'LEGIBILITY NOTICE

A major purpose of the Technl-
cal Information Center is to provide
the broadest dissemination possi-
ble of Information contained In
DOE’'s Research and Development
Reports to business, industry, the
academic ccminunity, and federal,
state and local governments.

Although a small portion of this
report IS not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1



[T o Bl ¥ 1 2 TR 4 Ta .'b"

L J8 Aldmos Nat. . ~
08 Nat.ornar L4borafory '3 Vperateg Ly (g University of Canform.a 'or the unied States Department of Ermrqv nde: cont I W
u P contract W-"4nNs ENG. IS

LA-UR--88-4197

DE8S 005465

TITLE Some Recent Results in Hadronic Physics with Pions

AUTHOR(S) W. R. Gibbs, T-5

SUBMITTED TO Proceedings of LAMPF l/sers Group 1988

DISCLAIMER

T'his repart was preparcd as an account of wark sponsored by an sgency ol the Vnited States
Government  Neither the United States Crovernment aor any agency thereol. nor any ot their
emplovees, makes uny warranly. express of implied, ur sssumes any legal hability or respony
bility for the accurusy, completeness, or uselulness of any informaten, apparatus, product, or
provens divchimed. or represents that 1y uw would not infringe privately nwned nghts  Refer
ence heren to any speaiflic cominercial procduct, priness, of service by trude name, trademark,
manulacturer or otherwise dues nat necessanly onstitute or amply it endursement, recom:
mendation or levoring by the United Slates Crovernment or Jny Agendy thereal  The views
and opiaons ol authors exprewed herein do ot necessarily state of 1eflect thome ol the
1 nited States Ciovernment o any dgendy thereol

LU TR TR TN BRUST I WFTRIrS o '"e pubVARgr ' OgN: LY THLY S B nment ~ ’
oQniley the e i 2v@r ONY @18inY A NONANICILY Ve ‘NyPity reg icdNe@ 'O DLDI YR 1 aprod v e

e . [ YT . Y
v .r 8t ed o TS T Buton ar g ai0w OIRErY D 10 S0 'Y U S /30e@rNmMENt hurposes

e LI TR LY TRRTY TRPY YN 1 RN Y 9P Y ) LY TI1 n ] "
' e ato’ L L AL Biiel LIl BN IVEL IR LT Wntly 1P W18 g wOIE DT e rder TNe guUIDICEs uf 'he ) S lepa s
deparrmant b oary

Los Al N '
Los AlamMOS texpmesaomatponay
ACT"

¢ v o« ol

PR . MRS


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


T-5, M

Some Recent Results in Hadronic Pheysics with Plong
». R. tiLbbs

Theoretical Division, Los Alamos National Laboratory
Los Alamos, New Mex:ico 87543

Submutted to: Proceedings of LAMPF Users Group 1988



SOME RECENT RESULTS IN HADRONIC PHYSICS WITH P:°NS

W. R. Gibbs

Theorecical Division, Los Alamos National Laboratorv
Los Alamos NM 87545

ABSTRACT

Three topics in modern hadronic physics are developed with regard -o
their fundamental lmportance to our understanding of rhe strong lnteracti
In general and nuclei i{n particular. These three subjects aie low enerz-
plon nucleon scattering and charge exchangs, the study of the three nuc'eon
svetem with elastic scattering of plons, and double charge axchange of
plions on nuclai In each case the studies are presented in termec cf -:e
findamental motivations underiying them and the spectacular new data .h: =&
1s bringing new insight into these areas

Introduction

1 wish to discuss three topics in the fleld of strong Lnteraction
rhvsics. These research areas are on the very forefront of our
understanding of hadronic interactions I will talk about them in
irzuitive terms and emphasize motivations rather than presenting rechnicai
letails One of the things that I hope vou will appreciate {s che
wpectacular quality of the data which (s being aken to address -hese

;estions.
Lov Energy Plon-nucleeon Scattering

wh:le rhis subject is an old nne. the -juestions i1t posey "o moder-
Ladron ¢ phvseics are no less Jemanding In tacet. 1t has recentlvy ".axen =
idd1r10nal interest for several reasons Flrev ot all 1t ts the lata -
“.w process which lieg art ~he basiy ot "he Jdstermination ot *he 0 0

s wma rerm’ *he measure 1t hital s mmerrv hreaking 1n *he .1 rg



LTteracIian Th.s j.antliL:v represen:zs “he amoun: ~ra:z -he was§ -z --.

