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ABSTRACT 

This report contains the proceedings of the first 
LAMPF II Workshop held at Los Alamos February 1-4, 1982. 
Included are the talks that were available in written 
form. The conclusion of the participants was that there 
are many exciting areas of physics that will be addressed 
by such a machine. 



INTRODUCTION: WHAT IS LAMPF II? 

by 

Henry A. Thiessen 
Los Alamos National Laboratory 

The basic idea of LAMPF II is to construct a high intensity 16 GeV synchrotron 

injected by the LAMPF 800-MeV H beam. The proton beam will be used to make in¬ 

tense secondary beams of neutrinos, muons, pions, kaons, antiprotons, and hyperons. 

The low energy beams from LAMPF II will be more intense than those of any existing 

or proposed accelerator. For example, by taking maximui. advantage of a thick tar¬ 

get, modern beam optics, and the LAMPF II proton beam, it will be possible to 

make a negative muon beam with nearly 100% duty factor and nearly 100 times the 

flux of the existing stoppe^ muon channel. Because the unique features of the 

proposed machine are most applicable to beams of the same momentum as LAMPF (i.e., 

less than 2 GeV/c), it may be possible to use most of the experimental areas and 

some of the auxiliary equipment including spectrometers with the new accelerator. 

The complete facility will provide improved technology for many of the areas of 

physics already available at LAMPF and will allow expansion of the field of Medium 

Energy Physics to include kaons, anti-protons, and hyperons. When LAMPF II comes 

on line in 1990, LAMPF will have been operational for 18 years and a major upgrade 

such as this proposal will be reasonable and prudent. 

Nuclear Physics at LAMPF II 

The areas of nuclear physics which can be studied with LAMPF II are listed 

below: 

- Hypernuclei - In the hypernucle1'. v? T/ill b<= able to study nuclear structure 

with one or more strange quarks in the nuclear bag. 

- Hyperons - By studying the decays of the excited states, it will be possible to 

determine the wave functions of the three quarks which make up the hyperons. 

- Kaon Nucleus Scattering - The kaon is the hadron with the longest mean free 

path in nuclear matter and, as such, will be an excellent probe of nuclear 

structure. 



Pion Nucleus Scattering - It will be possible to use 0.5 to 1.0 GeV pious for 

nuclear structure studies with the advantage that the mean free path will be 

much longer and the selectivity for magnetic transitions will be significantly 

better than at EPICS. 

Hadron Resonances in Nuclear Matter - Recent work has shown that A-hole modes 

are an important part of nuclear structure. By using kaons, it will be pos¬ 

sible to excite the Y*(1520) which has a much narrower width and longer life¬ 

time, hence should be a much cleaner case to study than the A. 

Muon Capture and uSR - The high flux of muons from LAMPF II will sake possible 

significantly more sensitive experiments in muon capture, which studies the 

weak interact ion in nuclear matter at a momentum transfer comparable to the 

muon mass, and in muon spin rotation, which is useful for solid state 

applications. 

Neutrino-Nucleus Scattering - By using the high flux of neutrinos from 

LAMPF II, it will be possible to study the spin and isospin structure of the 

charged current by scattering from selected light nuclei. 

Exotic At ores - In addition to K~, Z~, and p~ atoms that have already been 

studied at existing machines, it will be possible to use intense beams of 

kaons and ant i protons to make " , !"P, and T~ atoms that have not yet been 

seen. By studying the atomic spectra, it will be possible to determine 

masses, magnetic moments, and the low energy baryon-nucleus potential for 

these rare particles. 

Particle Phvsics at LAMPF II 

The classes of particle physics which will be studied at LAMPF II are listed 

below: 

- Rare Kaon Decays - There are many rare decay modes which provide extremely 

sensitive te ts of the standard Weinberg-Salara-Glashow gauge model of the 

electromagnetic and weak interactions. Other decay modes are sensitive to 

extensions tt this model which have been proposed. In many cases, the meas¬ 

urement of the :are decay modes are more sensitive than any other experiment 

planned at any existing or proposed accelerator. 

- CP Violation in Kaon Decays - The decay of the kaon is the only verified 

example of violation of CP symmetry known. The origin of this CP violation 

has important consequences for unification. Our knowledge of all of the 
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The basic machine for LAMP? II is a rapid cyclir,̂ , 16 GeV synchrotron. The 

high flux will be obtaineo by operating at f-n ;i2 . or 100 rimes faster than 

existing machines. With 10*3 protons per pulse, i.-h-'ch has alreacy been achieved 

at many laboratories, we will have a total current of 100 vA- The 

technical problems to be solved are the large amount of radio frequency power 

and minimizing beam losses during the ac<~eler.-n ion cycle. 

In order to achieve a good duty factor, the rapid cycler will inject its 

beam into a i.e. stretcher ring. Slow extraction, with neavly 100% duty 

factor, will be done in the stretcher ring. We also require gocd rf timing 



capability of better than 1 nanosecond pulse width at 50 MHz or lower repetition 

rate. This good timing will make possible particle identification without 

detectors in the beam and may also make possible rf separated beams. Providing 

both high intensity and good timing capability simultaneously is a diffir lit but 

probably manageable task for our acce'erator designers. 

No decision has been taken on the sharing of the primary beam from LAMPF 

II. For planning purposes, we assume thd'.. 'here will be four primary beams each 

receiving an average of 25 uA. One of the four beams will be a fast extracted 

variable energy beam dedicated to neutrino physics. The remaining three beams 

will be slow extracted beams which will be used to produce secondary beams. We 

assume that there will be three thick targets, each of more than one interaction 

length. 

LAMPF II Experimental Areas 

It nay be possible to locate the accelerator on the site in such a way that 

the existing experimental areas can be provided with 16 GeV proton beams. A 

site layout which meets this requirement, is shown in Fig. 1. The accelerator 

would be located in a tunnel approximately 30 feet below the present beam 

elevation. We are also considering another option of constructing completely 

new experimental areas, but this plan is at a less advanced state. 

h possible plan for the experimental areas is shown in Fig. 2. It is clear 

from layouts such as this, that the LAMPF II experimental areas will be 

comparable in scope to those already in use at LAMPF. The layout shows all of 

the presently envisaged beam lines with the exception of the neutrino line, 

which will be a short line from one of the straight sections of the accelerator. 

Of course, this is only a preliminary sketch and is subiect to considerable 

change. 

Extensions to the Basic Plan 

We are actively pursuing two directions in addition to the plans mentioned 

above. First, we are looking at the possibi1ity of providing a cooled 

antiproton beam, such as at LEAR at- CERN. It will be difficult to provide a 

competetive proposal unless we come up with a new idea for rapid cooling of a 



high intensity antiprotcn beam. The Nucleon-Antinucleon Working Group is 

studying this problem. 

A second possibility is that we construct a colliding beam facility for 

polarized protons arid heavy ions. Such a facility would provide a unique 

capability if we can achieve adequate luminosity. If the interference with the 

operation of the other facilities can be kept to a few hours a day, then we 

would consider this to be a feasible option. Nick DiGiacomo of P Division is 

lookiag at the feasibility of a collider facility. 

Cost and Time Scale 

We plan to complete a plan for the accelerator and experimental areas 

during 1983. A proposal could be ready for submission at the end of 1983. If 

approved, a construction start in FY-86 would be possible. Fir=>t operation 

could occur in 1990. A detailed cost estimate must await completion of our 

plan. However, early estimates of $75 x 10^ for the accelerator and $75 x 106 

for experimental areas have been confirmed by several consultants. 

User Input for LAMPF II 

Several working groups of prospective LAMPF II users have been organized. 

Those that are active at the present time are: 

1. Kaon and Pion Nuclear Physics, Exotic Atoms 

2. Muons 

3. Kaon and Hyperon Decays 

A. Mucleon/Antinucleon 

5. Neutrinos 

Each working group will hold several meetings during the next year. The object 

of these meetings is to select the most interesting few experiments in each area 

and study each carefully enough to demonstrate its feasibility. The list of 

working groups is arbitrary—changes can be made if desired. The next meeting 

of the working groups will be parallel sessions at the LAMPF II Workshop, 19-22 

July, 1982. 
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Kaonic and £ Atoms: Present Status and Future Directions 

B. Le P .lob e 11 s 

Department of Physics, Boston University 

Boston, Massachusetts 02215 

Abstract 

The existing data on Kaonic and S-hyperonic atoms are reviewed with an 

emphasis on what experiments still need to be performed. Almost all 

of these experiments require high flux, high purity kaon beams which 

will be available at a new "Kaon Factory". Topics covered include 

particle properties, viz. IT?., m__, y(Z~); strong interaction widths, 

shifts and yields; E2 resonance effects; the K~ - p atom; and 

radiative kaon capture. 

*Talk presented at the LAHPi-' II Workshop, Los Alamos on February 1-4, 1982. 

This work is supported in part by the U.S. National Science Foundation. 



I. Introduction 

Exotic atoms have played an interesting role in subatomic physics since 

the earliest days of the muon. In fact, it was the long lived nature 

of the muonic Is state that led Fermi, Teller and Weisskopf3 to point out that 

if the new particle was the Yukawa particle, then the true nature of 

"mesotron interactions" was radically different than had been believed. 

Fortunately the pion was discovered shortly thereafter4, and the. puzzle 

became the role of the muon rather than a reformulation of meson theory. 

Since those early days, the study of w.otic atoiiw lias blossomed into a rather 

diverse field which includes not only traditional exotic atoms where a single ne¬ 

gative particle is bound in hydrogen-like Bohr orbits around an atomic 

nucleus, but also muonium (p+ - e~), protonium (p - p) and of course 

positronium (e+ - e~). Systematic studies were carried out on piouic and 

muonic atoms, and by the late 60's several extensive reviews became available.-" 

With the development of secondary beams of kaons and antiprotons, 

the study of exotic atoms s*rew to include K~, p, and l~ atoms in addition 

to pionic and muonic ones. The most recent review of the entire field ie 

by Batty.3 

The well known Bohr formulae, 

r" ye2 Z 

n 

2 (1) 

describe the gross features of axotic atoms, where y is the reduced mass, 

Z the atomic number of the nucleus, n is the principal quantum number, and 

a is the fine-structure constant. Because the masses of the negative hadrons 

(TT~, K~, p, E~) , as well as the muon's, are much greater than the electron's, 

the lowest exotic atom energy levels lie deep inside the electron cloud, and 

are indeed hydrogenlike. The screening of the Coulomb potential by the 

atomic electrons produces a small perturbation on the energies of the lowest 

hadron-atomic states. In figure 1 we sketch schematically the energy levels of 

a hydrogenlike exotic atom. For values of the principal quantum number 

n < 

10 



where m^ is the orbiting hadron's mass, me the electron mass, radiative 

transitions dominate. Eventually the hadron wave function overlaps suf¬ 

ficiently with the nucleus, and the hadron is removed from orbit by strong ab¬ 

sorption. Measurements of the x rays emitted from exotic atoms have provided 

much useful information about the nucleus and the orbiting hadron. 

In reality one must use a relativistic wave equation, Klein-Gordon or 

Dirac, and the point Coulomb energies are given by 

E = y [l + ( 
n - (j + h) + /(j + h)2 - (Z a)z) J (2) 

where j is the total orbital angular momentum ( = to I for spin zero particles) 

and a, Z, n and y being defined as before. A number of corrections must be 

added to the point coulomb energies but they are easily calculated using pertuba-

tion theory,9 Thus>careful measurements of the transition energies yield the 

mass of the orbiting particle. 

II. Kaonic Atoms 

We turn our attention to the general topic of kaonic atoms and will discuss 

the following topics: K"~ mass, strong interaction effects, E2 resonance effects, 

kaonic hydrogen and radiative kaon capture. 

H a . The K~ Mass 

All the accurate values of the K~mass have been obtained from exotic atom 

measurements. The current value is 1 0 

mk = 493.669 + 0.015 MeV 

With higher fluxes, one should be able to obtain an accuracy comparable to the 

current pion mass of approximately one KeV using either conventional Ge detec¬ 

tors, or bent crystal spectrometers.11 

lib. Strong Interaction Effects 

Because the Bohr radii of the lowest atomic orbits lie well inside the nuclear 

volume, the atomic cascade is terminated by strong absorption before the Is 

state is reached in all elements except K~ - hydrogen. In fact, it was origin-

11 



ally proposed by Jones that information on the proton and neutron densities 

at the nuclear surface could be obtained from studies of kaonic atoms. Wil¬ 

kinson then suggested that one might use kaonic atoms tc probe the "nuclear 

stratosphere" for nucloon clusters, specifically a particles. Although the 

information obtained thus far has been far more modest in scope, a number of 

interesting things have been learned nevertheless. One of the difficulties is 

the lack of intensity in present kaon beams which lias placed severe limits on 

the statistical accuracy of the data. 

Considerable data now exist on x-ray yields, shifts and widths for a 

range of nuclei from kannic helium to uranium. The first data were taken by 

the CERN group11* and then the Argonne group1^, but the bulk of the data 

were obtained by the Rutherford Lab group using the K17 beam line at NIMROD.16-18 

Wiegand and Godfrey have carried out extensive studies on thf absolute yield 

of kaonic x-rays throughout the periodic table. 

The lowest observed transition is quite noticeably broadened with respect 

to the detector resolution and shifted in energy as well. This is shown 

schematically in figure 2. Figure 3 shows an x-ray .spectrun for K~ -Cd 

(taken from ref. 17) and fig. 4 shows a fit to the broadened K~~ (n = 6 -»• n = 5) 

x-ray as well as contributions from the K~ (1 1 -> 7), K~(8 •*- 6) transitions and 

a 373.8 keV ^-ray line which appeared in the region of interest. The amplitude 

of the unresolved K~(ll ->• 7) x-ray was determined from a cascade calculation. 

In order to determine the natural linewidth of the transition it; is necessary 

to fit the observed lineshape with the convolution of the detector response 

and a Lorentzian line shape. This procedure is described elsewhere by Roberts, 

et. al.20 

Three different optical models have been used to try to describe the data. 

The optical potentials used are: a semi-phenomeno'logical potential proportion¬ 

al to the nuclear density21 which was used by Koch and Sternheim , a micro¬ 

scopic nonlocal energy dependent optical potential which was derived by Alberg, 

Henley and Wilets23, (AHW) and an optical potential which was derived from 

multiple scattering theory by Deloff.24 It is interesi-irg to note that AHW 

show that their potential, which is derived in a Brueckner-type many body 

theory is not proportional to the nuclear density whereas Deloff finds the 

potential derived from a multiple scattering approach is proportional to the 

nuclear density. 

