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WELCOME TO THE WORKSHOP ON

NUCLEAR STRUCTURE WITH INTERMEDIATE-ENERGY PROBES

by

Louis Rosen
Director of LAMPF

The title of this workshop sounds highly specialized on the one hand and

somewhat removed from reality on the other. Highly specialized it is. But re-

moved from reality it certainly is not. Let me try to put it in perspective.

Humanity faces only two basic problems. It must live in harmony with it-

self and it must live in harmony with nature. To accomplish the latter we must

increase our understanding of nature—natural laws and natural phenomena. Fur-

thermore, solving the second problem has a beneficial impact on the attempt to

solve the first one.

When all is said and done there are only two major laboratories for study-

ing the forces of nature and the laws by which they are governed. One is the

Cosmos where all four forces come into play. The other is the atomic nucleus

where all but the gravitational force manifest themselves. Now, in order to

make use of these laboratories one must know their structure and their dynamics.

In fact without a knowledge of nuclear structure you can make proper use of

neither the nucleus nor the Cosmos. So, to me, that's what this workshop is all

about.

Until relatively recently our understanding of the nucleus was based, in

large part, on nucleon degrees of freedom! Ic is now apparent that this is in-

sufficient and that meson degrees of freedom and perhaps even quark degrees of

freedom cannot be ignored. It certainly appears that those entities (mesons,

isobars) which are responsible for the forces between nucleons must be explicitly

taken into account. It also appears that the best present hope of learning

about nuclei is to be found in the use of a multiplicity of probes of different

properties.



But does any of this have immediate relevance to the inhabitants of our

planet?

I could talk for hours on that topic. Nuclear technology appears to have

unlimited possibilities for improving life on this planet (and also for destroy-

ing it). I have just returned from Japan where I attended a conference on the

production and use of radiation—especially radioisotopes. I was pleasantly

surprised at how widespread has become the use of radiation not only in medicine

but also in food production and food processing among many other areas.

So nuclear science in general, and nuclear structure in particular, are

very strongly coupled to the welfare of humanity. And that, in the final analy-

sis, is the justification for this workshop.
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ABSTRACT

This report contains the proceedings of the LAMPF Workshop
on Nuclear Structure with Intermediate-Energy Probes held in Los
Alamos, New Mexico, January 14-16, 1980. The topics included
recent results for elastic and inelastic scattering of electrons,
kaons, pions, and protons, including charge exchange and other
reactions. The results presented, which were primarily obtained
at the Bates Laboratory, IUCF, TRIUMF, and LAMPF, were analyzed
in terms of nucleon densities or transition densities and the
reaction mechanisms of the probes. Theoretical topics discussed
included the shell model, isobar effects, and the quark structure
of nuclei. The importance of experiments with several different
probes to study the same problem was clearly brought out in the
discussion.



MICROSCOPIC ANALYSIS OF PION-NUCLEUS INELASTIC SCATTERING'

by

T.-S. H. Lee

Argonne National Laboratory, Argonne, Illinois 60439

ABSTRACT

Theoretical methous of analyzing pion-nucleus
inelastic scattering with energy near the (3,3) resonance
are reviewed. It is illustrated that the DWIA in momen-
tum space has provided a reasonable tool to reveal
microscopically th<? structure of nuclear states from the
existing data.

I. INTRODUCTION

An important objective of the study of intermediate energy physics is to

use sufficient high energy projectiles such as pions, nucleons, kaons and elec-

trons to probe the structure of nuclei. In this talk, 1 would like to focus on

the pion-nucleus inelastic scattering and discuss to what extent it can be used

to reveal microscopically the structure of nuclear excited states.

To be concise, I would like to proceed by only trying to answer the fol-

lowing three most common questions: (a) What are the basic ingredients of our

present theoretical models of pion-nucleus inelastic scattering? (b) Which

aspects of nuclear structure can be sensitively studied by using pion inelastic

scattering? and (c) What is the status of the theory and what is needed to be

done in the future?

*This work was performed under the auspices of the U. S. Dept. of Energy,
tlnvlted talk presented at the "Nuclear Structure with Intermediate Energy
Probes" Workshop at LASL, Jan. 14-17, 1980.



II. THEORETICAL FRAMEWORK

To introduce theoretical models, it is necessary to know from the available

data where the pion inelastic scattering stands in the entire pion-nucleus reac-

tions. Two points which are relevant to our present considerations can be

deduced from the experimental data recently reviewed by Schiffer at the

Vancouver meeting. First, the inclusive inelastic scattering A(:T,IT') exhibits

main features of quasi-free nucleon knockout processes. The cross sections of

A(7i,-n-') at large angles behave very much like the free TTN scattering. The
+ +' +

ratios of O(TT ,TT ) to o(ir ,ir°) are also very close to what one expects from the

neutron-proton differences of target nuclei and the characteristic isospin

dependence of free itN scattering. These data indicate that the impulse approxi-

mation is apparently adequate for describing the excitations of nuclear states

by pions.

The second important point is that the true pion absorption cross sections

a , contribute about half of the total reaction cross sections. Therefore, weabs '

must account for its influences in the study of scattering processes. However,

it is fair to say that we still do not have reliable theoretical methods to

calculate the pion absoi'ption by nuclei (except deuteron). Therefore, it is

necessary to introduce a phenomenological procedure to describe the effects of

pion absorption on scattering processes.

Having this phenomenological background, it is now easy to introduce the

basic ingredients of our theoretical framework. To study the pion elastic and

inelastic scattering leading to definite eigenstates of a nuclear system, it is

only necessary to consider the equation of motion in a subspace spanned by

vectors |k,MT,4> >. Here, k denotes th<=i pion-nucleus relative momentum, M de-

notes the pion isospin, and § are eigenstates of the ordinary nuclear Hamil-

tonian. The equation of motion is driven by a two-body effective pion-nucleus

interaction U which must include the influences of the quasi-free nucleon knock-

out channels and the pion absorption channels. The interaction U is therefore

nonlocal, complex and energy dependent. Taking into account relativistic

motions of pions, we can write within the framework of relativistic particle
2

quantum mechanics



Ta3(E) " W E ) + * U«Y<
E)a3(E) W E ) + * U«Y<
E) ̂ V k 2

Y=l E-/)i +k -/M,+k -e
A 7

where N denotes the number of nuclear states considered, and e is the excita-
Y

tion energy of the state y.

Derivation of U from an underlying theory of pion-nucleus interactions is

a nontrivial task and will not be discussed here. Instead, we will construct

"calculable" models for U „ as suggested by the experimental data mentioned

ats 3

above and also by previous theoretical works. The correctness of the model

will be tested by comparing the calculated pion inelastic scattering cross sec-

tions with the data.

Physics involved in the diagonal terms U and the off diagonal terms U „

are very different. The diagonal term corresponds to the elastic scattering

optical potential in the limit of N=l channel. Since the cross sections of

inelastic scattering leading to definite nuclear states are much smaller than

that of other reactive processes, it is reasonable to assume that U is just

the elastic scattering optical potential U independent of state a, since we

do not know how to calculate pion-absorption, the optical potential U has to

be treated phenomenologically. Following the approach of Ref. ( 5 ) , we directly

fit the data by adjusting the density parameters of the lowest order optical

potential U =tp as constructed in the program PIPIT. It is generally found

that good fits to the elastic differential cross sections can be obtained by

using a radius smaller than that of electron scattering. At the same

time, one also improves the results of a which are usually badly predicted

by PIPIT; indicating better pion wavefunctions are obtained.

The off-diagonal term U „ describes the excitations of nuclear states. As

mentioned before, it is reasoi'iable to calculate the nuclear transition based on

the impulse approximation. In the operator form, it is

1 — A

where x. (E) denotes the irN scattering matrix as seen in the ir-nucleus system.

Our next task is to introduce a model of T ( E ) in order to relate the object

Eq. (2) to the elementary TTN interaction and the nuclear structure.



To describe our model of T.(E)t it is necessary to first define the free

TTN scattering. For simplicity, we describe the TTN interaction by a two body
2

force v . Within the framework of relativistic particle quantum mechanics,

the TTN scattering operator in the TTN cm. frame is (suppressing spin and iso-

spin variables)

t(w ) = v + v — — \ ... t(w ) (3)
o a) -a>(q)+ie o

where io(q) = E (q)+E (q) is the irN free energy and q is the relative momentum.

Equation (3) is used to determine v , usually parameterized as separable forms,

by fitting to the TTN scattering phase-shifts. Like the conventional two

nucleon potentials, here we also suffer from the off-shell uncertainties. But,

explicit calculations which will be described shortly have shown that if the

TTN phase-shifts are fitted accurately, the calculated pion-nucleus scattering

cross section is not sensitive to the detail of v as far as the range of t

matrix is finite (Fig. 1). Thus, our phenomenological treatment of the irN

dynamics is certainly sufficient tor our studies. The conventional zero range

Kisslinger model of t matrix should however be used with caution at large

angles.

To calculate ir-nucleus interaction, we should know the matrix elements of

t(u) ) between basis vectors |k,p) , where k and p are respectively the momenta

for pion and nucleon in the ir-nucleus cm. frame. This can be done easily by

noting that [ v,Q]-0 with Q=p+k denoting the TTN total momentum, and knowing
-> -> ->--+•

that the canonical transformation between representations k,p> and Q,q> is

(Q>k")6((V))J~1'2(<p,k|Q,q> = 6(Q-p-k)6(q-q(V))J 2(p,k,q) , (4)

with

(q(V),to(q)> = L(V)(k,Eir(k)) = -L(V) (p.E^p)) (5)

J(p,k,q) = " ^ ' ^ = — ^ — — (6)

Here L(V) is a Lorentz transformation which takes a TTN system moving with a

velocity V=(p+k)/w(q) to its rest frame (explicit form of q(V) and other rele-
2

vant relativistic kinematics are collected in the paper by Heller et al.).



By using Eqs. (4)-(6), we obtain

= S(p'+k'-p-£)rt(q',q,Uo) (7)

2
where, by expanding T in powers of (Q/u)

F =

(8)

The matrix elements t(q',q,u> ) can be obtained by solving Eq. (3). Neglecting
->r) 2

terms of the order of 0~/u or higher, Eq. (7) becomes the form assumed in the
3

program PIPIT and by most authors.

We now turn to describe the model of T . (E). It is assumed that the i/iany-
1

body effects on the TTN collision inside the nucleus can be represented by a

two-body potential V.,_ between an active nucleon N and an inert core of (A-l)-

nucleons. Such a three-body model can be constructed relativistically by the

theory of Coester. Since the mass M,. of any pair in the considered model is

much larger than its total momentum Q.., it is reasonable to expand the rela-

tivistic three-body Hamiltonian in powers of |Q../M..|. We get in the c m .

frame

H = EN,(p)+E7T(k)+Ec(p-k)+v+VCN+AH (9)

where, after some derivation

v t(0) - 4 ; • + (10)
2 '..(q)

All calculations in the literatures do not include the relativistic correction

term &H. To avoid the task of solving the nontrivial three-body equation, the

nucleon-core potential V is approximated as a constant e identified as the

separation energy of nucleons which is of the order of 10 MeV.

Expanding E (p)+E (k)=oj(q) + 2 ( ~) (P+k) a n d approximating

w(q)M -/(coCqJ+M )-(y+m)m ,/(u+m )=u , we can relate T ( E ) to the irN t matrix
A"~ 1 r\~" X. Pi. X A O

defined by Eq. (3)



T(E) = ̂  = E _ - s : _ £B) .
o

Equation (11) is precisely the form proposed by Landau and Thomas. To get i(E)anda a
0

= •—- +
0in the program PIPIT, it further assumes that E = •—- + e Is a constant. (For

example, it can be calculated from Ref. (4) easily that E =16MeV for 180 MeV
12

IT- C scattering.) In our inelastic scattering calculations, we take the form

T ( E ) = t(w =E-E ) as defined in the program PIPIT.

The next approximation entering into the calculation is to approximate the

nucleon momentum p in the matrix element of t(c[',q,w ) defined by Eqs. (3) and

(7). Simply for the sake of saving computation labors, one usually assumes that

p=p which is only a function of ir-nucleus relative momenta k and k . In the

simplest frozen nucleon approximation as taken in the program PIPIT, it is

assumed that p = - k/A. Other choices have also been < sed bv other authors.
° 3

Explicit calculations have shown that on the resonance energies the frozen

nucleon approximation is adequate for calculating the i\ n- cleus scattering cross

sections except at very large angles and for very light target nuclei.

Based on fhe approximations introduced above, we get the well known fac-

torized form

where F is the neutron (proton) transition form factors, t is the t matrix

of Eq. (7) calculated on the approximation p-p . Equation (12) is the basis of

our calculations.

Once the interactions U „ are constructed, we then solve Eq. (1) for a

given set of nuclear states. If the nuclear transitions are treated in the Born

approximation, we then get the well known DWTA form

Since U D are nonlocal, both the DWIA and the coupled-channel problems are most

5 7

conveniently solved in momentum space. ' In the following, I will mainly dis-

cuss the results of our recent DWIA calculations. The coupled-channel effects

have only been briefly studied.



The DWIA model is first tested in the "classical" region where the nuclear

transition form factors have been determined from electron scattering. Calcu-

lations in this region, including mainly the collective states of C, Mg,

Mg, Si, Ni and Pb, have: been found to be in excellent agreements with

the data. Therefore, our DWIA model can be used to carry out more interesting

microscopic studies of nuclear structure.

III. MICROSCOPIC DWIA ANALYSIS

In the nuclear shell model, the transition form factors of Eq. (12) are

calculated from the one-body transition densities within a given model space M

F<LS)k(r) = I <JfTf||[bV]
k||j.T.) RV „ (r)RV „

where v denotes either neutron or proton, S = 0,1 parts are respectively excited

by the spin-independent and spin-dependent irN interactions. The enhancement

factors are E = 1 except for certain collective multipolarities [L0]L which

must be enhanced in most tractable shell model calculations, in order to account

for transitions involving orbitals outside the model space M. Since the same

transition densities also enter into the calculations of electromagnetic transi-

tions, the enhancement factors for the collective excitations with L = 2, 3, 4

and S = 0, can be determined directly from the experimental BE(X) values. It is

important to note that no enhancement is introduced for other multipolarities.

Microscopic DWIA calculations for the lp-shell nuclei have been carried out

by using the shell models of Cohen and Kurath, and Millener and Kurath. Most

existing data can be described very well. These studies certainly indicate

that our DWIA model is also valid microscopically.

We will now discuss two interesting aspects of the 7rN interaction which can

be used very effectively to study nuclear structure. The first one is attri-

buted to its strong isospin-dependence. In the energy region near the (3,3)

resonance, the IT p(ir n) interaction is 9 times stronger than the ir n(ir p) inter-

action. Consequently, the ratio R = a (IT )/a(ir ) is sensitive to the relative

strengths between the neutron and proton excitations. The usefulness of this

special property of TTN interaction has been most clearly demonstrated in the



data of the state (9/2 ,9.5 MeV) in C. The measured value R ~ 9 indicates

that this state involves predominantly the neutron excitation as predicted by

the DWIA calculation of Lee and Kurath (Fig. 2). Another example is that the

measured values of R for the low-lying positive parity excited states in 0

are about 2 which are far below the value 9 as predicted by using a shell model

of two active neutrons outside an inert 0 core. These data have been analyzed
o

by Lee and Lawson to further clarify our shell-model descriptions of the

"soft" 0 core and the structure of these states.

The strong isospin-dependence of the TTN interaction can also be use 1 to

study the isospin mixing between two shell model wavefunctions. The strength

of the mixing (measured by 5 = V/AE where V is the isospin symmetry breaking

force) can be determined by comparing the calculated ratio R between the (IT,IT')

cross sections for these two states and the ratio measured experimentally. This

study can be carried out in the region where the lp-lh components of these two

mixed states with respect to the ground state are simple. The c1 rarest example
- 12

could be the "stretched" states 4 in C at ^20 MeV. The shell model of

Millener and Kurath predicts that in this excitation energy region a (4 ,T=0)

state lies within a few keV of the lowest (A ,T=1) state. The calculated ratio

of cross-sections of T=0 to T=l states is about R=2 which differs significantly

from the value R=4 arising from the simple extreme jj-coupling picture. Fur-

thermore if these close lying states mix, then R will be sensitively affected

depending on the sign and strength of 6 as seen in Fig. 3. We note that it is

important to use a realistic shell model to study the problem of isospin

mixing.

The second interesting study of nuclear structure by using pions originates

from the fact that the spin-dependent part of the TTN interaction is strong and

is known accurately. It is therefore very effective to use (7r,7r?) to probe the

lp-lh component of the "stretched" states which can only be reached by the

spin-flip mechanism. Such studies have been carried out for the 6 states in
28 — 12 16

Si, and recently the 4 states in C and 0. We will hear more about them
later in this meeting. Here, I would like to illustrate this study by pre-

54
senting an interesting case of the 8 states in Fe. Recent electron

scattering measurements have observed four T=l 8 states ranging from 8.3 MeV

to 10.7 MeV, and one T=2 8~ state at ^13.3 MeV. The relative strengths of these

M8 transitions have all been determined. The important question is how these



states will be seen by pions. To investigate this, Lawson and Teeters have

carried out a shell model calculation by assuming that the ground state of Fe
14 - 13

is described by [ ( f ^ ) ^ ] and the 8 states are by [gg/2 l/2*^
f7/2^JT^8T W i t h

T f = 1,2. There are four T' =2 states and 16 Tf=l states in this model. If one

takes the (fy/2^ interaction energies from Co and the (g . f . ) matrix

elements from the True-Schiffer central potential, the calculated spectra and

their M8 strengths are in qualitative agreement with experiment. Furthermore,

in the absence of anv (g . f . ) interaction the configuration

[gg,2 i/2
X^7/2^7/2T=l/2^81 (whicn corresponds to purely neutron excitation)

will lie about 4.5 MeV below tgg/2 w 2 * ̂
f 7 / ^ 7/2T=3/2^81" C o n s e cl u e n t ly t h e

yrast 8 state is expected to be mainly the former configuration and hence to

be mainly neutron excitation. Thus it would be expected to show up approxi-

mately nine times more strongly in IT scattering than in IT . When the wave-

functions of the detailed shell model calculation are used the predicted ratio,

a (IT )/a(i\ ) = 34 at 9 ^ 80° with a (IT ) having a magnitude of - 0.06 mb/sr.

(see Fig. 4). It is also found that the calculated ratio R for the higher 8

states sre distinctively different from each other. Therefore, measurements of

R as wull as their absolute cross sections will reveal very interesting struc-

ture information about the relative strengths between the lp-lh components of

neutron and proton.

IV. FUTURE WORKS

The DWIA studies have demonstrated that the pions can probe microscopically

the structure of nuclei in many interesting ways. Further works, both theore-

tically and experimentally, will certainly enrich our knowledge about nuclear

structure. Experimentally, it will be interesting to improve the beam intensity

and the energy resolution 30 that weak states predicted by sophisticated shell

models can be better measured. The determinations of the strengths of those weak

states are important for our understanding of NN correlation inside the nuclei.