r-c.e3n .5 a.zered bv -he fact that we .ive in a wWorld :r shiecn _=.ra.
~meIrt L3 not perfect The numerizal val.e of -he s:igma "erm .5 =T
.- orimciple from the extrapolation of i -omblna-.on >f ~~e s-~a7ve . -
~.c.e0on scacrerirg amplizudes to a negative energv roinc sTLla "-ere s
Deen 4 Zrea: dJepate over the vears on Just how znis should ne tore . :.--
1T szill rages: the most common “alue obtainad :or *his ~umber :s 1ra-.r: -
Vel From theories based directly on quark mode.s ore cilculaTes 1 1.
azro.nd }J MeV  This discrepancv has been xnown for 1 long -:Te TRt
pointed out 1 few vears ago bv Donoghue and Nappr | =hat II e ass.-r.

rat -here is a ses of quark-antiquark pairs with about one quarter >f -~~~
d>eing strange quacks. then these two numbers :zould be reconciled Recer:.
“hers has been a measurement of the - -hvdrogen atomic level shifr 2
Jhich. if correct would change the low energy = -nucleon parameters eno-in
o move the experimenta. determination of the sigma rerm to 3O MeV. -hus
sbviacting the need for any strange quarks {n the proton sea There are
1.so some pion-nucleon phase shift analyses which give smaller numhers ior
the signa term so that the question of the experimental value of -he sizma
Zerm cannot be considered as closed

-et us examine the genersl situation for the low energy s-wave phas~
shifzs There are two of theam. of course., the {sospin 1.2 and }  Javes
f.gure | shows these phase shifts (from an analvsis{}] uf low-enargv charaze
exchange data -« ) plotted as & function of the center-of-mass moment - .p
"> a Kkinetlc energy 3f 100 MeV  Theyv are plotted vs k:n hecause -hat
*he variable used in an effercive range expansion The sl.:pe of "hese
-.rves a: zero energy is the scattering length

First of all. we sees that tha two phase shifts behave verv
11:ferently The Llsosp-n }/2 phase shift i1s essentially linear helow ' “eo.
<hi.e he isospin 1/2 line has curvature even down to 5 “eV The
iad.."ative conclusion that one draws Lls that the intardctions for -“e -4
.»u9ping have very different ranges The curves shown vere cal-ia'ed ! -
t.°s f separable potentials ro data [he range for °"he derived poter-.,.

tor "te [ 2 case ls slightly greater than |l fm while 'he . ! -ase has

irge 1t less -han 1.} of :hat 4N we -inderstand pnveicda, .V by C°
‘e ase’
ansl-jer *he simple view ot "he nucleon naisting ot 1 jiAre v
calr e «i"h 4 Beson [ ad [t «@ "are *»;is pPL-"are _."oru.

R PTI'ecTlle AR .mterast w«i'h ei"her "he e 1 e | v
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Note zhaz. ‘- this picture, the isospin selection in che t-nucleecn 5vi- .
TaKes in important selection in the hadronic interaction.

To see this, let us decompose the I=l 2 nucleon into its I=1.2 core
and the I=1 pion in the cloud. It is clear, with a litcle recoupling., & .-
the r-v interaction in the I=1/2 pilon-nucleon svstem must be onlwv in ~he
(=0 staze and by the same token, it must be in the [=2 state for -he I=:
sion-nucleon svstem (there is no I=1 »-x state in the s-wave). To see "%i;
firectlv note that {f the two picns are coupled to 1=0 then the [=].2 -nr.
can only stretch to a total isospin of 1,2 and if the two pions are in in
I«) szate we can onlvy reach I=3,2. Now the #-n interacrion in the isospi:
zero state is about an order of magnitude larger than that in I=2. “his
tells us rhat there should be a strong contribution from the pion cloud :in
the I=1,2 s~ate, but not for the I=3/2 wave. The pion cloud represents :r=
-argesc extension in the system so it would lead to a long range potencia:.
so the picrure .s consistent with the ranges found. If we try to calculace
*he magnictude of the I=l/2 m-nucleon scattering from the x.x [=0 scatze. -3
<e don'% do too badly. The wx-% scattering amplitude {s not very well known
ard we don’'t know how many pions to put into the cloud, so getting a
orecise number wirh this simple model i{s not easv. Putting one pion i:n-»
ke cloud, one gets to within a factor of two of the right answer.
5ince the n-r interdction in the [=3/2 x-nucleon scactering is very sma'.
~e expect that what remains must ba dominant, {.e e inceraction with -he
juark core. This also makes sense {f wWe compare with specific calcul.' s
15 we will now see.

