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FIG. 2. The experimental excess cross section (see Ref. 6) over the theoretical giant dipole tail compared with
the theoretical quadrupole absorption cross section (full curve).

possibly be due to the vibrational giant dipole
satellites predicted at about these energies (see
the lower part of Fig. 1). In fact, it has been
shown’ that the escape widths of the giant dipole
satellites can vary quite appreciably. Neverthe-
less, more experimental evidence is necessary

Table I. The various parameters for the Sn isotopes.
7Q 4 and 22, denote the unperturbed giant dipole and
giant quadrupole energies, respectively. Zw is the en-
ergy of the first 2* surface phonon, §, is the mean de-
formation, and I'p and I'p are the assumed widths of
the giant dipole and giant quadrupole resonances, re-
spectively. @ is the parameter for the effective mass.

Spits
79241=15.6 MeV I'p=4.8 MeV
hw=1.230 MeV a=0.2 T'o=2 MeV
Bo=0.116
R§2,=25.0 MeV

Spizd
ny=15.2 MeV I'p=4.8 MeV
hw=1.131 MeV a=0.2 I'p=2 MeV

ﬁ 0= 0.108
BQ2,=24.4 MeV

to confirm the interpretation of this structure as
quadrupole giant resonances. The electron exci-
tation of these resonances in medium heavy nu-
clei should be especially valuable.®
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SINGLET DEUTERON EMISSION IN A (He®,d) REACTION DESCRIBED
BY DISTORTED-WAVE BORN APPROXIMATION

W. Bohne, M. Hagen, H. Homeyer,* H. Lettau, K, H. Maier, H. Morgenstern, and J. Scheer
Hahn-Meitner-Institut fiir Kernforschung Berlin, Sektor Kernphysik, Berlin-West, Germany
(Received 29 December 1969)

Emission of singlet deuterons was observed in the reaction B!’ (He?, 4)C!! by studying
neutron-proton correlations. The resulting angular distributions are very similar to
those of triplet deuterons and can be described in distorted-wave Born approximation
assuming the @ to behave like a single particle.

The mechanism of a nuclear reaction yielding
three particles may be dominated by final-state
interaction between two of them, which in the
case of the neutron-proton system leads to an en-
hancement of the cross section at small relative
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energies, related to the existence of a bound
state (-2.23 MeV, triplet, S=1, T =0) and an
antibound state (-0.06, singlet, S=0, T =1,
sometimes erroneously referred to as a resonant
state). The singlet interaction being dominant at
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vanishing energies, for such a correlated nucleon ddEo 1
pair the term singlet deuteron (4) was coined.’ [Coum:j
Various authors discussed the use of such a 100

“particle” as a spectroscopic tool.? A prerequi-
site for this is the quantitative understanding of
reactions yielding such pairs. 10
Experimental evidence that such a process oc-
curs at all has been rather scarce, however. On-
ly Cohen et al.* observed (p,pn) reactions on
various nuclei which they interpreted as (p,d)
reactions. In this paper we present evidence for
a (He®,d) reaction leading to different states of
the final nucleus and compare it with the parallel
(He®,d) reaction. It is shown that both reactions
can be described surprisingly well in a consis-
tent manner by a simple distorted-wave Born ap- 100
proximation (DWBA) calculation, assuming both
neutron-proton systems to behave as individual
entities within the optical potentials of the nucle- 10
us, differing only in spin and isospin in the two
cases. |
We irradiated a B target (enrichment 96 %)
with 8-, 10-, and 11-MeV He?® particles and ob-
served neutron-proton coincidences, detecting $n=4p
the protons by a solid-state detector telescope |l”|]|| [ Iﬂr | I“‘”‘ |1
““ i
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and neutrons by a liquid scintillator placed 30 cm ”||

behind it. In a two-dimensional array we regis- I_Ih

tered the proton energy and the neutron time of o 10 Ep[Mev]

flight, using the telescope pulse as a start sig- FIG. 1. Neutron-proton coincidence spectrum from
nal.® Coincident events were located on three B!%(r,np)C!l. Solid angle spanned by neutron and pro-
kinematic plots, corresponding to transitions to ton detector: 2.6 x1072 and 8.7x 10~ sr, respectively.
states in C*! at 0.00, 4.31, and 6.49 MeV.* Apart. Solid line: result of final-state interaction in effective-
from a few events corresponding to sequential re- range approximation. Incoherent superposition of sin~-

