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Comprehensive Calculations of the (~+,K+ ) Reaction on '2C
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The results of comprehensive distorted-~ave impulse-approximation calculations are presented
for the reaction t2C(sr+, K+)+2C and compared to recent experimental data. The calculation in-
cludes scattering from bound states and resonances plus quasifree scattering in one consistent for-
malism. The features of the data are reproduced by the calculation, and these features are identi-
fied ~ith underlying shell-model configurations.

PACS numbers: 25.80.Hp, 21.80, +a

The (7r+, K+ ) reaction has been suggested as an ex-
cellent means of obtaining hypernuclear structure in-

formation which is complementary to that obtained by
(K, n ) .' Whereas the elementary reaction K + n

n + A possesses a magic momentum at which no
momentum is transferred to the lambda, the reaction
n+ + n —K+ + A transfers 300-350 MeV/c of
momentum at typical n+ energies. The (n+,K+)
reaction will, therefore, preferentially excite high spin
states at 0', while the (K, m ) reaction preferential-
ly excites 0+ states at 0' on nuclei with 0+ ground
states. By combining the results of both reactions, one
can obtain a more complete spectrum of natural-parity
states and add to the knowledge of the AN interaction.

The first observation of A-hypernuclear structure
via (m+, K+ ) was reported in a recent Letter. 2 Pions
with momentum 1054 MeV/c were incident on a '2C

target producing z~C. The resulting spectrum showed
a sharp feature for the &~C ground state, a sharp
feature near A threshold, and a large quasifree region.
The presence of a large quasifree region has generally
made identification of states and extraction of strength
more difficult. Theoretical guidance is limited because

hypernuclear states are generally calculated in a shell
model, while the quasifree scattering is generally cal-
culated in a Fermi-gas model. 4 Efforts to combine the
processes in one calculation have normally required
abandoning the sophistication of the shell model, e.g. ,
realistic interactions and configurations free of center-
of-mass excitations. However, in this Letter the
results of a calculation for t2C(~+, K+ )A2C are
presented in which bound states, resonances, and
quasifree scattering are all treated in one consistent
formalism, while retaining the virtues of the shell
model. The features of the experimental spectrum are
then interpreted in terms of the shell-model configura-
tions.

The formalism employed in this Letter is that of the
recoil-corrected continuum shell model (RCCSM).5 6

The RCCSM generates hyperon wave functions in
terms of internal coordinates by solving the transla-
tionally invariant Hamiltonian

H=H„„+p„/2m+ X Aw
—T,

I-1
To accommodate this coordinate system the distorted-
wave cross section is given by6

do/dQ = [jt] i X (2n/Ifc) (kf/'ki)(o& ~Ax~s/&) I Ta I',
M]Mf

where

Tl = g,„x) '[(M„/M~)r „]+~(X)t(r, r„)4—„(X)x,'+'[r „]dXd'r „,

ji is the initial nuclear spin, [j;]= 2j, + 1, A denotes
the target nucleus, Bdenotes the hypernucleus, the ~
are total energies in the meson-nucleus center-of-mass
system, S'/ is the total meson-nucleus center-of-mass
energy, and X is the set of internal baryon coordinates.
In obtaining Eq. (2) it was assumed that the kaon is
created at the same point that the pion disappears.
The distorted waves, x, were obtained from local po-
tentials which were generated6 by folding the elastic r

matrices of Martin~ and Davies, a

U(1) = (2m. ) 'JI p(q) r(q)exp(iq r)d'q. (3)

The results of elastic calculations are shown in Fig. 1

as compared with the data of Marlow et a/. 9'o The
transition operator in Eq. (2) is taken as the elementa-
ry r matrix from the partial-wave analysis of 7r +p

K + A by Wagner and Lovelace. " The elementary

1986 The American Physical Society



VoLUME 57, NUMBER. 9 PHYSICAL REVIEW LETTERS 1 SEpTEMBER 1986

IQ

~ IQ
E

0
I IQ

IQ

—IO' .6
C'

b
IO

20 IO -fo -30

-I
IQ

-2
~ I ~ I ~ ~

0 I0 20 30 40
8 c.. m. (deq)

-I
IO

IO
0

I I I

IO 20 30 40
8 c.m. (deg)

FIG. 1. Comparison of calculated elastic cross sections
with the data of Refs. 9 and 10. Solid line is without Fermi
averaging of elementary amplitudes; dashed line is with Fer-
mi averaging.
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amplitudes are averaged over the momentum distribu-
tion of the struck nucleon.

Above lambda threshold the double-differential
cross section is given by'2

5

\

I

I

I

~/

i

lf,

8cfff = l6.7

where p, , is the lambda reduced mass, Ic, is the A

asymptotic relative momentum in channel c, do& /

dO is a fictitious distorted-wave cross section in the
form of Eq. (1), calculated for lambda wave functions
with flux ~, in channel c. The index c stands for aJ,jl
with J, and j coupled to Jq, where J, is the angular
momentum of a possible core state, I and j are the
lambda orbital and total angular momentum, and ~
represents other quantum numbers which are neces-
sary to distinguish core states. Because the sum in Eq.
(4) is over all possible ways for the lambda to exit
from the nucleus, scattering from resonances and
quasifree scattering are included in the calculation.