(% was pointed out manv vears ago :5] that, if one usee anv mode!
<iiich involves quark exchange. there should be relationships between
titterent reactions with the same number of "active" juarks to he
exchanged. A good candidate for this comparison is »". and K’-pro'on
»odt-ering. [f wea neglect the antiquark 1n each case :*he antiuark o r
*ne raon is stra:ge and hence 1s inactive while tor -he pion 1i1°5s
iriinildtion with the down quark {(n the proton would .ead To an 1=-! | ,
“ave rvesonance which Ls vervy high in erergy) "hen rhe cumber of —ip - 1:en

"o e ecohanrged ralong with 2ne ar more gluons, for example) 15 *wo "y

1ae "heretore the rwo svstems evnive under rhe action ot che ,ure
ptert o, Yecaute the ~wao mesors Jdon’ ° have 'he same nass - e
e cattering problem wiil be Jditterent hut. assumirg a4 reasor e
e lopr cte portentiai e L5 ahie o se ane ot Cle o atteri- g

Voptets 0 e arher Attt oomg e A ¥ O S B R UL
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that, in face. the cloudy bag model is able to get the correct —alue r-v
+ . * R I} .. - .
the v -profon %' and K -proton.”’ scactering lengths. we rnoze thaz faor -i.

isospin 1. 2 case the cloudv bag model is a dlsaster, tha:t is until meson

exchange cortributions t(sigma etc.) are included. This is simplv no-her
indication of what I said before; the meson cloud dominates -he [=i 2 ird
*he juark core dominates the I=3,2 n-r 0N s-wave scattering Thus

nature has provided us with a laborato:., for separating quark and mesen
degrees of freedom.

We can even obrain an estimate for the puritv of rhe separation ¢r-m
the following arguments. For the K" -nucleon scattering case the fact -na-
the neutron has half as many up quarks as the proton means that the ;u:arx
prediction of the K" -neutron scatctering amplitude is only half that or :ne
K+-proton amplitude. In terms of {sospin this means that the =0 amplitude
1s zero. Experimentally it [s found to be very small. Applving rthe same
arguments to the pion case we find that the quark prediction for the I=l .
amplitude i{s 1/4 of the [=3 * amplitude. Since I=3/2 scattering length is
only (in magnitude) 1,2 that of the I=1/2 scattering length we may estimace
the quark concamination of the I=1/2 scattering length to be onlv -1 '8 ar
10-208. Above the very low energies we would need a more complete model '
make such an estimste.

Things get even mora interesting when we realize that the chiral
svmmetrv conserving combination of these two quantities that cancels at
Zero pion mass and at zero energy is exactly the same combination rharc
occurs in che calculation of one part of the pion-nucleus optical potential
tor scattering from an i{sospin-zero nucleus. Of course, because of rhe
Jifference in the energy dependence of the two isospin waves. the :wo
contributions do not completely annihilate away from zero energy hut -he
cancellation is still significant, as shown in figure 2 Here ~he separace
contributions have bean divided by kz because of a conventional factor
included {n that part of the optical potentl{al which arises from the pLon-:
v'ic.eon s-wave. [ have shown the “bo" obtalned from the analvsis juo-ed
"efore ') but also shown (s che one which comes from Arndt’'s and.v..is

§° while 1in general, :there is li{ttle difference hetween the two se°5 !

chase shi: s *he large cancellat{on accentuates this incerrainty Ve
“Aiues ot 'h " needed to tit rhe pioh-nucleus scattering Jdata are we.,
rfowh 10 hHe more negative "han the - ! 'hat | have rhown here predic-o!
tvrom the tandamental amplitides we also wnow -hat a4 pars ottty

liscrepancy comes about hec.aise sone ot ‘he n wave par' t te oy



which (s much stronger :han the s-wave. gzets mixed inzo H, Hywerer, -
has a.wavs been difficult zo fir. enough strengrth from :hés effecm -y ge-
agreement with the experimen’ 4lly determined b,

One explanation for * .e EMC effe:t has be;n chat the hag-like cora -
rhe rucleon "swells" slightly thus partiallv deconfining the quarks
The increase in the size of the quark core is estimated o he ot -ne “:rter
of 10-15% If we assume that the plon cloud is unaffected bv :the immersi .n
of the nucleon in ~he nucleus (obviocusly an oversimplification' and siwyl~
increase the ccre radius (and hence. in a hard-core model. "he =} _ -hije
shift) by a factor of 1.1 the value of b0 is made more negacive The
curve s. labeled is also shown in figure 2. Bacause of -he cancella-isn
already noted. the 10% change in the bag size gives a 50V change in :ne
value of bo. at least at the lowest energies.

It is worthwhile pointing out that the pion wave lengths are. in facc:.
the right size to carry out this kind of investigation. In order %o
distinguish two different length scales the wave length should be {n the
range where the smallar size system has the appearance of a delta func:zion
(or at least a short range) in coordinate spsce and tha other has a clear
finite extension as evidenced by a momentua or energy dependence That s
to say. the wave length should be between the two scales. Since the pi.r
Jave length is typically of the order of 1 fa for low encrgy pion
scattering this condition is satisfied.

