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A measurement of low-lying states in °B was conducted using the SLi(°Li,z)°B reaction at a beam energy of
56 MeV. The particles resulting from the decay of °B into ®Be + p were detected with position sensitive
detectors, and relative energy spectra were obtained from the data using the technique of resonant particle
decay spectroscopy. This technique provided a very low background, and the ability to separate the °B states
that decay by ®Be + p from those that decay by °Li + . Results show that a significant portion of the
measured spectrum below =~ 1.5 MeV cannot be explained by the known states which suggests that these

counts arise from the mirror of the 1.68 MeV 3
%_ state decays via the p + 3Be channel.

state of °Be. It was also shown that the recently observed

PACS number(s): 21.10.Pc, 23.50.+z, 27.20.+n, 25.70.Hi

L INTRODUCTION

The study of mirror nuclear partners, i.e., nuclei which
have the same number of nucleons except that the number of
protons in one is equal to the number of neutrons in the other
and vice versa (N{=Z,,Z;=N,), is important because it
yields direct evidence about the charge independence of the
nuclear force. The mirror pair that has posed the greatest
mystery over the past 30 years is the mass 9 system. There
has been considerable experimental and theoretical effort to
determine the location of the low-lying states of °B, specifi-
cally the first excited 3% state and the higher-lying 5~ state.
These states are well known in the mirror nucleus °Be.

Widely varying measurements of the B excitation ener-
gies have been reported for the first excited 3 * state ranging
from E., = 1.16 = 0.05 MeV with a width I' = 1.30 = 0.05
MeV using the *Be(*He,t) reaction [1] to E., = 1.8 = 0.2
MeV with a width I' = 0.8 = 0.3 MeV using the
19B(3He,a) reaction [2]. The situation is further confused by
conflicting reports [3,4] concerning the observation of the
1% state with the reaction °Be(®°Li,®He). Thus the location
and existence of the 3 state are unclear. The higher-lying
1~ state has been observed in a recent *Be(p,n) work by
Pugh [5]. However, the decay channels which depopulate
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this state are unknown, although the p+ ®Be channel is a
strong candidate since the °Be mirror state decays via
n+ ®Be.

Recent theoretical studies of the first excited state in °B
also disagree on the excitation energy of the first excited
1% state. Sherr and Bertsch [6] performed a calculation of
Coulomb energies of unbound single-particle states in °B,
and predicted the 3% state to lie at E,,=0.9 MeV with a
large width of I' = 1.4 MeV. This result corresponds to a
large normal Thomas-Ehrman [7,8] shift. However, Barker
[9] predicts an excitation energy E, ~ 1.8 MeV in °B, i..,
higher than that of the mirror nucleus °Be. This °B excita-
tion energy corresponds to an inverted Thomas-Ehrman shift.

The difficulty in locating these states experimentally oc-
curs because °B is unbound, and its low-lying excited states
are, for the most part, broad. The strongly excited 3 ~ state at
2.36 MeV will obscure the presence of the ™ and 7~ states
if their energies are close to it. By doing a triple coincidence
experiment in which the energies and positions of the proton
and two alpha particles resulting from the decay of the °B
are measured, it is possible to separate the °B decay into p +
8Be from °Li + a even though these two channels contain
the same particles in their final states. Since the 3~ state
decays = 95% [10] via the °Li + a channel, it will be
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removed from the °B spectrum obtained from the p+ ®Be
channel. This separation was accomplished in the present
work by using position sensitive detectors and the technique
of resonant particle decay spectroscopy (RPDS) to recon-
struct the events and obtain the excitation energies of the
states in °B for each reaction channel. The count rate for this
triple coincidence experiment was small; therefore an array
of four position sensitive detectors was utilized with the de-
tector placement chosen to maximize the efficiency for the
excitation region of interest.

The reaction ®Li(°Li,r)°B was chosen for this study be-
cause Bingham et al. [11] have demonstrated that when the
(°Li,?) and (°Li,>He) reactions are studied on self-conjugate
targets (N=2Z), mirror states in the final nuclei are popu-
lated. An additional study by Bingham et al. [12] has shown
that when the beam energy is high enough, the cross section
for population of the mirror states is the same. A preliminary
study using the ®Li(°Li, *He) reaction at a beam energy of 66
MeV performed at Michigan State University [13] showed
that the 3% state of °Be was populated. Thus, the
Li(°Li,#) reaction should populate the 5% state in °B. The
results of measurements on the decay of °B into the Be +
p channel are reported in the present work.

II. EXPERIMENTAL PROCEDURE

A 56 MeV beam of ®Li was provided by the Florida State
University Tandem/LINAC. A 200 ug/cm® °Li target made
on a Formvar backing was used for the °B study. The target
was transferred under vacuum to avoid oxidation. The detec-
tion system consisted of four position sensitive telescopes
which were part of the CHARRISA detector array. Two of
the telescopes were used to detect the alpha particles result-
ing from the decay of ®Be, and are therefore referred to as
8Be telescopes. Each of these detectors consisted of two 1
cm X 5 cm position sensitive detectors (PSD’s) separated
vertically by a distance of 2 mm. The AE segment of both
these telescopes had a thickness of 224 um, while each E
segment had a thickness of 508 wum. The remaining two
detectors were used to observe the protons from the decay of
°B, and are referred to as light ion (LI) telescopes. Both of
these telescopes were 1 cm X 1 cm in area. The LI telescope
placed nearest the beam had a AE segment 110 um thick
and a 5000 pwm thick E segment, i.e., sufficient to stop the
most energetic protons. The second LI telescope set at a
larger angle was designed to observe much less energetic
particles and therefore consisted of a thin AE segment 20
pm thick followed by a second 570 um thick AE and a
3000 pm thick E segment. Events were written to tape
whenever any three detectors received a signal within a 100
nsec window.

