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Realistic calculations for strangeness exchange at rest
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Calculations have been performed for the ' C(K, m )'zC, ' C(K, m. +)'&Be, and ' C(K,m )"~C
reactions with stopped kaons. A g-matrix YN interaction is employed in structure calculations with

the recoil corrected continuum shell model. This provides a realistic prediction of the hypernuclear
structure above the hyperon escape threshold. The XN~AN conversion process is treated by both
absorption in the XN interaction and by effective lambda channels in separate calculations. Both
seem to be necessary for a complete representation of capture rates. No observable structure is pre-
dicted due to substitutional states in '&Be. The substitutional states in 'zC are obscured by a large
quasifree background. It is concluded that experiments based on capture of stopped kaons will not
provide definitive information on the structure of X hypernuclei.

I. INTRODUCTION

The development of kaon beams at the Brookhaven
National Laboratory Alternating Gradient Synchrotron
and CERN, and the subsequent strangeness exchange ex-
periments have produced valuable data on lambda hyper-
nuclei. ' Theoretical analyses of these data have provid-
ed information in a number of areas ranging from the
baryon-baryon interaction to weak decays. With the
discovery of long-lived, X-hypernuclear states by
(K,n. ) in fiight, it was hoped that careful investiga-
tion of these states would be as fruitful in testing theories
as was the investigation of lambda states. The original
data for X hypernuclei had rather poor statistics, and al-
though theoretical analyses were performed, ' a caution
was issued in Ref. 7 that better statistics were necessary
for definitive conclusions.

New efforts were made to improve the experimental in-
forrnation by using stopped kaons (capture at rest). 9'o In
Ref. 9 a ~ -tagging procedure showed three peaks in the
' C(K,n+}zBe spectrum above X escape threshold.
Similar results were reported in Ref. 10, where a different
tagging procedure was employed. Theoretical calcula-
tions"' were performed to analyze this structure and
conclusions were made concerning the strength of the
XN spin-orbit interaction. It was pointed out in Ref. 11,
however, that the strength of the three peaks was not
consistent with their calculations. Better statistics even-
tually revealed' that no obvious structure appears in the
experimental spectrum. Therefore, the (K, m. ) reactions
have not yet provided definitive information on the spin
structure of the XN interaction.

This paper describes some of the difficulties in making
reasonable calculations for the X hypernuclei and
presents realistic predictions for the stopped-kaon experi-
ments. The conclusions are, first, that it is beneficial to
look at the XN~AN conversion process both as an ab-

sorption in the XN interaction and as due to effective
lambda channels. Second, the s&&2(X) ground state is too
broad to be observed due to the XN~AN conversion
process. Third, the p3/p(X } substitutional state in z Be
is too broad to be observed due to its escape width.
Fourth, the p3&2 substitutional state in & C is obscured by
the quasifree background.

II. CALCULATIONAL PROCEDURE

XX(r„)dedrpr„.
With the assumptions that the pion is created where the
kaon is destroyed and that the interaction is of zero
range, v (r)~t(qf )5(r), and with the internal coordinate
system of the recoil corrected continuum shell model, ' '
(RCCSM), the transition matrix becomes'

Tf, bg I 7' '*—
[(M. N/MH )rK]@*(e)t(qf)

X5[e, —brK]4(e)XK(rK)dedr~ . (3)

In Eq. (3), MN/MH is the ratio of the nuclear to hyper-

The formalism for capture at rest has been given by
Hufner, Lee, and Weidenmuller. ' It has been thorough-
ly amplified by Gal and Klieb. ' Basically, one begins by
calculating the K capture rate to a particular hypernu-
clear state,

2n. 1 2p(Ef )
~ Tfi

K N PKPNPH

where p(Ef ) is the final density of states, [I]=2J + I, pK,
pN, and p„arethe kaon, nuclear, and hypernuclear angu-
lar momentum projections, respectively, and

T„=gI X' "(r )4'(e)v(r„—e; )@N(e)
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Wtt=(1/2M ) g (p,c/kc)Wc~a, (4)

where 8'z J is a fictitious capture rate calculated for X-

wave functions with outgoing flux U, in the open channel
c. The index c stands for aJ„ljwith J„andj coupled to
J~, where J„is the angular momentum of a possible core
state, l and j are the X orbital angular momentum and to-
tal angular momentum, respectively, and a represents
other quantum numbers necessary to distinguish core
states.

