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B excited states and analysis of the °Be(*He,t) spectra
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Inclusive spectra of (*He,t) on °Be have been measured and analyzed in a large energy range of
emitted tritons at E3, =90 MeV in the angular range 7°-27". The spectra have been analyzed in

terms of a superposition of simultaneous breakups, quasifree reactions, and two-step-fragmentation
plus pickup processes. The residual spectra correspond to excited states in °B. Confirmation for
uncertain states was obtained. Some new states, possible analogs to °Be, were observed.

I. INTRODUCTION

The study of the (*He,t) reaction was initiated by the
following considerations.

(i) The (*He,t) reaction is a useful tool for the analysis
of isospin analog states in mirror nuclei. In Fig. 1 we
show the latest level structure of °Be and °B.! One sees
that still several levels observed in °Be have not been re-
ported in °B.

(ii) In (*He,t) reactions large structures have been ob-
served at ~ 2 the incident energy of the *He particles.”?
The observations were made for medium heavy nuclei
for 3He energies of 90 and 130 MeV, and the data were
interpreted as the result of a two step process in which
the first step belongs to the fragmentation of the incident
*He, and the second step to the pickup of a neutron by
the deuteron fragment.>> The use of a light target
where only a few final states can be reached via the pro-
posed mechanism seems indicated to learn more about
the processes involved.

II. EXPERIMENT

The experiment was performed using the 90 MeV *He
beams from the isochronous cyclotron JULIC. Depend-
ing on the measuring angle beam intensities in the range
10-50 nA kept the dead time to a negligible level. The
target was a 2.7 mg/cm? foil of berylium. The charged
reaction products were detected by a AE-FE telescope in-
side a 1 m scattering chamber. The AE counter was a
commercial Si surface barrier detector 400 um thick. A
side entry 31 mm thick Ge(Li) detector mounted in a
separate cryostat® served as an E counter. Coincident
signals from the AE and E counters of each telescope
were fed separately, via standard electronics, into an ND
6660 multichannel analyzer where particle identification
was performed and energy spectra for various outgoing
charged particle types were produced. At the end of
each run, the spectra were written onto a magnetic tape
for off line analysis. A Ge(Li) detector situated at a fixed
angle of 6),,= —30° served as a monitor. Measurements
were taken at 7°, 10°, 15°, 21° and 27°.

III. ANALYSIS OF SPECTRA

The spectra at forward angle revealed upon analysis
that, besides the excitation of the states of the residual
°B nucleus, one may distinguish three additional contri-
butions.

(i) A part proportional to a linear combination of
phase spaces (PS) as observed in several works.>~’

(ii) The structure observed earlier by Ref. 2 located at
~ 1 of the incident energy and attributed to the two step
process (TSP).

(iii) A prominent large peak corresponding to the
g]uasifree (*He,t) reaction (QFR) on the °He cluster in
Be.

The simultaneous fit to all the excited states and the
processes (i) to (iii) was not practical and would be too
ambiguous. We have therefore proceeded by successive
strippings of all the processes underlying the excited
states.

A. Analysis of the (PS)

We used at all angles a linear combination of the fol-
lowing final channels: (t,°Be,p) and (t,a,p,a). Ampli-
tudes of individual phase space distributions were fixed
by fitting only the low energy part of the spectrum
where interferences from recognizable structures (like
TSP) in the spectra are negligible. Figure 2 shows the
(PS) contribution to a representative spectrum. The
differential cross sections of individual final channels ob-
tained following the formulae in Ref. 7 are given in Fig.
3.

The interesting result from the present analysis is that,
contrary to the experience in fitting inclusive spectra of
the breakups induced by other particles (p and a), the
breakups which differ from the most obvious
configurations (t,sBe,p) and (t,a,a,p) are nonexistent. In
addition, the angular distribution confirms the earlier re-
ported fact that at low angles the three body breakup
contribution is dominant. This result is in contradiction
with the findings of Ueno er al.® for the same reaction
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FIG. 1. Level scheme of °Be and °B after Ref. 1.

measured at 6.7 MeV; they find a dominant contribution
of four body breakup. However, the Coulomb correc-
tion introduced in their analysis is questionable and may
have led the authors to wrong conclusions. Specifically,
the correction used favors the emission of high triton
momenta corresponding to low relative momenta among
the constituents of the unstable °B. However, they did
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FIG. 2. Inclusive experimental triton spectrum measured at
7° (dots). The heavy solid line indicates the total fit to the con-
tinuous part of the spectrum obtained by incoherent summa-
tion of the phase space (PS) component, a two step process
(TSP) component which is the sum of contributions 1, 2, and 3
involving the 3.04, 16.922, and 19.24 MeV state in 8Be, respec-
tively, and a quasifree reaction (QFR) component (dashed-
dotted line).
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FIG. 3. Angular distribution of the two calculated final
state elements contributing to the phase space (PS) component.

not take into account that the Coulomb repulsion among
these constituents hinders the emission of tritons with
high momenta.