The detectors were arranged such that one LI and one
8Be telescope were located on a platform on each side of the
beam. The detector configuration is shown in Fig. 1. All four
detectors were placed at a distance of 10.4 cm from the tar-
get. The LI telescope located on the left side of the beam was
set at an angle of 11.3°, and the corresponding ®Be telescope
was located at 31.7°. The LI telescope on the right side of
the beam was set at 38.4°, and the associated ®Be telescope
was set at 17.8°. Each detector pair, which consists of one LI
and one ®Be telescope, was designed to observe a specific

8, = 31.70° 8,=-17.84°

8, = 11.35° 8, =-38.40°

FIG. 1. Schematic of the target and detector arrangement. Each
of the four detectors was placed at a distance of 10.4 cm from the
target. The two ®Be countertelescopes each consisted of two 1 X 5
cm strip detectors vertically separated by ~ 2 mm, for both E and
AE segments. The LI telescopes were comprised of £ and AE
segments each measuring 1 X 1 cm.

region of °B excitation energy. The two detector pairs, each
comprised of the two detectors mounted on the same plat-
form, were designed to have their best efficiency for observ-
ing the ground state breakup of B and good efficiencies for
observing excited states up to 3.0 MeV. Additionally, the pair
formed by the LI and 8Be telescopes closest to the beam had
their maximum efficiencies in the region of interest, i.e.,
2.0-5.0 MeV, and the last pair formed by the two detectors
farthest from the beam had its best efficiency for excited
states between 10 and 20 MeV.

A singles experiment was conducted using the (°Li,*He)
reaction to populate states in °Be in order to check that the
17 state was populated at the 56 MeV beam energy. These
states can be explored by detecting the *He resulting from
the reaction in the two LI telescopes. For this experiment the
LI telescope located beam left was placed at 20 °, while the
LI telescope located beam right was placed at 30°. Since the
LI detectors cover ~4° angular range, there is an appre-
ciable kinematic shift in the energies of the detected *He for
each state. However, since position information was avail-
able, it was possible to correct for the kinematic shift. The
results of this process are shown in Fig. 2. As can be seen,
the 37 state of “Be has been populated, and from the work
of Bingham et al. [12] we expect this reaction to also popu-
late the 1% state of °B.

The study of °B via the reaction °Li + °Li — °B +
t - %Be+p +t - a+ a + p + trequires the
determination of both energy and position of the four final
state particles. This kinematic completeness can be realized
by detecting the two alpha particles from the decay of *Be
along with the proton, and reconstructing the kinematic in-
formation associated with the undetected particle using con-
servation of energy and momentum. The energy and mo-
menta of the four particles can then be used to calculate the
relative velocities and relative energies between particles in
the decay sequence, and with this information the excitation
energy spectrum of °B can be produced. This is the RPDS
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FIG. 2. (a) Scatter plot of *He energies versus position illustrat-
ing the corrections made for the kinematic shift of the *He energies
over the length of LI detector number 2. (b) The projection of these
events onto the energy axis which produces the Be excitation en-
ergy spectrum from the °Li(°Li,>He) °Be reaction. This spectrum
indicates that the %* state of *Be has been populated.

method of Rae et al. [14]. The calibration of the positions
and energies of these detectors is extremely important since
an error in any one measurement will be propagated through-
out the entire reconstruction procedure. The calibration pro-
cess is further complicated by the interdependence of the
energy and position signals. This interdependence causes the
energy signal from equal energy particles to be somewhat
different if they hit at different positions along the detector
face, and similarly the position signals from particles hitting
the same spot on the detector exhibit slight variations de-
pending on the energy of the particle striking the detector.
Each segment (top and bottom) of the ®Be telescopes was
calibrated using alpha particles from the reaction '2C(‘2C,
a) °Ne*, with 2°Ne in its first and second excited states at
1.63 MeV and 4.25 MeV. The ground state of 2°Ne was too
weakly populated to provide useful calibration data. These
data were taken with masks containing 25 equally spaced
slits placed in front of the detector to provide position cali-
bration signals. These masks were only used during the cali-
bration. The angle differences between slits were determined
earlier with an optical telescope, and this information was
converted to distances in millimeters between the slits. En-
ergy data were provided by the two states indicated in the
above reaction for '°C beam energies of 30 and 35 MeV. A
linear fit of the energy centroids taken from the data to the
known energy values was performed for each slit. This fit is
necessary because the interdependence between the position
and energy signals will cause these energy calibrations to
differ slightly depending on the slit position at which they
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FIG. 3. (a) Plot of the four-particle negative Q value, Q;,,
from the particles detected in detector pairs 2 and 3 versus the
relative energy between the two alphas detected by detector 3,
E . (a-a). The band in E(a-a) corresponds to events from the
ground state decay of ®Be. (b) Histogram of the four-particle nega-
tive Q. The peak in the — Q;;;; spectrum results from the four final
state particles being found in their ground state, Qg0 -