I hope it is now clear from what I have just said that. from severa.
points of view, the low energy pion-nucleon phase shifrs constizute a
crucial dacta set. How do we get an accurate measurement of them?

Note again that the {(sospin 31/2 phase shift is linear In kcm helow )
MeV so *hat measurements below that energy are not essential for -his
isospin Note also that w’-procon scattering gives this number direc=-iv
since {t is purely isospin }/2 Hence, good w'-proton dzza down -3 i Me
ire sufficient for the determination of rhis phase shif: Sucn faza nas
recently been taken by Brack et al '10] and should fill -he bill

“he isos=pin 1’2 amplitude poses a different problem First of ali. rhere

15 o single experiment which directly measures this amplizude ‘ere 1te
-wy ~hoices extract !t from either » -proton elas:: scartering or *irge
exchange ‘lata )f course. one would like to have horh sers ot fara "=

+heck that :isospin violations due to tiie ‘‘oulomb potencial and mass
titterences nave heen properlvy Taken 1nto account ind "ha~ "tere e -

“dSTY surprises trom some ' - source However “he = ;ra*Hn , °
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is wverv diffjiculct to do at the verv low energies needed because rhe
Rutherford amplitude is coherent with the strong scattering and tends o
Jominate. In this case one would have to meaiire the ! fferential cross
section verv accurately in order ro extract zhe strong ..aponent. Of
course the pion beam must be transported o the target before scacttering
and from the target to the spectrometer after scattering in order ©a
measure the absolute cross section with high precision and, at low
energzies. the pion decay makes this difficult The charge exchange reuaccion
is much more promising. First of all, there is no coherent Coulomb
amplitude. That is not to say that there is no Coulomb effect, but nniv
chat it is much smaller. Secondly. the heam need or.v be transported :o
the target. the '0 decays lmmediately and is detected by means of the =-wo
photons from the decay. This detection method is adequate since energy
resolurion is not an overvhelaing consideration here.

what is really sensational is that such data have just recently been
taken down to 10 MeV, and preliminary results reported by I[senhower et al
‘11’ Figure J shows this data compared wict: the predictions of the
potential analvsis mentioned earlier. It is interesting that the agreement
is very good around 40 MeV (1t should be, since the fits were made to -he
previous char > exchangn data (4! in this energy region) and at the i, wes:
energy, but tiat there {s a noticeable difference around 20 MeV. This
means that, in a reanalvsis, the curvature is going to be somewhat
different than that obtained before. It will very interesting zo vee what
effect the results of an analysis of the final data will have on the -—alue
of the sigma term (and the numbar of strange quars in the nucleon’)
Remember that the sigma term comes from an extrapolation of tha data beiow
~hreshold so that a knowledge of the effective ranges is as impor-ant s
that of the scattering lengths The accurate determination ot -his

curvacture s significant.
* .
# and » Scattering on the 'He,T Svsteas

The n-p force is sligltly stronger than the n-n «cr p-p! torce Y
deuteron is hbound and the n-p spin-singlet scattering lengrh .
.arger in magnitude than the nn scattering length (= 17 t= Theret are
one expect: the radius of "he nudd nucleon n the rrinucleon svetem * v 0o
smaller chan radius of rhe like pair That is. "he proton radi s ! E

should he smaller than rhe neurrnn radfus State ot *he ar* F.tlew



calculations employing contemporary nucleon-nucleon force modeis ~ielid a1
difference of about 0.16 fm.

In the absence of the Coulomb intaraction between the two protons in
3He. the 3H and 3He systems would be iaentical. Including the Coulomb
interaction in the Faddeev calculations leads one to an increase in the
rroton radius of 0.0 - 0.04 fm. The repulsive Coulomb interaction aiso
affects the neutron radius. The increased separacion of the two protons
means that cthe neutron is less bound. That is, the neutron distribuzion is
also expanded, and the neutron radius is inc:reased by 0.02 - 0.03 fm.

The proton radii of 3H and 3Hc are known experimentally from elastic

electron scatctering:
tP(3He) -1.76 + 0.06 fa
rp(’H) - 1.57 4 0.06 fm

The differance of 0.19 fm is consistent with the results of the Faddeev
calculations: 0.16 + (0.03 - 0.04) fm.

what can be said about ~he neutron radii? It is difficult to extrac:
a neutron radius for ]He from magnetic electron scacttering, because meson
eXxchange current corrections are sizeable. It is impossible to extracr a
neutron radius for the 3H because the odd nuclecn, which carries most of
the spin, {s the proton.