Since the experiments measure the fraction of captured
kaons which form a definite state, one must divide by the
total kaon capture rate. The resulting rate per capture

I

nuclear masses, b = A/(A —1), where A is the atomic
mass number of the target nucleus, and 7' ' is the outgo-
ing pion distorted wave, which is calculated in the
present work from the optical potential of Stricker,
McManus, and Carr. ' The kaon atomic wave function
X(rK ) is taken as either the 3D or 2P wave functions of
Ref. 15.

For capture to states above the hyperon escape thresh-
old, the rate/MeV is given by

K can be written as, '

/K — [~KN e(~)Y/(&K~+ ~Kp)]

X W~ g Wq
h (5)

where the first factor in Eq. (5) is the ratio of the cross
section for the elementary process KN~m(r}Y to the
sum of Kn and Kp cross sections, and the second factor
is the rate to the state H divided by the sum over all
states accessible by KN~n(r)Y. This second factor is
called the rate per hyperon in Ref. 15, R;r/Y. It is the
rate per hyperon which will be calculated in this paper.
Estimates of the first factor in Eq. (5) are given in Ref. 15.
Also found in Ref. 15 is a correction factor to account for
medium modification of the elementary t matrix. This
factor is omitted from this work. The reason for the sep-
aration shown in Eq. (5) is that the ratio of experimental
sections can be reasonably well determined, whereas ab-
solute rates would be less well determined.

It is possible, with some approximations, to obtain an
expression for R;r/Y by utilizing the completeness of the
sum over h. ' ' In the notation used by the present au-
thors the expression becomes

R;r (Jtt+ I)/——(2J&+1) g (2!+1)[(2j +1)(2j ~ +1)(2j&+1)(2j&+1)]'~
1Lapa'p'

X &ii~00
~

LO) P~pP, gR pR, ir( —1) ~ ~/(2L+1)

Ja
1

2

L Jp Jp f p&(br)
I
Rtc(r}

I
d r,

H=H„„,+pz /2m++ g Vz~(i) —T, (9)

for any hypernuclear excitation energy, whether below or
above the hyperon escape threshold. For energies above
the hyperon escape threshold, the eigenstates are normal-
ized such that one obtains the rate per hyperon per ener-
gy. Bound states, resonances, and quasifree scattering
are, therefore, consistently included in the calculation, as
was described in Ref. 21.

Continuum calculations using different techniques
were reported in Refs. 22 and 23. The RCCSM, however,
allows for coupling of many channels, removes spurious

where

R & b f R (br)——[uI(p )/p )RK(r)R&(br)r dr,

P.'p ——& JQ~~[u +up]

p„=(M&/M )ku„r, and the kaon wave function RK(r) is
normalized such that J ~RK(r)

~

r dr=1.
The primary difference between the present calculation

and earlier calculations for capture at rest is the use of
RCCSM wave functions for the hypernuclear states. The
RCCSM generates hyperon wave functions in terms of
internal coordinates by finding eigenstates of the transla-
tionally invariant Hamiltonian

I

center-of-mass excitations, and also allows for a complex
YN interaction. The use of a complex interaction is one
method of accounting for the XN~AN conversion pro-
cess. It is absolutely necessary to account for this pro-
cess, if one is making predictions which can be compared
to experiment, because of the increase it produces in the
widths of states. In fact, it was originally believed that
this conversion width was so large that sigma-
hypernuclear states would not be observed.