actions BX°(He®, n)N2(p)C!! and BlO(HeS,p)Clz (n)C18 glet plus triplet scattering in the statisticel ratio 1:3.
At small relative energies singlet scattering is pre-
dominant. The detection efficiency of the neutron de-
tector (cf. Ref. 3) has been taken into account. Note

on each plot we observed a broad continuum
peaked at zero relative energy. Figure 1 gives

examples obtained with both detectors placed at two sequential reaction lines.
15° or 12.5° to the incoming He® beam at differ-
ent incident energies. Similar spectra were ob- decreased with increasing relative angle between

tained at other common angles. The continuum I the neutron and proton detectors (bottom). The
solid lines represent the function

w? -(l a;’ 3 2 > (E,)
P\T%a 2+ (1-3FPar.? "4 Rag+ (A—Fapy))P r)

where k =relative momentum; a=scattering length; » =effective range; s =singlet; ¢ =triplet, p =phase-
space factor; E,=proton energy. This is expected to govern the final state interaction in the effective
range approximation® and was transformed to a function of the proton energy taking into account also
the neutron detection efficiency. The excellent agreement shows that the description in terms of final-
state interaction is appropriate. We transformed these spectra into functions of the relative energy

E ,p and then used the peak height at E,, =0 as representative for singlet deuteron emission, this quan-
tity being the most reliable one. We then plotted this value as a function of the common neutron- and
proton-emission angle and for three final states in C*! [Fig. 2(a)]. Also shown is the simultaneously
measured distribution of bound triplet deuterons [Fig. 2(b)]. The cross-section scale for the latter
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was obtained by conventional means. From this, the scale for the other reaction was obtained by us-
ing the fact that the same detection efficiency and solid angle applied for the protons as for the deuter-
ons and taking the solid angle of the neutron detector and its detection efficiency into account. The
general similarity of Figs. 2(a) and 2(b) suggests that a similar reaction mechanism is effective for
singlet- and triplet-deuteron emission. A consistent description in DWBA was tried in the following
way.

For the triplet deuteron emission the (7,d) cross section is’

20a,)- %ﬂz%}wdﬂm(ﬁdn%wd): N, ¥(,)G.

kg4, kB, are the momenta of deuteron and He®, respectively; p is the final-state density; W ,* describes
the decomposability of He® into d and p,' and lMdlz the reaction proper. Apart from a transition
strength G related to the overlap of initial and final nuclear states and a constant N;~W,* the cross
section is calculated by a DWBA code JULIE” as o” ",

In an analogous way we write for the emission of a neutron-proton pair with relative energy E,, =0
at common angle 6,=0,, with phase space factor p(En!J =0),

d3o 2T Ly, 5 3 > = o Nz
dQ”dedEﬂp(Enp=0) (en”ep)—ﬁz k‘r Wcr (knp —O)IMd‘(kd—ZRH—ka)| p(bnp “O)

We now make the assumption that the two M functions are essentially equal, thus enabling the descrip-
tion of the singlet deuteron emission by the standard o”%:

|M@(§d)|2 :CliMd(Ed)lz = Clp‘I(Ed)[lMd(-I::d)Izp(Ed)] zclp—l(Ed)O'Dw(Ed)G-

The prime denotes replacement in the DW code mb PEP T T

of the @ value of the (7,d) reaction by @-2.23 sr2MeV (40,00 pdEppl Enp=0)

MeV referring to the (7, d) reaction. Hence, -
d3c

dQ,dQpdE ,,(E ,, = 0) 0.0.372-

Lorppa 1oy

=CW2(k,, =0)p(E ,p=0)p "HE ;)0 Mk y)G.