12 



One of the difficulties in calculating the K~ -nucleus interaction is the 

inclusion of the A(1405) resonance which is just below the K~ p threshold 

(mk + m = 143/ MeV), a point which is discussed in detail by AHW.23 This 

point is also discussed by Brockman, Weise and Tauscher25, and Eisenberg.26 

The modification of the A{1405) by nuclear matter is also mentioned by these 

authors. 

To the accuracy of the present data all three approaches meet, with 

roughly equal success. In figures 5 and 6 we show all the width and shift 

data which have been measured. The solid line represents the best fit to the 

data of a simple phenomenological optical potential of the form 

V = =^- (1 -r-£) a" p(r) (3) 

where a is a free (romplex) parameter, m kaon mass, m is the nucleon mass, 

and p is the reduced mass of the kaon-nucleus system. The fit to these 

data givfts 

I = (0.347 ± 0.030)fm + 1(0.818 ± O.O29)fm 

with a x2 per degree of freedom of 1.29. The yield data are shown in figure 7. 

There is a serious difficulty in including the yield of the last transi¬ 

tion in this analysis. As pointed out by Batty8, fitting the yield values 

alone only requires a =0.5 and a - 0.3 fin, which are significantly differ-

ent from the values obtained from the shift and width data. The yield is 

determined by the overlap of the upper kaonic atom level with the nucleus 

whereas the shift and width are determined from the lower level. This would 

seem to be an ideal place to check the more sophisticated theories; however 

Deloff did not calculate the widths of the upper level, and the upper widths 

calculated by AHW23 are progressively larger than the data (which were 

available in * 76) as one oes up in Z. 

Thus far we have ignored the posibility of hyperfine structure arising 

from coupling of the orbital angular momentum to the nuclear spin. Hyperfine 

st-ucture has been observed in both pionic27"30 and kaonic29 atoms. In fact 

the only serious challenge to the usefulness of the pion optical potential 

in completely describing pionic atoir^ has come from deformed nuclei' • 2 9'30 > 

where the measured shifts and widths r the lowest states in pionic Re, Ta 

and Bi are consistently and increasingly lower than predicted by the optical 

model. 

13 



Certainly the current question in pionic atoms is whether the optical poten¬ 

tial itself is at fr.ult or whether the theory31 is merely deficient in its attempt 

to handle the nuclear deformation part of the potential. 

tu figure. 8 we show the K (7 -*• 6) transition in Ho. The composite line-

shape is composed of 21 separate lines plus the. R (Ilk -+• 8j), (llj -+ 8i) and 

the 8 -+ 6 gamma-ray transition in '-^Dy. Certainly at present the kaonic 

data are much less precise than the pionic, and no real statement can be made 

about the agreement or disagreement with the theory for the deformed part of 

the interaction. With a high flux kaon facility these data would present thi: 

equivalent problem Lo the theorist as the pionic data. We should emphasize once 

again that this is the one situation in pionic atoms where the optical model, 

or at least some part of the theory breaks down. 

It is clear that progress needs to be made on both experimental and 

theoretical fronts. Even though the Rutherford group was blessed with seveial 

years running time, the uncertainties on the widths and shifts are very large 

in comparison with the pionic atom data. 

lie. E2 Nuclear Resonance Effects 

In a few cases the spacing of the nuclear levels in an exotic atom can 

correspond to two successive atomic levels as shown for pionic 118Cd in figure 9. 

Consequently the electric quadrupole coupling can result in configuration 

mixing of the states." The theory for pionic atoms has been extended by Dubach 
33 ?? 

et. al. to describe the extensive pionic atom data of Leon et. al. Perhaps 

the most striking use of this E2 resonance effect way the measurement of the 

width of the 3p state in *"Pd where the resonance permitted a measurement of 

a width which was much too broad to observe directly.34 

The E2 resonance effect has also been observed in kaonic atoms3 , however 

the results are not as precise as the pionic data because of th • much lower 

beam intensity available in present kaon beams. In fact, a numbsr of experi¬ 

ments with separated isotopes will be possible once higher fluxes are available. 

Hid. Radiative Kaon Capture 

Radiative pion capture36 has provided a great deal of information on 

nuclear str- Lure, Ml transitions strengths, and most recently, Miller et. al.
3 7 

used it as a probe to search for a bound state of the trineutron. On the other 

14 



hand, radiative kaon capture is an almost completely unexplored field. There 

are two experiments :n the 1iterature36'39, the earliest of which reported 

(on the basis of four possible events) the branching ratio for 

K~ + p -+ f\ r y 

to be (3.0 ± 1.5) x 10~3. The experiment by Davies, et. al. 3 9 found a null 

result and placed a limit on the branching ratio of 

Rl = < 4 x 1 0 
Rate (K p •* anything) 

in setiou., disagreement with the- theoretical value Rj = (3.6 + 1) x 10 

which was calculated using the formulae derived by Korenman and Popov. How¬ 

ever, the experiment has been repeated at CERN*41 and a preliminary result of 

K, = (2.8 + 0.8) x 10~3 was obtained and which appears to agree with the calcu¬ 

lated value as well as with the result of Humphrey and Ross.36 

Certainly the fact that the branching ratio for radiative K~ capture is 

down an order of magnitude from radiative IT" capture is discouraging from the 

point of view of present experiments. On the other hand, it will be possible to 

perfrnn such experiments on the nucleon and selected nucleai targets at a new 

high flux machine, am" these data should complement the hypernuclear data avail¬ 

able from other reactions. 

lie. K~ - p 

Exotic hydrogen has been the most elusive of all the exotic atoms. Even 

with the advent of the meson factories, the p and IT - p systems are relatively 

unstudied. This is particularly unfortunate for the strongly interacting prohes 

since the widths and shifts of the atomic levels can be directly related to the 

hadron-nucleon scattering lengths without the confusion introduced by the nu¬ 

clear physics present in the heavier atoms. Since theories, particular^- for K~ - Pi 

need to extrapolate the scattering amplitudes below threshold, kaonic hydrogen 

provides a unique way to measure the amplitude directly at threshold. 

X-rays from muonic , pionic , and antiprotonic hydrogen have been un-

abiguously observed, but the situation is not so clear with kaonic hydrogen. 

An experiment carried out at the Rutherfoi'd Laboratory showed an indication 

of the 2p -»• Is kaonic x-ray. A similar experiment has been performed at CEFN 

by the Backenstoss group and there was an indication of some structure at the 

correct place in the spectrum. 

Batty et. al.1*5 ha/e recently repeated their experiment at CERN arni the 

tire 1 iminary analysis shows, once again, very weak lines with a 2p •* Is stiiftr 

of 200 ± 60 eV which is opposite in sign from that expected from theory. Batty 
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still feels that the K - p atom is an open question which must wait until higher 

flux, higher purity kaon beams become available.'45 

IJI. L~ Atoms 

The field of Z~ atoms has remained relatively unexplored, and is certainly 

an area where the new machine will play an important role. The greatest ex¬ 

perimental difficulty lies with the short lifetime of the Z~ (T = 1.482 x 10~10 sec) 

The kaon lifetime (T = 1.237 x 10~8 sec) is sufficiently short that great care must 

be exercised to make kaon beams as short as possible. Atoms formed directly from 

a beam of Z~ are out of t.u> question, so one h.is been forced to use the 

reaction 

K~ + N -+ 7~ + v (N = p or n) 

to produce Z~ in the target of interest, s<.e fig. 10. In a nut-J ear target, "•< 10% of 

the Z~ produced actually escape from the nucleus where the K~ captured, stop 

in the target without decaying, and produce atoms.48 Yields cf E~ x-rays have 

been measured at Berkeley , and at CERN. Because of the low intensity of the 

I~ x-rays, strong interaction widths and shifts were riot measured until relatively 

late in the history of I~ atoms. The first detaile-j information learned from 

T, atoms has been the magnetic dipole moment of th^ Z~ rather than strong inter¬ 

action information. 

Ilia. The Z~ Magnetic Moment and Mass 

The ?~ is a join J5 particle and thus the levels exhibit fine-structure 

splitting (see Fig. 11) which is given D V 5 5 

with Z, a, n and I defined as before, m is the reduced mass, y is the Dirac 

moment (-1) and g, is the P.iuli (or anamalous) moment. In Fig. 12 we show 

schematically the El transition^ between two fine-structure split levels. It 

can be shown51 that for n = 10 the transition labelled £> is negligible and one 

observes experimentally two lines whose separation is the difference in fine-

structure splitting of the two levels. The situation is complicated by two 

factors: there are unresolved noncircular transitions (see Fig. 1) present 

under the more intense circular transitions, and the separation of the two lines 

in the circular transition is only of the order of the instrumental resolution. 

This method was first demonstrated to work in a measurement of the antipro-

ton magnetic moment by the William and Mary, CMU, VPI, Cal. Tech., U. Wyoming 
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collaboration.52 Although the splitting for the lowest p - Pb and p - U 

transition is much larger than that encountered in E~ atoms, the same answer, 

but with larger uncertainty was obtained from an analysis of the highest p 

transitions where the splitting was comparable to that observed in 1~ atoms.9 

The first precise measurement of p(E~) using the exotic atom method53 

was reported in 1974. A detailed description of the technique is given in 

Ref. 51. Both the p experiment and the L~ experiment were repeated at Brook-

haven by the Columbia-Yale collaboration51*'55 and although the1'. ; moment was 

considerably more accurate, the value reported for p(I~) was comparable to, and 

in agreement with, Roberts et. al. 5 1' 5 3 The current world average is 1 0 

uCT) =(-1.41 + 0.25)p , 

ah 
where y = 

N 2m c 

There is a recent result56—as yet unpublished—from the Fermi lab group 

which quotes four equally likely results: 

p ( O = -0.89 

+2.42 

Only the first two values agree with the exotic atom results.* 

The L~ moment is extremely difficult to measure by traditional precession 

techniques because the decay assymetry parameter for the £~ is 6.8% as compared 

with, e.g. 64% for the A. The ambiguity in the Fermilab results stem from 

only having taken one magnetic field setting, and thus not knowing the direction 

of the initial polarization or the sign of the magnetic moment (direction of 

precession). 

It is clear that additional wo'< is needed to more precisely determine 

y(E~),and a new exotic atom experime. i will begin running at Brookhaven in 

March of 1982. A new technique is being developed which will suppress the 

kaonic. Dionic. and much of the nuclear gamma-ray background.57 The technique 

is based on the fact that K~ + D -+• E" + TT+ 43% of the time, where T + = 83 MeV. 

Sheets of a high Z target (Pb will be used first) are immersed in a bath of 

liquid hydrogen. K~ are stopped in this Pb - LH2 target and x-rays in coincidence 

with a ir of the correct energy are then stored for analysis. This technique 

* In Ref. 53 there was a one standard deviation preference for a negative 
sign. In Ref. 55 there was no preference. 
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shc.uld provide the first clean Y. x-ray spectra with an improvement in signal 

to noise of -5 over the earlier technique. It should also provide a clean way 

to measure widths and shifts of the 7. x-ray lines. Whatever the outcome of this 

experiment, one can certainly do better with a new generation of kaon beams. 

The Columbia-Yale group -^ were also able to measure a value for m _ but 

it was .iot as precise as the tabulated value.1'3 The new experiment will give 

a value for the mass which should be comparable to the tabulated value in 

accuracv. 

ITIb. Strong Interaction Effects in L~ Atoms 

Only the Rutherford Lab group has measured X~ widths and shifts directly. 

In Fig. 13, we show the E~(5 "v 4) transition in Al plus the ^"(4 ->• 2) f ransition. 

The magnetic moment was fixed at the tabulated value. The intensity ratio, 

a:b:c for this transition is 33:1:27. (See Figure 12 ) 

The strong interaction linev.'idths and shifts of the T.~(b -> 3) transi¬ 

tions in 0 and £~(5 -* 4) transitions in Mg, Al, Si, S were measured and then 

analyzed using the Henl-phenomeno lop, ic.il optical potential used in K~ atoms 

(see eq. 3) but with m^ replaced by m _. The result was 

a = (0.33 t 0.04) + i(0.19 t 0.03)fm 

As in the case of K~ and p atoms, one has difficulties in comparing a to 

free scattering lengths.8'23 The absorptive part of the Z-nucleus interaction 

was considerably weaker than had been expected. A reanalysis of <;he problem 

by Wycech and co-workers5^ confirms the result of a small value of Tm a, and 

in this paper they also speculate on the presence of a Z~ - p strongly bound 

state. 

With the recent observation of £ hypernuclei one has the possibility of 

complementary information of the Z nucleus interaction from several sources. 

Battyu has investigated some of the possibilities and points out that strong 

interaction information from selected Z~ atoms would be valuable in hypernuclear 

physics. 

Certainly the technique being developed at Brookhaven for the Z~ moment 

measurement will also lend itself to the measurement of Z~ widths and shifts. 

The technical difficulties are not to be taken lightly—not the least of which 

is the necessity for the target material to withstand the thermal trauma of being 

immersed in LHo— but these can be overcome in some, if not all cases. This 

technique, combined with a considerably higher kaon flux will make better mea¬ 

surements of both 2~ particle properties, and its strong interaction with 
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nuclei, part of the future at LAMPT II. 

IV. Conclusions 

There are many unanswered questions which can be studied with rhe advent 

of a new accelerator with high intensity kaon beams. The most fundamental of 

these are the magnetic moment of the 1 and the k -p interaction at threshold. 

Much of the antiproton physics will be done at CERN using LEAR; there are al¬ 

ready several proposals there for p - p studies and for heavier p atoms^2 6U 

For this reason antiprotonic atoms have been ignored in this paper, not because 

the subject is uninteresting. Even if the current AGS experiment57 obtains a 

measurement of p( ) ) to an accuracy of ±.05 ]d , this will be a long way from 

the accuracy available for other hype^-ons10, where p(A) = (-0.6129 + 0.0045) 

n is the most precise. In addition, the possibility of using a bent crystal 

spectrometer to clearly resolve the fine-structure components is, in many ways, 

more satisfying than the current situation of having to analyze a broad un¬ 

resolved composite lineshape for splitting. 

There are several parameters which are extremely important for an improved 

kaon beam if it is to be used for exotic atom studies, especially K - p, the 

most fundamental and most elusive. (No attempt has been made to discuss the 

problems associated with this system such as Stark mixing, etc., the interested 

reader is referred to Ref. 42-44,46,47 and references therein for this discussion.) 

However, Batty emphasized most strongly that the new beam must be more intense 

but with a much better TI/K ratio than the two beams he has worked in at Ruther¬ 

ford and CERN. The LESB I at Brookhaven has T/K of = 10/1 which is probably 

the best available, and already this presents problems. The second requirement 

is good duty factor. For a stopping beam, it is of upmost importance that one 

be able to count the individual stopped particles to clean up the x-ray spectrum. 