Theoretically, one should improve the calculations at large 9 by including the

relativisLic correction terms in the construction of U . The effects of
7 a&

coupled-channel should be studied quantitatively. Finally, we should try to

construct theoretically the optical potential which is still the most pheno-

menological object in our model.
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ELECTRON SCATTERING FROM Pb

by

J. Heisenberg

University of New Hampshire

Durham, N.H. 03824

The purpose of this workshop is to compare the various probes that are now-

adays available for the investigation of nuclear structure. If in the title of

the talk the element Pb appears, then it is because Pb is the nucleus where

electron scattering has been applied most extensively to obtain nuclear struc-

ture information. This investigation ranges from the precision determination of

the ground state charge distribution to which many laboratories contributed

including Stanford, Mainz, Tohoku, Yale, MIT and Saclay fl] to the identifica-

tion of high spin states [2] and many more fascinating subjects. In fact the

diversity of cases can be taken as representative of what electron scattering

can do for ouv understanding of nuclear structure.

I will try to show how the electron scattering results are very closely re-

lated to the underlying nuclear structure and to th^ residual interaction. I

will first discuss the low lying negative parity states in ' ^Pb. In the

second part I will discuss the identification of the high spin states, and in the

third part I will try to show some consequences for the nuclear interaction.

In electron scattering one measures form factors which are •le Fourier-

Bessel transforms of single particle densities. These densities can be recon-

structed in coordinate space from the measured form factors. This can be done

with extreme precision.

Most of you probably have seen already the ground state charge distribu-

tion [1]. Thus, I will show in Fig. 1 the extraction of the transition charge

density to the octupole vibration which is compared to several RPA predic-

tions [3]. With such remarkable agreement in the prediction one would say
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that the dominant features of this

state have been understood even

though still substantial discrep-

ancies in the interior of the

nucleus remain.

In addition to the transition

charge density, electron scattering

is sensitive to the currents in the

nuclear transition which are seen

mostly in backward direction. It is

possible to divide the currents of

a natural parity transition into

two pieces: one that is divergence-

less and a second part that behaves

like irrotational incompressible

flow and is uniquely tied to the

transition charge density [4]. The

/ery collective states such as the

1 level presented or as the rota-

tional or vibrational states are

characterized through the absence of

this divergenceless current while for

instance states built from pure neutron configurations are dominated by such

divergenceless currents. The presence of such divergenceless currents is

usually a sign of a few dominant ph configurations.

An example for such a state is the second 5~ level in 2 0 8Pb at 3.71 MeV.

Figure 2 shows the electron data from Lichtenstadt [5] for 90° and 160° scatter-

ing. The dashed curve gives the cross section by just assuming the modified

Tassie model which means: restriction to irrotational incompressible flow.

For the 3~ state the data at 160° would agree with the Tassie prediction.

The disagreement in this case demonstrates a fairly strong transverse contribu-

tion which must originate from a very few ph contributions.

It is clear from the ph energies which ph components are dominant in this

-2

Fig. 1
Experimental transition charge den-
sity for the 3 octupole vibration
in 2 0 8Pb and comparison to theoret-
ical predictions [3].

state: They are the v (2gg/2 2f 5 / 2
 x) and the ir(lh9/2 3s 1 / 2 ) components. The

fit shown here is made assuming just those two components, and one can see that
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it gives a reasonable fit. From it we

obtain a ratio of these two components

as well as the transition charge dens-

ity.

Such a fit constitutes a separa-

tion of the transverse and the longi-

tudinal components and thus is approx-

imately the equivalent to the Rosen-

bluth separation in the absence of

Coulomb distortion.

One of the main features of elec-

tron scattering is its sensitivity to

the interior of the nucleus. Since

densities come in all shapes and

varieties there is no typical multipole

form factor. For that reason electron

scattering can not generally be used

to determine the raultipolarity of a

single weak transition. The earlier

mistaken identification of 1 states in

208Pb demonstrates this point. It can

also be demonstrated with the next 5 state at 3.961 MeV (shoxm in Fig. 3). The

lorm factor observed at 90° resembles more the form factor of the 4.90 MeV 10

state than the form factor of the lowest 5 state. Clearly electron scattering

does not identify this state at 5 .

We have to use the identification including other probes. The most

important of those is the 2093i(t, a) 208Pb reaction which shows that this state

is built dominantly from the iT(lhg,9 3s, ,„ ) component. T..is would allow only

a 4 or 5 assignment. Since we observe in electron scattering a longitudinal

form factor the 4 assignment is ruled out and this must be a 5 level. This is

confirmed by ppf scattering. Because of the strong absorption these experiments

are mainly sensitive to the surface where this state looks much more typical.

The rather strong transverse form factors indicate again the dominance of just

a few ph components. Again from the ph energies we expect the dominance of the

same ph components that also build the 3.709 MeV 5 state. Since this state

Fig. 2 _
Cross section for the 5 state at 3./I
MeV in 2 0 8Pb. The upper data repre-
sent the 90° cross section, the lower
data were taken at 160°.
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must be orthogonal to the pre-

vious 5 states, the two ph

components must have relative to

each other the opposite sign

from the 3.709 MeV state. We

can consider these features in

the fitting and obtain a rather

convincing description of the measured

form factors shown in Fig. 4.

In the 3.709 MeV state the in-

duced charge and the 3s -*• lh proton

density add in a coherent way to en-

hance the surface peak. In the 3.961

MeV state the induced charge and the

proton charge density add destructively.

This happens since the induced charge

follows mainly the neutron density

which has the opposite sign in this

state. The induced charge is surface

peaked and cancels almost completely

the surface peak or the proton 3s -*• Ih

charge density. However, it does not

extend into the interior and thus cannot lead to a cancellation of the interior

lobe. Thus we end up for this state with a charge density that is dominant in

the interior of the nucleus and thus we probe with it the residual interaction

in the interior of the nucleus.

We have to discuss one more state before we can proceed to the more subtle

questions. This state is the 7 level at 4.037 MeV which is dominated again by

the v(2gg,2 2^5/9 ) Ph component. It is adequately described by this configur-

ation as Fig. 5 shows. The energy of this state is almost exactly at the ph

energy of this component so that its dominance is not surprising.

From the experiments on 2 0 8Pb some 40 to 50 levels have been observed.

Fig. 6 shows a spectrum obtained from 160° scattering of 185 MeV incident energy

electrons. From the many levels observed we believe we have identified some

transitions to high spin states. These are the levels listed below:

Fig. 3
Data measured at 90° from various
levels in 208Pb.
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Clearly in that region of excitation

energy the level density is very high -

rauch t o o h i g h t o reSolve all the states

with the present resolution of the

Bates facility. Thus one is limited

to the investigation of those levels

that are strong and dominant at least

i n c e r t a i n r e g i o n s of momentum transfer.

These are the collective levels and

even though the levels listed are

single ph excitations the collectivity

comes through the many particles or

h o l e s a v a i l a b l e i n t h e orbits involved.

With the example of the 5 state
+

that shows itself as if it were a 10

state one has to ask: How can we make

an identification of a high spin state?

Couldn't these states also be some low

spin states with unusual form factors?

In principle this is true and we

need additional help in order to make

a positive identification. This help

can come from (pp1) experiments (a,a') or others. We can also obtain this help

if we look at the more general situation: The negative parity states show that

there is a rapid decrease in collectivity as the multipolarity increases. The

only really collective state is the 3 level, it is about 1.4 MeV lower than the

lowest ph-energy. The 5 levels are really not that collective and correspond-

ingly have dropped only about 200 keV below the corresponding ph-energies.

Finally the 7 states is almost exaccly at the ph energy and no collectivity is

observed. If we take the energy shift from the closest ph energy as a measure

of the collectivity, we see a similar pattern in the magnetic states. The first

2 state is shifted up from its dominant ph energy by ^200 keV. The 4 state

is as close to the ph energy as possib'e and so is the first 6 state. Thus

collectivity in magnetic states seems rather small.
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At this point let us not pursue the consequences or the observation to the

residual interaction but let us simply use it as a guide of what to expect. It

means that high spin states should have little collectivity and should be found

in the vicinity of the ph energies, typically shifted by not more than 200 keV.

A further trend can be seen if we look at tha magnitude of the transition

charge. Figure 7 compares the charge densities for the 3 , 5 and 7 states.

Both the 5 and the 7 state are dominated by neutron configurations. Extra-

polating this to higher multipolarity predicts that the charge associated with

dominant neutron configurations should be even less than in the case of the 7

state, which means hardly observable.

Let us look at the ph levels in Fig. 8 to see which high spin states one

would expect. We see that the highest spin, natural parity state can be built

from (̂i-i-i IJ i-i-3/o ) component coupling to a 12 state with a ph energy of

about 5.84 MeV.

The predicted cross section is given in Fig. 9. There is only m e state

in the vicinity of 5.9 MeV that has this shape which is the 6.1 MeV state. The

form factor looks almost entirely transverse. Thus the interpretation of this

level as the 12 level is the most likely interpretation since it is in accord-

ance with our expectation. The induced charge with this interpretation would be

0.0 ± .12. We find another interesting observation: While low spin natural

parity states have dropped considerably below the ph energies because of the

attractive nature or the residual interaction, we find this state pushed up,

which means that the dominant residual interaction is repulsive.

The next lower multipolarity is 10 . There are indeed four ph-components

with ph energies below 7 MeV, only one of them being a proton configuration.

The small charge associated with the 7 or ev'en much more the 12 state

indicates that at these higher frequencies the residual interaction between neu-

tron and proton configurations is small. We find that observation confirmed by

the fact that the 5.92 MeV 10 state has the shape of the form factor predicted

for the v(i-ii/2 ^l^/? ^ configuration. There is only very little charge associ-

ated with this transition which shows that the proton configuration does indeed

not couple with this configuration in any significant amount.

There are two more 10 states that had already been observed at Mainz and

identified by the Mainz Erlangen collaboration. These are the 10 states at

4.90 MeV and 5.07 MeV. These two states show about equal strength in the forward
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scattering which indicates that these two states must be approximately two

orthogonal combinations of two almost degenerate ph states similar to the situ-

ation with the 5 states. However, here, the induced charge is negligible and

thus the two states have very similar form factors.

We have a level at 5.45 MeV, which unfortunately can not be separated from

a very-close and strong 7 level, which we would like to interpret as the fourth

10 state. After subtraction of the extrapolated 7 form factor we obtain data

that resemble the expected 10 form factor. Obviously this is not a very positive

identification which may be made more for the absence of any other level that

could be interpreted this way. The maximum of the 10 charge form factor falls

into the minimum of the 7 charge form factor which allows us to quote a maximum

limit on the proton configuration. If we add up all the observed longitudinal

strength we find only 85% of the predicted single particle strength. If this
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missing strength were concentrated in

one or two states these states would

have been observed in electron scat-

tering thus we have just two possible

explanations:

a) fractionation into a very large

number of states, or

b) a slightly repulsive pp residual

interaction causing an effective charge

of the proton of less than one.

Thus we may learn from these ex-

periments about the effective momentum

dependence of the residual nucleon

nucleon interaction, about its density

dependence and its isospin dependence.

So far I have completely neglected

the magnitude of the currents in the

transitions. As I did show, many of

the levels observed have substantial

transverse currents. This magnitude

can be tested best in those levels that

most certainly will be dominated by a

single transition. These are the 14 state, the 12 state or those levels in

2 0 7Pb that are interpreted as a single nucleon-hole states. In all those cases

we find a substantial reduction of the measured strength as compared to the

single particle prediction.

This reduction is seen in many transitions listed below

transverse magnetic transverse electric

Fig. 9
Measured cross section of the 6.1 MeV
state in 2 0 8Pb and the single particle
prediction for the 12 state.
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This result is surprising in particular in contrast to the situation with the

induced charge. The induced charge varies from almost zero to the rather large

values in the collective states or the E2 cases. In this variation only a small

part of it is to be blamed on the momentum dependence of the residual interac-

tion. Additional variation comes through the density of ph components which is

quite different for high spin states as for low spin states.

If the reduction were to be caused by the residual spin exchange interaction

one needs considerable interaction strength. This seems somehow to be in con-

trast with the observation that the magnetic states experience only a minimum

shift from the unperturbed ph energies.

One certainly would not be surprised if the momentum dependence of the re-

sidual spin exchange interaction would be different from that of the direct part,

but one should at least see the variation in strength originating from the dens-

ity of ph states which one does not. Thus it looks as if quite different mech-

anisms are to be blamed in this case. Most likely the reduction will be a

combination of various effects. The most dominant are:

Residual spin exchange interaction,

meson exchange currents, and

second order renormalization.

The problem with the residual interaction is a problem of energetics. If

you only look at the strength it is certainly possible to find a residual inter-

action that gives the right strength unfortunately such an interaction would

cause large shifts in energy from the ph energies which are not observed.

Meson exchange currents certainly play a role. Dubach has calculated Meson

exchange corrections for the 14 state and he finds approximately a 20% reduction

in strength. Such effects help but they are certainly not enough. However, we

see from this result that MEC are an important part of understanding the quench-

ing in the currents.

The first two effects mentioned change the q-dependence of the form factors,

the second order renormalization does not change the q-dependence and it would
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renormalize the transverse electric currents in the same way as the magnetic

currents. This second order renormalization is due to the presence of RPA and/or

pair correlations in the ground state. Gogny has calculated from the RPA that

th±re should be about 16% depopulation in the 3s. ,„ state. This explains about

half of the discrepancy in the central density of the ground state charge distri-

bution between theory and experiment.

The presence of stronger correlations would solve several other problems:

1) Since it affects most the orbits at the Fermi-level it would lead to a strong

depopulation of the 3s./„ orbit and the 2d orbits. Thus it would account for the

absence of the central hump in the ground state charge distribution.

2) The interior structure of the 3 density is produced mostly by the ir(2f7 .„
-1 -1

3s, ir, ) and the ir(3p2d ) components. With the depopulation of the 3s and the

2d levels these components are reduced in amplitude and thus would improve our

general agreement with the experimental density.

3) In RPA predictions for the 5 levels the 3.7 MeV state is usually predicted

too strong in comparison to the lower 5 state. This level gets most of its

strength from the irClhg,- 3s. .„ ) component. A reduced 3s occupation number
would again mostly reduce the strength of the 3.71 MeV level and would again

bring theory and experiment closer together.

It is not clear at the moment what the origin of these correlations are.

Maybe, there is a strong residual interaction that causes the quenching in the

currents. This interaction is not included in the present RPA calculations, thus

its inclusion would give more collectivity and thereby stronger RPA correlations.

The relative magnitude of these effects is difficult to determine without

explicit theoretical calculation. Experimentally we can help though, by measur-

ing the form factors precisely.

Most likely all the three effects will contribute and we have to leave it to

the theorists to calculate the proper magnitude of the effects mentioned.

We have learned about these high spin states and claim that they are usually

neutron or dominant proton states. A probe that distinguishes p and n config-

urations such as the pion may be ideal to check these findings. The p itself

interacts with different strength with the proton or neutron. Our interpreta-

tions, however, seem to show that the q dependence of these two terras may be

different and thus one would first need a probe to calibrate the interaction.
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This certainly may be the case as well with pions. But the more information is

available the more we will finally trust our understanding of the nuclear struc-

ture and/or the residual interaction.
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INELASTIC PROTON SCATTERING AT MEDIUM ENERGY

by

W. G. Love
Department of Physics and Astronomy

University of Georgia
Athens, GA 30602

ABSTRACT

Some of the most essential characteristics of the nucleon-
nucleon interaction for probing nuclear structure at bombarding
energies between 100 and 800 MeV are considered. Using a local
representation of the on-shell N-N t-matrix, data for a variety
of specific transitions at IUCF and LAMPF energies are discussed
with an emphasis on the nuclear structure information sampled by
proton scattering. The importance of incorporating constraints
on nuclear structure imposed by electron scattering is stressed.
Some rather unique aspects of the (p,n) reaction at intermediate
energies are discussed in terms of its energy dependence and
nuclear structure sum rules.

I. INTRODUCTION

It is convenient to regard the problem of understanding proton scattering
(and charge exchange reactions) at intermediate energies as being separated into
two parts. The first part is that of representing (and extrapolating) infor-
mation from the nucleon-nucleon (N-N) phase shifts by means of an effective
interaction (or coupling) between the incident and target nucleons. (A single
scattering approach is assumed throughout.) The simplest approach to this part
of the problem is that of using the free N-N t-matrix-'- itself as the effective
interaction. Although this assumption is known2 to be marginal for some types
of transitions at IUCF energies, it works reasonably well overall and provides
a convenient point of departure for further refinements such as the inclusion of
Pauli blocking, Fermi averaging, etc. The second part of the overall problem
is then one of appropriate application of the derived interaction to interpret
experimental data for different types of nuclear transitions and thereby extract
nuclear structure information. Clearly, those non-nucleonic degrees of freedom
within the nucleus require some modification of this scheme.
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Since the use of the free N-N t-matrix for the effective interaction is not
well founded, the two phases of the overall problem are not as clearly sepr-ated
as they are for electron scattering where the electromagnetic coupling is both
weak and well understood. Indeed, appeal to experiment must invariably be made
initially to gain confidence in the effective N-N interaction regardless of its
origin. Nevertheless, it will be assumed here *"hat the problem of understanding
proton scattering at intermediate energies can be separated as outlined above
and each aspect of the problem will be discussed accordingly.

II. THE EFFECTIVE INTERACTION

The precise relationship between N-N data and a reasonable effective inter-
action (v) for nucleon-nucleus collisions is generally not a simple one. In
the impulse approximation,3,4 this connection is made in terms of the free N-N
t-matrix by assuming a local, complex form for v acting in each N-N spin and
isospin state. In particular, the parameters of v(i") are adjusted until

t M(E,n) = /d
3r tT i k'" r v(?)[l + (-)" PX] e i K % r (1)

wnere t^jj(E,6) is the free N-N t-matrix, k(k') is the initial (final) wave num-
ber in the N-N center of mass system and the factor (-)'- (with >: = relative
angular momentum in the N-N system) ensures antisymmetrization in the N-N
system. The space exchange operator P x changes r to -r on the right. To
represent the generality of the on-shell t-matrix v must include central, spin-
orbit and tensor terms so that

vo(r)

)'i-t^2 + vT(r)S12 + V ^ O S ^ T ' ^ (2)

For computational simplicity, the radial parts of the central and spin-orbit
components of v are taken to be a sum of Yukawa forms; the radial form of the
tensor term is taken to be r^ times a sum of Yukawa terms. The longest ranged
Yukawa term is usually taken to be the OPEP; the terms of shorter range are ad-
justed to fit the t-matrix in Eq. 1.

As implied by Eq. 1, v is to be used with antisymmetrized wave functions.
The associated knockon exchange amplitudes may be calculated reliably (for the
central and LS parts of the force) in well-defined short-range approximations.-'
Using these approximations enables one to understand rather simply the important
momentum transfer (q) dependence of v when both direct and exchange terms are
included. For example, the amplitude for transferring momentum q is, for the
central force, proportional to

t(q,E)-= v(q) + (-) v(kQI)
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whr.re {-)''• implies that the si^n oF the odd-state parts of v are changed, v is
the Fourier transform of v and k™, denotes the momentum of the projectile rela-
tive to the target. Figure 1 shows the modulus of each of the components of
t(q,E) at E = 210 MeV as it contributes to natural and uiuatural parity tran-
sitions. These curves strongly suggest that the spectrum of natural parity
states should be dominated by the central force for small q with the spin-orbit
term increasing in importance with increasing q. The excitation of unnatural
parity states should be dominated by the central force at small q; for larger q,
the spin-orbit (tensor) part of the force becomes important for isoscalar
(isovector) transitions.

