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We review recent progress in hypernuclear and exotic atom ....... ·-···· . ··- .. . 
physics. We ·include· a discussion of quasiatomic and very ener­
getic y rays from the pp .atom, and their possible relevance to the 
multiquark baryonium states. We also summarize the most recent 
results on the study o~ A and L hypernuclei, in parti.cular the pro­
posals for the central and spin-orbit components of the single par­
ticle potentials and the spin-spin term in the AN residual inter­
action, as revealed by hypernuclear spectra and y ray transitions. 

Very recently1 •2 •3 , experimental information has become availabie on they-ray 
emission from the antiproton-proton (pp) system, i.e., "protonium". Evidence for 
both quasiatomicl,2 and quasinuclear3 (y-rays to very deeply bound states) transi-. 
tions exists. In ref. (2), the preliminary results forK X-rays indicate a repul­
sive shift of the pp lS atomic level of ~E ~ 3 keV, with a Iorresponding upper 
limit on the width of r~0.2 keV. In the work of Auld et al , the L X-rays from 
the pp atom were seen at a level of 6±3% per stopped p, and an upper limit of 0.6% 
wac quoted for K X-rays. This hull(;at~s that annihilation from the 2P level is 
more prevalent than y emission by a ratio of 10:1 or more. This group also has 
preliminary indications4 of a few 2P~ls transitions detected in coincidence with 
the 3D+2P line, with no indication of a shift as large as 6E = 3 keV for the lS 
level. This uncertainty in the value of 6E is only likely to be resolved when 
more intense p beams are available at the LEAR facility5 at CERN • 

.Several theoretical predictions exist for ~E and r, based on pp potential 
models6,7,8,9. Older models6,7 give values (~E,r) = (0.8,1.3) keVin ref. (6) or 
(0.6,0.3) keV in ref. (7). Recent calculations8 based on the more realistic Paris. 
potentiallO yield values of ~E from 0.8- lkeV. Finally, coupled channel calcula­
tions of Kaufmann9 yield values 6E also less than lkev;· these include tensor 
coupling and isospin mixing. Although the pp potential models studied thus far do 
not produce a shift as large as 6E .. 3keV, this value can always be fitt.ed by· ad 
hoc adjustments of the short range part of the potential, about which we know very 
little. 

The Backenstoss group
3 

has also reported evidence for very energetic y rays emitted 
from the pp system. Energies of about 180, 220 and 410 MeV are quoted in ref. (3); 
a second run also showed the 180 and 220 MeV lines, but the 410 MeV line dis­
appeared in favor of another possible candidate ~t 330 MeV. Possible mechanisms 
for sharp background y lines have been suggested , involving p annihilation into 
kaons followed by kaon-induced y rays, but the rates for these processes may be 
much smaller ttfn the observed y intensities of 6-Sxlo-3 per stopped antiproton. 
Another search. for y rays at Brookhaven obtained no monoenergetic lines at the 
level of 3xlo-2. This limit is not inconsistent with the results of ref. (3). 

* Supported by the U. S. Department of Energy under Contract No. 
EY-76-C-02-0016. 



Although the experimental evidence for energetic y rays from the pp atom is some­
what shaky, a posit~ve result, if confirmed, would be extremely significant, as it 
points to the existence·of low-lying "baryonium" states. Such new mesons have 
been discussed both f~ rotential models12 •13 ("nuc!ear quasimolecules") and as 
multiquark complexes • 5 of diquark-antiquark (Q2Q 2) type. Recently, the rela­
tive coupling strengths of various Q2Q 2 trajectories to the NN system, via y or 
rr emission, have been e~tim~!ed8 • 1 6. For this purpose, the model used by Jaffel4 

