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HADRON DYNAMICS IN
HIGH-ENERGY PION-NUCLEUS SCATTERING

Mikkel B. Johnson
Los A!amos National Laboratory

ABSTRACT

It is argud that pion-nucleusscatteringat high energy (above 300 McV) is likely to be

easier to inteqmet than it has been al lower energieswhere the A33resonancedominates. We
esrablish this by examining the relative importance of various dynamic ingredients of
scattering lhcay for high-energy pions and comparing diffcrenl versions of the theory: a
“model-ex~t” microscopicopticalmodeland an eikonalapproximation. For nucleias hawy
as Ca, lhc cikonat theory is an exccllcnt approximation to the full thcmy for the angular
distributionout to the positionof the secondminimumin the crrmssection. The prospectsfor
using high-energy pions 10examine modifications of nuclcons and baryon resonances in
nuclei,nuclearstructure,cxchangccumcnts,short-rangemrclirlions, and to charactcrimpion
propagationam discussed.

I. INTRODUCTION

Pion-nucleus scattering at WCmeson faclorics has concentrated on the energy range up to
several hundred McV incident pion kinc[ic energy. These rcsulLs hitvc provided a vancty of
insights into how mesons intcmct with nuclei M WCIIas about nuclear slructurc. What can be
lcamcd from higher-energy pion-nucleus scattering? This question is of some interest bccau.sc
ncxl-generation meson factoncs will have the capatrilily of high-quality hcams of pirms up to
cncrgics of onc or mom GcVj

In this talk, 1 would Iikc to attcrnpt to provide sornc answers ftliit Imvc come out of rcccnt
studies of this question al l.AMPI~, including a SIU(IYby IIICI.AMPF users group.’ 1 wi!l also
mcruion some of the work htt 1htivc d(mc rcccruly on lhc problcm wi[h my coll;horators JwwwII
Chcn, Dharam Ahluwalia, an(i David Urmsl,z

l..c[mc hcgin by noling M there arc Iwo Wilys it~which hi~:h-cticrgy pion scattering (Iti[ii

CM Ix helpful. Onc is to provide d:llti with which specific (Iynwnicnl models 01’gcncml inlcmsl
cm IN*Icslcd. This irwludcs models or nuclear slruclun: and Ilndrnn dynilrnics, Ihc I:lllcr inclu(linl!
short-rimgc c(wrclnli(ms, isolmr-nuclc(m intcrocl ion,;, {111(!cxl’ll;m~l! c~lrrcllls, ‘IIIC olhcr is 10

prnvi(lc (I{ltil llCC(.lC(lfor inlcrpmlwi(m of Ckp21illlClllS in I’(!lillC(l NIViN Of nuchmr physics SUL!ll ilS

lligh-energy cll!clron sctlllcrillg, hrnvy i(m collisiolls, illl(l hypwnu(:lc;w physics lhrollgh 1111!(r, A’)
rcwlion. I’ion scallmillg (1:1111is rsscnlial, hC(YilllS(! ill hi@-cn(7j:y (collisions of’ my Iypc pi(ms m
:1 promirwrlI fcnturc 01’Ilm illili; d, illl(’llllrdiiltr, md I’inal sliIlrs. I!(N11rrquirc (Iillil ill spwilic
rc:wli(}l~chmmcls, illcludirlg (l(mblr rharj:r cxch:lIII!r, truu ;Ilwwl)li(lll, (Iuwi-(.l;lslic s(::Mlrr\IljI,



pion-production, elastic scattering, and inelastic scattering. Typically, these channels can be
characterkd experimentally in great demil given the high intensity and large array of detectors
available at the mtxon factories.