are taken. To associate the energy calibrations with the posi-
tions at which they were taken, the set of energy calibration
coefficients from the linear fits undergoes a polynomial fit to
an average position signal for each slit involved in the cali-
bration. This procedure determines the energy calibration
function over the whole detector. In a similar fashion, a poly-
nomial fit of the position centroid taken from the data to the
known slit positions is performed for each calibration energy.
To associate the position calibrations with the energies at
which these calibrations were taken, the set of coefficients
from this position fit undergoes a linear fit to the average
total energy centroid for each state involved in the energy
calibration. This procedure gives the position calibration
function for the detector.

The energy calibration for the LI telescopes was per-
formed using proton elastic scattering from gold for five
beam energies ranging from 7 to 16 MeV. The position in-
formation was provided using a mask containing five vertical
and five horizontal holes arranged in a cross pattern. Unfor-
tunately, the protons did not lose sufficient energy in the
AE detectors to yield good position information. Therefore,
a second calibration run was carried out using °Li elastic
scattering from gold at 56 and 34 MeV. However, since the
pulse height defect [15] will cause the energy signals from
the ®Li to differ slightly from those of the same energy pro-
tons, the %Li data were not suitable for the energy calibra-
tion. Thus, neither set of data contained sufficient informa-
tion to provide a fit which would reflect the interdependence
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between the position and energy signals. However, since the
LI telescopes covered a limited angular range ~ 4°, the
corrections due to the interdependence of the position and
energy signals were reduced, and less rigorous calibrations
sufficed. Therefore, the energy calibration was a linear fit to
the proton energies, and the position calibration was a poly-
nomial fit to the ®Li slit positions.

Data reduction consisted of sorting events in time coinci-
dence for each detector pair. Particle identification provided
by the E-AE telescopes was used to gate the protons in the
LI telescopes, and the alpha particles in the top and bottom
segments of the ®Be telescopes. The energy and position
data for these events, along with information gathered in the
calibration of the detectors, was then used to calculate rela-
tive energies, momenta, breakup angles, and Q values for
each detector pair. The alpha-alpha relative energy spectrum
was gated on the narrow peak resulting from the decay of the
8Be ground state to ensure that the final relative energy spec-
trum would contain only events from the p + 8Be channel.
Figure 3 contains a scatter plot of the alpha-alpha relative
energy versus the four-particle negative Q (Q,), and illus-
trates the gate drawn on the events in the ground state 8Be
peak. The value of Q, is the mass energy in the initial system
which is converted to kinetic energy of the four particles in
their final state. Q.4 is the value of Q, when each of the
particles are left in a particular excited state; i.e., Qo 1S the
value of Q4 when particles 1 and 3 are in their ground state
and particles 2 and 4 are in their first excited state. The
event-by-event sort included a software gate on the ground
state Q, peak (i.e., Qgooo) in order to select only those events
in which all particles were emitted in their ground states.

The rigorous calibration procedure made it possible to
produce a-a relative energy spectra in which the ®Be
ground state peak is observed with a width of 60 keV. The
ground state of °B from the p + ®Be relative energy spec-
trum was reproduced with a width of 65 keV compared to its

E,o [®Be +p] (MeV)

natural width of 0.54 keV [16]. The final spectrum resolution
is thus 65 keV. The °B ground state was observed to be
unbound by 190 keV which is in good agreement with the
accepted value of 186 keV and confirms the accuracy of the
calibration and reconstruction technique.

III. ANALYSIS
A. Efficiency corrections to the relative energy spectra

The kinematics of the reaction means that the efficiency
of each detector pair varies with the breakup excitation en-
ergies. Since many of the °B states have large widths, the
variation of efficiency over the excitation energy of °B will
distort the spectrum. In addition, the four detector pairs each
have different efficiency profiles. To determine the detector
efficiency over a range of °B excitation energies, a simula-
tion of the detection system was performed using the
breakup efficiency and simulation testing program BEAST
[17]. The program BEAST performs a Monte Carlo simulation
of the decay process using an isotropic angular distribution
for the decay of each particle in the center of mass (c.m.) of
its source. The effective solid angle in the c.m. of the beam
and target system, (), can be calculated from the results of
the simulation, and the assumed isotropic angular distribu-
tion means that €. is proportional to the probability of de-
tecting particles from a given decay sequence in a coinci-
dence measurement.