to estimate the direct NN+Q Q 2 coupling was generalized. The qualitatiye
2
con­

clusions8 are as follows: i) relatively few of the numerous predicted Q~Q 
states are likely to be seen in y or rr emission; ii) if the transition proceeds 
from qu~~iatomic S-states, the dominant y and rr transitions populate different 
final Q Q 2 states. In principle, this offers a way of distinguishing Q2Q 2 
mesons from "quasimolecules" produced in potential models12 •13 for which y and rr 
emission usually goes to the same final states; iii) the y transitions populate 
some of the l=l states on' theQ21r 2 B± trajectories,- in the notation at Jaffel4, 
which have binding energies of the order of 150 MeV. Two strong lines are pre­
dicted. This is in the energy range of the 180 and 220 MeV y's claimed in ref. 
(2); iv) the l=O q2q 2 states are populated by rr rather than y emission in this 
models. The strong y and rr transitions are su~ficientl! ~ew so that essentt~lly 
unique quantum number assignments can be made ~n the Q2Q model, if sharp l~nes 
indeed exist. No reliable calculation exists for the widths of "baryonium" states. 
Since the q2q 2 states below the NN threshold which· could be seen in y or rr 
emission correspond to low orbital angular momentum l=O or 1, there is a signi­
ficant chance that these states ~a~ be broad. In this case, one has_to concen­
tra£~ f_§tention on the high l q2q mesons predicted well above the NN thresh-
old ' • · 

We now turn to another elementary two-body system, the K-p atom
17 

Recently, the lS 
complex level shift of this system tvas measured by Davies et al , who obtained 
AE ~ 40 ± 60eV and r = o:o30 eV. If this is converted to a complex scattering 
length as via the usual formula 6E+i r/2 = 2~ 2a 3 a5 , where u is the l)e.9.Hced. mass 
and a is the fine structure const~nt, we ob~ain as = 0.1±0.15 + iO:a:o fm. A 
recent analysisl8 of low energy K N scattering data suggests a much larger value 
as = 0.66 +.0.7li (fm). Large complex scattering lengths for K-N are also 
obtained in many other analyses. There is as yet no convincing explanation for 
this large discrepancy. Two contributions19 to this conference bear on this ques­
tion: Deloff and Law point out an ambiguity in Coulomb corrections, while Kumar 
and Nagami obtain singular behavior of the K-N amplitude near threshold in a par­
ticular model. 

We now consider the problem of more complex exotic atoms. There exists a recent 
compilation of all data on the complex energy shifts 6E + i f/2 in rr-, K-, p and 
E- atoms20. One standard method of analyzing the shifts is in terms of a complex 
effective amplitude A, using an optical potential given by Vopt = Ap(r). Rilent 
analyses of this type for r- atoms have been performed by Johnstone and Law • 
There are also some attempts to calculate Vopt from many-body theory22 For com­
plex atoms, a first principles analysis has eluded us. In the case of p and K­
atoms, the situation is particularly difficult because of the existence of two­
body resonances close to threshold. This causes strong density dependent modi­
fications of the effective amplitude A in the nuclear medium. In view of the 
uncertainties in reaction mechanism, the K- and p atoms have not yet proven useful 
for an extraction of nuclear properties such as neutron densities. These have 
generally been used as input into the calc:ulation. 

In the last several years, there has been considerable progress in our understand­
ing of hypernuclear properties. The (K,rr) reaction has proved to be an especially 
powerful tool for the production of single A and E hypernuclei. With available 
kaon beams in the momentum regime of 700-900 HeV/c, one is able to work near the 
ideal recoilless limit of zero momentum transfer for the (K,rr) reaction. The 
CERN23-25 and Brookhav~n26 groups have reported new data on A and E hypernuclei at 
this conference. We report only the main conclusions here. 



