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Lbstract:

Uging inelastic scattering of 52 MeV deutcrons and 104 MeV

alpha-particles, cxcited states in 4He were investigated.

These reactions sclectively only excite T=0 levels. The

results are consistent with the assignments from a phasc

shift analysis of T(p,p)T and 3He(n,n)3He data. Making

assumptions about the reaction mechanism, positions and
widths for two states are extracted.



Spectroscopic investigations in “He are of particular
interest bécause one deals with a doubly ﬁagic nucleus

with a high degree of symmetry. This facilitates theore-
tical calculations and recently such have been carried

out by de Shalit and Walecka (1), by Kramer and Moshinsky (2)
and by Barrett (3). Because of the symmetry to first

order, some of the components of the nuclear foreces do

not contribute to the splittings of the exc¢ited states,

and 8o one is able to distinguish between the contributions
of the differcnt force components.

Let us consider the A=4 system. Prof. Meyerhof has just
given an excellent survey (4). Figure 1 summarizes the
information available when we started this investigation
(5,6). Por a more up to date version see fig. 15 in ref. (4).
There are the two well known excited states, the narrow O+
T=0 level near 20 MeV, and a broad state at about 21-22 MeV.
To fit the n—3He scattering data by a phase shift analysis
as done by Tombrello (7), Barrett and coworkers (8) onec
needs a state of spin and parity of 2° in this region.

As is well known all these states are unstable against
particle emission, with thresholds given in fig. 1.

The excited states c&n have a width of up to several MeV
on account of the particlé emission unstability.

Now let us first see from theorctical aspects what states
one can expect to find in the region of up to about 30 MeV
excitation. In the shell model the lowest exited states

of 4He arc one phonon excitations into the 1lp-shell. It
has been shown that seven such states are possible, namely
the four T=1 states analogous to 4Li%ﬁ%ich one expects at
the excitation energies givon in the fig. 1 minus the small
Coulomb energy difference, and further a T=0, O, 1, 2~
triplet. There will also be 1d and 2s two-pnof%% states
with positive parity. As these states are expected to

lie above the p-states., I will exclude them from the
following discussion.



Obviously the experimental situation is rather complex
as one can excite 8 states with considerable widths in
en energy interval of about 10 MeV. Additionally one has
to cope with a background arising from reactions with
more than two particles in the exit channel.

With the help of selective reactions one can reduce the
number of states excited. Deu%orons and alpha @artibles

have T=0; and so, assuming no isospin mixing, in the
inelastic scattering of aipha particles and deuterons off
4He one can only excite T=0 states. In the case of alpha _
particles there are further restrictions; because in the
entrance channel we have two identical spin zero bosons.

As the total wave function has to be symmetrical with
respect to exchange of the two alpha particles, the relative
and hence the total angular momentum in the entrance

channel can only be OF, 2%, 47 ete. As total spin and
parity have to be conserved, the O  state cannot be
excited in inelastic alpha scattering. Further the 27
cannot be excited, if the entrance channel spin is
egual to zero. This means that in inelastic scattering
the 27 state will probably be more weakly excited than
the 1~ state.

We have used the 104 MeV élﬁha and the 52 MeV deuteron
beam of the Karlsruhe Isochronous Cyclotron to investigate
the inelastic YHe( oA, ') and 4He(d,d') scattering.

In fig. 2 an alpha speétrum taken at 20° in the laboratory
system is shown. Plotted is the relative intensity versus
energy. The elastic peak is far off to the right.

One sees a continuous distribution with a broad maximum
and two bumps on the high energy side.



The solid line represents an arbitrarily hormalized

phase space distribution (9) for the t-p ahd the n->He
break up of the alpha particle. The experimental
resolution has been folded in. The intensities for

these two channels have been taken to be equal. A
deviation from this assumption will significantly only
effect the points near 20 MeV. As discussed later, for

the analysis we subtract the background from the spectra,
divide by the phase space distribution and change the
energy variable to excitation cnergy in 4He. The resulting
curves are shown in fig. 4 . ' |

The alpha-curve shows three regions of enhanced intensity;
the lowest corresponds to the 20 MeV O+, T=0 state. There
is a second peak with maximum at 21.9 MeV, and a broad
distribution peaking at 28 MeV excitation. As the 0~ state
cannot be excited in inelastic alpha-scattering, only the
27 and 17, T=0 states come into consideration. Our results
check very well with Meyerhofs assignments of a 27, T=0
state at 22.4 MeV and a 17, T=0 state at 28.3 McV based
on a phase shift analysis. To the broad distribution near
28 MeV, higher excited states, as well as the d,d and other
phase space distributions can contribute. The 2~ state is
reascnably isolated.

The 4He(d,d') spectrum for &, , = 25° is shown in fig. 3,
and the corresponding analysed curve in fig. 4. The ot
state is expected at the position indicated. In none of

the spectra taken at different angles does it show up

with appreciable intensity. Here we have a much more
prominent peak at 20.7 McV. In this case the O;, T=0

state can additionally be excited. Meyerhof places this
state at 21.4 MeV. At the end of this paper a decomposition
of this peak into a 0" and a 2 resonance is attempted.

