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The levels of the °Li nucleus were studied via the *Be(p,q) reaction at incident proton en-
ergies of 30 and 50 MeV. Accurate excitation energies as well as some of the corresponding
widths are extracted for the first few levels known. Marked differences with accepted
values were found. The existence of higher excited states in the region E,=8—12 MeV
cannot be ruled out. The aim is not to study reaction mechanisms leading to SLi excited
states but rather to establish their excitation energies and widths and to compare them to
the published values. The importance of understanding the continuum in the particle spec-
tra is stressed as far as it influences the position and width of the excited states.

NUCLEAR REACTIONS °Be(p,a)’Li, E};,=30, 50 MeV. Measured
alpha particle spectra; continuous spectra; phase space model; deduced
excitation energies and widths; comparison with previous values.

I. INTRODUCTION

Since the °Li nucleus is one of the lightest nuclei
with a known sequence of excited levels the
knowledge of its level parameters (position, width
and structure) is of importance in testing present
models as well as N-N and N-a potentials.!~3

In general, the theoretical predictions are in fair
agreement with the experimental results for the first
six levels up to ~6 MeV excitation. However,
above this limit the calculations predict the existence
of a !P; T =0 state and of a 3P0,1,2 triplet of T=1
states in the excitation region below 15 MeV.

On the experimental side an extensive number of
experiments were performed:

(a) d-a scattering for the study of T =0 excited
states.

(b) *He-t scattering for the study of T=0 and
T =1 levels above the *He-t breakup threshold in
the °Li nucleus (15.8 MeV).

(c) Reaction or inelastic scattering processes in
which the residual ®Li nucleus is left excited. Below
15.8 MeV excitation, this mode of observation is the
only one open for the measurement of the T =1 lev-
els.

The reaction channels allow, of course, the study
of the parameters of the T =0 levels as well.

When a comparison is made between the level
parameters extracted from phase shift analysis and
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those obtained through different reaction channels
one observes a large dispersion in the parameters re-
ported, e.g., the quoted width of the 4.3 MeV level
ranges from 0.3 to 1.82 MeV.*

The dispersion may be due to the fact that the ex-
traction of level parameters is complicated for all
levels but the three first ones (E, =0, 2.18, and 3.56
MeV) since (a) there is a considerable overlap be-
tween the levels due to their widths, (b) they are su-
perimposed on a continuum due to nonresonant pro-
cesses, and (c) the extraction of the level parameters
necessitates assumptions about the structure of the
level, as will be shown later.

In this work our interest is not the reaction
mechanism which has been the subject of many pre-
vious papers,” but rather the spectroscopy of the:
residual nucleus SLi. We try to evaluate both the
statistical and the systematic errors on the level
parameters in order to arrive at meaningful compar-
isons with compiled data.* The analysis of the ener-
gy spectra was made assuming a nonarbitrary back-
ground under the peaks, and the peak profiles are
assumed to be functions of the internal structure of
the resonant states.

II. EXPERIMENT

The °Be(p,)°Li reaction was measured at E,=30
and 50 MeV using the analyzed proton beam of the
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variable energy cyclotron CYCLONE of the Univer-
sity of Louvain. The measurements were performed
at 6,=10, 20, 25, 30, 35, 40, 50, and 60 degrees (lab-
oratory) at E, =30 MeV, and 10, 15, 20, 25, 30, 40,
50, and 60 degrees (laboratory) at E, =50 MeV.

The °Be target was a self-supported evaporated
foil 380 pg/cm? thick.

The charged particles were detected by a conven-
tional AE-E surface barrier telescope with a veto
counter behind the E detector to prevent overloading
of the analog-to-digital converters (ADC’s) by sig-
nals from long range light particles. The thickness
of the AE detector fixes our threshold energy at 4.5
MeV at E,=30 MeV, and 13 MeV at 50 MeV in-
cident proton energy. The telescope was fixed on a
turntable rotating around the target. The accuracy
of the detection angle was about 0.1°. The solid an-
gle was 7x 107 steradians and the angular aperture
was 0.3 degrees. Each detector was connected to a
standard preamplifier-spectroscopy amplifier chain,
the output of which was fed into a 4096 channel
analog-to-digital converter. The E and AE informa-
tion was recorded event by event on magnetic tapes
for off-line analysis. The deadtime was monitored
continuously with random pulser events.