Thus, one is led to pursue pion scattering to deteruine the relative
radii in the A=} systems. Meson exchange current contamination is minimal
Near rosonance, the n+-p interactiun dominates the l’:Clttoring and the v -
n interaction dominates the » scattering. Assuming that multiple-
scactering effects can be properly accounted for, ratio measurements shouid
be very sensitive to differences in the odd nucleon and like nucleon matter
discributions.

One might ask about the effect of thrue-nucleon forces on these
swstems. Contemporary two-pion-exchange chree-nucleon force nodels were
inc.ided in the above menticned Faddeev calculations. These proposed
three-bodvy force models are isoscalar in nature. Thus, thev rend o
lecrease the difference between the proton and neutron radii ne an nwee
:n Fig « from ref 12 that, while the introduction of a three-hodv torce
~an :mprove ~he binding energy fand low-enerygy properties such as radi:

‘nree-hodv torces do not resnlve the ‘discrepancy between rieorv and
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experiment for the higher momentum transfer region of the charge form

factors.

Let us consider three ratios of plon-trinucleon cross sections.
First, the ratio

Q‘R+3H)

1T a(n-zHe)
fnvolves primarily the pion strong interaction with the odd nucleon in each
case. That is, in the region of the (3,3) resonance, »'p and r n
scattering dominate over r p and xtn. Clearly the coherent Coulomb
scattering does not cancel from the ratio, but the strong interaction
should be much more important. Thus, Ty should be sensitive to the ratio of
cthe odd-nucleon form factors -- in the si.ngle scattering (impulse)
approximation, this is what one would calculate keeping only the dominant
R+p and » n interactions. Both spin-flip and non-spin-flip scattering from
the odd nucleon are important.
Second, the ratio
-3
2= 9.(.:1_3&
o(x “He)
involves primarily the pion strong interaction with tlhie like nucleonsg in
each case. Again the Coulomb effects do not cancel in the ratio. However,
hecause the like nucleons are essentially paired in spin (to spin 0), spin-
flip scactering is minimal. Thus, r, ls sensitive to the ratio of the
like-nucleon form factors.

Finally, the "super ratcio”
R = £,

¢} -
(= H) o(x H)

a(w']He)a(n']Ha)

should be least sensitive to model uncertainties in tha treatment ot 'he
pion-nucleug scattering rheory (as well as axperimenctal normalizariong)
while the Coulomb {nteraction does gt cancel, the calculation ot R <honld
be less sensitive rto any model Jdependence nn those etfects than the

tndividual ratlos r and r,
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ecause 3He Is expeczed to be larger than !H. such rthat {75 @,
fFaczor falls faster, we 4anticipate (in general) that R>1. simiilar
2onclisions can be reached for Ty and r,. although thev are subjecr -o
greater uncertainty due to Coulomb inter:erence effects.

Lor'ving at Fig. 5, we see the relevant form facror «impulse
approximaczion retaining onlv the strongest interaction) ratios plotzed i;
dashed lines. The solid lines represent plon-trinucleon scattering
calculaction resuits in which variations among the strong interaction model
parameters (tN s-wave off-shell range, nN p-wave off-shell range. =N ;pin-
flip off-shell range, and energy shift) were made. It i{s clear rthat -he
model dependence in terms of the »N interaction is minimal between
40, and 80’. Also, the multiple scattering results do follow the gererati
trend of the form factor ratios.

In Fig. 6 we display the same set of curves BUT for trinucleon mat:ter
densities which have been modified to account more reasonably for the
existing data. We have assumed that the shape of the rrinucleon
distribucions are adequately defined by the Faddeev calculactinns. Thus,
the difference in the 3Ho/"H structure between the calculations presented
in Figs. 5 and 6 is given entirely in terms c€ the rms radi{ of the odd
nucleon and like nucleon pair, for each nucleus (i.e. the radius variable
in each density was rescaled so that the cited rms radius was obtained, :he
normalizaction being corrected as well). We have furthermore assumed thac
the radii determined by elastic electron scartering from 3He (the radius ot
the like protons) and froa ]H {the radius of the odd prcion) are fixed hy
thnose measurements. Therefore, the dd-nucleon radius of 3Hc was decreased
1 Similarly. the like-

acleon radius In 3H was decreased (1.71 - 1.67 fm) to improve the tit o

1 »nl « 1 37 fm) to lmprove the theoretical ratlo r

v, 4nd R. The changes made (0.04 fm) are no larger than thes absolute
w;cercalntlos in the measured values of rp;3Ho) and rpglﬂ). However, *he
relative sizes of the resulting radil for "He and for 'H disagree
completely with the predictions for the odd-nucleon .und like-nucleon radi:
gi1ven by che Faddeev calculacions. Thus we sea that the measurement ot 'he
telative radil provides a much more stringent test than the comparison of
‘he rwo proton radli alone

