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ABSTRACT
This paper describes the results of a recently completed study

A 12
of the hypernucleus AC. The observed formation of hypernuclear

states at large momentum is compared with theoretical expectatioms.

Future directions of the research program at Brookhaven are outlined.
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INTRODUCTION

Hypernuclear physics research at BrookhaVen'todéy-cénters around the
hypernuclear spectrometer at the AGS which began operation a little over a
year ago. The major result of the program which has recently been completed
is a detailed study of the hypernucleus liC. Hypernucleus forma;ion has been
observed out to.quite high momentum transfer--280 MeV/c.

There are several clgsses of hypernuclear states which require large
momenfum transfer for their formation. Our experiments provide evidence for
the formation of some of these states at a level in good agreemént with
distorted wave impulse approximation calculations; however, other states
which should have been amply produced according to the best current theo-
retical calculations are not observed. We have measured angular distributions -
for the formation cross sections of the observed states from 0 to 19°.

The large range'of these distributions (compared to previous measurements)

permits a straightforward identification of the spins and:composition of the

statfes .
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AC, PAST EXPERIMENTS

The hypernucleus 1iC has‘been an object of great interest during the
past decade. It was first obsérved in 1970 by Bohm et al.l in an expéfiment
using the emulsion technique. 'Surprisingly, the first observation of this
hypernucleus was not of the'ground stafe,_but of a state at 11 MeV excitation
energy decaying by proton emission. This was the first ekample of a highly
excited, particle ﬁnstable state of any hypernucleus. ~At.the Zvenigorod

conference (1977), Pniewski and Zieminska2 reported an observation in emulsion
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of the ground state of A

C by the Warsaw group.




Several’counte_r-experiments3’4’5 have used the (K—,ﬁ—) reaction in flight to
study liC, in each case with small momentum transfer to the nucleus. Hyper-
nucleus formation by stopped kaons proceeds with 250 MeV/c momentum transfer to
the nucleus. However in this téchnique, used by Faessler et al.6, the momentum

transfer is not variable.

EXPERIMENTAL METHOD

12, 12

We7 used the reaction K + ~°C

2
to form lAC. The kaon and pion momenta were measured to one part in 103.

C+ ™ with kaon momentum 800 MeV/c

The missing mass was evaluated to give the spectrum of hypernuclear states.

At zero degrees, the reaction takes place with 70 MeV/c momentum transfer.
Small momentum transfer suppresses thg background of quasi-free ladea for-
mation and gives a high probability of hypernucleus . production. However,

small momentum trénsfer corresponds to small aﬁgular momentum transfer and

thus a limited class of states are preferentially excited. It is advantageous
to vary the momentum transfer over as large a range aé possible, so that

other hypernuclear states may be observed. This was done by detecting the pion
at angles up to 19 degrees with respect to the kaon direction. The experiment
uses the Low Energy Separated Beam I at the Brookhaven Alternate Gradient
Synchrotron. -The beam contains 2 105 kaons per AGS pglse (of one éécond
duration) accompanied by 12 times as many other particles (mainly pionms).

A Cerenkov counter identifies kaoné in the beam. The counter CK (Fig. 1) has

a lﬁéite radiator whicﬁ‘diséards light from pions by total internal reflecpioﬁ
while transmitting light from kaons'fo_six symmefrically mounted phofomultiplier

tubes.




One dipole and four quadrupole mégnets (D1, Q1-Q4 in Fig. 1) bring the
beam to‘a dispersed focus on the target. The target for the study of 1%0
was a scintiilation counter, ST. In seventy percent of hypernuclear decays,
the deposition of energy in the target scintillator is large enough to dis-
tinguish the event. This signature, though not essential, greatly simplified
the analysis of the data.

Multiwire proportional chambers P1-P3 define the trajectory of the kaon
for momentum determination. The chambers have three planes of wires, each
with one millimeter wire spacing. The pion from hypernuclear formation is
detected in a second, similarly constructed spectrometer mounted on a platform
that can rotate up to 35 degrees with respect'to the beam direction. A liquid
hydrogen Cerenkov counter (CH) was used during part of the data taking to
dgtect pions immediately after the target. Time of flight between the scin-
tillation counters Sl1, ST and S2 provided additional partiéle identification.