The efficiencies were calculated for a number of points
throughout a °B relative energy range from 0 to 25 MeV to
make the efficiency corrections to the relative energy spectra.
Particular attention was paid to the relative energy range of
interest from O to 5 MeV. In the simulation it was necessary
to use 10® total events to provide 1000 events in the relative
energies of interest, which gives an error under 5% in that
region. Figure 4 shows a plot of the effective solid angle
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FIG. 5. (a) The summed ®Be+p raw relative energy spectra for
all four detector pairs. (b) The summed efficiency corrected
8Be+p relative energy spectrum. The two spectra have been nor-
malized such that their ground state °B peaks have the same height.

versus the ®Be + p relative energy for the four detector
configurations used in this measurement. Figure 4 also dis-
plays a polynomial fit to the calculated efficiencies denoted
by the solid line in these plots. Because of the difficulty in
fitting the entire curve at once, each efficiency curve was
divided into two or three sections, and the fits were per-
formed on each of these sections. These efficiencies were
then used to correct the raw relative energy spectra for each
of the four detector combinations. The corrected relative en-
ergy spectra were then summed, to produce the composite
relative energy spectrum in Fig. 5. The summed raw ®Be +
p relative energy spectrum is shown in Fig. 5 for compari-
son. One should also note that the 3 ~ state which decays via
the SLi + « channel does not appear in this *Be + p rela-
tive energy spectrum.

B. Line shape analysis

The determination of states populated in the final °B
spectrum requires a multiple-level analysis of this spectrum.
Fitting these states with Gaussian or Breit-Wigner line
shapes is unacceptable due to the close proximity of the
threshold energy for the formation of 3Be + p. To produce
line shapes with the correct threshold energy dependence, the
one-level approximation of Lane and Thomas [18] for a
three-body disintegration treated as a succession of two-body
disintegrations was chosen to model the decay process.

The method of Lane and Thomas [18] assumes that these
reactions have the form a + b —c + (d —e + f),
where the initial particles form a resonance in the compound
nuclear system (a + b) which then decays into particles ¢
and d, after which particle d decays into particles e and f.
However, the reaction under consideration is of the form
°Li + °Li —»¢ +[°B —p + ®Be — a + a)]; thus the first
resonance occurs presumably after a direct reaction creates a
state which is unbound to particle decay, and therefore this
represents a different formation mechanism of the initial
resonance. The formation factors that appear in the discus-
sion of Lane and Thomas are not applicable to this situation,
and those terms which apply to the formation factor of the
state have been included into a normalization factor for each
state, N, which is treated as a free parameter in this analysis.

The one-level approximation requires that the total cross
section for the reaction be known. In the present case, the
extremely low coincidence count rate meant that a full angu-
lar distribution measurement of decay particles was imprac-
tical, and therefore the spectrum being fit represents simply a
cross section averaged over the angles covered by the detec-
tors. The effect of this on the fitting of the 2% or 1~ state
should be small since they decay isotropically. The 3* state
will not decay isotropically, but lack of information again
forces us to assume that the difference between the observed
and total cross section for this state will be small. The dif-
ferential cross section under the conditions outlined above is
given by

do _ NF)\C (1)

N 1 ’
(Ex+A\.—E)*+ T3

c

where E, is the energy of the resonance, and E. is the rela-
tive energy between the particles which form the resonant
state. I' . is the partial width of the resonant state in channel
¢, I'y is the total width of the resonant state, and A, is the
partial shift of the resonant state in channel c¢. The subscript
c refers to the decay channel, in this case the ®*Be+p chan-
nel.

The partial width '), and corresponding partial shift
A, . for the channel under consideration are given in terms of
the reduced widths yic , the penetration factors P, and the
shift functions S, as [18]

F)\C:2P6/y)2\c (2)
and
A)\L‘:_(Sc_Bc)’Y)Z\C’ (3)

where B is a logarithmic derivative quantity which is in-
volved in the specification of the boundary conditions to be
satisfied. The penetration and shift factors result from match-
ing the logarithmic derivative at the boundary 7., and can be
defined [18] in terms of regular and irregular solutions to the
Coulomb wave equation F and G as

p(FF'—GG')
(F*+G?)

c

| o

Pe
¢ S=
(F*+ Gﬁ)Lr’
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where p is the interaction radius. The Coulomb wave func-
tions were obtained from an algorithm developed by Steed
and presented by Barnett et al. [19]. This algorithm has been
incorporated into the computer program used to calculate the
line shapes, and requires the knowledge of the interaction
radius, p. = k.r., the angular momentum L, and the Cou-
lomb field parameter 7, which is given by

_MCZ]ZZeZ 5
Ne= thC ’ ( )

where M is the reduced mass of the two particles in channel
c, and Z| and Z, are the atomic numbers of these two par-
ticles. The wave number k. is given by

2M |E,|
k.= B (6)

For the three levels considered here in °B J™= %+,
17,31, the p+8Beg.5_ channel appears to be the only sig-
nificant open channel. For the 3 state this is known from
earlier work [10,16]. For the 1~ level the mirror nucleus is
known to decay only into n+®Be, . The 5" state decay in
the energy range considered here is expected to occur via the
p+8Beg.s‘ channel. This conclusion is based on the fact that

the °Li+a channel can only become significant at higher

energies since the °Li+« decay threshold in °B is at 1.69
MeV and the decay of this state into this channel must be p
wave. Consequently, we have I'y = I',., A, = A,., and
subsume the constant level shift into the definition of the
resonance energy E, . In accordance with the usual defini-
tions of analog states we choose B, for the p+8Beg‘s_ to be
the logarithmic derivative in the parent channel n+*Be 5.0
ie.,

B,=S,(E,), @

in which E, is the energy of the neutron in the mirror °Be
state. Because of the close proximity of the p + SBeg.S. thresh-
old to the states in °B, the energy dependence of the pen-
etration and shift functions plays an important role in de-
scribing the low energy regime, particularly for the 3 state.

