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PION SINGLE- AND DOUBLE-CHARGE-EXCHANGE

REACTIONS AT LOW ENERGIESt

Hehut W. Baer

Los Alamoa National Laboratory

ABSTRACT

The general featuree of pion charge-exchange reactions at energies of

20 to 80 MeV leading to nuclear ioobaric-analog states (IAS) and cloulde-
icobaric-analog dates (DIAS) are reviewed. The recent progress aci]ievecl in

understanding the role of short-range N-N correlations in the double-charge-

exchange reactions is presented.

I. [NTRODUCTION

Low-energy pion-nucleus intarsctions are distinct from the

higher-energy (Tr > 80 MeV) reactions in that there is considerable penetration into

the nnclear interior due to the relatively weak pion-nucleon coupling h! the relatively

omall pion-aborphm cross meclionsl Second, only the s- and p-partial wave- are signif-

icant in the w - IV interaction. In the charge-exchange re-ctionr these two partial-wave

amp!itudea interfere destructively at [orwarcl scattering ●ngles, cauaing a ne8r. vanishing of

the cros~ section at 50 MeV. These features of the single-charge-exch ~nge reaction have

some interesting consequences for forward-angle double charge exchange. Specilic411y,

they appear to enhance the role of short-range N-N components in nuclear wave functions

in furward-aug]e DCX reactions, We discuss the recent work supporting thin conclusion

ili this article.

of all the statec produced in pion charge-exchange reactiou-, two play s special role:

the isobaric-analog state (i AS) and the cloulde-isobaric- analog state ( DIAS). Thea J dates

●re in the same isospin mult~plet w the target ground ttate and me reached In pion single-
0-

and double- charge-exchrnnge reactions. III transition to these states nuclear structure

uucertaintie- ~re reduced to ● hlwolutc minimum. Also, in the charge-exchange reactions,

OJuloii~lI elrecta play uh!y b minor de, even al low energies, which renders the cross

sections directly Oen#itive to the hadronic Interactionot Thio is unlike elactic Scattering,
..—. —.. —

I Invited talk give~~ mt the International Sympooium On Medium Energy Phyoics, June

23-27, Beijing, The People’s Republic of China
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where Co dumb effects are often quite large, The IAS transitions allow for study of

medium modifications on the clmnentary fi+ N ~ mop process m~d the distorted-wave ●~ccts

in the m – A interaction. ‘1’hio leaves the double-scattering mechanism aa the primary

phenomenon to be studied in the DIAS transitions. It is these transitions that are unique

to pion scattering and that we wish to utilize for investigating nucheon correlations in

uuclei.

1[. PION SINGLE CHARGE EXCHANGE, 20 TO 80 MeV

A. The Efemenh.ry m – N Charge-Exchange IZeattion

We examine first the behavior of the elementary m‘p + non reaction (Ref. 1). The

angular distributions for energies 50, 180, and 425 MeV are shown in Fig. 1. At 180 MeV

Fig. 1, Angulnr distribulionti for the

w-p - r“n recctions d three energies,

aa given by a current plme-ddft analyaio

(Ref. 1).

the angular dictrlb~on is nearly symmetric at 90°, a conoequencu of having nearly pure

p-w ●ve scat terh]g, which gives ●n angular depemlence of (1 + Cosae). TM- featu~ e wu

useful in identifying the quantum numbers of the A in tho early 19130’u. At 425 MeV, am-i at

higher energies, the ●ngular distributions aru sharply forwsrd-peakml. At thisenergy d and

f partial waveo are begjnning to become signdlcant. At 50 MeV ~.he angular dietril.mticm

is backward peaked, and ii haa a nearly vanishing cross section at 0°, a ccmsequencc of the

interference in c ●nd p parlial waves.
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The energy dependence of this s-p wave interference pl]enomenon is shown in Figs. 2

nnd 3. In rig. 2, the mgu]ar distributions d en~rgies 10, 50, and 80 MeV are shown.

3 I I 1
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1$ -

. . . . . . . . . .

0 . &&” I I

Fig. 2. Angular diotributionm for the m-p + won reactions at three low energies [Ttef.

1).

We me that over the energy interval (10 to 80 MeV) pion single-charge exchange is cle-

presoed at forward angles. This is also shown in Fig. 3, which YI1OWSthe 0° crom section

M a function of pion ●nergy. For energies up tu 100 MeV, forward-angle oingle charge

exchange is quite small, with cross sections ~ 0.5 mb/sr.
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Fig. 3. The 0° croso sections M a function of incident energy for the m-p -t m“n

reactiou (Ref. 1),
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The H-p + Iron cross sections at low energies were recently nleaauredz with the

Ho spectrometer in Loo Alnmos m-i at TRIIIMF with Nal detectors. A report of tllia

work and the consequences for phase-shift malyses may be found in the talk given at this

Symposium by Professor Meaadays.

