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ABSTRACT :

The (7C+,K+) reaction applied to hypernuclear research is discussed.
A brief history of its origins and its relation to strangeness changing
reactions (Kvr) is given, and the current status of the field is described.
Some ideas for future hypernuclear research are discussed and some
specific examples treated.

INTRODUCTION

To understand the role of the (JI+ ,K+) reaction in the study of
hypernuclei, it is useful to put it into an historical perspective. Since the
discovery of hypernuclei by Danysz and Pniewski1 in 1952, we may divide
the development of research in this area into three broad categories2'3.

In the first phase these strange nuclear systems were studied
through the use of emulsions and bubble chambers, with stopping kaons
on nuclei like carbon, nitrogen, and oxygen. For such reactions a hyperon
is deposited on the nucleus through strangeness exchange, and with a
sizable momentum transfer, q. A second phase was marked by the advent
of in-flight kaon reactions using counter techniques. For the in-flight
reactions the momentum transfer can be quite small, and the
corresponding cross sections may be quite large. The (K",jr) reaction at
700-800 MeV/c produced much information on hypernuclear levels,
particularly in the p-shell and particularly for substitutional states of low
spin. This work was hampered by the rather low intensity beams
available, from 104 to 105 K'/sec, and because of the large distortion of the
K* incident wave, by the rather low value of rteff, the effective number of
participating nucleons. It was found that nefp=l, and is rather independent
of A.

The third phase incorporates the use of associated production for
hypernudear studies; primarily associated production through the (7t+'K+)
reaction, which is the subject of this Workshop. While the large advance
in this field was based on the two Brookhaven experiments4'5 in 1983 and
1987, several earlier attempts to use associated production with protons
must be noted here. A list of such reactions leading to A hypernuclei are
given in Table 1. K J. Nield et al.6 used the inverse heavy ion reaction,
i^O incident on a hydrogen (CH2) target to measure A1 6O lifetime. Their
reported value of -80 picoseconds is about a factor of three below values
reported from other p-shell hypernuclei (-200 ps) and casts some doubt on
the method. Fetisov, Kozlov, and Lebedev7 calculated (p,K+) and (p,p'K+)
cross sections and these calculations stimulated attempts in the mid-
seventies to form hypernuclei at Saturne8 and at the Bevatron9; however,
no experimental results have been reported and the attempt to see
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Table 1. Possible associated production reactions leading to A hypernuclei.

(a)

(b)

(c)

(d)

(e)

(f)

hypernudear levels by this technique have apparently failed. This failure
is evidently due to the low cross sections—a few picobarns to a few
nanobarns—from this technique. It is interesting to note that an attempt
was made at LAMPF in Exp. 158 by Igo to observe K+ production in
subthreshold reactions on nudei, but no positive results were obtained.

As far as the use of (y,K+) or the related (e,e'X+) reactions are
concerned, these will form part of the experimental program at CEBAF,
and a recent review by Dover and Millener10 may be consulted for a
discussion of electromagnetic production.

To return then to the pion induced assodated production, it is
readily seen to have the advantage of a fairly large cross section achieved
at a relatively low pion momentum. This is demonstrated in Fig. 1 for the
charge conjugate reaction 1H(«-,K°)A. To my knowledge, the first
suggestion for an experimental test of the (7i+,K+) reaction as a
hypernudear tool occurred in an informal workshop on spectrometer
development held at Brookhaven in 1979. H. A. Thiessen suggested a test
of (JC+,K+) reaction and authored a proposal (AGS Exp. 758) which was
submitted in March of 1980. The experiment, performed by a collaboration
involving Carnegie-Mellon, BNL, Los Alamos, Rutgers, U. of Texas, U. of
Houston, Florida State, and Vassar in February 1983 and published in 1985,
was a striking confirmation of the practicality of this method and a
demonstration of the correct understanding of the reaction mechanism.

The particular virtues of the (TI+,K+) reaction were expanded in the
paper of Dover, Ludeking, and Walker11. It is enlightening to examine
Fig. 2, from that paper, which illustrates the essential features of the
mechanism. We see that the reaction favors the high spin (stretched
particle hole couplings) due to the momentum matching condition
exhibited by the high q of the (7C+,K+) reaction, and de-emphasizes the
substitutional, low-spin states. We also note the reasonably large cross
sections, even when the distortion of the outgoing pion wave is induded.

The experiment of Milner et al.4 confirmed these expectations for
A12C. The complementary character of (7t+,K+) and (K%ir) reactions is
beautifully illustrated here. The 2+ components of the 11 MeV
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Fig. 1. The cross
section for the
elementary reaction
1H(7t-,K»)A; the charge
conjugate reaction for
n(7t+,K+)A.
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Fig. 2. A calculation of the population of A 1 6 O configurations by the
(JI+,K+) reaction. The figure illustrates the preferential population of non-
substitutional (AL*0) states by (%+,K+).