It is at present not feasible to include the XN~AN
process in a fully satisfactory manner. The difficulty is
that the binary breakup process &Z~ 'Z+A ac-
counts for a very small percentage of the hypernuclear
conversion process. It is very much more likely that
three or more reaction products are created. The use of a
complex YN interaction, therefore, seems like an attrac-
tive idea. Such an interaction can incorporate the range
and the spin and isospin dependence of the XN~AN
process. However, the use of absorption in this manner
does not properly represent the experiments performed
when observing states above the sigma escape threshold.
When the rate per hyperon is calculated from wave func-
tions obtained from the Hamiltonian of Eq. (9},including
absorption, it should be compared to the results of an ex-
periment in which the outgoing pion is observed in coin-
cidence with an outgoing sigma of the proper energy.
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The absorption accounts for the loss of sigma Aux due to
conversion to a lambda. The measured rate per hyperon,
obtained by observing just a pion of the proper energy,
clearly includes other contributions as well and so is ex-
pected to be much larger and possibly broader than the
calculated rate. However, the inclusion of absorption
will provide the necessary estimate to the increase in
widths which results from the conversion process.

For states below sigma-escape threshold, one can
remedy this situation somewhat by finding complex
eigensolutions of the Hamiltonian. Each complex eigen-
state is normalized to unity and its width is taken to be
twice the imaginary part of the corresponding eigenvalue.
This normalization does not change the excitation
strength much. In this paper, calculations with absorp-
tion will treat states below threshold in this manner.
Above threshold the calculations with absorption are not
adjusted in any way.

A second prescription for treating the XN~AN pro-
cess is to employ effective lambda channels. Even
though the zZ~ 'Z+A channel accounts for only a
small percentage of the hypernuclear conversion process,
it may be possible to adjust the channel energies and
channel coupling strengths to provide an effective simula-
tion of the conversion process. Calculations with this
procedure will also be shown below.

III. BASES AND INTERACTIONS

The basis for ~ C is composed of the A coupled to the
"C(—', , —,

'
—', , —,

'
) states of Cohen and Kurath. 2 The

AN interaction is that of Ref. 18. The basis for &C is
composed of the X+ coupled to the "B(—', , —,',—,', —,

'
)

states plus the X coupled to the "C(—,', —,', —', , —,
'

)

states. The basis for & Be includes the X coupled to the
"B(—,', —,', —,', —,

'
) states and the X coupled to the

"Be(—,'+, —,',—', +, —', ) states. The core states for all

sigma-hypernuclear calculations are those of Teeters and
Kurath. Experimental core state energies are used
when known. When effective lambda channels are in-
cluded in the sigma-hypernuclear calculations, the addi-
tional channels resulting from the A coupled to the

are included. This means that the 3 excitation function
for z C requires solving a 48 coupled-channels problem at
every energy of interest.

The XN interaction is the YNG interaction of
Yamamota and Bando. This interaction is expressed as
a sum of three Gaussians and contains central, symmetric
spin-orbit, and antisymmetric spin-orbit components.
The interaction is constructed by solving the XN-AN
coupled channels Bethe-Goldstone equation in nuclear
matter with the Nijmegen model D potential. The pa-
rameters of the interaction are fitted to the resulting g-
matrix elements. Because of the possibility of the sigma
converting to a lambda in nuclear matter, the interaction
is complex. It is also density dependent. The calcula-
tions in this paper evaluate the interaction at a Fermi
momentum of 0.8 fm ' as used in Ref. 27 for an z 0 cal-
culation. The calculations are not sensitive to reasonable
changes in the choice of Fermi momentum. In addition

IV. RESULTS

Several calculations are presented in the figures that
follow. Unless otherwise stated, all calculations shown in
the figures have been folded with a Gaussian of width 1

MeV to simulate detector resolution. In Fig. 1 is shown
the rate per hyperon per MeV for capture from the 2P or-
bit to states in z Be with a real interaction and only the
X X "B(—,', —,', —', , —', ) states included in the basis. At
this level of calculation, the only notable features in the
figure are the 1 state at 8& ——3.5 MeV and the two
peaks at approximately Bz ———1.5 and —5 MeV. These
features will be analyzed below. Figure 2 shows the same
spectrum but also including the X X "Be(—,'+, —,

'

—', +, —', ) states. The two spectra are much the same. This
is because the mixing between configurations is small and
because the X channels open approximately 6.7 MeV
above the X channels. These new channels provide
some additional width to the X levels above threshold,
but very little. The additional X levels contain such
small admixtures of X configurations that they do not
show up in the (K,n+) reaction. .

