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Abstract. The absolute cross section o(E) of the radiative capture reaction p("Be,y)®B at the center-of-
mass energy E = 992 keV has been measured using a radioactive "Be ion beam and a windowless gas
target system filled with Ha gas. The ®B residual nuclides were detected with a recoil separator consisting
of momentum and velocity filters and a AE-E detector telescope. The B yield was observed concurrently
with the "Be+4p elastic scattering yield, relating o(E) to the Rutherford scattering cross section. The
resulting value, o(E) = 0.41 £0.11 pb, leads to an S(E) factor at zero energy of S(0) = 16 £4 eV b, in fair

agreement with recommended values.

PACS. 26.65.+t Solar neutrinos — 25.60.Dz Interactions and reactions cross sections

The observed solar neutrino fluxes on the earth provide no
unique picture of the microscopic processes in the sun ([1]
and references therein). Neutrino oscillations have been
invoked to explain the discrepancy between observation
and model predictions (solar neutrino problem), but nu-
clear inputs to solar models play still an important role [2].
In particular, the astrophysical S(E) factor at the Gamow
energy Eg = 18 keV of the radiative capture reaction
"Be(p,7)®B (Q = 0.14 MeV) influences sensitively the
calculated flux of high-energy solar neutrinos and must
therefore be known with adequate precision (better than
5%).

As the cross section drops exponentially at subcoulomb
energies, 0(E) could not be measured yet at Eq. Instead,
o(E) was determined at higher energies and extrapo-
lated to Ey with the help of nuclear reaction models.
The present knowledge of the cross section is based es-
sentially on measurements of the B-delayed a-decay of B
(T1/2 = 770 ms) performed using a radioactive "Be tar-
get (Ty/2 = 53 d), which was produced by hot chemistry
on a heavy backing (always Pt). The measurements [3-9]
provided o(E) data — covering the center-of-mass energy
range E = 0.12 to 8.75 MeV — which show however a con-
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siderable scatter, predominantly in the absolute values.
Omitting some data sets and using different model calcu-
lations [10,11], values of S(0) =19 eV b [12] and 21+2 eV
b [13] have been recommended for the astrophysical S(E)
factor at zero energy.

In 1998 Weissman et al. [14] suggested — on the basis
of TRIM simulations — that a significant backscattering
of the recoiling 8B nuclides out of the target could occur
affecting significantly the deduced cross section values: a
loss of up to 15% was predicted depending on the backing
material (large effects for heavy backings such as Pt) and
on the thickness of the target (large effects for thin tar-
gets). Similar predictions for the loss of ®Li recoil nuclei
in “Li(d,p)®Li have been confirmed experimentally [15],
which could also influence the "Be(p,y)®B results when
the former reaction is used for normalization. It was thus
suggested [15] that the reported o(E) values should in-
clude an additional systematic uncertainty of the order of
15%.

In 1995 we have started at the 3 MV tandem acceler-
ator in Naples [16] a renewed measurement of the abso-
lute o(E) value of p("Be,7)®B (inverted kinematics) in the
non-resonant energy region, i.e. at E =1 MeV (Eja, = 8
MeV). The study involved a "Be radioactive ion beam,
a windowless Ho gas target, and a recoil mass separator
for the detection of the 8B recoils. The approach avoided
the problems of "Be target stoichiometry and allowed to
identify the 8B recoils on the basis of their energy and
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AE-E characteristics (using a telescope placed at the end
of the separator). Since the ®B yield was measured concur-
rently with the “Be+p elastic scattering yield, the method
related ultimately o(E) to the elastic scattering cross sec-
tion. Since all previous experiments had used essentially
the same technique, the aim of the present different tech-
nique was to search for possible systematic uncertainties,
such as those reported by Weissman et al. [14] during the
course of our experiment. Details of the equipment and
experimental procedures have been described [16] and the
first direct observation of ®B nuclides has been also re-
ported [17]. In this note we describe the present status of
this novel approach.

Briefly, the "Be nuclides were produced using the
"Li(p,n)"Be reaction. In a first phase of the experiment,
LisO cathodes were activated and placed directly in the
sputter ion source of the Naples tandem. This technique
was then modified irradiating metallic Li samples with a
11.4 MeV proton beam (20 pA) from the cyclotron in De-
brecen, whereby for each sample a "Be activity of about
20 GBq was achieved over an irradiation time of about
2 weeks. Using hot chemistry, the activated samples were
transformed into nearly pure "BeO+Ag pills to be used
as cathodes in the sputter ion source of the Naples tan-
dem. The procedures applied in the irradiation and hot
chemistry will be described elsewhere [18]. In the sput-
ter source, the "Be nuclides were extracted in form of
a "BeO~ molecular ion beam. Setting the 35° injection
magnet to mass-23 ions, this beam was accompanied by a
"LiO~ molecular beam.

Both beams were focused by a gridded lens and accel-
erated to the terminal voltage U = 2.42 MV of the tan-
dem. After stripping in a 5 pg/cm? thick C foil, the 8.0
MeV ions of "Be®* (probability ®3, = 15%) and "Li3*
emerging from the accelerator were focused by a magnetic
quadrupole doublet on the object slits of the 90° analysing
magnet. Inserting a post-stripper C foil (10 ug/cm? thick)
near the object slits, fully stripped "Be** ions were pro-
duced with a 67% probability. The "Be** ions were se-
lected by the analysing magnet, while the accompanying
"Li3* ions were filtered. Other contaminant beams were
suppressed using a Wien filter before the analysing mag-
net. A high purity of the resulting "Be** beam (25 ppA
maximum current) was verified [17].