The identification was made by drawing separa-
tion curves in the two-dimensional AE-E plot. The
separation between a and 3He particles was such
that 0.04% of 3He events could be counted as al-
phas. The contributions to the experimental resolu-
tions are given in Table I. We list the smallest and
largest values of each contribution.

The energy calibration and the evaluation of sys-
tematic errors are particularly important since we
are interested in the excitation energies and widths
of the residual nucleus. The energy calibration was
based on the positions of the ground state and the

3.56 MeV excited state of °Li taken at all measured
angles. It was corrected for the energy losses of the
incident protons and outgoing alphas in the target.
The uncertainty (at the one standard-deviation level)
of the energy calibration relative to the ground state
of ®Li is 5 keV. This method of calibration excludes
systematic errors. We present here their evaluation
at E,=30 MeV, but the same conclusions are valid
at E, =50 MeV.

(a) An unrealistic error of 1 MeV on the beam en-
ergy would not induce any error in the position of
levels up to 10 MeV in °Li since all detected parti-
cles will have the same energy shift of 813 keV.

(b) An unrealistic systematic error on the detec-
tion angle of 0.5° will introduce a relative shift of
levels (within the 10 MeV excitation range) of less
than 2 keV.

(c) A 10% error on the target thickness will result
in a translation of the calibration curve with non-
linear effects of the order of 1 keV.

(d) The angular distribution of the levels used for
the calibration can also induce an error due to the
detector aperture. It is about 0.3 degrees in our case.
However, due to the shape of the measured angular
distribution the sign of this effect would be angle
dependent. Such a behavior was not observed in the
calibration.

(e) The error induced by a possible nonlinearity of
the electronics has not been observed in the large en-
ergy range used for the calibration.

III. EXTRACTION OF LEVEL PARAMETERS

To extract the level parameters we have simul-
taneously fitted the nonresonant continuum spec-
trum and the resonant levels. For the sake of clarity
we shall explain separately the method used to

TABLE 1. Contributions to the resolution o (keV) of the a peak belonging to the

°Be(p,a)®Li, ;. reaction at E, =30 and 50 MeV.
E,=30 MeV E,=50 MeV

Origin of o oxa ore, oR Omax
Beam spread 5 (60°) 7 (10°) 6 (90°) 9 (10°)
Solid angle 7 (10°) 24 (60°) 10 (10°) 39 (60°)
Finite size of the 3 (107 55 (60°) 4 (10°) 89 (60°)

beam on target
Target thickness 40 (10°) 63 (60°) 26 (10°) 82 (90°)
Detector 14 14 14 14
Beam divergence <10 (10°) <34 (60°) <13 (10°) <55 (60°)
Electronics® <78 <78 <84 <84
Observed o 81 112 73 156

*The numbers in parentheses denote the angle at which the minimum or maximum occurs.
*The quoted contributions of the electronics are upper limits.



describe the nonresonant and resonant parts of the
energy spectra.

A. Nonresonant continuum spectrum

In the framework of the phase space model
(PSM), we have shown® that the continuum spec-
trum of the *Be(p,a) reaction above 13 MeV excita-
tion in Li is well reproduced by an incoherent sum
of phase space spectra due to the nonresonant break-

ups in the final state. At a given angle of detection,
|

d’c  2mpymy f d’k, f d’ky _y
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such a treatment implies that the matrix element T
between the initial and final state can be averaged
and treated as a constant independent of the mo-
menta of the undetected particles.

In its general form, the differential cross section
for particle N in a reaction

Alamy)mimy - my_,
is given by
N
Ko— 2 K [8|To— 3 T; |, (1)
i=1 i=1

where T, p;, and m; are the kinetic energy, the linear momentum and the mass of particle i, respectively, and

Vg is the velocity of the incident particle.