For the most part, I will ccmcamate here on investigations that aim at a microscopic
understanding of phenomena. The talk will be organized as follows: In Sec. II, I will discuss the
theoretical tools for studying high+mergy pion scattering. It will be argued that pion physics is
likely to be simpler in the energy region above the Aq, rcsonancc. I will show by wmparing to
exact calcr.dations how well one can expect the semi-classical theory to work. IrI Sec. III, I wiU
indicate some of the issues that might be studied with high-energy pimts. In Sec. IV, I will draw
my conclusions.

11. THEORETICAL TOOLS

In onkr to test models using pion scattering data, onc would like a flexible theoretical
framework that is capable of providing a simple answer to specific questions. Ultimately,
suitabic methods should be available to analy7E all reactions mentioned in the introduction. In
this section, we will establish that semi-classical methods are ~f this charac[cr. Wc will do his by
comparing the results of the semi-classical theory for elastic scattering to a “model-exact”
momentum -space optical model calculation for cla.stic scaucring.

In the study of high-energy pion-nucleus scattering, more and mm partial waves arc
nccdcd in the pion-nucleon two-body ampl itudcs as ihc energy incrcascs. This can kw inferred
from the middle panel of Fig, 1, which illustrctcs resonances in [hc pion-nucleon scaucnng
amplitude that come into play at cncrgics below 1600 McV. Below 300 McV, only S-waves and
F’-wiIvcsarc needed. Above 3(k’1McV, D-waves bccomc important. F-waves bccomc significant
above 5(XJMcV, and G-wiIvcs and 11-wwtcs above 700 McV. AL[hc Siii]lctime, [hc number of
pion-nucleus parlial waves is increasing at a rate proportional to the pion momentum. Thus, at
high cncrgics the momentum-spficc iipproii~h, which is computnlioniilly intensive, hccomcs
prohibitively inefficient.

On lhc other hand, a SCmi-CliLWiCil][hcmy, which bccomcs incrmsingly quantilirtivc irt high

cncrgics, is much simpler to cr~mpulc. [n addition, the simpler chnrnclcr d’ the [hcory can more
easily mvcul physi(xd insighls. As the wilv~lctrg[h of (IICprojcc[ilc Iwcomes shorter, [hc scmi-
ClilSSiCill lhcory would cvcrm.mlly hccmnc a good appr(~ximali(m if Illc optical Ixllcnliul were
l(XX1l.‘Illc pi(]ll-nuclclrs Oplicill Ix}tcnlial i:; Ilighty llolll(MA, ilS ilW our Illodcl .cx:lct C:dculnli(ms,
so il is nol a pritwi clcirr [hnt onc Is justil”ic(l in usitlg lhc semi -cl;lsf;il’;llIhvory to simplify Ihr

rxlh:uliili(ni (1~ pi(m IIUCICUS s(’allcritl~!(ll~S~fVillll(!S.

III i wr u)i}lpilrisol]s, INMI)111(?oplk.iil ;IIMI lhc cik(m;d lll(M!ct S usr lh~” S:IIIIC l:lr~:rl WiIVC

futwli(}lw wllicll wc ol~[:litwdl-r(mlI I: IIIIVC l~ock ~ill(.lll:i[iojls. \VC idso IISr IIIC SiIIII(* (III sII(*II

lti(m I) II(4tXMl IW() IM)(IY ,itill)lilu(l(.s, wlli(.11 ill(. I’II)IN AIII(II’S :111(1I Iohtcr’s I)IvIs(* shills,
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Working in momentum-space presents the opportunity to calculate the scattering from a
lowest+xder optical potential, which includes the following feature: (1) exact Fermi-averaging
integration, (2) fully covariant kinematics, normalizations, and phase-space factors, (3) invariant
amplitudes, and (4) finite-range, physically motivated two-body off-shell amplitudes. The
program ROMPIN? which we used in solving the scattering problem in the region of the As,
msonancc4 includes these features and is used as the basis of the calculations. We exploit it and
make exact calculations with the lowest-order optical ~tential. A brief review of this approach
will be given here; we refer the reader to Ref. 4 for a complete list of references to earlier work.