B. Nudenr lAS I}ansitjons

Using the no spectrometer’ d LAMPF we have made extensive rneasurcrnenls of IAS

cross sections at energies in the 20 to 80 MeV interval. Wlmt we have learned from

these data is that many features of the elementary fiJ’Vcharge-exchange cross sections are

quite closely reflected iu the nuclear IAS cross sections. The shuwpest feature is the uear-

vaninhing of the 0° cross section around 50 MeV. This is nicely obtierved in the net of

spectra shown iu Fig. 4 for the 14C(fi+, so ) reaction at energies 35 to 100 MeV6. The

M-40 “

80 “

0

i

Fig. 4. Spectra for the “C(fit, Fe) re-

action measured” at forward angles (0 to

10”) at ditferent encrgiea. The IAS is seen

to disappear at 50 MeV.
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IAS disappears at 50 MeV, whereau it stands out pron~iucnily at the other energies. The

meiwurcd 0° cross sections are shown in Fig. 5, where they are compared b

‘“”Ia
F’ig. 5. The energy dependence of 0° IAS
crosc cections on 14C (Ref. 5). The solid

line represents two timee the free w-p -

non crocs section. The dashed line relx
+., .,.1.1.1.1.+

.
resents the multiple scattering theory cal-

0 100 200 300
T= (MW)(LA8)

culatious of Kaufn~anu et al. M clidcussecl

iu Ref. 5.

+ rota). They

pion absorption

cloeely track thic curve for energies up to 80 MeV. At

plays a much larger role, and the nuclear cross sections

2 X du/cKl(r-p

higlier energies,

fall well below the free crom section.

The eharp dip in the 0° excitation function wna seen’ in the nuclei from ‘Li to 120Sn.

The data ●re shown in Fig. 6. The curves represent polynomial functhm fit to the data 10

locale the podtions of the minima. The pereistenca of the sharp-dip structure in the IAS

transition ohows tha& the tlispersive-llle(lillln efiecta are mall d low pion energieO. In a

distorted-wave Born-approximation description, ihe lAS scattering amplitude is expreaeed

M a transition between incoming ad oulgoiug dirntorted waves. Since the distortions

FJ



arise prinlarily froln tire imocdar part of the optical potential, which is not dtrong]y energy

dependent at low pion energies, the menaured 0° cross sections ohould reflect the energy

:Iepelidencc of the medium-lnodified charge-exchange transition operator. ‘1’l~uothe ob-

served siluilarity between the free-charge-exchange and the nuclear- IA S-tral~sitiou cross

sections indicake that the energy dependence of the ioovector pion-nuckon interaction is

Ilot strongly modified ~Jythe nuclear lnedium. This important result obtained in the low-

eucrgy lAS me~uremeuta allows one to pioceed with greater confidence in the analyses of

low-energy DCX scattering.

KP’ t 1 1 I 1 1

2ow4050anmm
Pt3N KNETIC ENERGY @eV)m.

Fig. 6. The n~ewlrecl 0° excitation func-
tions for tl~e IAS transition ●t low picul

energies.’ The oolid lines repremnt poly -

nonlinl fits 10 the data used to deter ulille

the energy of the n]inilna iu the cross Oec-
tiuuc.

Further sinlilmrity of nuclear lAS tra~)sition with the m-p + m“n reaction it seen in

tl~e angular cli~tribution shapes,’-’ At forward angles these h~ve qllite niluitmr shapes.

Solue representative data on lhe “N IAS transition at 55,5, 48.2, and 33.4 MeV are cliowil

iu Fig. 7. Data at 20 MeV are ~ltown ill Fig. 8 for ‘Li and “C. The general shnpeo of



these angular distributions follow plane-wave model calculations aa shown explicitly in

Re( 5 for ‘4(3 rind macan be men fron] the u–p + Ton cross sections s]iowl~ in Fig. 2.1

~“’’’’’’’’’’’”<%
IAS

10’

10’

!i Fig. 7. Augulm clistributiono [or the IAS

transition on 15 N at three low energies.et’

1 The curves represent the polylwn!innl

10’ I I 1 I h 1 h I 1 1 I I i I function fits to the data used to detern]ilic1 1
Olotomawamm 0° cross sections.

O,.=(*I

Data at 20 MeV now exint’ for ‘Li, “C, ‘51f, ‘ONi, and 120Sn at forward scattering

al~gle~. For ‘ Li we were able to measure crom aectione uear 180° u shown ill Fig. 8. Theee

rlen~onttrate the near isotropy of the angular distributions. A second point investigated

ill this otudya WM the role of Coulomb distortions in the incoming m+ wave in modifying

~w,.......!.
. . . . . . . . .