It is clear trom looking at the model differences retlectad in *te
piors shown in Figs 9 and A that the vatios are much more sensitive '
ielarive si2es ot the matter distributions ot the trinucleony *han "o o

pron nucleus scatrering model ncerraineies It 15 also evident b oo
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*elazive sizes o7 the odd-nucleon and llke-rnucleon macter distriburiory
the =rinucleons can be more precisely determined from rhe propnsed ra-
measuremencs chan thev are now known from the absolute measurements made
via eiastic electron scattering. Recent preliminarv data rtaken at 23s Me'’
and prese.ted at Santa Fe [1l4; shows that the super ratio is Jless -han one
This not only violates our naive expectation expressed above but also
disagrees with the extrapolations from both calculations just discussed
The individual ratios r, and r, are not vet available and we await rhe

final data reduction before attempting even a speculdtive explanation.
Pion-Nucleus Double “harge Exchange

The DCX reaction has been considered for many years as one of the hesr:
hopes for probing the correlation structure of the nucleus. This {s due oo
the fact that (at least) two nucleons must be affected by this reaction;
there is no first order (or single scattering) term. How to actually
extract information on the nucleon-nucleon correlations from this reaction
has not been clear. The problems are the usual ones, 1.e. the nucleus is .
many-body problem and scattering is. at least, a many-plus-ore-bodv
problem. Clearly approximations and insight are needed to develop a
rechnique for extracting information.

To do this we begin with the shell model, starting with the simplest
form and gradually adding increasing complexity as warrantad by the data
and our ablility to deal with the scattering aspects. From this point of
view we start with the simplest, non-trivial, case wa can find. The svsrem
chosen, for both experimental and theoretical reasons, ls that of the
valclum lsoctopes and more generally, the “f7/2“ shell. We assume, to hegin
with, that all active particles are i(n f7/2 orbitals. The casa ot the
trransicions to the double analog from calc{um {sotope targets (s the masr
straightforward. From the nuclear structure point of view we note rhar

ttor the case of only neurrons in a single shell. |</,2) the senioriry

model 15! {s exact In the sense that Lt gives the same answer as a tall
diagonalization of the type of, say, MBZ (l6]. [n the senfority model 1n
teneral, one tinds for DUX, as in the case of the orfginal :rmula tor

vnergy levels, thar there are only rwo amplitudes thar contribute and b
one ot the ampli .des ls long range, belng sensitive to ths entire nuc.ic.an

volume, whiie rhe other depends only on rthe components ot the wave

at *he rwo active nucleans representing rhe situatlon when "hey are



to each other. It was not obvious that such a formula is valid for ¥
since {ts derivation for the nuclear energy levels (for which it was
originally created) depends on the assumption of a scalar interaction
between the two nucleons and the DCX scattering operator is by no means a
spatial scalar. This same simplification comes about in this case hecase
the transition proceeds from a 0" tnictal state to a 0" final srare so :hua-
only the scalar part of the DCX operator is sampled.

Carrying out the calculution assuming such wave funcrions 17 vields
the following table for double analog trarsitions {n the calcium isoropes.
The nuclei listed at the right of the table ars the particle-hole
conjugates of those on the left and completely equivalent insofar as :he

shell structure i. concerned.

41Cq |A+B|2 S4Fe
$4Ca 6|h+éb|2 Sace
“eca 15A-28)2 soTy
“4Ca 28(A-15)2

Table I. Expressions for the analog cross section for double charge

exchange in terms of the two amplitudes "A" and "B".

The amplitude "A" corresponds to the long range (uncorrelated) part of
the total amplitude and, if it were the only contributor, the cross section
would be proportional to the "pairs factor" appearing in the front of the
expression, so called because it {s simply the number of excess neutron
pairs. We see that a violation of this pairs factor rule {s a sign thar,
eitiier the assumptions made in deriving these formulae are wrong, or that
the "B" term, representing correlations, s presert,

[t has been known for some ti{me that the palrs factor rule {s hroken
bv a considerable amount, especially at low energies where, K e.g.. 'he *‘*",
vross section was measured to be only 1/2 of that of */Ca i(nstesd ot 6
times greater as predicted by this simple rule Thus {t seemad likelvy
*hat the "B" term, arising from correlati{ons, was plaving a signitican:
tole

How do we prove to ourselves that the undersranding of DCX truly i
in the existence of the carrelation term "B"? We can use measurement s ot

weveral of these {sotopes rto peartorm a rest Nor{ice that "A" and "B" e



rwo cumplex amplitudes and, since the ‘-erall phase is irrelevanr, -here
are onlv j independent numbers which must describe all of the cross gseczi .
at each erergy and angle (at least {n the pure seniority model). Thus -he
measurement of 3 lsotopes determines these numbers arid permits the
prediction of additional cross sections based on these tormulae. The
following table presents a saries of measurements made at 35 MeV in rhe
summer of 1987 to check these relationships. This kind of analvsis was
made by Z. Weinfeld tut the cross sections giver here are actually due °n
Mike Leltch [18].