The relativistic first-order optical potential can be written in the impulse approximation m

whcm ~1, ~2, and ~3 arc the momenta of the incidcnl pticle, the struck nucleon and the A – 1
residual nuclcons, rcspcctivcly. Em is the ccntcr-of-momentum (CM) energy at which the pion-
nuclcon f-malnx is to be evaluated,

(i=+IN)2
Em QE; +E

B- ~Nm’: ) ‘
(2)

where Es is t.hc energy of the pion in the pion-nucleus ccntcr-of-momentum frame, EB is the
binding of the swuck nucleon, and a, is a set of quantum numbers that specifically label the
nuclear bound sum. No[c that f~m lhc conservation of momcmurn, ~~ = ~:+ FJ and
l;A=Fl+ F,.

For the off-shell pi(m-nucleon two-hotly T-matrix wc choo.sc a simple scp:lrablc f(nm for
each spin, isospin chwmcl c

(3)

VAIN-C (* Will /),m am Illc Iotill energy illld [hc on 411ilSS-!ihL!ll momrnmm in lhc pi(m Ilut’1(’(}11[w(l-
b4Nlyccmcr(d-mws frame, rcspcclivcly. ‘1”11~T-!ll..lliX is I ,orctw illVilfiilllIly Ilollllilli/.UIT ;Illd

thus iivoids aIIy kitit.tt]iltic:s sillguliwily. “IIIc on-shrll V;IIUCS arc [ilkct] ftT)IIlcxlmrimrnt NS wc

]lilVC illdl(!:ll(”d. ‘I”!IC f[lllctloll V(p) h:L% il ( ;:lUSSiilfl folTll, d ‘“o’.



differential cross section. l%e theory works very well in the region of the A,, resonance, as
shown in Fig. 2, wlwn various medium modifications are included as explained in Ref. 4.
Especially important is the shift of the An mass in lhe nucleus; to incorporate this, a constant
(whose value is very close to the average binding potential of a nucleon in the nucleus) is added
to the right-hand side of Eq. (2).

Although [he Fermi-averaging integration is quite important in the region of Ihe A,l
resonance, we have found that for high-energy pion-nucleus scattering (above abut 3(X)-MeV
incident pion energy) it does not significantly affect the elastic diffcmnthl cross section out to the
position of the second minimum in the angdar distribution. This means that wc get essentially
the saine results doing the full Fcmii averaging or making the closure approximation, in which
the EB and IN in the last term on the right-hand side of Eq. (2) a~ dropped, This is the case even
though the pion-nucleon amplitude is, partial wave by partial wave, mthcr energy dependent,
exhibiting rcscmances in various paflial waves as was already poin[cd out in the discussion of
Fig 1. We also made calculations varying the form-factor range /l from 5(IOMcV to 4 GcV,
where we sw similar lCVCISof insensitivity. We cmcludc from these studies that at least two
sources of nordocality arc of minor impofiancc at forward angles for the higher energy pions,
ccmrary to what one might have expected. This opens tic possibility that a simple cikonal
approximation rni~:htbe valid.

We developed a semi-classica~ model, the cikonal approximation, which includes tic
Coulomb interaction, lhc Wallace comcctions, and is based on a simple local potential calculated
fmm the same pion-nuclcrm two-body amplitudes as used by the cxacl optical ptcntial theory.
Wallace has shown that the semi-classical theory can be improved if the corrections that bar his
name am added. The results of this section were adap[cd from Ref. 5, and wc refer the reader to
that paper for rcfcrcnccs to earlier wofi.