‘. !..,
. . .10’ ,,.,,.,,

‘c

10’

td . .
h ,, .. . . .... . . ,,, ,,.,,

10 r lLI
4 ““l

Fig. 8, Angular distributions at 20 MeV

for the lAS traneiliona on 7Li and “~

(Ref. 8). The did curves are I)WIA cal-
culations includil}g tile (!oulon]b force on

the iucideut piono The dotted curve is for
the same cdcuiationa with (Ile Coulol]lb
force turl]ed oR’.



lAS cross eections. We see in Fig. 8 that even at 20 McV, this effect is quite snlall.

‘1’llis colltrante with inclnntic m+ and m- scatterillg at low pion energies where Collloll]b

distortions play a nlajor role.

The conc]uuions we draw from the low-energy IAS data are: ( 1) the net medium eflecto

are muall in IAS lraneitione; (2) DWIA calculations give a good overall representation of

the data; (3) the role of Coulomb distortion is .slnall.

III. PION DOUBLE CHARGE EXCHA14GE, 20 TO 80 MeV

A. The ‘4 C Pumde

We have men ll)at for “C and for other nuclei the IAS cross sections have a minin)uln

near 50 MeV. In view of the Lehaviour of IAS crone oectiono at 50 MeV, it ce.me au a

considerable surprise when MillerD predicted a large 0° cross section of 12 pb/sr for the

14(.! DIAS transition at 50 MeV. At higher energies the DIAS cross sections are typicaliy

~ ljib/sr,

Miller’s prediction wan baaed on a hybrid quark-nucleon model denignerl to deal with

short-range IV – N components found in ordiu~ry nuclear wave functions. In (his model,

two nuclemm lose their eeparate identities when they conle close together, forming a aix-

quark cluster. The probability for this is governed by ro, tl~e two-nuckm separation

distance. Miller used the value r. = 0.95 fm, which given n six-quark cluster probability (

of 670 for 14(3. To calculate the scattering amplitude the pions are coupled directly to the

quarks inside the bag via an axial-vector operator of the form

where ~j is the quark spin operator, k~ is the pion momentum, ~+ is the charge-changing

operator, changing a down quark to an up quark, and gw~ is the experimentally detern~ined

pion-nuclmn coupling constant.

The results of MiUer’s predictionoe are compared with the LAMPF dataio in Fig. 9.

Tl~e pronounced forward peak ic certainly seen in the data, nlthough the meMured 0° cross

section of 3.9 *0.4 pb/m is less than predicted, Miller subsequently] 1 corrected hic original

plane-wave calculation by including a pion absorption factor of exp(t/~), which lowered

tile 0° cross section to 4 pb/sro
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Optical-potential calculations based

cm s~quential scattering through the ana-

iog intermediate state considerably un&r-

estinlatc the forwarcl-nngle cross sectiml.

A representative calculation is shown in

Fig. 9,

This situation prompted Gibbs,

Kaufmann, and Siege112 to calculate both

lAS an~i DIAS crom sections for 14C us-

ing their multiple ecatteri~g thmxym With

their model they could give detailed in-

formation on the range aud angles in-

volved for the intermediate pion propa-

gation. They gave a geometrical anawer

aa to how SC’X could be small at 0° and

DCX could be large. It wae two 90°

SC!X acatterings that gave a large 0° DIAS

cross sect ion. The distance traveled by

the intermediate m“ WM rho calculated,

and they obtained the result that approx-

il~lately 5070 of the scattering amplitude

arose from scattering where the two nu-

ckons were within 1 fnl of each other.

Thus, their calculations lent support to

Miller’s contention that large DIAS cross

sectioua at 0° signified a large rule of

short- range h’- N components.

Fig. 9, Differential cross sectione for the

DIAS transition on *’C. The data am-1the

dotted curve are from Ref. 10. ‘1’he solid

curve is from Ref. 9.

IIigher-order optical-potential treatments by Siciliano et aLls!]4 and Liule were dso

able to reproduce the IAS and DIAS cross sections. The higher-order terms are thought

to lepreoent short-range effects.

A different conclusion was reached by Karapiperis and Kobayashi,lc who used the

A-hole model to calculate the IAS and DIAS cross eect!ons for “C, They clailned that

the DIAS transition does not involve appreciable contributions from short-range N-N

correlaticme.

Considerable effort has gone into resolving this question. We will review these results,

They suggest a tentative answer.
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B. DCX hfechankms

The claasiflcdion of DCX mechanisms in less than straightforward I)ecause tli!Terent

theoretical formulations are used to describe ~he same plleuoll~ella. l’here are al !east six

distinct approaches:

1. Optical-poLential phenomcnology (e.g., Refs. 14, 15, 17, and 18).

2. Multiple-scatleril~g treatments (e.g., Ref. 12).

3. ~lauber mode] (e.g., Ref. 19).

4. A-hole model (e.g., Refs. 16 and 20).

5. Meson-exchange currents (e.g., Ref. 21).

6. Six-quark lmgs (e.g., Refs. 9 and 22).

Since we are interested in determin~ng what the range of double scattering is, mlcl par-

ticularly we would like to see if the short-range IV-FI dynamics of DCX reactions can

be isolated, the prolden] is to determiue whether the vaiious approached reach t~:e oame

answer on thio point.

