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MULTI-NUCLEON PHENOMENA IN PION-NUCLEUS REACTIONS

Peter A. M. Gram

Los Alamos NaUonal Laboratory, Los A.lames, NM 87545

At the peak of the delta resonance. the pion is the most strongly inter-

acting parttcle we know. It follows that interactions between pions and

nuclei at these energies all tend to involve multiple scattering to some

degree. MulUple scattering includes different kinds of processes. In its

simplest forms, it involves a sequence of interacUons with single nucleons

that take place as the pion bumbles its way through a nucleus. Much more

interesUng is the possibility that there are interacUons that in some sense

directly involve several nucleons at once. If there are such interactions, can
we distinguish between them and the simpler, more prosaic forms of

multiple scattering? Experimental study of pion-nucleus reaction

mechanisms has produced intriguing suggestions that txuly multi-nucleon

interacUons do occur. They are the subJect of this talk. To develop this

subject I wll focus on reactions that cannot happen at all without the

essential participation of two or more nuclcons.

The simplest of these reactions is inclusive double charge exchange

(DCX). whtch Is commonly thought to proceed as two successive quasi-free
single-charge-exchange (SCX reacttons. At a minimum, the charges on two

llke nucleons must be changed for this reaction to occur. It IS not a ve~

probable reaction, contrlbuttng only about 1 percent to the total reaction

cross secthm. Nevertheless, there 1s an extensive collection of obsc~atlons

of this reaction in nuclei ranging in A from 3 to 208, The systematic of the

total cross sections derived from these observations IS my first example. 1‘~

Figure 1 presents the var+ation of the cross sections oi the reaction
A(K+,K-)X with A at incident energies of 180 and 240 McV, The monotonic

rise of the cross secUon according to a power law In A IS not uncxpectml,

but obscme that the cross sections for 7Li and ~Bc, which have “extra”
rieutr-)ils with which the K+ interact to produce double charge exchmgc,

dcvtate significantly, lying iibout a factor of two above the ~mcral trmd, “IIIr
surprhhg rcsdt h III Flg 2, The cross scctlon for the A(K-.K+)X rwwtlon,

which singles out the protons, rtws ;~pproxim;ltcly p;~rnllcl to Ih;lt for tllr

1“ ,
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(n-+, n-) reaction up to about A = 40. where it becomes constant and remains

so up to A = 208, despite ‘the fact that Pb has over four times as many

protons as Ca.
A possible explanation of the obsemed “saturation” of the (n- ,n+) cross

section 1s that the large neutroil excess in heavy nuclei shields the protons
from the incoming negative plons. At A-resonance energy negative pions

Interact more strongly with neutrons than with protons, but it is the protons
on which (IK-,n+) takes place. Therr’fore, the (z-,X+) process IS inhibited by

competing reactions that occur on the neutrons. It IS an interesting accident

of Nature that lhe resolution of this competition results m a cross section

With zero slope for A > 40. Natura!ly neutrons and protons exchal]ge roles

for positive incoming plons, but since there are no heavy proton -rtch nuclei,
the (K+,n-) cross section does not ‘“saturate- at some value of A,

A heuristic scaling rule has been developed t.o test these simple ideas, ]

A ncgatlve plon, for example, running the gauntlet of competing reactions,

would have a probability proportional to Z/N of completing the first SW, and

the intermediate neutral pion, which Intcmcts equally with protons a[ld

neutrons, would have a probability proportional to (Z- I)/(A- 1) of colnpldlng

the second. The overall probability that a ncgatlve pion will prmlucc a clo(lt]lr

charge cxrhangc rcactlon would therrforc bc proportlalal to tl:c product
Z(2- I)/ N(A- 1), To dcscrllm both the (ret,n-) and the (IL-,ni) rractIons In thr

surnc rontcxt, wc define Q to bc lIw number of nuclrons of the spcclrs

appropriate to the Incldcnt pion; A-Q 1.sthrn thr nl]mlxv of spcc!niw

nuclmns on which cmnpcting rruc(lons tnkc ~lil(!~. I“hc prujrctrd nr(’a (Jt’ii

T)II(’lck~s vi~r!~~ i~~ A~l~. Thrrrforc, thr toti~l rractjon rr(ms srrtion for (10(11)1(*
“N



charge exchange should depend on the population of nucleons in a nucleus

as A2iaQ(Q- 1)/(A-Q)(A-1).

