
Proton elastic scattering from 7Be at low energies.

G.V. Rogachev1, J.J. Kolata1, F.D. Becchetti2, P.A. DeYoung3, M. Hencheck4, K. Herrund3, J.D. Hinnefeld5,
B. Hughey3, P.L. Jolivette3, L.M. Kiesser3, H-Y. Lee1, M.Y. Lee2, T.W. O’Donnell2, G.F. Peaslee6, D. Peterson1,

D.A. Roberts2, P. Santi1, and S.A. Shaheen7.
1 Physics Department, University of Notre Dame, Notre Dame, Indiana 46556-5670

2 Physics Department, University of Michigan, Ann Arbor, Michigan 48109-1120
3 Physics Department, Hope College, Holland, Michigan 49422

4 Physics Department, University of Wisconsin-Green Bay, Green Bay, Wisconsin 54311-7001
5 Physics Department, Indiana University-South Bend, South Bend, Indiana 46615

6 Chemistry Department, Hope College, Holland, Michigan 49422
7 Physics Department, Faculty of Science, King Abdulaziz University, Jeddah, Saudi Arabia.

(January 18, 2001)

The elastic scattering of protons on 7Be has been measured in the energy region from 1-3.3 MeV
via the thick-target technique. The data conclusively demonstrate the existence of a 2− state at
an excitation energy of approximately 3.5 MeV in 8B, and rule out a predicted 1+ state near 1.4
MeV. The relevance of these results for the 7Be (p,γ) reaction, of interest in solar neutrino physics,
is discussed.

PACS Numbers: 25.60.-t, 25.60.Bx, 26.65.+t, 27.20.+n

The 7Be(p,γ)8B reaction plays a very important role
in nuclear astrophysics, since it is the source of the high-
energy solar neutrinos detected in the Cl neutrino exper-
iment [1]. There have been many measurements of this
critical reaction, both direct using a radioactive 7Be tar-
get (see Ref. [2] for a comprehensive review of these ex-
periments), and indirect via Coulomb dissociation [3–5]
of 8B. The astrophysical S-factor [6] deduced from these
experiments is dominated by the narrow 1+ resonance at
0.63 MeV which plays no role at solar energies (20 keV).
However, it is not possible to measure the cross section at
20 keV so one must rely on extrapolations from higher-
energy data. After evaluating all the direct measure-
ments, Adelberger, et al. [2] give a recommended value of
S17 = 19+4

−2 eV b at zero energy (1 σ error), and state that
further measurements are desirable to reduce the uncer-
tainties below 5% in order to achieve a full understanding
of the data from new solar neutrino experiments.

The present work was occasioned by recent experimen-
tal [7] and theoretical [8] work which relates to the ex-
trapolation of the (p,γ) data to solar energies. Gol’dberg,
et al. [7] report evidence for a broad, s-wave level of 8B
at an excitation energy of approximately 3 MeV from a
study of proton elastic scattering on 7Be. They suggest
1− or 2− for the spin/parity of this level but were unable
to give a good account of the width of the resonance due
to the rather poor statistics in the experiment. Csótó [8]
used a microscopic cluster model to predict the existence
of a second 1+ state at low excitation energy which is
also broad enough to have important consequences for
the S(0) value. We have measured proton elastic scat-
tering from 7Be in the 8B excitation-energy range from
1-3.3 MeV in order to clarify the resonance structure in
this important region.
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FIG. 1. Time-of-flight vs. energy for the secondary beam,
showing the major contaminant groups. Note that 7Be is
easily separated by time of flight.

The experiment was carried out using the TwinSol ra-
dioactive ion beam (RIB) facility [9]. A 2.5 cm long gas
target containing 1 atm of 3He was bombarded by a high-
intensity (up to 100 particle-nA), nanosecond-bunched
primary 10B beam at an energy of 51.0 MeV. The en-
trance and exit windows of the gas cell consisted of 2.0
µm Havar foils. The secondary beam was momentum
selected and transported through the first of two super-
conducting solenoids, which focused it onto an 8.0 µm
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Havar foil. Differential energy loss in this foil allowed for
the purification of the beam as it passed through the sec-
ond solenoid. The laboratory energy of the 7Be beam at
the secondary target position was 25.5 MeV, with a reso-
lution of 1.5 MeV full width at half maximum (FWHM)
and an intensity of up to 1.0 × 105 particles per sec-
ond. The energy spread was due to a combination of the
kinematic shift in the production reaction and energy-loss
straggling in the gas-cell windows and the energy-loss foil.
The beam had a maximum angular divergence of ± 4o

