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Abstract. The production of intense beams of light radioactive nuclei can be achieved at the SPIRAL2

facility using intense stable beams accelerated by the driver accelerator and impinging on light targets.

The isotope **O is identified to be of high interest for future experiments. The excitation function of the

production reaction 12C(3He, n)14O was measured between 7 and 35 MeV. Results are compared with

literature data. As an additional result, we report the first cross-section measurement for the 12C(3He7

a+n)'°C reaction. Based on this new result, the potential in-target *O yield at SPTRAL2 was estimated:

2.4x10" pps, for 1 mA of He at 35 MeV. This is a factor 140 higher than the in-target yield at SPTRALI.

PACS. 25.55.-e H, ®He and *He-induced reactions — 27.20.4n 6 < A < 19

1 Introduction

A collaboration between GANIL (France), Soreq Nuclear
Research Center and Weizmann Institute (Israél) has been

formed in order to study the production options for in-

Send offprint requests to: F. de Oliveira de Santos, e-mail fran-

cois.oliveira@ganil.fr

tense light radioactive ion beams at the future SPIRAL2
[1] facility in the framework of the European FP7 Prepara-
tory Phase of SPIRAL2 [2,3]. The short-lived (71 s) *O
beam was identified to be of high interest for future exper-
iments [4-7] and therefore options for his production have
been studied in details. The reaction ?C(3He, n)**O was

chosen for production because a carbon target is able to
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sustain a very intense beam of 3He, up to 1 mAe. However,
large discrepancies are observed in the various excitation
functions available in the literature [8-12]. Consequently,
we decided to perform a new measurement of this cross
section. The residual activity of thin carbon foils irradi-
ated by the *He primary beam was used to measure the
production rate. A special attention has been given to the
measurement normalisation. Apart from a standard cur-
rent measurement, we have used an activation monitor:
aluminium and cobalt foils irradiated simultaneously by
the primary beam. As a matter of fact, excitation func-
tions for 27Al(*He, 2p)?® Al and *°Co(*He, x) reactions are
well known and allow an extra check of the primary beam
intensity. One of the complementary results of this exper-
iment is the first measurement of the excitation function

of the *2C(3He, a+n)!°C reaction.

2 Experimental setup

The experiment took place at NPI (Nuclear Physics In-
stitute, Rez, Czech Rep.). The isochronous cyclotron U-
120M can deliver >He?T beams at energies up to 38 MeV.
Measurements have been performed with two different
beam energies: 38 and 24.5 MeV. Intermediate irradiation
energies were obtained by means of energy degraders foils
made of Aluminium disposed on a rack placed in front of
the target. In figure 1, a scheme of the irradiation station is
presented. The targets are composed of three stacked disks
of 1 cm radius: a 3-pum thick Mylar disk, the thin carbon
target (75 pm, 1.1 g.cm™3) and a 10-pum thick aluminium

disk. The carbon target wrapping prevented 4O to escape
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Fig. 1. Schematic view of the irradiation station

in the volatile form C'*O. Moreover, the aluminium disk
stopped the reaction products having enough energy to
leave the carbon target. A plate located at the back of
the target stopped the primary beam. The foils isotopic

purity was 99.9 %.

The stacks were irradiated during 200 s, i.e. three times
the 140 lifetime (71 s), to reach near activity saturation.
Then, the target was transported from the irradiation sta-
tion to the low background acquisition room via a pneu-
matic transport system. The scheme shown in Fig. 2 de-
scribes the acquisition setup. The target was placed along
the axis of a HPGe detector used as 7 spectrometer. The
target was shielded with 2 cm of lead and 2 mm of iron
in order to reduce the flux of the very intense 511 keV
gamma line relatively to the main gamma line of 4O at
2.312 MeV. The anihilation 511 keV ~-ray originates from
the decay of O, ''C and '®N reaction products. Three
distances between the target and the detector were used in
order to keep the counting rate at an acceptable level. The
detector was calibrated in the same configurations with

152Fy and 9°Nb radioactive sources. Each target counting
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Fig. 2. Scheme of the acquisition setup placed in the low back-

ground room

lasted 300 s. The Co foils «-counting was carried out until
several weeks after irradiation due to the long life-time of
some of the elements produced. Their counting rate being
consequently lower, the measurements were performed in

a lead castle in order to limit the natural background.

3 Data Evaluation

Basic nuclear data and Q-values of the contributing reac-
tions are collected in table 1. The 1238 keV *°Co ~-line
was not used because it was polluted by another line from
the acquisition room background. The number of incident
particles was obtained by real time measurement of the
current collected on a metallic plate placed at the back of
the target and on the degrader rack. Simultaneous irradi-
ation of aluminium and cobalt foils by the beam allowed
a check of this measurement:

— The cross section for 27 Al(*He, 2p)?®Al is known to
good accuracy [13]. The 2®Al (2.2 m) yield measured in

the 10-pum aluminium foils placed at the back of the car-

bon target allowed us to calculate the He integral inten-
sity received by the target at each irradiation.