The pion detecting spectrometer has a solid angle of 12 msr. The eﬁergy
resolution of thejexperiment was 2.5 MeV FWHM, primarily. limited by the use
of a thick target. Kaon‘flﬁx‘at thé target was typically 2.4 104 per AGS pulse.
RECENT RESULTS FROM BROOKHAVEN CONCERNING L2C

An angular distribution of the states of lic excited in the reaction
l?C(K-?n-)liC was. measured7'with kaon momentum 800 MeV/c. Figure 2
shows a spectrum taken at QK%=15° cbrresponding to a momentum transfer to
_the nucleus of 210 MeV/c. bThe lower mass peak correspéndS'to a binding
‘energy of the 1émbda of 10.79 + .11 MeV. E#ﬁeriménts using the emulsion
technique report2 a bindiné energy'of'10.76 + .19 MeV for the ground state
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of AC. This agreement, leads us to identify the lower peak as the ground

state; -




The higher mass peak has 11 MeV excitation energy and an analysis of
its angular distribution leads us to conclﬁde that it corresponds to more
- than one state. |

Dover et al.8 have calculated the angular distributionsof the ground
state and simple particle hole excited states of liC. The‘results of that
calculation (with kinematic conditions appropriate to this experiment) are
shown in Fig. 3 along with our data points. The important features of their
calculation are as follows:

a) The distorted waves for the incident kaon and outgoing pion are
generated from an optical potential derived from the Fermi averaged KN > RN
and 7N > 7N free space amplitudes.

b) On shell transition amplitudes for the elementary process Kn-=>mA
are used.

¢) The wave functions for n and A states are calculated from a Woods-
Saxon nuclear potential shape with depth chosen to fit the binding energy
appropriate to the orbital under cénsideration.

The ground state angular distriﬁution is well reproduced by the cal-
culation apart from an overall normalization factor. The shape of the angular
distribution of the 11 MeV peak is also well déscribed, asguming particle hole con-
figurations (Ap3/2, np3/2“1) and (Apl/z,np3/2-l);-the former configuration gives
rise to a 0+ and a 2+ state, the latter to a 2+ state. .(Unnatural parity
states are not expected to be éxcited.with significant strength in our kinematic
range.)

Figure 3 shows the relative contributions of the 0+ and 2+ coﬁﬁonents to
the 11 MeV peak as a function of.angle according to Dover et al. At sﬁall

éngles, the angular distribution shows the sharp rise characteristic of the

coherently produced 0+ state. The shoulder at large angles is explained in




terms of fhe'excitation of the 2+ states. Making tﬁe assumption that at 0°
we are.exciting'O+ only and at 15° we are exciting 2+ only we can set limits
on the spacing of these states although they are not resolved by our experiment.
Assuming that at 15° only one 2+ state contributes, the 0+—2+ spacing is less
than 420 keV. Assuming that at 15° the two 2+ components contribute equal
strength, the 2+--2+ spacing is less than 800 keV. These limits will constrain
the spin dependent parts of the 1ambda}nucleus residual interaction and are
consistent with a weak spin dependence. |

A fundamental question should be posed: are the states excited in the
(K_,n_) reaction pure particle hole states? For example, the coherent
(Ap sTIP 4 —1) 0+ state can mix with the coherent (As ,NS -1) 0+ state

3/2°7F3/2 1/2°771/2

resulting in the much discussed strangeness analog state, or an anti;analog
state dependipg on the sign of the mixing angle. The wave function of the
coherent excitation then has the form

Y = cosa(Ap3/2,np3/2-l)'“O+ + sina(Asi/Z,nsl/z_l) 0+. |
Dover et al. have assumed a mixing angle a=-10 and added the mixed 0+ cross
section to the net 2+ excitation. The resulting angular distribution ié
shown in Fig. 4 along with our data points for the 11 MeV peak. This cal-
culation is in much poorer agreement with.our data than the calculation of
Fig. 3 which assumes ﬁo mixing. Thus mixing effects are not of major importance.

The existence of core excited hypefnuclearlstates has been predicted.

These states would consist of a lambda in an s orbit coupled to the excited

1 ,
. states of the lC core. A search was made in the region above the ground

state for an event excess using our 15° data. We see no evidence for such
states. The total event excess in the region 2 to 7 MeV excitation is 6%
+ 5% of the ground state strength.” This is to be compared with an expec-

tation of two states, one at 3.29 and one at 5.11 MeV excitation with summed




strength 33% of the ground state strength. The disagreement between experi-
ment and theory should motivate additional experiments to search for core
excited states predicted in other hypernuclei. An experiment deﬁectipg gamma
rays from the deexcitation of the core in coincidence witth(K—,W—) energy
difference measurement would be particularly effective in observing these .
particle stable states. The absence of core excited states at the expected

strength ﬁay be attributable to uncertainties in the knowledge of the 11C

12 .
and C wave functions or it may signal some more fundamental problem in the

theoretical understanding of hypernuclei.

