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Kinematically complete measurements of the 'H(a,’He p)n reaction at E, =170 MeV were made
at several *He and proton angles. Assuming an incoherent sum of different multipole contributions
in different reaction channels, it was possible to describe all measured spectra consistently, taking
into account sequential decay of states in *“He and *Li and the p-n final state interaction. The pa-
rameters used to describe the p-n final state interaction and excited states in *He are consistent with
previous measurements. Resonance energies and widths for the ground state and the first excited
state of *Li were extracted which are considerably lower than assumed so far. The measured cross
sections are in agreement with distorted-wave Born approximation calculations using folding form

factors.

I. INTRODUCTION

The A =4 system is the lightest nuclear system show-
ing a complex energy level structure.! Therefore it is
used as a testing ground for theoretical models. (See, for
instance, Refs. 2-5.)

Of special interest has been the study of isospin related
properties. From a large body of photonuclear data for
“He it was concluded® that the ratio of cross section
R=o[*Hely,p)t]/o[*He(y,n)’He] is =~1.6 for E,
=25-30 MeV. This result was interpreted as evidence
for strong isospin mixing between the J7=1" states in
“He. Recent work’ on (y,p) and (y,n) indicates, howev-
er, that the cross-section ratio might be lower. Typical
theoretical values are R =1.1 to 1.2 if only Coulomb mix-
ing is included.® The strength of an additional charge
symmetry breaking force needed to describe the
difference in photoneutron and photoproton cross sec-
tions on *He claimed by Ref. 6 is in contradiction to oth-
er measurements.” Results of the isospin mixing calcula-
tions depend strongly on the wave functions used. Mea-
surements'® of the 2H(d,p)’H reaction showed evidence
for a T=0,J7=1" state at E, =24.1 MeV in “He. Cal-
culations using the Coulomb interaction as the only
charge symmetry breaking force showed that the in-
clusion of this state increases the theoretical value of R
slightly.!! A value of R =1.6 could only be obtained by
assuming a J7=1", T=0 state with an energy closer to
that of the J"=1", T=1 state. However, the level
scheme of the T=1 states in *He is not well known ex-
perimentally. This is because generally in reactions po-
pulating states in “He isoscalar excitations are dominant.
Information on the T'=1 levels in the 4 =4 system can
be obtained by studying the levels in the “H and *Li mir-
ror nuclei. These can be reached by single charge ex-
change reactions on *“He. However, no measurements of
such reactions have been reported so far.

In the case of “H several other experiments were made
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to extract level parameters. However, the positions and
widths of the resonances extracted from these experi-
ments differ considerably. For example, a phase-shift
analysis of the elastic ¢-n scattering'? gave a ground-state
energy of Eg =3.4 MeV above the ¢-n threshold and a re-
duced width of y>=5.5 MeV. In the measurement of the
7~ +°Li>?H+*H and the 7~ +'Li—’H+‘H reac-
tions'? peaks were found in the ?H and *H spectra corre-
sponding to resonances in *“H at Er =5.2+1.5 MeV and
Ep=8.2+1.5 MeV. The analysis of the kinematically
complete measurements of the "Li(7~,t)n reaction'* and
the 'Li(n,at)n reaction'’ led to a resonance energy
Eg=2.7% 0.6 MeV and a width y?>=2.3+0.6 MeV for
the “H ground state. Finally we note that in a missing
mass measurement of the Be('!B, !°0)*H reaction a reso-
nance energy of 3.5 + 0.5 MeV was found.'®

The only source of information on *Li states until now
are phase-shift analyses of the *He-p elastic scattering,
which were reported by several authors.!” 2 Tombrello'’
found a level ordering of J™=2", 1~ (triplet), 0, 1~
(singlet) with an energy Er =4.7 MeV above the *He-p
threshold for the 2~ ground state, Egx =6.2 MeV for the
1™ first excited state and widths of y>=5.5 MeV for both
these states. These results were later questioned by Mor-
row and Haeberli.'® More recent results® for the analyz-
ing power of the *He-p elastic scattering confirmed the
level ordering, but the energies and widths differed sub-
stantially from the old values.