The one-level approximation assumes that the resonance
under consideration is well removed from other states which
may interfere. However, the states under consideration here
will have considerable overlap due to their proximity in ex-
citation energy and large widths. Therefore, an additional
interference term was included to model the effects of the
overlapping resonances in this region. The form of the inter-
ference term do; ;/dE . between states i and j, in which both
nuclei have one open decay channel c, is given by

e'Pi

dUi,j
EEL‘—:Ni’j I‘)\icr)\jCZRe

i i
(Ex, A\ ~E)— 3 I‘xiH(Efoij_Ec)"’ 5 Iy,

(®)

In the present case the open channel is *Be + p. The information on the strength of the interference term is contained in the

variable N, ;,

and the phase of the interference is given by ¢, ;.

Taking only the real part of the above equation yields the following form of the interference term used in fitting the line

shapes:

[(Ex,+AN—E)(EN Ay —E)+ irxirxj]cos(fﬁi,j)

dO'i’j
dE. =2N,; F}\icr)\jc

[%F)\j(E)\j"_ ij_Ec)‘ %in(Exi+ Ay, —E.)]sin(é; )

[(Ex,+ A\, —E)*+ 5T JI(Ey + Ay —E)?+1I3 ]

[(Ex+ Ay~ E)*+ T3 0By, + Ay —Eo)>+4T3 ]

These equations were included in the program LINESHAPE,
which was designed to find the best description of the ex-
perimental spectrum using the resonance energy, formation
factor, and reduced width of each state along with the two
parameters governing the interference effects between each
pair of states, the interference strength, and phase. A two-
state fit has 8 parameters and a three-state fit requires 15. The
simplex minimization method of Nelder and Mead [20] was
used to find the theoretical line shape which best describes
the data. This simplex minimization method compares the
value of the function at n + 1 vertices, and replaces the
vertex which corresponds to the highest value of the function
being minimized with another point. This process continues

)

until the vertices contract on the final minimum. The X2
function, in this case, is formed from the calculated and ob-
served line shapes and the statistical error in the observed
line shape (i.e., o; = \/171-) and has the form

dO',- do‘,- b 2
| - g .
X'=2 o (obs) S

The Hessian or error matrix is calculated using finite differ-
ences. That is, the full matrix of second derivatives of the
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function with respect to the variable parameters is calculated
and inverted to produce the error matrix.

C. Discussion of the line shape analyses

The known energy levels in °B below 4.0 MeV are the
2~ ground state with a width of 0.54 keV, the 3~ state at
2.36 MeV with a width of 81 keV, and the %* state at 2.78
MeV with a width of 550 keV [16]. In addition, the 5 ~ state
of °B has also been observed recently at 2.83 MeV with a
width of 3.1 MeV by Pugh [5], using the °Be(p,n) reaction.
The 3~ state at 2.36 MeV is not included in this analysis
since our spectrum gives little indication of its presence and
it has been observed to have a decay branch via p + ®Be less
than ~0.5% [10]. Additionally, if this small branching ratio
leads to a significant contribution to the p + ®Be line shape,
it will appear all in one channel bin since the 3~ width is 70
keV. Note that when the decay proceeds through the p +
8Be resonance, there is no noticeable increase in the width of
the state from the ®Be ground state since it has a width on
the order of 10 eV.

In order to learn as much from the data as possible, a
number of line shape analyses was performed. The first fit
used two states and included interference effects to see if the
data could be fit with only the known ¥ [16] and the re-
cently observed 5~ [5] states. This test is designed to see if
the %+ state is needed to describe the data. Next, a two-state
fit of the 3 and 3" states including interference effects is
utilized to check the strength of the contribution of the 1~
state. Last, two separate three-state fits without interference
effects were conducted. The first was designed to set an ab-
solute lower limit on the 3" excitation energy consistent
with the data, while the second was used to obtain a best fit
value of the excitation energy of the first excited state of
°B for comparison with other experiments in which the in-
terference effects have been ignored. A three-state fit with
interference was not performed since it would require a mini-
mum of ten free parameters, and the present data are not
sufficient to allow the determination of this many param-
eters.

1. Two-state line shape analysis using the = and %* states

The first step in the analysis is to determine whether the

17 state is present. To do this, the two states which have

been observed in this energy region (3 ', 2.79 MeV [16] and
17, 2.83 MeV [5]) are included in a fit which will determine
if the °B spectrum reconstructed from p + 8Be events can be
described without including the 3 * state. Since the energy of
the 3% state is well known, we are able to fix its energy in
the fitting process. The reduced width of this state is un-
known and so it is taken from its mirror °Be, since the
boundary conditions which lead to the reduced widths should
be similar. This works well for the ¥ state of °B since the
reduced width taken from the °Be data in Ajzenberg-
Selove’s compilation [16], y2=1.79 MeV, using an r, of
4.35 fm, produces a calculated width approximately equal to
the 550 keV reported width in °B. Since the properties of the
37 state are not well established, the energy and reduced
width of this state are left as free parameters. Therefore,
there are six parameters involved in fitting the line shape,
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FIG. 6. For the two-state analysis using the %‘ and %+ states,
the efficiency corrected ®Be+p relative energy spectrum is plotted
along with its calculated line shape denoted by the solid curves for
four excitation energies of the %_ state ranging from 2.6 to 3.2
MeV. The °B excitation energy is related to this relative energy via
E=FE.—0.185 MeV.

