeV/nucleon and whose intensities
are in excess of 10 particles/sec, as reported for the first
time in this paper.



R806 D. DARQUENNES et al.

We thank Professor M. Arnould for his continuous sup-

port to the project, Dr. L. Coheur, Centre O'Etudes

Nucleaires, Mol, Belgium, for the fabrication of the ' C
pellets, the operating crews of CYCLONE and CY-
CLONE 30 for their efficient and enthusiastic help during
the various tests, and the technical personnel of our

respective Institutes for their skillful technical contribu-
tions to the project. This work has been made possible
thanks to an Interuniversity Research Grant from the Bel-
gian Government. Dr. P. Leleux, Dr. P. Van Duppen, and
Dr. J. Vanhorenbeeck are research associates at the Na-
tional Fund for Scientific Research, Brussels, Belgium.

'W. A. Fowler, Rev. Mod. Phys. 56, 149 (1984).
2Proceedings of the Accelerated Radioactive Beams Workshop,

Parkville, Canada, 1985, edited by L. Buchmann and J. M.
d'Auria (TRIUMF Report No. TRI-85-1, 1985); Proceed-
ings of the First International Conference on Radioactive
Nuclear Beams, Berkeley, CA, 1989, edited by W. D. Myers,
J. M. Nitschke, and E. B. Norman (World Scientific, Singa-
pore, 1990).

3M. Nitschke, New Sci. 1653, 55 (1989).
4R. N. Boyd, K. E. Sale, G. J. Mathews, P. B. Corn, G. W. Kol-

nicki, and M. S. Islam, in Proceedings of the International
Symposium on Heavy Ion Physics and Nuclear Astrophysi-
cal Problems, Tokyo, Japan, 1988, edited by S. Kubono, M.
Ishihara, and T. Nomura (World Scientific, Singapore,
1989), p. 39; F. D. Becchetti, W. Z. Liu, D. A. Roberts, J. W.
Janecke, J. J. Kolata, A. Morsad, X. J. Kong, and R. E.
Warner, ibid. , p. 277.

5R. Bimbot, S. Della Negra, P. Aguer, G. Bastin, R. Anne, H.
Delagrange, and F. Hubert, Z. Phys. A 322, 443 (1985); T.
Yamagata, K. Yuasa, N. Inabe, M. Nakamura, M. Tanaka,
S. Nakayama, K. Katori, M. Inoue, S. Kubono, T. Itahashi,
H. Ogata, and Y. Sakuragi, Phys. Rev. C 39, 873 (1989).

sT. Tanihata, Hyperfine Interact. 21, 251 (1985); T. Tanihata
et al. , Phys. Lett. 160B, 380 (1985).

~The Radioactive Ion Beam project at Louvain-la-Neuve, Inter-
nal Report No. RIB-1988-01, 1988, edited by Th. Delbar, M.
Huyse, and J. Vanhorenbeeck (unpublished).

L. Buchmann and J. M. d'Auria et al. , The TRIUMF-ISOL
facility: A proposal for an intense radioactive beams facility,
TRIUMF Report, 1985 (unpublished).

T. Nomura, Radioactive Beam Facility in Japan Hadron Pro-
ject, Ref. 4, p. 295.

' C. Rolfs, B. Jonson, B. W. Allardyce, H. Haas, and H. Ravn, a
concept for postacceleration of radioactive ions for measure-

ments in astrophysics, CERN Report, 1989 (unpublished).
' 'A. S. Iljinov, in Proceedings of the First International Confer-

ence on Radioactive Nuclear Beams (Ref. 2), p. 23.
' G. Walker et al. , contribution to the the Los Alamos

Workshop on the Science of Intense Radioactive Ion Beams,
Los Alamos, NM, 1990 (unpublished).

' Y. Jongen, J. L. Bol, A. Chevalier, M. Lacroix, and G.
Ryckewaert, Nucl. Instrum. Methods Phys. Res. Sect. B
?4/25, 813 (1987).

' D. Darquennes, Th. Delbar, and P. Lipnik, Nucl. Instrum.
Methods Phys. Res. Sect. B 47, 311 (1990).

' Sindano Wa Kitwanga, P. Leleux, P. Lipnik, and J. Vanhoren-
beeck, Phys. Rev. C 40, 35 (1989).

' P. Decrock, P. Van Duppen, F. Baeten, C. Dom, and Y.
Jongen, Rev. Sci. Instrum. 61, 279 (1990).

' Y. Jongen, M. Lacroix, M. Loiselet, A. Ninane, G.
Ryckewaert, and S. Zaremba, in Proceedings of the 1989
Particle Accelerator Conference, Chicago, 1989 [IEEE
Trans. Nucl. Sci. 36, 1620 (1989)].

'sC. E. Rolfs and W. S. Rodney, Cauldrons in the Cosmos (The
University of Chicago Press, Chicago, 1988).

' G. J. Mathews and F. S. Dietrich, Astrophys. J. 287, 969
(1984); K. Langancke, O. S. Van Roosmalen, and W. A.
Fowler, Nucl. Phys. A435, 657 (1985); F. Barker, Austr. J.
Phys. 38, 757 (1985); C. Funck and K. Langancke, Nucl.
Phys. A464, 90 (1987); P. Descouvement and D. Baye, ibid
A500, 155 (1989);K. Langancke (private communication).
P. B. Fernandez, E. G. Adelberger, and A. Garcia, Phys. Rev.
C 40, 1887 (1989); P. Aguer, G. Bogaert, M. Kious, V.
Landre, A. Lefebvre, J. P. Thibaud, F. Beck, and A. Huck, in

Proceedings of the International Symposium on Heavy Ion
Physics and Nuclear Astrophysical Problems, (Ref. 4), p.
107.