Shown in Fig. 3 is the same calculation as in Fig. 2,
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FIG. 1. Rate/X /MeV for the reaction ' C(K,m+)z Be.
Capture is from the atomic kaon 2P orbit. The interaction is
real and only the X & "Bstates are in the basis.

to the YNG interaction, the tensor component of the in-
teraction of Ref. 11 is included.

The effective AN-XN interaction for use in the effective
A-channels calculations is taken to be real and equal to
15 times the imaginary component of the YNG interac-
tion. The effective "Beground state energy is taken to be
28 MeV below the "B ground state energy in the z Be
calculations, and the effective "C ground state is taken to
be 28 MeV below the "C ground state energy in the & C
calculations. These choices have no justification other
than that they tend to produce approximately the same
widths as the complex V&N calculations. The trade-off
between the strength of the AN-XN coupling and the po-
sition of the effecti've A threshold allows a large range of
choices, but most reasonable choices yield similar results.
This lack of a prescription for choosing the parameters of
the effective A-channel approach is its major drawback.
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FIG. 2. Rate/X /MeV for the reaction C(K,n. z
12 — + )12Be

Same as Fig. excepF' . 1 t that X )& "Bestates are also in the basis.

B, (Mev)

12 — + 12BFIG. 4. Rate/X /MeV for the reaction C(K,n. ) Be.
Same as Fig. 1 except that effective A channels of A &("Beare
in the basis.

only now the imaginary part of the interaction has been
1 d d. The 1 states below X threshold now becomeincu e. e

a broad bump since each state has acquired a wid
MeV due to the complex interaction. This is a common
feature o t e & e anf he ' Be and ' C calculations, i.e., the
h pernuclear ground state becomes too broad to be ob-yp

. Thisserved in a spec rud
'

trum due to the conversion process.
f'. . dd' ', thtendency was pointed out in Ref'.f'. 8. In addition, t e

structures above the X threshold are barely noticeable
in the total spectrum. Their strength has also been
spread. The use of the effective A channels described
above instead of a complex interaction makes them reap-
pear to some extent, as is shown in Fig. 4.

It is tempting to suppose that the continuum structures
seen in Figs. 1 —4 represent p(p) 'p(X ) states. They
do represent p(X ) strength, but they are not states. In-
stead, the p (X ) strength is being modulated by the "
thresholds in such a way as to produce peaks.

The reason for the threshold peaks can be understood
by standard potential well considerations. Figure
displays the results of Woods-Saxon potential well calcu-
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lations. The figure shows plots of 12m sin 5, /k versus
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adjusted to produce a p3/p phase shift of m. 2 at
8 = —0 1 —0.5, and —0.9 MeV. Figure 5(a) shows theBx Os y ~ y an e
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FIG. 3. Rate/X /MeV for the reaction C(K + ) "Be.
Same as Fig. 2 except that the interaction is complex.