In measuring fine-structure splitting, and shifts and widths, the background, 

i.e. signal to noise is all important. In fact we have found in analyzing spec¬ 

tra generated by Monte-Carlo methods, that improved signal to noise is almost 

more important than improved statistics for decreasing the statistical uncer¬ 

tainty on the magnetic moment. 

Certainly there are many exciting possibilities for new and improved 

exotic atom experiments at the new machine. Many of the current questions will 

be answered there. 
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Fig. 1. The Schrodinger energy levels 
of a hydrogen-like atom. The 
regions where radiative and 
Auger transitions are important 
depend on the mass of the or¬ 
biting particle (see text). 
Circular transitions are de¬ 
fined as transitions (n-[P,-[ ->-
nf'f) = (n+l»n •*• n,n-l). Non-
circular transitions are those 
with ?j_ < n̂_ - lj In - if = -1. 
One should note that relativis-
tic fine structure lifts the 
degeneracy for states with the 
same n but different J. [see 
eqn. (2)]. 

NUCLEAR 
CAPTURE 

Fig. 2. The last observed x-ray tran¬ 
sition in a kaonic atom. Note 
the shift, /E, is repulsive. 
The yield of the last transi¬ 
tion is determined by the 
strong interactions widths of 
the upper level, but the width 
and shift of the last transi¬ 
tion is deLotmined by the low¬ 
er level. 
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Fig. 3. The x-ray spectrum from kaonic Cd (from Ref. 17) 
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Fig. 4. A fit to t^e broadened K (6 ~> 5) transition in Cd. Also included in 
this fit are the K~ (11 -+7), ( 8 + 6 ) and a y-ray line at 378.8 keV. 
The y-xay energy and yield were determined from spectrum accumulated by 
stopping TT~ in the target. (See ref. 17.) 
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Fig. 5. Kaonic strong interaction 
shifts (taken from ref. 8). 
The solid lines are a fit to 
the data using the potential 
given in eq. (3) . 
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Fig. 6. Kaonic strong interaction 
widths (taken from ref. 8). 
The solid lines are a fit to 
the data using the potential 
given in eq. (3) . 

. 8. A region from the spectrum ob¬ 
tained by stopping K~ in Ho 
(see ref. 29). The hyperfine 
split K~(7-<-6) is shown along 
with several other transitions 
which fall in the region of 
interest. The transitions are 
labeled (1) K"(7->-6), (2) K~ 
(llk+8j), (3) K.-(llj->8i) and 
(A) 8+>6+ y-ray transition in 
156 

Fig. 7. Kaonic atom transition yields. 
The solid lines were calculated 
using the potential given by_ 
eq. (3), using the value of a 
determined from fitting the 
width and shift data. 
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Fig. 9. The E2 resonance effect in 
112 
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Fig. 10. The spectrum obtained by stopping K in Pb. Note the presence of 
weak ~ and ir~ x rays coming from the reaction K~ + N > /. + IT . The 
data are from ref. 51. 
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Fig. 11. The fine-structure splitting 
of an atomic level with prin¬ 
cipal quantum number n. orbi 
tal angular momentum i. 
IE n is givon by eq. (A). n 9 <. 
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Fig. 12. El transitions between two 
fine-structure split levels. 

1010 10.30 

SIGMA ALUMINIUM S-

Fig. 13. A portion of the I x-ray data 
obtained by stopping K~ in Al. 
The solid curve is a fit to 
the data. The background sub¬ 
tracted peaks show the fi:»e-
structure split I~(5->-4) line 
plus the TT~(4-2). The mag¬ 
netic moment was fixed to the 
tabulated value. (Ref. 10.) 
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TR1UMF KAON BEAMS 

by 

D.E. Lobb 

ABSTRACT 

Criteria for the design of kaon beam lines 
appropriate to the proposed higher proton currents 
at future kaon factories are discussed. The present 
status of one design is presented. 

I . CRITERIA FOR THE DESIGN OF KAON BEAM LINES 

At TP.IUMF, cyclotron and synchrotron designs are being studied that would 
produce primary proton energies "• 10 GeV and primary proton currents <̂ 100 ;jA 
to ^ 400 pA. 1 These proton currents would be in the range lOOx to lOOOx more 
intense than those available at present accelerators. The resulting increase 
in kaon flux off the production target will allow beam line designers to pay 
more attention to kaon beam quality at the end of the secondary channel and 
less attention to kaon flux transmitted. 

Kaon channels should be short: 1.8% of 500 MeV/c kaons survive a 15 m drift 
compared to the 7.0'<& that survive a 10 m drift. However, the ^ lOOx increased 
flux expected off the production target would allow channel lengths to increase 
a few meters if such longer channels would result in better quality beams. In 
addition, channels cannot be too short since adequate space is needed to locate 
sh i e1d i ng. 

At higher momenta, separator properties provide the limiting feature on the 
design: separator length scales roughly as momentum cubed for a given separator 
field and a given required angular separation between the kaon and pion beams. 
As an example, a 5 mrad separation of 0.55, 1-0 and 2.0 GeV/c pions from kaons 
requires separator lengths of 1.3, 6.8 and 51.8 m, respectively, at 70 kV/cm. 

At a separator the vertical (non-bend) plane phase space distribution of 
the beam should be large along the position axis (determined by the aperture 
between the sepi.rator plates) and small along the divergence axis so that the 
change in phase space coordinates of a pion ray relative to a kaon ray due to 
the separatoi field results in the two distributions being cleanly separated. 
Thus, separator parameters determine the vertical phase space area that can De 
transmitted. Also, second-order effects in the vertical plane are of criticaJ 
importance since phase space areas that are separated to first-order may over¬ 
lap when second-order terms are included. 
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With the vertical phase space area determined by separator parameters, 
a large solid angle of acceptance requires a large angular acceptance in the 
horizontal (bend) plane. Looking through a thick target at zero degree take¬ 
off, the spread of the secondary particle beam in passing through the target 
results in a large effective horizontal source size, and, consequently, a low 
first-order channel resolution. 

It is assumed that the most important design criterion is a pion to kaon 
ratio as small as possible. Kaon channels to date have featured one horizontal 
focus (for momentum selection) and one vertical focus (for particle type 
selection) between two bending magnets. If there is a halo of "cloud" particles 
that seem to come from a region of space adjacent to the primary proton beam 
volume in the production target, part of this halo will be transmitted through 
the vertical slit opening. The decay length of K° particles varies from 2.7 cm 
to 4.0 cm over the momentum range 500 MeV/c to 750 MeV/c. When such particles 
decay to produce pions at 550 MeV/c, say, typical Kg trajectories off the pro¬ 
duction target (% 10° from the proton beam direction) and typical accepted pion 
trajectories (̂  5° from the proton beam direction) result in pion trajectories 
that, when traced back to a plane that contains the front face of the target, 
are displaced up to ̂  1.5 cm from the proton beam axis. This is a very large 
effective source size compared to the primary beam spot of 1 to 2 mm radius. 

Thiessen2 has suggested that these "cloud" pions can be rejected by having 
two vertical foci with the separator located between the foci. Such a channel 
can have its elements located symmetrically about the separator midpoint, which 
also allows for a doubly achromatic system. In addition; the operation of sym¬ 
metrically located sextupole elcn.ents as coupled pairs allows for the correction 
of selected second-order terms without increasing other second-order terms to 
unacceptable values. 

II. TRIUMF CHANNEL KD 

The present status of a 550 MeV/c channel design is illustrated in fig. 1. 
Entrance and exit angles of the first dipole are chosen to reduce geometric ver¬ 
tical aberration (the T 3 ?4 term in TRANSPORT notation3). The system is located 
symmetrically about the midpoint of the separator with R22 = Ki»i* = Ri6

 = 0 at this 
location. There is a doubly achromatic stigmatic focus at the end of the channel 
with 2.2% of the 550 MeV/c kaons surviving the 15-7 m channel total length. 

For the design we assume initial phase space semi-axes of 0.4 cm and 
125 mrad in the horizontal plane, and 0.1 cm and 30 mrad in the vertical plane, 
resulting in a 12 msr angular acceptance. The assumed momentum semi-axis is 2%. 

At the first vertical focus (FV1) the vertical geometric aberration terms 
T 3, 3= -5 x 10~

5 and T32i, = 1 * 10~
6 make negl igible contributions; the chromatic 

term Ta^g can make a contribut ion as large as [ ( 1 . 2 X 1 0 ~ 2 ) ( 3 0 mrad)(2%)] = 0.7 cm. 
The coupled sextupoles, each 0.1 m long with SXT1 at -1.146* 10~ 2 kG/cm2 and 
SXT2 at +1.146 * '0~ 2, reduce the worst vertical second-order effect at FV2 from 
[(2.1 x 1O~2)(30 mrad){!%)] = 1.3 cm due to T 3 4 6 to [ (3.2 * 10~

2)(0.4 cm)(30 mrad)] 
= 0.4 cm due to a T31l4 term induced by SXT2. 

Slits are located at Ql entrance (|x| > 7-5 cm and/or |y| > 1.8 cm rejected) 
to define the angular acceptance of the system. More computer runs need to be 
done to investigate the effects of slit scattering, but it can be argued that if 
a trajectory is to be lost somewhere in the system, it should be lost as near to 
the target location as possible to minimize the probability of slit scattered 
rays passing through the downstream slits. The vertical slit setting at FV1 
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(]y| > 0.37 rejected) I? chosen as a result of a TURTLE 4 run which gave the 
vertical beam spot size at R/l for the rays which passed through the first slit. 
This beam spot is larger than the first-order monoenergetic 550 MeV/c beam spot 
but agrees with the first-order spot size produced by monoenergetic beams of 
momentum 539 MeV/c and 561 MeV/c (550 MeV/c ± 2 % ) . A vertical slit setting at 
FH1 (|x| > 3 - 3 cm rejected) determines the system momentum transmission at a 
nominal ±2'4,. The succeeding two quad doublets image, with unit magnification, 
FV1 onto FV2 and FH1 onto FH2. A horizontal slit at FH2 (j x| > 3-3 cm rejected) 
serves to clean up the beam; a vertical slit at FV2 (!y| >0.37cm rejected) 
serves to reject the pion beam which has been deflected by the separator. 

Q1 Q2 Q3 

R12= R34= 0 

Q8 Q9 Q10 

R i6= R26 = 

Fig. 1 

Kaon Channel KD. The dipoles B1 and B2 have a bending radius of 1.57 m. 
Elements Q1 to 0.10 are quadrupoles and elements SXT1 and SXT2 are sextupoles. 
Zero values of the f i r s t -o rder transport matrix are indicated. 
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Computer runs have been performed using the programs TURTLE and REVMOC 5; 
the REVMOC calculations have been performed both by assuming that al! rays 
that strike a slit are lost and by assuming that the slits are composed of 9 cm 
thickness of copper. For a single type of stable particle (relative p o d u c t i o n 
cross sections and relative decay lengths of pions compared to k 'ons c\ e not in¬ 
cluded in the results) preliminary results for particles originating within a 
source ellipse with semi-axes 0.4 cm horizontal and 0.1 cm vertical show that 
in the absence of slit scattering no rays get transmitted if the separator de¬ 
flects the beam by 3-0 mrad. Separator deflections of 3-0 and 3-5 mrad for the 
CoSe of the copper slits result in transmissions, relative to those obtained 
with the separator off, of 0.19^ and 0.05'., respectively. Also, the slit 
scattering produces about 1 ray out of 500 at the end of the channel that 
is we 1! outcide the beam spot distribution. 

The required separation of a 550 MeV/c pion from kaon beam can be achieved 
with a 1 m long separator with a field strength of /U kV/cm, a required voltage 
of 1.12 MV o c o s s 6 cm. (It should be noted thct 1 MV across 10 cm has been 
achieved'.) For such a separator the deflection of the pion beam relative to 

beam at 550, 600 and 650 MeV/c is 4.0, 3. 
system elements need -f, 10 cm half aperture 

1 ±2% momentum transmission the horizontal 

the kaon 
The 

a nomina 
• 12 cm. 

I f the 
x 

across 10 
pion beam 

and 2.5 mrad, respectively, 
in the vertical plane; for 
half apertures need : be 

s l i t s a t FH1 a n d FH2 a r e c l o s e d d o w n to the f i r s t - o r d e r b e a m s p o t 
s i z e ( ] x! > 0.93 c m r e j e c t e d ) a T U R T L E run g i v e s a m o m e n t u m r e s o l u t i o n o f - 1 . 1 

.'•p/p - \ .h% at full w i d t h a n d - 0 . 4 • .'.p/p ' 0.52 at h a l f m a x i m u m ; the l a t t e r 
f i g u r e c o m p a r e s w e l l to the f i r s t - o r d e r r e s o l u t i o n o f ± 0 . 5 5 ^ - W i t h t h e s l i t 
at F"H1 set t o t r a n s m i t |x| • 3-3 c m , the final b e a m m o m e n t u m d i s t r i b u t i o n is 
- 2 . 8 5 A p / p -' 3.02 at full w i d t h and - 1 . 6 • A p / p ' 1.6/, at h a l f m a x i m u m . 
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IDEAS FOR K BEAMS AND SPECTROMETERS 

by 

Harald Enge 
Massachusetts Institute of Technology 

Cambridge, MA 

Let me first attempt to explain the terminology that we are using in ion-

optics and to illustrate what is important for achieving good resolving power. 

Figure 1 shows a general ion-optical transfer system. The system may contain 

dipoles, quadrupoles, velocity selectors, etc. The position and direction of a 

ray at the exit is cle_irly a function of the position and direction at entrance as 

well as of the momentum increment 6=£p/p. For instance, 

X2 = f(xr V V V 5) (i) 

In the case of particles of different masses we also need to introduce another <5, 

for instarce, r. = ,'m/m. We imagine that we perform a Taylor expansion of this 

function and write for the case of x_ the following expression: 

= (x/x)x1 

2 + (x/66) 

+ (x/62)62 + (x/y2)y2 + ( x / y ^ y ^ + (x/d'2)62 

+ higher-order terms. 

The first order terms are: (x/x)=magnification, (x/0) the first order aberration, 

which is zero for first order focusing, and (x/6) the dispersion. There are 9 non 

zero second-order terms. Normally, if the source size is small, the most impor-
2 2 

tant second order terms are x/6 and x/<}> . 