B. Analysis of the (TSP)

After we stripped off the (PS) contribution, the shape
of the spectra was recalculated along the lines of Serber’s
model’ by introducing the following assumptions.

(a) The (d,t) reactions leading to the 3.04, 16.922, and
19.24 MeV states in ®Be have been considered [in agree-
ment with the results of the °Be (d,t) reaction measured
at the almost corresponding energy'?].

(b) The cross section for the (d,t) reaction was con-
stant for the whole range of incident deuterons.

(c) The differential cross section is strongly forward
peaked and the angular distribution of the (d,t) reaction
shall not significantly distort the spectra.

(d) Only deuterons that have been spectators
throughout the breakup of 3He in the field of *Be have
been considered in the calculations.

The first part of the process, i.e., the breakup of the
3He is calculated in the framework of Serber’s model us-
ing the relation

C; [G(p)|2R2(m m

thdE = g ! BE’E_EI,P*pl) ’

(1)

is a normalization factor; R is the phase

are the masses of the proton
Be

and ®Be in a given state i, respectively; £ and P are the

where C;
space factor; m,, and m;
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total energy and momentum in the reaction
’He+°Be—t+p+°Be .

The index i denotes the final state of the ®Be nucleus
considered; E, and p, are the energy and momentum of
the detected triton, respectively. For the wave function
of the relative motion of the proton and deuteron in *He
we used the Yukawa form!!

e |1 e
w}ﬂg(r)=c vl i @)
with
(2pe, )2
a=+ , 3)

where p is the reduced mass, €, the separation energy

He

of the proton from *He, and C’ is a normalization con-
stant. The Fourier transform has been calculated using
a cutoff in the spatial wave function as a fitting parame-
ter. The cutoff radius was introduced to simulate the
effect of the solid angle of the detector on different
momentum components of the Fourier transform. This
correction is not the same at all angles and therefore, the
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FIG. 4. Angular distribution of the estimated total two step
process (TSP) component (open squares) and the individual

transitions to the 3.04 MeV (solid circles), 16.922 MeV (open
circles), and 19.24 MeV (solid squares) states of *Be.
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FIG. 5. A dependence of the two step process (TSP) com-
ponent from Ref. 2 at 12° (upper points) and 22° (lower points)
completed with our data at 10° and 21° (open circles). The
open square indicates the result obtained if a linear back-
ground is assumed at 10°. The solid lines indicate the 4'/3 be-
havior.

cutoff radius decreases with angle. In addition, the in-
troduction of the cutoff simulates effects of the details of
the process not taken into account by the present model.
The angular variation of the cross section extracted from
the present analysis is shown in Fig. 4. In Fig. 2 the
contribution of the (TSP) calculated by the present mod-
el for R,=4.5 fm is shown. In Fig. 5 we compare our
data to the 4 dependence of the (TSP) measured by Ref.
2. At 12° our results are much lower than predicted by
the A4'73 dependence, while at 22° a reasonable agree-
ment is obtained. We believe that this difference results
from the way the cross sections were extracted from the
data. In Ref. 2 a linear background was taken, while in
our case a (PS) background was used. This background
is mainly a three-body phase space at 10° and mainly
four-body at 21°. In the first case it is of a very convex
shape, while in the latter it is close to a linear back-
ground in the region of interest. Should we take a linear
background at 10°, our data would become substantially
larger, as indicated by the open square.

C. Analysis of the (QFR) bumps

The bump clearly visible at 7° at E, =82.5 MeV (Fig.
2) is interpreted in terms of a quasifree reaction mecha-
nism in which the incident *He interacts with the He
cluster of °Be via a charge exchange reaction leaving the
a particle as a spectator. The large cross section ob-
served is not unexpected if one takes into account that
the process is actually a quasielastic one between isobar-
ic analogues and that °Be has a strong a->He structure.
The spectrum was given by the following formula:

d%o
dQJdE,

do
=P R |——
fBSLi f¢5Li

e |G(p,) |4 Qs ,

SHe(*He,t)Li

4)
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where the factor P takes into account clustering probability and absorption effects (in our calculatlons it was a fitting

parameter). R is the kinematical factor given by

1 (mo+mgp)im+m,) ki | 2mymyE,
T Q2wh)? mr ks myEq
m, m, 172
1+ — |E}Y*+ |—= | [(m,E)
mg s

where the indices 0, T, S, 1, and 2 stand for *He, °He, a,
t, and °Li, respectively, 6, is the emission angle of the
triton, 6, is the relative angle between particle 1 and 2,
(do /dQ)sHe(3He sy 1s the off-shell reaction cross section
section for the process *He(*He,t)’Li (taken to be con-
stant in our case), and G(p;) is the Fourier transform of
the cluster wave function in °Be:

=[x

where X(7) is the relative wave function of the *He and «
clusters in °Be. The Fourier transform used was of the
form!?

r)exp( —ip,ridr , (6)

372
2mh —(1/2)p,, /0 )?

G(p,)= (7

with a o parameter of 100 MeV/c.

In the present experiment we have extracted only the
shape from Eq. (4) and have normalized it to the spec-
trum at 7° after subtraction of (PS) and (TSP) contribu-
tions. At higher angles the presence of the (QFR) is visi-
ble but the magnitude is too small to extract meaningful
information. The analysis of relevant excited states (see
next paragraph) was also possible only at 7° since the
cross section above that angle was too small to warrant
such analysis.

D. Excited states in °B

After stripping off the above mentioned breakup con-
tributions, only the resonant state should remain. In
Fig. 6 we show the residual spectrum obtained at 7° (the
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FIG. 6. Residual triton spectrum at 7° obtained after sub-
traction of all known continuum contributions except resonant
states (heavy solid line in Fig. 2).
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angle that shows most prominently the resonant states).
besides analyzing the obvious resonances, we pay special
attention to the shoulder visible on the high energy side
of the 2.361 MeV state since that shoulder could arise
from the isobaric analog to the 1.6 MeV state in °Be.
The result in Fig. 6 is consistent with the existence of
the isobaric analog states of 1.6, 4.70, and 18.6 MeV lev-
els in °Be.

1. (1)* first excited state in °B

In spite of numerous endeavors’*~!7 to measure the

parameters of the °B state analog to the first o
E,=1.68 MeV level in %Be, its existence has so far not
been confirmed in an unambigous way.! In a recent ex-
periment, a clear indication for an excited state with pa-
rameters £, =1.6110.03 MeV and I'=1.0+0.2 MeV
was obtained studying the reaction *Be(*He,t).!® Recent-
ly, Sherr and Bertsch!® have published an analysis of the
Coulomb energy systematics indicating that the Thomas
Ehrmann effect®® results in a considerable lowering of
the excitation energy of the isobaric analog state in °B.
Their calculation locates the level at 0.93 MeV excita-
tion with an upper value for the width of 1.4 MeV.

In Fig. 7 we show only the high energy part of the re-
sidual triton spectrum. The present spectrum differs
from the earlier published one'® that was obtained by a
linear subtraction of background in the range of excita-
tion energies from O to 3 MeV. In this range the dom-
inant peaks are the ground state and the 2.36 MeV state,
which, following the structure of the analog states in
Be, have a dominant *Li+a structure.

The state of interest in our study and the 2.78 MeV
level probably have, on the other hand, a ®Be+p struc-
ture.'® The peak structure of the residual spectrum has
been analyzed in the frame of the energy dependent reso-
nant contribution?!

f(E)=P.y*/[(E—E,)?*+(P.y*)?], (8)

where y? is the reduced width of the level, E is the sum
energy of the clusters interacting in a given level:

E=1#k*m +mg)m 4my 9

with 4 and B denoting the interacting clusters; k is the
relative momentum of 4 and B; E, is the resonance en-
ergy above the unbound A4 + B mass. P, has the form

P, = p — (10)
C A1+ 2?’3151 ]
sl
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FIG. 7. The triton spectrum after subtraction of processes
shown in Fig. 2 (dots with error bars) representing the peak
structure in the extraction range 0—-3 MeV. Curves 1, 2, and 3
are calculated line shapes for the 2.32, 2.72, and 1.16 MeV lev-
els in °B, respectively, and the solid line represents their sum.

where p=kr, r being the interaction radius in the p-*Be
system taken to be 4.35 fm; A, is the penetration factor
A}=F?+G} (F, and G, are the regular and irregular
solutions of the Coulomb wave function); S, is the
derivative with respect to energy of the shift function

__p d4f (11)
24} dp

S

evaluated at the energy E,. In our case we have approx-
imated (10) by

P
P.= Vel (12)
If this state is the L+ analog, we are dealing with a pro-
ton in an I =0 state with respect to ®Be. The relevant
values for P, were derived from the tables of Ref. 22.
The double differential cross section has the form

d%o

d0dE, ~ 2 KBNS, (13

where i refers to the individual resonances, K; is an arbi-
trary amplitude for each level, f;(FE) is given in (8), and
(PS;) is the phase space distribution dominant for the
level according to the treatment of resonant states in
light nuclei proposed in Ref. 23.