We have tested this rule by divldlng the total reactton cross sections by

Az/aQ(Q- 1)/(A- 1) and plotttng these ratios against (A-Q). Figure 3 displays
the results for both the (n+,x-) and (n-, K+) reacttons at 180 and 240 MeV. In

these graphs cross sections for both charges of incident pion occur at the

same values of (A-Q) for N=Z nuclei but at different values of (A-Q) for N > Z

nutiiei. This simple rule adequately describes all of the cross sections at a

particular ener~, includlng those for TLIand gBe, and it succeeds in recon-
ciling the quite different behaviors of the (X+,n-) and (n-, K+) reaction cross

secttons, The properties of the nucleus, not even the fact that 1s a bound

system, appear to have no influence on the behavior of these cross sections.

In this picture, the reaction would occur In the same way on a collection of

the approp[tate kind of tnarbles in a basket, but the Importance of com-

petition among possible reactions has been exhibited.

1Iowever, when we look at the Incluslve L>CX rcactlon in mom detail,

specifically at the doubly differential cross sections for DCX In QHe at. 25~

(Fig, 4), we see, at incident energies of 180 MeV and greater, an lntrlg~llng

double peak that begs for explanation. ~ The origin of this stn]cture IS

thought to be the reaction mechanism Itself. At these cncrgles, the

differential cross sectton for single chi~rgc cxchan~:e with a free nuclmm IS

strongly peaked towards large and small angles, ‘lIlus, !ri t.hc scqllcnt la]

slnglc charge cxchangc scatterln~s that rcs~llt In double char~c cxrl]al~gr.

lhc most probable scqucnccs that produrc a pioll at a forwmd iln~l~ arr [w()



small angle scattering in which rather little energy is lost. or two large

angle scattering in which considerable energy is transferred to two

nucleons. The two peaks in the doubly differential cross section are thought

to be DODUk3tedbv pions following these two scattering sequences.
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Thjs qualitative exp,lanatton has been tested analytically by comparison

wtt!l a semi-classlcal calculation of the sequential scattering process.~ In this

calculation pions propagate as plane waves, both before and between scattcr-

lngs, the nuclmms are bound by a constant average potential, and the scat-
tering probabilities are governed by the free KN t-matrix. The free pion -

nucleon t-matrix 1s evaluated at an energy det,crminrd both by tl)e Frrmt

momentum of the struck nucleon and the energy the ptor -ctalns afttw i~ny

previous w.mttcrlng. Spin and antlsyll]n~ctrfzi~ti[)tl of the nuckwn WilV(?
fux-mtions iwc ignored, b~~i~i~se the str~~ck nl]clcons will bc r.lcctcd from 1hr



nucleus, but the momentum @f the struck nucleon is forced to lie above the

Fermi surface. The several curves in Fig. 4 are predictions of this model for

several values of the average nuclear potential: solid line, -55 MeV. dashed

line, -37 MeV, dot-dashed llne, O MeV. This semi-classical calculation, for

all its simpl~lcations (it was quite difficult enough for all of that) doesn’t do

badly. The shape of the doubly differential cross sect-ion is quite nicely

reproduced for an average btnding energy of -55 MeV. Both the calculation
and the data reflect the changing character of the free nN interaction that

drives inclusive DCX. I won’t show it, but if the angular dependence of the
nN amplitude is made isotropic, the doubly peaked structure of the cross

section disappears at all energies, as expected. Of more interest in the

context of our pursuit of multi-nucieon mechanisms however, is the

Influence of the average nuclear potential: a non-interacting collection of

nucleons would not produce a cross secUon of the obsewed shape.

Next we consider the exclusive double charge exchange reaction in

which the final state is the double isobaric analog of the target nucleus. The

reaction mechanism is still thought to be sequential single charge exchange,

but the experimental insistence that the analog final state be formed limits

the selection of nucleons that can participate to those occupying specific
states. For example, in the (n+,X-) reaction on the Isotopes of calcium, QzCa,

QACa and AsCa, two “valence” neutrons, occupying orbitals outside the closed-

shell N=20 2=20 core are changed into protons, without changing their

wzve functions in any other way, to produce the analog isotopes of titanium,
NGw, if we wel’e to predict the ratios of cross sections for the (X+,K-) re-

action among the three calcium isotopes in the same naive way that worked

so well for the inclusive react.ton, we would simply count up the total num

ber of valence neutron pairs in each nucleus and arrive at the suggestion that
48ca ghould have a cross section z) ~meg mat of 4zCao (3bserva~on of the

exclusive reaction at 35 MeV does not bear this out, as shown dramatically

in Fig. 5. The cross sections for A8Ca and d2Ca arc about equal, while that for

44Ca is a bit smaller.7 There are surely no factors of 28 to be seen. What IS

going on?