There is a simple theorem involving an integral that we call the Karl Brown 

Integral or KBI for short. The theorem expresses that the first order resolving 

power of a spectrometer is proportional to the area between 2 extreme rays, as 

shown in Fig. 2, divided by the phase space of the source. 
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Two years ago we had several meetings at the Brookhaven National Laboratory 

to discuss possible new low-energy, secondary beam lines and spectrometers. I 

did some ion-optics work on these systems with the capable assistance of a Chinese 

visitor, Mao Nai-feng. 

Figure 3 shows the first system we designed to separate kaons from pions. 

The mass resolving power depends upon the KBI through the velocity selector and 

since the. capability of supporting a high-voltage difference between metallic 

electrodes !n vacuum is limited, the vertical phase space has to be kept small. 

This clearly limits the acceptance solid angle of the system. Another important 

factor which we have learned about from experiences with the BNL beam lines LESBI 

and LESBII is that the mass resolving power is severely affected by what ypppars 

to be a virtual target spot size considerably larger than the actual target spot. 

To remedy this we proposed to refocus the beam to a slit with relatively small 

vertical opening. The beam is re-imaged vertically at a point after the velocity 

selector where the mass slit is positioned. The last dipole in the system can 

serve as a kaon spectrometer measuring the momentum before the scattering target. 

The two dipoles Dl and D2 deflect the beam to the right and D3 and D4 deflect the 

beam to the left. This system as laid out has a total length of about 12.8m for 

a momentum of 600 MeV/c. 

Figure 4 shows a system which, for the same momentum, is somewhat shorter. 

This is accomplished by utilizing superconducting magnets. The system, as shown, 

is designed for 750 MeV/c and the optics (Fig. 5) is pretty much the same as for 

the previous system. Figure 6 shows the type of superconducting magnets planned 

for this system. It is a very simple cylindrical design, presumably easy to 

build. However, the relatively sharp curvature at entrance and exit introduces 

quite strong second-order aberrations which have to be corrected by introducing 

some sextupoles. Another problem with using a superconducting magnet next to 

the target is the heat produced in the coils fjom the cone of secondary particles 

from the target. 

In conjunction with the work on the beam-line we also made design studies 

of spectrometers to go with it. Figure 7 shows a tentative layout of a multiple-

gap spectrometer with superconducting coils. The cross section of one of the 

gaps with some of the particle orbits' drawn in is shown in Fig. 8. The solid 

angle per gap is 10 msr and the number of gaps suggested is 15. The instrument 

can be rotated to cover a reaction angle of X 45 or 0-90 . We have talked with 

a company in the Boston area, Magnet Corporation of America, about this design. 
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They fee] chat the engineering may be difficult but not impossible. For instance 

there are some strong forces that have to be absorbed through the liquid nitrogen 

shield. 

With the help of Ingvar Blomqvist I have now started to do some work on a 

750 MeV/c beam]ine similar to the one shown in Fig. 3. We have also started to 

take a new look at the possibility of using an absorber instead of the velocity 

selector for .separating pions from kaons. Figures 9 and 10 show momentum loss of 

pions and kaons in aluminum. It is obvious that there is sufficient differential 

loss between tlic two particles for separating them if the momentum is less than, 

say, 500 MeV/c. Unfortunately, the Landau tail for the pions will contaminate 

the kaon beam, although at low moments the attenuation is :;;any orders of magni¬ 

tude. On Fig. 9 we have indicated the effect of a pion losing energy in a head-

on collision with a single electron. The question is: what is the fraction of 

pions in the part of the tail that covers the kaon momentum'.' We have used a 

Monte Carlo program originated at Carnegie-Mellon in an attempt to determine; this. 

We found beryllium to be a better absorber than aluminum for the purpose. Figure 

11 shows the momentum distributions of 600-MeV pions and 600-MeV kaons after 
2 

passing through a 9.88 g/cm Be absorber. Figure 12 shows a beamline with ab¬ 

sorber designed for a maximum momentum of 600 MeV/c. The important parameter is 

the total length, which is 5m as shown in Fig. 12, but may increase somewhat. 

The target spot is refocused on the absorber and then again on the exit slit. 

There is momentum dispersion on the absorber but, to first order, all kaons are 

refocused again to a spot and all pions to a different spot, independent of 

momentum. If this scheme works it has several advantages over one using a veloc¬ 

ity selector. One is obviously the much shorter length of the system, second, 

the acceptable solid angle is larger. This is because we do not have to limit 

the vertical acceptance angle to obtain sufficient mass resolution in the veloci¬ 

ty selector. 

Arch Thiessen has indicated that he is interested in a multigap spectrom¬ 

eter with a vertical reaction plane, meaning that the instrument must lie on its 

side. I see no difficulty in using a design similar to the one shown in Figs. 6 

and 7. An alternative is to make a magnet with a single large gap. Figure 13 

shows one possible solution. The magnet is a proven design and weighs only about 

100 tons. With a field of 3.5 Tesla, 840 MeV/c particles are reflected 90° and 

focused as shown. Higher momentum particles can also be analyzed and provisions 

are made for removing parts of the yoke to accommodate these orbits. Additional 

focusing has to be provided on the exit side for such cases. 
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Fig. 2. The Karl Brown integral. 
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Fig. 3. A beam line for 600-MeV kaons. 
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Fig. 11. Momentum distribution of 600 MeV pions and kaons after passage 
through 9.88 g/cm2 Be. 
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Fig. 12. A kaon beam line with absorber. 
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Fig. 13. Superconducting spectrometer. 
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AN EXPERIMENTALIST'S VIEW OF ANTIPROTON PHYSICS 

by 

Gerald A. Smith 
Michigan State University 
East Lansing, Michigan 48324 

I. INTRODUCTION 

Antiproton physics has been with us for nearly twenty-seven years, ever since 

the discovery of the antiproton in Berkeley in 1955. Experimentally, a great 

deal of progress has been made since in mapping out cross sections for elastic, 

charge-exchange and annihilation processes for beam momenta < 1 GeV/c (sometimes 

referred to as "low-energy NN physics," the area of interest for this talk). The 

large cross-sections (> 1mb) were well matched to the bubble-chamber technique, 

which was extensively exploited, primarily at LBL, BNL and CERN. This led to the 

identification of many known (-<,i.,̂ ,̂ , etc.) and new mesons produced in pp anni¬ 

hilation. Examples [discoveries of the D (1285) and E (1420) mesons] are seen in 

Fig. 1. Complex energy-dependent structure was observed in pp backward elastic 

scattering, as seen in Fig. 2,' and attempts have been made t.o interpret this as 

resonant structure. Counter experiments concentrated on precision measurements 

of pp cross sections. As in the case of elastic scattering, significant energy-

dependent structure (Fig. 3) was also seen in pp -> m at somewhat higher energies. 

These structures have been successfully interpreted in terms of several broad S-

channel resonances" and are presumably related to the larger cross section struc-
4 tures seen in pp total cross sections. 

These few examples illustrate the richness and complexity of low energy NN 

physics. Undoubtedly, much more is to be discovered, and new precise data will, 

without question, contribute to an improved theory and understanding of the con¬ 

stituent structure of hadrons, as my following remarks will attempt to demonstrate. 

However, we are now at a technological crossroads in this field. The aforemen¬ 

tioned bubble chamber experiments required low p fluxes, and hence essentially 

100! pure p beams were possible. The price paid for this gain in purity was, as 

usual, statistics. The largest bubble chamber exposures resulted in less than a 

hundred thousand analyzable events. Counter experiments required more p flux 
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(< TO4 p's per spill at the BNL AGS and CERN PS), but the price paid for this 

luxury was a very large pion background (typically one hundred times the p's) in 

short, large acceptance, electrostatically separated beams built for this pur¬ 

pose. This pion background, combined with the large momentum bite (~ 1%) and 

physical size (a centimeter or so) of the p beam, result in systematic errors 

which make further precision work virtually impossible. 
purther progress in this field requires pure, high intensity p beams with 

small emittance. We are all aware of the LEAR project at CERN, where pure p 

beams of 10 p/s intensity, ~20TT (mrad-mm) emittance and Ap/p = 10 will be 

available down to ~300 MeV/c in 1983. My subsequent remarks will attempt to 

demonstrate the new "window" on physics opened by the LEAR project. The European 

r.,,nmunity !",as chosen a new and exciting road to travel in the future. Without 

similar ad .ances, progress in antiproton physics in the U.S. will no longer be 

.JOS^''. !R once the LEAR program is in full swing. 
T- is not possible to exhaustively review all aspects of pp physics in one 

talk. In my short time I will attempt to focus on what I believe to be the most 

promising work in ti.c field, including current and future work on quasinucleer or 

baryonium states (Section II) and future work with antineutron beams (Section III) 

I will also try to speculate on the prospects for future work with nuclear tar¬ 

gets, including possible resonant structures in p-nucleus elastic scattering and 

identification of phase transitions from ordinary hadronic matter to quark mat¬ 

ter in p-nucleus annihilation (Section III). 

II. QUASINUCLEAR (BARYONIUM) STATES 

Recently there has been a great deal of theoretical speculation and experi¬ 

mental activity on the question of the existence of so-called quasinuclear or 

baryonium states. The two-fold ambiguity in terminology results from different 

theoretical approaches to the problem. The name "quasinuclear state" is assoc¬ 

iated with binding due to the NN potential, and "baryonium" is associated with 
2—2 7 relatively stable states of the q q system. They are two different ways of 

looking at the same problem. 

The argument for the existence of quasinuclear states follows from the fact 

that there should exist a strong attractive intermediate and long range (r > 

C.5 fm) NN real potential, based on a G-parity transformation of the well under¬ 

stood N-N potential. However, unlike N-N scattering, N-N scattering has a very 

large absorption (annihilation) component which could render such states very 
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broad and consequently possibly undetectable. Shapiro has argued that annihila¬ 

tion occuro over a short range (ra^ ^rr- = 0.1 fm), and therefore bound states 

should exist at longer range. Both Shapiro and Dover have adopted this philoso¬ 

phy and treat the absorption as a perturbation. However, their calculations are 

highly sensitive to the range and depth of absorptive potential assumed. This 

is a subject of great controversy among theorists. I prefer to recall the follow-
O 

ing remark of Ericson: "The best attitude to take at present (1976) is probably 

a heuristic one: the great merit of the work of Shapiro and Dover and others is 

that it makes extremely plausible that most of the conditions for a rich NN spec¬ 

trum near threshold are present; this should be a very strong stimulus to ex¬ 

perimentally investigate this region in great detail." 

As an example of the richness of the spectrum predicted by the potential 

model, I show in Fig. 4 calculations due to Dover and co-workers. The level 

structure for states labeled " ' LO1,-, for six different real potentials are 

shown. No absorptive potential has been included, ihe ajtnors emphasize that 

absolute levels dre not expected to be very reliable. With the possible excep¬ 

tion of the SB1 potential, one sees a high density of states near threshold. We 

also note that the 1=1 states cluster near threshold. These same authors have 
g 

addressed the very important question of widths for elastic and annihilation 
channels in the continuum, with absorption included in the calculation. Figure 

5 shows their results for fY-i and r». Elastic widths are generally small 

(< 20 MeV), particularly in the higher partial waves and within 10-20 MeV of 

threshold for most waves. Narrow annihilation widths appear in all partial waves, 

and well into the continuum. Recent independent calculations by Heins et al. 

support the idea of narrow elastic widths. However, contrary evidence is found 

by van Doremalen et al. 

Overall, the picture described here would appear encouragina for elastic 

and annihilation cross section measurements near NN threshold. Unfortunately, 

at this time there is no solid evidence for any narrow structures near NN thresh¬ 

old. By this, I mean no two experiments agree on the existence and/or features 

of a structure if it has been claimed to exist by any one experiment. The on-
12 

again, off-again S( 1935) situation was thoroughly reviewed by R. Tn'pp at the 
LAMPF II Workshop held here one year ago. This confusing situation is probably 

the result of systematic errors mentioned previously, and will likely be cleared 

up by experiments to be performed at LEAR starting next year, or possibly three 

experiments (CERN-Heidelberg-Saclay, BNL-Case Western Reserve, and BNL-Michigan 

46 



State-Syracuse-Temple) currently in progress at CERN and BNL. 

The spectra shown in Fig. 4 suggest an alternate method for searching out 

these states, namely to look for y and - lines emitted in transitions between 

protonium and quasinuclear levels., or between quasinuclear levels themselves. 
1 3 The most interesting result to date is that of Paviopoulos et ai., where three 

y-lines of energy 183, 216 and 420 MeV were reported (Fig. 6 ) , corresponding to 

rates R = V /T» of 7 x 10" , 6 x 10~ , and 9 x 10" , respectively. The observed 
Y Y " 

widths are consistent with the resolution of the experiment. Figures 7 and 8 
14 

show calculations due to Dover and co-workers for y and TT tran:itions, respec¬ 

tively between quasinuclear states. The parameter r is the lower cutoff radius 

imposed on the real potential by the authors. For each line, values of widths 

(keV) and R (in parentheses) are given. We observe that the widths are of the 
y ,TT 

order of a few hundred keV or less for y's and few MeV or less for ~'s. Also, 

since - emission is a strong process, T, transitions are constrained by G-parity 

to occur only when |Al| = 1 , and IT" transitions proceed only to final states with 

1 = 1. This is an important point, since -i and ••" detection are not readily done 

in the same apparatus, and necessitates separate experiments if one is to search 

for all possible transitions. A more recent calculation within the framework of 
15 

the baryonium model by Ader et al. considers radiative processes, as illustra¬ 

ted in Fig. 9. Their predicted values of R are typically in the range 1.5-
-4 ^ 

5 x 10 , or over an order-of-magnitude smaller than the measured rates of 
Pavlopoulos et al. On the other hand, Dover and Zabek' find that their pre-

13 
dictions are more in line with the results of Pavlopoulos et al. 

-j i o 

In the quark model approach, baryonium states are oblate q q bags as indi¬ 

cated in Fig. 10. Narrow widths of such states may be enhanced due to the angu¬ 

lar momentum (L) barrier between the two bags. Using the color structure of the 

diquark (3 or 6) and antidiquark (3 or 6 ) , one can construct two types of bary¬ 

onium. The first, called true (T) baryonium, is a color singlet produced by a 

3 x 3 color structure for the bags and decays with a normal hadronic width 

(- 100 MeV) into BB. The second, called mock (M) baryonium, has a 6-6 color 

structure, which impairs the rapid decay into BB pairs. The preferred decay will 

be a cascade, first via TT emission to a lower L baryonium state, which then 

decays into BB due to a small admixture of the 3-3 color configuration. Pro¬ 

ponents of this approach argue that the observation of narrow NN states would 

demonstrate the importance of color in explaining the dynamics of particle struc¬ 
ture. 47 



Several experiments designed to detect 7 and •; lines from NN interactions 

at rest are currently in progress. The Basel-Karlsruhe-Stockholm-Strasbourg-

Thessaloniki group has completed two additional experiments at the CERN PS since 

their first experiment which reported three 7 lines. These experiments employ 

Nal as a 7 detector, with ~ 5 FWHM energy resolution. No results are available 

to date. The BNL-Michi^an St3te-Syracuse collaboration (E-708) is presently 

analyzing data taken in a magnetic pair spectrometer set up in LESBII at BNL. 