It is therefore important to get information on *Li
from other reactions. The kinematically complete mea-
surement of the (p,n) reaction with inverse kinematics
"H(a,*He p)n is well suited for such an investigation.
The production cross section of *Li in this reaction can
be compared with DWBA calculations for single-particle
charge exchange. Contributions from four-body final
states can be excluded. Due to the inverse kinematics a
large center of mass solid angle can be covered even with
small detectors.
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II. EXPERIMENTAL SETUP

The experiment was performed using a momentum an-
alyzed a beam from the Jiilich cyclotron with an energy
E_ =170 MeV. A 10-um-thick Mylar foil was used as a
target. The hydrogen content of this foil is 4.2% giving a
thickness of 58.4 ug/cm?. This was checked by compar-
ing the cross section of the 'H(a,*He)d reaction with
values from the literature.?!"?> The results agreed within
10%. The large enhancement in the center-of-mass solid
angle for the 'H(a,*He p)n reaction made it possible to
measure this reaction with only little background. Even
spectra taken on a 1.4-ug/cm? hydrogen impurity of a
lead target could be used for the analysis.

A velocity diagram for the final state of the reaction
p+a—*Li+n—>He+p+n is shown in Fig. 1. The re-
lationship of the measured quantities Va6 (CHE), Uiy (D),
®,,,(*He), and @,,(p) to the quantities used for the
theoretical description of this reaction, can be deduced
from this diagram. These variables are (i) the scattering
angle ®_,, of the primary reaction, (ii) the angle ® be-
tween the *Li recoil direction and the direction of the
proton emission for the sequential decay *Li—>He+p,
and (iii) the relative velocity v, and thereby the energy
E_, of the sequential decay.

To be able to measure the p(a,*Li)n reaction under a
small angle ®_ ,, by using the decay of *Li—>He+p the
detectors for the *He and the proton have to be set up at
opposite sides of the beam. Small relative angles between

— .
vlab(n), 4 .

B e
vlab(’He)

FIG. 1. Velocity diagram of the p +*He—n +*Li reaction
with subsequent decay ‘Li—>He+p. The velocities in the
center-of-mass system and the laboratory system are shown to-
gether with the angles ®_,, and ® which are explained in the
text. The relative energy E.(*He,p) can be calculated from
v, (*He,p).
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He and p correspond to small relative energies
E,. (*He,p). In our experiment the protons were mea-
sured using two AE-E telescopes consisting of a 1-mm sil-
icon AE detector and a 14-mm high purity germanium E
detector mounted under a fixed relative angle of 12° in a
cryostat. The *He’s were measured with a 1-mm silicon
AE detector and an 8-mm silicon E detector, consisting
of four 2-mm detectors which were selected to operate
with the same high voltage.

III. DISCUSSION OF THE DATA

A. General considerations

A Dalitz plot of the 'H(a,’He p)n reaction of the
phase-space section defined by ©,,,(*He)=10.5" and
Ob(p)=—14.5° is shown in Fig. 2. The kinematically
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FIG. 2. Dalitz plot of the p(*He, *He,p)n reaction of the
phase-space section defined by a detector setting of @,
(*He)=10.5° and @,,,(p)=—14.5°. The limits of the detector
acceptance are indicated by the straight lines in the two-
dimensional plot. The calculated kinematical allowed region is
given by the curved lines. Projections of the upper and lower
branches of the kinematic locus on the E; axis together with

three-body phase-space calculations are also shown.
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allowed region given by the angular acceptance of the
detectors is clearly seen. This kinematic locus is well
reproduced by calculations (curved solid lines), giving a
good check for the energy and angle calibrations.

Above and below the two-dimensional plot are projec-
tions of the upper and lower branches of the kinematic
locus on the E(°He) axis. These spectra are compared to
results of phase-space calculations which were fitted to
the data to estimate the largest possible three-body
phase-space contribution to the cross section. Especially
for the upper branch the experimental yield exceeds this

phase-space contribution considerably. This additional
J

yield has to be due to quasifree processes and/or process-
es with sequential breakup.

In the 'H(a,’He p)n reaction studied here the only
quasifree process that may contribute is the break-up of
the a particle. The quasifree cross section peaks at
®(3He)=0" with a decrease toward larger angles.”> For a
fixed angle ®(*He) the dependence on ®(p) resembles
that of a p(n,n)p reaction. These characteristics of
breakup reactions could not be observed in the data. It
can be concluded that quasifree processes do not contrib-
ute significantly. This reduces the discussion to three
different sequential processes:

p+a—>He+p,n with proton-neutron final-state interaction ,

p+a—p+*He* with sequential decay *He*—’He+n ,

p+a—n+°*Li* with sequential decay “Li* —>He+p .