We have come upon a quintessentially quantum mechanical effect, In a

scquenthd process such as this that IS forced by experimental choice to lead

to a definite final state, the spatial correlation of the participating nmltrons

becomes pardcularly important. g The wave funct!ons c f the valence neutrons

have the property that states with fewer neutrons cxhlbtt greater spatial

correlation. The effect of the enhanced correlation in 4zCa, where only two

neutrons arc present, ovrrrldes the greater opportunity for srnttcring

afforcicd I)y a Iargcr numhcr of less strongly correlated neutrons In the

/



heavier isotopes. The slightly depressed value for the 44Ca cross section, as

well as the shape of the angular distribution may be understood tn these

temns as well. In fact, these cross sections are thought to be so strongly

driven by the exact nature of the wave functions, that low-energy exclusive

DCX measurements might well lead to refined knowledge of nuclear

structure. At a minimum

correlation in nuclel.

we have finally sighted the elusive two-body
... ., -

In the sequential SCX picture of double charge exchange, the successive

scattering themselves, whatever other effects enter into the process, may

be thought of as effectively free. Pion absorption, on the other hand, cannot
happen on a free n~cleon, and the (n,p) react!on In nuclel k suppressed to a

ttny fraction of the total reaction cross section by the momentum mismatch

incurred In imparting the total energy of the pion to a single nucleon.

However. pions are strongly absorbed by de’ ~terons, perhaps ulmcpectedly

so in vtew of the weak binding of this simplest of nuclei. The cross se;tion
for the nd --> pp reaction is about 12 mb at 150 MeV of’ Incident energy,

and its energy dependence clearly suggests the participation of the A-

resonance. In a slmp’e picture of the reaction, the lncomlng pion scatters

far off the mass shell from one of the nucleons to be absorbed by the other.

To explain the magnitude and energy dependence of the cross section It Is

assumed that a delta IS formed in the inittal scattering and that a short range

interaction between the delta and the other nucleon exists that can supply

the momentum necessary to produce two free nucleons In the final state.

This elementary absorptlor?. process IS not fully understood at present,

but plon absorption by apparently deuteron-like two-body systems within

nuclel IS distlnct,ly vlslblr in the kinematical behavior of the cross sccilon

even In heavy nuclei. It IS rqually apparent, however, that this two-body ab-

sorption does not exhaust the cross section of the reaction, Studies of pion
./’

i>



absorption have therefore been inspired by two preoccupations. First, ex -

traction of the two-body component to see if study of absorption invohqng nn

or pp pairs of nucleons will shed light on the mechanism at work in two-

body absorption, and second, to assess ‘&e remainder of the cross section
for contributions from three and four body processes. Unfortl :iiately, strong-

ly interacting as they are, the incoming pions may ve~ well scatter from one

nucleon and then go on to be absorbed by another pair, or the nuclecms that

absorbed the pion may scatter on their way out of the nucleus. These po-

tentially commonplace nuclear processes are not reg=ded as “real” three or

four body interactions but it is no easy matter tu distinguish between the

interesting and prosaic processes experimentally.

An example of the first preoccupation is the measurement of absorption
by sHe of bo~ po~iuve ad nega~v~ plons.g h aHe obsemaUon Of 13v0

outgoing nucleons, as has been accomplished in this e~erlment, completely

determines the final state. The results are displayed in the form of Dalitz

plots (Ftg. 6-7). The band IS defined by the acceptance of the detectors, the
density of points is proportional to the square modulus of the matrix ele-

ment of the reaction, but it is hard to judge the shape from above.
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The projections are more suggestNe: in the (n+I pp) reaction one sees

virtually only the quasi-free nd absorption peak. but in the (K-,pn) reaction

there are quite visible peaks at the low and high energy ends of the

dist.rlbutions that suggest. the parUcipaUon of final state interacUons.