A schematic of the apparatus is shown in Fig. 11. A more detailed description 

of the detector is found elsewhere. A separated p beam at " 600 MeV/c is de¬ 

graded in a carbon slab of thickness sufficient to stop p's in the center of e 

50-cm-long LH? target. A magnet (9H12) and drift chambers (BDC1,2) allow the 

measurement of the momentum and direction of each p after degrading. The p is 

identified by a lucite Cerenkov counter (C) and pulse height in scintillation 

counters (S,, S^ and E). Typically, -5000 p~'s are transported per AGS spill and 

~ 2000 stop in the target. Products of the pp annihilation are detected in a 

cylindrical drift chamber (CDC) which surrounds the target, as well as planar 

drift chambers (RDC and PDC) which, together with the large SCM-105 magnet, corn-

prise a precision spectrometer. Barrel slat scintillation counters M, ,~ 

(surrounding the target), large area counters R, „ (between the target and the 

RDC) and P, o (behind the PDC), and a dE/dX counter Q are used for triggering 

purposes. 

The detector was designed primarily with the idea of detecting pp annihila¬ 

tion at rest. However, by simply varying the amount of carbon degrader, one can 

span a large bite in p momentum in a continuous way through the target for inter¬ 

acting p momenta above -300 MeV/c. For these momenta the spectrometer provides 

good C M . mass resolution, typically 2.5 MeV P..M.S. In 1979, 500 hours of beam 

were devoted to measurement of the pp annihilation cross section from "'400-600 

MeV/c. The purpose of this measurement was to check the S(1939) signal reported 

ture 
19 

18 
by the CERN-Heidelberg group. The results are shown in Fig. 12. No structure 
similar to that reported by the CERN-Heidelberg group (dashed line) was seen. 

As mentioned earlier in this talk, other recent measurements of the total, 

elastic and annihilation cross sections also do not support the earlier sightings 
12 of the S-meson. 

Data runs in 1980 and 81 for a total of -1300 hours concentrated on the 
o 

search for 7 and n^ lines emitted from bound NN states. Two thin 10 x 50 cm 

radiators (each 0.05 X of Pb) are placed immediately in front of the RDC to 
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materialize the y's at the edge of the magnetic field. Low energy (< 300 MeV) 

electron pairs and TT~ tracks are reflected 180 (R tracks) by the magnetic field 

(- 1.1T maximum). Such tracks are detected in the RL)C and R counters. Higher 

energy electrons and TT'S penetrate (P tracks) the spectrometer and are detected 

in the RDC, PDC and P counters. The Ly trigger" is defined as p-(ZR+Pi2)-

(Q^1.5 min), where IR+P>2 requires hits in at least two different R or P counters, 

corresponding to the bent electron-positron pair, and Q>1.5 min requires at "! ~ast 

two minimum ionizing particles "emitted" by the radiator into the spectrometer. 

Single charged pions, for example ones which pass through the radiator and give 

>1.5 min pulse height, also trigger the system. In addition, an explicit single 

"-" trigger" = "p-M*(ER+P^2)-(ZP^l) was recorded. 

Pi minus have been stopped in the target to produce 132 MeV Panofsky v's as 

a check of calculated acceptances and resolution. These data presently give a 

properly centered peak with a R.M.S. width of 2.8 MeV. Both the yield (~10~ 

per annihilation) and width are within a factor of two of previous estimates, 

and at this point the resolution is already a factor of two better than that of 

Ref. 13. One may expect to achieve a resolution of ~1.5 MeV by: (a) further 

refinement of track-finding routines and subsequent elimination of spurious 

tracks; (b) a more precise algorithm for fitting to track momenta; and (c) mini¬ 

mization of energy loss effects in the radiator by identifying in which of the 

two radiators the materialization actually takes place. For this purpose, an 

additional drift chamber plane (UDC - not shown) was inserted between the two 

radiators. 

The 180° pair spectrometer technique has been used extensively to study 
20 

radiative pion capture in nuclei. Recently, the Lausanne-Munich-Zurich group 
21 

at SIN has achieved resolutions of 356 keV on the Panofsky y-iine. The E-708 

resolution is not expected to be this precise, due to two factors. First, with 

the radiator and RDC outside the magnetic field the precision on track orbits 

inside the field is less than it would be if conversion and detection took place 

inside the field. Second, multiple coulomb scattering and energy loss effects 

are larger in the thicker (10% vs. 2.6%) radiator. Nevertheless, assuming 1.5 

MeV resolution, the 183 and 216 MeV lines of Ref. 13 should appear as enhance¬ 

ments in E-708 with statistical significance in excess of 10 standard deviations. 

As noted before, higher energy y's and charged particles penetrate the mag¬ 

netic field and are recorded in the RDC, PDC and (R)P counters. In Fig. 13 one 

sees results of a search for the reactions pp •+ IT TT" and K K . By requiring a 
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single "away-side track" in the CDC, recoiling at 180° to the charged particle 

in the spectrometer, one sees K" and v~ peaks at the expected positions of 795 

and 935 MeV/c respectively. Data at full field and half field are shown. The 

widths of the peaks bcale between these values as expected. The absolute values 

of the widths are approximately a factor of two larger than expected, however, 

suggesting one has not yet fully utilized the inherent resolution of the drift 

chambers ( 400 microns). 

Several new experiments are planned for LEAR. The Basel-Stockholm-Thessa-
on „ 

loniki collaboration will search for ,: transitions utilizing two large seg¬ 

mented BGO crystals (Fiq. 14). They estimate that 12 hours of beam will produce 

a four standard deviation enhancement for a monoenergetic •: produced at the 

level R^o - 5 x 10 . This experiment (PS182), a y-y coincidence measurement, 

is possible at LEAR where the beam rate is -10 times larger than at the BN1. AGS 

or CEkN PS. A second experiment (PS183), to be carried out by the Athens-U. of 
23 

California (Irvine)-Michigan State-New Mexico-Temple collaboration, will im¬ 

prove upon the current magnetic pair spectrometer at BNL, described earlier in 

this talk. The following improvements are seen: (1) a thinner radiator and RDC 

(now a PWC) will be placed inside the magnetic field; and (2) two additional 

PWC's will ue placed inside the magnet, parallel to the original direction of 

the electron pair, to detect electrons which bend 90°. These changes increase 

the acceptance of the spectrometer by an order of magnitude over that at BNL, as 

well as the gamma-ray energy resolution, which is typically better than 1.5% 

FWHM at all energies. With the above improvements, it is estimated that only 24 

hours of beam will produce a six standard deviation enhancement for a 400 MeV/c 
-4 y-ray produced at the level R = 5 x 1 0 . Since most of the previously dis-

Y _5 _3 

cussed predicted y-ray rates fall in the range 10 <R\ <10 , this experiment 

will severely test current theoretical predictions. Again, the LEAR intensity 

is primarily responsible for this vast improvement in sensitivity over E-708. 

A third LEAR experiment (PS171) which appears quite promising is that of the 

ASTERIX (Antiproton STop Experiment with tRigger on Initial X rays) collabora¬ 

tion. A p beam will be stopped in a H~ gas target (1 atni). As seen in Fig. 

15, charged annihilation products will be detected inside an upgraded version of 

the Orsay DM I solenoidal magnetic spectrometer ^ 

with position-sensitive y detection in the endcaps (n/47r~25%) and optional y con¬ 

verters outside the spectrometer coil ($V4TI~50%). A novel and important feature 

of this experiment is the simultaneous detection of x-ray transitions to the IS, 
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2P and 3D atomic levels of protonium by a XDC counter (ft/4ir~90") which surrounds 

the target (Fig. 16). The objectives of the experiment are: protonium spectros¬ 

copy (the LEAR beam now permits the use of a gas target, where Stark mixing 

effects are weak), pp annihilation dynamics (branching ratios of annihilation in 

P and S waves), quasinuclear or baryonium spectroscopy (with identification of 

the initial atomic state by coincidence with an x ray), and conventional meson 

spectroscopy. 

In summary, it would appear that present experiments at BNL and CERN, and 

new experiments to be performed at LEAR starting next year, will severely test 

the quasinuclear or baryonium models. If states are found, I am sure we experi¬ 

mentalists will be busy with the spectroscopy of such states for years to come, 

and a great deal will be learned about nuclear forces and quark dynamics as a 

result. 

III. ANTINEUTRON PHYSICS 

As has been pointed out previously, theorists suagest we are more likely 

to find narrow quasinuclear states quite close to threshold, perhaps not more 

than 20 MeV above threshold in the continuum. To explore masses below 1900 MeV 

in the continuum requires a p beam of less than 300 MeV/c momentum. The range of 

a 300 (100) MeV/c p in a LH2 target is ~13 (0.25) cm. Compounded by a rapidly 

varying dE/dX function over the finite momentum bite of the beam energy loss in 

other materials (air, windows, chamber gas, scintillator, etc.) required in a 

conventional beam transport, confusion between in-flight and at-rest interactions 

sets in quickly below 300 MeV/c. Gas targets, such as that proposed by the 
24 — 

ASTERIX group, present other problems. A 300 MeV/c p beam extracted from LEAR 

with -2- = 10" produces a flat distribution of p stops along the axis of an 80-

cm-long gas target, with ~2/3's of the p's annihilating in the moderator, target 

windows, etc. Consequently, interactions take place over a large volume and the 

probability of seeing non-hydrogen events is substantial if one is not especially 

careful. 

Antineutron beams avoid all of the energy-loss problems associated with p 

beams. Therefore, with adequate flux one could expect to measure np annihilation 

cross sections and identify narrow states to within a few MeV of threshold, if 

they are there. Furthermore, one could attempt to unravel the NN partial wave 

structure near threshold. Figure 17 displays an optical model calculation due to 
25 Dover where the target proton is treated as an absorbing sphere of radius 
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1.06 fm. We see that above ~100 MeV/c at least two partial waves are present. 
2 

A confirmation of pure S-wave absorption below -100 MeV/c (a. = TTA , the S-wave 

unitarity limit) would severely restrict possible quantum number assignments to 

the NN system. Referring to Fig. 18, we see that a pure 1=1 S-wave NN system can 

be in only one of two states, either I (J )C = l"(0")+ or 1 (1")-. A properly 

instrumented detector with large solid angle could measure G by counting pions 

[G=(-l)n"] and thereby unambiguously measure cross sections for each state 

(singlet and triplet). Furthermore, since the experiment of Devons et al. has 

given the surprising result (pp->2iT)/(pp-+an ). .. I=n = (39 + 8 ) % , suggesting that 

there is no S-wave dominance in pp ->• TT-T at rest, this attempt to find pure S-

waves in several other annihilation channels may have added significance. 
27 — 

Rosner has suggested that there may be a link between low energy NN cross 

sections and bound states below threshold. Assuming that S-wave NN scattering 

is dominated by a bound state with binding energy B and width I", he predicts 

Viab+0 <
vlabaA) = ( m N B ) ^ • To iil^trate, a state with B = S3 MeV, F = 8 MeV 

gives 5 mb for this quantity. In contrast, we might expect this quantity to be 

much larger (-100 mb at 100 MeV/c as seen in Fig. 17) in the absence of a bound 

state. 

As one can see, the use of very low energy n beams opens up an entirely new 

territory for exploration. If states exist near threshold, we have the best 

chance of seeing them in this region. If states don't exist, then one can still 

measure very important fundamental parameters (cross sections and scattering 

lengths) of pure NN states. 

Two new n experiments are being planned, one at BNL and one at LEAR. The 

BNL-Houston-Michigan State-Rice collaboration will measure np annihilation 

cross sections using the apparatus shown in Fig. 19. A 500 MeV/c p beam from 

LESBII will be brought to rest in a stack of twenty thin scintillators (n source). 

A broad spectrum of antineutrons will be produced by the charge exchange reac¬ 

tion pp -+ nn. The momentum spectrum of forward (cos 9.AB > 0.95) n's is seen in 

Fig. 20. Counters SC and V, around the source are used to veto charged and 

neutral annihilations at the trigger level. A large (30-cm diameter, 50-cm 

long) LH2 target placed ~1 meter downstream produces np annihilation. Barrel 

slat counters (M) around the target signal an event. The n rate into the target 

is estimated at -0.8 per spill. Wire changers (SV4TT~70%) placed around the tar¬ 

get detect charged particles from the annihilation. Approximately 25% of the n's 
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will interact in the target and be detected (> 3 charge particles), yielding 

-60,000 events in a 300 hour run. 

The expected np mass distribution for these events is shown in Fig. 21. 

Nearly one-third are below 1900 MeV, corresponding to a ~Z% average statistical 

error per one MeV bin in this region. The n momentum, and hence np mass- is 

determined by a time-of-flight measurement from the scintillator stack to the 

vertex position in the target. For n momenta < 200 MeV/c (1887 MeV) the R.M.S. 

error on the mass is expected to be < 1.4 MeV. To illustrate the sensitivity of 

this experiment, a three standard deviation enhancement in the np mass distribu¬ 

tion yields r*Aa. = 54 mb-MeV. Assuming a J=l resonance produced with an elas¬ 

ticity X=0.5, this corresponds to a width r = 180 keV. Thus, the experiment will 

be quite sensitive to narrow states. 

The flux of n's will be monitored by a calorimeter placed 2 meters down¬ 

stream of the source. The calorimeter is comprised of twelve identical modules, 

each made up of a thin aluminum plate, four scintillation counters and X and Y 

proportional tube hodoscopes. The calorimeter presents ~ three interaction 

lengths of material to the n beam. The time-of-flight and vertex location of 

each n annihilation in the calorimeter is recorded. 
on 

The Padova group will measure the pp -*- nn forward cross section at LEAR 

(PS 178) in order to study n production near 0 and establish the techniques of 

monitoring n flux and momentum measurement. They will use an external 15-cm long 

LhL target to charge exchange p's. Into a forward solid angle of 3 x 10" stera-

dian they expect to detect - 5 x 1 0 n's per day with a -£• = ~\% measurement by 

time-of-flight on each n, assuming a 300 MeV/c beam and a calorimeter detector 

similar to that of E-767. By contrast, E-767 will detect ~ 2 x 104 rT1s per day 

with —^ < 3% in its calorimeter. The difference between the two experiments of 
P 2 3 

a factor of 2.5 x 10 is due to the larger flux at LEAR (x 10 ) , compensated by 

the larger solid angle of the E-767 detector (x 4) . Upon completion of these 

studies, the Padova group intends to pursue a physics program involving measure¬ 

ments in hydrogen and deuterium. 