These basic trends persist throughout the energy regime considered here
with a strong tendency for the spin and isospin dependent parts of the force to
become relatively less important above 400 MeV particularly for calculations of
do/d^. This aspect is made more precise in Fig. 2 where the central parts of
the forward scattering t-matrix are plotted against bombarding energy for each
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Fig. 1
Momentum transfer dependence of the magnitude of the N-N effective
interaction near E = 210 MeV. The knockon exchange terms for the
central (C) and spin orbit (LS) parts of the force have been in-
cluded in the asymptotic energy approximation (see Eq. 3 ) . The
tensor (T) interaction only includes the direct terms.
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Fig. 2
Energy dependence of the magnitude of the t-matrix at zero momentum trans-
fer. Note that OBE terms in higher partial waves (>';6) are not included.
The predominant effect of their inclusion should be to make t_ decrease
less rapidly.

spin and isospin transfer. The normalization is such that t(q=O) corresponds
to the usual volume integral^ often quoted at lower energies. The N-N ampli-
tudes at 100 and 140 MeV are based on the phase shifts of MacGregor, Arndt and
Wright3; those at 210, 325, 425, and 515 MeV are based on the phases of Bugg
et al.3 and those amplitudes at 800 MeV are based on phases provided by Arndt.
At 140 MeV, the tensor force used is that given by Bertsch et al.3 which is
based on the Sussex matrix elements. (The curve for tGT will be normalized
upwards, particularly at the higher energies, when the contributions from OPEP
to the higher partial waves are included. A rough estimate suggests that ;t0Tl'
should not fall below -120 MeV-fm3 in this energy range.) This figure strongly
suggests a relative enhancement of isovector modes in excitation spectra below
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-500 MeV. This changing spin and isospin character of the force should help in
the identification of different types of excitations which depend on different
parts of the force. At all energies the tQ component is very weak. Figure 3
gives a rough measure of the relative importance of the central and non-central
parts of the force as a function of bombarding energy. While to is rising
rapidly with increasing energy above 400 MeV, the other force components (cen-
tral and non-central) are either decreasing or remaining relatively small.
Although the 800 MeV phases are not as well determined as those at lower
energies, the rise in tQ reflects the known rising N-N total cross section so
that the dominance of to at this energy is unlikely to be qualitatively altered
by OBEP contributions to the higher partial waves. In order to represent the
strengths of each force component by a single number at each energy, the value
of |tj in Fig. 3 was evaluated at q = 0 for the central force and at the
maximum value of the non-central part of jtj for q<2fm~1.

III. RESULTS

The inelastic proton calculations reported here were made in the distorted
wave impulse approximation (DWIA) using a modified version of the code DWBA-70.^
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Fig. 3
Energy dependence of central and non-central parts of the t-matrix as
a function of bombarding energy. See the remarks regarding OBE
contributions in Fig. 2. AS denotes spin transfer.

30



Both direct and knockon exchange terms were included. Most results at IUCF
(LAMPF) energies include the knockon terms exactly (approximately). The t-
matrix interactions of Ref. 3 were used in most of the calculations reported
here.

A. The (p,n) Reaction
Although measurements of (p,n) cross sections at intermediate energies are

more difficult than (p,p') measurements, the (p,n) reaction is more selective
in that only isovector excitations occur and data may be taken as far forward
as 6 = 0°. For this reaction, the energy dependence of the probe characteris-
tics (t-matrix) has been especially important for understanding recent (p,n)
results2*7>8 at IUCF compared with earlier results at lower energies. This is
illustrated in Fig. 4 where the ratio |taT/tT j

2 at q = 0 is plotted as a func-
tion of energy. Since data has been taken primarily at forward angles the non-
central parts of the force are not considered and the plotted ratio is (apart
from nuclear matrix elements) a good measure of the relative cross sections to
be expected for spin-transfer (S = 1) and non-spin transfer (S = 0) types of
excitations. Parity and angular momentum considerations further restrict thase
transitions at •'; = 0° primarily to Gamow-Teller and Fermi excitations"
whose nuclear matrix elements for small q are given by

<GT> = ^

and

'i (5)

respectively. Near 0° the (.p,n) differential cross section may to a good

6

5

0
0 100 E ( M e V ) 200

Fig. 4
Energy dependence of |tOT/tT|

2 between 10 and 200 MeV proton bombarding
energy. Below E p = 100 MeV the ratio is based on the use of a G-matrix

3

which empirically overestimates this ratio below ~80 MeV.
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approximation be expressed" as

( 0 ) = (^r)2^ (ND|t<F>(2 + N
D It <GT>|2} (6)

dw Trfi k. T ' x ' ax1 ax '

where the N D are readily calculable distortion factors and tT and t 0 T are eval-
0 T

uated at q = 0. Figure 4 and Eq. 6 indicate that the sensitivity of the (p,n)
reaction for probing GT strength is greatly increased at IUCF energies relative
to bombarding energies below 50 MeV. This result has been used^j? to explain
the prominence of 1 + states seen in the (p,n) reaction near 0° at IUCF energies.
By comparing experimental (p,n) data for states having known (from 8-decay) GT
and Fermi matrix elements with calculations using Eq. 6, empirical values of
t T and t 0 T have been deduced" which agree in magnitude with those derived from
the free t-matrix to within ~10%. This establishes the (p,n) reaction as a
quantitative probe of GT strength. (The Fermi strength is assumed to be ex-
hausted by the isobaric analog state.) A sura rule^ for the full GT strength may
be derived by considering the ground state expectation value of the commutator
[A+,A] with A = £t_(k)a(k), the operator for GT strength for (p,n) reactions.
If the total GT strengths S n(o) and S (a) are defined by

Spn(o-> = z|<GT;(p,n)>|2_+f, s ^ o ) = jj | <GT; (n,p)> | ̂ f (7a)

then the GT sum rule is

Spn(a) -S n p(a) = 3(N-Z) (8a)

The analogous sum rule for Fermi transitions is

S (1) - S (1) = N-Z (8b)
pn np

The factor of 3 in the GT sum rule arises from the intrinsic size of cr (a-a = 3).
For N = Z, Eq. 8 is simply a statement of the equality between (p,n) and (n,p)
strengths. More generally if the Fermi levels for neutrons and protons are
denoted by F and Fn,

V a ) -
< F

- n

<F i
Jp-rp

and for nuclei with an appreciable neutron excess, Snp will be small since a
will typically be unable to connect occupied proton states with unoccupied
neutron states leaving Spn~3(N-Z). To date only about 30% of the GT strength
has been identified^ in. medium to heavy mass nuclei.

A model dependent sum ~ule for the orbital counterpart of the GT operator
may be derived by replacing CJ by t in Eq. 4 and in the commutator above giving
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Spn(t) - Snp ( t ) " " ( M - I X N ^ ) (8c)

where N^ is the number of neutrons with orbital angular momentum t etc. The
(p,n) scattering operator is relatively transparent to this strength since the
N-N isovector spin-orbit coupling is weak; this may not be true for the (ir;7t°)
reaction, however, which is much more sensitive to convection currents.^

Because of the relative insensitivity of the (p,n) reaction near 0° to con-
vection currents, it may be used together with (e,e') data to help disentange
the spin and orbital components of the transition densities for isovector Ml
excitations. In particular, if |i'> denotes an isovector 1 + excitation in the
target having (T,T ) = (T,T ) then

i" i' ] = A <GT>? Au -U ) 2 x(T° = T' - TO («»
Vo2 8" ^ f n P (2T +1:T' = T +1

o o

where \i - Wn = 4.70, y0 is the nuclear magneton and |f> is the isobaric anologue
of |i'>. When <GT> can be inferred from (p,n) data a measurement of (e,e') to
the parent state in the target can give rather direct information on the orbital
component-'--'- of the transition density. Using Eq. 9, the (p,n) reaction has also
been used-^ to help corroborate identification of Ml strength in the target,
but for heavy nuclei this is difficult since most of the GT strength lies in
T< = T -1 states (note the factor To in Eq. 9 ) . C. D. Goodman wil] have more
to say about the (p,n) reaction later in this workshop.

The enhanced spin dependence of the isovector part of the N-N t-matrix at
intermediate energies also suggests the possibility of studying other isovector
modes-^ (1~,2~ etc.) having appreciable S = l amplitudes. Such modes might be
seen in both (p,p') and (p,n) reactions.

B. The 12C(p,p') and lt*N(p,p') Reactions
In addition to providing an important test of the effective interaction,

a study of the inelastic excitation of states in these nuclei also illustrates
the importance of (e,e') data in helping to extract nuclear structure informa-
tion from the (p,p') reaction. In particular, DWIA calculations have been
made2>13 ancj a r e compared with recent data-^

 from IUCF at Ep = 122 MeV for those
transitions believed to be reasonably well described by p-shell wave functions.
Using the Cohen-Kurath wave functions-*-1* (CKWF) as a starting point, calculations
were made for the 12C(p,p') reaction leading to the 2+ T = 0 state at E x = 4.44
MeV, the 1+ T = 0 state at 12.7 MeV, the 1+, T = 1 state at 15.1 MeV and the
2 +, T = 1 state at 16.1 MeV and for the excitation of the 2.31 MeV state in 14N.
A comparison of the experimental and calculated cross sections are shown in
Figs. 5-7.

For the 2 + state in 12C at E x = 4.44 MeV, the CKWF reproduce the shape of
the longitudinal (e,eT) form factor-^ out to q~2fm~1 but underestimate its
magnitude by a factor of 2. On this basis the renormalized spin-independent
part of the transition density should be reliable out to 6cm~5O° for the (p,p')
reaction at this energy. When this renormalization is included, the calculated
(p,p') cross sections which are primarily sensitive to to and t^g are too large.
Reducing the imaginary part of t by a factor of 2 as is suggested by a
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Comparison of experimental and calculated cross sections at E p = 122 and
800 MeV (and analyzing powers at 800 MeV) for excitation of the 4.44 MeV
2+ level in 1 2C. CE denotes Coulomb excitation; C indicates that the
imaginary central part of t was halved.
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comparison between empirical and folded optical potentials brings the calculated
and measured cross sections into reasonable agreement. It is not presently
understood why the calculated cross section is too small beyond 6cm~40°. Anal-
ogous DWIA calculations have been made for this transition at 800 MeV where the
enhancement factor suggested by (e,eT) measurements brings the calculated cross
sections into very reasonable agreement with the data16 as is shown in Fig. 5.
Even the asymmetry1? data is moderately well described by microscopic standards.
These results support the anticipated1.18 greater validity of the DWIA at this
higher bombarding energy. Also shown in Fig. 5 are collective model results
which are in somewhat better agreement with the data.

Excitation of the 2+ T = 1 state at 16.1 MeV can proceed via tT, tCTT and
the strong isovector part of the tensor force t T x; the isovector part of the
spin-orbit force is small. Since the transition density given by the CKWF for
S - 1 is comparable to that for S = 0 and at this bombarding energy t 0 T is
relatively large compared to tT, this excitation proceeds primarily by tCTT and
tj T. Figure 6 shows that the calculated cross section is in good agreement with
the experimental one provided it is reduced by a factor of ~0.6. Using these
same wav f t i th l l d | g

F T(q)|
2 requires a

p p v e d it is reduced by a factor o
same wave functions the calculated transverse form factor |FT(q)| requires a
reduction factor of -0.7 at its peak in order to agree with that deduced from
(e,ef) .J--)

Excitation of the 1+ T = 0 state at 12.71 MeV should "normally" proceed
via the ta part of the interaction. However, this part of t is weak and poorly
determined and the calculated cross sections shown in Fig. 6 agree poorly with
the experimental data. For this transition (e,e') measurements19 have helped
little in understanding the (p.p1) reaction since the (e.e1) cross section is
much more sensitive to small isovector impurities. The large forward angle
calculated cross section can be traced to the knockon exchange terms associated
with the (isovector) tensor force.
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Fig. 6
Comparison of experimental and calculated (DWIA) cross sections a t
Ep = 122 MeV for exci tat ion of the 12.7 and 16.1 MeV s ta tes in 12C.
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Excitation of the 1+ T = 1 state at 15.1 MeV is mediated primarily by the
t0T part of the interaction whose origin is largely the OPEP. Figure 7 shows
a comparison between the experimental and calculated cross sections using the
CKWF. Although the more recent wave functions of Dubach and Haxtonl9 (DHWF)
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Fig. 7
Comparison of experimental and calculated (DWIA) cross sections at E p = 122
and 800 MeV (and analyzing powers at 122 MeV) for excitation of the 15.1
MeV level in 1 2C.
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provide a much better oescription of the (e,e') form factor for q>1.5 fra"1, they
yield a (p,p') cross section only tokenly different from that obtained using the
CKWF. This can be understood in terms of the Fourier transform of the trans-
verse transition densities defined by

M . T ( q ) = < J f I I Z j T ( q r . ) [ i L Y ( f i ) ® j ( i ) ] J
T . | | j . > , L = J ± l . ( 1 0 )

Lt<J I 2_ LJ J- JJ 1 X Z 1

In (e,e') the L = 0 and L = 2 terms are coherent; for (p,p') they enter largely
incoherently. Although the M Q I corresponding to the CKWF and DHWF are quite
similar (and dominant) the CKWF M21 is larger than that of the DHWF and inter-
feres destructively with MQJ in the range of q corresponding to the second peak
in the (e,e') form factor. By constrast the L = 2 term arising from the DHWF
is relatively small but interferes constructively with the L = 0 term in the
(e,e') form factor. Also shown in Fig. 7 are the corresponding predictions of
asymmetry compared with the recent data of Comfort et al.20 taken at IUCF. The
smaller (larger) angle data show a slight preference for the CKWF (DHWF).

Data for this same transition at E p = 800 MeV have recently been taken at
LAMPF.21 Since the N-N amplitudes are less completely determined than at lower
energies, the interpretation of the data has proceeded slightly differently.
In particular, by assuming that the large angle (n,p) data (in the N-N system)
can be ascribed to that part of the N-N t-matrix involving both spin and isospin
transfer (t0T and t^T) Moss et al. 1 point out that to a good approximation

§(15.1 MeV) =H§) C E*Kq) (11)

Here (da/dsl)^ is the charge exchange cross section in the N-N system at E = 800
MeV as a function of q and I(q) is the square of a distorted wave integral over
the nuclear matrix element. Equation 11 indices use of the approximation^
t(r"]_2) ~ t ( ^ ' ) ^ (?]_-f2) and the observation that tT is much smaller than t-,T;
q1 is the asymptotic momentum transfer. A comparison of the calculated and
experimental cross sections is shown in Fig. 7 where, using the CKWF, an en-
hancement factor for the calculated cross section of 1.3 is required to match
the data. This .is consistent with the 122 MeV results^ but is not presently
understood. The small q N-N charge exchange cross section is consistent with
an effective interaction of the same strength as the long range part of the
OPEP. A tensor force having roughly the same strength (at small q) as the OPEP
is however incompatible (too large) with the 12C(p,p') cross section.

The inelastic excitation of the 0+, T = 1 state at 2.31 MeV in the
1LfN(p,pT) reaction is known^2 to be quite sensitive to the tensor part of t.
This results from the extremely small Mgi(q) for small momentum transfers to-
gether with the relatively greater importance of the tensor force at larger
momentum transfers (see Fig. 1). This is an essential feature of any transition
density which is consistent with the strongly inhibited Gamow-Teller matrix
element for the analogous 3-decay of 1<4C. This is illustrated in Fig. 8 where
MLj(q) is plotted with J = 1, L = 0, 2 using the C-K p-shell wave functions as
well as those inferred^3 recently from electron scattering. The amplitude for
each orbital (L) and total (J) angular momentum transfer to the target in(p,p')
is essentially proportional to M^jCq)• In Fig. 8 the (p,p') cross section ob-
tained by Comfort et al.^3 at Ep = 122 MeV is compared with DWIA calculations
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Fig. 8
Fourier transforms of the L = 0 and L = 2 transition densities for
exciting the 2.31 MeV state in N. CKWF (ee'WF) denotes the wave
functions of Ref. 14 (Ref. 23). The corresponding measured and cal-
culated cross sections for this transition at E p = 122 MeV are shown
on the right.

using each set of wave functions. The cross section associated with the tensor
force is roughly 5 times as large as that due to the central force near 9 c m=30

c

) . Although the results are not especially satisfactory, the magni-
tude of the second peak is only given correctly when wave functions consistent
with (e,e') are used. This is a consequence of the relative sizes of M2i(q) for
the two sets of wave functions used. Of course the CKWF also overestimate the
form factor deduced from electron scattering. The (p,p') cross section at
forward angles is better described by the CKWF; however, unlike the peak near
30°, the (p,p') cross section at forward angles is more sensitive to distortion
effects. This follows from the inhibition of small momentum transfers indicated
in Fig. 8 and suggests that when studying this reaction considerably greater
weight should be given to describing the peak near q = 1.2fm-1. The relative
stability of this peak as a function of bombarding energy has been noted by
Austin.22 More complete (e,e!) data for this transition would be most welcome.
In any case, the small q rise in da/du remains an interesting challenge for
simultaneously understanding the reaction mechanisms for (p,p') and the g-decay
of 1 4C.

C. High-Spin States of Unnatural Parity in 208Pb.
208TIn a recent (e,e') experiment at MIT, scates in zuoPb at 6.42, 6.75 and 7.06

MeV have been tentatively identified-^ as being predominantly
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13/ J15/2) 12~' v^ili/2» J15/2) 1 4~ a n d TT(hll/2'i13/2) 1 2 states respec-
tively. This identification is based largely upon shell-model energetics and
the positions (q ~ 2fm~1) and magnitudes of the peak cross sections. These same
states have also recently been observed2^ in a (p,p') experiment at IUCF. The
excitation of the 14^ and 12^ states is especially interesting since these
states are of the stretched type2^ in which j p= lp + 1/2, j ^ = £j, + 1/2 and
J = j,-, + jft. The amplitude for the excitation of such states in both (e,e')
and (p,p') is proportional to Mj_ij(q) so that a close correspondence between
these two reactions is expected. Both (e,eT) and (p,pf) data for these exci-
tations are considered here using oscillator orbitals with an oscillator
constant of a = O^SSfm"1. Each of the calculated (e,e') cross sections is too
large by -50%; otherwise the single p-h wave functions provide a reasonable
description of the (e,e') cross section data for these states. This overesti-
mate of the (e,e') cross section should not be too surprising since correlations
should work to suppress2? these unnatural parity transitions. The corresponding
results for (p,pf) data at Ep = 135 MeV are shown in Fig. 9 where in each case
the shape of the experimental cross section is well reproduced. This is signif-
icant since the excitation of these high-spin states (at large q) provides an
important test of the DWIA. The magnitudes of the 14~, 12", and 12" cross
sections are overestimated by factors of 2, 1.25, and 5 respectively; the
renormalization required for the 12^ state is clearly inconsistent with the
(e,e') results. From stretched-state arguments2" one may expect that the (p,p')
cross section for the 12V state might not scale with the (e,e') cross section
because there is more than one participating transition density and these are
sampled with different weights in the two processes. Since there is empirical
evidence2'2^ from the 28Si(p,p') reaction that the isospin constituency of the
effective N-N force is adequately represented in the DWIA near q~2fm~J, effects
of configuration mixing of the two 12" states were studied. Assuming

2 , 6.42 MeV> = /l-r' 12 > + -i ,12~>
•J r

112", 7.04 MeV> = -u !12~> + ''l̂ ir2" \l2~r

the mixing parameter a was adjusted until the calculated (p,p') cross sections
were in the observed ratio. Figure 9 shows the strong sensitivity of the
calculated cross sections to a. For only 1% mixing (< = 0.1) the calculated
(e,e') cross section for the 6.42 MeV level is reduced by nearly a factor of 2.
"Agreement" with (p,p') is obtained in this simple model for .»=0 .4+0.1 where
the DWIA cross section for each 12~ state is too large by roughly a factor of 3;
the calculated (e,eT) cross sections for the 6.42 MeV state is ^hen too small
by at least an order of magnitude. This drastic reduction in the calculated
(e,ef) cross section arises from the difference in sign and magnitude of the
neutron and proton g-factors.