Inserting the expressions for the p’s, we obtain " *¢ {'305'5/2_ i
d’c 1/2,.4DW,
d9,d,dE , ,(E ,p = 0) =Coll 207 ()G 10 T
6.49,772° F
In this expression the quantity C, was adjusted to ]
match the measured ground-state transition at
the maximum of the angular distribution [Fig. 9'0 oom

FIG. 2. Angular distribution of (a) singlet deuterons
and (b) triplet deuterons. Solid lines: DWBA calcu-
lations, with parameters (notation of Ref. 7; energies
in MeV, lengths in fm) as follows: For B0+ He3,
V=140, V,,=6, W=30, W’ =0, ,=1.20, a=0.83,
7y =2.15, @’ =0.3 (Ref. 8). For C''+d @): V=118,
Vio=5.8, W=4.82, W' =0, 7,=0.895, ¢=0.902, 7
=1.62, @’ =0.775 (Ref. 9); bound state, 7(=1.25, a
=0.,65, A=25. The fits are normalized at the peak of
the respective g.s. transition. The ordinate scales
are consistent for both figures within 20%. Error of
the absolute calibration: 15%. Part of the apparent
cross section for B!(r,d)C1(6.49) might be due to
c!2(r,&)N13(0.00). The well resolved respective (r,d)
reactions allowed a correction, yielding the open cir-
cles for the former transition.
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2(a)]. No further adjustment was made; the rela-
tive transition strengths G for the excited C**
states were taken from the respective (7,d) reac-
tion. The shape and relative strengths of the dif-
ferent transitions are nicely reproduced; the dif-
ference in relative intensity for the different
states in the (7,d) and (7,d) reactions thus are
seen to be purely kinematic in origin, as less
kinetic energy is available in the & than in the d
case. Thus it may be concluded that the (T'=1,S
=0) deuteron emission is a real process that can
safely be described by DWBA with respect to
shape and relative strengths and thus may be
used as a new spectroscopic tool. On the other
hand it is seen that for a comparison of reactions
yielding d and &, as in Ref, 1, a DWBA treatment
is essential. To reproduce the measured cross
section absolutely a theory on the “normalization”
of the DWBA cross section is required that in-
corporates the decomposability of He® into p and
d, analogous to the works of Bassel,'® Rook,"
and Lim'? for the (He®,d) case. It is hoped that
such a theory (which is beyond the scope of this
paper) will show quantitative consistency of the
DWBA treatment also for emission of unstable
particles.

Valuable discussions with R. Huby and F, Sich-

elschmidt are gratefully acknowledged.
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ments for doctorate in science.
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PION- EXCHANGE DOMINANCE IN THE REACTION pp —~nA**(1236) AT HIGH ENERGIES*

Z. Ming Ma, G. A. Smith, R. J. Sprafka, and G. T. Williamsonf
Department of Physics, Michigan State University, East Lansing, Michigan 48823
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The charge-exchange reaction pp —nA**(1236) has been systematically analyzed up to
24.2 GeV/c to test the concept of dominance in the ¢ channel by high-lying Regge trajec-
tories at very high energies. The results provide clear evidence for no more than pion

exchange up to the highest momentum studied.

For a reaction in which the exchange of several
Regge poles is allowed, it is expected that the
high-lying trajectories will dominate at very high
energies. Specifically, for a reaction which is
mediated by the exchange of a single Regge pole,
the differential cross section may be written as

do/dt ~F ()P 2*®~2 (1)

where P; is the incident beam momentum, af(t)
is the trajectory, and F (t) contains the propaga-
tor and residue functions. The differential cross
section at low ¢ then varies as P;2*(®72, There-
fore, the greater the value of «(0), the slower
will the differential cross section fall with in-
creasing incident momentum. A sensitive test of
the notion involves the examination of charge-ex-

change reactions for which the exchanges of the
m and p (and heavier charged trajectories) are
allowed. If a reaction is dominated by pion ex-
change, the cross section will be expected to fall
as P; "%, whereas a less rapidly falling trend in
the form of P; ! will be indicative of a p exchange.
In this paper, we present the results of such a
test using the reaction pp -~ nA**(1236) from 13.0
and 24.2 GeV/c. To our knowledge there has
been no systematic study of a single quasi-two-
body reaction covering such a wide range of mo-
menta above 10 GeV/c. Measurements of the re-
action pp -~ pA™ have been performed up to 15
GeV/c using counter, spark-chamber methods
incorporated into a one-arm proton spectrome-
ter.! In these experiments, the outgoing detected
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