In the cikorud a~pmxima[ion, wc take [he scattering ampli[udc [o be written as

Jlq)= f“Jq)+ ~cN(4) * (4)

where q is the momentum tmnsfcr. Fp, rcprcscnts the Coulomb ampl i[udc. F’(,.Ndcnmcs Ihc

nuclear and [hc finite size Coulomb amplitude, and is written ils

i;(:~{q) = ik~bdbJo(qb)c’z’’(h) l-(.N(E, h) , (5)
o

where k is III(: nmmcmum of the incident Ixu-liclc ill the l)ro,jeclilc- fi(lclclls ( ‘M frarnc, /) is IIIC

illll}il(:l l)illillll(![Cr. XP, is [lx Irn)inl(’oulomh ])lliiSC. and I “(.M is IIK!prolilc I“uncliotl.

“1”0incoqwmtc [IIc(Iislolli(m ;111(1cllrq:y shili c;llIscfl hy Ihc ( ‘(Nllolllll illlCrilt’li(Ml, wc wrilc

[Ilr I)rol”ilclilt14:li(\il as



103E I 1 I I I I
‘2C(n+,%+)’2C!

....... ...0..0. . ..0....!.,,,., ,,, J

......z
“..,..:== 100 MeV

\

..-.
“.

“..
. ...’ 1..................................

1
[ \

lx= 226 MeV
10-’ ,,#...,,.. 1

5 30 55 00 105 130 155 180

(3Cm(deg)
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rcN(E,b) = 1- exp{fZm(E,b)}

= l-exp[iZ~[E - V=(b),b(l+EVC(b)/k2)] +i~C(b)-i~P(b)} , (6)

where z is the phase shift caused by a uniformly charged sphere, V. is the Coulomb potential,
and the nuclear phase shift ZN is written as

~N(E,b)=-+Fq+z+zz)w].-- (’7)

A local, strong-interaction potential U is obtained from the pion-nucleon two-body forward
scattering rmplitudc with a small-angle expansion cmcction, and can be expressed as

(a)

where Z aiu N are the proton number and the neutron number mspectivcly,flo) is the forward,
on-shell pion-nucleon scattering amplitude in the pion-nucieus CM frame, and f’(0) is the
derivative offlO) with respect to the square of the momcnlum transfer.

To improve the cikonal model mprcsentalion of the solution from a Klein-Gordon equation,
wc utilize t.hcWalliIcc correction in the strong potential, which is written as

~2

(
fJ(E, b)=u+@ 1+

2b2 d

)
——ln U ,

r dr
(9)

As the cikomd L$cory becomes a better approximation to the exact solution of t.hc Klein-Gordon
equation, the Wallwx corrections become smaller, Wc have found that the Wallace corrections
arc small but normcgligiblc at cncrgics above aboul 300 McV, but that C:OSCm [hc A,, rcsonanc.e
they can bc unmxp[ably lwgc.

For a highly nonlocal interaction. such as that cxpcctcd for [tic pion-nucleus optical
potential, the cikorml theory is not gmmntecd to bc a good approximulion [o t.hcexact thcorj.
This is bccausc the cikonal appmxima[ion is dcrivwl assuming a local polcmial. In order to
calibrate [hc cik(mal lhcory for high-energy pion-nucleus sca![cnng, wc must mtikc numerical
compilrisolls. ‘1’hcinscnsilivily of the cross section [o [hc o[f-shell range /~ illlll 10 Fcnui
ilvt!illgill~, which wi! cslahlishcd Ciwlicr, is a ncccssary bu[ nol il sufiicicnl c. Iiti(m tbr the
~iili(lily of (Iw ~ikol]id rcprwwn[ati(m.

Wc show (wr K.sul[s for m t -4”(21 ii[ II(N) McV/(hin I;igs, 3(ii) illd (b) ‘1’hcloCiltioll” of IhC

Illill!lllil illl(l Ihc nlq:llilmk! 01 lh(: CI’USS sccli(m ilt 111(9hlw~llll illl[!l(’!i .Irv ill ~()(~tl il~!rt’t’111(’111 fi]r
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the two calculations. We find similarly good agreement for other heavy nuclei, but for a light
nucleus iike *% the results arc stightly inferior to fhis. These results justify the use of the eikonal
mpresentalion for pions at high energy.