It is seen that the (e,eT) and (p,p') data cannot in the current context
simultaneously be described by simply mixing the two configurations without
invoking additional assumptions about tb<? role of excluded configurations.
These results emphasize the importance of examining such excitations with more
than one probe and will hopefully stimulate more sophisticated structure
calculations.-'
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D. The 90Zr(p,p') Reaction and Core Polarization Effects
The excitation of the low-lying 2j, 4+ 6t, and 8f states in 90Zr

provides a sequence of transitions of different multipolarity which sample a
range of momentum components of the N-N interaction. Although in lowest order,
these states arise from a recoupling of a pair of lgc>/2 protons, it is well
established^" that the inclusion of core polarization effects is essential for
a reasonable description of these transitions. For example, at E^ = 159.5

MeV30 the cross sections for the 2^, 4 p 6* and 8^ states are underpredicted in
the DWIA by factors of 30, 10, 3 and 2 respectively when only the (gg/ ?)

2

valence terms are included. Emphasis here is placed on excitation of the St
state at E x = 3.6 MeV which illustrates the importance of the spin-orbit part of
t. For this particular transition where core polarization affects are
relatively unimportant, there is strong cancellation between the short range
repulsive part and the longer range attractive part of t (see Fig. 1) for the
observed momentum transfer (q- 1.9 fm"1) leaving an unusually large spin-orbit
contribution as shown in Fig. 10. The relative importance of the spin-orbit
part of t decreases with decreasing multipolarity (and q-transfer) as inferred
in sect. II and described in Ref. 31. The same type of result arises in a
collective model interpretation of this sequence of transitions where the impor-
tance of the deformed spin orbit contribution increases with increasing multi-
polarity. It is encouraging that this trend can be understood microscopically.
Similar effects of the spin-orbit part of t have been noted in the sequence of
natural parity excitations in ^°Pb. To make a more complete calculation for
nuclei like "Zr much more complete wave functions are needed. Electron
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jrimental and calculated cross sections for excitation of the 8 state
°Zr at Ex = 3.6 MeV by 159.5 MeV protons.



scattering data for this sequence should also be quite helpful in estimating the
effects due to core polarization. -> Inelastic electron scattering data can be
valuable for nuclei like ^"'Pb, ^-'»l°0, 92zr et c_ where the valence nucleons
are neutrons and the degree of polarization of the core protons is obtained
directly by measuring the longitudinal form factor. Polarization of the core
neutrons can then, in principle, be obtained from ({<,p') measurements. More
generally, longitudinal and transverse (e,e') data jrovide important measures
of the enhancement and quenching to be expected in (p,p') for S = 0 and S = 1
types of amplitudes respectively.

E. The Collective Model
Although an understanding of (p,p') scattering in terms of microscopic

models is perhaps more appealing, often the collective model is both simpler
and more successful in describing the data (see Fig. 5). (This is frequently
the case even for the excitation of non-collective states.) Fig. 11 shows a
comparison of very recent LAMPF data-" at 800 MeV with collective model calcu-
lations35 for the 3-̂  collective state in 90Zr at an excitation of 2.75 MeV.

8 10 12 14 16 IS 20

Fig. 11
Experimental and collective model CE°ss sections and analyzing powers for
the excitation of the 3~ state in 90Zr at E x = 2.75 MeV by 800 MeV protons,
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Both the differential cross section and analyzing power are excellently repro-
duced with central and spin-orbit deformation parameters of 0.17 and 1.5 * 0.17
respectively. The deformation lengths are consistent with those found at lower
energy; the deformed spin-orbit term is essential, especially for AV(Q) as has
been noted1 for other nuclei. Results-^ of similar (better) quality hold for
excitation of the "more microscopic" it state at 2.18 MeV. Excitation of this
2, is known to be dominated by core polarization and the collective model
results can serve as a guide as to how these effects should be included.

IV. CONCLUSION

Inelastic proton scattering at intermediate energies has been considered
within the framework of the DWIA. Below Ep~500 MeV where relatively complete
N-N phase shift information exists, rather detailed effective interactions
either have been or are being derived. A similar approach near 800 MeV is being
pursued, but at this energy new N-N data may substantially alter the spin and
isospin dependent parts of the interaction. The gross characteristics of the
effective interaction which seem most important for (p,p') have been discussed
as a function of energy and suggest that reactions below -400 MeV should be
most appropriate for studying transitions especially sensitive to spin and/or
isospin transfer.

Between 100 and 200 MeV bombarding energies (IUCF data) a number of appli-
cations of the effective interaction have been made to a variety of nuclear
transitions. From a purely empirical assessment, the DWIA seems to provide at
least a semi-quantitative description of (p,p') reactions. In this energy range
tr; is not well determined and the imaginary part of to seems to be too large by
as much as a factor of 2. In addition, neither the relatively small isovector
part of t^s nor Tmt;s has been definitively tested.

Microscopic calculations of (p.p1) at 800 MeV are in their infancy. Results
for excitation of the 2 + state in *^C suggest that the overall strength of the
central part of the effective interaction is given accurately by the free N-N
t-matrix. The real part of t,s(q) (imaginary part of v,s(r)) deduced from
Arndt's phases is much smaller and of opposite sign to that found by Ray. " It
will be interesting to see how well the t0 and t used here describe elastic
scattering. More importantly, at this higher energy, more complete N-N data
together with a variety of applications are necessary to clearly establish the
reliability (and limitations) of the (p,p') reaction as a detailed probe of
nuclear structure.
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180° ELECTRON SCATTERING

by

G.A. Peterson
Department of Physics and Astronomy

University of Massachusetts
Amherst, Massachusetts 01003

ABSTPxACT

Electron scattering transverse form factors
are sensitive to nuclear dynamical properties such
as convection, spin, and exchange currents. They
provide sensitive tests of nuclear wave functions
and can be readily compared to data obtained by
using other probes. Recent measurements of trans-
verse form factors by 180° electron scattering are
described.

I. INTRODUCTION

High momentum transfer elastic and inelastic electron scattering at for-

ward angles has provided excellent descriptions of nuclear ground state charge

distributions and of transition charge densities. From such measurements de-

tailed pictures of the sizes and shapes of nuclei can be deduced. On the other

hand, electron scattering at backward angles is sensitive to the magnetic proper-

ties of nuclei. In the nuclear ground state these properties are generally

determined by a few unpaired valence nucleons which contribute to the magnetiza-

tion through their intrinsic spin currents, and in the case of protons, through

their orbital currents. Similarly inelastic excitations may involve spin mag-

netization and convection current densities. By observing electrons scattered

through 180°, such magnetic cross sections may be measured in the relative

absence of charge cross sections. A system of magnets for 180° electron scat-

tering measurements has been constructed by the University of Massachusetts for

use at the Bates Linear Accelerator. The features of this system, the inter-

pretation of recent measurements, and possible future studies will be discussed.
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I I . APPARATUS

A system of four dipole magnets was buil t to operate in an energy-loss mode
2

in conjunction with the high-resolution 90° spectrometer for electrons having

energies up to 450 MeV. The principle of operation may be understood from Fig.

1. The beam travels through equal path lengths in each of the three magnets Dl,

D2, and D3 of equal field strengths B, which serve only as beam transport ele-

ments. The fourth magnet bends the beam along i t s i n i t i a l direction before i t

strikes the target. The back-scattered electrons are then deflected through an

angle a and go into the spectrometer. The forward-going electrons, which have

undergone small-angle multiple scattering in the target, travel about 20 meters

downstream before they are deflected by a pair of large iron-free coils so as to

prevent back-scattering from the beam catcher. In order to observe inelast ically

scattered electrons, the fields in a l l of the magnets are reduced, and the

center magnets D2 and D3 are moved closer to the incident beam l ine, thereby

reducing the angle a of Fig. 1. The angle a to the spectrometer however re-

mains fixed. Thus a constant solid angle for 180° scattering is maintained,

regardless of inelas t ic i ty . A side view of this assembled system is shown in

Fig. 2. In order to convert back to forward-angle scattering conditions, i t i s

only necessary to remove D4, and to insert the usual scattering chamber at the

spectrometer's center of rotation. The 180° scattering apparatus has been used
-4

routinely for the past two years. Resolutions of less than 2.5 x 10 and cross
-36 2

sections of less than 10 cm /sr have been measured.

INCIDENT BEAM
TO SPECTROMETER

. .... *

FIXED ASSEMBLY •

ROLLING SUPPORT TftBLE

Fig. 1.
Schematic diagram of four dipole magnet
system for 180" electron scattering.

Fig. 2.
Side view of apparatus. The middle
two magnets move in a horizontal plane
perpendicular to the beam line.

48



I I I . FORMALISM

In the plane-wave one-virtual photon exchange approximation the differen-

t ia l cross section for an electron of energy E to scatter through an angle 8

when interacting with H nucleus of charge Ze is given byJ

(1)

Here n is a recoil factor, and

= (Za/2Eo)2(cos? | / s i n 4 | ) (2)

is the point Mott cross section. The longitudinal and transverse form factors

FT(q) and F~(q) are functions of the momentum transfer q and contain the nuclea
lj l

structure info: T.ation. The longitudinal form factor is given by

F (q) = —J^ r Jx(qr) YXMCQ)pfl(?)dr
3, (3)

o

where pf.(r) is the transition charge density operator and A is the transition

multipolarity. The transverse form factor is given by

FT(q) = [Z(2J. + l)]"1[T j(q) + Tjq) ] , (4)

where the amplitude T. contains the convection current operator ej(r) and the

amplitude T contains the spin magnetization density operator ep (r) .

By examining Eqs. (1) and (2) it can be seen that in this approximation ttu?
2

longitudinal cross sections vanish at 180°, and that F (q) can therefore be

measured by itself. An expansion of Eq. (1) about <J> = 180° - 6 shows a para-

bolic dependence of the cross sections on <}>. Figure 3 shows this dependence for
12

scattering from the C J.. = 0 ground state, where the finite solid angle in-

cludes some charge scattering at 8 < 180°. Such scattering from charges is

usually small enough to be of little consequence for electron energies larger

than 100 MeV.
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IV. ELASTIC MAGNETIC SCATTERING

For nuclei with J. > 1/2, 180° elastic scattering can take place from the

magnetic multipole moment distributions. It is limited to the odd magnetic

multipoles by time reversal and parity considerations. As an example,
93

Fig. 4 shows the form factor of Nb. Since J. = 9/2, all odd-nagnetic multi-

poles up to M9 contribute. Other experimental techniques, such as NRM or

electronic hyperfine shifts give information only on the Ml and M3 moments at

the q = 0 limit.

Magnetic elastic scattering gives information on the radial distribution

of the nuclear magnetization and hence of the valence nucleons. Another way of

getting valence nucleon radial information is by finding the difference between

the charge distributions of isotone pairs, wherein the charge distribution of
7 8

the odd-proton plus its core polarization is mapped out. An experiment will
get underway this spring at Bates to make a direct comparison of isotone differ-

29 30 31
ence charge scattering and magnetic scattering from Si, Si, and P. A

comparison of these results should be consistent, but if it is not, perhaps some

^0.0 , 0 ^ .M.U _>!.h <>?.O ^.'.b

A n q l e a ( d e q )

Fig. 3.
Counts versus D4 entrance angle a for
the elastic scattering of 57 MeV
electrons from 1 2 C . The 180° scat-
tering angle corresponds to a = 21.3°.
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Qeff

Fig. 4.
93,

Elastic magnetic form factor of Nb.
The open circles are 180° Bates data,^
the low q closed circles 180° Amster-
dam data, and the high q closed circ-
les Saclay data.->



new physics can be learned. The d i s t r i bu t ion of the valence neutron and proton
29 3]

wi l l be mapped out for Si and P, respec t ive ly .
13

Figure 5 shows preliminary r e s u l t s for the Ml form factor of C. Since

only the magnetic dipole moment d i s t r i bu t i on i s involved, the i n t e rp r e t a t i on

should be especia l ly clean, and wi l l not involve confusion with respect to the

contr ibut ions of the higher mul t ipoles . I t i s expected that the la rge form

factor a t high momentum transfer may have large exchange current con t r ibu t ions .

The sca t te r ing of hadronic probes has also been used in studying the

rad i a l extension of valence nucleons, for example, by pick-up r eac t ions . But

the in t e rp re t a t i on of such r e s u l t s involves the uncer ta in t i es of the strong

in te rac t ion . Furthermore, the anomalous hyperfine s p l i t t i n g of l eve l s in

muonic atoms can yield r ad ia l information, but t h i s technique i s l imited to

high-Z nuc le i .

V. CONVECTION-, SPIN-, AND EXCHANGE-CURRENTS, AND OTHER EFFECTS

The amplitudes T. and T can give r i s e to sens i t i ve cance l la t ions in the

transverse form factor. An example is shown in Fig. 6 for the C 9.6 MeV
- 11 -1

collective 3 excitation. Here a simple d_,_p_,_ configuration is used in

calculating the transverse electric form factor. The convection current part

taken by itself is shown by the dashed lines, and the magnetization current

part by itself by the dashed-dotted line. However, the convection current and

magnetization amplitudes have opposite signs in the momentum transfer region

where our measurements were made. Consequently the form factor which is pro-

portional to the sum of these amplitudes, has a minimum at about q = 1.5 fm

Its square is shown by the solid line in Fig. 6. On the other hand, an SU-3
12

calculation by Millener gives a large convection current part compared to a
weak magnetization part as shown in Fig. 7. This calculation, which perhaps

12
indicates the alpha cluster-like nature of C, clearly gives the correct shape

to the form factor. Incidentally, this normal parity transition has a large

longitudinal form factor, and a weak transverse electric form factor. It is

unlikely that this transverse form factor could be measured at any other angle

than 180° where longitudinal parts are suppressed. The measurement of the con-
+ 12

vection current part of the 4.44 MeV collective 2 transition in C has also
13

been reported in a recent communication. In contrast to the sensitivity of

the cancellations of T. and T in producing a minimum in |F,J , the spherical
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Bessel function j , (qr) may determine the minimum in |FT |
A Li

Eq. (3).

In

it ion involves y + \i

as can be seen from

In the amplitude T (q) the magnetic moment operator for an isoscalar trans-

Thus the... , and that of an isovector transition u - v .
p n p n

ratio of the cross section of an isoscalar transition to that of an isovector

transition is proportional to [(u + ji )/(u - p ) ] =1/28.6. Furthermore, the

dominant exchange current effects will appear in the isovector and not the iso-

scalar transition. The exchange currents form factors are expected to have a

q dependence such that the maximum is reached at about twice the corresponding
14

q of the one-body interaction part of the form factor. For example, electron

scattering from the deuteron shows a small elastic T=0 cross section at 180°
2

proportional to (y + y ) , whereas the Ml spin-flip T=l section is proportional

to (u - y ) . The latter is quite large and has very large exchange currents.
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Other comparisons between T=0 ground states and T=l excited states are

possible for odd Z-odd N nuclei. Measurements are generally lacking for most of

these nuclei, but preliminary evidence from a Bates Linac experiment by Berg-
l fi fi x,

strom et a l . shows that the Li T=0 elastic 1 Ml form factor falls off at

high q, but that the Ml fore factor for the transition to the T=l 3.56 MeV 0+

state remains large, thus perhaps indicating the strong presence of isovector

exchange currents in the excited state. These data cannot be explained by

nuclear structure differences between the two states, since presumably very

similar p-shell radial wave functions are involved.

Another comparison between T=0 and T=l states has been made for the Ml
12 +

transitions in C to the 12.71 and 15.11 MeV 1 states. The form factor data

for the latter transition are shown in Fig. 8. Dubach and Haxton have con-

sidered the role of exchange currents in these excitations. Although high-q

electron scattering data can provide constraints on nuclear structure analyses,

Dubach and Haxton point out that the usefulness of the data is seriously impaired

10"' -

0.5 1.0 1.5 2.0 2.5 3.0

qeff{fm-')

Fig. 7.

q(fnf')

Fig. 8.
C 9.64 MeV3" form factor. Curves C 15.11 MeV 1 + form factor. Calcu-

were calculated in an SU-3 basis. lated curve includes exchange currents.

53



if meson-exchange currents are not included in calculations of (e,ef) form

factors. In lowest order,exchange current effects are expected to have no

effect on the isoscalar transition to the 12.71 MeV state.

The 15.11 MeV form factor also seems to have no bottom in i t s measured

minimum. This lends support to the assumption of single virtual photon exchange,

and the lack of virtual excitation and deexcitation by so-called dispersion
2

scattering. Also note that the high q data are above the calculated curve.

Attempts have been made to explain this discrepancy by evoking pion condensat-

ion, and by considering the p meson in the polarizing interaction. Neverthe-

less, a Migdal parameter g' = 0.39 was required to give a reasonable fi t to the

data. This is smaller than the usual accepted values.

Figure 9 shows the form factor of the much weaker (~ 1/100) 12.71 MeV T=0

transition. It is strikingly different from the 15.11 MeV T=l form factor. The
19upper curves of Fig. 9 indicate isospin mixing from the T=l level. The solid

curve and the dashed curve were calculated using a different combination of

potentials. It is clear that at low q there is l i t t l e sensitivity to the poten-

t ia l , but a large sensitivity to the degree of isospin mixing. From these re-

sults, a charge-dependent isospin-mixing matrix element ranging from 130 to 165

keV was deduced, which might be atrributed to a charge-dependent component in
19

the strong interaction.

The 12.71 MeV T=0 state also may be of importance in learning about axial
20

isoscalar neutral currents. A predicted asymmetry for polarized (e,e') scat-

tering is at a maximum at 180° as shown in Fig. 10. Present experiments yield

information on the isovector component.

As was mentioned before, meson exchange currents produce large effects in

the transverse cross section of deuteron electrodisintegration near threshold.
21

This is shown in Fig. 11, part of a contour plot of Fabian and Arenhovel. How-

ever, Fig. 11 shows that at high excitation energies, |F_,| can increase by

over 50% because of virtual isobar configuration excitations. Work is in
progress to look for these effects at 180° where there is a maximum sensitivity.

208 9

Figure 12 shows a spectrum for Pb. The |F | for the 7.45 MeV peak has

an Ml-like shape.

We have shown that the electron is a spin-sensitive and current-sensitive

probe when used in 180° scattering experiments. Since the large Coulomb contrib-

utions are suppressed, i t permits the observation of delicate nuclear structure

effects.
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NEUTRON/PROTON STATES IN (TT.TT1)

C. L. Morris
University of California

Los Alamos Scientific Laboratory

ABSTRACT

Recent results for pion inelastic scattering are
shown to be consistent with a number of simple predic-
tions, indicating that pions provide an excellent tool
for separating the neutron/proton (isovector/isovector)
components of nuclear excitations. This result is used
to measure the isospin mixing between states in 12C and
1 6 0 .

