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The "Li(a, t)aa and the °Li(a, d)aa Reactions at 29.4 MeV
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Energy spectra of tritons from the "Li+a reaction and of deuterons from the ®Li+a reaction
were measured from 6° to 90° in the laboratory system. Anomalous broad peaks were observed
in the energy spectra at forward angles. They cannot be ascribed to resonances in the residual
nucleus ®Be. It is suggested that these broad anomalous peaks are due to the sequential decay of the
excited state of "Li and that of the excited state of SLi,

Angular distributions of tritons and deuterons from the reactions "Li(a, ¢4)®Beg,nq, "Li(e, t1)
8Bes,qy, °Li (a, dy)®Beg.ng, and SLi(a, d,)®Be,,;, were measured. These angular distributions were
confirmed to be dependent on the spin of the residuals as noticed by Siemssen and Dehnhard.

I. INTRODUCTION

In a nuclear reaction with three or more particles in the final state, the eq@rgy spec-
trum of one of the final particles often has anomalous peaks. It has been suggested!~9
that a peak which cannot be ascribed to a resonance in the residual nucleus, may occur
by 1) the threshold effect,1~4)2) the compound potential effect,> and 3) the sequential
decay effect.®) 1In the energy spectra of the 9Be(p, d)8Be reaction, Beckner ef al.l)
found the plateau at an excitation energy of about 1 MeV. Such an anomalous peak

" or ghost is expected for all reactions of this type in which a level, well separated from
other levels of the same spin and parity, exists close to a threshold, from the form of the
density of state function.?> Some models3:4) were proposed that an enchancement
of the cross section for such reactions should be found close to any threshold. In order
to explain the continuous spectra of alpha-particles coming from the reactions ¢Li+
8Li, ¢Li+ 7Li and ®Li+ '°B, Garin et al.5 proposed one-dimensional potential model
in which the 6Li makes with the target an activated complex decaying via the dissym-
metric breakup. In the energy spectra of protons from the !2C+d reaction, broad
proton groups were observed® which cannot be explained by the excitation of residual
nucleus 13C, and Pitts et al.®) showed that these broad peaks correspond to the two—
body sequential decay 12C+d—14N*¥-13N*+n—-»12C+n+p.

We have observed a broad triton peak in the 7Li+ o reaction, and a broad deuteron
peak in the °Li+a reaction, which cannot be ascribed to a resonance in the residual
nucleus 8Be. The energy spectra of both particles (¢t and d) show strong angular

. dependence. 1In this paper the experimental results of the energy spectra are represented

and analyzed with a simple PWBA calculation. From the analysis it is remarked that
the angular distributions of tritons from the excited state of 7Li and of deuterons from
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Reactions "Li(a, t)aa and SLi(«, d)aa

the excited state of ¢Li play an important role for the formation of the broad triton
peak and of the broad deuteron peak, respectively.

The angular distyibutions of tritons leading to the ground and first excited states
of 8Be in the "Li+« reaction and those of deuterons leading to the same states of 8Be
in the 6Li+a reaction had been measured at several incident energies.®~11), From the
results at 28.2 MeV. incident energy,! 1) it was remarked that the angular distributions
show strong dependence on the final state spin of the residual nucleus. In the present
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Fig. 1. Energy spectra of tritons at 6°, 15°, and 30° (lab) from the "Li+a reaction with 29.4 MeV
alpha-particles. Typical statistical error bars are shown. The curves labelled E-CH give
the relation between particle energy and channel number. The smooth curves are the
prediction of the phase psace factor.
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experiment, in which the incident energy was 29.4 MeV, the angular distributions were
also measured and found to have a very similar structure to those observed at 28.2 MeV.