;~;

Absorption by a two-body system within 3He is depicted by the diagram in

Fig. 8. The tntemal momentum of the two-body system Is equal and opposite

to that of the remaining nucleon. This diagram is thought to be a useful

description of absorption events in which this spectator nucleon IS given a

small momentum. Thus the two-body contribution to the reaction may be

identified by select.tng events in which the undetected nucleon was found to

have small momentum, The center of mass angular

body absorption cross sectton are shown in Fig. 9.9
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We see that these are not the same for the pp and the np final states.

First of all, the cross section for producing the np final state 1s over an order

of magnitude smaller. The angular distribution of the pp final state must, of
course, be symmetric about ~/2, whereas the np final state does not have 10 /



be, and it isn’t. The smooth cumes are tigendre polynomial fits to the data.

At the two lowest energies the angular distribution of the pp final state is
indistinguishable from that belonging to the free nd --> pp reaction after its

magnitude is scaled by a factor of 1.5, which is the ‘number of deuterons-

one expects from isospin arguments to find in 3He. At the two higher

energies the scaling factor appears to be the same, but the data do not

extend to small and large enough angles to test the match to the free

angular distribution.

AS the energy of the incident pions is increased, the two-body process

continues to be the most prominent feature of the reaction. With so much of

the cross section taken up by the expected two-body process, how can we

search for three-body effects? As seemingly wrong-headed as it may at first
seem, a useful method is to bin the data in pazdpadfls, the momentum and

solid angle of the undetected particle. The effective acceptance of the ap-

paratus for the undetected parUcle is defined by the detectors of the other

two, and, conveniently, does not have a low energy cutoff. Differential cross

secUons constructed by this procedure are shown in Fig. 10.1~
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Roughly speaking, the stefiply falling portion of the curves represents the

two-body absorption cross section modulated by the momentum distribution

of the spectator proton In ‘He. As the probabdlty of finding higher

momentum protons in ~He declines, a flat region of the cross section IS

uncovered that seems clearly to result from some other process. 11-IIsslowly



varying part of the cross sectkn is found to follow the shape of the

distribution in phase space of events in which three nucleons randomly

share the total energy of the incoming pion, suggesting that the matrix

element for this process 1s rather constant. Extraction of a cross section for

the three-body process 1s ratlher model dependant. but its presence has
been clearly revealed.

Angular distrtbuUons of the two-body contribution to the cross sections

have been constructed by integrating over the low momentum, steeply

falling regions of the data shown in Fig. 10. These are compared with those
of the free nd --> pp reaction in Fig. 11.10 Here, the scale factors, 1.65, and

1.9 are somewhat larger than the value 1.5 found at lower energies (and

expected from isospin arguments), leading to the suggestion that the np

pairs found in aHe are more compact than free deuterons. Experiments are

planned that wtU extend the angular ranges of these measurements to see if

absorption on “bound deuterons- really follows the bending over of the

angular distribution at large angles characteristic of absorption by free

deuterons. 11
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A triple coincidence measurement of pion absorption in 4He has been

performed. 12 In this experiment the 3 detectors were arranged at angles

chosen to avoid the regions of phase space populated by events from the
dominant quasi-free two-body process. Both the (n+,ppp)n and

reactions were observed. Once again the cross sections may be

tcnns of the momentum of the undetected nucleon (Fig. 12).

the (n+,npp)p

displayed In

/’
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We clearly see two peaks in these distributions. To explain them we must do

some modeling. lrnagine that the low energy peak is due to a quasi-free

three-nucleon process. Then the unobserved nucleon against whose

momentum we’re plotting is a spectator, but we know the momentum

distrlbu~ ‘m of a single nucleon in QHe from electron scattering

measurements. Using this knowledge, it is possible to simulate the three-

nucleon process for the particular geomet-xy of the experiment (assuming a

constant matrix element). This simulation IS shown as the dashed lines in

the figure. The agreement is not bad at all. A four-nucleon mechanism with

constant matrix element would produce the phase space controlled

distribution suggested by the dash-dotted line. Events in the high energy

peak are characterized b: small momentum difference between an observed
proton and the unobserved neutron in the (n+,ppp)n reaction so this peak 1s

identified as a pn final state interaction, but note its importance; it is not a

small effect compared to the three-body process. In the distribution of the
(n+,npp)p reaction the quasi-free three-nucleon process is more important,

and the final state Interaction between two protons 1s, not ~urprisIngly,

suppressed.
We have at last identified a peak In a cross section that may with some

confidence be attributed to a three-body absorption mechanism, but only at

one incident energy, and In one carefully arranged experimental geometry.