The structure of +2C is calculated as in Ref. 6 with
the interaction of Halderson and Ning. '3 This interac-
tion includes central, spin-spin, symmetric spin-orbit,
and tensor components. The core states of "C, which
were included in the calculation, are ( —', )~ (0.0), —,

'

(2.0), —,
' (4.319), and ( —', )2 (4.804). The wave

I'unctions used to describe the states of "C and '2C are
those of Cohen and Kurath. ' The resulting „'2C states
provided very good fits to existing '~C(K, n )„'2C
data.

The calculations described above are compared in
Fig. 2 with the experimental spectra (histogram) of
Ref. 2. The normalization of the data was determined
from the extractions of peak strengths presented in
Ref. 2. The calculation (long-dashed line) has been
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FIG. 2. Comparison of the data of Ref. 2 (histogram)
with the calculation (long-dashed line). The calculation has
been folded with a Gaussian of width 3.5 MeV and has been
multiplied by 3.8. The short-dashed line is the assumed
background which was added to the calculation.

folded with a Gaussian of width 3.5 MeV to simulate
detector resolution. Comparison with the data should
apparently be made only for B(, ) —15 MeV as the
spectrometer acceptance becomes limited above that
energy. 2 The calculation clearly displays the features
of the data, with the ground-state and 11-MeV peaks
plus the large quasifree region. Two discrepancies dis-
tinguish data from calculations. First, the calculated
ground-state peak is —2 MeV low. This is thought to
be due to the neglect of the three-body ANN interac-
tion. Second, the calculation has been multiplied by a
factor of 3.8 in Fig. 2. The need for this factor may be
in part accounted for by the 30'k normalization uncer-
tainty in the data, but its most probable cause is the
choice of elastic potential. The choice used in this pa-
per is very similar to that employed by Ludeking and
Walker' for their (m+, K+ ) calculations, and produces
pure particle-hole cross sections almost identical to
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FIG. 3. The calculated 1' double-differential cross sec-
tion. Above A threshold the solid line is 2+ strength,
short-dashed line is 3 strength, dot-dashed line is 1

strength, and long-dashed line is the sum.

those of Ref. 1. These impulse-approximation poten-
tials differ considerably from best-fit potentials. 9' In
fact, reasonable fits to ground-state and 11-MeV peaks
were obtained in Ref. 2 by use of best-fit elastic poten-
tials.

The theoretical prediction in Fig. 2 can now be
dissected to show the spin-parity contributions. This
analysis is demonstrated in Fig. 3 where the 1'
theoretical spectrum is shown with no folding. States
below A threshold are shown as vertical arrows. The
solid line is the 2+ contribution above threshold, the
short-dashed curve is the 3 contribution, the dot-
dashed curve is the 1 contribution, and the long-
dashed curve is the sum of all contributions.

In Fig. 3 one can see the bound 1 (13.22) and 1

(11.05) states which comprise the ground-state peak in
the data. The excited-state peak in the data, as sug-
gested in Ref. 2, is found to be composed of two
bound 2+ states and one narrow 2+ resonance. The
main contributor to the quasifree region is from 3
strength. The dominant configurations of underlying
3 levels are (( —', )i d3i2(A)) and ~( —', )i
8 dsi2(A) ). The lambda escape widths of these lev-

els are 15-18 MeV. This, of course, produces the
featureless 3 spectrum seen in Fig. 3.

The 2+ contribution to the quasifree region does
show some structure. Four underlying levels contrib-
ute to this structure. The levels are combinations of
the I( —', )2 pi/2) I( —', )2 p3i2), I

—', pi)2), and
S p3iz) configurations. The one dominant struc-

ture is that in which large components of
I(2 )z S pii2) and I(2 )2 8 p3i2) add in phase. When
the calculated spectrum is folded with the 3.5-MeV
Gaussian it is seen that this dominant structure is too
weak to be identified with the resolution of Ref. 2.
This indicates that the structure seen in the data near

Btt, = —7 MeV is likely to be statistical. Better-
resolution experiments should be able to locate this 2+
strength and its splitting from the 22+ state could be
used as an additional constraint on the AN interaction.

In conclusion, this paper has presented the results of
a calculation of '2C(n+, K+)Ai2C in the RCCSM for-
malism. The calculated cross-section shapes agree
very weil with the recent data set of Milner et ai.2 The
features of the data have been identified with the
underlying shell-model configurations. The calculated
ground-state peak is composed of two 1 states. The
excited-state peak was primarily composed of two
bound 2+ states and one 2+ resonance. The quasifree
region is primarily a broad distribution of 3 strength
with some contribution from excited 2+ resonances.
This calculation has demonstrated comprehensive cal-
culations of hypernuclear formation in the RCCSM ap-
proach. It includes bound states, resonances, and
quasifree scattering in one coherent framework.
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