Figure 3 shows the kinematically allowed region together
with the region in which events with a *He-p relative en-
ergy of 4.7 MeV (the *Li ground-state energy according
to Ref. 17) occur for the spectrum shown in Fig. 2. The
width of the calculated regions is due to the angular ac-
ceptance of the detectors. Contributions from “Li
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FIG. 3. Kinematically allowed region of the spectrum shown
in Fig. 2 overlaid with the region corresponding to a relative en-
ergy E. (*He,p)=4.7 MeV. The widths of these regions are
given by the angular acceptance of the detectors. Decay of *Li
states with E,,(*He,p)=4.7 MeV contributes to the shaded
overlap regions. For each of the overlap regions the angle @,
for the primary p(a,*Li)n reaction is given. Above the two-
dimensional plot E,(p,n) as a function of E;He and to the right

E.,(*He,n) as a function of E, is given.

I

ground-state decay can be expected to be strong where
the two regions overlap (dashed areas). The angle ®_
(*Li) of the primary p (a,*Li)n reaction which is given in
the figure is quite different at the three overlap regions.

The relative energies of the p-n system E_ (p-n) a a
function of E(°He) were calculated for the center of the
detectors and are shown at the top of Fig. 3. The cross
sections for the p-n final-state interaction peaks at small
E . (p-n). This process contributes mainly at the
minimal and maximal 3He energy to the cross section.

E, (*He-n) is shown at the right of Fig. 3. Structure
due to the decay of states in *He is only expected at small
E., (CHe-n). Due to the low center-of-mass energy of
E. .. = 34 MeV and the Q value (—20 MeV) of the reac-
tion studied here, the cross section for formation of inter-
mediate states in “He with high excitation energies is fur-
ther reduced. DWBA calculations show that the cross
section decreases linear with increasing excitation energy.
Therefore it is unlikely to see excited states at large E
and the decay of *“He contributes mainly at the maximal
possible proton energy.

So it is possible to study the effects of each process sep-
arately. This may justify an analysis of the data in which
the contributions of the different processes are added in-
coherently.

B. Theoretical cross sections

The cross section o at a point of the phase space for
any sequential process depends on the resonance form
f1(E ) of the intermediate state and the angular distri-
bution f;(®, ) of the primary reaction forming the res-
onance. Further the decay angular distribution f,(®)
has to be considered. The decay pattern is in general a
function of ®_,, as well. However, for all spectra mea-
sured in this experiment the angle ®, ,, for the reaction
leading to resonant states in “He and “Li is nearly con-
stant. So the cross section can be written as

0 =Cpfi(Eq)f2(®)3(O 1) s G.D



where p is the phase-space factor and C a normalization
constant.

The data were analyzed by comparing calculated spec-
tra with the measured spectra. To obtain the theoretical
spectra the function in Eq. (3.1) was integrated over the
phase-space region covered by the angular acceptance of
the detectors using a Monte Carlo program?* for each
possible sequential process. Where possible, resonance
forms f,(E,;) and angular distributions f,(®) and
f3(®_,,) for the p-n final-state interaction and the
sequential decay of states in *He and in *Li were taken
from previous experiments or theoretical calculations.
Parameters that could not be fixed this way were varied
until a good description of the data was obtained. For
each set of parameters the normalization constants C in
Eq. (3.1) were fitted to optimize the description of the ex-
perimental data by the sum of the theoretical spectra.
Spectra measured at different angles were fitted simul-
taneously using the same set of normalization constants.
The following sections describe the parameters used for
the calculation of the contributions of the different pro-
cesses to obtain a consistent description of the data.

1. The p-n final-state interaction

The proton-neutron final-state interaction is well
known and was measured in several experiments. Wat-
son and Migdal?>?¢ found that the cross section for the
production of a proton and a neutron with small relative
energy E ., as a function of the relative momentum of the
pair is proportional to the phase space p times the square
of the proton-neutron scattering wave function. The
latter depends on E ., and it follows:?’

(1/r,,+1/a,,+1r, k?)?
k2+(1/a,, +Lr, k*)?

2751

’ (3.2)

Os:~pP

where k is the wave number of the proton-neutron rela-
tive motion, r,, is the effective range, and a,, the scatter-
ing length of the singlet and triplet scattering, respective-
ly. With the values® a,=—23.68 fm, r,=2.5 fm,
a,=5.40 fm, and r,=1.7 fm one obtains the cross section
by taking the incoherent sum of the singlet and triplet
contributions: 0 =0, +30,.

The angular distribution f,(®) for the decay has to be
isotropic, as only the proton-neutron s wave contributes.
The angular distribution of the primary reaction
f3(@®, ) follows closely the angular distribution of the
pla,*He)d reaction.?""?* So all parameters needed to de-
scribe the proton-neutron final-state interaction are well
known and one can calculate the contribution of this pro-
cess to the spectra.