Double Analog Transition Ground State Transition
Experiment Prediccion Experiment Prediction
25°
$2Ca 2.27 $0.29 <2.27>
4¢4Ca 1.09 +0.16 <1.09>
soTy 1.55 #0.27 1.47
t18Ca 2 70 #0.90 <2.70> 1.30 *0.30 2.39 (0.87)
‘s8TY 2 53 #0.35 4.52
(2.29)
54Fe 1. 350 *0.40 2.27
40°
$3Ca 1.90 #0.130 <1.90>
$4Ca 1.10 #0.15 <l.10>
soT¢ 1.47 #0.18 1.45
‘8Ca 2.40 *0.60 <2.40> 1.83 (0 »7)
seTy 2.11 *0.30 }. 69
(1.87)
3¢Fe 0.90 $0.20 1.90
70°
tiCa 0.40 *0.08 <0.40>
‘9Ca 0.16 $0.04 <0.16>
0T 0.71 $£0.13 0.83
10ra 2.20 #0.50 <2.20> N.764 (027
aT| 0.47 #0.12 0.95
(0.48)
34Fe n.04 $£0.0) 0.40

Table II. DCX cross sections (in ub/sr) at )5 MeV. Angle bhrackets "r
indicate values used for the flt. Parentheses indicate

predictions beyond the senioritv model

The crnas sections I{n the angle brackets are the values used 1o tix
"he amplitudes A and B and the rest are predictions ot the theorv Fieoe

iet uy look at "he predicted cross sections for 'T{ (which {4 *he



particle-nole conjugate of *®Ca  rthe later being a rather expensiwve =~ir;e-
for plons ) ©One sees rhat the predictions are equal *o rhe experimen-a.
cross sections, within errors, at each of the three angles which mears -: .-

che expressions involving the correlation term work erv we.l for ~hisg

simple case where the senioritv model is exact This is a ~est ot -he
assumption ot the pure f‘/2 model for the calcium isotopes. or 7 leis-
the constancyv of the correction to this model across the shell Yote iyt

this is not a trivial result; to be able to predict three cross sect:ions
within 15% is significanc.

Next, let us examine the cross sections for *°T{ For this case -"e
seniority model is not equivalent to the shell model and we must gzo hevond
the two-amplitude expression (19;. In order to calculate a cross section
trom the amplitude B already determined experimentally we use a correction
(the numbers given in parentheses below the numbers given for the senioricv
model) which has some moiel dependence. We see that the senioricy model
does not work, as was expacted, but that the full (single orbital £, )
shell modsl does predict the cross section within the 138 errors. o

We now proceed to the case of 5¢Fe which {s the p-h conjugate of 4274
so may be expected to have the same cross section. However tnat
expectation assumes that, among other things, the nuclei are of the same
size. But these two nucleil are at opposite ends of the shell, as implied
by the conjugate relacionship. The orbitals should have racher different
spatial extensions so we should not be surprised to find a difference in
the form of a more rapid fall-off of the (ron differential cross section
This Is, in fact, what {s ohserved. Our microscopic calculations indicare
that the difference seen is about the right size. Of course it i{s also
possible that the strucrure of ®*Fe contains different components trom *ha’
of *‘Ca as well.

It is possible to predict, not only the analog tranjitions, but 'he
‘ransitions to the final ground state both (n the sanlority schema and rhe
more general model [19] Table Il shows the cross se:ztlon for the one
ground state that has been measured at }5 MeV for **Ca  We note :.art ‘he
1greement with the extended predfction i{s marginally satistacrory
This same data {s shown plotted {n figure 7 ro demonstrate rhe evolution o
the angular distribution trom *?cCa to *%a with the later being much more
nearly {sotropic, a featurea which can also be understood trom he equat o
Kiven above Stnce 1t {s bevond the scope ot the talk here [ teter oo o

treference |9



.

‘O-‘ , o Fig 7. Pl-ot of che experiment-
‘ ' ai data 18} shown in
o) 30 80 30 o
Table I1.

Cb Angle (Cegrees)

This past summer additional datu were taken to msasure the energy
dependence nf the cross secticns. There were several surprises. First ot
all enough data could be assembled at 65 MeV to start a similar analvsis
"o that at 35 MeV. Here we note that the ground state of *%Ca (s
corrected for the full f7/2 shell model) was needed to help fix the
paramecters [t i{s clear that thasre is a problem with the grourd state of
‘*Ca .actually the problem s with the ratio *%Ca/4*Ca) It is much oo
small to fit {nto the scheme. It {s possible that the problem is relared

"0 the rapld energy dependence to be discussed below.