and a spot size of 5 mm FWHM. Although contaminant
ions were still present in the beam, they could be iden-
tified using time-of-flight (TOF) techniques. The TOF
of the particles was obtained from the time difference
between the occurrence of an E signal in a detector tele-
scope and the RF timing pulse from the beam buncher.
The time resolution of better than 3 ns (FWHM) was ad-
equate to cleanly separate 7Be from all other ions. This
is illustrated in Fig. 1, which was obtained with a Si ∆E-
E telescope placed directly in the secondary beam, after
reducing the primary beam intensity by three orders of
magnitude. Some of the more important contaminants
are indicated. The intensity of the beam during the ex-
periment was determined by relating the number of 7Be
ions in this figure, to the integrated charge of the primary
10B beam collected in the TwinSol Faraday cup.

The 7Be beam was stopped in a 12.0 mg/cm2 thick
CH2 target. The recoil protons from back-angle elastic
scattering in this target lose only a small amount of en-
ergy in traversing the foil, and emerge from it with suffi-
cient energy to be detected. Note that the lowest-energy
protons, from the scattering of 7Be ions near the end of
their range, encounter the least amount of material before
leaving the target. In this way, an excitation function for
elastic scattering down to very low energies can be mea-
sured with high efficiency and good resolution. The recoil
protons were detected with two telescopes consisting of
17.8 and 19.2 µm Si ∆E detectors, backed by 1000 µm Si
E detectors. The active area of the ∆E detectors was 450
mm2, and that of the E detectors was 600 mm2. Each
telescope had a circular collimator that subtended a solid
angle of 11 msr. They were placed on either side of the
beam at ΘLAB = ±15o. It would have been preferable
to place a telescope at 0o to the beam, but the light-ion
contamination (Fig.1) produced a count rate in this po-
sition that was unacceptable since these ions penetrated
the target and directly entered the telescope. It was ver-
ified that the recoil proton TOF signal was only slightly
shifted in time relative to 7Be and was stable during the
course of the experiment, so that the separation from
elastic scattering of contaminant ions was excellent. Low-
energy protons can also result from fusion of 7Be with C
in the target. We measured a spectrum for this process
using a thick C target, and subtracted it from that ob-
tained with the CH2 target. Finally, inelastic scattering
of 7Be on 1H can occur at energies high enough to popu-
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FIG. 2. Excitation function for 7Be+p elastic scattering
at a cm angle of 148 ± 12◦ measured in the present experi-
ment. The data are compared with an R-matrix calculation
including the well-known states 1+ and 3+ states at 0.77 MeV
and 2.32 MeV, respectively. The dashed curve is the pure
R-matrix prediction, while the solid curve is the R-matrix
calculation convoluted with the experimental resolution func-
tion. See text for a discussion of this calculation.

late the first excited state of 7Be. However, as discussed
below, the cross section for this process is negligible and
it will be ignored here.

The cross section for back-angle proton scattering from
7Be measured in this experiment is shown in Fig. 2, com-
pared with an R-matrix calculation that includes non-
resonant, direct scattering and the well-known first 1+

and 3+ states [10] in 8B. Since we have a limited set of
experimental data consisting of an excitation function for
elastic scattering at only one angle, additional informa-
tion was used in order to obtain a reliable answer from
the R-matrix fit. The goal was to fix as many of the
parameters in the R-matrix calculation as possible. A
reasonable approach is to use the mirror 7Li+n system
as a reference point. A large amount of experimental
data, along with a comprehensive R-matrix analysis, is
available for this system (see Ref. [11] and references
therein). Also, the two well known states in 8B in the
measured excitation energy range have well-defined res-
onance parameters [10]. Using the R-matrix parameters,
such as the channel radius, from Ref. [11], and the ex-
citation energy and width of the two resonances in 8B,
one can obtain a prediction for the excitation function
with no free parameters, shown as the dashed curve in
Fig. 2. The background phase shift was determined from
the Coulomb phase shift plus the phase shift for hard-
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sphere scattering calculated at a channel radius a=4.3
fm [11]. A one-channel approximation was used since
the elastic-channel penetrability factors for both the 1+

and 3+ states far exceed that of all other channels. (The
1+ state is not seen in this figure because its excitation
energy is out of the measured range).