2. States in *He

In the spectrum taken at ©,,(*He) = 11.2°,
O),5(p)= —16.0° (Fig. 4) one can see a peak at E;; ~70
MeV. This peak is due to the decay of the T=1,J"=2"
state in *He with a relative energy E,, (*He-n)=~1.5
MeV. To describe this peak the resonance form
F|[E,,(*He-n)] was extracted from pion scattering ex-
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periments®® on *He. For a given state the dependence of
the measured cross section o, ) on the relative energy
E . (*He-n) is different from the energy dependence in
our experiment as the available phase space is different.
In addition the decrease of the cross section in our reac-
tion with increasing E,(*He-n) predicted by DWBA cal-
culations cannot be seen in the pion data. The function
filE,q(*He-n)] was corrected to account for these
differences.

The angular distribution f,(®) of the decay of this
state has a large influence on the measured spectra. As
this state is formed by an s—p transition, the angular
distribution of its decay is determined by the wave func-
tion of the nucleon in the p shell. From spherical har-

Erei(3He.n)

(MeV)

4He decay angle &

counts per 0.8 MeV

3He

FIG. 4. Example of different fits to a spectrum at
®,,,(*He)=11.2° and ®,,(p)=—16.0° to show the effect of the
angular distribution of the decay of the J"=2" state in ‘He. In
the upper part E,(*He,n) and the *He decay angle ® are shown
as a function of E;, . The vertical dashed line indicates the po-

sition in the spectra where the cross section for exciting the 2~
state peaks [E,,(*He)=1.5 MeV]. In the lower three parts the
contributions of this state calculated using different assumption
for the decay angular distribution are shown as solid lines (see
the text). Also shown by a solid line is the sum of all channels.
The contributions of channels which are not discussed here are
indicated by dotted lines. They can be identified by referring to
Fig. 11 which shows the same spectrum.
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monic functions it follows that a p-shell nucleon can be
emitted with a f,(®)=c, +c,sin’(®+P;) distribution,
where the constants depend on the occupation of the sub-
shells.

In Fig. 4 fits with different assumptions for f,(®P) are
shown. The spectrum generated with an isotropic distri-
bution gives a peak centered at the minimum of the
He-n relative energy (spectrum 1 in Fig. 4). This is not
consistent with the peak in the experimental spectrum
which is shifted toward higher *He energies. A similar
behavior was already seen in previous measurements of
the a(p,®He p)n reaction.’® This can be explained by a
unisotropic decay.

Use of a f,(®)=sin’® distribution with respect to the
“He recoil direction describes the measurements much
better (spectrum 2 in Fig. 4). However, the calculated
maximum is still shifted slightly in comparison with the
measured peak. The best fit is obtained with a distribu-
tion f,(®)=sin*(®+10°) (spectrum 3 in Fig. 4). Thus,
the decay pattern has a maximum nearly perpendicular
to the recoil axis.

The angular distribution f,[®, . (*“He*)] for the pri-
mary reaction was taken from DWBA calculations (Sec.
IV). For all spectra measured in this experiment the an-
gle ©,  (“He*) was ~140°. This angle changes only
slightly along the kinematic locus so that the angular dis-
tribution f3[®, , (*He*)] has only little influence on the
results of the fit.

Besides the 2~ state other higher lying states in *He
contribute to the cross section, with the largest contribu-
tion coming from the J"=1", L =1 state. However, no
clear structure due to this state was found in this experi-
ment. To estimate the contribution of the higher lying
states in “He to the background, calculations with a reso-
nance form derived from inelastic pion scattering to the
17 state” were made. The pion cross section was not di-
vided by the appropriate phase-space factor so that the
maximum of the resonance is shifted to higher
E,,(*He-n). In this way the influence of all higher lying
states “He was taken into account approximatively. The
contribution of this state to the cross section is small in
all spectra. The experimental data are not inconsistent
with an isotropic decay of this state, however, a
f>(®)=1+sin’® distribution was used in the fits, as
such a distribution described the decay of the 1~ state of
“Li best (see data discussed in Sec. III C). The angular
distribution f;=0, , (*He*) was taken from DWBA cal-
culations for an L =1 angular momentum transfer.