A lmaic distinction in the approaches is whether they assume sequeniid scaiteting or

sotne specialized ~hort. mnge DCX rnechaci~m. By sequential scattering, we mean that

the n+ of the beam charge exchanges on a neutron to produce a W“, which propagate to

another neutron wilere it charge exchauges to produce a m-, which then ]eavee the nucleuo

and is detected. Thin procure can be broken into two contribut ioua, depending on whether

the intermediate nuclear state io the IAS or whether it is a set of other otatea. This picture

for eequeuthl scattering is illustrated iu Fig. 10.

Some explicitly ohort-range DCX nlechanisms are illustrated in Fig. 11. These give

a quite diflereut picture of DCX. In the nix-quark bag picture, two neutrons molnentarily

fortn a mix-quark bag. While in this condition, a fi+ is abnorbed and a m- is emitted,

converting two down quarks to two up quarks. In the A-interaction (DINT) diagram a

neutron accepts the r+ and later, after brushing off a IT+, radiates a x-. This resembles

ela8tic scattering on a single nucleon. In the meson-exchange procear, the r+ beam

(I(jllble-charge Cxc]laliges on a virtual pioll in transit between two I)ucleons. All three of

theee procesaea are manifestly short-range procemen.

10



Soquontial DCX

%%; ‘ Safwntiol
Non-mobq

—l- — 1-

— s — ~:

— r
0+ +_n_64A/csJL

— 1“ — 1+

Fig. J0. Illustration of the two typer of sequential scattering involved in

DIAS trau~ition-.

Stmrt Rang. DCX Mochdams

a

Fig. 11. Illustration of short-range DCX mechanisms di~cunsed in the text.

The seq~.cntial ~cattcring processes diausmed above tt’ay aleo contain short-range col)i-

ponents. In fact, we have already noted that the sequential scattering -dculationa of CiiblM

cl al.l Yexplicitly show Ohort-range colnponento. Fruitful investigation of mquential scat-

tering have occurred in the paat year, aud we now turn to a discussion of these re~ult~.



0. Sequential Scattering Treatments

Blemynski and Clauher ‘s l]ave just

colllpletccl a detailed analysis of the lAS

and DIAS trausitiono in 14C using a se-

queutia.1 scattering picture. Their study

is particularly instructive reguding the

role played by the spatial correlations in

the valence nucleous. As s general reoult,

they find that the correlations contained

within proven AeU- model wave functicmm

are adcquale tc give a satisfactory ac-

count of both the lAS aud DIAS transi-

tions at 50 MeV. Their calculations are

compared with the data in Fig. 12. For

these ca.iculatio-s the Cohen ●nd Kurath

wave functiono 24 for the “C ground state

were employed. The role of distortions

WM foui]d 10 be minimal. The two nets

of curves reprm.ent plane-wave in]pulse

approxinmtion calculations and distorted-

wave illlpul~-approtilllation calculations.

The Cohen-Kurath wave functions

evidently contdn the correct Opatid cor-

relatimmm In ●n LS coupling scheme, M

used in Ref. 23, there sre only two com-

“C wave function,ponents in the

I “C, g.c.) =a I ‘S. ) +/31 ‘Po) ,

““T #UC-,- !40

sow

wI,k, l,i
o too 150

Fig, 12. Con]parison of the calculations

of Blessynski mlrl Glauberaa with tile

“C dat~ on the IAS and DIAS transi-

tions (Refs, 5 ●nd 10), The dnahed and

solid curves corre~pond to plane-wave ●nd

distorted-wave calcu]atiot]s, rmpectively,

aasuniing that onlyzshell nuclecm ●e active, The calculation~ shown in Fig, 12 umd

values I a I = 0.85 and I /3 I = 0.52 corresponding to the Cohen- Kuraih valueo. The I IAS

angular distrilmtjon would have looked quite different for a = 1 or for ~ = 1 u is shown

ill Fig. 13. The forward peaking of the ●ngular distribution io due to the 1So component,

!I1 ll~is btate 0( relttive Inotioll the nucleonc can n~ove 011 tol) of eaclt ot Iwr ( 7’, * F2 ),

wi~ereaa iii tl)e ‘Po state, wl~ich i~ spa(irdly antisymmetrlcl the wave function vmdsltec

12



[or ~, = F’~. Thus, pronounced forward peakil]g is seen to be asignature o[ short-range

spatinl correlations.