namely, the formation factors of both states, the energy and
reduced width of the 5~ state, and the strength and phase of
the interference between these two states. To reduce the
number of parameters varied in each fit to 5, the excitation
energy of the 1~ state was held fixed in each fit, and the fit
was performed over a range of 1 relative energies ranging
from 2.5 to 3.4 MeV in 0.1 MeV steps (this corresponds to
an excitation energy range of 2.31-3.21 MeV). The data in
the relative energy range from 0.6 to 4.0 MeV were included
in the fit. Data above 4.0 MeV were not included due to both
poor statistics, which are exaggerated in the efficiency cor-
rection routine, and the introduction of contributions from
states lying above 4 MeV.

Figure 6 shows the results of the fit for selected 3~ exci-
tation energies. Each of these plots shows that the calculated
line shape underpredicts the observed line shape at energies
below =~ 1.5 MeV because the calculated line shape has the
wrong inflection at these low energies. Thus, attempting to fit
the observed line shape with only the 3~ and 3 states can-
not account for all the data below 1.5 MeV. Table I shows the
results of the fitting procedure for each of the 53~ excitation
energies fit, as well as the full width at half maximum
(FWHM) of the 1~ state. While y? is essentially a constant
over the energy region scanned, perhaps fortuitously, the
minimum )? results in an excitation energy of 2.91 MeV and
a width of 3.03 MeV, which agrees remarkable well with
Pugh’s findings [5] of a 2.83 MeV excitation energy and a
3.12 MeV width. For this case, the difference between the
observed and calculated line shape is illustrated in Fig. 7.
This difference shows the unaccounted for excess counts be-
low =~ 1.5 MeV. It should be noted that the calculated fit
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+

’gABLE I. Parameters involved in fitting the %7 and % states in
B.
1+~ state 2+ state interference terms

Eex 72 r ¢[

(MeV) (MeV) (MeV) N N N, (deg)  x?
2.31 534 218 96.8 58.1 177.8  -135.8 5.35
2.41 394 220 817 51.0 1044  -126.5 5.35
2.51 4.75 242 1085 64.1 2384  -1483 5.26
2.61 483 257 1246 713 3173 -1549 523
2.71 4.75 271 1263 672 2847  -157.8 5.22
2.81 4.77 2.86 1438 724 356.7 -162.3 5.20
2.91 537 305 1613 763 4329  -1664 5.17
3.01 590 322 1646 71.0 3986  -169.6 5.20
3.11 6.27 338 1627 66.0 3440 -172.3 532
3.21 4.64 344 1674 735 3850 -176.8 5.28

represents the maximum contribution to the spectrum that
can be produced in the low energy region from the 3~ and
27 states permitted by the data and so the excess counts will
in fact increase with any changes in the fitting parameters.
This again indicates that a third state must be present to

account for these events.
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FIG. 7. (a) The efficiency corrected ®Be-+p relative energy
spectrum is plotted along with its calculated line shape from the
3~ and %* line shape analysis denoted by the solid curve (plotted
in histogram form to show exact counts since the fitting routine uses
a spline routine to draw the smooth curve). The °B excitation en-
ergy is related to this relative energy via E., = E—0.185 MeV.
(b) The difference between the calculated line shape, and the ex-
perimental data showing the region in which the excess counts were
observed.
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FIG. 8. For the two-state analysis using the é— and % states,
the efficiency corrected 8Be+p relative energy spectrum is plot-
ted along with its calculated line shape denoted by the solid curves
for four excitation energies of the 3 state ranging from 1.2 to 2.4
MeV. The °B excitation energy is related to this relative energy via
E. = E—0.185 MeV.

2. Two-state line shape analysis using the %"’ and %* states

A second two-state fit using the assumed 3%

and known
37 states and including interference between them was ex-
ecuted to gauge the extent of the contribution of the ™ state
to the data. The energy and reduced width of the 3 * state are
again set to the values reported in the previous section. The
reduced width of the " state was set to the value found in
the mirror nucleus °Be where y?> = 0.5 MeV [21]. This
reduces the number of free parameters to 5. As before, the
range of the fit was limited to the region between 0.5 and 4.0
MeYV, since contributions from other states can become sig-
nificant outside this region. A series of fits was performed
varying the 3 excitation energy from 1.0 to 2.6 MeV using
step sizes of 200 keV to examine the range of 3" excitation
energies over which adequate descriptions of the data could
be obtained.

The results for four selected values among the range of
excitation energies studied are presented in Fig. 8, and Table
II gives the values of the parameters used in the description
of the data for each excitation energy in the above range. The
best two-state fit occurs at the 5+ excitation energy of 1.6
*0.1 MeV which is in the region where other works have
claimed to observe this state [2,22,23]. The previous section
shows that the regions where the present fits are poorest, i.e.,
the high energy tail between 3.0 and 4.0 MeV and the region
between 1.5 and 2.5 MeV, are precisely the regions that the
3~ state fits well. This indicates that the 3~ state must be
present to adequately describe the data. This result, along
with the previous attempt to fit the data without the 3+ state,
indicates that the £, ¥, and 4~ states are all present in this
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TABLE II. Parameters involved in fitting the % and % states in
°B.