A(p3/2)/n"J(p3/2) coupling is favored for (rc+,K+) while the 0+ coupling
(substitutional) is dominant for (K-,TI-) . Similarly, the V gs,
A(si/2),n-i(p3/2) configuration is weakly excited at 0° by (K-,jr) and strongly
excited in (7t+,K+). This complementarity has been treated in detail by
Millener and Chrien12 for the case ofA9Be.

- BE (MeV)
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Fig. 3. A comparison of the (7i+,K+) spectra of seven hypernuclides and a
least-squares fit to each. A common binding energy scale is shown. Each
spectrum covers a cross section range of 0.01 to 10 jib/sr/MeV.
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Fig. 4. The case of 89Y((7T+,K+)A89Y as compared to a DWBA calculation of
Millener and Sleight12.

The practical experimental problems of the (%+,K+) reaction will be
treated in another talk at this Workshop. It needs only to be noted here
that AGS Exp. 758 proved invaluable in pointing out the problems, and it
led to a proposal by Peng and Pile (AGS Exp. 798), which was meant to
explore the usefulness of the (TT+,K+) reaction across the whole periodic
t cble3. This experiment, run in early 1987, produced a series of spectra for
targets of Be, C, O, Si, Ca, V, and Y, and gave a spectacular demonstration
of the ability of this reaction mechanism to locate the single particle
energies of A hypernuclei. In Fig. 3,1 have attempted to create a montage
of the spectra for these seven targets. Each is referred to a logarithmic cross
section scale from 0.01 to 10 ub/sr/MeV, and a binding energy scale from
-30 to +20 MeV (-BA). These spectra are shown with least squares fits,
where the input fitting function is derived from the expected levels based
on the known neutron hole strengths of the target nuclides. They agree
remarkably well with the expected cross sections calculated from a DWIA
analysis. This is illustrated best for 89V, shown in Fig. 4, where a DWIA
calculation is compared to the spectrum13. This result is a textbook
example of the shell model states, s, p, d, f, and perhaps g of the A in the
nuclear potential. Because of the Pauli Principle such a spectrum cannot
be observed for ordinary nuclei. The global fits to the single particle



energies enable us to define very precisely the geometry, density
dependence, and the non-locality of the A nucleus potential14.

I have summarized briefly the past and present of (TI+,K+) reaction
studies of hypernuclei. I would now like to turn to future experiments, as
they might be conceived for a facility such as PEL AC, offering 109 1.05
GeV/c pions and an EPICS-type spectrometer with 200 keV resolution,
specifically two orders of magnitude more in flux and one order of
magnitude improvement in resolution over present capabilities.

Clearly, one area to be attacked is the mapping out of A binding
energies over the whole periodic table. The importance of this is stressed
in ref. 14, cited above. The peaks evident in Fig. 4 actually consist of a fine
structure of more complex nuclear states whose envelope is a doorway
state leading to those more complex configurations. Good resolution may
enable us to resolve this fine structure and take advantage of more
realistic DWIA calculations including configuration mixing. For heavy
hypernuclei the spreading and escape widths of these doorway state
configurations yield valuable structure information.

For light hypernuclei, it is anticipated that coincidence experiments
involving radiative transitions connecting the levels would be practical;
angular correlation studies, and weak decay experiments, taking advantage
of the polarization effect inherent in the (TI+,K+) reaction mechanism,
could considerably enhance the power of the single-arm studies.

Some simple illustration may be given in the light p-shell systems
A7Ii and \l2C, already studied in the complementary (Kvf) reactions. A
tentative level scheme for A7Li, taken from Dalitz and Gal15, is shown in
Fig. 5. With a particle emission threshold of about 4 MeV (breakup into
the channel d + A5He), A7Li forms a system whose bound states could be
completely studied by (7i+,K+y) coincidence studies (in conjunction with
high resolution excitation energy spectra). Of special interest are the

spacings of the (l/2+ ,3/2+) gs
doublet, built on the 1+ 6Ii core
and the (5/2+,7/2+) doublet built
on the 3+ 6Li core configuration.
The 6Li gs is largely S=l and L=0
and the doublet splitting is a good
measure of the A-nucleon spin-
spin interaction, A15. Bando16

[0622] and his collaborators have
pointed out the importance of the
considerable spin-flip amplitude

1 in the (JC^K*) reaction, which
implies that the 7/2+ and 3/2+
doublet members could be

3/2- [0.0014] populated directly. For example,

3.56- 44 l

2.18

•1/2' Fig. 5. The level scheme of A7Li-
This figure is reproduced from
ref. 14.
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Fig. 6. The (7i+,K+) spectrum of A 1 2 C The arrows denote the expected
position of 1" levels expected from the known states of ^C.

Table 2. A hypernuclear binding energies and nucleon emission
thresholds. The A excitation energies are given in parentheses.