The solid curve in Fig. 2 shows the R-matrix calcu-
lation convoluted with an energy-dependent resolution
function which includes the effect of energy straggling
of 7Be and 1H in the target, the kinematic shift over
the aperture of the detector telescope, and the spot size,
energy resolution, and angular divergence of the inci-
dent beam. This resolution function was computed with
Monte Carlo techniques from the known parameters of
the experiment. (Note that the dropoff in the measured
cross section at energies above 3 MeV is a direct result
of the finite energy resolution of the 7Be beam). The ab-
solute normalization of the data was determined in the
experiment and has not been adjusted to improve the fit.
It can be seen that, as in the previous work [7], there is
clear evidence for a very large amount of additional res-
onance strength that is not accounted for by the levels
shown in Ref. [10]. Our data are consistent with those of
Ref. [7], but the much-improved statistics allow for more
definitive conclusions regarding the parameters of these
“missing” state(s).

The introduction of a 2− (2s) state having width
greater then 4 MeV and energy about 3.5 MeV produces
very good agreement with the data, as shown by the solid
curve in Fig. 3. The structure at 2-3 MeV is now the re-
sult of interference between the 3+ and 2− resonances. It
is important to note that again there has been no adjust-
ment of the background phase shift, which was fixed and
equal to the hard sphere value, nor of the absolute cross
section. The only two free parameters are the energy and
width of the 2− state.

Attempts to assign spin-parity 1− to this new reso-
nance failed due to the fact that a 1− state has channel
spin s=1 and does not interfere with the 3+ state. The
elastic-scattering cross section of the presumed 1− state
itself is insufficient to reproduce the observed cross sec-
tion in the Ex=2-3 MeV energy region. We also failed to
obtain a good fit with spin-parity 1+ for the resonance in
question since the cross section was too low even though
a 1+ state could have channel spin s=2 and therefore
interfere with the 3+ state. The typical interference pat-
tern for these two states results in a minimum in the
cross section, which in our case should be near 2.5 MeV
and is not observed in the experimental data. (We have
assumed that the 1+ and 1− states are pure single parti-
cle resonances with only one decay mode - via the elastic
channel. The assumption that other modes of decay are
present would lead to even lower cross sections and worse
agreement with the experimental result). Still another
possibility is spin-parity 2+ for the resonance. Two argu-
ments are against this: a 2+ state with noticeable elastic
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FIG. 3. Elastic data compared with the full R-matrix cal-
culation, including the 2− level at 3.5 MeV. The dashed curve
shows the calculation prior to convolution with the experi-
mental resolution function. The dotted curve shows the com-
parison with a calculation including a predicted 1+ state at
1.4 MeV. The insert gives a confidence band for the excitation
energy and width of the 2− resonance. The cross on the insert
indicates the best fit point, and the solid line is the Wigner
limit for the 2− state calculated for a channel radius of 4.3
fm.

partial width would be a strong resonance which should
be observed in the elastic scattering of neutrons from 7Li.
But the closest 2+ state in 8Li is found only at 4.76 MeV
[11], so it is highly improbable that this resonance occurs
as low as 3 MeV in 8B. Also, the interference of 3+ and
2+ states again leads to a minimum in the cross section
between resonances, contrary to experiment.