I. INTRODUCTION

In the energy region of 180 MeV the pion-nucleus interaction is dominated by

the [3-3] (T = 3/2, J = 3/2) resonance. As a consequence v -p (iT-n) elastic

scattering is enhanced by a factor of 9 over ir~-p (IT -n) elastic scattering. If

this enhancement is preserved in pion nucleus scattering then pion scattering

should provide a unique method for separating the roles of neutrons and protons

in nuclei.

If one only considers the 3-3 amplitudes in pion nucleon scattering the

scattering amplitude can be written as:

f(t,P) = a(k) [—-3-—M E2 cos (8) + io • n sin 6] (1)

where

•<•,) •

5?



Here 6(k) is the P wave t = 3/2, j = 3/2 pion nucleon phase shift, k is the

relative pion nucleon momentum, T and t are the nucleon and pion isospin opera-

tors, respectively, a is the nucleon spin operator, and n is the normal to the

scattering plane. Gupta and Walker have shown this general form of the pion-

nucleon scattering amplitude is preserved in pion nucleus scattering. Calcula-

tions of the effects of distortions and of Coulomb effects show them to be small.

Given this model of the pion nucleus interaction one can make several pre-

dictions: 1) The ratio of the IT" to the 7r cross section for a pure neutron

(proton) transition should be 9:1 (1:9) as in free pion nucleon scattering; 2)

The ratios of -n and IT cross sections to analog- anti-analog pairs of nuclear

states (states with the same spin-space wave functions but opposite isospins) is

1:4; 3) The sin (e) term in the spin-dependent part and the cos (9) in the spin-

independent part of the form factor should lead to different angular dependences

for spin flip and spin nonflip transitions.

These simple predictions should be viewed with some skepticism until they
2 3are tested. Initial attempts ' to check the validity of PWIA predictions in

the nucleon knockout reaction (TT.TT N) showed that the expected ratios of 3:1
4

were not obtained even when discrete final states were studied.

II. CHECKS OF DWIA PREDICTION

The initial experiment run on the EPICS spectrometer was a study of pion

inelastic scattering to the low-lying collective states of 0 (Fig. 1). Since
no if

the shell model structure of 0 is two valence neutrons outside of a closed 0

core, one would expect the 2, state to be predominantly a neutron state and the

37 state to have enhanced proton components because of Pauli blocking of the

neutron excitations by the two valence neutrons. Although these first order

predictions are qualitatively born out in the data, it is clear that the cross

section ratio IT"/ TT = 1.8 is far from that expected for a neutron state. Simi-

larly, pion inelastic scattering to the low-lying states of the Ca isotopes

(Fig. 2) shows the enhanced neutron participation in the 2, states, and Pauli

blocking by the valence neutrons leading to enhanced proton participation in the

37 states.

Although in both of these cases the isovector deformation lengths obtained

tend to agree with those extracted by other probes (see Table I), the errors are

large. Clearly, pions provide a probe which is uniquely capable of providing
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this new form of nuclear structure in- TABLE I

formation, but one would still like to COMPARISON 0F E.M TRANSITION RATES

find a case where the 9:1 ratio for a

pure neutron or proton transition is WITH INELASTIC PI0N SCATTERING

experimentally seen. a+/a~ Nfyj/Zfk M M / M P *

Such a case is provided by a study TZ 7

of pion inelastic scattering from 1 3C. 7 ° < V "-86^ 2"12<17> 2- 2 6< 1 6>
A.? +

The primary goal of this experiment was C a ^ ) 1.33(10) 1.33(10) 1.36(13)

to look at the rather weakly exciteds,ng,e neutron states corresponds 5TEJiSS.XTt.fS
to promotion of the valence lp l /2 neu- nuclei by Bernstein et a l . 6

tron to higher lying shell model or-
13 18

bi ts . One might expect core polarization effects to be smaller in C than 0
42or Ca because only one neutron is involved. Consequently, the single-part icle

13states in C might show larger it enhancements than had previously been observed

for strong collective states. Figure 3 displays the asymmetries found in pion

inelastic scattering at 162 MeV for states seen in C. The positive parity
l /2 + and 5/2+ states are thought to be predominantly [ l s l / 2 @ 1 2 C ] and [ l d 5 / 2 0
1 o

C] respectively. Although, as shown in Fig. 3, these states are enhanced in
- - +

TT scattering, the a /a ratios are only 2:1 indicating significant core polari-

zation effects.

The most striking ratio is seen for the 9/2 state at 9.5 MeV. The a~/a

ratio for this state is 9:1, as expected for a pure neutron transition. An ex-

planation for the purity of this transition rests in the weak coupling model.

If the state is assumed to be formed by coupling a (ld5/2) neutron to the 2
12 13

state in C then there are two ways it can be excited from the C ground state:

(i) by promoting a proton from the lp3/2 shell to the lpl/2 shell and promoting

a neutron from the lp3/2 shell to the ld5/2 shell, (ii) by promoting a lp3/2

shell neutron to the ld5/2 shell. If only one-body operators are considered,

the second will clearly dominate and the state will be reached only by neutron

excitation. This simple model is verified beautifully by the DWIA calculations
Q

of Lee and Kurath using intermediate coupling model wave functions for the

ground state to 9/2-, state transition in C. In Fig. 4 the angular distribu-

tions for this state as well as the Lee-Kurath calculations are shown. The

agreement with the data is excellent. 59



The second prediction can be tes.ted in C by looking at the 1 + doublet at

12.71 MeV (T = 0) and 15.11 MeV (T = 1). These states have been well studied

with conventional probes and are known to contain most of the [lp~L,lp-, / 0]12 if c. \ f c.
strength in C. Their wave functions in a particle-hole basis can be written

as:

<T = 01 =

<T = 11 = 2 " 1 [ ~ 1 " ] ]

where p,n denote protons and neutrons, respectively. The cross section ratios

for IT inelastic scattering can be written as follows:

a+(T = 0)/a+(T = 1) = [] \ \ +_ \ \ ]f = 4/1 (3)

where the first term in each product is the TT-N scattering amplitude and the

second term is the nucleon wave function amplitude. The angular distributions

shown in Fig. 5 for these states at 180 MeV IT energy can be seen to be consis-

tent with the predicted 4:1 ratio. The solid curves in Fig. 5, from Siciliano
Q

and Walker, are unrenormalized DWIA calculations using one-body density matrix

elements, OBDM, predicted from Cohen and Kurath wave functions. Calculations

based on pure shell model wave functions have been shown to overestimate these

cross sections, indicating a large sensitivity to components other than the

predominant [^P3/2'lpl/2^ term*The final DWIA prediction that can be checked is that of the different

angular dependences for spin-flip and nonspin-flip transitions. One simple way

to do this is to eliminate the nuclear structure effects by looking at the cross

section as a function of energy while changing the scattering angle to maintain

a constant momentum transfer. Such excitation functions for several states in

C as well as the 9/2+ state in C (which must be a spin-flip state ) are

shown in Fig. 6. From this figure it is clear that the spin-flip states have

cross sections that decrease with increasing energy while the nonspin-flip states

have cross sections that increase with increasing energy.

III. ISOSPIN MIXING
12

A. Isospin Mixing in C

Having verified our three DWIA predictions we can make a fourth naive

prediction: except for small Coulomb differences IT and IT" scattering to excited
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states of self-conjugate nuclei (N = Z) should he symmetric. As s,tiown tn Fig. 2
+ 40for the 3, states in Ca this is true. However, in Fig. 7 showing spectra ob-

+ 12
tained from IT and IT scattering from C we can see two states, one at 19.25
MeV seen in IT scattering and one at 19.65 seen in IT" scattering.

The presence of pure neutron and pure proton states, rather than states of

good isospin, in self-conjugate nuclei has been observed before. The explana-

tion resides in the existence of charge-dependent matrix elements between states

of good isospin. The first observation of isospin mixing between doublets of
8 10nuclear states was made by Reisman, Connors, and Marion in Be. This was

followed by further measurements of isospin mixing among this 2 doublet in
8 11 + 12 12-14Be, the 1 doublet in C and the observation of a strongly isospin

~\ fi i ̂
mixed doublet in 0. Much effort was directed at determining the size of the

off-diagonal mixing matrix elements, FL,, to determine if these matrix elements

are larger than can be accounted for by the Coulomb interaction alone and thus

establish the existence of a charge dependent short-range interaction. The

existence of such an interaction would violate charge symmetry.

The best of these measurements have probably been for the 12.71, 15.11 MeV
12 13

doublet in C. Adelberger et al., have compared the results of the many

measurements of I-L-, for these 1 states. They conclude that some of the earlier

measurements which gave values as large as 400 keV suffered from large model

dependent errors, and they settle on a value of 110 1' 30 keV based principally
14on the value of the Ml decay width for the 12.71 MeV level. Lind and Garvey,

in the most careful study involving hadronic probes, report a value of 179 t

70 keV.

Theoretically, although earlier calculations of the size of this matrix

element could only account for 60 keV due to the Coulomb interaction, more recent

calculations by Zamick and Sato, Lawson, and Barker, which take into

account effects arising from the tails of the wave functions, can produce values

varying from 60 to 240 keV. Before any conclusions can be drawn concerning the

role of charge dependent components in the strong interaction it is apparent that

more and higher quality data must be obtained.

The ability of pions to separate neutron and proton states provides a method

for obtaining these data. If two states are sufficiently close in energy to per-

mit the use of the two-state theorem to describe isospin mixing between them,

then their wave functions can be written as
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where,

and,

1A>

1B>

2 _,_

= a!0> -

= a l l> +

32 = 1

311 >

610>
(4)

H01 = a 3 ( EB " EA } •

Using only the 3-3 amplitudes and expanding the wave functions in terms of their

particle-hole components, one can derive cross section ratios as

aA ± / aB ± = ](2a ± 3)/(a * 2e)!2

oA
+/ak~ = |(2a + B)/(2a - B ) | 2 (5)

aB
+/aB' = |(a - 2B)/(a + 23)

These formulas reproduce some expected results. When a = 1, 6 = 0 (no isospin

mixing) the ratio for scattering from the T = 0 state |A> to the T = 1 state

B> is 4:1 and the a to a" ratios are 1 for both states. Also, for maximal

mixing (a = 3 = 2" ' ), |A> becomes a proton state and |B> becomes a neutron

state, and the a to a" ratios become 9:1 and 1:9, respectively.

Spectra obtained for pion inelastic scattering at 116 MeV and 25 to the 1

doublet in 12C (T=0 at 12.71 MeV and T=l at 15.11 MeV) are shown in Fig. 8.

Rather than extracting separate yields for IT and IT" scattering to each state,

the spectra have been fit with all four cross sections constrained by the two-

state formalism described above. Experimental line shapes were used, and the

backgrounds, which are not isospin mixed, were assumed to be the same in TT and

TT" scattering. The value of 6 obtained using this procedure of 0.054(18) implies

H m = 130(43) keV. This measurement agrees well with the previous determina-
" 13,14tions. '

12Further evidence for isospin mixing in C is presented in Fig. 9. Two

states, one at 18.4 MeV and one at 19.4 MeV, appear to be strongly mixed. A

spin parity assignment of 2" is made based on the excitation function of the

18.4-MeV state, which is typical of an unnatural parity transition, as well as

the angular distribution that peaks at low momentum transfer and is consistent
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with the shape predicted by Siciliano based on either a [lp3/2 , 2sl/2] or a

Dp3/2~ , 1d5/2] configuration coupled to J11 = 2". A value of HQ-, for the mixing

between these states of 350(40) keV has been obtained by using the fitting proce-

dure described above, but also taking into account the interference between the

T = 0 and T = 1 amplitudes arising from the natural line width of the states.

B. Isospin Mixing in 0

Three 4" states have been observed in proton inelastic scattering from

0 by Henderson et al. As can be seen by comparing the i\ and i\~ spectra

shown in Fig. 10, pion inelastic scattering from these states indicates strong
1 fi

isospin mixing between all three. The presence of two T = 0, 4" states in 0

both seen strongly in inelastic scattering, indicates that the Ip-lh T = 0

strength (from the stretched DPo/o' ^ 5 / 2 ^ configuration) is fragmented by con-

figuration mixing with 3p-3h T = 0, 4" strength at nearly the same energy. If

one assumes pions only excite the lp-lh strength and that isospin mixing only

occurs between the Ip-lh components of the relatively pure T = 1 state and the

fragmented T = 0 states a model for this three-state mixing can be derived.

Considering only the Ip-lh configurations, the unperturbed wave functions for

the three states can be written as:

<AI = a<0I + ...

<B| = y<l I + ... (6)

where <0| and <11 denote pure lp-lh T = 0 and T = 1 configurations respectively,

and,

c/ +
(7)

The ... indicate the other components of the wave functions, which are not ex-

cited by pion scattering. Charge dependent matrix elements between the configu-

ration mixed states are then related to:

by <A|H|B> = ayH01 (8)

<C|H|B> = 0YHO1

63



Using these relations the perturbed wave functions are given by first order
perturbation theory as,

= a//2

= y//2

nOl
EB"EA,

01V1

a2H
.1 +

01 "01 a2H

<C '1-

EB"EA

r n01
EB"EC

EB'EC
- 1 - 01 32H01

EB"EA EB"EC-
I<PP

-1

'nn
-1 1 + (9)

Assuming [3,3] dominance the ratios a /a" for these states can easily be deter*

mined. The cross sections for these states have been fit with y = 1 to obtain

values of H m = 180 keV, a = 0.5, and B = 0.5 with a reduced x for the fit of
Q1

1.2. These values of a, 8, and y are consistent with spectroscopic factors ob-

tained from the O(p,d) 0

isospin mixing are included.

tained from the O(p,d) 0 measurements of Mairle et al., when the effects of

IV. SUMMARY
Separation of the roles of neutrons and protons in nuclear structure has

been difficult using conventional probes. The ability of pions to provide this

information with a symmetric (IT and -n ) probe has been verified by the experi-

ments presented in this talk. Since this method is limited by experimental con-

siderations such as energy resolution, cross section, etc., and not by severe

model restriction such as in (a,a') and (e,e') comparisons, studies of pion in-

elastic scattering are providing stringent tests of wave function models. In

the case of higher A nuclei, where detailed wave function calculations are not

available, pion inelastic scattering should be able to separate the roles of the

valence particles and core polarization effects in the wave functions of the

excited states.

Another use of TT , IT" comparisons is in measuring charge dependent mixing
12 +

of nuclear states in self-conjugate nuclei. In C the known 1 T = 0 and T = 1

doublet has been used as a test of this method, and results consistent with
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previous measurements have been obtained. Three new cases of strong isospin

mixing have been discovered, J77 = 2" and 4~ doublets in C and the case of

three-state mixing in 0. In all of these cases charge dependent matrix ele-

ments in excess of 100 keV have been obtained. The range of nuclei which can be

studied using this technique (A ^ 40) may provide the information needed to

establish the role of short range charge dependence in the nuclear force when a

systematic study is completed.

•± »- a t m io

Fig. 1. Cross section angular distri-
bution for ir+ and TT" scatter-
ing to the G.S., 1.95 MeV (2 +),
d 5.10 MeV (3") states in
0 at 164 MeV.f
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Ftfj. 2. Cross section angular distribution for TT and ir~ scattering to the 2]
states in the calcium isotopes at an incident pion energy of 180 MeV.
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T 0.8

4t 0.4

< -0.8J- - - > -
L ^ 12 16 20 24

Excitation Energy of States in l3C(MeV)

Fig. 3. Asymmetries for TT+ and TT~
inelastic scattering to states
in 13Q obtained from the peaks
of the angular distr ibutions.

Fig. 4. Angular distribution obtained
for TT+ and 7T~ inelastic scat-
tering to the 9.5 MeV 9/2+

state in 1 3 C . The curves are
DWIA calculation from T.-S.H.
Lee and D. Kurath.8
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*C(7r*7rv ) TUb=180 Mev, C-K obdme's

Fig. 5. Cross section angular d i s t r i •
butions fo r the T=l (15.11
MeV) and T=0 (12.71 MeV)
doublet in ' ' C . The curves
are DWIA calculat ions from
E. R. S i c i l i a n o . I Q

I *• I I

100 130 160 ISO 220 250 200
ENERGY(MeV)

Fig. 6. Excitation functions of da/dfi
taken at a constant momentum
transfer, near the peak of
the angular distr ibut ions, for
some spin f l i p , and some non-
spin f l i p states. Sol id
curves are a(E) sin^e for the
spin f l i p states and cr(E)
cos^e for the nonspin f l i p
states normalized to the data.
Dashed curves are a guide to
the eye.
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ENERGY LOSS (MeV)
Normalized energy loss spectra obtained for pion inelastic scattering
from 12C at 180 MeV and 70° (lab). Inset at the top shows the differ-
ence in the yields between TT~ and TT+, and indicates the presence of two
states, one at 19.25 MeV seen in TT+ scattering and one at 19.65 MeV
seen in TT" scattering.
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Fig. 9. Spectra of excitation energy
obtained at 180 MeV and 25°
(lab) for TT+ and ]p inelastic
scattering from '^C, which
show the effects of isospin
mixing between the doublet of
states at 18.4 and 19.4 MeV.

Fig. 8. Fits to the data obtained for
TT+ (top) and TT" (bottom) in -
elastic scattering from the
12.71 MeV (T=0) and 15.11
(T=l) 1 + doublet in 12c used
to obtain HQ-j.
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EXCITATION (MeV)
30

Fig. 10. Spectra obtained for + and " inelastic scattering at 162 MeV from
the 4" states, 17.8 MeV (T=0), 19.0 MeV (T=l), and 19.8 MeV (T=0) in
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"COMPARISON OF SHELL MODEL CALCULATIONS WITH

RECENT ELECTRON AND P]ON SCATTERING RESULTS

by

. John F. Dubach

ABSTRACT

The present technology for large-scale shell
model calculations is described. Examples are
given to demonstrate the relevancy of such calcu-
lations for understanding current inelastic elec-
tron and pion scattering experiments.

We will hear a lot during this workshop on the relative merits of the

proton, pion, and electron for nuclear studies. We will also hear quite a bit

about efforts to understand the reaction mechanisms for pions and protons. A

large amount of data will be shown, much of it accompanied by a theoretical

curve of one sort or another. Therefore, I don't think it would necessarily be

most profitable for me to repeat some of this or to show you one more set of

theoretical calculations, namely my own, for some subset of this data. Instead,

I would like to concentrate on what shell model tools are available to help us

understand pion, proton, and electron scattering. I will use some recent results

to illustrate what can and, perhaps, cannot be done. I should also say at the

outside that much of the work I shall be describing is work that I have done

here at Los Alamos in collaboration with Wick Haxton.

I would like to begin my describing the power of the shell model calcula-

tions that can be brought to bear on questions in electron, pion, and proton

spattering. I would do this by discussing some of the technical details of the

Glasgow method for shell model calculations which was designed for large cal-

culations on a computer and, to my mind, is a computational masterpiece.

The main feature of this approach is that it works entirely in the second-

nnanti7.ed m-srheme- That is, a basis state with n particles and total m-value
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M is simply

|nM> = a+ a + ... a+ |0> (1)
Jlml J2

m2 Jn
mn

with .£-, m. = M. The connection with a digital computer should be obvious; each

bit in a computer word is associated with an m-orbital. If this orbital is

occupied, the bit is 1; if not, it is 0. Acting on a state with a given

operator is simply a matter of checking the appropriate bits and modifying them

accordingly. Gone are all the angular momentum algebra and coefficients of

fractional parentage associated with standard shell model treatments.

The major disadvantage in working in the m-scheme is that one cannot

classify states at the outset by total angular momentum, J, or total isospin,

T, so that the energy matrices are larger than could be obtained otherwise.