In the phase space model, | T |? is replaced by its mean value C;=( | Ti¢ |2) and brought outside the in-

tegral. Formula (1) becomes
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Ry _, is the phase space factor of the (N — 1) undetected particles sharing a total kinetic energy T* and a to-

tal linear momentum P*:
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B. Shape of the peaks corresponding to excited levels

For the °Be(p,@)®Li reaction the peaks corre-
sponding to the particle stable states (ground state
and 3.56 MeV) shall have a roughly Gaussian shape
with a width equal to the experimental resolution.

For particle unstable levels the spectral shape is
also given by formula (1) but | T | 2 cannot be treat-
ed anymore as a constant.

One may say that in its most general form | T |2
can represent a resonance between N free particles.
However, one usually restricts the analysis to reso-
nances between two clusters (or quasiclusters like,
e.g., "He+p). Then | Ti¢ |2 can depend on the rela-
tive energy of the particles in the final state, on their
relative angular momentum, as well as on the total
energy available to the spectrum.

In a sequential picture of the formation and decay

smy_T*P*)=Dy_ |T*——F——

(3N —-8)/2

(3)

of a resonant state one may factorize | Ty |? into a
production matnx element |Ti|z? and a matrix
element | T | z2 describing the resonant interaction
of (N —1) particles in the final state.

£, (Mev) Ex(MeV)
T T
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FIG. 1. Position of the 2.185 MeV (3+,0) level extract-

ed from the *Be(p,@)’Li measurements at different angles
for E, =30 and 50 MeV.
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In our calculations | Tj¢ | > will be approximated
by a constant as in the phase space model. It can
therefore be extracted out of the integral in relation
(1).

| Ti¢ | g2 is taken to be of the Breit-Wigner form:

Tr2/4
(E—Ey)*+T%/4"°

| Tie | *= (5)
where E, is the energy of the resonance in the center
of mass system of the interacting particles; E is ac-
cordingly the total energy of the same particles
determined at each point in the energy spectrum.
For computational ease | Ty | g2 is not normalized
since we are interested only in the shape of the reso-
nances. The relation (5) assumes that I" does not de-
pend on E; this approximation is valid if the pene-
trability does not vary appreciably over the width of
the resonance.

If the detected particle in a kinematically incom-
plete experiment does not belong to the resonant sys-
tem |Ti|z? can be brought outside the integral
since it then depends only on the momentum of the
particle detected at an angle 6. The residual integral
reduces to the phase space factor Ry_; and the
resonant part of the spectrum will be represented by
the relation

d’c Py /4
dQndTy vy (E—Ey)P?+T?%/4

XRN_I(ml, “eey mN_l;T*,P*) .

(6)

In the present calculations we have restricted our-
selves to three-body final states (N =3).

The experimental spectrum shape has been com-
pared with the incoherent sum of nonresonant
[phase space model relation (4)] and resonant parts
[relation (6)].

A computer program was written to compare this
sum, convoluted by the experimental resolution, to
the observed spectra.

In the fitting procedure the free parameters were
the strength coefficients C; of the nonresonant parts,
the strength coefficients | Ty | z for each level, and
the width I" and the energy E of the resonances.

In order to fit the broad levels the peak corre-
sponding to the 3.56 MeV level in Li was intro-
duced in the fitting procedure with a Gaussian
shape equal to that of the ground state. The fit was
made between 3 MeV excitation in SLi up to the
3He-t breakup threshold (E . =15.8 MeV).

The starting point of the procedure was given by
the published resonance parameters* and the
strength coefficients obtained from a fit of that part
of the spectra free of resonances.

IV. RESULTS AND DISCUSSION

A. 2.18 MeV (3%,0) level

We have measured at all angles the position of the
centroid of the peak corresponding to the 2.185
MeV level. We have neglected its width because it is
much smaller (I'~24 keV) than the experimental
resolution. The positions of the centroid (relative to

TABLE II. Parameters (Ref. 4) of the 4.3 MeV (2+,0) level of °Li.