IV. ANTIPROTON EXPERIMENTS WITH NUCLEAR TARGETS 

Surprisingly, very little experimental work has been done with p's on nucle¬ 

ar targets. One of the very few experiments reported in the literature is that 
30 — 

of Agnew et al. This experiment, now nearly 22 years old, was a study of p 
interactions in a propane bubble chamber. The exposure consisted of a total of 
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500 p's, which interacted in-flight or at-rest in the chamber. Only rough cross 

sections (elastic and annihilation on free hydrogen and carbon), as well as 

charged and neutral particle multiplicities, were measured. 

Recently, theoretical motivation for much more detailed and precise measure¬ 

ments has come forward. Dover and co-workers at BNL present an argument for the 

possible existence of resonance phenomena, exhibited in large-angle elastic p 

scattering on nuclei. As in our previous discussion of quasinuclear states, 

the real part of the average p-nucleus potential is due to meson exchanges of 

longer range than the processes that are responsible for annihilation. Under 

these conditions, it is argued that a "nocket of attraction" may exist beyond 

the region of annihilation. This will lead to "orbiting" of the nucleus by the 

p, an effect which will be particularly apparent in backward elastic scattering. 

Their predictions are shown in Fig. 22. Curve (a) corresponds to a favorable 

set of parameters for such resonances, namely the range of the absorptive poten¬ 

tial is less than that of the real potential, the real potential is deep and the 

absorptive potential is relatively shallow. For comparison, curves (b) and (c) 

have equal real and absorptive ranges of interaction and the same condition as 

for (a) on the depth of the potentials (b), or a relatively deep absorption 

potential (c). Comparing (a) and (c), one sees: (1) several order of magnitude 

diffprence in -~- (180 ) over a broad range of p incident energy; (2) energy de-

pendent structure of width ~ 15-150 MeV in ^ (180 ); (3) structure of width 

~ 10 in -p at fixed p energy; and (4) large polarization, particularly at large 

angles. 

These rather dramatic effects should be checked experimentally. Assuming a 

cross section of ~5mb/sr at 180° (a), a detector (perhaps 10 concentric rings of 

scintillation counters each subtending 3°) accounting for a total solid angle of 
2 

~ 0.9 steradians viewing a target of thickness 0.5 gm/cm (sufficiently thin that 
the p loses no more than 5 MeV in the target) would record a counting rate of 

0.5 x 10 scattered p's per incident p. Thus, a 400 hour run at the BNL AGS 

would yield 20,000 events. Because of the course energy and angular dependence 

of these resonances, there appear to be no obvious difficulties with achieving 

the necessary resolution. Scattered anti-protons can readily be identified by 

time-of-flight and pulse height in the scintillation counters. Without magnetic 

analysis, one must guard against protons recoiling out of the nucleus after a p 

annihilation. This would require veto counters around the target. A rough 

schematic of such an experiment is shown in Fig. 23. Of course, if case (c) is 
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the truth, the counting rate will be nil. If effects were observed at a suffi¬ 

cient level, the more difficult polarization experiment corld then be pursued. 

A second interesting area for future experimental wd :. concerns itself with 

the possible identification of quark matter in p-nucleus annihilation events. 
32 — 

Rafelski and others propose the use of p annihilation on heavy nuclei as a 

source of energy to study the properties of nuclear matter at high temperatures 

and/or density. Most ennihilations will occur on the nuclear surface, since the 

range of p's in homogeneous nuclear matter is a small fraction of a nucleon diam¬ 

eter. However, occasionally a p will penetrate deeply into a heavy nucleus, 

annihilate on a nucleon and convert a large fraction of the energy of annihila¬ 

tion into kinetic energy of the remaining nucleons. Such events are referred to 

by Rafelski as "nuclear explosions," and are characterized by a high multiplicity 

of nucleons emitted. 

These events may be related to the excitation of a quark matter state from 

ordinary hadronic matter. The "fireball" or "hot spot" created by the annihila¬ 

tion can collide with other nucleons and absorb them into a quark bag with high 

baryon number. The eventual decay of a large quark bag would imply large baryon 

multiplicities. The topic of hot, dense hadronic and quark matter has recently 
33 been considered extensively in the case of relativistic heavy ion collisions. 

In the case of p annihilation, probably higher temperatures, but lower densities, 
32 could be achieved in contrast to heavy ions. 

The data of Agnew et al. provide a rough view of the physical characteris¬ 

tics of such events. We show in Fig. 24 some features of p annihilations on 

carbon as measured by this group. We note that the observed proton multiplicity 

is comparable, on the average, to the observed TT , or IT", or TT° multiplicity. 

Furthermore, proton kinetic energies are observed up to 420 MeV. As limited as 

these data are, they nonetheless suggest that (I) protons are relatively abundant 

and (2) very large energy transfer to protons is possible. Therefore, it seems 

reasonable that further detailed investigation of such events should be under¬ 

taken. 

The detection and identification of large numbers of particles in such 

collisions is essential. Magnetic analysis of high energy tracks offers addi¬ 

tional important information if the kinematics of such events are to be fully 

understood. The Dubna-Frascati-Padova-Pavia-Torino experiment (PS179) to be per¬ 

formed at LEAR will use a 90x70x15 cm streamer chamber in a magnetic field to 

observe heavy and light fragments from p and W interactions in H, He, Ne, and 
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34 

Ar gas. These measurements will provide for the first time detailed informa¬ 

tion on the energetics and relative abundance of light and heavy particles pro¬ 

duced in p-nucleus collisions. 

Non-magnetic detectors also will be valuable in these investigations. For 

example, Faessler and co-workers have developed a detector (Fig. 25) consisting 

of a CsI(T5.) crystal, 3 mm thick with a diameter of 50 mm, glued to a lucite 

light-guide viewed by a photomultiplier tube. The light signal produced in the 

CSI crystal is proportional to the energy loss of the particle in the crystal. 

The lucite light-guide acts as a cerenkov radiator if the velocity of the parti¬ 

cle exceeds (3 = 0.7. Thus, slow and fast particles are separated around £ = 0.7. 

These correspond to "grey" and "shower" tracks in nuclear emulsion. Many such 

detectors could be placed around a target to acquire large solid angle. Other 

methods, as illustrated by the GSI/LBL Pldstic Ball/Plastic Wall device36 at 

Berkeley, or gas jet targets utilizing solid state detectors such as those used 

at Fermi lab, might also be considered. 

V. ACKNOWLEDGEMENTS 

I am grateful to G. Bertsch, R. A. Lewis, D. Lowenstein, R. J. Miller, L. 

Pinsky, M. Mandelkern, K. McFarlane, J. Whitmore and D. Wolfe for useful dis¬ 

cussions. 

REFERENCES AND FOOTNOTES 

*Work supported in part by the U.S. National Science Foundation. 

1. Ch. d'Andlau et al ., Phys. Lett. V7» 347 (1965); P. Baillon et al., Nuovo 
Cimento 50, 393 (1967). 

2. Ch. d'Andlau et al., Proceedings of the Symposium on Antinucleon-Nucieon 
Interactions, Prague, Czechoslovakia, 1974; CERN 74-18, 20 Sept. 1974, p. 77. 

3. A. Carter et al., Phys. Lett. 67B, 117 (1977); A. S. Dulude et al., Phys. 
Lett. 79J3 335 (1978); B. R. Martin and D. Morgan, Proceedings of the 5th 
European Symposium on Nucleon-Antinucleon Interactions, Bressanone, Italy, 
1980 (ed. M. Crtsti), p. 397 and M. R. Pennington, ibid, p, 485. 

4. R. J. Abrams et al., Phys. Rev. DT,, 1917 (1970). 

5. "The LEAR Project and Physics with Low-Energy Antiprotons," U. Gastaldi and 
R. Klapisch, CERN-EP/81-06, 22 January 1981. 

56 



6. I. S. Shapiro, Phys. Rev. 35C_, 129 (1978); R. Vinh Man, XIII Rencontre de 
Moriond, ed. J. Tran Thanh Van, Vol. 2, 273 (1978); W. E. Buck, C. B. Dover 
and J. M. Richard, Ann. Phys. (NY) 1_21 , 47 (1979). 

7. R. L. Jaffe, Phys. Rev. CQ7_, 1444 (1978); Chan Hong Mo and H. Hogassen, 
Nucl. Phys. B136, 401 (1978); I. M. Barbour and D. K. Ponting, 1. Phys. C5_, 
221 (1980); A. W. Hendry and I. Hinchcliffe, Phys. Rev. Dl_8, 3453 (1978). 

8. T.E.O. Ericson, Antinucleon-Nucleon Interactions, Stockholm, Sweden, 1976, 
(ed. G. Ekspong and S. Nilsson), p. 3. 

9. C. B. Dover and J. M. Richard, Ann. Phys. (NY) 1_21_, 90 (1979). 

10. L. Heins et al., Phys. Lett. 95B, 189 (1980). 

11. J. C. H. van Doremalen and M. van der Velde, Phys. Lett. 87B, 315 (1979). 

12. R. D. Tripp, Proceedings of the Workshop on Nuclear and Particle Physics at 
Energies up to 31 GeV: New and Future Aspects, Los Alamos, New Mexico, 1981. 
(ed. J. D. Bowman, L. S. Kisslinger and R. R. Silbar), p. 271. 

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

14. C. B. Dover, J. M. Richard and M. C. Zabek, "The Emission of Photons and 
Pions from Nucleon-Antinucleon Bound States II. Calculations and Experi¬ 
mental Consequences," BNL-27115 (unpublished). 

15. J. P. Ader et al, Phys. Rev. 101B, 427 (1981). 

16. C. B. Dover and M. C. Zabek, Phys. Rev. Lett. 41_, 438 (1978). 

17. D. Lowenstein et al., Proceedings of the IV European Antiproton Symposium, 
Strasbourg, France, 1979, Vol. 2, p. 669. 

18. W. Bruckner et al., Phys. Lett. 67B, 222 (1977). 

19. D. Lowenstein et al., Phys. Rev. D23, 2788 (1981). 

20. H. Baer et al., Adv. Nucl. Phys. 9, 177 (1977). 

21. J. C. Alder et al., Nucl. Inst. and Methods 160., 93 (1979). 

22. L. Adiels et al., "Investigations on Baryonium and Other Rare pp Annihila¬ 
tion Modes Using High-Resolution TT° Spectrometers," PSCC/80-142/P36, 
9 January 1981. 

23. L. Auerbach et al., "Study of pp and pd Interactions at LEAR," PSCC/80-93/ 
P24, 18 August 1980. 

24. R. Armenteros et al., "A Study of pp Interactions at Rest in a H9 Gas Target 
at LEAR," PSCC/80-101/P28, 29 August 1980. tL 

25. C. B. Dover and J. M. Richard, Ann. Phys. (NY) 121_, 90 (1979). 

57 



26. S. Devons et al., Phys. Rev. Lett. 27_, 1614 (1971). 

27. J. Rosner, Proc. 1975 ANL Symposium "New Directions in Hadron Spectroscopy," 
(ed. S. Kramer and E. Berger), p. 165. 

28. D. Lowenstein et, al., "Development of a Low Energy_Antineutron Source and 
Measurement of np Annihilation Cross Section Near NN Threshold," Experiment 
£-767, Brookhaven National Laboratory, January 1981. 

29. D. Bisello et al., "Proposal to Study Antineutron Production at LEAR," 
PSCC/80-91/P23, 25 August 1980. 

30. L. E. Agnew, Jr., et al., Phys. Rev. H 8 , 1371 (1960). 

31. E. H. Auerbach et al., Phys. Rev. Lett. 46_, 702 (1981). 

32. J. Rafelski, Phys. Lett. 9J_B, 281 (1980); J. Rafelski et al., Proc. of tho 
5th European Symposium on Nucleon-Antinucleon Interactions, Bressanone, 
Italy, 1980 (ed. M. Cresti), p. 357. 

33. For example, see H. Stocker et al., Phys. Lett. 95B, 192 (1980) and Z. 
Physik A, 2915, 401 (1980). 

34. F. Balestra et al., "Study of the Interaction of Low-Energy Antiprotons and 
Antineutrons with H, 2H, ̂ H, ^He, Ne, 40/\r Nuclei Using a Streamer Chamber 
in a Magnetic Field," PSCC/80-78/P17, 13 August 1980. 

35. M. A. Faessler, "New Experimental Results for Particle Production from 
Nuclei," CERN-EP/81-42, 5 May 1981, submitted to Annals of Physics. 

36. CERN Courier, Vol. 21, October 1981, p. 356. 

37. J. A. Gaidos et al., Phys. Rev. Lett. 42, 82 (1979). 

58 



Kip. 2. Effective in.isa squared spectra uf the neutral 
KK>7 conciliations from the reaction pp — H^KL7r% w* ti~ if. 
( n l l i n t i i C i > i i j l > i n i ' i t u > n u f o r a l l t h e e v e n t s * . 
(h) Hoth conilnnations for non-w events . 
(c) Combination recoil ing against the CL>, for u) events . 

"l'hi: ;.). lye space curve ia normalized to all the 

<"'v*_>nly. 

(it) That combination for the w events which includes 
the pion which also forma the u>. 

(a) 

." 100 

40 

K Jl 

•> 02 

M (K r.) IcGoVl 

i ; i (j 

06 OB 10 08 10 12 It 1.6 I.I 

O 

a 
0 
c 

or
r 

I J 

o 

o 

200 

150 

100 

50 

0 

C) 

a . 
j / 

w • 

in,.-/' 
v\n 

3 2 

K i y I . | ) | i - K J ' K ' T I ' - - . i ) ( K - ) I ' H I I I I M ' - i n n —. s p r i l i j ' I T - i ' " i i l i i i i i i > i i M M m ' 

^ l \ r s l l i r i l i < i | i b l l l i n ) ) n f ( K T ) , i f t r n l l l l t i l l . l I l i ' l i - ^ | n l i \ i M l ) w l i c i r . l s l l i r l ) l n k i ' l l l i n e 

C 1 M ••• I I n 1 ( I I K I I i l i n l i m i n f ( K :: | , . j ( l ! r n t n l i i l u l i n n - p i I i - v i M l I ' / ) I K K I I ' M i l l i v i • D i . i - u i 

:'| H I ! i H I M . r ) ( K K r . ) i I I r f I i \ r m . i ^ ^ ^ p i r | r . i . I i n i " M l n i i i n i i ^ ! : ! M m v r s ! I n ' i l i s l I i l u l l H H I 

o f i K k - l j . , ( ' J I ' D i n l i i n . i l i n n 1 . | " i i M i i i ) w i n i i . i - I h i ' I n n k i i i 1 1 i n t j i v r s ( l i e i l i s l i i l u l l u r n 

o f ( K l \ - r l v _ j ( I I ' l i i n l i i i i . ' i l i n n [ ) r i " \ I - M I ) . I ' I U V I ^ X ; i i n i (1 t ' o i r i ' s p n i n i i r H | M i r l i v r l v l o 

| ) I l ; l s c s j ) ; i r c ; u i i l 1 0 0 " ^ f ) ( K * J ) l o i l l l r l i n n \ \ l l l l C i i l l > h l i o l l \ r i n t i ' l f c l ' c n r i ' 1 r l T r c l f t . 