LIIeszynski and Glauber investigated this point more quantitatively by expressing .he
++(Iclllble-ocatteri llg amplitude in terl]is of the relative coordil~ate r = rl - 7Z slid centroid

+
coordinate R = ~(~1 + 72). The factor which contains ihe dependence on the relative

coordinate is fl(~, ~, A). The averaged aucl weighted value of this function, no u to reilect

appropriately the dependence on internuckm dimtance r, is displayed in Fig. 14. TJlio

curve shows that most of the DCX occurs at distances smaller than 2 fln and tl~at the

n]ost probable distance of separation io 1.2 fm. These results are quite consietelil with

tlie earlier results of Cibbc cl al. ]a In view of the fact that the rms charge racliue of tl]e

l~rotol~ is 0.84 fm, one would have to conclude that there ic considerable overlap of ~l]e two

nucleonc aa they are converted from neutrons to protons.

.-~
o $0 100 150

~(’)

Fig, J3. Compmrioon of the “C data with

calcuiationszs using d!flereut model wave

[unctions, u diecumed in the text.

m

3,5 fnl-l, and avermgcd over orientation

of F(H t?xt).

A furtlier result given by Blessynski ●nd Qlauber is ●n evaluatioli of the rule of tile

IAS il~terllledimte state. For the full DiAS ~mplitude, they summed over all accedl.de

il~tertl~edinte atmtrs (ClOSUIe)3 Wl~eu ottly tl~e IAS intrrn~ediste ~t-te is included, (Iley

ubtaili ● Fld al)gulmr distribution, u Is -howt~ in Fig. 15. They poil~t out tll~t re-~rictil]g

lhc il~tern)ediate stale to tlic IAS corresponds to ol)iitting ~-~ correlation.

13



The large role of nonanrAog inter-

mediate elates at 50 MeV for the “C

I.)lAS trausitious was uotcd earlier in

Refs. 12 Bud 16. Calculations with op-

tical poteniials14’lo 8100 point to a large

role of nonanalog internlediate states.

Thusl three poiutn emerge from anal-

yses of the “C datw (1) forward-ugle

DIAS cross sections at 50 McV arise

predominantly from scattering through

nonana.log interinediate states; (2) iV-A’

correlations are respon~ible for the tran-

sition- through the nonanalog interme-

diate stmtes; and (3) moct DIAS transi-

tion strength involves nucleon correlations

witlt r < 2 flu.

10
[

-

Fig. 15. Comparison of tl~e 14C DIAS

data with calculations of Ref. 23, The

dashed curve results when only the lAS

intermeclinte state is included; tile solid
curve remults from a SUI1lover all illtern]e-

diate states.

D, DIAS lhmisitiom on 42,44,48ca

The Ca imtopes offer an attractive opportunity to study further the effects of nuclecn

correlations. To lhis end we mekured as’ac the isotopes Ca-42,44,48, which have 2, 4, ●ud

8 valence neutrons in the 1/7/2 shell, respectively. Our initial, naive expectation, before

we fully appreciated the Iarg: rule plnyecl by JV-N correlations, Wu that the cross sections

would increue with the ●ddition of valence neutrons. Thi~ wu based on the apprent

mucces~ o{ the low-energy plane-wsve model of I{oltun and Reitan,a7 which predict~ ●

(N – 2)( N – Z -1 ) dependence and a very weak A-dependence. This Inodel explained

lhe Ilear-constancy of the meuured 50-MeV cro~o sectiono for the T = 1 nuclei “C!, “O,

al)d “Mg. In our Ilmt run on 4’Ck we were quite curprjserl to learn tllal the 4SC8 cross

section lLa4 about the same value u that of 14C, Since the factor (J’V- Z)(N - Z – 1)

is 28 tilltes larger for 40Ca than for 14C, (l~is result WM quite pussling. It looked like a
-

significant ,4-dependence had developed ●t A > 26. In our second run we n~euumcl 4a’44L’a

aiid found 44Cm to have about one-half (he crow section of 42C’a. The cpectra are shown

it~ Fig. 10 and the cross meclions ●re given in Table Ii This reiult showed convincingly that

A-dependence wu not tlie dominant cflect, It W* IIighly suggestive of ml illterferenco

clfect hsvillg itmorigin in shell -ll~odel correlations.

14
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DIAS
I

4zCa
i2. OtO.3 # .

,_AL.-“ “1
1 1 11—

-5 0 5 10 15 20 2s

EEchtlon Energy (MN)

Fig. J(I. MeMured 8i’ ;lra2s126 for ~l]e 4~~44ca(r+, ~- ) reactiol]s at 35 MeV and 40”,

——

TalJle I. The ilieasured l~;)oratory cross sections for the calciutii iso-

topen mt a Iaborntory ocatteriaig angle of 40° (Refs. 26 and 20).
——. —— __ —_

Rela(ive
Ju/dil Uflceriaifliiesb

Isotope (::;) (pb/ar) (pb/8r)

4A~a 33,0. 2.0+ 0.5
44(I* (+0.3)

32,0 1.1 +0,3
48~!m (+0.15)

34.2 2.4 A 0,7 (+0.0)
— .——_ —
6Killetic el~crqy at the center of tlie target,

bllelative ulicertaintie~ appropriate [or tl}e isatopic colnparisoll,
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By thio time E. Bleszynski, M. Bleszynski, and Clauber had begun calculations which

showed that there were large differences in the two-body correlation densities in (j,/a )n

configurations [or dilrerent values of n. A co]nparison of 4aC’aand 4@Cais Ohowl] ill Fig. 17

( Ref. 28). What is plotted is the ‘separation density” which is defined by

with

pqr~,~a) = /+1)( 7,)/+1)(72)[1 +C(7’1, Z)] .