— The excitation functions of reactions induced by 3He on
cobalt being well known too [14-19], a stack of 3 pum-thick
cobalt foils placed on the degrader rack also allowed for
checking the normalisation.

The cross-section uncertainties have been estimated by
summing quadratically the uncertainties of the different
contributing processes:

— The dead time of counting is monitored by a pulse gen-
erator. Its accuracy is always better than 1 %.

— Accuracies on branchings per decay of the monitored
~-rays are given in table 1.

— The accuracy on the efficiency of the + detector, in-
cluding transmission through the lead plates, is the main
contribution to the total error. It is estimated to be about
6 % for the 2313 keV line of '*O and the 1779 keV line of
28A1, 10 % for the ~v-rays from the cobalt foils and about
25 % for the 718 keV line of 1°C.

— The number of target atoms in each disk is deduced by
weighting. The accuracy is about 3 % for the aluminium
and carbon disks and about 10 % for the cobalt foils.

— The accuracy of the primary beam intensity is esti-
mated to 5 % from the current measurement device. It is
confirmed by the evaluation of activity generated by the

beam in Aluminium foils, see section 4.4.1.

4 Results

Table 2 shows the measured cross-sections obtained for

the 12C(3He, n)'*0 and 2C(*He, a+n)'°C reactions and
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Table 1. Investigated nuclear reactions induced in C, Al and Co by 3He particles irradiation

Foil  Isotope  Half-life FE, (keV) I, (%) Reactions Q (MeV)
12¢ 40 70.61 s 2312.6  99.388(11) 12C(*He, n)*0O 1.4
¢ 19.26 s 718.3 98.53(2) 12C(3He, a+n)*°C -11.3
12C(3He, *He+2n)'C -31.8
12C(*He, 2d+n)*°C -35.1
2C(*He, 2p+3n)'°C -39.6

27Al 28A1 2.24 m 1779.0 100 2T Al1(*He, 2p)*® Al 7.0x1073
%Co 59Cu 23.7 m 826.1 21.7(11) %9Co(®He, 2n)°°Cu -5

1791.6 45.4(23)
51Cu 3.33 h 283.0 12.2(3) *9Co(®He, n)'Cu 6.6

656.0 10.77(18)

%6 Co 77.23 d 846.8 100 % Co(*He, 2n+a)**Co -9.8
1037.8 13.99(10) 5 Co(*He, 2t)°°Co -21.2

57Co 271.7d 122.1 85.60(17) 59Co(®*He, a+n)*"Co 1.5
136.5 10.68(8) % Co(*He, d+t)*"Co -16

*9Co(*He, n+p+t)*"Co -18.3

" Co(*He, *He+2n)*"Co -19

9Co(*He, n+2d)*"Co -22.3

%9 Co(®He, 2n+p+d)®"Co -24.5

S8mtiCo  70.86 d 810.8 99.45(1) % Co(*He, a)*®Co 10.1
*Co(*He, p+t)°8Co -9.6

%9 Co(*He, *He+n)*®Co -10.4

% Co(*He, 2d)**Co -13.7

9 Co(*He, n+p+d)**Co -15.9

%Co(®He, 2n+2p)®8Co -18.2
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for the 27Al(*He, 2p)?® Al monitor reaction. Each target
was irradiated and counted twice to reduce uncertainties.
The values o give the measured cross-section for each ir-
radiation, which are subsequently combined to obtain the
resultant mean value o, presented in the table. The en-
ergy degradation AE inside the target and the mean pri-
mary beam energy < E > were calculated with the code
LISE++ [20] using the Ziegler [21] low-energy model for
both C and Al foils. A measurement with a carbon target
thick enough to stop fully the primary beam was done at
36 MeV. This measurement directly gives the thick target
yield. The cross-section integrated over the whole energy
range (and folded with stopping power) was thus calcu-

lated and is presented on the last line of the table 2.

4.1 Comparison of cross-sections for 10

Figure 3 shows a comparison of our measurement with
literature for the 12C(*He, n)**O reaction. Three authors
report measurements at low energy (2 to 12 MeV).