In one spectrum (Fig. 5) measured at ®,,, *He)=10.4°
and @, (p)=—23° the kinematic locus includes phase-
space regions with very small E,(*He-n). Using only
the “He states discussed so far, the cross section is un-
derestimated in the region of E e ~70 MeV. In analogy
to the well-known p-t final-state interaction,’! 732 (01, a*)
one might observe a similar effect above the n+>He
threshold. Assuming such an n +3He final-state interac-
tion the spectrum in Fig. 5 is well described. The addi-
tional peak is narrower than that of the p-t final-state in-
teraction because of the missing Coulomb repulsion. Un-
fortunately, the contribution of this interesting 0" state is

seen only in one spectrum. Further, the fit depends
strongly on the decay angular distribution of the neigh-
boring 2~ state. For example, a small isotropic com-
ponent for the decay of this state would fill up part of the
minimum at E;, ~70 MeV. Therefore, the parameters

describing the 0% state have large uncertainties.

C. States in *Li

The contribution of the decay of *Li states is clearly
seen on the upper and lower branches of the kinematic
locus in many spectra. The resonance form f,
[E.q(*He-p)] extracted from the data is influenced
strongly by assumptions about the angular distribution
f2(®) of the “Li decay. However, we found that use of
the resonance parameters extracted from phase-shift
analyses of the *He-p elastic scattering for the *Li ground
state!” cannot describe the data.

The resonance form is given by

P‘;/2
(Eg—y*S—E)+P¥*’

14,33

SAE )= (3.3)

with
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FIG. 5. Example of different fits to a spectrum at
Ob(*He)=10.4° and @,,(p)= —23.0° to show the effect of the
inclusion of the *He-n final-state interaction. The description is
similar to that of Fig. 4. The solid line in the lower part gives
the contribution of the 07 state in “He. The contribution from
the other channels can be identified by referring to Fig. 12.
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where F and G are the regular and irregular solutions of
the Coulomb equation calculated at a channel radius of 4
fm, 1t7hat was used to describe the *He-p elastic scatter-
ing.

Using this formula and the resonance parameters
Er=4.7 MeV, y*=5.5 MeV, and assuming isotropic de-
cay of *Li one gets a very broad distribution (spectrum 1
in Fig. 6). The description of the data is improved if an
angular distribution f(®)=sin}(®+®,) for the decay is
used (spectrum 2 in Fig. 6). Nevertheless, one obtains
only one broad maximum, whereas our experimental
spectra indicate two more narrow structures. A good
description can be obtained by assuming two states with

Erel(sHe-p)

4L decay angle ¢

25

counts per 0.8 MeV
D

3)

E (MeV)

FIG. 6. Example of different fits to a spectrum at
0,,,(*He)=10.4° and O,(p)=—11.0° to show the effect of
different fits for states in “Li. The description is similar to that
of Fig. 4. The solid line in the three lower parts of the plot gives
the contribution of the 2~ state and the dashed line the contri-
bution of the 1~ state in *Li. The relevant variables now are
E,.(*He,p) and the *Li decay angle ®. The contribution from
the other channels can be identified by referring to Fig. 8.
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smaller resonance energies Ex and smaller width y2. The
best fit to the data gave Ex =3.3 MeV and y*>=1.0 MeV
for the ground state and Ex =5.9 MeV, y2=1.5 MeV for
the first excited state (spectrum 3 in Fig. 6).

Because the energy of the ground state of “Li was
found to be much lower than expected its decay contrib-
utes significantly only to the spectrum measured at the
smallest *He-p relative angle in this experiment. Here it
has to be emphasized that the necessity of introducing
two distinct resonances does not arise alone from the
spectrum shown in Fig. 6 but from a consistent fit to all
the spectra measured, for example, of the spectrum in
Fig. 7 where only the higher lying state is seen.

The resonance parameters for the *Li ground state
were obtained using a f(®)=sin’(®—10°) decay distri-
bution. An equally good description could be obtained
using ¥2=0.5 MeV and f(®)=sin?® for this state. So,
the width y2 and the angle ®, are only roughly deter-
mined. The similarity of the decay pattern of this state
with the J7=2" state in “He suggests a 2~ assignment
for this state as well. This is consistent with theoretical
expectations.!

~_
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FIG. 7. Example of different fits to a spectrum at
®,,,(*He)=10.5° and ®,,,(p)= —14.5° to show the effect of the
angular distribution of the decay of the J"=1" state in ‘Li.
The description is similar to that of Fig. 6. The dashed line in
the lower two parts gives the contribution of this state. The
contribution from other channels can be identified by referring
to Fig. 9.
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TABLE I. Summary of parameters used to describe the resonance form f, the decay angular distri-
bution f,, and the angular distribution f; of the primary reaction for the states used in the analysis.