II. EXPERIMENTAL PROCEDURES
¥

A beam of 29.4 MeV alpha-particles from the Kyoto University cyclotron was used
to bombard a self-supporting SLi (99.32%) or 7Li (99.993)) target. The target thick-
ness was 0.73 mg/cm? for SLi and 0.45 mg/cm? for 7Li. Emergent particles were de-
tected with a counter telescope consisting of 50 um thick (4E) plus 1000 um thick (E)
solid state detectors of surface barrier type. The pulses from the two detectors (4E
and E) were fed into a 32 x 128 two-dimensional pulse height analyzer (ND 160), and
this procedure enables various particles to be distinguished. The energy resolution
of tritons (deuterons) ranged from 400 KeV to 500 KeV (350 KeV to 500 KeV), depend-

ing on the particle energy. More detailed experimental procedures were as described
previously.7-13) 4

>
[}]
=
l
| <
20 |- a
E
. e d
= 5
T 18 Le0 d
= ] g
~ PR
- ° o
w 16 |-
14 |-
v 1 ] 1 1 i I
0 10 20 30 0 10 20 30
Olap(deg.) - ©1ap (deg.)

Fig. 2. Angular dependence of the triton Fig. 3. The angular distributions of tritons
energy corresponding to the maximum (d%c[d2dE) at the anomalous peak
of the broad peak observed in "Li+4-« with energy of 17.2 MeV, 154 MeV
reaction at 29.4 MeV. and 12.7 MeV in the laboratory °

system.

(204)



Reactions “Li(a, {)aa and ®Li(a, d)aa

7Lita,t)®Be

c\.\. |
10— \ | | ;
| ’\¢ A " |
\ : .
0\ / \‘ /o/ \ tI

do/d® (mb/sr )
i
—=
e
\
-
-/
>
-

o o *

10 | I I I
0 30 - 60 90 120 150
e de
cm(deg) | |
Fig. 4. The angular distributions of tritons from the reactions "Li(a, ¢;) *Be,,nq and "Li(a, ¢,)%Bey,q;
at 29.4 MeV.,
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II1. RESULTS

III-1 7Li(e, t)aa Reaction. .

Energy spectra of tritons from the 7Li+ o reaction at 6°, 15°, and 30° in the labora-
tory system are shown in Fig. 1. Solid curves labelled E-CH in the figure show the
relation between triton energy (E,) and channel number. A broad triton group is
observed around E,=18 MeV, besides the two peaks corresponding to the ground state
and the first excited state of 8Be. The triton energy corresponding to the broad peak
varies with detection angle as shown in Fig. 2. The width of the broad peak becomes
larger as thg scattering angle (6,) increases, and the peak disappears at angles larger than
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Fig. 5. Energy spectra of deuterons at 10°, 20°, and 30° (lab) from the ®Li--a reaction with 29.4
MeV alpha-particles. See the caption for Fig. 1. ) :
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40°. The cross section of scattered tritons at the peak decreases rapidly at 6,=15°
to 25° and then becomes constant at angles larger than 25° as shown in Fig. 3. In the
figure are shown the angular dependence of the eross section of tritons (d20/dQ,dE,)
with energies of 17.2 MeV, 15.4 MeV, and 12.7 MeV in the laboratory system.

The angular distributions of tritons leading to the ground and first' excited states
of #Be are shown in Fig. 4. Background subtraction was made by assuming a smooth
distribution under the peak. ‘

III-2 °¢Li(e, d)aa Reaction.

Energy spectra of deuterons from the 5Li+« reaction at 10°, 20°, and 30° in the
laboratory system are shown in Fig. 5. Solid curves labelled E-CH in the figure
show the relation between deuteron energy (E,) and channel number. An anomalous
peak was observed besides the two peaks corresponding to the ground and the first
excited state of 8Be. The deuteron energy corresponding to the broad peak varies with
the detection angle as shown in Fig. 6. The yield at the peak has a maximum near
0,=10° as shown in Fig. 7. In Fig. 7 is shown also the cross section of the continuously
distributed deuterons between the anomalous peak and the peak of the first excited state
of 8Be.
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" Fig. 6. Augular dependence of the deuteron Fig. 7. The angular distribution of deuterons
energy corresponding to the maximum (d%a[dQdE) at the plateau of the
energy of the flat portion of the broad anomalous peak (labelled “Peak’) and
peak observed in the ®Li4-a reaction that of deuterons at the minimum
at 29.4 MeV. between the first excited state of ®Be

and the anomalous peak (labelled
“Background”).
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Fig. 8. The angular distributions of deuterons from the reactions ¢Li(a, d)®Be,,,q and ®Li(a, 4,)
8Bey,q, at 29.4 MeV. :
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The angular distributions of deuterons leading to the ground and the first excited
states of ®Be are shown in Fig. 8. Background-subtraction procedure was the same as
in the case of the 7Li(a, t)®Be reaction. _ .