The shape and normalisation of the excitation func-
tions presented by Cirilov et al. [8] and by Hahn and Ricci
[9] seem to be consistent. They show a 15 mb maximum
at 5 MeV. The excitation function presented by Osgood
et al. [10] has quite a similar structure but, while the ab-
solute value is comparable for energies lower than 4 MeV,
it rises to reach a 35 mb maximum at 7 MeV. The only
measurement at higher energies was done by Singh [11]
who, however, was on relative scale. He normalised his
values to those of Osgood et al. The excitation function

decreases smoothly from 27 mb at 6 MeV to 12 mb at

30 MeV. We also display the excitation function given by
the nuclear model code system TALYS [22]. The code has
been forced to take into account only the contribution of
the ground state since all the excited states would decay
by 140* —13N + p. Our only measurement at low energy
(7 MeV) places sigma between the values given by Osgood
et al., on the one hand, and those given by Cirilov et al.
and by Hahn and Ricci, on the other hand. It presents a
large energy spread (4 MeV), so that it is not possible to
directly compare it with those values. At higher energies,

our values are a factor 4 lower than those of Singh.

4.2 In-target yield of “0O

The thick-target yields are obtained by folding the energy
loss of the primary beam in the target with the excita-
tion functions of the '2C(*He, n)'*O reaction. Figure 4
shows a comparison of these yields with the target sat-
uration activity measured by Nozaki and Iwamoto [12]
(full dots). The dashed and short-dashed lines are calcu-
lated from the excitation function given by Singh and the
code TALYS, respectively. The highest solid line is calcu-
lated with data from Osgood et al. for energies between
1.6 and 11.5 MeV and our data from 14.4 to 35.3 MeV.
The lowest solid line is calculated with data from Cirilov
et al. for energies between 1.55 and 5.76 MeV, data from
Hahn and Ricci for energies between 6 and 12.2 MeV and
our data between 14.4 to 35.3 MeV. The value calculated
by integrating Singh’s data up to 30 MeV, 5.7x 10! pps,
could indicate he used a too high value for normalisation.

The target saturation activities measured by Nozaki and
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Table 2. Measured cross-sections for the '?C(*He, n)**0, '2C(*He, a+n)'°C and 2" Al(*He, 2p)?® Al reactions

2¢ 27A1 12C(?’He, n)14O 12C(?’He7 a+n)1OC 27A1(3He, 2p)28A1

<E> / AE (MeV) <E>/ AE (MeV) o (mb) o, (mb) o (mb) o, (mb) o (mb) o, (mb)

7.2 /4.1 42 /1.7 19(2)  18(2) - - 24(2)  23(2)
17(2) - 23(2)

14.4 / 2.4 12.8 / 0.8 7207 7.3(7) - - 184(15)  186(15)
7.4(7) - 187(15)

18.0 / 2.0 16.7 / 0.7 5.6(6)  5.5(6) - 1(1)  274(22)  265(22)
5.4(6) 1(1) 255(42)

20.0 / 1.9 18.8 / 0.6 3.9(4)  38(4) 21 19(7)  217(18)  221(18)
3.8(4) 1.8(7) 224(18)

20.6 / 1.8 19.4 / 0.6 3.8(4)  3.8(3)  22(7)  24(7T)  222(18) 227(18)
3.8(4) 3(1) 232(19)

26.3 / 1.5 25.3 /0.5 3.0(3)  3.0(3)  11(3) 11(3)  161(14)  160(13)
3.1(3) 11(3) 158(13)

28.3 /1.4 27.4 / 0.5 25(3)  25(3)  11(3) 12(3)  131(11)  131(11)
2.5(3) 12(3) 132(11)

29.7 / 1.3 28.8 / 0.4 1.8(2)  18(2)  10(3) 10(3)  121(10)  120(10)
1.8(2) 9(3) 120(10)

34.9 /1.2 34.1 /0.4 16(2)  17(2)  13(4) 13(3) 97(8)  98(8)
1.7(2) 13(4) 100(8)

35.3 /1.2 34.6 / 0.4 1.3(2)  1.3(2)  13(4) 12(3) 96(8)  96(8)
1.3(2) 13(4) 95(8)
1.4(2) 11(3) 98(8)

18 / 18 - 29(3)  2.9(3) -

2.9(3) -
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Fig. 3. Excitation functions for the *C(*He,n)'*O reaction. ®: Our data, O: Hahn and Ricci, +: Osgood et al., AA: Singh,

e: Cirilov et al., thick line: calculated by TALYS.

Iwamoto are not consistent with low-energy cross section
measurements made by the other authors. Thus, our es-
timate of the in-target yield at SPTIRAL2, read from the
solid curves, ranges from 1.8 to 2.4x10'! pps for 1 mA of

3He at 35 MeV.