Delineating the systematlcs of this fascinating reaction mechanism wouk! Ix:

difficult and time consuming u“lth the conventional apparatus employed to

get. &lIlsfar. Imagine what we wtll learn about multi-nucleon reaction mrctl -



anisms when we are able to make lcinematically complete measurements of

this kind rapidly Imough to permit systematic exploration of th!s and other

phenomena that are coming to light.

This brings me to my conclusion. Far from being the mined out field of

endeavor its detractors have sometimes clalmed. pion-nucleus physics has

come upon the rich lode that prospectors have always suspected was there.

To mine it, we will need more sophisticated equipment; and it is being de-

veloped. Detectors such as IADS, CHAOS, and the BGO ball provide for the

detection of charged parUcles with good energy resolution ov~r nearly all of
47t steradians. With these detectors we may begin the systemaUc exploraUon

of the multi-nucleon phenomena that are the naturaJ property of pion -

nucleus reactions.
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Fig. 1. Total inclusive cross sections for the A(n+,n-)reacUon at 180 Mev

(solid squares) and 240 MeV (solid circles) as functions of A. (From Ref. 1).

Fig. 2. Total jnclusive cross sections for the A(x-.n+)reaction at 180 Mev

(open squwes) and 240 MeV (open circles) as functions of A. (From Ref. 1).

Fig. 3, Total inclusive cross sections at 240 MeV (upper points and line,

right-hand scale) and 180 MeV (lower points and line, left-hand scale),
multiplied by (A- 1)/A213Q(Q- 1) plotted aga.tnst A-Q, where Q=N for (n+,n-)

and Q=Z for (n-,z+). The ratios for nuclei with A 2 6 are tltted by a power law

whose dependence is founa to be (A-Q)- 1“04~0.0a , close to the predicted

value, at both incident energies. (From Ref. 1).

Fig. 4. Doubly differential cross sections for the QHe(n+,n-)4p reaction at 250

in the laboratory for incident energies of 120, 150. 180, 210, 240 and 270

MeV. The curves are explained in the text. All of the predictions have been

normalized to yield the same integrated area as that of the measured cross

sections. (From Ref. 6).

Fig. 5. Preliminary double-isobaric-analog-state-formation cross sections in

the calcium isotopes at 35 MeV. (From Ref. 7).

Fig, 6. Dalitz plot and projecUons on the two axes for the aHe(n+,pp)p

reacUon at 119 MeV. (From Ref. 9).

Fig. 7. Dalitz plot and projections on the two axes for the 3He(x-, pn)n

“eacUon at 119 MeV, (From Ref. 9).

Fig, 8. Pion absorption by a two body system In aHe.

Fig, 9. Angular distributions of two-nucleon events in the aHc(n+,pp)p (a) and

qHe(n-, pn)n (b) reactions at incident energies of 64, 119, 162 and 206

NleV. The cumes are Legendre polynomial fits to the data, (From Ref. 9).

Fig. 10 Recoil momentum distributions of the 31{e(x+, pp)p rcactlon at 500

MeV at three laboratory angles. Dashed line IS a PWIA fit to the two-body

(steeply falling) component: dotted line IS three-body phase space. (F-mm

Ref. 10.).



Fig. 11 Angular distributions of the two-body absorption component of the
aHe(n+.pp)p reaction at 350 and 500 MeV compared to the free nd-->pp

cross sections multiplied by factors of 1.65 and 1.90, respectively. (From

Ref. 10.).

Fig. 12. Differenth.1 cross section as a function of the momentum of llle
undetected neutron in AHe(n+.ppp]n (a) and the undetected proton 10

~He(n+,npp)p (b). Histogram: data: dashed line: simulation of three nL\clecm

mechanism: dotted line: simulation of four-nucleon mechanism plus final

state interaction; dashed-dotted line four-nucleon mechanism only; solid

line: sum. (From Ref. 12).