Reference Channel E.. (MeV) T (MeV)
7 a+d 4.52+0.08
11 4.87
12 4.6 0.1
13 4.28 1.34
14 4.7
15 *Li(p,p") 4.4 +0.2 0.6
16 SLi(p,p") 4.45 0.3
17 %Lie,e’) 427+0.04 0.69+0.12
18 Li(d,d") 4.32+0.04 1.8240.11
19 ‘Li(p,px) 4.40+0.12 1.4940.15
20 Li(r,q) 4.3 +0.2
21 *Be(p,a) 4.40+0.12 0.35+0.15
22 "Li(r,ad) 43 +0.1 0.6 0.1
Present *Be(p,a)
work at E,=30 MeV 4.29+0.02 0.85+0.05
°Be(p, )
at E,=50 MeV 4.30+0.01 0.48+0.08
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the ground state) obtained at all measured angles are
shown in Fig. 1.
The mean excitation energy is

Eye=2.20920.005 MeV at E, =30 MeV

and

Eeyc=2.19740.006 MeV at E,=50 MeV .

A comparison with the published data indicates a
large discrepancy. We will distinguish two sets of
data: (a) measurements of a-d resonances, which
yield a value of 2.185+0.003 MeV (Ref. 7); and (b)
reaction measurements which yield values ranging
from 2.17+0.02 MeV (Ref. 8) up to 2.194 MeV with
no quoted uncertainty.” Most of the existing mea-
surements do not report the precision on the energy.
We are thus unable to make a clear statement on the
coherence of the reaction measurements.

Our values for the excitation energy are higher
than the accurate value obtained by Galonski et al.”
obtained from a-d scattering. On the other hand the
analysis of possible systematic errors does not ex-
plain such a deviation (12 to 24 keV) with our mea-
surements. Our conclusion is that the shift is due to
the observation of a two-body resonance via a nu-
clear reaction, namely, interferences of the third par-
ticle (here an alpha particle) with the observed two-
body resonance (6Li*, E, =2.18 MeV).

The evaluation of the interference effect would re-
quire at least three-body calculations with inclusion
of Coulomb effects. An approximate treatment has

been developed for other systems and the interfer-
ences have been found to be important.'®

B. 4.3 MeV (21,0) level

The parameters of this level have been much
disputed by both experimentalists and theoreticians.
Similar and contradictory values exist especially for
the width of this level. The existing data on the
parameters of that level are presented in Table II.
We have divided them into four parts. In the first
one we present the data obtained by phase shift
analysis of a-d scattering. In the second part we
present the parameters obtained by inelastic scatter-
ing and quasifree scattering while in the third part
we list the parameters obtained using various reac-
tion channels.

One observes considerable disagreements for the
width of this level. Two different values for the
width seem to exist: a large one including the elastic
scattering data and some of the inelastic scattering
data, and a small one including part of the inelastic
scattering data and all reaction data. Except for the
works of von Witsch et al.!® and Schwartz and
Fou?? the analysis of the data was done neglecting
the contribution of the phase space factor to the
shape of the peak as shown in Eq. (6) and taking for
the nonresonant part of the spectrum an arbitrary
background.

In our analysis the “background” component was
supposed to be given by the phase space model pre-
dictions and we have assumed the 4.3 MeV level to
be a pure a-d state. We should repeat here that the
analysis was carried out simultaneously for the
whole spectrum and the 3.56, 4.3, 5.37, and 5.65
MeV states. Typical fits to the spectra are shown in

TABLE III. Parameters (Ref. 4) of the 5.37 MeV (2+,1) level of °Li.

Reference Channel E.. (MeV) ' MeV)
23 Lid,?) ~5.4 ~0.6
SLi(d,d)
20 "Li(r,@) 5.29 +0.05
5.35 +0.07 <0.1
21 Be(p, ) 5.32 +0.06 0.28 +0.06
24 Li(r,) 5.47 +0.04 ~0.6
15 SLi(p,p") 54 10.2 ~1.0
16 SLi(p,p") 5.28 +0.08 0.30 +0.05
8 Li(r,q) 5.34 +0.02 0.56 +0.04
25 Li(r,a) 5.36 +0.03 0.54 +0.04
17 %Li(e,e") 0.44 £0.10
19 SLi(p, px) 5.33 +0.08 0.55+53%
Present *Be(p, )
work at E,=30 MeV 5.324+0.005 0.274+0.024
Be(p, )
at E,=50 MeV 5.329+0.007 0.269+0.012
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FIG. 2. Typical fits to the experimental spectra of the *Be(p,a) reaction. (a) Spectrum taken at §=20" for E,=30 MeV.
The small peak seen around E,=9 MeV is due to the (p,a) reaction on a carbon contamination. (b) Spectrum taken at
0=20" for E,=50 MeV. The small peak seen around E,=7.5 MeV is due to the (p,a) reaction on a carbon contamination.