In Eq. (9) 4 and B were taken to be a and °Li for the
2.35 MeV level and p and ®Be for the 1+ level and the

2

TABLE 1. Parameters of the first, second, and third excited
levels in °B as obtained for minimum X2. The y? values were
obtained without deconvolution for the energy resolution
(~100 keV).

State E, (MeV) 2 (MeV)
First 1.16+0.05 1.08+0.05
Second 2.32+0.03 0.11%0.01
Third 2.72+0.04 0.22+0.01

2.79 MeV level, respectively.

The results obtained are shown in Table I. The
overall X2 for the interval of fit shown in Fig. 7 was 1.3.
The line shapes resulting for each individual level from
the present fit are shown in Fig. 7 (1, 2, and 3 refer to
the 2.32, 2.72 and 1.16 MeV levels, respectively). The
sum fit is shown with the solid line. The slightly lower
position of the second and third excited state, compared
with the energies quoted in the latest compilation,' is
due to inclusion of the phase space in Eq. (13) as pointed
in Ref. 23. The width of the second and third excited
state are given only as fitting parameters because the
data have not been deconvoluted for the energy resolu-
tion (~ 100 keV). The full width at half maximum of the
17 state corresponds to (1.3040.05) MeV.

2. Other levels

Besides the known levels clearly visible in Fig. 6, we
have identified possible isobaric analogs of states in *Be
at 4.70 and 18.6 MeV, respectively. In addition, we ob-
serve a sharp strongly excited state at 16.7+0.1 MeV
which could be the analog of the 16.671 MeV state in
9Be, and at ~21 MeV we see some evidence for a broad
state which could be the analog of the 20.74 MeV state
in °Be. In the literature?® some data indicated a state at
~16.6 MeV. However, the peak was attributed to a
contamination by the (’He,t) reaction on '>C. In our
case we have identified the peak in the whole range of

0.24
t E,=(1672 01) MeV
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0.021
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FIG. 8. Angular distribution measured for the 16.7 MeV
state in °B.
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TABLE II. Parameters of hitherto uncertain or unknown
levels in °B determined in the present work.
E, MeV) L (MeV)
1.16+0.05 1.3+0.05
4.8+0.03 1.5+0.3
16.7+0.1 <0.1
18.6+0.3
20.7£0.5 1.6+0.3

our measurement from 7° to 27° and in Fig. 8 we show
the angular dependence for this state.

The sharp peak in Fig. 6 at E, ~89 MeV is due to a
leak of deuterons from the (*He,d) reaction to the
ground state of '°B. The leakage is ~0.5% and at all
lower energies is considerably less, thus excluding any
major influence of the deuteron spectra on the triton
spectrum.

In Table II we show the parameters of the hitherto
uncertain or unknown levels identified in the present ex-
periment. For all the other states visible in Fig. 6, the
energies and widths are consistent with those quoted in
Ref. 1.
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IV. CONCLUSION

The present analysis has shown how to describe the
complex spectra from the (*He,t) reaction on Be. The
success in describing the continuum features made possi-
ble the extraction of residual structures. These struc-
tures have been identified as °B states. Some of these
were hitherto unknown or uncertain.

Such treatment of complex spectra can reveal broad
excited states presently lost in background. Majority of
such states so far have been detected by phase shift
analysis of elastic scattering data, a method that is of
limited use for some states and/or nuclei.

With respect to other states of B, we see no evidence
for the very broad 1~ state E, ~2.4 MeV analog of the
2.78 MeV state in °Be recently calculated by Bertsch and
Sherr.'”” On the other hand, the result for the lowest 1+
level quoted here (1.16+0.5 MeV) is in much better
agreement with the value predicted in Ref. 19 (0.93
MeV) than the earlier estimate of Ref. 18 (1.61+0.03
MeV) obtained with a linear subtraction of the back-
ground, and a Breit Wigner line shape for the resonance.

We would like to acknowledge the critical comments
of Professor R. Sherr on the analysis of the parameters
of the °B first excited state.
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