State [ilEL) [a(P) f3(®)
pn Ref. 27 Isotropic Refs. 21 and 22
a(2”) Ref. 29 sin®(¢+ ) DWBA calculations
a(l™) Ref. 29 1+sin%¢ DWBA calculations
*Li(27) E,=3.3 MeV, y*=1.0 MeV sin?( ¢+ ) DWBA calculations
*Li(17) E,=5.9 MeV, y?*=1.5 MeV 1+sin’¢ DWBA calculations

The first excited state of *Li was observed under
several different kinematic conditions. The yield for this
state may be described using an isotropic decay (spec-
trum 1 in Fig. 7). However the fit is improved slightly,
when a f,(®)=1+sin’® distribution is used (spectrum 2

in Fig. 7). From phase-shift analyses and theoretical cal-
culations it follows, that this state has spin and parity of
J7™=1". Because of the larger number of combinations
possible for the coupling of L=1,S=1to a 1~ state the
angular distribution should be more isotropic, consistent

®1ab(3He): 10.40, ®1ab(p)=— 11.0°
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FIG. 8. Projections of the upper and lower branches on the E3He and E, axis for an experimental spectrum. The different curves

show the calculated contributions of different states to the spectrum. p-n final-state interaction—solid lines. 07 state in *He—
dotted lines. 27 state in “‘He—short dashed lines. 1~ state in “He—very short dashed lines. 2 state in “Li—long dashed lines. 1~

state in *Li—very long dashed lines.
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with our observation.

On the upper branch of the kinematic locus “Li is seen
with small ®_ , (*Li) whereas on the lower branch @
(*Li) is large (Fig. 3). Therefore the angular distribution
of the primary reaction is essential for the ratio of cross
sections on these branches. The angular distributions
calculated in the DWBA (Sec. IV) describe the ratio of
cross sections on the upper and lower branches quite
well.

D. Summary of experimental results

In Figs. 8-12 the fits to all measured spectra are
shown, sorted according to increasing relative angle
©,.(*He-p). Projections of the *He-p coincidence spectra
on both the E He and on the E‘D axis are shown, as some
features can only be seen in one or the other projection.

As was discussed above, the sensitivity to ‘L decay

®4p(3He)=10.5°,

with small E ,(*He-p) is decreasing with increasing
®,,(*He-p), so that the “Li ground state contributes
significantly only in the spectrum measured at
®,.(*He-p)=21.4° on the upper branch of the kinematic
locus (Fig. 8). In the spectrum measured at
®,.(*He-p)=33.4° contribution to the cross section is
small for all “Li states (Fig. 12).

The description of the data is generally good. There
are quite large differences between data and calculated
distributions at the minimal and maximal energies in
each spectrum [e.g., the *He spectra at E(*He)=~110
MeV in Fig. 12]. These are due to uncertainties in plac-
ing the cut between upper and lower branches of the ki-
nematic locus. However, the corresponding phase-space
regions are much more sensitively described in the spec-
tra of the other particle. As the descriptions of these
spectra in the relevant energy region are good [e.g., the
upper branch of the proton spectrum at E(p)~20 MeV
in Fig. 12], all the cross sections are satisfactorily de-
scribed.

@) ,p(p)=—14.5° 1

7 3He spectrum
. upper branch

b lower branch

counts per 0.8 MeV

proton spectrum l
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FIG. 9. Same as Fig. 8 for different angle setting.
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In Table I the best fit parameters are summarized. It is
possible to deduce cross sections for each process by in-
tegrating the function in Eq. (3.1) over the whole phase
space. This procedure has of course large uncertainties,
as the validity of the parameters in Table I was only test-
ed for a limited number of angle settings. Different as-
sumptions for the angular distributions of the decay
f2(®@) or the primary reaction f;(®, ) were found to
change the extracted cross section up to 40% for some of
the states without changing the quality of the description
of the measured spectra. The largest uncertainties exist
for the states in the a particle as they were only measured
with large ®_ .

In the case of the p-n final-state interaction a different
normalization constant had to be used at two angles.
This may be due to uncertainties in the angle setting of
the detectors; a change of 0.1° in the position of a detec-
tor gives a change of 0.1 MeV in the p-n relative energy.
As the cross section of this process falls off fast with in-
creasing E (p-n), uncertainties of +0.3° in the position

@5 (SHe)=12.2°,
|

of the detectors give the observed deviation of £30% for
the normalization constant. The mean value of
0,., =0.53 mb/sr found for the p-n final-state interaction
is in excellent agreement with values extracted from the
a(p,*He)pn reaction.?!?