Fig. 2. The mean values over the measured angular
range are

Eeye=4.2940.02 MeV ,
I'=0.85+0.05 MeV at E, =30 MeV ;
E oo =4.3040.01 MeV

I'=0.48+0.08 MeV at E, =50 MeV .

The excitation energies are compatible with each
other except at angles smaller than 20°. The mean
extracted widths belong to the category of small
widths. The values are stable versus the detection
angle but significantly different at 30 and 50 MeV.
These discrepancies could have different origins: (a)
a hereto unknown level in °Li contributing in the re-
gion of the 4.3 MeV level; (b) the p-a quasifree
scattering contribution not being included in the cal-
culation of the background since its contribution
was shown to be small®—it may nevertheless play a
role and influence the extracted parameters of the
4.3 MeV level; or (c) an interference mechanism of
the kind reported above for the 2.18 MeV level.

A similar treatment starting with a reaction al-
lowing only the feeding of T'=0 states would be
needed in order to obtain a more precise set of
parameters for the broad 4.3 MeV level.

C. 5.37 MeV (21,1) state

Previous data on this level are summarized in
Table III.

As far as their excitation energy is concerned the
overall agreement of the data is good except for the
value of Linck et al.?* The widths range from 0.28
to 0.6 MeV excluding the measurement of Allen
et al.™® due to contamination, and the value reported
by Hasselgren et al.'> because of the poor precision.

For all the measurements presented in Table III,
the position and width were obtained as the centroid
and the width of the experimental peak deconvolut-
ed for the resolution after the subtraction of an arbi-
trary background.

The (27,1) state does not decay in the a-d channel
as was shown by von Witsh et al.,' its main mode
of decay being the SHe+p channel. Another strik-
ing feature of the analyses performed so far is that
only Allen et al.? have taken into account the pos-
sible contribution of the nearby (11,0) state at
~35.65 MeV seen as a resonance in a+d scattering.

Following the results of von Witsch et al.'? we
have fitted the 5.37 MeV peak with a Breit-Wigner
form multiplied by the a-He-p phase space. The
fitting procedure was applied to all data except for
the 25° and 30° data at E, =50 MeV because of a
contamination in the spectra by the >C(p,a) reac-
tion.
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FIG. 3. Width of the 5.37 MeV (2+,1) level extracted
from the measurement of the *Be(p,a) reaction disregard-
ing the presence of the 5.65 MeV (1+,0) level.

In the first step of the analysis we did not intro-
duce the contribution of the 5.65 MeV state. The
deduced excitation energies (about 5.36 MeV) were
constant versus the detection angle. The resulting
widths are shown in Fig. 3 at E,=30 MeV. The
widths range from 0.42 to 0.64 MeV and cover al-
most the whole range given in Table III.

In a second step we included the contribution of
the (17,0) state at about 5.65 MeV excitation energy
letting the exact position and width be determined
by the fitting procedure. The results obtained with
this more complete analysis are shown in Fig. 4.
The inclusion of the (1+,0) state drastically im-
proves the coherence of the parameters with angle.
The mean values of the parameters are
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FIG. 4. Position and width of the 5.37 MeV (2+,1) level taking into account the contribution of the 5.65 MeV (1+,0)

level.

Eeo=5.32410.005 MeV ,
I'=0.274+0.024 MeV at E, =30 MeV ;
E o =5.329+0.007 MeV ,
I'=0.269+0.012 MeV at E, =50 MeV .