The CERN group23- 25 has explored the systematics of A single particle states in 
hypernuclei. They offer an appealingly simple picture of the A effective inter­
action. The level spacing between s, p, d and f A-shell ~odel states is observed 
to be approximately constant at 9 MeV. The A well depth is about 30 MeV, consis­
tent with older determinations from emulsion data. The most interesting aspect of 
this work is the cla~ that the A-nucleus spin-orbit potential is much weaker than 
that for nucleons23 • • It is also suggested that the residual A-nucleon spin­
spin interaction Vcrcr is weak, so the A acts roughly as a "spinless neutron". The 
most recent A shell model calculations incorporating these features are due to 
Bouyssy27 • A good description of the coarse reso~ution experimental data is 
obtained using only simpie A particle-neutron hole configurations; the agreement 
is good both for energy splittings and relative intensities. 

Experiments with higher energy resolution are required before the A spin-orbit and 
spin-spin forces can be probed further. The detailed fine structure of the hyper­
nuclear spectrum can provide additional constraints on the spin dependence. Such 
·fine structure corresponds, for instance, to splittings between states of differ­
ent J but the same p-h configuration, e.g. (AP312 ,nP371) ~+, z+. Another example 
is the splitting of ground state doublets, e.g. CAS1: nP3/ 2) 1-, z-; these register 
directly the effect of the AN spin-spin potential. ~ate that the unnatural parity· 
member of the doublet will be very difficult to excite in the (K-, 1T -) reaction. 
Spin-flip transitions are predicted to .be several orders ·of magnitude smaller than 
transitions to natural parity states29 (comparing peak cross sections for 2+ and 
z-, say). Another source of information on V00 is the observation of hypernuclear 
y rays from particle stable excited states; we return to this point later. 

AN 
There are several theoretical estimates of the strength V1s of the two-body AN 
spin-orbit interaction29,J0,31. The estimated strengths range from vt~ = a in a 
particular approximation to quark-gluon dynamics31 , to about vtNtv~ = 1/3 using 
phenomenological one boson exchange potentials29 which simultaneously describe NN,. 
AN and EN scattering processes32. The value of vt~ is of considerable interest 
for the meson exchange model of baryon-baryon forces, since the A and E hyper­
nuclear systems probe the SU(3) structure of these interactions. 

Recently, angular distributions for the (K-,1T-) reaction were obtained by the 
Brookhaven group26 They studied the 12~(K-,1T-)~tC reacti9n at 8aa MeV/c. Their 
main conclusions are as follows: The (K ,1T-) reaction on 12c, with coarse resolu­
tion of 2.5 MeV, exhibits two prominent peaks whose relative intensity varies with 
angle. The lower mass peak corresponds to a binding energy of la.79 ± a.l MeV, in 
excellent agreement with the ground state binding energy of la.76 MeV obtained 
from the older emulsion data. The angular distribution for the lower peak dis-

29 plays a maximum at about la0 • This is ·consistent with theoretical expectations 
for the (AS~, nP37~) 1- member of the ground state doublet. The position of the 
peak in the angular distribution is not very sensitive to the choice of distort­
ing potentialsZ9. The "analog" peak at 11 NeV excitation is thought to correspond 
to a clumping of the (AP3j 2 , nP3j~) a+, 2+ and (AP!.: nP3j~) 2+ p-h con{iguratfons. 
Because of the small momentum transfer, the CERN e~periments at eLAB = a0 are 
sensitive mostly to the a+ component. The presence of the 2+ states is revealed 
in the BNL data as a shoulder in the angular distribution around eLAB = 15°. In 
this region, the a+ cross section is predicted to be much smaller than the 
observed value, while 2+ states should have their maximum near 15°. The triplet 
of o+, 2+, 2+ states were not resolved in the Brookhaven experiment26. If one 
assumes that only one z+ is app"reciably excited, the a+-2+ energy splitting is 
less than 420 keV (95% confidence); if both 2+'s are excited with the same inten­
sity, the data26 indicate a splitting for the 2+'s of less than 820 keV. These 
limits may already yield some constraints on the spin dependence of the A inter­
action. 