The number of ®B nuclides from p("Be,7)®B as ob-
served in the AE-E telescope of the recoil separator, IB,
can be related to the "Be+p elastic scattering yield (i.e.
the number of the proton recoils), Iel, observed with a
particle detector placed at an angle 6),;, in the gas target
chamber, by the expression [16]:

Ig/I = Pseplpo(E)/(leaf1a0em (8, E)2em [ 1ap). (1)

The quantity ®5 is the probability of the B recoils
emerging from the gas target with a 5% charge state,
ep = 100% (3% error) represents the transmission of the
8B5* recoils through the separator, lg is the effective tar-
get length along the beam axis producing B nuclides, 1y
is the effective target length seen by the particle detector,
oem (0, E) is the elastic scattering cross section at the as-
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Fig. 1. Charge state distributions of 9.625 MeV !B projectiles
in Hy gas for an incident charge state qin = 4%, The curves
through the data points are fits using exponential functions

sociated center-of-mass angle 8, and Qcp /ap is the ratio
of center-of-mass solid angle to laboratory solid angle.

The windowless (differentially pumped) gas target sys-
tem is described in [16], where also the measurement of
the Hy pressure profile along the beam axis is reported.
The following features were observed: a constant pres-
sure plateau at the central region of the target cham-
ber and a pressure drop near the apertures, leading to
an effective length 1z = 376 £ 8 mm. Calibration of the
analysing magnet and energy loss calculations performed
by the program SRIM2000 [19] led to the effective energy
Eet = E = 992 4+ 0.4 keV at the center of the target
chamber.

Silicon particle detectors were placed at the scatter-
ing angles 0., = 44.87° £+ 0.06° and —44.94° + 0.06°
(measured in a way as described previously [16]) and col-
limated by a slit-hole combination. From the geometry
and these angles one obtains 115, = 11.3 + 0.4 mm
msr and Qe /Qap = 4 cos 1, = 2.833 £ 0.003. For the
"Be+p scattering system, we have adopted the Ruther-
ford scattering cross section for the following reasons: the
energy E = 992 keV is far below the Coulomb barrier,
E/E. = 0.7, and interference effects with the 39 keV broad
resonance at Er = 632 keV (p-wave formation) are ab-
sent at @ = 90° (01, = 45°) assuming a predominance of
s-waves in the non-resonant scattering channel. An exper-
imental verification of the adopted Rutherford scattering
law at E = 992 keV is in progress.

The 3B recoils emerge from the gas target with an
energy Esg = 7.0 MeV and several charge states q. The
fully stripped ®B®* recoils were selected and tuned in the
separator, since for this charge state the intensity of the
leaky "Be beams should be minimised [16]. Their charge
state probability ©5 in the Hy was measured using a ' B4+
beam with the same energy per amu, i.e. Eng = (11/8)
Esg = 9.625 MeV. The ®, results are shown in Fig. 1 as a
function of H, pressure. The mean value of the relevant 5+
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Fig. 2. Two dimensional density plot of the AE-E telescope
with the recoil separator tuned to the ®B®' nuclides from
p("Be,7)®B reaction. The observed structures are identified

charge state is &5, = 65 + 2%, derived from integration
of the q = 5T curve.

The recoil separator includes a magnetic quadrupole
triplet, a 30° switching magnet, a magnetic quadrupole
doublet, a Wien filter, and a conventional AE-E ioniza-
tion chamber [16]). For the tuning of the separator, a pi-
lot "Li** beam (Erp; = 2.880 MeV) with the same rigidity
as the 8B5T recoils was used. After this tuning, hydrogen
gas (po = 5.0 mbar) was filled into the gas target system
and the “Li** beam was retuned through the separator
(to take into account the energy loss of the "Li beam in
the gas) leading to a set of optimum values for the mag-
netic field of the switching magnet, the Wien filter, and
the magnetic quadrupoles. The resulting values were then
corrected for differences (1.0%) in energy loss for the pi-
lot “Li beam, the actual “Be beam and the ®B recoils.
Finally, the magnetic field of the Wien filter was scaled
down to account for the different velocities between 7Li%+
and ®B%t. The same procedure was repeated using other
pilot beams (e.g. "Be** at 5.12 MeV) leading to the same
final optimum values for the transport parameters within
the acceptance of the separator.

The resulting identification matrix of the telescope ob-
tained using a total of five "Be cathodes (10 GBq each)
is shown in Fig. 2. The 8B events, Iz = 13 + 4, are
well resolved from a band of counts due to leaky "Be
beams, which correspond to a suppression factor of about
1 x 10710 for the incident "Be projectiles. The correspond-
ing elastic scattering yield is Iy = 345+15. These yields to-
gether with equation (1) (including the parameters given
above) lead to o(E) = 0.41+0.11 pb for the absolute cross
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section of p("Be,y)®B at E = 992 keV. This value, to-
gether with the calculated S(E) dependence of [11], gives
S(0) = 16 £ 4 eV b. Within the present statistical un-
certainty the result is consistent with the values recom-
mended recently [12,13]. However, a closer comparison
with individual data sets considered in the above com-
pilations shows an agreement at the level of 1o just with
the lowest S(0) values obtained in the most recent mea-
surements [6,8-9], in spite of the systematic uncertainties
discussed above.

The present work demonstrates the feasibility of the
techniques used in the study of this reaction so critical
for the solar-neutrino-puzzle. An improvement of the sta-
tistical uncertainty attainable with the present technique
could be achieved - besides the possibility of using a pro-
hibitive amount of activity of the order of 1 TBq — by
increasing the accelerator transmission and/or by using a
more probable charge state for the accelerated "Be ions
(ie. g = 2% with o = 70%), which would require a
terminal voltage not accessible to our accelerator.
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