We have not included an R0 term [12,13] in our analy-
sis. This purely phenomenological term is often used to
model the influence of unknown high lying resonances.
However, the density of states in A=8 nuclei is very low
at the excitation energies of interest. For example, the
next 2− and 3+ resonances are observed at excitation
energies near 7 MeV in 8Li [11]. Accounting for these
resonances had only a negligibly small influence on the
elastic cross section at our energies. Thus, neglecting
high-lying resonances seems to be a very good approxi-
mation in this particular case, and it has the virtue that
additional, arbitrary parameters are not introduced into
the fitting procedure. Note also that the resonance spec-
trum is dominated by the 2− and 3+ states, which could
decay to the first excited state of 7Be via angular momen-
tum �= 2 and 3, respectively. However, since the pen-
etrability factors for such large � values are very small,
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inelastic decay can be ignored.
The insert in Fig. 3 shows a confidence band for the

energy and width of the 2− resonance. This state is very
broad, which prevents us from obtaining a really precise
determination of its parameters. The excitation energy
and width extracted from the R-matrix analysis are cor-
related, as expected. The best-fit point, shown on the
figure as a cross, corresponds to E = 3.5 ± 0.5 MeV,
Γ = 8 ± 4 MeV. The lower limit on the width is well
defined, but the analysis is less sensitive to the upper
limit. We therefore show the Wigner limit for the single-
particle width (calculated for a channel radius a = 4.3
fm), plotted as the solid line in Fig. 3. It can be seen
that the 2− state most likely has a width that is close to
the Wigner limit. This observation is in agreement with
the data on elastic scattering of neutrons on 7Li [11]. A
broad 2− state (4 MeV or greater) at an excitation en-
ergy of about 3.2 MeV is required to fit the a2 scattering
length for 7Li+n [14].

Barker and Mukhamedzhanov [14] have analyzed
the effect of a 2− state with parameters reported by
Gol’dberg, et al. [7] on the astrophysical S17 factor at low
energies. They noted that previous calculations of the S-
factor have implicitly included such a state through its
effect on the low-energy 7Li + n elastic-scattering phase
shifts. However, given the excitation energy (Ex = 3.0
MeV) and width (Γ0 = 1-4 MeV) reported in Ref. [7], a
channel radius a = 4.0 fm is required in the R-matrix cal-
culation of the 7Be(p,γ)8B S factor. This leads to S17(0)
= 16 ev b and an excitation function which lies below
essentially all the capture data at low energies. The res-
onance parameters determined in the current work will
result in S17(0) closer to 18 ev b. The predicted excita-
tion function above Ecm = 1 MeV will then be consistent
with that of Kikuchi, et al. [4].

In addition to the negative parity state, there was an
indication of a 1+ resonance at an excitation energy of
2.8 MeV reported in Ref. [7]. We have found that it is
not necessary to include such a state to obtain very good
fits to our experimental data. On the other hand, we
cannot rule out this resonance, especially if it has large
reduced width for decay into the inelastic channel. A
1+ resonance in 8Li was observed at a slightly higher
energy (3.46 MeV) and it has large reduced width for
inelastic decay [11]. The penetrability factors for elastic
and inelastic decay of the 1+ resonance are almost equal,
so a resonance with these properties would be hard to
detect in our measurements on top of the “background”
from the interference of the 2− and 3+ states. The same
is true of the analog of the 1− resonance at energy 3.47
MeV in 8Li [11].

Yet another 1+ resonance in 8B has been proposed by
Csótó [8] in recent theoretical work. Using a microscopic
three-cluster approach, he predicted the existence of a
1+ state at an excitation energy of only 1.4 MeV, with
large elastic and negligible inelastic reduced width, and

a calculated total width of 560 keV. A state with these
parameters should be readily apparent in our excitation
function, if it exists. We observe no indication of it in
the present experiment. To demonstrate the sensitivity
of our measurements, we added a 1+ resonance with the
properties predicted by Csótó into the R-matrix calcula-
tion. The result is shown as the dotted curve in Fig. 3.
The ratio of elastic to inelastic reduced width would have
to be at least 50 times smaller than predicted by Csótó
in order to make this calculation agree with experiment.

In conclusion, we have measured back-angle elastic
scattering of protons on 7Be in the region from 1-3.3
MeV via the thick-target technique. A predicted broad
1+ state at Ex = 1.4 MeV, which would have very im-
portant consequences for S17(0), was shown not to exist.
There is no evidence for any other 1+ state in the energy
region investigated. A state at Ex = 3.5 MeV has been
shown to have spin/parity 2−. Its location and width
have been determined with far better accuracy than in a
previous experiment [7]. This state has implicitly been
included in the calculations of S17, but its properties de-
termined in the present experiment will place further con-
straints on the theoretical calculations and thus improve
the precision of the S-factor at solar energies.
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