12 . 26 No evidence for core e.'<cited states in A C was seen l.n the Brookhaven data . 
Theoretical calculations of Dalitz and Gal33, based on Cohen-Kurath wave functions, 
predicted two additional 1- states between the ground state and the analog peak, 



with a summed intensity of about 40% relative to the ground state. The use of 
Soper wave functions34 reduces this to ~bout 20%. ·The observed event excess26 in 
the 2-7 MeV region of excitation energy gives an upper limit of 6±5% for the 
relative intensity of core excited states in llc. The cause of this discrepancy 
is not yet understood. The search for core excited states in hypernuclei is an 
important area for future research, although higher intensity kaon beams will be 
required. The intensities of. such states provide a ·very sensitive test of the 
correlation structure of "closed shell" nuclei, for instance, 2p-2h correlations 
in the ground state of 12c. 

The CERN group has recently found evidence for E0 and r- hypernuclei23- 25 , via the 
(K-, rr-) and (K-, rr+) reactions at 720 MeV/c, respectively. From their data, they 
are able to extract a preliminary value of about 20 MeV for the r well depth in 
t~e nucleus. The data do not indicate anx sizable· difference between the r 0 and 
r wells (a Lane potential for r's). In XBe, they find evidence for a rather 
narrow E0 peak with r~ 6 MeV. This is perhaps the most inter.esting feature of the 
data. In heavy nuclei, naive width estimates based on the known r-A conversion 
cross sections (r-p~An or E0 p~Ap) give values in the range r ;, 20-40 MeV. .For 
light "discrete" systems, which are not spin and isospin saturated, these crude 
estimates do not suffice, and· one must consider more detailed models. Attention. 
must be paid to the possibility of additional selection rules (overall isospin 
conservation, for instance). 

Ihere is also some new data on hypernuclear y rays35 •36 . They rays in ~Hand 
AHe have been remeasured35, with resulting energies of 1.04 and 1.15 MeV, res­
pectively. T~fse correspond to the transition between the 1+ and o+ members of 
the (AS~ N S~ ) configuration. These and other data have been analyzed35 in 
terms of a spin dependent AN interaction containing a charge symmetry breaking 
term VcsB proportional to T~. the conclusion is that V00 is rather strong and 
VcsB is weak. This is the reverse of the conclusion of Bamberger et a137 , which 
is based, however, on an erroneous value of 1.42 MeV for the ~He y-ray: These 
new dota do not seem to b!:! consist:ent wi.th the idea23 ,.24_ of t~e A as a ".spinless, 
neutron". However, note that the conclusions of refs. (23,24) are much stronger 
for the spin-orbit force than for the spin-spin part; Vcrcr is; in fact, not well . 
determined from the observation of unresolved p-h states23,24 alone. 

There is another candidate36 in ~Li for a y ray of energy 1.22 MeV. The low-lying 
states in ~Li are obtained by coupling a A in the Sk orbit to the 3/2- ground 
state and ~- first excited state of the 7Li core. ~alitz and Gal33 have calcula­
ted the resulting spectrum and y ray intensities. They predict a strong !-~!­
transition with energy 1.28 ~leV, which may correspond to they line seen36, Two 
other lines which are predicted to be fairly strong lie in an energy region 
(0.5-0.9 MeV) where background y lines from-ordinary nuclei are seen. It is thus 
difficult to isolate the contribution from the hypernuclear transitions. If the 
interpretation of the 1.22 MeV y ray is correct, a sizable spin-spin AN potential 
is indicated. The weak spin dependence used in ref. (27) would lead to a signi­
ficantly smaller y ray energy34. It is very important to pursue the studies of 
hypernuclear y rays. They are potentially very revealing of hypernuclear struc­
ture and residual AN interactions. 

References 

jlj E. G. Auld et al, Phys. Lett. 77B (1978), 454; abstract submitted to this 
conference. 