Large matrices must be dealt with in any event, however, and by employing the

well-known Lanczos method, the Glasgow approach is able to deal with these

efficiently. The lack of a good total angular momentum quantum number in the

basis can then be turned to advantage as a test of the convergence of the

iterative Lanczos method - any state that is a true eigenstate of a time-reversal-

invariant, charge-independent Hamiltonian must also have good J and T. These

can be explicitly calculated for each state and verified.

One can apply this method to a wide variety of shell model calculations.

For example, it becomes quite simple to calculate any sd-shell nucleus in a full

sd space. Also, we are currently involved in 1-, 2-, 3-, and 4-Jfiu) calculations

for p-shell nuclei. These can contain as many as 200,000 m-scheme basis states.

The complete space necessary for the center-of-mass projection can be included

and one can thus eliminate questions of spuriosity in these multi-Jrtiu calcula-

tions .

How, then, does one go about making any kind of connection between such a

many-component wave function and an attempt at a microscopic description of one

of the scattering processes we are here to discuss? The answer is easily seen

in second quantization where the operator describing any general process may be

written:

0 = 1 <al0(1)|p> a+a + I <ap|0(2)|y6> a V a a- + ... (2)
a p a • Y 6
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where the superscript on 0 indicates the n-body nature of the operator. Most.

analyses limit themselves to one-body operators (although exchange current pro-

cesses and double-charge-exchange are examples where two-body operators are usec-)

so I will limit myself to them. The expectation value of 0 between complicated

nuclear states is then given by:

<f|0|i> = I <a|OCl)|p> <f|aV|i> =: Z <a|O(1)|f3>«£ (3)
ap a P ap ap

The transition density matrix, I|J „, is independent of the nature of 0 and contains

all the relevant structure information, r,.o matter how complicated the nuclear

states, for all processes that can be described by a one-body operator. While

the wave function can contain many thousands of components, all relevant one-

body structure information is contained in the relatively few quantities t|j „

whose total number is determined solely by the active shells a and p.

Let me end this section with an example of the usefulness of the density

matrix as well as an example of the kind of energy level spectroscopy one can

obtain. Figure 1 shows the fairly modest case of a full sd-shell calculation

for the positive-parity, even J, T = 0 levels in Si. Clearly, the agreement

with the experimental energy levels is excellent. The m-scheme basis for this

calculation contains something like 100,000 states yet elastic scattering

(assuming a one-body operator) is completely described by three numbers:

tp, ,, 1 / 9, 4>o/9 q/o)
 a n d *h:/o c/9- T n e largest density matrix, for excitation

i/z i/^+ j/z 3/z J/Z J/Z 20 20 20
of the 2 level, contains only eight numbers: tj» . , tj> . , «j» . . ,
20 20 20 20 20 ' '

*3/2 3/2' ^3/2 5/2' *5/2 1/2' *5/2 3/2' a n d ^5/2 5/2" T h e Amplification con-
tained in the density matrix approach should be obvious.

Let me now try to make contact with some of the results we have seen today

and let me begin with a little story of spectroscopy. Figure 2 shows the low-
13 2

lying spectrum of C as taken from the most recent review. Note in particular

the tentatively assigned 3/2 level at 9.5 MeV. This level is unseen or very

weakly excited in low energy electron, proton, and neutron scattering as well as

a variety of single-particle transfer reactions. On the other hand, it is quite
strongly seen in the three-particle transfer reaction B( Li, He) C. Yet

3 4
recent (7t,7t ) and 180° electron scattering experiments definitely show a strong
9/2 level at about 9.5 MeV. Also shown in Fig. 2 for comparison is a shell

13
model calculation for C. The positive-parity states have been calculated in a

full 1 jrftn space while the negat.i.vp-parity states are done in a full 2 |foo spare.
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Fig. 1. Spectrum of low-lying even-J, Fig. 2. Experimental and theoretical
T=0 of Si. energy levels for C.

Indeed, there is a 9/2 state predicted in the vicinity of 9.5 MeV and all other

states are then well identified with one curious exception. There is also a

3/2 state predicted in the vicinity of 9.5 MeV. There is, however, something

unusual about this predicted state - it contains a very large component (more

than 80%) of two particles in the sd shell. Since the ground state is nearly

purely p-shell, all the one-body density .natrix elements will be small and this

state should be only weakly excited in any one-body process. While this neither

confirms nor denies the assignment of a 3/2 in this vicinity, it does show that

the shell model suggests that these experiments are not contradictory but are

looking at two states at about the same energy that are strongly and selectively

sensitive to various probes.

Something else about the 9.5 MeV '3/2 state illustrates what I believe is

one of the most powerful uses of pion ineLastic scattering for studies of

nuclear structure. As we have heard, the relative ease with which one can do

both 7t and n inelastic scattering allows one to separate the isospin components

of the transition. Now in describing the density matrices earlier, I was a

little imprecise in that one normally projects angular momentum and isospin

multipolarit.ies out. of the operator 0 and associates a separate density matrix
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with each projection. For excitation of the 9/2 level in C only the J=4

angular multipole enters significantly although both the isospin projections

should play a role. Alternatively, oi course, one can decompose the isoscalar

and isovector projections into neutror, ar:d proton projections. In so doing with

the above shell model calculations one1 finds »JJ, = .666 and <jr! =
5/2 P3/2 5/2 ^3/2

.003. That is, the transition takes place by almost pure neutron excitation.

This is, of course, exactly what is seen in the experiment of Ref. 3. It should

also be noted that these shell model calculations predict a complex of four

strongly excited states between 15.5 and 16.8 MeV, whose proton transition

strength is 4 to 5 times the neutron strength. Again, this is just what is seen

in Ref. 3.

This same 9/2 state also serves as an example of another type of state

that has been receiving considerable attention recently, the so-called

"stretched state". These are states which can be excited by the highest allowed

one-body multipolarity in the simplest shell model space. The most easily

understood examples are for even-even nuclei with ground state spin 0 : the
— 19 — 9ft —

4 's in C (which I will discuss further), the 6 's in Si, and the 8 ' s in

Fe and ' Ni. While these are often thought of as particle-hole states, the

real interest in studying them lies in learning how this particle-hole strength

fragments among the various stretched states. By so doing, one is isolating

effects due to transitions between specific orbits and thereby picking out cer-

tain components of a many component wave function. Figure 3 shows a recent
4 13

determination of the M4 strength distribution in C determined from high
momentum transfer (e,e') measurements. Clearly, the shell model calculations
discussed here reproduce the distribution well.

12

The situation with the 4 states in the 19 MeV complex in C remains some-

what murky. Transverse electron scattering identifies a weak 1 and strong 2

and 4 states in this complex while (71,71') apparently identifies two 4 states

that are strongly isospin-mixed. While the shell model provides no quick answers

to the questions about this region, it can provide tests of some of the ex-

planations that have been put forth. For instance, Ed Sicilian has suggested

the presence of a second 4 "T=0" level in this complex. Include3 in his

explanation of the experiments on this complex is the fact that the three 4

levels contain important components that cannot be reached by a one-body operator

acting on the ground state. A second suggestion of such components can be seen

in a comparison of electron scattering and (y,7t) to this complex. Figure 4 shows
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Fig. 3. Experimental (dashed lines) Fig. 4. Transverse form factor for
and theoretical (solid lines) 19 MeV complex in C compar-

~x '"•""'• " "" ing shell model predictionM4 strengths in C. The
theory is normalized to ex-
periment at the 9.5 MeV level.

to the data of Ref. 5.

the combined Bates data for this complex along with a shell model calculation

utilizing 1 Iftw wave functions for the 1 , 2 , and 4~ T=l states and a 2 )iw wave

function for the ground state. Neglecting the question of isospin mixing for

the moment, noting that the 1 excitation is quite weak, and observing that the

2 and 4 excitations dominate the form factor at low and high q respectively,

one can ask what reduction factors must be associated with each state to fit

the data. A reduction of the 2 by 0.51 .and the 4 by 0.70 gives an excellent

fit to the data. These reduction factors may seem somewhat ad hoc, but they

can be tested in other reactions. In particular, Fig. 5 shows the cross
7 22

section for excitation of the analogs in B of the T=l levels in the 19 MeV
complex by (v,n ) reactions. Here the question of isospin mixing is moot

12
since B contains no T=0 states. Applying the reduction factors obtained from

the (e,e') clearly gives excellent agreement with experiment. One possible

way to explain these reduction factors is, as we have seen for the possible
13

3/2 state near 9.5 MeV in C, by admixing in multi-particle-hole components.
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While neither of these suggestions is necessarily convincing, at least

without looking at the rest of the evidence, they do point out the need for

larger scale calculations to address some- of these questions. With the shell

model methods I described earlier such calculations are feasible and, indeed,
12

3 Jiiu and 4 Jfiui calculations for C are currently underway.

Pursuing the question of i^ospin mixing a bit further, it should be clear

from what we have seen and heard today that (7t,7t') offers excellent promise for

this field particularly in view of some of the rather tentative experimental

results that have been applied to this question. However, one caveat should

be realized before applying shell -nodel calculations to an analysis of isospin

mixing. Strong isospin mixing can occur between states that lie close to one

another but shell model predictions for small energy differences can be very

inaccurate and so should not be relied upon to predict the unmixed energy dif-

ferences. The wave functions of these unmixed states should be more reliable,

however, and should be useful in understanding the isospin mixing.

The m-scheme shell model methods I have described above also contains one

very nice feature for use in studies of isospin mixing. Since the basis states

are not states of good isospin, it is a trivial matter to deal with charge-

dependent Hamiltonians which would break the isospin symmetry. This can be

quite useful, for instance, in estimating which levels play an important role

in any given mixing.

The ultimate goal of isospin mixing measurements is to determine the

strength of the charge-dependent nucleon-nucleon interaction and, more precisely,

to determine the size of a possible charge-dependent component of the strong

interaction. This requires the ability to accurately calculate the Coulomb

contribution to the mixing matrix element and this is not a trivial task. To

illustrate this and to point out that electron scattering can also have some-

thing to say about isospin mixing, I show in Fig. 6 the Ml form factor of the

12.71 MeV 1 "T=0" 3evel in C analyzed both with and without isospin mixing.

Because the isovector form factors (in this case for the 15.11 MeV 1 level) are

relatively strong, they can play an important role in the weaker isoscalar form

factors even though the mixing is quits small. Without going into detail of the

analysis of this experiment or a justification of the models involved, I will

simply quote the result obtained for tiie charge-dependent mixing matrix element:

<O|Hrr)|l> = 140 ± 35 keV (which is in very good agreement with other experiments

using different probes). Evaluating the Coulomb piece of this can be tricky,
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Fig. 6. Two shell model prediction
(solid and dashed lines) for
the 12.71 MeV form factor
compared to the data of Ref.
5. The Itwer curves are the
predictions without isospin
mixing while the upper curves
include isospin+mixing with
the 15.H MeV 1 , T=l state.

however. Using simple 0 Jku amplitudes (and oscillator wave functions) for the

levels involved, one finds <0|V 1TT|1> = 60 keV. Going to 2 >iu> calculations

these levels pick up approximately 15% admixture of the higher components yet

<0|V A |1> becomes approximately 85 keV, nearly a 50% increase. It is not

obvious how large a space would be necessary to obtain convergence for

<0|Vf,riT1T 11> or what the converged value might be, but it is clear that this ques-

tion must be answered before the true value of the isospin mixing experiments

can be realized.
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While some of the examples I've used above may be somewhat speculative,

I hope I've given an impression of how the shell model can touch upon many of

the current topics iu pion and electron scattering and what kind of informa-

tion these processes can provide. I also hope the methods and motivation for

performing larger shell model calculations have become clear.

I would like to conclude with a suggestion and a warning, both of which

pertain to the same subject. I've shown a few results from shell model calcula-

tions and talked briefly about how these are obtained, but I have not discussed

the one driving ingredient, namely the interaction used in these calculations.

Unfortunately, the word "effective" abounds in shell model calculations. It is

quite difficult to make any real connection between the nucleon-nucleon inter-

action and some of the effective interactions now fashionably in use for shell

model work. It is also even difficult in some cases to define what effects go

into "effective". But my suggestion to the experts is that maybe these new

methods with their ability to attack rather large computational problems can be

brought to bear on these questions. Perhaps it is again time to re-address these

questions to see if one can understand the "effective" parameters in a more

fundamental way.

And, finally, my warning to the non-experts who may wish to use these

tools as black boxes to analyze data relates to the same subject. I've des-

cribed how the shell model can be important in many of the experiments we have

gathered here to discuss and I've described some of the calculational tools

which, oupled to the right computer, can supply us with incredibly powerful

machinery. But if you intend to use this machinery be careful how you choose

your input for, to borrow a phrase from our computer scientist colleagues,

garbage in will most certainly get you garbage out. (See Fig. 7).
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NUCLEAR MOMENTUM DISTRIBUTIONS FROM (e.e'p)

AND (y,p) REACTIONS
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ABSTRACT

The determination of nuclear momentum distribu-
tions from experimental studies of single-nucleon knock-
out reactions will be discussed, with specific reference
to the (e,e'p) and (y,p) processes.

1. INTRODUCTION

This paper v-yTil discuss some of the nuclear structure
able from processes in which an incoming projectile interacts with a single
nucleon, ejecting it from the nucleus, leaving the remaining nucleons essentially
undisturbed. Such a single-nucleon knockout reaction is illustrated in Fig. 1
for the case of an incoming (real or virtual) photon, i.e., for the (y.p) or
(e,e'p) reaction.

The prototype for these processes is of course the (p,2p) reaction,
where a convincing body of evidence for the existence of nuclear shell structure
(the protons moving in orbitals of given n,£) has been accumulated, as well as
information on shell-model wave functions and momentum distributions. However,
the quantitative interpretation of these data has been seriously hindered by the
problem of treating the initial- and final-state distortions of three strongly-
interacting particles. Consequently, as electron accelerators have been devel-
oped with sufficiently high duty to permit coincidence measurements, and
sufficiently high intensity to allow "monochromatizing" of photon oeams through
bremsstrahlung difference techniques, (e.e'p) and (y»p) experiments have become
a valuable source of this type of nuclear structure information.

To introduce some quantitative definitions, let us assume that the knocked-
out nucleon is detected with energy Epj and momentum k^. in plane-wave impulse
approximation (corrections to which will be discussed later), the energy E and
momentum ~$ of the nucleon in its initial state are exactly determined from the
reaction kinematics: E = £„ - 0), ]J = k - q", where co and q" are the energy and
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momentum transferred to the nucleus by the incoming projectile. The cross sec-
tion for the knockout process may be written schematically as

a = C • c N • S (p,E), (1)

where C represents kinematic factors, a., is the cross section for electron
scattering or photon absorption by a free nucleon, and S(p,E) is the proba-
bility of finding this nucleon in the initial state (p,E) in the target nucleus.
This latter quantity, generally called the spectral function, may be written a s 1

S(p,E) = <0|a + 6(E - E Q + H)a |o>, (2)

which in the independent particle model becomes

S ( p , E ) = I N a | < j > K ( p ) | 2 6 ( E - E a ) . ( 3 )

In Eq. (3) N , E , and \$ (p) are the single-particle occupation number,
energy eigenvalue, and momentum distribution for t h e a t n orbital.

One may integrate S(p,E) over energy to obtain

n(p) = |s(p,E)dE = <0|ap ap|o>, (4)

which is the total nuclear momentum distribution, the probability of finding a
nucleon of momentum p in the nuclear ground state. This is the quantity which
has been discussed theoretically by Amado and Woloshyn,2 Zabolitzky and Ey,3

Bohigas and Stringari,1* and others. It is not the quantity measured directly
in knockout reactions, which is also (loosely) called the momentum distribu-
tion. We shall return to this point later.

The spectral function can also be used to compute the total occupation
probabi1i ty

N = jS(p,E) d 3p dE, (5)

the mean removal energy

<E> = 1 | E S(P,E) d
3p dE, (6)

and the mean kinetic energy
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These latter two quantities can be shown5'6 to be related to the binding energy
per nucleon through an exact sum rule,

£<E>+^f<T>] (8)

provided that the nuclear Hamiltonian contains only one- and two-body terms.

II. EXPERIMENTAL MEASUREMENTS

Two reviews of current work on the (e.e'p) reaction have recently
appeared7'8 which contain details of the experimental methods and of the
analysis of the results; those details will not be repeated here. In summary,
good-resolution (~1 MeV) data now exist for 9Be, 1 2C, l s 0 , 2 8Si, "^Ca, and

Ni from which information on the spectral function has been determined. The
(y,p) reaction has also been fairly extensively studied,9 although the best
resolution achieved so far is about 2 MeV. Measurements from which the
momentum distribution for the least bound proton can be extracted are available
for 1 2C, 0, and 1*°Ca. In comparing these momentum distributions with those
obtained from (e,e'p) measurements, we note that the two processes provide
data in two barely overlapping regions of momentum space. Since |$(p)|2, and
thus the cross section, fal is off rapidly with p, the (e,e'p) experiments have
been restricted by background and random coincidence problems to p£ 300 MeV/c.
The zero-mass photon in the (YJP) process imposes a kinematic restriction to
the region p > 300 MeV/c.

The p-shell momentum distribution for 1 2C, deduced from (e,e'p) and
(y,p) data, is shown in Fig. 2 and compared with that calculated using a Woods-
Saxon shell-model wave function with Elton-Swift parameters. In order to com-
pare the (e,e'p) and (Y,P) results with each other and with the theoretical
prediction, we have "removed the distortions" from each set of data," as
described in Ref. 11. The real and imaginary parts of the nuclear optical
potential are treated separately, the former by defining an effective momentum
of the proton after the electromagnetic interaction but before it emerges from
the nucleus, the latter by introducing an absorption factor. The validity
of this approximate distortion correction, which has the virtue of maintaining
the simple proportionality of cross section and momentum dist'-ibution [see
Eq. (1)], is supported by the consistent results obtained for j<j>(p)J2 from
(v,p) cross sections measured for the same p at different co and £ N (see Refs. 11,

13).
Fig. 3 shows the least -bound proton momentum distribution for Ca.

zo~oare6 with that corresponding to a d->/2 shell-model wave function.15'15 In
t*'s case, the (e,e'p) and (Y»P) momentum ranges do not overlap; there is some
•-iication that the data are discrepant. Measurements of (Y>P) cross sections
'.: energies up to E * 300 MeV have allowed momentum distributions to be

- -he analysis of the (e.e'p) measurements,7'8'12 a " distorted spectral
-\'z~'or\" is calculated with which the data are compared, with the distortion
;.;: '5-eters adjusted to fit the data.
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Fig. 1
Single-nucleon knockout reaction.

Fig. 2
The p-shel1 momentum distribution for
1 2C deduced from the (e.e'p) data of
Ref. 12 (open circles) and the (y,p)
data of Ref. 10 (solid circles).
Solid curve: 1p , .^ wavefunction, dash-
ed curve: effect of 10% lPj/2 admix-
ture.