The summed cross sections of tritons and deuterons from 0° to 90° in the center-of-
mass system are tabulated in Table L

Table I. The Summed Cross Sections (0°~90°) of Deuterons from the Reactions
8Li(a, do)8Begr g and 8Li(«a, d1)8Be1 g, and of Tritons from the
Reactions ?Li(a, t0)%Bey» ,q and 7Li(a, £1)8Ber: .

do dy to t1

0°~90° 3.1 32 68 31
(mb)

IV. ANALYSIS AND DISCUSSION

IV-1 Energy Spectra.

The broad peak observed in the energy spectra of tritons from the 7Li+« reaction
cannot be attributed to any excited state of 8Be. The particle identification was well
* performed as shown in a previous paper!3) and no similar anomalous peaks were obsery-
ed in other particles (p, d or o groups) spectra. Contaminants in the target such as
160 and !2C do not contribute in this part of the energy spectrum, because of the high
negative Q-values for the («, f) reaction. The energy of the triton group corresponding
to the excitation of the 4* state of 8Be (11.4 MeV) is much lower than that of the observ-
ed triton group. Therefore, this anomalous broad peak must be due to a mechanism
other than that leaving the residual two alpha-particles in the excited state of 8Be.

The energy of the broad deuteron peak is near that corresponding to the excitation
of the 4* state of 8Be. The deuterons from the !2C(x, d)*4N and !9O(x, d)18F reac-
tions, due to the contaminants in the target, could also affect the shape of the peak.
However, .the deuteron energy corresponding to the anomalous peak increases with
the detection angle 8, as seen in Fig. 6. This behavior cannot be explained kinematical-
ly by considering the contributions of the 4* state of ®#Be, nor of the '2C(x, d)'*N
and 160(x, d)18F reactions. Therefore, this anomalous broad peak must be due to a
mechanism other than that leaving the residual two alpha-particles in the excited state
of &Be. ,

These broad peaks cannot be accounted for with the phase space factor, as shown
in Figs. 1 and 5. Furthermore, the threshold effect!~4) cannot explain the spectrum
shape, since no reaction thresholds have been found near this energy region.

In order to explain the continuous energy spectra of alpha particles in the 6Li(°Li,
a)ae reaction,4) Garin et al. proposed a one-dimensional potential model.>> This ap-
proach cannot be applied to the present case, because the model does not explain the

_angular dependence of the energy spectra.
In order to see the effect of a sequential decay process such as

"Li+a—"Li*+a—a+1t+oa,
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- on the energy spectra of tritons, the kinematical relation of the triton energy (E,) versus

" the inelastic scattering angle in the center-of-mass system (0M) and versus the triton
polar and. azimuthal angles in the recoil center-of-mass system (§RCM, GRCM) were cal-
culated. In a previous experiment,'®) the 4.63 MeV state of 7Li was found to be
preferentially excited in the inelastic scattering of alpha-particles. Therefore, it was
assumed that the 4.63 MeV state of 7Li was excited by the inelastic scattering and then
decays into an alpha-particle and a triton. The velocity diagram and the co-ordinate
system are shown in Fig. 9. Details of the kinematical relations will be reported else-
where.

> ¥ (beam)

Fig. 9. The velocity diagram and the co-ordinate system in the "Li--a—a +a +¢ reaction.

The results of the calculated kinematical relations are shown in Fig. 10, where only
the maxima and minima of 6™ and 6RM are shown for E,, and the possible allowed
regions of ¢RCM are indicated in the figure. As seen from Figs. 1, 2, and 10, the observed
anomalous peak begins to rise up at an excitation energy near the maximum possible
energy of tritons which are from the excited state of 7Li at 4.63 MeV. This fact strong-
ly suggests the existence of the effect of the sequential decay on the anomalous peak ob-
served. ’ '