Knowing that the eikonal thcxny is a semi-quantitative approach to pion-nucleus scattering
at energies above about 300 MeV makes possible ?hc study of a vaxiety of issues with high-
encrgy pions. These include nuclear sUucturc, pion propagation in the medium, and hadron
d-ynamics. The la~er, which includes the study of exchange currents and nucleon-nucleon
rmrelations, may be investigated using pion double charge exchange.

Olher work, utilizing full Glaubcr fhcory can be found in Ref. 7, Some comparisons
between the GIaubcr theory and the optical model have been made, showing that the Glaubcr
theory is a good approximation io the op;ical m(del tested. However, it is not clear that the good
agramcnt is from the lack of the Fermi averaging in their oplical model or not. On the other
hand, compared wi!h our sirnplc and stmight..hward eikonal approximation, the full Glau&r
theory was more complicated and the important Wallau Cormtiom.. in the previous section were
not ccmsldcred. Our work strongly supports their conclusion that the semi-classical model is a
quantitatively good approximation to the oplical model, even when sources of nordocality arc
included.

ITI. ISSUES

In this section wc wi!l mcmion fhc prospects for studying a variety of issues wifh high-
cncrgy picms. This includes modifmations of fhc baryon resonance masses and their couplings to

mesons in the medium, the usc of pions to study nuclear smcture, the study of pion propagation
in fhc rncdium, MM;hc use oi pions 10 sludy obtain further information about hadron dynamics,
such as cxchangc currents and niiclcon-nucleon correlations.

In rhe high-energy region (300 McV S T= S 1 GcV), thr piori clearly has a much shoner
wavclcr@h. For example, the wawdcngfh at rcsonancc is about 4 fm (about the size of the
nuclcu:;) while at 1 GcV the wavclc:l~th is 1 fm (ahOut the size of a single nu:lcon). The shorter
wavelength implies tlw! clu..~i~:and ilwliisliu cliilaal the higher cncrgics can probe finer dctaih of
the spatial dcpcndcnrc of f.hcground-state and transition densities.

Moreover, lhc pion-nuclmm !wo-body in!criiclion imcomcs much weaker as onc goes to
cncrgics abcvc the A,J rcson,ancc. Thc two-body mtal cross section kcomcs Icss lh:m 30 mb,
which is about 15% of fhnt ml [!w Al, wsonancc. 711cf’lrslim,]ticmion of [his weaker ampli[udc
is that ttw pion is able 10pcncwalc dccpcr in!o lhc nuclrus. A siriplc (:stimiitcfrom Ic)mlmaclion
cress sution studies linds that a projectile rxn pcncwatc inm a mrgcl to a rwlius Ihai is cquid to
the impact p.uwnwcr :t~which lhc profile furlclicm cqunls onc mean-free Pilth. The mcim-frtw
patti of a piol~M dedur,cd fn)m the ft?!c pii)n-nuclcxm scattering itil:pliltdc is shown in IIWfourth
panel of’Fig. I, ‘lIIc same information is convcycd in il .YIIglIllydif Iu.r’cnt I(lml in reg. !, where the
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Fig. 4. Profile function S(b) for 12C,40Ca,and 2wPb. The arrows indicate the depth to which the

pion (labeled by its energy) can penetrate.

profile function for 12C,‘Ca, and ‘gPb am pictured and the arrows indicate approximately how
far into a nucleus a pion of the labeled energy can penetrate. The pion in the energy region fmm
500 MeV to 1 GcV is one of the most penetrating of the strongly interacting particles.