III theue expressions p(a)(~l, ~~) is the tw~particie density, p(1)(7’ ) is the single- par!ic]e

density, and C(~l, ~a) is the Aell-lnodel correlation function. To olnit ~-~ correlatiolle

correaponcls to selling C = 0.

For the two valence nuclecm of 4aCa

(as well as
0.!9“

“C), there io a large amount

of spatial overlap in the tw~particle wave

fuuclion, giving an increased value of p,,P
ON-

for small r (Fig. 17). For 48Ca, which

has eight valence neutrons in ● closed /l/z O’* ‘%

allell, the Pauli excl’lsion principle enor-
0

Illously r?ducti p,.P ●t cmall r. For 44Ca, o 2 4 6
p,,P(r) is il~tern~cdiate to 41Ca and 4QCa. r (fro)

lf indeed the DIAS transitions are most Fig. 17, Separation densities for (~7ia )n
eelisilive to the sII]sII r behavior of p, CP(r), configurations aa given in Ref, 28,
one can see a qualitative explanation for

tlw behavior of the 4at4’,40Ca cro~~ sections. We discuss tllb below, Full calculations

of tile Ca cross sectionu taking ilito account tl~e shell-model correlations ●nd the x-N

illteracticm ●re now in progrecs.z”a’

E, Two-Amplitude Shell Model

A useful forn~uJption of the DIAS scattering ●n~lditude in terms or analog anti l~ol~alla-

Iog cou)ponenta wu given recently IJy 4ucrbach, Cibbt, and Piasetzky. SOIf there are n

l~eutrons !il shell j and they are all coupled pairwise to J = O (sei~iority = Ocon flguratiwl),

tlie (x ‘, r-) DIAS cross section can be written u
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where the amplitude A represents the L = O multipolarity of the two-body transition

operator nnd the amplitude II represents a sIInl ovrr nll L # O even n]ultipolce. Tile

weiglitillg factor w [or tl)e B amplitude depends 011 IV and Z accordilig to

(2j+3-2nJ

‘= (n- l)(2j -1) ‘

where n = N – Z. We note that u haa vrdues 1, 1/9, -1/7 for Ca-42,44,48, respectively.

We see that if I B I ~ I A I there can be dran]dic deviations from (N - Z)(N - Z – 1)

scaling across lhe Ca iOotopes.

Sil)ce the A amplitude represents tile L = O transition ll~ultipole, it represents prdom-

inautly the lAS intermediate state. (There may be small L = O colnponente in nonanalog

states. ) The B-lerm rcpreeents the sum over aU nonanalog intermediate states. As we saw

[roil] the 14C analyaes, there is considerable evidence that the forward-angle DIAS cross

eectiol~s at 50 MeV derive l~iost of their strength frolu nonal]alog intermediate stateo, Thus

we I]ligllt expect I B 1>1 A 1.

Tl~e data on Ihe three Ca isotopes allow us to deternlil~e empirically I A 1, I J3 1, and

the relative phase between A and B. The values detcrlnined from the data are given in

Table Il. l’he value I B I / I A I = 3.5 is obtained, This implies that for 4~Ca) where w = 1,

~lle D]AS all]plitude at 40° ari~ea primarily from nouana!og intermcdimte ~tatem. For 44Ca

and 4’Ca Ilie DIAS amplitudes arise predomin~ntly fronh the lAS intermediate stste, since

the weighting factors of 1/9 and – 1/7 gremtly suppress the ncmanalog an)plitude. in ternla

or tl~e N-N correlations, we have teen from the calculations of Ref. 29 that p~~p(r) for

4JCa is large al small r and r~latively flat for 44’40C!a. Thus, the Ca croeo secticme at low

el~ergy are quite naturally explained as a consequence of the N-N correlatiol~~ ill ( lj71z )n

wave funcllona and the short-range nalure ot the double-scattering process.