4.3 Cross-section for the production of °C

A complementary result of this experiment is the measure-

ment of the 1°C production cross-section. To our knowl-

edge, this is the first report of experimental data for this
reaction. In the energy range used, the reaction mainly
contributing to the production is 2C(3He, a+ n)°C (see
the Q-values in table 1). In figure 5, they are compared
with values given by TENDL-09 [23,24], a nuclear data li-
brary which provides the output of the TALYS code. The
measured excitation function starts to increase at about

20 MeV to reach 12 mb between 25 and 35 MeV.
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In—Target Yield [pps/mA]

20
Energy [MeV]

Fig. 4. Comparison of the thick target production yields from
the >C(*He,n)'*O reaction as a function of the primary beam
energy. Dashed line: Singh, short dashed line: TENDL-09 data
base, solid lines: lower and upper estimates using our and com-
bined data. Full dots are Nozaki and Iwamoto target saturation

activity measurements.

4.4 Monitor reactions

A special care was taken for the normalisation. For this
goal, aluminium and cobalt foils were irradiated simul-
taneously with the targets to monitor the primary beam

intensity.

4.4.1 Aluminium foils

The aluminium foil was the last disk of the target stack. A
part of 28Al produced via 27 Al(*He, 2p)?®Al had enough
kinetic energy to escape from the Al disk. This fraction
was calculated with the ISOL Catcher utility [25] of the
code LISE++. This fraction depends of the primary beam

energy. At 34.6 MeV, it represents 23.5 % of the total pro-

duction. In figure 6, our data (full dots) are compared
to the measurement made by Frantsvog et al. (empty
squares) and with the simulation data base TENDL-09
(dashed line). Frantsvog et al. used thicker targets so that
their energy spread is higher than ours. Since we cannot
compare directly their values to ours, we have interpo-
lated our cross-section versus energy and subsequently in-
tegrated on the corresponding energy range. The resultant
values are represented by empty triangles on the graph.
It appears that the agreement between our measurements
and Frantsvog et al. is good, comforting us in the valid-
ity of the normalisation factor obtained by measuring the

charge.

4.4.2 Cobalt foils

Cobalt foils allowed us monitoring the primary beam in-
tensity by the well known cross-sections of the following

reactions : °Co(3He,2n)5%Cu, 5°Co(3He, n)%' Cu, **Co(3He,

20 T

B e e e
20 25 30 35 40
Energy [MeV]

Fig. 5. Excitation functions for the **C(®*He, a+n)'°C reac-

tion. ®: Our data, dashed line: TENDL-09 data base.
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Fig. 6. Excitation function for the 2" Al(*He, 2p)?®Al beam
monitor reaction; ®: our data, [I: Frantsvog et al., /A: our data
averaged on the energy spread for comparison with the ones of
Frantsvog et al., dashed line: TENDL-09 data base, solid line:

spline interpolation of our data

x)*¢Co, 52Co(3He, x)°"Co and **Co(3He, x)*8Co. The pro-
portion of reaction fragments leaving the Co foil is taken
into account. It was determined that this proportion never
exceeds 10 % at 21.3 MeV and 16 % at 38 MeV of the to-
tal production. Our results are shown in the table 3. They
were compared with those of Fenyvesi et al. [14], Nagame
et al. [15], Szelecsényi et al. [16], Michel and Galas [17],
Homma and Murakami [18] and Kondratyev et al. [19].
All data are not shown here for clarity. It appeared that
our values are systematically higher by 20 % than those
given by these authors. Wrong normalisation of the pri-
mary beam intensity would contradict the excellent results
obtained with Al foils. Part of the discrepancy could be
ascribed to the thickness of the Co foils which has a 10

% uncertainty. In all cases, the activation of cobalt foils

confirms that no large error was committed in the primary

beam intensity normalisation.

5 Outlook

A 140 beam is currently available at GANIL within the
SPIRALI facility. It is produced via the fragmentation of
a 160 primary beam in a graphite target. An intensity of
3.2x10° particles per second (pps) is available for experi-
ments in an energy range from 3.2 up to 12.5 MeV /A [26].
With the new facility SPIRALZ2, the intense *He (1 mA /
43.5 MeV) beam delivered by the LINAC driver offers op-
portunities to raise the available 14O beam intensity. The
present measurement of the >C(3He, n)'4O cross-section
clarifies discrepancies among thick-target yields reported
in the past. Based on this new result, we can estimate the
potential in-target O yield: 2.4x10'! pps, for 1 mA of
3He at 35 MeV. This is a factor 140 higher than the in-
target yield at SPIRAL1. Preliminary simulations of the
thermal conditions did show that the maximal intensity
the production target can withstand is indeed close to 1
mA. A production system is currently being designed at
GANIL and simultaneously more precise thermal simula-

tions will be carried out with the designed target.
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