The seeond implication of the weaker two-body cross section is, when combined with an
incnmsing energy (decreasing propagator), that rmdtiple-scattcnng theory becomes increasingly
convergent. A simple estimate of the convergence paramctefi of multiple-scattering theory for
the optical potential is obtaincti by comparing the relative size R of an important term in the
second-order optical potential fl(~) (in the cme mnsidcred here, it is correlations commg from tic
short-range rci Idsion in the nucleon-nucleon interaction) to the tirst-oticr optical potcnti al U(l),

R ~l(nm.=+ ,



where u is the total two-body cross section, 1= is the correlation length, k is the incident pion
momentum, and p is the nuclear density. On resonance we find R =0.1, but R c 1 only Wause
the density at which the pion interacts is so small. At 5(XIMeV, we find R = 0.04 and at 1 GeV,
R = 0.02. This ~ $ “tit at high energies, the conventional lowest-order multiple scattering
tkmy expression for U becomes increasingly accurate for elastic scattering. It also suggests that
the largest types of cmrections would be those that would influence the lowest-order optical
potential, such as modifications of the resonance parameters (masses, couplings, and widths) in
the medium. We will explore these effects in more detail in Sec. 111.Abelow. If one wants to
look for ingredients that belong in U(2), one will have to look at obsewables that are sensitive to
second-order tcmns, such as pion double charge exchange. We discuss some of these possibilities
in Sec. 111.B.

A. Modifications of Nucleons and Baryon Resonances in Nuclei

In mat yeas, it has become increasingly clear that the energy shifts of baryons in nuclei
are connected to very fundamental ideas of how interactions arise both in quantum
chromodynamics (QCD) and in meson theory. The so-called QC13 sum rulesg have been
evaluated for the mass of a nucleon and a A,, resonance in free space, and recent studies of
nuclear matter indicate that the shift of these and higher-lying resonances in nuclear matter might
be similarly evaluated. Empirically, wc know that the mass shift (in a nonrelativistic sense) of a
A,, in the nuclear medium is nearly equal to that of a nucleon4 in nuclear matter. It would be
quite interesting to learn something empirically (and ultimately understand it theoretically) about
the mass shift of other baryons in nuclear matter.

We2 have made preliminary calculations to test the sensitivity of our theory of elastic
scattering to the energy of the resonances in nuclear matter. Wc found that modest energy shifts
of the resonances in nuclear matter would show up as shifts of fic minima of the elastic angular
distributions of pion-nucleus scattering. The energy localion of t.hcdeepest minima compared to
the calculation of their location in the abscncc of medium modifications shows thcm to k mthcr
sensitive to in-medium energy shifts of baryon resonances. Phcnomcrmlogical dclcrmination of
the energy at which the minima of the elastic scattering angdar distribu~ion arc the dccpcst would
then reflect the energy shifts of the resonances in nuclear matter.

‘l%ere has &en much discussion about the possibility of nuclcons swelling in nuclear
matter. The swelling is prcsumab]y just another manifwtation of the same physics that would
also alter the mass (and perhaps also the meson-baryon coupling crmskum).

In order to study mcscn-nucleus scattering thcmctically in rrmrc (ic(iiil a! high energy, it

would be useful [o develop an cffcclivc meson theory. Such a theory would need m a slarting
point an approprhlc unperturbed dcscnplion of high-spin fields. A phcnomcnology of high-spill
fields based on the Weinberg cqualions has been has been dcvclopcd by Ahluwa:ia and Ernst. 10
This work rnighl be used as the basis of a hmlron dynamics description of inlm-nclinp pions ;md
nuclcons at high energy.



The problem of separating the shifts for the individual resonances may require the full
nonlocal optical-model theory in combination with data out to rather large angks. Data o“ther
than elastic scattering might likewise be required, such as q meson production, which is
particularly sensitive to the &l(1535) resonance. The fact remains that the problem of
determining the medium modifications of baryons is a problem ideally suited to exploration at
high-intensity pion facilities with pion energies of one or more GeV.

B. Nuclear Structure

The simple cikonal model provides a straightfonvard method for studying nuclear structure
easily at high energies. The weakness of the interaction implies that the pion penetrates into the
nucleus, becoming mole sensitive to structure in the i.uclear interior. The simplicity of its form at
high energy makes the possibility of studying nuclear structure with pions very attractive.