3+ state 2+ state interference terms
Eex r ¢I
(MeV) (MeV) N N N, (deg) x°
1.00 0.49 53.9 2166 5146 1150 105
1.20 0.59 11.1 71.5 41.2 139.4 105
1.40 0.69 10.2 61.1 10.7 163.7 9.51
1.60 0.77 80.6 199.4 3446 1225 7.04
1.80 0.85 13.1 52.9 13.1 1.4 7.95
2.00 0.93 18.3 534 19.2 425 7.59
2.20 1.00 12.4 31.8 43.0 6.1 7.28
2.40 1.07 6.4 4.7 73.1 8.6 7.15
2.60 1.14 26.8 1.3 56.6 35.7 7.50

energy region. A consequence of this conclusion is that the

1~ state must have a p+ 8Be decay branch.

3. Three-state line shape analysis without interference terms

There have been many previous attempts to find and mea-
sure the excitation energy of the first excited ' state of
°B [1-3,22-26]. Table III lists the results from a number of
these experiments. One common factor in all these works is
the absence of interference terms between levels when per-
forming the fit to the measured line shapes to determine their
excitation energies. Thus, to get a number to compare with
these previous results, a three-state fit without interference
terms was performed. The results of this fit can also be used
to set a lower limit on the 3 excitation energy. This can be
accomplished because the interference effects are reduced at
low excitation energies because the 3 state has almost no
contribution below 1.5 MeV, and while the 1~ state has a
noticeable contribution down to ~1.0 MeV, the interference
term will have its smallest effect at the energy of interest
here (i.e., the minimum possible energy of the 3 * state). For
this fit, the reduced width and excitation energy of the 3%
state were fixed at their known values (see Sec. Il C 1).
Since our results in Sec. III C 1 agreed well with those of
Pugh [5], the excitation energy of the 3~ state was fixed to
Pugh’s value of 2.83 MeV, and the reduced width was set to
a value (y?=7.5 MeV) that reproduced its reported ~ 3.0
MeV width. The reduced width of the 3 state was again set

to its value found in its mirror °Be, i.e., ¥> = 0.5 MeV. The
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FIG. 9. The efficiency corrected ®Be+p relative energy spec-
trum is plotted along with its calculated line shape from the three-
state fit denoted by the solid curve for four excitation energies of
the 1 state ranging from 0.5 to 0.8 MeV. The °B excitation energy
is related to this relative energy via E., = E_;—0.185 MeV. Chan-
nel numbers above 40 were not included in the fitting procedure.

fit was conducted for excitation energies ranging from 0.5 to
2.0 MeV in 0.1 MeV steps to observe how the fit varies with
17 excitation energy. This resulted in only three free param-
eters, namely, the normalizations of the states.

The results of the three-state analysis are displayed in Fig.
9 for four energies of the 3+ state ranging from 0.5 to 0.8
MeV. If the 1 state is placed at an energy at or below 0.6
MeV, the low energy counts are overpredicted; thus 0.6 MeV
is the lowest possible energy at which the 5 * state can occur.
The three-state fit parameters are given in Table IV, along
with the width of the 3 state. The best fit energy was found
to be 0.73 MeV = 0.05 MeV which agrees well with the 900
keV prediction of Sherr and Bertsch. Figure 10 shows the
best fit calculation and displays the contributions from each
individual state. From this figure, it can be seen that the 3 *
state has a small but vital contribution in describing the line-

TABLE III. Comparison of the present results with previous works which measured the 3% excitation

energy.

Author Reaction E (MeV) I' MeV)
Present work SLi(°Li,?) 1.6 = 0.1 0.77
Marion et al. [24] °Be(p,n) 1.4 ~ 1.0
Kroepfl and Browne [22] 1°B(3He,a) 1.58 0.71
Slobodrian et al. [25] “Be(p,n) 1.40 -
Symons and Treacy [23] 2C(p,a) 1.7 £ 0.2 ¥ =10
Barker and Treacy [26] 19B(3He,a) 1.2 v =10
Kadija et al. [1] °Be(*He,t) 1.16 * 0.05 ¥? = 1.08 = 0.05
Arena et al. [2] °B(He, ) 1.8 + 0.2 09 + 0.3
Burlein et al. [3] °Be(°Li, *He) 1.32 = 0.08 0.86 * 0.26
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TABLE IV. Parameters involved in fitting the ¥, ¥, and 3+
states in °B.

i+ state 3+ state 1~ state

Ee. r N N N x?
(MeV) (MeV)

0.50 0.22 0.28 41.1 140.0 4.63
0.60 0.28 0.59 41.7 137.1 4.44
0.70 0.33 1.00 41.8 1344 4.26
0.80 0.38 1.12 422 132.1 4.28
0.90 0.44 1.18 42.4 130.1 4.42
1.00 0.49 1.12 42.4 130.5 4.53
1.10 0.54 1.35 42.7 128.6 4.54
1.20 0.59 1.58 42.8 126.4 4.55
1.30 0.64 1.60 42.7 126.3 4.63
1.40 0.69 1.19 423 129.8 4.74
1.50 0.73 0.21 41.0 139.5 4.83

shape below 1.5 MeV. These results also indicate that the
excitation energy of the ' state is below 1.67 MeV, the
difference in energy between the ground and first excited
state in °Be, and therefore the Thomas-Ehrman shift is nor-
mal for the mass 9 system.