FUTURE PLANS FOR HYPERNUCLEAR RESEARCH AT BﬁOOKHAVEN

In early 1980 we will extend our experiments to several, as yet unexplored
hypernuclei (13C, 180, 10B and 14N). We feel that the comparison of adjacent
hypernuclei, ones that differ by a single neutron, by a single proton,  or by
_two neutroné will be a valuable tool in pinning down the nature of the states
excited in the (K,w) reaction. Targets used to study hypernuclei in the in-
flight strangeness exchange reaction have thus far been primarily even-even
nuclei with equal numberssof neutrons and protons. In selecting targets we
have departed from this regularity.

An important iésue in hypernuciear physics is the strength of the A -
. 120 has been interprete& as

demonstrating that the A-nucleus spin-orbit coupling is at least one order

. » \ 5
nucleus spin orbit coupling. WRecent data” on

fo magnitude smaller than the nucleon-nucleus coupling. This conclusion comes
from a,gomparison of the energy of hypernuclear stafesvresulting from the
. substitution of a A for either a p1)2 Peutrpn-o?'a P3/9 neutron.
It should be emphasized that the two body A-nucleon gpin orbit interaction gives

. S 11 | ' . .
rise to several terms 1 in the A nucleus potential. In addition to the usual




term, splittings can arise from the interaction of the spin of the A with

SA'}A

the angular momentum of unpaired nucleons. This sA---lN interaction is effective

even in the case of a lambda particle in an s orbital. A phenomenological
analysis of the ground‘states of p shell hypernuclei shows this term to be

large. 1In the case of‘160 described above, both terms are certainly present

A
and the possibility of a fqrtuitous cancellation cannot be eliminated. In
the case of liC we can observe a lambda particle in a pi/Z orbit interacting
with a wa0+ 12C dbre.

Late in 1?80 we plan to modify our eﬁperiment to increase the hypernuclear
event rate by almost a factbr of 10. This will be accomplished by using the
last stage of the beam line for kaon momentum analysis, thereby decreasing

the flight path for kaons. With the increased flux, experiments observing

hypernuclear gamma rays in coincidence with the (K,7) data will be feasible.




FIGURE CAPTIONS

Fig. 1 The hypernuclear spectrometer at Brookhaven.
Fig. 2: The mass spectrum of liC as recorded at 15° with a resolution of 2.5

MeV, FWHM. The solid curve represents a parabolic fit to thg quasi-~
free continuum, while the dashed curve is a linear extrapolation,
used to determine the continuum background under the peak.

Fig. 3 Ahgular distributions (lab) calculated for the reactions 12C(K-,n-)liC
at incident laboratory momentum 800 MeV/c are compared with the
Brookhaven data. The upper curve is for the state (ASI/Z’-np3/2—1)1"
after renormalization of the calculated cross section by a factor

0.48. The lower curves are for tﬁe (Ap3/2,np3/2_1) 0+'excitation
and for the sum of the((Ap3/2,ﬁp3/2_1)2+v and (Apl/Z’np3/2—1)2+
excitations, using Woods-Saxon wave functions and adopting BA =
0.1 MeV fur these three states. The net (0+; 2+, 2+) excitation

cross section is plotted and then compared with the data after
renormalization by a factor 0.39. For comparison, the O+ angular
distribution calculated for oscillator wavefunctions is also plotted.

1

ot

excitation, with BA = 10.8 MeV and Woods-Saxon wavefunctions. Its

. . . ‘e . . -1 . .
amplitude is mixed with that for the (Ap3/2,np3/2 )0+ excitation,

Fig. 4 The- calculated angu}ar distribution for the (ASI/Z’nSI/Z

with ﬁiking anglea = ~10°., This mixed ot cross section is added
to ;hat for the netv2+ excitation, the latter being unaffected by .
this mixing, and the result (TOTAL CALC.) is then compared with
the Brookhaven data, affer renormalizing it by a factbx 0.55 |

(dashed curve).
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