FIG. 5. (a) Solid line is 12m. sin 5, /k 2 plotte +lotted vs B for

Woods-Saxon well depths so as to produc pe 90 hase shifts for
B + ———0.1, —0.5, and —0.9 MeV. The dashed line is a typi-

cal result for X . (b) The solid line is 12m. sin 5, /k 2 plotted vs

so as to pro uce pd 90 hase shifts at —0. 1, —0.5, and —0.9
MeV.
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results for X+ as a solid line. Here one can see that the
resonances remain narrow out to Bz ———0.9 MeV. This
is due to the addition of the Coulomb and centrifugal
barriers. Figure 5(b) shows the results for X . The
Bz ———0.9 MeV level is now too broad to be called a res-
onance, and one must move the level down to B& ———0.5

MeV to make it look like a resonance. Now only the cen-
trifugal barrier is tending to hold the unbound particle
inside the well. When one then places a X inside the
well, the effective radial potential has no barrier, because
the negative Coulomb potential has more than canceled
the centrifugal barrier. If one tries to find an energy
where the phase shift goes through m/2 by searching to-
ward threshold, a clear resonance cannot be found before
one runs into the atomic resonances. A typical behavior
for 12m sin 5~/k with X is shown as a dashed line in

Fig. 5(a). This shows the characteristic threshold rise.
Conditions could exist to produce narrow X states

above threshold. For instance, a p3/p single-particle state
could mix with a state which has no escape width. But a
state with no single-particle strength would not be excit-
ed in the one-step process which is assumed when one
uses the distorted wave impulse approximation. If the
amount of p3/p single-particle strength becomes large
enough to allow significant excitation via a one-step reac-
tion, then the width of the state becomes too large for the
state to be observed.

Other points can be made by observing the curves in

Figs. 2, 3, and 4. The first observation is that the in-
clusion of the imaginary part of the XN interaction
reduces the capture strength in the 8& ——0 to —5 MeV re-
gion as was explained above. The second observation is
that the use of effective A channels redistributes some of
the 0+, p(X) strength from the Bz ————1 MeV region
to the Bz ————4 MeV region. Therefore the use of
effective A channels is capable of producing changes in
the calculated structure which may not be physical.

In Fig. 6 is shown the results of a calculation
equivalent to that given in Fig. 3, except that now the
kaon is captured from a 3D orbit instead of a 2P orbit.

One can see that there is some change in the rate, but the
basic shape of the spectrum is much the same as in Fig. 3.
In addition, Ref. 11 pointed out that the capture rate is
almost independent of the atomic radial quantum num-
ber. Therefore the above conclusions do not depend on
the specific distribution of atomic orbits.

Calculations were also performed for the rate/X /MeV
in the (K,n. ) capture reaction. Only R,f /X was cal-
culated to correspond to the proton veto tagging pro-
cedure described in Ref. 29. In Fig. 7 is shown the results
of the calculation with only the X X "C(—,', —,',—', , —', )

states in the basis and only the real part of the XN in-
teraction. The 0+ and 2+ levels between B o ——0 and —5

MeV are now genuine resonances; however, the spin-
orbit interaction is too weak to split the p3/g(X )

X "C(3/2 ) and the p, zz(X )X "C(3/2 ) levels. If the
spin-orbit interaction were increased, the p, zz(X ) level
would become too broad to be recognized as a resonance.
Figure 8 shows the results when the X+
X "B(—', , —,',—', , —', ) channels are included. One sees a
noticeable increase in the 0+ and 2+ widths with this ad-
dition. This is because the new channels lie =5 MeV
below the Xo channels, and therefore have a larger escape
width for a given value of 8 o. With the addition of the

imaginary part of the XN interaction, the levels gain fur-
ther width, as is shown in Fig. 9. These results indicate
that no chance exists to identify a p3/p p]/) spin-orbit
splitting in the capture at rest spectrum.

The last graph for z C is Fig. 10, which displays the
calculation with effective A channels replacing the com-
plex interaction. Here one can see another diSculty with
the use of effective A channels. The 1 ground state is
much narrower than it was in the calculation that includ-
ed a complex interaction. However, if this width is in-
creased by increasing the strength of the X coupling in-
teraction, the capture rate in the quasifree region in-
creases much beyond its value in Fig. 10. The effective A
channels are providing a nonphysical way for the sigmas
to leave the nucleus. One also notes from Fig. 10 that
even though the 0+ and 2+ structure reappears, this
structure is overwhelmed by the quasifree contribution,
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FIG. 6. Rate/X /MeV for the reaction ' C(K,m. +)+Be.
Capture is from the atomic kaon 3D orbit. The interaction is
complex and the X )& "Band X X "Bestates are in the basis.