D. Comparison with earlier works

Table III lists the results from a number of works which
have attempted to identify the excitation energy of the 1t
state. For comparison, we have included our value from the
two-state fit with interference in the table since only one

work presented here included the 5~ state in their calcula-
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FIG. 10. The efficiency corrected ®Be+p relative energy spec-
trum is plotted along with its calculated line shape from the three-
state fit denoted by the shaded curve. The individual contributions
from each state to the total line shape are shown by the solid data
for the 1{' state, cross-hatched lines for the %‘ state, and horizontal
lines for the %* state. The °B excitation energy is related to this
relative energy via E, = E—0.185 MeV. Channel numbers up to
40 were included in the fitting procedure.

tions. Many of the early experiments which reported observ-
ing the ;¥ state [22,24,25] suffered from large backgrounds,
a problem which has been largely removed in the present
experiment. Also, when peak fits were attempted [22], Breit-
Wigner line shapes were used, which lack the high energy
tails necessary to describe peaks near threshold, whereas the
present work used Lorentzian line shapes. In addition, these
experiments populated both the 3~ and 3" states at 2.36
MeV and 2.79 MeV, making the experimental spectrum con-
siderably more complex than the present one. The results
presented in these early papers (from 1.4 to 1.6 MeV) agree
well with our value of 1.6 MeV from the two-state fit with
interference. A view expressed by many of the authors in
their works is that the differences are largely due to the dif-
ficulty in interpreting the experimental spectra. The first
works to use more sophisticated analyses were carried out by
Symons and Treacy [23], and later by Barker and Treacy
[26]. Their analyses are both based on an R matrix formalism
almost identical to the one employed here. However, the data
sets available for their works had large backgrounds which
had to be subtracted before the data could be analyzed, and
their experimental spectra also had contributions from the
2~ state, which probably was the reason for the high 3+
excitation energy of 1.7 MeV reported by Symons and
Treacy [23]. The later result of Barker and Treacy [26]
placed the 1% state at 1.2 MeV. The results of more recent
works are plagued by similar problems. Kadija e al. [1]
found the excitation energy of the 3 state to be 1.16 MeV
with a width of 1.08 MeV. The line shapes used to fit the data
were similar to our own; however, Kadija et al. had to strip
off the breakup contributions to their data using a compli-
cated process before they arrived at a line shape. Arena et al.
[2] performed a coincidence experiment in which alphas and
protons resulting from the decay of °B were detected; how-
ever, they did not have enough information to reconstruct the
events as was done here, and had to resort to a more com-
plicated analysis to separate out the 8Be + p channel. The
resulting excitation energy of the 3 state was 1.8 MeV, with
a width of 0.8 MeV. The slight discrepancy compared to our
result of 1.6 MeV in the two-state fit with interference may
be due to their method of isolating the p + ®Be channel.
Burlein et al. [3] also used a similar fitting technique with
Lorentzian line shapes, but they had to also fit the 3~ state
which is not present in our spectrum, and they had to assume
a quadratic background, which was not necessary here. Bur-
lein et al. [3] performed two fits: one with the 2.83 MeV
1~ state but without the 2.79 MeV 3 * state, and one with the
2.79 MeV 27 state, and a state at 3.5 MeV. The value for the
fit of Burlein ef al. using the 3 and 1% state without inter-
ference (1.32 MeV) is 300 keV lower than our value of 1.6
MeV using an interference term, and the fit of Burlein et al.
using the 17 and 3~ states (1.16 MeV) is about 400 keV
higher than our result from the three-state fit without inter-
ference. However, another °Be(°Li, °He) work [4] does not
show the structure in the spectrum observed by Burlein
et al., which only adds to the confusion of the location of the

17 state.

IV. CONCLUSION

In summary, the first excited state of °B has been ob-
served at an energy = 0.60 MeV in the ®Be + p reaction
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channel using the reaction SLi(°Li,#)°B at a laboratory beam
energy of 56 MeV. The observation of this state was made
possible through the use of the RPDS method which pro-
vided low background, and allowed the removal of the
strongly populated 3~ state of °B which decays exclusively
via the Li + « channel. A two-state fit to the observed
spectrum with interference effects yielded an excitation en-
ergy of the 3+ state of 1.6+0.1 MeV. This value of the
excitation energy corresponds to a normal Thomas-Ehrman
shift in the mass 9 system. In addition, the 3~ state of °B
was observed to decay via the ®Be+ p reaction channel.
The results presented for all studies of °B to date suffer
from the same problems as encountered here. The extracted

excitation energy of the ;* state depends crucially on being

able to include level interference terms in the fitting proce-
dure. While the present experiment has provided the cleanest
spectrum to date, one would need a great deal more data at
numerous angles before a proper analysis can be carried out.
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