The picm has a strong isospin dependence, which makes it possible tcl separate neutron and
pluton components of densities. It has often been remarked that the changing character of the
pion-nucleon intcrwxicn (the z+ becomes more sensitive to tmutrxms as the energy is raised, in
contrast to the region of the Aj~ resonance, see the bottom most panel of Fig. 1) makes the high-
energy lvgion particularly interesting for tlx purposes of determining neutron and proton
distributions. TIM pion-nucleon amplitude also has a strong spin-dependence, whid: makes the
pion a promising probe of spindependent effects in nuclei.]

c. Hadron Dynamics in Pion Double Charge Exchange

Onc would like to study the effects of dynamical correlations, exch.nge cLrrents and
meson-baryon couplings, some examples of which am shown in Fig. 5, One place to do this is in
the double-charge-exchange reaction, because the leading piece of the reaction is of second-order,
since two charges must be exchanged between the projectile and the nucleus.

Such studies have been made using data in the vicinity of the AJJ m.sonance. I give one
example here of the dctclmination of the A~~-nucleon interaction, which was shown in Fig, 5.
The A33-N interaction cfl’cct (called DINT when it was used earlier m a mechanism for pion
double charge cxcharigc’ 1) is quilt pronounced in the region of !hc A33 rcsonancc for some
special types of rwclcar transitions (the grouml-state nonanalog transitions) for which the
convent ional scqucnlial double-charge -cxchangc process is strongly suppressed. Figure 6 shows
a comparison of the theoretical calculation of DINT to data, showing the good agrccrncnt for a
varimy of nuclei. 11 From this comparison, the strength of the zAA coupling can be infcrmd.
Similar studies might be possible for the higher-mass rcsonanccs, as shown in Fig. 1.

Osct and Swottman12 have studied pion douhlc chnrgc cxchangc at high energy. They used
ihc Glaubcr thcmy, which wc bclicvc from our previous remarks is suitable for study at high
c]lcrgy, particularly if semi classical corrections of Wallace am incoqxwtitwi. ‘l%cy tliiVC shown

nwcntly that the double ctl;irgc-cxcl~a~l~:cdata mkcn at l, AMtJI: is well (Icscritxxl by Ihc ( ;Inubcr
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nonanalog cross sections provided a window for the A-N interaction as discussed above. A
perhaps mom promising opportunity occurs for higher energies, about T== 13MlMeV.

D. Pion Propagationand ReactionMmhankms

Tire study of pion-nucleus reactions is important for the understanding of other reactions.
Fw example, some of the cross sections, such as true absorption and pion-production, will be
needed as input to tranqmrt models of heavy-ion collisions. The range of energitx up to 1GeV is
particularly important for the heavy-ion reactions.

IV. SUMMARY,CONCLUSIONAN,~FUTUREPROSPECTS

Wc have compared the full microscopic Iowcst-order optical potential to the cikonaJ theory.
It seems to & quantihuivcly valid at high energy, at least for the first several minima in tic
differential elastic cress section. ~is makes possible a simpler reaction theory than the onc
familiar from the cxpericnu at lower pion energies (near the A3~~wnwc). At high energy
and/or for heavy nuclei, use of the full optical model bccomcs very time-consuming and
sometimes computationnlly impossible. In contrast, the cikonal theory is relatively simple and
fast on the computer. h thcrcforc becomes a matter of considcmblc practical importance to
realize that W physim is faithfully reprcxhmd by the simple version of the theory.

Wc have addi[iorwlly argued that many applications of implancc to nuclear physics can

be pursued with high-energy pions, Chief among these is the study of propcrtim of Ixtryon
rc.sonanccs in nuclear ma[tcr. These derive much of their in[crwt fmm the connections to QCD
through QCD sum rules.
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