Double Analog Transition Ground State Trainsition
Experiment Prediction Experiment Prediction
Yica I )8+0 40 <1 21>
‘4ra <0 A N k6 0 601 119
<0 K1)
a0 340 ) 0 Ju> 0 07+ 0¢ U ne

(0 37)

Table [11 DCX cross sections (in wb/sr) at 195° and n) Me



3efore zoing on to present -~he resuits achieved so rar !nr -he o:er
deperdence et ma expiain whv iz is so interesting

et '1s considey rwo of the wavs that the double charge excharge

reaczion might taxe place. The first. and most nften computed, is -he
sequencial process shown in figure Ba. There the reaction proceeds
hrough two independent single charge exchanges, talthough rot recessar..:
with ‘he intermediate nucleus in the single analog state). The par: .t -:«
\
\ 1rﬂr _Jff
\
. \
La P " P
v . s
\ ° ) 'w
L “ v
\ +
. S
.Y P w .'r'.l N (4
\ - N

@) R (») N

Fi+ 8. Diagrams for the a) sequencial and b) "meson exchange currenct

process.

amplitude which arises from the intermediate analog route in the sequentiail
model i{s to be {dentified with the amplitude "A". The rest of the possible
intermediate scates contribute to "B". Figure 9 shows a plot of |A] and
iB] {computed with the sequential mechanism and without distortion) as a
tunction of the internuclecon distance. That {s to say, what is plotred is
the value that these two quantities would have it there were no
contribution from inside the corresponding internucleon range which lubels
the abscissa. As we see, the quantity "A" has contributions from -he
entire nucleus while "B" only receives strength from short interr:-leon
spacings We may well helieve that this sequential model ls suitapie fnr
the calculation of "A" since reactions occurring far apart are likelv "o hYe
independent However, for the "B” amplltude the saeaquential model :s
Tiestionable since it assumes independence even when the nucleoni:
constituents are overlapping

The pion ¢louds associated with the nucleons should somerimes nver .

and 1n this case rhe double charge exchange reaction can rake piace o,



(10 ls<:m)

— 50 MeV -
O.
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- |f7/l shell
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Fig. 9. The magnitude .. "A"

and "B" ag a function

of the internucleon

¢ spacing showing the
r (fﬂﬁ) region of contribu-
¢ tions.
single step as shown in figure 8b. This process has been considered for a

number of years [20] and calculations of it have alway: claimed =o give
substantial cross sections. An interesting feature of this mechanism is
that the cross section does not depend on energy (in plane-wave
calculations with a constant #-x vertex) but only on momentum transfer
Theretore at 0* the DCX cross section would be independent of energy. of
course the energy dependence arising from the variation of the distortion
of the initial and final waves is present in any realistic calculation.

On the other hand for the sequential process, aside from this same
energy ariaci{on arising from the distorted waves, there are two add{tional
sources of anergy dependence coming from the transition amplitude itself
the two delts resonances (one at each charge exchange) and the s-p
interferance at 50 MeV. The idea presents {tself that perhaps we can
separate the contributions of these two mechanisms by examining the energv
variation of the DCX cross sections

Figure ') shows a distorted wave calculation of the *?Ca double uina. 'y

ross section with the meson exchange mechanism only. e see that the

nuclear transparency around 50 MeV causes a large structure in rhe cross

section Of course the sequential calculation will show similar. ™ur mo:e

complicared structure
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Figure !l shows the measured energy dependence of the analog and
ground states as presented by Mike Leitch (preliminary data) at the Sanra
Fe ONP )0’ meeting. we see several interesting features. For one thing
th: raplid eneregv variation around 50 MeV causes ''s to question assumptions
such as: -he corrections due to the difference in Q-values are small. [€£
the outgoing pion energy differs by 10 MeV between two different cases,
that can make a significant difference to the cross section and might
explain the diffi~ulcies mentioned above for the ratio of the *®Ca/**Ca
ground scates.

One of the most striking features i{s the structure in the *2Ca analosg
cross sectjion. It vervy much resembles cthat shown in figure L0 for th
meson exchange current. It would be premature, however, to conclude that
we have seen cvidence for such an effect since the sequential process can
produce similar structure. Additional Information is available from the
fact that :-he meson exchange graph contributes to A and B {n a well defined
manner. wo¢ note that the ability to separate the reaction into two parts,
(plus the sharp energy dependence) ls apparently providing us with a
microscopic view into the nucleus, permitting us to investigate the very

basis of the structure of the hadronic interaccion.
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