The relative cross section for the production of tritons in the laboratory system
was calculated from the assumed expression,

dN, __ S da(65M)
dEdQ, dQCH

SOFEM, GREM)-J(QIM, Q)d QM
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Fig. 10. The relation of the triton energy (E,) versus 'the inelastic scattering angle of alpha-particles
in the center-of-mass system (65%) and versus the triton angle in the recoil center-of-mass
system (8 FC¥, $RON) in the sequential decay kinematics of the "Li4-a—"Lif -+ a—a+-a+t
reaction. Only the maximum and the minimum of the corresponding #¢¥, §F°¥ and

GEOH are shown.

where A is a constant, de(0SM)/dQSM is the differential cross section of the inelastic
scattering of alpha-particles from 7Li leading to the excited state at 4.63 MeV, f(GR¢M,
@REM) is the angular distribution of tritons from the break up of the excited state of 7Li
into o+t in the recoil center-of-mass system and J(QSM, Q,) is the Jacobian for the
transformation of the solid angle in the center-of-mass system for alpha-particle detec-
“tion (dQSM) into the solid angle in the laboratory system for triton detection (d€2,),

sin OSMdOSM d pSM
sing,d0,d¢,

J(QgM, Qt) =

The integration about QRCM is performed for all allowed solid angles resulting tritons
with energy between E, and E,+ AE, in the solid angle dQ,.

The angular distribution of alpha-particles from the 4.63 MeV excitation was found
to be not oscillatory but rather flat.13)" Since the angular distribution at backward angles
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Reactions "Li(e, t)aa and *Li{a, d)aa

were not measured, we assumed the flat distribution for all angles. The angular dis-
tribution of tritons from the break up of the excited state of 7Li was calculated by a
PWBA theory, in which the contribution of the orbital angular momenta to the polariza-
tion of the excited state of 7Li (in the direction of the momentum of excited 7Li nucleus
in the laboratory system) is neglected and only the equally populated magnetic sub-
states of +1/2 and +3/2 in the initial state of the target nucleus 7Li were taken into
account,”-16) This assumption may be reasonable, since the angles of the inelastic
scattering corresponding to the anomalous broad peak region are near 180° as shown
in Fig. 10, and, therefore, the contribution of the orbital angular momentum to the
polarization of the excited 7Li nucleus is expécted to be not so large. The orbital
angular momentum between an alpha-particle and a triton in the excited 7Li nucleus
is assumed to be 3. ' (The spin-parity of the excited state is known to be 7/27.).

The Jacobian J(QSM, ©Q,) is approximately proportional to dQSM[dQRCM since the
ratio dQRM[dQ, is roughly constant for the present kinematical conditions. It was,
then, assumed that the J(QSM, Q,) is not dependent on the variable QRCM and propor-
tional to the ratio of the allowed solid angles AQSM/AQRCM resulting tritons with energy
between E, and E,+ AE, in the solid angle 4Q,.

The calculated results are shown in Fig. 11, in which the calculated spectra were
normalized at the maximum of the experimental spectra. In spite of the rather crude
approximation, the calculations reproduce the experimental energy spectra well in its
characteristic features. It is especially to be noted that the angular dependence of the
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Fig. 13. The calculated energy spectra of deuterons assuming a sequential decay,
SLi+a—SLi} s +a—a+d+a using a PWBA theory. See the caption
for Fig. 11. )
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calculated energy spectra are consistent with the experiments. This angular dependence
is mainly due to the effect of the anisotropic angular distribution of tritons from the
breakup of the excited state of 7Li into a+t.

The same discussion applies to the deuteron spectrum from the SLi+ o reaction.
Similar kinematical relations as in the case of the 7Li+« reaction, are shown in Fig. 12
for the ¢Li+ « reaction, where it is assumed that L1 is excited in the 2.18 MeV state and
then decays into an alpha-particle and a deuteron. Asin the case of the 7Li+ « reaction,
the anomalous peak begins to rise up at an energy near the maximum possible energy
of deuterons, which are from the excited state of 9Li at 2.18 MeV. The 2.18 MeV
state of SLi is preferentially excited by inelastic scattering of 29.4 MeV alpha-par-
ticles.'3

The energy spectra of deuterons were calculated using a PWBA theory in Wthh
deuterons are from the breakup of the excited state of 6Li at 2.18 MeV with a relative
angular momentum of 2.7-16)  (The spin-parity of this excited state is known to be 3*.)
The calculated results are shown in Fig. 13. The spectral shape is fairly well reproduced
by the calculation, although the maximum energy, at which the anomalous peak begins
to rise up, somewhat deviates from the experimental one. »

The detailed comparison with the calculated spectra with the experimental results
should be postponed. However, it is probably justified from the discussion presented
above to state that the observed anomalous peaks are due to the effect of the sequential
decay of the excited state of 7Li and of °Li.

a

Iv-2 Angula.r Distributions.