—

lhble 11. The deduced nlagnltudes of A, B, and # (relative phmoe a~]gle)

fkolt~ the data in Table I. Tlm ul~its for A and 1? are (plJ)l/J.

lA~ IBI 4 lB[/[Al

0.34 1.45 50° 3.s
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Preliminary results from Kaufmann

and (lil)beae indicate thnt the largest val-

ues of I B I / I A I at forward anglee

occur near 50 McV. Values of this ra-

tio at 0° M a function of beam energy

for the DIAS transition in (f71a)n con-

figurations are ~hown in Fig. 18. There

is n pronounced peak near 50 MeV. By

maxil~~izing the I D/A I ratio one gains

Inuhnum Oencitivity to short-range N-

N correlation. ‘i%is is shown explicitly

ill Fig. 19, which shows the internuclecm

ral]ge r involved for both the A and B

an~plitudes. It is seen tha~ A ic relatively

flat with r, whereaa H io sharply peaked

al smal: r.

From these results, we wollld con-

clude that n]easuring forward-angle DIAS

cross sectiol)s near sO MeV is an optimum

way 10 study ehort-range nucleon correln-

tio[]s.

F, ~CW Resulis

Tile DCX

tended recently

011 l~,ltca,,dl~o

meuurements were ex-

to lower energies for the

DIAS transitions of 14C (Ref. 31) and ’90

( Ite[. 32) and the non-analog transition

*~C(r+, fi-)lo O(g, s,) (Ref. 33), The an-

gular distributions near 50 MeV for these

three L = O augular distributions hre

*,

Tr (Mw)

Fig. ltl, Theoretical valuee~o of the ra-
tioo of t~,e two-body trnllsition nnlplitudec

I A I and I B 1 M defined in tl~e text.
These were cakulmtecl using the theor~ti-

cal formulation of Ref. 12.

1 1 I I I
1.8 - w MV

o“

rk’i“’’’’h”1
‘s?
- 0.4

t\
---<-’1

-. i

olaa 496

f (Pm)

Fig, 19. Tl]eor~tical valuemz’ of I A I AII<I

I B I (defined iII the text) u a function of

cutoff radius r.
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BIIOWIIill Fig, 20. The shapes of the lwo DIAS angular distributiol]e are izeel] to be

ucarly identical. T1.e “C angu]ar distril)~ltion im (orward peaked but the crooa swlione

are slua.llcr by a factor of approximately 5.

0 2040 GOU)lUl 120

@&m(dog)

1 1 1 I I I I I v I I 1 r

.

.

.

● ‘8C59.4 MeV

● ‘C 4!3.2 MOV

.

10

I

0.1

1 I 1 I 1 I w I I I I

P

L I 1 I 1 1 n 1 1 1 1

0 100 200

T :’ (Mow

Fig. 20. Measured angular distributions Fig. 21, Forward angle (O or 5°) excitation

(or the (n+, x-) DIAS trai]sitions in functions for the “C(m+, m-) ’40 (DIAS)

“C (Ref. 10) and “O (Re[. 32) and reaction (Ref. 10,31,34,3u) and for tha

‘aC(m+, m-) ’aO(g.a. ) reacticm (Ref. 33),(w the ‘Y’(x+,s-)’b(g,m)

transition (Ref. 33)Y

TIIe forward ai~gle excitation functionc for tl~s 12’’4C(n+, m- ) transitions are SIIOWII

ill Fig, 21. For “C, we recently meaaured” new crosc sections at lH,O, 28.1, 811LI04.4

MeV.
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For thelatter two energies, angular d;stributiuno were nieaa!:re dandextrapolations toOO

COII1(Ibe mm-le. At KI.OMeV only ll!e rross section at 40° WM mennurrd and its vnl~le

is 2.(I + 0,4 MeV. The DIAS angular d:sliil~~tioli At 19 ?+leV is expected to be nearly

iootropic, so we show the 40° value i~~Fig. 2 i. Frou] this datum, we learn that the DIAS

excitation function turno over at low euergies. The 19 MeV crcms section [or 14C is the first

n~ea.aured at this low energy for a DCX revti,m ~ an d

cross section measured at TX < 80 MeV.

The new low-energy data are quite int[’:?oiing.

traneitiom rise with lowering of beam encrzy forces

to both types of trmnaitions. One common [actor

low energies, and it most probably is reoponaible for

tl]e 12C!data ale the first non-analog

‘~i)e fmct that Imth the ‘2C 811(1“c

me to seek an explanaticm comn~oI~

in the increased pion pcnetraiion at

some of the increa.ae in cross section.

A second factor, u given by the theoreticr.1 andyseo discussed abov~., is the enhmnced

scattering alnplitude through non-amdog intermediate statee near JO MeV (Fig. 18). Since

l~c has no IAS this is the only type of amplitude, Thus it is rewmuring to me that the l~C

crom sections are relatively large near 50 Me Y. By contrest, at high energies (T* z 230),

(tile ‘aC aIId other T = O nuclei) have cnlall crom rneclioncm Thin too supports tile

theoretical predictions (e.g. Ref. 36) which indicate that the DIAS cross sections at high

energies arise predominantly from sequential mattering through the IAS.