The position of the level is 40 keV lower than the
energy accepted so far. The extracted value of the
width is in agreement with the results of Groce and
Whaling?! and with those of Mani and Dix!¢ but is
much smaller than the mean value 540420 keV
quoted in Ref. 4 on the basis of Table III.

To be sure that our data are coherent with the
data published in the literature we have applied to
our spectra the usual practice used in the papers re-
ported in Table III, namely, disregarding the ex-
istence of the nearby (1%,0) level and the effect of

the phase space factor. The result of such an

analysis has given

E ¢y, =5.368+0.006 MeV ,
I'=0.55+0.01 MeV ,

in excellent agreement with the published mean
values.

We conclude therefore that the disagreement with
the parameters we have extracted is really due to the
way the analysis is performed and not to an artifact
of the experiment.

In a further step we tested the effect of including
an a-n-p structure for this level. This type of con-
figuration assumes that the decay proceeds simul-
taneously and not sequentially. The extracted posi-
tion was lowered by 16 keV and the width by 20 keV
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TABLE IV. Parameters (Ref. 4) of the 5.65 MeV (1%,0) level of the °Li nucleus.

Reference Channel E,. (MeV) ' MeV)
7 a+d 49 —5.8
11 6.24
12 5.7 0.1
13 5.01 2.7
14 5.7
26 5.65
20 "Li(r, ) 5.6 £0.2 2.0
19 SLi(p,px) 5.7 fixed 1.033$
Present Be(p,a)
work at E,=30 MeV 5.631+0.04 0.90+0.06
Be(p,a)
at E,=50 MeV 5.68+0.04 1.26+0.12

compared to the results obtained by assuming a pure
SHe+p structure.

D. 5.65 MeV (1%,0) level

The (1%,0) level has been observed so far in rela-
tively few cases, mainly by a+d scattering. The ex-
isting data are presented in Table IV. From the
table it is visible that the parameters are very poorly
determined. The presence of this resonance hardly
appears to the naked eye in the spectra but rather is
needed in the analysis to stabilize the level parame-
ters of the (2%,1) state, much in the same way that
von Witsch et al.!® needed the same state to fit the
4.3 MeV level in their data.

In the fitting procedure we have assumed an
(a+d) structure for the (1%,0) state. The mean ex-
tracted values for the excitation energy and width
are

E ey =5.6310.04 MeV ,
['=0.90+0.06 MeV at E, =30 MeV ;
E ;e =5.68+0.04 MeV

['=1.2610.12 MeV at E,=50 MeV .

The extracted position is in good agreement with
a recent phase shift analysis?® and the width is in
agreement with previous results.!®

E. Other levels

In a recent paper® we mentioned that we have en-
countered a broad anomaly of relatively small am-
plitude in the region of excitation energy 8—12
MeV.

Owing to the fact that this anomaly is visible only
at forward angles and that the statistics prevented a
meaningful analysis we do not report on possible

parameters although the parameters quoted earlier?’
seem to be a reasonable description of the observed
anomaly.

We have also observed® anomalies in the region
18—24 MeV corresponding to known levels at ~21
and ~21.5 MeV,* but for the same reasons as above
we did not attempt a detailed analysis.

V. CONCLUSION

The present analysis and the results published pre-
viously show that the phase space model allows for
a precise determination of the nonresonant parts of
the transition matrix and that it can be used in an
efficient way to substract the so-called “back-
ground” under the peaks due to resonances in the
continuum.

Representing the resonances by a Breit-Wigner
form with a constant width and taking correctly
into account the phase space factors of final state
particles we have been able to extract the positions
and widths of the low lying resonant levels in the
®Li nucleus.

Our results show that a careful analysis of the
data can reveal states not observable otherwise, as
was the case for the (1+,0) 5.65 MeV state, and can
contribute to a better knowledge of the resonance
parameters.

It is, however, necessary to point out that this
type of analysis requires the knowledge of the level
structure to extract the parameters of a state.

The implication of the results obtained is that
whenever we are confronted with levels of substan-
tial width relatively close to the end point of a par-
ticular breakup, the parameters extracted by simple
treatment of the spectra will give erroneous results.

The present cases are not isolated exceptions and
similar revisions should be made for many levels of
light nuclei.
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