Figure 13 shows the total cross section extracted for
states in *He populated in “He(p,p’) with subsequent de-
cay into the *He-n channel and the total cross section ex-
tracted for states in *Li populated in *He(p,n). The fall-
off of the cross section at higher excitation energies is
influenced strongly by the limited free energy of =14
MeV available in the three-body final state. For *He the
2~ and 1~ distributions are consistent with other data.?’
In addition, the dotted line gives our estimate of the yield
of the n-*He final-state peak.

For “Li the resonance energies and widths of the 2~
ground state and the 1~ first excited state are much
smaller than the resonance energies and widths found in
3He-p elastic scattering.!” Because the experimental cross
section for the excitation of these states was not integrat-

®1ab(p)=— 14.80

i 3He spectrum
upper branch

proton spectrum
upper branch

counts per 0.8 MeV
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FIG. 10. Same as Fig. 8 for different angle setting.
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ed over the whole decay angular distribution, interference
between the 1~ and the 2 states is possible. This in-
terference was neglected in the analysis. However, it is
unlikely that this can explain the large deviation for the
level parameters observed.

IV. DWBA CALCULATIONS

The angular distributions f3(®, ) of the *He(p,p’)
and the *He(p,n) reaction were calculated in a micro-
scopic DWBA using folding form factors** for the s —p
transition as discussed below.

The recoil corrected wave function u; used to describe
the s-state nucleons was calculated using a Woods-Saxon
potential with a radius of R =v'3X1.25 fm for the real
and spin-orbit part. The depth of the spin-orbit potential
was fixed at 6 MeV and the depth of the real part was
chosen to reproduce the binding energy of B, =20.5
MeV.

®1ab(3He)= 1] 1.29,

As a nucleon in a p state of the 4 =4 system is not
bound, it is not possible to calculate a wave function u,
for this state in the way described for the s state. There-
fore different types of wave functions were used.

1. Harmonic oscillator wave function. The parameters
of the potential were chosen so that the 1s-wave function
reproduced the rms radius of the a particle of =~1.45 fm.
The rms radius obtained for the p-wave function was 1.87
fm.

2. Unbound wave function taken from calculations of
the elastic *He-p ~cattering. To obtain a normalization,
the scattering wave function was cut at the first node.
For calculations of *He-p elastic scattering at 5 MeV the
wave function has a very large rms radius of about 5.4
fm. As the first node is pushed to larger radii as the
SHe-p energy decreases the rms radius obtained for the
wave function is even larger for smaller *He-p energies.

3. Resonant wave function. Here it is assumed that
*Li can only be formed, when the wave functions of ’He
and the proton overlap (proximity approximation). As a

®1ab(p)=— 16.0°
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FIG. 11. Same as Fig. 8 for different angle setting.
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realistic value for the rms radius of the p-state wave func-
tion one can assume the sum of the rms radii of *He (1.65
fm) and the proton (0.8 fm). A wave function with such
an rms radius of 2.47 fm was obtained by folding an un-
bound wave function (as described in Sec. III B2) with a
Gaussian cut off. A similar wave function was used for
“He.

Using such wave functions for 4, a form factor F(r)
was calculated with an effective nucleon-nucleon interac-
tion v(r—r;); here r is the distance between projectile
and target center of mass and r; is the position of the ith
target nucleon. For the effective interaction a Gaussian
shape with a range of 1.68 fm was used:

F(n=V{ [vlr—r,Duy(r)u,(x,)rkdr; . 4.1)
The depth of the interaction potential of V;=16.9 MeV,
Vi=8.7 MeV, ¥9=7.0 MeV, and V}=7.1 MeV was
taken from a potential family that has been applied suc-
cessfully to different scattering systems.>*33

Similarly, folding potentials were obtained for the
description of the entrance and exit channels using the
formula

Uope (M =4V, [ ot —1,Dul(r,)rldr, 4.2)
for the entrance and
Uon(r) =3V, f v(|r—r;|ul(r;)ridr,;
+Vo [vlr—r,DuXr)ridr, 4.3)

for the exit channel.

For the entrance channel the procedure could be
checked by comparing measurements of the elastic p-a
scattering at E, =31 MeV (Ref. 36) with calculations ob-
tained with potentials given by Eq. (4.2) (solid line in Fig.
14). At forward angles the calculated cross section de-
scribes the data quite well. Only the first minimum at
=~ 10° is too low in the calculation. For larger angles the
calculation underestimates the cross section. This is ex-

®lab(3He)=1O.;1°, ®ap(p)=—23.0°
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FIG. 12. Same as Fig. 8 for different angle setting.
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TABLE II. Comparison of the cross section o, calculated
with DWBA and the measured cross section o, For the
“Li(17) state the first number for o, gives the cross section for
the triplet state only, the number in parentheses the sum of trip-
let and singlet cross section.