FIG. 7. Rate/X /MeV for the reaction ' C(K,m )z C.
Capture is from the atomic kaon 2P orbit. The interaction is
real and only the X &( "C states are included in the basis.
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FIG. 8. Rate/X /MeV for the reaction "C{K,m )x C.
Same as Fig. 8 except that X )& "C states are also in the basis.

mainly due to the 1 and 3 strength.
Finally, a calculation for ' C(K, n )' C, capture at

rest, is shown in Fig. 11. This figure is included so that at
least one comparison can be made with data. Two data
sets appear in Fig. 11. ' They have been arbitrarily nor-
malized. The dashed set of Ref. 10 is the more recent
data with better statistics; however, it shows the greatest
disagreement with the calculation. The disagreement is

primarily in the ratio of the ground state peak to the

p (n) 'p(A) peak. The calculation predicts a ratio of 6.6,
and Ref. 10 quotes a value of 1.60+0.46. Other calcula-
tions have also predicted larger values of this ratio, e.g. ,

4.9 in Ref. 30, and 3.4, 2.9, and 3.8 in Ref. 15. Previous
calculations with the RCCSM (Refs. 18 and 21) wave

functions for '~C(K, n )~C and ' C(n+, K+)„'C in

flight showed slight disagreement with experiment when

comparing the equivalent ratio. This was attributed to
the 2 MeV overbinding of the ground state due to omis-
sion of the three-body ANN force. However, the
disagreement for capture at rest is significant and should
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FIG. 10. Rate/X /MeV for the reaction ' C(K,n' )x C.
The capture is from the atomic kaon 3D orbit. The effective
lambda channels of A )& "C and the X )("C and 2+)& "8
states are in the basis.

be investigated further, both experimentally and theoreti-
cally.

V. CONCLUSIONS

This paper has presented calculations for K capture
at rest leading to sigma-hypernuclear states. The calcula-
tions employed the YNG g-matrix interaction of
Yamamoto and Bando. Wave functions were calculat-
ed with the RCCSM (Refs. 16 and 17), and therefore, in-

cluded bound states, resonances, and quasifree scattering.
Two methods were employed to account for the
XN~AN conversion process. First, the imaginary part
of the YNG interaction was included; second, effective
A-escape channels were included. Due to the deficiencies
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FIG. 11. Rate/A /MeV for the reaction ' C(K, m )„'C.
The capture is from the atonic 3D orbit. The A )& "C states
are in the basis. The solid histogram is the arbitrarily normal-
ized data of Ref. 10 and the dashed histogram is the arbitrarily
normalized data of Ref. 9.
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of both procedures, it is beneficial to see the results of the
two calculations.

Calculations were performed for ' C(K, tr+ )z Be.
The (K,m+ ) reaction initially seemed very attractive be-

cause it placed only a X in the nucleus, as opposed to
the (K,n ) reaction which could place both a X and
X+ in the nucleus. However, the structure calculated in
the z Be spectrum was determined to be due to threshold
effects. The escape width of the X p wave is so large
that individual substitutional states will not be observed.
This means that the (K,n+) reaction has very limited
use in determining X-hypernuclear structure.

Calculations were also performed for zt~C(K, m )'2C.

The structure calculated in the & C spectrum corresponds
to genuine resonances, but is obscured by the quasifree
background. It therefore appears that further investiga-
tions of the sigma-hypernuclei by capture at rest will

yield little additional information on the XN interaction.
It would appear much more reasonable to pursue
(K,n. ) in flight experiments where the energy depen-
dence of the elementary amplitude can be exploited to
separate X and X+ excitations, and one has some control
over the momentum transfer to reduce the quasifree
scattering.
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