' / ) ( K K r r ) i - i T i r l i v i n ; i ^ ^ K j U ' C l i u n i o h l . i i n i ' i i i ) I n n M I ! I | l i i r t n m ( I n 1 ( K k 7 ; ) g . . 3 i l i s l r i l t u t i n n 

frmn t h r ( K i i i l j . , CHIC. Tin1 c m v c n prcMini- the hi o l iu inc i l for n Hrril '-Wignor 

(liHtiilmlion wi th M = 14 1.1 M i \ \ /'•-=-77 Mo\ ' . 

(b) 

Fig. 1. Examples of discoveries of new mesons in pp annihilation using the bubble chamber technique: (a) 
D°(1285) meson (Ch. d'Andlau et a l . , 1 ) ; and (b) E°(1420) meson (P. Baillon et a l . , 1 ) . See enclosed 
captions for further details. 
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Fig. 4. Calculations of NN bound states (W. E. Buck et al., 6). See enclosed 
caption for further details. 
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Fio. 10. Annihilation widths rA for ffN resonances in (he continuum, as a function of the cm. 
energy above threshold. We used box normalization for the radial wave functions of these states, 
and the annihilation function A(r) together with Eq (4.22). 

Fig. 5. Calculations of elastic and annihilation widths.9 See enclosed captions 
for further details. 
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Fig. 14. Spectrometer for TT° detection from the Basel-Stockholm-Thessaloniki 
collaboration at LEAR." 
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7r and y transitions. 
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Fig. 22. Predictions of antiproton 
elastic scattering on 160 
and 40Ca: ( le f t ) at 180°; 
(upper right) at fixed energy 
vs. c.m_._ angle; and (lower 
right) p polarization vs. cm. 
angle.31 
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POSSIBILITIES TOR EXPERIMENTS 
WITH DEUTERON AND LIGHT-ION BEAMS AT 4 < Y^^/ A < 10 GeV 

Shoji Nagamiya* 

Nuclear Science Division, Lawrence Berkeley Laboratory, 
University of California. Berkeley, California 94720 

1. INTRODUCTION 
In this note I would like to describe possibilities for experiments with deuterons 

and light ions at beam energies greater than a few GeV per nucleon Currently the 
accelerators that supply high energy light ions with E-Qetm/ A ^ a few GeV are available 
in Berkeley, Saclay, and Dubna. However, we have no accelerators that can cover beam 
energies higher than a few GeV per nucleon It is highly desirable to have in the future 
an accelerator which can provide these high energy nuclear beams. 

In the low energy region (below a few GeV per nucleon) dominant secondaries 
created in nuclear collisions are A's and pions. Therefore, pion spectroscopy has so far 
played a major role in this energy domain. On the other hand, in the high energy 
region (4 < E-&.&m/ A < 10 GeV), other types of secondary particles are created. The 
production of strange particles is especially important there, since the threshold 
energies for the production of K, A, S, and H in nucleon-nucleon (hereafter called AW) 
collisions are clustered at 2 - 4 GeV. The first interesting possibility at higher beam 
energies is therefore the study of strange particle spectroscopy 

The second possibility is related to the creation of high density. In the low energy 
region the creation of a high density phase is expected through a massive compression 
of nuclear matter. However, a completely different mechanism might play a role in the 
creation of high density at higher beam energies. Here 1 will describe how high density 
is created at higher beam energies and suggest several experimental possibilities for 
both high energy density and high particle density. 

The third possibility is the study of multi baryonic excited slates using nuclear 
beams. So far. this subject has not been studied seriously even with low energy nuclear 
beams. However, I believe that in the future the study of multi-baryonic excited states 
will be one of the most interesting and important aspects of both low and higher beam 
energies. The simplest limit of multi-baryonic excited states is dibaryon. The search 
for dibaryon with nuclear beams is discussed separately as the fourth possibility. 

As an extension of the study of multi-baryonic excited states, the importance of 
studying unusual nuclei which includes double hypernucleus, negatively charged 
nucleus, etc. will be discussed as the fifth possibility. 

The organization of this note is as follows: Before discussion of the main subject, 
very general features that characterize the nucleus beams and nuclear collisions at 
high energies are briefly described in Sec. 2 In Sec. 3 a few pieces of data that have 
been obtained in Berkeley are introduced. ]n Sec 4 our main topic, possible new 
experiments, is discussed. The present proposal is then briefly summarized in Sec. 5. 

2. WHAT CHARACTERIZES HIGH ENERGY NUCLEAR BEAMS 
AND HIGH ENERGY NUCLEAR COLLISIONS? 

As an introduction the de Broglie wave length of incident nucleons inside the 
projectile nucleus (in the NN cm. frame) is plotted in Fig. 1 as a function of the beam 
energy per nucleon (in the laboratory frame). At about 1 GeV per nucleon the de 
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Broglie wave length is about 0.3 fm which is much shorter than the typical mternucieon 
distance (d ~ 1.8 fm). This fact implies that incident nucleons inside the projectile can 
recognize the individuality of target nucleons. Thcreforu, it ;s likely that individual AW 
collisions determine the basic dynamics r" nucleus-nucleus collisions at high energies. 
Nuclear colbsions at beam energies above a few i 00 V.eV per nucleon are thus very 
different from very low energy nuclear collisions [E^alri/ A) for which the de Brcgiie 
wave length is comparable to the whole nuclear radius. There the mean field 
approximation is more or less justified. 

At beam energies above 10 GeV per nucleon the de Broglie wavelength is less than 
1/10 of the nucleon size. Therefore, at these energies the internal structure of the 
nucleon might show up, and perhaps the role of quark-quirk or quark-gluon 
interactions becomes more important there. However, in the beam energy region of 4 
< E'ge„„/ A < 10 GeV. which is the main focus of the present workshop, the nucleus-
nucleus collision is, to a first order approximation, regarded as an ensembiv of AW 
collisions. 

Then, what is the difference between the NN colhs.cn and the nucleus-nucleus 
collision at high energies9 One obvious feature of the nucleus beam is, as seen in F14 2 
(upper), that nucleons are packed closely within a small radius of a few fm 
Consequently, the local nucleon flux density is about 1049 nuc!eons/cma/sec, which of 
course cannot be obtained by any proton accelerator. This "packing" feature of 
nucleons introduces, in fact, a great advantage- of using nucleus beams instead of 
nucleon beams, as we will see later. 

If A'A' collisions determine the basic dynamics, then v,hat do we expect after the 
collision0 As shown in Fig 2 (lower), some nucleon group? which are located in the 
non-overlapped regions between the projectile and target will jusi pass through, 
keeping their initial velocities. These nucleon groups are called spectator On the 
other hand, in the overlap region, nucleons interact violently with e?.ch other and 
scattered over a wide range of angles and momenta Tries::? nucleons are called 
participant, and such a picture is called the participant-spectator model.1 

Let us look at the data. Shown in Fig 3 are the proton momentum spectre, 
measured at 0° (Ref 2) and 180° (Ref. 3) in 105 GeV per nucleon C + C collisions. Two 
peaks are clearly observed, one at pp - p c /12 , namely at the beam velocity, and the 
other at p p = 0 (at the target velocity). They are most likely from spectator nucleons 

How about the data at large angles? Shown in Fig. 4 are the proton spectra in 800 
MeV per nucleon Ar + KC1 collisions measured at angles from 10° to 145° (Kef. 4) The 
spectra are very smooth as a function of the proton momentum and extend up to fairly 
high momenta. If ..hese cross sections are integrated over angles and m-menta, then 
the total cross section is about '5 barns whk.-h is very close to the expected total cross 
section45 (IB barns) of participant protons Irom the simple participant-spectator 
model. 

Two macroscopic quantities, the mean free path (A) and the collision radius {P), 
play an important role in collision dynamics. At Ege^/ A - - GeV, these two values 
have recently been determined tu be X ==• Z.4 fm'1 and R =* 2-4 fm7"10-4. If A » R, then 
the nucleus is almost transparent and each nucleon experiences at most one NN 
collision, and consequently lbs nuclear collision is described as a simple superposition 
of single NN collisions without any rescattering This is called the direct limit. The 
hard-collision model" is applicable in this limit. On the other hand, if \ « R, then 
each nucieon experiences successive multiple collisions, and the available kinetic 
energy tends to be shared among all participating nucleons This is called the theT~mal 
limit Most of the macroscopic models, such as the thermal12 or the hydrodynamical13 

models, are based on this assumption. The actual situation is, however, between these 
two limits, since X as R. This is one of the complexities of the reaction mechanism of 
high energy nuclear collisions 
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Now, we have the following general observations Individual AW collisions seem to 
determine the basic dynamics of the nucleus-nucleus collision. Geometrically, the high 
energy nucleus beam is characterized by q h.'gh local nueieon flux density. 
Kinematically, data at large angles tend to reflect more features of the participant 
region, whereas the data at around the projectile and target velocities reflect more 
features of the spectator region. 'With regard to the collision dynamics, the fact of \ =* 
R tells us that both direct and thermal limits are unrealistic. Keeping these general 
features in mind, we will look over the data in the next section. 

a TYPICAL SPECTRA OF LIGHT PARTICLES 
3.1. Spectra of Protons, Composite Fragments and Pions 

We first quickly review the spectra of protons, composite fragments and pions 
obtained at the Berkeley Bevalac. In Fig. 5 (upper) the proton spectra measured at 
cm. 90° from almost equal-mass collisions, C + C, Ne + NaF, and Ar + KC1, at isBean/ A 

= BOO MeV are plotted. The spectra are not purely exponential, but resemble each 
other. This implies that the beam energy per nucleon determines the major dynamics, 
rather than the total beam energy. We also observe copious production of high energy 
protons in the region far beyond the free AW kinematieal limit (in this case 182 MeV). 
Even if a proper Fermi motion is included, the production of these high energy protons 
cannot be explained as a superposition of single AW collisions (the broken solid curve 
in Fig. 5 (upper)). How are these protons created? In order to study it we 
parameterize the same data as a power of the projectile (or target) mass number, A, 
as E(d3a/d3p) « A", and plot this a in Fig. 5 (lower). For low energy protons the value 
of a is very close to the geometrical limit of 5/3; in this limit the cross section is 
proportional to the product of the participating nucleon number (<* A) times the 
geometrical cross section (« /12/3).4'5 However, in the high energy region a > 5/3 and 
reaches the value of 2.6 or 2.7 at the highest energy. Such a large value of a suggests 
that multiple NN collision processes are important for the creation of high energy (in 
this case highpr) protons. 

In the presence of multiple collisions, there is a certain chance that these 
nucleons stick together to form a composite fragment. According to simple phase 
space considerations, we expect that the probability of forming a deuteron at a 
velocity Ud is proportional to the product of the probabilities of finding a proton and a 
neutron et the same velocity: 

If the neutron spectra can be replaced by the proton spectra.14 we have 
EA{d3oA/d*pA)=CA{Ep{d*op/dSpp)}

A forpA=APp. (2) 
The above power law is called the coalescence model15 and is tested in Fig. 6 with the 
data.4 With one normalization constant, CA, this power law holds extremely well. 

How about pion production9 I examine only two examples here. The first is the 
energy spectra. As shown in Fig. 7, the spectra at cm. 90c are almost exponential at 
any bombarding energy. This exponential behavior is a feature generally observed for 
pions with any projectile and target (with A > 4) and at any cm. angle. We notice, 
however, that the inverse slope, Eo, for the exponential fall-off is consistently smaller 
for pions than for protons, as seen in Fig. B. Several theoretical explanations exist to 
explain this. One suggestion by Siemens and Rasmussen17 is a radially expanding flow 
model. At a fixed kinetic energy the velocity of a proton is much smaller than that of a 
pion. Therefore, if there is an explosive flow, there will be a greater enhancement of 
kinetic energy for protons than for pions. Consequently, the proton spectra become 
broader than the pion spectra. This idea explained reasonably well the difference in Eo 
as well as the spectrum shapes of both pions and protons.17 
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The second example is the A dependence of the total cross section In Fig. 9 
observed multiplicities for pions and nuclear fragments are plotted as a function of the 
participant nucieon number, P (or participant proton number, Pz) The data of 
nuclear fragments (lower figure) contain mostly the contribution from the participant 
region, since the data at large angles are used to obtain the multiplicities. We observe 
<mn> « A2'3 while <-mz> « Pz This Az/a dependence for pions suggests that pions are 
strongly absorbed before they are emitted In other words, pions are emitted after 
several rescattenngs with surrounding nucleons, and thereby display features of the 
equilibrated stage of the system 

3.2. Multiplicity, Particle Correlations, etc. 

Other than these spectra, a large number of particle correlation data have been 
collected in Berkeley These data have revealed several interesting phenomena of 
nuciear collisions, but since investigating the details of nuclear collisions is not the aim 
of this workshop, 1 will not discuss them here. If you are interested in these current 
data, see Ref. 18. 

3.3. Spectra of Strange Particles 

Recent strange particle production data are described in rather great detail here, 
because they are related to one of the new experimental possibilities at higher beam 
energies described in the next section. In Fig. 10 various threshold energies for 
particle production in AW collisions are displayed. As the beam energy increases 
(above 2 GeV) the production of strange particles becomes more important 

Schnetzer et al i e have measured K* spectra with a magnetic spectrometer The 
motivation of this experiment is as follows: Since the cross section of K* -r.V (^ 10 mb) 
is much smaller than that of N+N (^ 40 mb) or n+N (^ 100 mb). once K* is created, it 
is less likely to bo rescattered by surrounding nucleons In other words, K* may be a 
more reliable messenger than n or proton of the violent initial, and perhaps, very 
compressed and hotter stage of the nuclear collision. In Fig. 11 an example of energy 
spectra Ln the cm frame is plotted for 2 1 GeV per nucieon Tse + NaF collisions. The 
spectrum shape is almost exponential with inverse exponential slope, Eo ^ 142 MeV. 
This value of £D is larger than EQ for protons or pions (see Fig. 8). implying that K*'s 
seem to be created at a much more violent stage than pions or protons. The 
exponential behavior of the spectrum is a general feature for any projectile (evenp or 
d) on nuclear targets. In addition, the angular distribution of A"1" is almost isotropic in 
the AW cm frame. 