121 M. Izychi et al, Proceedings of the 4th European Antiproton Symposium, Barr, 
France, June, 1978. 

j3j P. Pavlopoulos et al, Phys. Lett. 72B, (1978), 415. 

141 J, Bailey, private communication, and to be published. 



.t 

lSI See, for instance, U. Gastaldi, in Proceedings of the Kaon Factory Workshop, 
Vancouver, Canada, August, 1979, for a discussion of the LEAR project. 

161 R. A. Bryan and R. J. N. Phillips, Nucl. Phys. BS (1968), 201. 

171 0. D. Dalkarov and V. M. Samoilov, JETP Let.ters 16. (19?2), .249. 
lsi C. B. Dover, J. M. Richard, and M; Zabek, Brookhaven National Laboratory 

preprint (1979). 
191 W. B. Kaufmann, abstract submitted to this conference; W. B. Kaufmann and 

H. Pilkuhn, Phys. Rev. Cl7 (1976), 215. 
1101 R. Vinh Mau, in Mesons in Nuclei (eds. M. Rho and D. H. Wilkinson), North­

Holland, Amsterdam, 1979. · 
llll T. E. Kalogeropoulos et al, Phys. Rev. Lett. 35 (1975), 824. 

·1121 I. S. Shapiro, Phys. Rep. C35 (1978), 129. 
1131 W. W.. Buck~ C. B. Dover and J. M. Richard, to appear in Annals of Physics 1 

September, 1979. 
1141 R. L. Jaffe, Phys. Rev. D17. (1978), 1444. 
llSI H. M. Chan and H~gaasen, Nucl. Phys. Bl36 (1978), 401. 
1161 C. B. Dover and M. C. Zabek, Phys. Rev. Lett. 41 (1978), 438. 
1171 J.D. Davies et al, Phys. Lett. 83B (1979), 55. 
1181 A. D. Martin, Phys. Lett. 65B (1976), 346. 
1191 A. Deloff and J. Law, K. S. Kumar andY •. Nogami, contributions to this 

conference . 
1201 H. Poth, contribution to this conference. 
1211 J .• A. Johnstone and J. Law, contribution to this conference·. 
1221 I. E. Qureshi and R. C. Barrett, contribution to this conference. 
1231 B. Povh, invited talk at this conference; for a review of earlier data,. see 

B. Povh, Ann. Rev. Nucl. Part. Science 28 (1978), 1. 
1241 R. Bertini et al, CERN preprint CERN -EP/79-10 (1979); and contribution to 

this conference; W. Brllckner et al, Phys. Lett. 79B (1978), 157. 
1251 R. Bertini, Proceedings of the 2nd International Topical Conference on Meson­

Nuclear Physics, Houston, ~~rch, 1979. 
1261 R. Chrien et al, Brookhaven National Laboratory preprint (1979); M. May, 

Proc. of the 2nd Intern. Conf. on Meson-Nuclear Physics, Houston, March, 1979. 
1271 A. Bouyssy, Phys. Lett. 84B (1979), 41. 
1281 J.D. Walecka, Ann. Phys. (N.Y.) 63 (1971), 219. 
1291 C. B. Dover, A. Gal, G. E. Walker and R. H. Dalitz, submitted to Phys. Lett. 
l3ol R. Brockmann and W. Weise, Phys. Lett. 69B (1977), 167. 
1311 H. Pirner, Heidelberg preprint (1979). 
1321 M. Nagels, T. Rijken and J. J. deSwart, Phys. Rev. Dl2 (1975), 744. 
1331 R. H. Dalitz and A. Gal, Ann. Phys. (N.Y.) 116 (1978), 167. 

1341 A. 
l3sl M. 
!361 M. 
1371 A. 

Gal, private 
Bedj idian et 
Bedj idian et 
Bamberger et 

communication. 
al, Phys. Lett. 83B (1979), 252. 
al, con tr ibu t ion to this conference. 

al, Nucl. Phys. B60 (1973), 1. 