The measured angular distributions of tritons leading to the ground (¢,) and the
first (¢,) excited states of 8Be in the 7Li+a reaction, and those of deuterons leading
to the ground (d,) and the first (d,) excited states of #Be in the ®Li+ « reaction, have
very similar structure to those measured at 28 MeV incident energy.!!) The angular
distributions of the ground state transitions show a strong oscillatory pattern, while
this structure is smeared out in the transitions to the first excited state. The ground state
angular distributions are almost out-of-phase to those of the first excited. state transi-
tions.

Similar differences between the angular distributions leading to the ground state
and excited states have been observed for other reactions on the very light (4<12)
nuclei.’> From the experimental results, Siemssen and Dehnhard!?) remarked the
existence of the residual-state-spin dependence of the angular distributions. As suggest-
ed by them, one of the possible ways to explain this spin dependence of the angular dis-
tributions, may be to take account of the configuration mixing (f-admixture) of the ¥Bé
state. The | =3 admixture cannot be present in the transition to the ground state (spin
zero) because of the angular momentum conservation. The stripping angular dis-
tribution leading to the ground state of 8Be has been calculated in the distorted-wave
Born approximation before trying to take account of the configuration mixing for the
7Li(e, t{)®Be,,,, reaction.

DWBA calculation was performed using DWBA-2 code.!”) The optical potential
parameters used for alpha-particles are those obtained in the automatic search analysis
of elastic scattering of alpha-particles by 7Li'®, and those for tritons were chosen from
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Fig. 14. Calculate'd angular distributions of the "Li (a, #,)®Beg,nq reaction using a DWBA theory.
The experimental angular distribution is also shown (Solid circles).
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the extrapolation from other analysis in the 1 — p shell nuclei.1® Parameters of these
potentials are listed in Table 1I. The bound-state form factor for the proton transferred
to the state in 7Li was taken to be the wave function of a proton in a Woods-Saxon
potential, with a binding energy equal to the separation energy of a proton from 8Be,
The optical potential parameters for the transferred proton are also listed in Table II.
The calculated results are shown in Fig. 14. As seen in the figure, the calculated angular
distribution varies appreciably with the cut-off parameters, and the agreement between
the calculated and the experimental results is not so good as to justify further calcula-
tions for the 7Li(«, t,)®Be,,, reaction.

Table II. The Optical Model Parameters Used in the DWBA Calculations. -Energies
Are in MeV and Lengths in fm. o

V anl Vso ay ry w To

(=aw)
a+7Li 68.2 19.8 0.657 1.62 1.17 1.30
t+48Be 58.0 14.0 4.0 0.80 1.40 1.40 1.30
Bound proton 4.0 0.65 1.25 1.25

In conclusion it is suggested that the anomalous peaks, observed in the energy
spectra of tritons from the "Li+« reaction and of deuterons from the °Li+ o reaction,
are due to the sequential decay process in which the target nucleus are excited and then
decays into two particles. It seems to be particularly impprtant to take into account
the decay angular distribution of particles from the excited state for understanding the
energy spectra and its angular dependence. This point has not been relatively taken
into consideration in other studies.!9)

The spin-dependent angular distributions of tritons and deuterons from the reac-
tions 7Li(a, 15)8Bey. .4, "Li(a, t;)8Bey., SLi(x, do)®Bey, g, and SLi(x, d;)®Bey,,
were observed at 29.4 MeV in the present experiment. A DWBA calculation assuming
stripping mechanism - for the 7Li(a, ,)8Be,, 4 reaction cannot reproduce well the
observed angular distribution.
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