If ille 12114Ccomparison can be takeu aa a guide to th: role of non-analog ;Ilterllicdiate

states in DIAS lruwitionJ, oue would expect a large roie for non-analog interlncdiate states

‘1 we see that tile 12C’transitioniIIthe 1’C transition ●t energies near 1O(JMeV Fronl Fig. -

Ilae a peak at tl~iu energy. The origin 01 this peak is not wel.1-uuderstoml ●t p:asent,

At low pion energies there are Q-value cflectc tl~at must be taken into acctiullt in

coniparillg DIAS and IIon-DIAS transitions in neighboring N = Z nuclei, ‘1’here are large

dit[erences, as given below:

Target Q (MeV) Q (MeV)

IJIAS Gs

lJ~ -31.1

I’c -3,9’i -3.97

Ico -28.8

1so -s408 -5.08

-. ..— . ——
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2’IIUOfor ‘lC a beam energy of 69.4 MeV produces a n- of energy of 18.3 MeV. For 14C,

a Imnnl energy of 69,4 MeV gives a n- or enqy 55.4 MeV. Tl)ia difference Inliot be tnkel]

iuto account in detailed comparisons of the two reactione.

IV. SUMMARY AND CONCLUSIONS

We have followed in this article the progress in the nlea8urenlent and analysis of the

IAS and DIAS transitions of piori-charge exchange reactions at low energies. I l.mlieve we

have Ibe following r~-’!ls.

(1) ~:” ~ measumment~ now determine quite well the patterns of the

forward-augl? ~ecticms in the energy range 20 to 500 MeV for nuclei from 111

to 20’Pi). ‘rhes~ data ser~~ to characterize the iscwector part of the pion-nuc]eus

interaction. At low pion energies the forward-angle lAS cross eections exhibit a deep

Inillinlum near 50 MeV, a feature originating in the free m-p ~ non cross oectiohs, Its

I)c;eistencc in F-A scattering Places strong constr~inte on dispersive-medium effecto.

(2) ~ tr~ti~: There now exists an extensive body O( data at energies 20 to 300

McV thai eitablimhes the systenmtics of forward-angle cross sections. Interest in

these dnta continues to center on the unmnbiguous identification of the role of short-

range N-N correlations. At low ~ion energies, the oherved forward-peaked angular

distributions S=li~ to be signatures of short-range affects. The Quomalous cross section

ratios for 42’4{*48Ca can be understood M being a consequence of the short-range

nature of the DCX procem, and indeed give strong cupport to ouch R conclusion.

Although quuk degreec of freedom have been enlployed to describe short-range fea-

tures of DC!X reactions, to date there is no unique signature to the role of quuks. One

can IIope thst as more conventional analyses provide an uncullbiguouo identification

of the short-range components in DC!X reactions, the role of quark degreeo of freedom

may be seeil.
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FIGUIIE CAPTIONS

Fig, 1. Angulnr di~trilmtiono for the m-p + mOn rcactiono at tl me energies, M given I)y a

current phase shift analysis (Ref. 1).

Fig. 2. Angular distributions for the w-p + m“n reactions at the low energies (Ref. 1).

Fig. 3. The 0° cross sections as u function O( incident energy for the x-p ~ x“n reac~ioll

(Ref. 1).

14c s+ x“) reaction meauuredt at forward angles (0 to 10°) at differentFig. 4. Spectra for the (

energies. The [AS is s’eeu to disappear at 50 MeV.

Fig. 5. The energy dependence of 0° lAS crom sections on “C (Ref. 5). The solid line
represents two tinm8 the free r–p ~ non cro9s section. The dashed Iille represents

the muitipk scattering tlmmy calculations of Kaufmann ci al. as discussed in Ref. 5.

Fig. f3. The measured 0° excitation functions for the IAS transition at low pion energies.’

The solid linen represent polynomial fits to the data used to determine the energy of

the n]inima in the cro80 uections.

Fig. 7. Angular distribution- for the IAS transition on 15 N at three low energieo.’t’ The

curves repremut the polynomial functim fitsto the data used to determine 0° crou
nations.

Fig, 8. Angular distributions at 20 MeV for the lAS transitions ou 7Li and 14C (Ref. 8),
The solid curves are DWIA calculations including the Coulomb force on the incident

pion. The dotted curve is for the same cdculdiom with the Coulomb force turned

off,

Fig. 9-19. Figure captiou 9-19 ue given in the text.

Fig. 20. Mcasureci angular distributions for the (r+, x- ) DIAS transitions in “C (Ref. 10)
al~tl 1’0 (Ref. 32) ●nd for the ‘aC(x+, m- )laO(g.s. ) transition (Ref. 33).

Fig. 21. Forwmrd angle (O or 5°) excitation function~ for the “C(r+, r-)140 (DIAS) reaction

(Ilcf. 10, 31, 34, 35) and for the ‘aC(m+, m-)la O(g,s, ) resctim (Ref. 33).

25