Nuclei En

10J(0) 8.7 13.1
13.K0) 73 132
16.7(0) 7(97) 7S 133
182(0) 11(7.1) 53 133

AS1V 193(0) a2(7.1) 7.95 93
A89y 215(0) 16(55) 93022) 6.7 9.4
A13«Ba 23C:0) 182(4.8) 132(93) 75(155) 8.7 6.9
Aa»Pb 23.7(0) 20(3.7) 16(7.7) 11(12.7) 52085) 73 67



they calculate a 0.4 \ib/sr cross section at 10° for the 3/2+ state. The doublet
spacings may thus be determined by either or by both of two methods: a)
the direct observation of the splitting in the missing mass spectrum, or b)
by the observation of y-ray transitions connecting the levels. A further
piece of information would result from the observation7(or definitive
non-observation) of the transitions depopulating the l /2+

 ALi level built
on the 0+ T=l state of 6Li. The presence of this y ray is a most sensitive
indicator of the precise emission threshold of the A5Ke + deuteron
channel.

The well-studied case of A12C has still some secrets to reveal. Some
of these are indicated on Fig. 6, where the recent (JI+,K+) data5 are shown.
The low-lying levels of A12C are based on coupling an SA to the 0, 2, and 4.8
MeV 3/2" states of n C. While the summed pickup strength for the higher-
lying 3/2" states is some 40% of the ground state1', they have not been seen
in the (K",7i~) reaction. The spacing and cross sections for these states are
sensitive measures of the mixing of the weak-coupling basis states. The
(n+,K+) experiment at BNL was only marginally sensitive to these states;
clearly a high resolution (7t+,K+) experiment would easily show these
states. A similar situation exists near 11 MeV where the A(ni/2/3/2)
n"1(p3/2) coupling gives rise to three 2+ and one 0+ states, all of which lie
above the threshold for proton emission. The proton emission widths are
estimated to range from 120 to 570 keV^8. While the unravelling of these
states would not be easy, even for PILAC , it would be a significant step
forward to measure the spin-orbit splitting in the hypernuclear P-shell.

To move on to heavier systems, it has been clearly shown that the
(jt+,K+) reaction is effective at populating deeply bound hypernuclear
levels. It had been suggested some time ago by Rosina19 that A single
particle states in very heavy systems are likely to be narrower than their
spacings. Therefore, Rosina proposed that a heavy hypernucleus could
display a de-excitation process which he termed nuclear Auger emission,
in analogy to atomic Auger electron emission. From Table II, it is
apparent that some of these single particle doorway states lie near or even
below particle emission thresholds. Thus for such states, the nuclear
Auger process would be terminated by photodeexcitation. One would
therefore observe strong electric-dipole peaks, of close to single-particle
strength, in the photon strength function. It would be interesting to
observe such a single-particle peaking for the p-»s and perhaps d-»p
transitions in heavy hypernuclei using PILAC.

Finally, I would like to close by referring to a powerful spectroscopic
technique which could significantly enhance hypernuclear studies;
namely the production of polarized hypernuclear systems by the (jt+,K+)
reaction. Ejiri and collaborators2^ and Bando16 have suggested that
spectroscopic studies of angular correlations are very important for
progress in hypernuclei; in particular, such studies can be used to study the
weak decay mechanism and electromagnetic moments.

It is well known that the elementary 7rp-»K°A reaction near 1
GeV/c produces a highly polarized hyperon. In nuclei, the reaction can
lead to polarized states. In addition to the elementary polarization caused
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Fig. 7. A comparison of the polarizations expected for the 1" ground state
and the first 2+ levels of A 1 2 C. The calculation is taken from ref. 16.

by an interference between spin-flip and non-spin-flip amplitudes, a
polarization of the transferred angular momentum occurs because of
absorption effects in the incident pion and exiting kaon waves. The net
polarization effect is the coherent sum of these two processes. For the
complementary (K",7i~) reactions near 800 MeV/c, such polarization effects
are relatively small.

A Japanese-TRIUMF collaboration21 is currently testing the
polarization of hypernuclear states in the (n+,K+) reaction on 12C. Bando
et al.16 have pointed out the different polarizations of the substitutional 2+
and non-substitutional 2+ at 11 MeV as a function of the reaction angle, 8.
Figure 7 shows+the sharp differences in the+polarization between the
substitutional 2j and the non-substitutional 22 and 1" ground states of
A12C. The presence of these polarization differences provides a tool for the
separation of these closely-spaced states.

I have tried in this discussion to demonstrate some aspects of the
impact of the (jt+,K+) reaction on hypernuclear research. I am sure that
many more ideas and applications of them exist. What is needed now is
the proper facility which can be devoted to these studies and which will
offer the appropriate particle intensities and spectrometer resolutions.
Only if such a facility can be brought into existence will the full
potentialities of this (JI^K*) reaction tool be realized.

Research has been performed under contract No. DE-AC02-
76CH00016 with the USDOE.
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