"measured" up to p ~ 7 5 0 MeV/c, although in this energy (and momentum) region
one does not expect the single-particle knockout reaction mechanism necessarily
to remain valid. This "effective single-particle momentum distribution" is,
however, a convenient parametrization of the experimental results. Perhaps
the most surprising feature of Fig. 3 is the extent to which the simple shell-
model prediction reproduces the data at high momentum for 't0Ca. This apparent
agreement does not hold for l s 0 , as is seen in Fig. 4." The nuclear n:as =
dependence of the (y,p) cross section is not yet fully understood. G(1

III. INTERPRETATION OF RESULTS

A. (e,e'p) Results
The analysis and interpretation of the (e,e') measurements has been

discussed extensively in Refs. 7,8 and 12; some of the conclusions will be

Although (e.e'p) data exist for I S 0 , the results were not available for in-
clusion in this paper.
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Momentum distribution for "*uCa derived
from (e.e'p) data (O-Ref, 12) and
(y,p) measurements ( •- Ref. 16; D
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Fig. h
Momentum distribution for 1 60 from
(y,p) measurements (solid circles:
Ref. 13, open symbols: Ref. 15 as
in Fig. 3). Solid curve: lPi/o wave
function, dashed curve: Hartree-
Fock wave function, dotted curve:
short-range correlations (see Ref. \k)

summarized here. It is found that for all the nuclei studied the shapes of
the single-particle momentum distributions, i.e.,

Sa (9)

are well reproduced by Elton-Swift wave functions for the various orbitals a.
The fits to the data are better when distortions are included by using an op-
tical potential with adjustable parameters, but the shapes of the predicted
distributions are not significantly different from those obtained using plane-
wave impulse approximation. However, a sizeable discrepancy is observed in
the magnitude of the cross section: the "measured" occupation probabilities
N are found to be 20%-"}Q% less than the actual numbers, and this discrepancy
is claimed to be greater than the uncertainty in the distortion corrections.
The same effect is seen in the fact that the data do not satisfy the Koltun
sum rule [Eq. (8)].
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This problem is currently being investigated both experimentally and
theoretically. Measurements for 1 2C have been performed under different kine-
matic conditions, in which distortions enter differently, in order to check
the validity of these corrections. » It is also possible that multiple scatter-
ing processes have removed protons from the hole state peaks (at E = E ) , so
that the missing strength appears elsewhere in the spectral function. Finally,
the validity of the basic factorization approximation [Eq. (l)] has been in-
vestigated by Boffi et al., who have calculated the (e,e'p) cross section
using a more general method and applied their results to the 1 2C measurements
in different kinematics. This approach leads to some "improvement" in the
experimental occupation numbers and sum rule, but unexplained discrepancies
still remain.

B. (y,p) Results
In the 300 MeV/c ~ p £ 500 MeV/c region the momentum distributions de-

duced from (y,p) data for the least-bound protons in 1 2C (Ref. 11), 1 B0
(Refs. 13,1*0, 27A1 (Refs. 9,16), and "*°Ca (Refs. 9,15,16) are found to agree
reasonably well with the shell-model predictions. The quality of the agree-
ment varies from nucleus to nucleus, being worst for 1 60 (in this context
see Ref. 17), but considering the approximate treatment of distortions and
the fact that |<J)(p) | 2 is varying over several orders of • magni tude, the comparison
can probably be considered satisfactory.

For pS 500 MeV/c the situation is not so clear. The shell-model inde-
pendent-particle momentum distribution has fallen to 10"* - 10"5 of its peak
value, and effects such as meson exchange and short-range correlations which
invalidate the impulse approximation are expected to become important. In- .,_
deed, such effects may be responsible for the increasing lack of consistency
among the data for [<j>(p)|2 as p increases (see Figs. 3 and k) . However,
theoretical attempts to reproduce the IG0(y,p) cross section for E > 100 MeV
by including two-particle effects have not yet been successful (see' Ref. S)

Whereas the shell model provides a surprisingly good representation
of the effective least-bound proton momentum distribution for lf0Ca up to
p ~ 700 MeV/c, it falls "3 orders of magnitude below the corresponding data
for l s0 at this momentum. Clearly, one should not generalize about high-
momentum components from results on only two nuclei. The effects of using
a more realistic (Hartree-Fock) shell-model wave function, and of introducing
(Jastrow) short-range correlations were investigated for the 1 60 case11* and
found to be large, as shown by the dashed and dotted curves in Fig. h. How-
ever, it is evident that a better understanding of the (y,p) reaction mechanism
is required before these results can be used to draw quantitative conclusions,
and it is hoped that further theoretical work in this direction will be forth-
com i ng.

IV. SHORT RANGE EFFECTS

The relation between high momentum components and the short-range part
of the nuclear force has been discussed qualitatively and quantitatively by
various authors for many years. A review of this work is beyond the scope of

These discrepancies are unlikely to arise from the distortion corrections
which (although uncertain) are small in this momentum reg'ion.
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the present paper, but two recent theoretical investigations will be mentioned
br iefly.

Zabolitzky and Ey3 have calculated the momentum distribution n(p) [see
Eq. (*»)] for * He and 1B0 with and without two-nudeon correlations. Above
400 MeV/c the correlated result rapidly begins to exceed the uncorrelated re-
sult, leading to a difference of ~7 orders of magnitude at 700 MeV/c, for
several different forms of the nucleon-nucleon force. This calculation, how-
ever, cannot be compared with the (y,p) results of Fig. 4, since the measure-
ment represents only a part [S(p,Epj/2)] of n (p). The 1G0(e,e'p) data, while
extending to large E, are limited to p< 300 MeV/c where Zabolitzky and Ey pre-
dict no measurable effect due to two-nucleon correlations.

Bohigas and Stringari1* suggest that a simultaneous study of the form
factor F(q) and the momentum distribution n(p) would provide a valuable test
of a nuclear wave function and possibly reveal the presence of short-range
correlations. To demonstrate this, they introduce a Jastrow-correlated wave
function for ''He and calculate the corresponding one-body density matrix from
which both F(q) and n(p) can be determined. They then show that although a
Slater determinant (independent particle) wave function can be found which re-
produces the form factor which was derived from the correlated wave function,
the same Slater determinant cannot reproduce the momentum distribution, by at
least an order of magnitude for p £400 MeV.

V. CONCLUSIONS

The most obvious conclusion to be drawn from the foregoing discussion
of nuclear momentum distributions is the need for further theoretical and
experimental work. Some of the theoretical deficiencies and some of the
calculations in progress have already been described. Although a considerable
a..;ount of (e,e'p) data exists, there is a definite need for more accurate
measurements, and measurements made in varying kinematic situations (as in
the (y>p) experiments) in order to test the distortion corrections and also
the factorization approximation (i.e., the reaction mechanism). An extension
of (e.e'p) to higher momentum would of course be desirable, to increase the
overlap with the (y»p) measurements, although it is unlikely (even with the
upcoming cw accelerators) that a very large increase will be possible. The
need for additional (y,p) data is clear; one need only point to the large
difference, compared with the shell model, in the behavior of the 1 60 and lf0Ca
effective momentum distributions. Also, we note that the discussion of (y»p)
results has been restricted here to those for knockout of the least-bound pro-
ton (leaving the residual nucleus in its ground state). There is some informa-
tion available on the knockout of protons from inner orbitals (see Refs. 10,16),
but not enough yet to extend our knowledge of the spectral function. Such
experiments are feasible though time-consuming, requiring careful bremsstrahiung
difference measurements. However, they provide possibly the only means of
exploring S(p,E) at both high p and high E and definitely should be pursued.

Finally, it should be mentioned that our understanding of single-
nucleon knockout processes -- the details of the reaction mechanism and the
nuclear structure information obtainable — is fundamentally incomplete, owing
to the complete lack of data on the (e.e'n) reaction and only a small amount
on (y>n) in the intermediate energy region. These latter measurements19 yield
a cross section for the 160(Y»no) process of nearly equal magnitude to that for
1 5 0 ( Y » P O ) at Ey = 60 MeV. This result suggests that two-particle mechanisms,
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or two-step processes such as (y,p) followed by (p,n) charge exchange, may be
important at these energies, despite the apparent success of the single-particle
knockout model for the (y»p) reaction. (See Ref. 9).
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CHARACTERISTIC FEATURES OF

RADIATIVE PROTON CAPTURE REACTIONS

AT INTERMEDIATE ENERGIES

by

S. Leslie Blatt

Department of Physics, The Ohio State University
Columbus, Ohio 43210

ABSTRACT

Radiative proton capture reactions in the
24-100 MeV region show strong transitions to
excited states having marked single-particle
character. The reactions appear to proceed
through giant-resonance-like excitations built
upon lower resonances.

I. INTRODUCTION

Radiative capture reactions at low energies have long been a most valuable
probe of nuclear structure.1 In recent years, much has been learned about
ground-state giant resonance characteristics through measurements at tandem
energies, particularly with polarized beams.2'3 As I will describe in some
detail here, new and rather unexpected phenomena have now been uncovered through
our measurements of (p,y) reactions in the 24-100 MeV range: the strongest
primary transitions are found to go to final states, often at quite high exci-
tations, which appear to have strong one-particle character; further, the energy
behavior of the cross sections suggests that the reactions proceed through a
series of giant-resonance-Tike excitations, with each succeeding higher one
built upon the preceeding /lower one. The existence of the first of these
higher-order resonances, designated as the "second harmonic" giant resonance,
appears to be well-established in 1 2C, the nucleus which has thus far received
the largest share of our/attention. We have, however, also studied other nuclei,
and have developed some feeling for the systematic characteristics of (p,y)
reactions, especially in,'light nuclei, in the intermediate-energy domain.

There are good reasons to study also the ground-state capture cross
sections in detail. As the inverse of the (y»p) reactions described by
Matthews," (p,yo) reaction studies should help sort out the various questions of
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structure and reaction mechanism already under scrutiny in the photonuclear
measurements. In fact, such studies were a major motivation when we began our
(p,y) program, and we have gathered a considerable amount of data which can be
brought to bear on these questions. However, the unusual nature of our initial
findings has led us to concentrate, over the past year and a half, on the cap-
tures to highly-excited states, and it is the latter work I will describe in
this presentation.

II. INITIAL OBSERVATIONS: CAPTURE TO HIGH-LYING STATES

The first observation of strong capture transitions to high-lying states,
reported5 in March, 1979, was made (as were the majority of the findings report-
ed here) by the Ohio State University group, with Indiana University collabora-
tors, at the Indiana cyclotron.

Gamma-ray spectra were obtained with a large, plastic-scintillator-shieided
sodium iodide assembly. High counting rates induced by competing reactions (up
to ^ 3 x 105 pulses/sec) were handled with pileup-suppression techniques and a
novel gain stabilization method.6 A time-of-flight requirement enabled us to
separate the gamma rays from fast neutrons, producing an essentially background-
free spectrum.

Initial measurements on 11B(p,y)12C and 27A1(p,y)28Si showed spectra which,
at Ep ~ 40 MeV, were dominated by transitions to a compact group of final states
centered, in 1 2C, at an excitation energy of 19.2 MeV, and, in 2 8Si, at ^ 14
MeV. The capture origin of the gamma rays was verified by the dependence of Ey
on Ep. At higher bombarding energies, the transitions to these excited states
were found to continue to have larger cross sections than the captures to the
ground and lower-lying excited states, but still larger yields were observed for
lower-energy gamma rays, possibly resulting (as described later in this paper)
from primary transitions to still higher-lying excitations.

Because of the final-state excitation energies in the spectra noted above,
and because one might expect El radiation involving a simple one-particle
transition to be strong, the final states involved in these observations were
suspected5 to have a 1-particle—1-hole nature, with the "stretched" configura-
tions ([p3/2"

a
5d5/2]4- in

 1 2C, [d5/2~
1,f7/2]6~ in 28Si) dominant. This picture

was further developed by Arnold7 and by Tsai and Londergan.8 We also suggested5

that the reaction might proceed through a kind of giant resonance built on these
highly-excited states. Since the final states apparently involved here are,
themselves, components of the giant multipole resonances built on the ground
state, such a higher resonance would be a "second harmonic" giant resonance.

The single-particle picture of the states involved here is shown in Fig. la.
The p3/2 protons of the ground state of

 12C are shown; a single photon of ^ 20
MeV absorbed by such a state produces lp-lh lTuo excitations which include,
for example, the 1" states of the giant dipole resonance (GDR) and the 4" giant
M4 resonance. If these states could absorb a second 20 MeV photon, they would
produce, for example, a lp-lh 2 T\u> excitation; the capture reaction we are ob-
serving is the inverse of that absorption process. Of course, the 1 tfu states
could also lead, by photon absorption, to more complex configurations, such as
the 2p-2h 2 TRo state illustrated. These latter would not play a direct role in
the (p,y) reaction, but could contribute via mixing with the lp-lh 2 Tito states.

Tsai and Londergan8 made a quantitative determination of the gamma-ray
spectra expected on the basis of a modified direct-capture model, and, for
Ep >_ 40 MeV, reproduced the high-energy portion of the observed spectra quite
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nicely. Arnold,7 noting that the 12C and 28Si final states lie at ^ 1 tfco
excitation, suggested that (at least for similar nuclei) the dominant final
states should be found at Ex ~ 41 A"1/3 MeV. Further, he made a direct compari-
son of the spectra we measured5 for 1 2 C ( P , Y ) 1 3 N with our iaB(p,y)12C results.
The former reaction appears to be dominated by transitions to low-lying single-
particle states; it has a spectrum which is qualitatively similar, in the region
of the strongest gamma rays, with that of the latter reaction, except for the
broadening caused by the many particle-hole components in the I : LB(P,Y) case.
Figure lb shows, schematically, that the major single-particle transition in
13N could be, in fact, the same as the one already considered in 1 2C.

III. NATURE OF THE FINAL STATES

Since the strongest transitions go to excitation regions where there are
many available final states, and since at this stage the nature of the initial
states and the multipolarities of the gamma rays involved must also be consid-
ered as unknown, the identification of the dominant final states must be based
more on consistency of the available evidence than on absolute spectroscopic
determinations.

The theoretical descriptions,7'8 which utilize two different sets of
particle-hole wave functions, show good agreement with the original spectra,5

where the gamma rays to the group of states near 19 MeV in I 2C, indicated in the
following as "Ya9," appear as a single broad, skewed peak. However, since the
absolute energy broadening of the gamma-ray spectrometer response function
decreases as E Y is reduced, we have recently been able to resolve some of the
components of this composite line by measuring spectra at lower bombarding
energies. One such spectrum, for llQ{p,y)12C at 28.7 MeV, is shown in Fig. 2.
Also indicated in this figure are the positions of the known negative-parity
states of 12C in the vicinity of the complex peak Yi9- One is struck with the
observation of bumps in the Y19 composite at each of the energies so marked, and
also with the general finding of greater intensities for higher-spin final
states, as expected from the theoretical pictures thus far considered.

The comparison made by Arnold of our spectra for final nuclei 12C and 13N
at similar bombarding energies also tends to support the proposed picture of the
final states as consisting primarily of target-plus-one-proton configurations.
The single-particle transition from initial state to ds/2 final state in

 13N
(i.e., to the 5/2+ third excited state) is, in this simplified model, identical
to the proton transition in 12C leading to the complex of states made up of a
d5//2 proton coupled to the p3/2 hole of the " B target. Snover2 has recently
pointed out that even the magnitudes of these transitions should be identical if
the yields to final states which contain the same single-particle stripping
strength are summed. This test cannot yet be made, as a completely consistent
set of contributing final states has.not yet been extracted from the data.
However, in order to test further the qualitative comparison of closed-subshell
spectra with the corresponding closed-subshell-plus-one-proton cases, we have
measured two additional reaction pairs: 27A1(p,Y)28Si — 28Si(p,y)29P, and
1 5 N ( P , Y ) 1 6 0 -- 1 6 0 ( P , Y ) 1 7 F . These spectra are shown in Fig. 3. In all cases
thus far studied, there is remarkable similarity in the structure of the spectra
of neighboring pairs. The closed-subshell nuclei have dominant peaks from cap-
tures to states at much higher excitation than those seen in the less complex
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Fig. 1.
Extreme single-particle picture of
proton configurations involved in
(p,Y) reactions leading to a) 1 2C,
and b) 13N. Double arrows indicate
states which could be formed from
lower-lying states by photon absorp-
tion; the wavy line shows the observed
primary emission.

Fig. 2.
Gamma-ray spectrum from I : IB(P,Y) 1 2C

at Ep = 28.7 MeV, 9 L A B = 75°.
Structure in the yis complex corres-
ponds to capture to known negative-
parity states, which may be identified
as (Pa/a'^s-d1) configurations.

closed-plus-one nuclei; but binding energy differences are such that, when
corrected for center-of-mass effects, the dominant gamma rays in each pair are
within 100 keV of each other.

Another check on the nature of the dominant final states in the closed-
subshell nuclei may be obtained by looking at the energies of these states.
Accordingly, in addition to the 1 1 B ( P , Y ) 1 2 C ,

 15N(p,Y)
160, and 27Al(p,Y)

28Si men-
tioned previously, we investigated the reactions 59Co(p,Y)

60Ni and
115In(p,Y)116Sn. Of these five reactions, only the 12C and 28Si cases showed
relatively compact peaks corresponding to captures to final states at
E x = 41 A"

1/3 MeV. In the case of 1 6 0 , however, the stretched configuration
td5/2»P3/2"1] is not expected to be strongly excited in this reaction, since the
15N target has a pa/2 hole; the dominant final states thus center on the 3"
states at ̂ 13.2 MeV rather than the higher-energy 4" states expected from a
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rigid application of the formula. In both 60Ni and 1 1 6Sn, a very broad region
of excitation appears to be involved, which encompasses the 41 A"1'3 MeV line.
In these latter cases, the neutron subshells are not closed, and many more final
state components are involved than in the lighter nuclei.

A few nuclei further from closed subshells have also been investigated in
less detailed experiments, in order to determine whether single-particle proton
transitions appear to dominate there, as well. Perhaps the most striking of
these cases is seen in 13C(p,y)^N, where the relevant final states would be
expected to be 2-particle states, with the pi/2 neutron of

 13C coupled to an
s-d shell proton. A spectrum taken at Ep = 25 MeV in collaboration with the
TUNL group,9 using techniques similar to those employed in the Indiana runs,
confirmed the finding of Paul et al. ,10 that two compact groups of final states
are involved here, with energies corresponding to T=0 and T=l Pi/2^>d5/2
states. The reactions 7Li(p,Y)8Be (also studied at TUNL9) and 9Be(p,YJ10B
(studied in collaboration with the Maryland group11) have final nuclei with much
more complex shell-model configurations; predictably, the spectra show much more
complex sets of final states. However, at least in the case of 8Be, it is clear
that higher-lying states are strongly excited, and work is continuing in an
effort to understand the nature of these states better.

IV. ENERGY DEPENDENCE

In the simplest weak-coupling picture, a giant El resonance built on ex-
cited states of 12C should be located at the same excitation energy above those
states as the ground-state giant dipole resonance, i.e., about 23 MeV. Our
initial measurements produced excitations above 50 MeV, somewhat high to probe
the ^ 42 MeV region expected, on this basis, to contain a possible dipole
resonance built on the 19-MeV excited states. We therefore extended our measure-
ments to lower bombarding energies to investigate the (p,Yi9) cross section in
the region of interest.

A preliminary indication of the energy dependence of this cross section is
shown in Fig. 4. It will be of particular interest to extract, from the data,
cross sections for the individual components of Yi9> as well as an integrated
value for the entire final-state group, and work is proceeding in this direction.
Present spectrum-stripping results do indicate that consistency can be obtained,
at least at the lower bombarding energies, with no major background assumed
beneath the Y19 group. The yields shown in Fig. 4 were therefore obtained
directly from the height of the Y19 peak. Since the width of the monoenergetic
detector response increases with increasing Ey, this peak height better repre-
sents the central components (presumably the 4~ states) of Y19 at the lower
energies and the integrated composite at higher ones. However, no large dif-
ferences in individual components' energy dependences are evident in the spectra,
and the information presented in the figure should therefore be a reasonable
representation of the actual excitation functions.