Both reactions were measured at several forward angles.
The spectra are quite similar to the ones shown and their



features change only graduglly with angle, The energy
calibration was carriéd out by measuring the élastic-
ally scattered particieé at two angles chosen such that
they fell inté the region of interest in the above
spedtrum. The uncertainties in the primary energy and

the scattering angle enter only in second order and
make the energy calibration of the above spectra
uncertain by + 200 keV.

In what follows we attempt an analysis to see how the
spectra can be explained and to extract values for the
resonance parameters. These numbers should be treated
with all due caution on account of the theoretical
uncertainties and the approximations. Let me very
briefly discuss the reaction mechanism. We assume the
process to be sequential. In inelastic scattering an
excited alpha-particle is formed which then decays.

When only one particle is detected, the differential
cross scction leading to three particles in the final
state is given by “see ref. 9§ for instance):
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Where the sum is over the differcent breakup channels e,

?c(E1) is the phase space factor, and all constants

are absorbed into the matrix element M. We then take

M to be given by the sum of a matrix element Métat!

rcpresenting the statistical decay and describing the

pure phase space distribution and a torm Mse describing

the sequential decay. We further assume that the matrix

element Mse@ can be factored (10) into a tecrm U not

dependent on the relative energy E of the unobscrveda
particles, which describes the scattering in the absencc '

of final state interaction and an cnhancement factor D which
describes the final state interaction betweon the two
unobserved particles and which refleets resonances between
them. For the interaction between n and 3He (sce ref. 11



for instance) a general form of the matrix element is
then
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where the sums are over angular momenta 1 and the poles n.
E,, end F;n are real constants determined by the

position of the poles, E we take to be the relative
energy, and A Bln’ C1 are in general smooth functions
of E. C1 represents the potential scattering, and the

Aln represent the interference terms between the resonance
and the potential scattering as well as the fact that in
our case the Fin are not small in comparison with Eln'
Now the decay into T,p is also possible and this case is

b 3 - y
I B account of Coulomb interaection As

+l
e

more complex on aeccoun ulomb interaetion. 4As
the total width determines the analytic form of the
denominator, we shall gssume a single resonance term to
represent both n, 3He and P, T channels. As these two
channels are charge symmetric, this should be g

ré?%nable approximation below the d,d threshold. Looking

at the spectra one can tell that apart from the resonances -
both spectra are gquite well represented by the phase space
distribution, so there does not appear to be any drastic
energy dependance beyond that of the phase space distribution.
So we shall take the An’ Bn’ C to be constant, and each
resonance to be represented by a single term in equation (2).
The entire matrix element |M] 2 contains two constant

terms arising from iMstatiz and C, and the’energy dependent
term from formula (2). In this approximation part of the
interference term is neglected. In the following the
subscripts refer to the two resonances for which an analysis

is carried out.

To get a "spectrum" proportional to §M§ 2 we subtract the

experimental background from the spectra and divide by

the phase space. The resulting curves are shown in fig. 4,
plotted as a function of E referred to the ground state of



4He, and corrected for the change in variable. As expected
this afflicts the points near 20 MeV With large statistical
errors. For the inelastic alpha-curve an analysis
minimizing X° of the middle peak yiclds E, = 21.9 HeV,

M = 1.6 MeV. A,~0. [, still has the experimental
resolution folded in. To eliminate it to first ozrds¥

M= ?;Q—R? = 1.2 MV, where R is the experimentel
resolution. For the deuteron curve, using E2 and“_ré

from the alpha-data and making a fit minimizing X

with a constant and two resongnce terms, we get E1 = 20.7MeV,
rq = 1.4 MeV, and Ay = A2=>O.

As I mentioned before these numbers should be treated

with caution, on account of the uncertainties of the
theoretical interpretation and the various approximations.
As one expects only a single resonance to contribute in

reliable.



References:

1) A. de Shalit .and T.D. Walecka, Phys.Rev. 147 (1966) 763
2) P. Kramer and M. Moschinsky, Phys.Iett. 23 (1966) 574

33 B.R. Barrett, Phys.Rev. 154 (1967) 955

43 W.E. Meyerhof, Invited paper, this volume

5) W.E. Meyerhof, Bull.Am.Phys.Soc. 10 (1965) 698

6) N.A. Vliasov and L.N. Samoilov UCRL Trans - 1183

7) T.A. Tombrello, Phys.Rev. 138 (1965) B 40

.8) B.R. Barrett, J.D. Walecka and W.E. Meyerhof,
Phys.Lett. 22 (1966) 450

9) G.G. Ohlsen, Nucl. Instr.Meth. 37 (1965) 240

10) M.L. Goldberger and K.M. Watson, Collision Theory
(Wiley, New York, 1964) p. 540 ff

11) J. Humblet and L. Rosenfeld, Nucl.Phys. 26 (1961) 529



Figure Captions:

Fig. 1:
Energy level diagram of the A~4 systcm

Fig. 2:
Spectrum of inelastically scattered alphafparticles at
the laboratory angle of 20°

Fig. 3:
Spectrum of 1ne1astlca11y scattered deuterons at the
laboratory angle of 259

Fig. 4:
Differential eross sections divided by phase space
distribution as function of excitation energy in 4He
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