Then, how do we explain the data? So far, no satisfactory explanation has been 
available. Recently a linear cascade calculation based on row-on-row straight-line 
geometry succeeded in reproducing the shape of the energy spectrum, by including a 
slight rescattering of K* by surrounding nucieons 2 0 However, this calculation fails to 
reproduce the angular distribution, especially for the case of proton + nucleus 
collisions. Therefore, this point remains an open question. 

An interesting aspect of K* data is seen in the A dependence. If the cross section 
is parameterized as a power of Aj (<* Af), then the value of a is consistently larger for 
Ne projectiles than for d projectiles, as seen in Fig. 12. From a simple geometrical 
consideration we expect the opposite trend, since with a heavier-mass projectile the 
increase of target size must have less effect on the yield (in fact, we expect « A? /s for 
heavy-mass projectiles and « Aj for light-mass projectiles). Perhaps this experiment 
indicates that, with heavier-mass projectiles the compressed and hot region is created 
more copiously than with lighter-mass projectiles. Such a feature is not (or is only 
slightly) observed for pion production, as seen in Fig. 12. 

The A production has been studied recently by Harris et al.21 with a streamer 
chamber in IB GeV per nucieon Ar + KC1 collisions. In this measurement the decay of 
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A -* p + rr (64 % branching), (3) 

was used for the identification of A. as shown T: Fig. 13 Clearly, A is observed. 
Although statistics of the data are low, a large number of As which have momenta 
larger than expected from free A'A' collisions are observed. This is consistent with the 
previous data of if*. 

It is we!l known thai the decay of A shown in Eq (3) is through weak interactions. 
Therefore, if A has a polarization P. the angular distribution of the decay products 
have angular anisotropy expressed as 

W(tf) = 1 + aPcosti. (4) 

where i5 is the emission angle of p with respect to the polarization axis and a = -0 64 in 
this case. By defining the raaction plane such that the beam and the emitted A form 
this plane, the value of P has been determined to P - -D.10 ± 0.05 In terms of the 
quark model, A is described as [uds) in which spins of u and d are coupled to zero. 
Therefore, the polarization of A readily measures the polarization of s-quark. 
Measurements of A polarization are thus interesting and perhaps useful for studying 
the role of quarks in high energy nuclear collisions. 

K~ has recently been measured with a magnetic spectrometer.22 In this case, the 
yield is extremely low, since the BevaJac maximum energy is 2 1 GeVper nucleon while 
the threshold energy of K~ in AW collision is 2 6 GeV. Therefore, the data only tell us 
the integrated yield of K~. Although these data were compared with various model 
calculations, ] would say that meaningful physics can be extracted only when we have 
more data at higher statistics 

4. POSSIBLE EXPERIMENTS 
From now on I would like to discuss possible experiments with light ions at beam 

energies from 4 to 10 GeV per nucleon, keeping in mind the general features which 
have been described in the previous two sections. 

4.1. Comparison between K* and K~ Spectra 
First, ] continue the discussion of the K* and K~ spectra described in Sec. 3.3 

Since o{K~N) m 40-50 mb is about 4 times larger than o{K*N). the mean free path of 
the K~ inside nuclear matter (X a 14 fm) is much shorter than that of K* {k = 6 fm). 
The size of the interaction region, R, is typically about 3 fm. Thus we have 

\(JT) < R < X(/T+). (5) 

This relation implies that the K* spectrum tends to display features of the initial "hot" 
stage while the K~ spectrum tends to display that of the final "cold" stage. Therefore, 
measurements of both K* and K~ are important to study and compare typical features 
of these two stages. 

At beam energies below 2 GeVper nucleons, an attempt to separate the initial 
stage from the final stage has been carried out by comparing K* with pions and 
protons. However, several ambiguities remain here, because masses and spins of these 
particles are different from each other. The spectrum of fermions can be different 
from that of bosons because of different statistics. In addition, as mentioned ..> Sec. 
3.1., if a radially expanding flow exists, then this flow can distort the heavier-particle 
spectrum more than the lighter-particle one. With measurements of K* and K~ such 
difficulties can be avoided. The present Berkeley machine does not allow us to study 
both K* and A~ because the yield of A"~ is too small. Higher beam energies are thus 
very desirable. 
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4.2. High Density? 
Next, we ask if a high density phase can be created. On thus subject ] will 

introduce an idea by Goldhaber2* Although this idea was proposed to encourage heavy 
ion studies at much higher beam energies with U beams, it is sti'J worthwhile to 
mention it here V.y interpretation of his idea is shown in Fig 14 At Low energies the 
angular distribution of NN collisions is almost isotropic in the c m frame Therefore, 
in the first NN collision the scattered nuckon tends to be emitted at a large angle and 
thus easily escapes out of the interaction region However, at high energies the 
angular distribution is sharply forward peaked Therefore, the scattered nucleon is 
forced to dive into the opponent nucleus, and will experience succeeding NN collisions, 
Through these successive A'A' collisions the energy carrird by each nucleon m:ght be 
accumulated in a small region, and consequently a local hoi spot may be created This 
local hot spot carries a high energy density Therefore, high energy density might be 
more easily created at higher beam energies 

How about high particle density? At high beam energies both the projectile and 
target nuclei are Lorentz contracted in the c m frame (m our present case ycm goes 
up to 2 5 at î Bearr/ A = 10 GeV) Therefore, even temporarily the density might reach 2 
x S.5 = 5pD. At beam energies below 1 GeV per nucleon, for which ycn = I, a high 
particle density can be reached through a macroscopic compression of nuclear matter. 
The mechanism discussed here is a microscopic one and is completely different from 
this macroscopic compression Pernaps, the physics of high density may thus be 
studied more easily at higher beam energies, if macroscopic compression does not 
take place. 

Obviously experiments involving high energy and part.ide densitips are interesting. 
With regard to the high energy density, qq pairs might be created in the local hot spot 
where q indicates quark Tnese pairs will then decay by emitting y's or lepton pairs. 
Or they may form q-q jets which eventually introduce a strong 180'" correlation 
between high-y-r pions Or perhaps they create an abundance of strange particles, e.g. 
K*. as suggested by T. D Lee ZA Such measurements are interesting. With regard to 
high particle density, no straightforward experimental methods have yet been thought 
out However, 1 will point out a few possibilities. With high energy proton beams a 
broad sideward peaking of heavy composite fragments is reported, 6 as shown in Fig. 
15. Authors m Refs 25 arid 26 claimed thai such a peaking may perhaps be due to 
nuclear Shockwaves. It is certainly interesting to measure angular distribution of 
heavy fragments with nuclear beams A search for the Lee-Wick type nucleus37 has 
been earned out at beam energies of about 2 GeV per nucleon In this case, a search 
was done for a fragment with mas? number larger than the target mass. Of course, 
even if such a fragment was discovered, additional measurements are required to 
prove thai this fragment actually carries higher density than pc, e g , the 
measurements of radius and mass Nevertheless, a hun'. of super-he?vy fragments with 
mass number larger than the target mass is interesting. 

4.3. MulU Baryonic Excited States 
As mentioned in Sec 2, the nucleus-nucleus collision at hi^n energies is. to a first 

order approximation, a superposition of AW collisions In each A'.V collision a baryonic 
excited state, such as A, A", A, etc., will be created For example, A w;ll be created at a 
probability greater than 50 %. In each nucleus-nucleus collision, therefore, several 
baryonic excited states might be created at the same time. The nucleus beam is also 
characterized by its "packing" of nucleons (see Sec 2) Therefore, these A. A, etc. are 
again closely packed in a small region within a radius of a few fm. It means that there 
is a great chance that these excited baryons interact with each other to form an 
excited baryon soup (such as the A-soup 8) before each excited baryon decays into a 
nucleon and pions, as shown in Fig 16 In the nucleon soup a composite fragment is 
created out of a few nucleons, as we have studied m Sec 3.1. Similarly, in the excited 
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baryon soup, a new type of composite Fragment such as the 4A nucleus might be 
formed. 

Currently I am very much interested in the possible creation of a 16A-nucleus by 
the Bevalac. since about 30-40 A's are created at once in each U + U collision at 
E-fcvn/ A =* 700 WeV. Since A carries spin (S) and iscspin (7") quantum numbers of 5 = 
T - 3/2, 4 x 4 = 16 subleveh: exist in the \s orbit. These sublevels are occupied if 16 A 
are available. Jn the nucieon soup the a particle is much more stable than the 
deuteron. Therefore, )6A could be much more stable than 2A (which is one of the 
possible dibaryon candidates, as we will discuss later). 

The possibility of studying the excited baryon soup will grow as the beam energy 
increases, since a larger number of baryonic excited states can be created. Strange 
baryons are especially interesting at Eg^m/A = 4 - 1 0 GeV. We can ask if AA is 
metastable.29 Or, we can ask if 3D forms a metastable particle 

Possible experiments will be as follows: The rapidity of such an excited baryon 
soup will be centered aty ~ {yp+y~)Z 2. but broadly distributed over a region between 
yP and y^, where yp and y-* are the projectile arid target rapidities, respectively. If a 
metastable charged fragment was created in this soup with lifetime & 10 ns, then the 
experiment would be relatively easy, a mass spectrometer could be prepared to detect 
such a fragment in the mid-rapidity region. If the lifetime is less than 1 ns, then a 
more complicated detector system would have to be prepared. Of course, it is more 
realistic to start with a simpler experiment. 

4.4. Dibaryon Search 
The simplest system of the multi-baryonic excited state is the dibaryon So far, 

the dibaryon search has been done mostly with elementary beams such as j . n, K*. and 
p . 3 2 But, iiuclear beams may offer a unique opportunity to study it. 

There are two possibilities for creating dibaryons in nuclear collisions. The first 
one is through the coalescence between two excited baryons that are created in the 
excited baryon soup, as we have described it in the preceding subsection. There it is 
necessary to detect all final states in order to construct the invariant mass of the 
dibaryon of interest. Since relatively few (up to 4 or 5) final particles are involved 
here, the measurement is not very complex The second possibility is to excite 
coherently two projectile nucleons into their excited states in a peripheral collision; for 
example, the excitation of a deuteroh projectile into a ZA state in a d + A collision, as 
illustrated in Fig. 17. This process includes relatively simpler kinematics than the first 
one. Since the 5 = 3, T = 0 ZA state (hereafter called Z)3q) is interesting, because it 
may be bound wxh a large binding energy up to 100 MeV,*3"36 we discuss this D30 in 
what follows. 

Trie Dao state most likely decays in top , n . >T+ and n~. In the first case of the 
above two possibilities this D30 is created out of the A-soup in the participant region, 
and thus carries a certain momentum in this soup. Therefore, we must detect all four 
particles to measure the mass of D30 On the other hand, in the second case, the total 
energy of D30 (mass + kinetic energy) rnu.it be equal to the total energy of the 
projectile deuteron (here, the recoi! energy of the target in a d + A collision is 
negligibly small if A > 4) Therefore, if we detect three particles out of p, n , n+ and rr", 
then we can evaluate the mass of D^. Since the development of high resolution 
neutron detector is not feasible, the second method has greater merit than the first. 
Rosina and Pirner37 recently calculated the cross section of thjs second process, as 
shown in Fig. IB. 

It is of course possible to excite a target deuteron into Dan via the second process. 
In fact, such a possibility has been investigated with y beams3" or n and K beams3*. 
However, an experimental difficulty exists in identifying a twc-A state out of the 
background N*N state because of the existence of the low energy cut of the e'etector. 
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as pointed out in Ref. 39. If a projectile deuteron is used to detect a 2-A state, a much 
wider kinematic domain can be covered, since we can practically measure energies and 
momenta down to zero values in the projectile rest frame. In other words, the 
identification of a 2-A state is much easier for projectile excitation than for target 
excitation. Another merit of using projectile excitation at high beam energies is seen 
in the simplicity of the experimental device. As the beam energy increases, most of 
the particles emitted from the excited projectile are sharply bunched at forward 
angles. Therefore, a relatively small solid angle device can detect thfise particles. 

In addition to the 2-A excitation of a projectile deuteron, it is of course worthwhile 
to consider the possibility of exciting the projectile to a AA state. 

4.5. Production of Double Hypemucleus, Negatively Charged Nucleus, etc. 
Two other subjects will be discussed here in connection with projectile excitation 

The first one is the creation of a double hypernucleus. For example, the following 
processes would be possible: 

8Li + A -»jAHe + A , 

14N + A -* jtfC + A. (6) 
These processes, although no calculations for cross sections are available, would be 
interesting, since so far very little evidence of double hypernuclei has been reported. 
Lifetimes of these states might be short, but they could be long because M may carry 
a much longer lifetime than single A inside the nucleus because of the strangeness 
constraint. The creation of a double-S hypernucleus is interesting as well. 

The second possibility is the creation of a negatively charged nucleus. From 
systematic studies of projectile fragments at the Bevalac we have learned that several 
neutron-rich isotopes are created. For example, from C beams the 8He fragments were 
created with a production cross section of about 35 /zbarns. In this case four protons 
were scraped out by the target. If three neutrons formed a projectile spectator, and if 
one ?r was absorbed in this spectator, then we would have a negatively charged 
nucleus. Such a nucleus could also be created via a single excitation of a projectile 
nucleon into A" followed by its decay to n + n~. There is a suggestion that the 3n + n~ 
system might be bound.40 If a bound negative nucleus is discovered, it is certainly 
striking. 

These measurements require a magnetic spectrometer at forward angles, 
especially at 0°. Although these ideas are still highly speculative, it is worthwhile to 
pursue these possibilities. 

5. CONCLUSION 
In this note I have presented five possible experiments with light ions with beam 

energies of 4 - 10 GeV per nucleon. Of course, these ideas came from my very limited 
knowledge of nuclear collisions at lower beam energies available at the Bevalac. 
Obviously other ideas must exist. For example, the study of nucleus-nucleus elastic 
and inelastic scatterings is a very interesting subject. Also, high-px physics has to be 
investigated in more detail. Nevertheless, the main issue that I hoped to stress in this 
note is that this new energy domain contains fairlj' rich possibilities that are not 
accessible with the current Berkeley Bevalac. 
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