State O theolMb/ST) O cxp(mb/sr)
a(27) 0.95 0.72
a(l™) 0.27 0.34
“Li(27) 0.26 0.18
“Li(17) 0.14 (0.55) 0.36

pected since exchange terms were not included in our cal-
culation.

Calculations were also performed using a complex
effective interaction. Here the imaginary potential part
was adjusted to fit the forward angle *He-p elastic scatter-
ing. A reasonable description could be obtained only by
changing the real part of the potential to V,=20 MeV
with an imaginary potential depth V;=5 MeV (dashed
line in Fig. 14). This gives a good fit to the forward angle

cross section of states in 4He

3.0
] ot state
a) — 27 state
--- 17 state
% 2.0
= ]
N ]
"Q B
C
1.0
b B
0.0
0 15
Ere)(PHe,n) (MeV)
cross section of states in 4Li
2.0
1 — 27 state
: b) --- 17 state
—~ 1.5
> ]
D)
=
~
£
)
15

Epe1(SHe,p) (MeV)

FIG. 13. (a) Cross section of the states in *He as a function of
E..(*He,n). (b) Cross section of the states in *Li as a function
of E.4(*He,p).
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3He,p elastic scattering at E,=31 MeV
p P

10005
Vy=16.9 MeV, V;=0.0 MeV

—————— V=20 0 MeV, V;=5.0 MeV

100

(mb/sr)

FIG. 14. Comparison of the angular distribution of the elas-
tic *He+p scattering with optical model calculations using the
folding type potentials described in the text.

data; however, the dropoff of the cross section to large
angles is too large.

Figure 15 shows the results of the *Li calculations. It
was found that the shape of the angular distribution is
nearly independent from the assumptions for the wave
functions and the effective interaction. However, the ab-
solute cross section decreases strongly with increasing
rms radius of the p-state wave function. Further, the in-
troduction of an absorbitive imaginary potential also
reduces the cross section.

For the calculation with the real effective interaction
(used in many systems**3%) and an rms radius of 2.47 fm
for the p-state wave function, which appeared to be most
realistic, absolute cross sections for different L =1 excita-
tions in *“He and *Li are compared to the experimental
data in Table II. The value given for the 1~ states refers
to the triplet state, in case of *Li also the sum of triplet
and singlet states is given.

For the states in “He two decay channels are open. Be-

4He(p.n)4Li, L=1 angular distribution

1000

V=169 MeV, V,=00 MeV
------ V=200 MeV, V;=5.0 MeV

100

o (rel. units)

FIG. 15. L =1 angular distribution for the *He(p,n)*Li reac-
tion using different assumptions for the p-state wave function
and the effective interaction as described in the text.
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side the He-n channel measured here, this state may also
decay into the p-t channel. So, experimentally only about
half of the cross section is seen. Considering this, the ex-
perimental cross section for states in “He is larger than
expected, while the experimental cross section for “Li is
smaller. This can be explained if a slightly larger radius
for the p-state wave function in *Li is assumed than in
“He. This might be due to the larger Coulomb repulsion.
Considering the larger uncertainty in both the experi-
mental and theoretical values the agreement is good.

V. CONCLUSION

In this paper we report the first measurement of the
(p,n) charge exchange reaction on “He populating levels
in *Li using a kinematically complete measurement of the
p(a,’He p)n reaction. Whereas the level parameter of
states in *He and the p-n final-state interaction that are
observed in the same reaction, are consistent with previ-

ous results, we find level energies and reduced widths for
“Li states, that are considerably lower than assumed so
far.

The cross sections for the *“He(p,p’) *He* and *“He(p,n)
%Li reactions are compared to folding model DWBA cal-
culations. Within the experimental and theoretical un-
certainties the full particle-hole strength is seen for both
*He and “Li. This shows that our results for these nuclei
are compatible with each other and support the *Li level
parameters extracted from this experiment.

However uncertainties remain because of the low
center-of-mass energy available for the reaction which
limits the possibility to observe structure at higher excita-
tion energies and because of the dependence of the ex-
tracted level parameters on assumptions made about the
decay angular distribution of the resonant states. A
direct measurement of the neutron in the *He( p,n) “Lire-
action at intermediate proton energies would eliminate
these uncertainties.
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