The Y19 curve shows a clear indication of a maximum at En = 29 MeV, corres-
ponding to Ex s: 43 MeV, just where the weak-coupling picture predicts the Y19
El giant resonance. Is this, then, the second harmonic resonance we originally
anticipated? There are several criteria we might apply: is the radiation
really dipole? is the "resonance" reasonably compact? does it exhaust a
significant fraction of the sum-rule value? While none of these criteria are
met to such an extent that a positive identification is inescapable, the evi-
dence taken as a whole seems to point in that direction, as described below.
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Fig. 4.
Excitation functions for proton cap-
ture into 1 2C, at eL/\B = 60°. Calcu-
lations of Londergan and Tsai are
shown as solid lines; the dashed lines
merely join the data points.

-« Fig. 3.
Comparisons of spectra for 28.6 MeV
proton capture into closed-subshell
and closed-subshell + 1 proton nuclei:
a) 1 60-1 7F; b) 2 8Si-2 9P.

Angular distr ibut ion measurements can help determine the mult ipolar i t ies of
the gamma-rays involved. At Ep = 28.7 MeV, yi9 has an angular distr ibut ion
given by l+[0.34±0.03]Pi(cos ey-[0.60±0.06]P2(cos e)-[0.27±0.07]P?(cos 6).
Since the states involved appear to have high spins, the restr ic t ion of the
distr ibut ion to low-order Legendre polynomials most l i ke ly arises from the
limitat ion imposed by the mult ipolarity of the radiation. Londergan and Tsai12

reproduce a similar angular dependence with the radiation ^ 80% El.
The width of the resonance is about 15 MeV. As such, i t is clearly broader

than the ground-state GDR. However, the f inal states upon which i t is bu i l t
are themselves spread over at least 5 MeV, and the many components which could
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contribute to a giant resonance built on these states would also have to be
spread out, especially at such high excitations. Thus the localization of
strength is probably as good as could possibly be expected.

Finally, the question of integrated strength must be explored. Since the
yields extracted thus far are only useful as relative values, it is not yet
possible to arrive at an absolute determination of this quantity. However,
approximate cross sections have been estimated and detailed balance applied to
arrive at the following tentative results: for the 4~ final states alone,
ja(E)dE over the range 18 £ E y <_ 42 MeV (note that the region of excitation inl2C is 19 MeV higher than these values) is roughly 15 MeV«mb, while for the
entire 19-MeV final state group, allowing for various spins, the integrated
strength is ^ 48 MeV-mb. It is not clear how to make a direct comparison with
the simple El sum-rule value, 60 NZ/A = 180 MeV-mb, because of the multiple
nature of the final states, and because radiative transitions from these final
states to lower-lying states must also be taken into account. However, it
appears that the strength of the observed resonance is such that its identifica-
tion as a "giant" is quite reasonable.

The occurrence of a resonance is not predicted by the modified direct cap-
ture theory of Tsai and Londergan.8 The energy dependence of the cross section
calculated12 from that model is shown in Fig. 4. (Note that the normalization
of theory to experiment is not absolute, due to the preliminary nature of the
data.) It should be noted that a simpler, phenomenlogical direct capture
calculation13 has produced an energy dependence which does show a peak in the
cross section; the peak is somewhat broader, and lower in energy, but never-
theless has a striking resemblance to the observations. We are thus at a point
where our qualitative picture of the resonance may be described, to some degree,
by a model usually considered as describing a non-resonant situation. The
seeming discrepancy is removed, however, when one notes that the "direct" cal-
culation does, in fact, have single-particle phase shifts built into it, and the
observed effect may be understood as an enhancement of the resonance behavior of
these phase shifts.

V. EXTENSIONS OF THE PICTURE: ARE THERE HIGHER HARMONICS?

Given the tentative nature of the picture we have been building thus far,
it is nevertheless an appealingly simple one which seems to be in agreement with
all the available data, and we may speculate on further extensions of the ideas.
At energies higher than the second harmonic resonance (dominated, presumably, by
f->d El transitions in 1 2 C ) , there could well be another resonance, connected to
the former by El radiation. The new resonance would be predominantly a g-wave
proton coupled to a p3/2 hole, in the case of

 12C. In fact, a whole sequence of
"higher harmonic" giant rssonances could exist, each one having its major
electromagnetic decay to the next lower in the sequence. Such a situation is
shown schematically in Fig. 5.

Knowing the approximate shape of the second harmonic resonance, and assum-
ing an even broader yield curve for capture transitions to this region of
excitation, one can obtain a qualitative picture of the expected shapes of
gamma-ray spectra at higher bombarding energies. For example, at Ep = 50 MeV,
(Ex = 62 MeV) one can estimate the relative contribution of transitions to the
ground state (going primarily through the tail of the usual GDR), to the 19-MeV
states (via the less-distant second-harmonic resonance), and to the second-
harmonic resonance reqion (proceeding strongly through the assumed third-
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harmonic resonance). Such a theoretical spectrum is shown in Fig. 5, along
with others obtained in a similar manner for various bombarding energies.

In Fig. 6, we present an actual Ep = 50 MeV spectrum. The broad structure
above EY = 20 MeV looks suggestively like the expected shape for transitions to
the second-harmonic resonance, and the strength relative to Y I 9 and yo

 1S also,
qualitatively, as predicted from the scheme of Fig. 5. Unfortunately, the
fixed-energy gamma rays (arising primarily from "Bfp.p'y) reactions) for
E y < 18 MeV obscure some of the supposed third-to-second harmonic transition
region, and make this identification rather tenuous at this time. Nevertheless,
the qualitative aspects of the picture continue to be supported as new data
allow us to explore further aspects of the phenomena.

VI. CONCLUSIONS

It is clear that many of the ideas described here are of an exploratory
nature. Absolute cross sections must be extracted from the data, in a consis-
tent iiiunner, before some of these phenomena can be considered as tested; even
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SHELLS CURVES SPECTRA
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Fig. 5.
Theoretical gamma-ray spectra result-
ing from a sequence of El giant
resonances. The intensities of var-
ious features of the Ep = 50 MeV spec-
trum are highlighted to show how they
are related to the assumed yield
curves.

Fig. 6.
Observed spectrum for " B f p . y ) 1 ^ at
Ep = 50 MeV, 9 LAB = 60°. The shape is
qualitatively similar to the spectra
proposed in Fig. 5; the always present
(p,p') gamma rays obscure the region
below Ey = 20 MeV.
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more important at this stage, I feel, is a good theoretical approach to these
reactions. Such an approach may arise from a combination of elements of the
Tsai and Londergan reaction model and the continuum shell model description of
resonant single-particle states.1"

Despite these caveats, however, I feel we are in the midst of lifting yet
another of nature's veils. I am most enthusiastic that the future will bring
more interesting surprises as we push our investigations in new directions:
polarized-beam studies, deuteron capture (as a probe of 2p-2h contributions),
higher-energy measurements, and y-particle coincidence studies.

I wish to acknowledge the continued hard work of my colleagues in this
program: Mike Kovash, my former graduate student, presently at MITRE Corp.;
Dick Boyd, Tim Donoghue, and Hersh Hausman, of Ohio State University, and Andy
Bacher and Chuck Foster, of Indiana University. This work has been supported
in part by the U.S. National Science Foundation.
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NEUTRON DENSITY DISTRIBUTIONS FROM 800 MEV

PROTON-NUCLEUS ELASTIC SCATTERING

by

G. W. Hoffmann

ABSTRACT

After discussing the expected sensitivity of 800
MeV p + nucleus elastic scattering cross section and
analyzing power data to the details of the target
neutron density distribution, the results of micro-
scopic analyses are discussed. Particular emphasis
is given to the uncertainty in the deduced neutron
density information arising from various experimental
and theoretical uncertainties.

I. INTRODUCTION

Several general features of the proton-nucleus interaction which are unique
at laboratory energies around 800 MeV suggest that elastic scattering data can
be used, through appropriate theoretical analysis based on first principles, to
infer detailed microscopic information about the ground state neutron density
distribution.

One such feature is the deBroglie wavelength (A=h/p) of the incident pro-
jectile. The "distance" between nucleons in the nucleus is ^ 1 fm, and since an
800 MeV proton (momentum 1463 MeV/c) has a deBroglie wavelength of 0.86 fm, it
seems reasonable to expect the scattering of such protons from nuclei to be sen-
sitive to the single particle nucleon distribution. One has the intuitive feel-
ing that any theory which describes the p-nucleus interaction in terms of the
elementary proton-nucleon interaction (as do the so-called "multiple scattering
theories") should be applicable and accurate. At energies significantly lower
than 800 MeV this possibility does not exist. For example, at 100 MeV the de-
Broglie wavelength is about 3 fm (roughly half the size of a large nucleus).

Another feature of medium energy p-nucleus elastic scattering prerequisite
for determining the radial shape of the neutron density distribution is the rel-
atively large momentum transfer involved. In the final analysis, the spatial
resolution will be limited by the momentum transfer, through the uncertainty
principle, ApAx > H, or KAx > 1, where K is the momentum transfer. Shown in
Fig. 1 is the momentum transfer, as a function of center-of-mass scattering angle,
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for 800 MeV p-nucleus elastic scattering. I t is evident that the momentum
transfers are large at relat ively small angles where the theories are expected
to be most rel iable. At 209, K = 2.5 fm^and using the uncertainty pr inciple,
one has Ax > 0.4 fm. This figure is again comparable to the spacing between
nucleons inside the nucleus.

The degree of optical blackness of the target nucleus as seen by the i nc i -
dent proton also favors using medium energy protons in probing the neutron den-
si ty d ist r ibut ion. I f the nucleus were to ta l l y black, the scattering data would
be sensitive only to the distr ibut ion of nucleons s l ight ly beyond the nuclear
surface. Estimating the mean free path as d ^ (pa)"1 , where p = 0.17 nucleons/
fm3 and a = 3.79 fnr (the free proton-neutron total cross section at 800 MeV)
gives d % 1.5 fm. One therefore expects p-nucleus elastic scattering data at
800 MeV to show considerable sensi t iv i ty to the entire region around the nuclear
surface. Only detailed calculations w i l l t e l l us to what degree the data are
sensitive to the nucleon density of the nuclear in ter ior .

The conclusions drawn from a qualitative examination of the 800 MeV p-nucleus
elastic scattering data also suggest that such data are sensitive to some details
of the geometry of the density distr ibut ions. Shown in Fig. 2 is the most recent
800 MeV p + 208Pb elastic angular d istr ibut ion1 as a function of center-of-mass
scattering angle. This angular d is t r ibut ion, which contains 10 osci l la t ions,
continues in a systematic fashion over 10 decades to cross sections of about
10 nb/sr. The osci l latory structure is ent irely regular with the positions of
the minima being separated by about 4° , and the overall slope of the angular
distr ibution is constant. These observations are qual i tat ively consistent with
the di f f ract ion pattern expected for scattering from a black disc. Using the
crudest di f f ract ion model,2 do/dQ = R2|Ji(kR8)/0|2 , where k is the wave number
of the incident beam and R is the di f f ract ion radius, i t is possible to choose a
di f f ract ion radius which properly locates a l l the minima in the experimental 800
MeV p-nucleus elastic angular distr ibut ions. This is i l lust rated in Fig. 3 where
the di f f ract ion radius for 208Pb is found to be 7.0 fm. Any elementary nuclear
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physics text says that the "nuclear radius" is about 1.2 A1'3, which is 7.1 fm
for the case of 2 0 8Pb. Again we have more qualitative evidence that 800 MeV p-
nucleus elastic scattering data should be quite sensitive to the nuclear density
around the nuclear surface. It is fortunate that the crude diffraction model does
a poor job in reproducing the detailed shape of the angular distribution, since
an excellent fit would suggest that the only information to be obtained from the
data is a quantity related to the bulk size of the nucleus (as has been the case
for most studies done in the past). However, a more sophisticated diffraction
model calculation,3 which provides for a fuzzy absorber with a complex index cf
refraction, ard includes Coulomb scattering contributions, can be used to provide
a good fit to any of the 800 MeV proton-nucleus elastic angular distributions, as
shown in Fig. 4-

Based on the above observations, it is anticipated that careful application
of microscopic theories will relate the elastic angular distributions quanti-
tatively to the shapes of the target nucleon density distributions.

Several microscopic theories of medium energy proton-nucleus elastic scat-
tering exist.""5 The first order ingredients for these theories are just the
"free" nucleon-nucleon scattering amplitudes and the nucleon density distributions.
Apart from questioning the validity of using "free" amplitudes inside nuclear mat-
ter, if these amplitudes are known, and assuming that the proton densities are
already known from the results of electron scattering experiments, the only re-
maining unknowns are the neutron density distributions. One approach toward de-
termination of the neutron densities would be to make calculations in which the
neutron densities are varied until fits to the experimental angular distributions
are obtained.

For a spin-zero target nucleus, both spin-independent and spin-dependent
nucleon-nucleon scattering amplitudes are needed for the calculations. Unfor-
tunately, the amplitudes at 800 MeV are poorly known. Because of this, and be-
cause of the extra spin-degree of freedom, it is also important to have analyzing
power (or polarization) data and to fit this data along with the angular distri-
bution data when attempting to learn something about the neutron density distri-
butions. In this way (until a complete set of nucleon-nucleon data becomes

ELASTll

BOO MeY

DIFFRACTION MODEL
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Fig. 3
Crude diffraction model prediction.
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Fig. 4
More realistic diffraction model
with Coulomb effects included.

101



available) i t is hoped that a consistent set of effective spin-dependent nucleon-
nucleon amplitudes can be determined from the limited nucleon-nucleon data avail-
able ajid the p-nucleus analyzing power data.

Fig. 5 show^ the forward angle elastic angular distr ibut ion and analyzing
power data6 for p + 12l*Sn at 800 MeV. The qualitat ive features of the analyzing
power data are also predicted by both classical and di f f ract ion model arguments.
Shown in Fig. 6 is the microscopic optical potential (discussed below) for p +
208Pb at 800 MeV. Notice that the central potential is almost entirely imagin-
ary and that the spin-orbit potential is surfaced-peaked. A classical argument
to account for the behavior of the analyzing power data is suggested from Fig. 7.
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Imagine that protons are incident upon this potential into (and normal to) the
page. Spin-up and spin-down protons see the same imaginary potent ial , but the
spin-orbit potential changes sign for the two different incident spin orientations.
Spin-up protons are preferential ly scattered to the l e f t from the outer part of
the spin-orbit potent ial , while spin-down protons are preferential ly scattered to
the l e f t from the inner part of the spin-orbit potential. In addit ion, since the
outer part of the spin-orbit potential is outside the strong absorptive imaginary
potent ial , while the inner part of the spin-orbit potential is inside the imagin-
ary potential , the magnitude of the spin-up cross section for scattering to the
le f t should be larger than that for spin-down scattering to the l e f t . Such is
indeed the case, as seen in Fig. 8, where smooth curves have been drawn through
the data7 for 90Zr (data omitted). The fact that the minima are s l ight ly shifted
in angle between spin-up and spin-down and the fact that the spin-up cross section
is always larger than the spin-down cross section lead to the qualitat ive features '
of a l l the elastic analyzing powers observed at 800 MeV: (1) they are always pos-
i t i v e , (2) the envelopes monotonically increase with increasing angle, and (3)
the minima in the di f ferent ia l cross sections occur half-way between the minima
and maxima in the analyzing powers. Using the di f f ract ion model l im i t of Glauber
theory, Auger and Lombard9 were able to get excellent f i t s to the 800 MeV analyz-
ing power data (see Fig. 9), except at the extrema as expected.

The next question to ask is how precise the experimental data need to be i f
we expect to obtain meaningful density information through theoretical analysis.
Shown in Fig. 10 is the region of the second ..inirna in the angular distributions
for elastic p + 116 '12"Sn at 800 MeV.6 The minima are separated by about 0.25°
and the cross sections d i f fer by about 13% at the maxima. These differences

LEFT

Y

i

I 4-5

RIGHT

Fig. 7
Classical explanation of analyzing
powers observed at 800 MeV.

Fig. 8
Spin^up and spin-down cross sections
for p + 90Zr at 800 MeV. Smooth curves
have been drawn through the data.
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increase with increasing scattering angle. Since the root-mean-square (rms)
radii of the 11GSn and 12<fSn neutron densities are expected (from Hartree-Fock
calculations) to be about 4.7 and 4.8 fm, respectively,10 the difference of 0.1
fm, along with Fig. 10, i l lust rates the expected sensi t iv i ty of the data to
rms radius differences. I f the absolute angle can be determined to 0.05°, and
neglecting a l l other uncertainties, we expect the rms radius to be determined to
0.02 fm.

Accurate determination of the absolute scattering angle and the relat ive
normalization of the angular distr ibut ion are the most crucial aspects of the
data for a rel iable determination of the neutron density d istr ibut ion. Optical
model calculations using the f i rst-order optical potential (discussed below), in
which the neutron and proton densities are characterized by Fermi distr ibut ions,
have been made to document this sens i t iv i ty . 1 For p + 208Pb i t is found that
changing the neutron radius parameter by an amount which changes <r^>1/2 (the
neutron rms radius) by +p.l fm shifts the positions of the second, t h i rd , and
fourth minima in the angular distributions by + 0.05, _+ 0.07 and _+ 0.13 degrees,
respectively (see Fig. 11), verifying the di f f ract ion model arguments. Changing
the diffuseness by an amount suff ic ient to change the rms radius by +_ 0.1 fm
(see Fig. 12) does not change the positions of the maxima or minima, but rather
changes the overall slope of the angular distr ibut ion by +_ 0.8%/degree. Thus,
very high quality data are needed i f we are to obtain accurate information con-
cerning the neutron density d ist r ibut ion.

Ni 0.8 GeV

25 q f in ' ' ]

Fig. 9
Analyzing power predictions using
diffraction model limit of Glauber
theory. Taken from Ref. 9.

Fig. 10
The region of the f i r s t minima in the
800 MeV p + 116Sn and 12IfSn elastic
angular distr ibutions.
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I I . DISCUSSION OF METHOD OF ANALYSIS

Several ana lyses 1 ' 6 ' 7 ' 2 0 ' 1 1 of the 800 MeV LAMPF data (and also the 1 GeV
Saclay and Lenningrad data)12 have been carried out in the partial-wave formalism,
solving the Schrodinger equation with re la t i v i s t i c kinematics. These analyses
begin by generating the spin-dependent microscopic optical potential of Kerman-
McManus-Thaler (KMT)5 from proton-nucleon scattering amplitudes and the one-body
point-proton and -neutron densities describing the target nucleus:

Uopt dq jQ<qr) (1)

In Eq. 1 tNN(q ) is the free nucleon-nucleon scattering amplitude and FM(q2),
the form factor, is the Fourier transform of the nuclear matter d is t r ibut ion,
pm(r). The factor n arises from relating the two-body t matrix in the nucleon-
nucleus barycentric system to the corresponding scattering amplitude in the
nucleon-nucleon barycentric system.13 More recent analyses11 '12 include (1) as
perturbations to the f i rst-order potential the major second order terms which
arise from target nucleon correlations, and (2) the leading corrections to the
point-proton density due to the neutron's electr ic and magnetic form factors and
the proton's magnetic form factor.
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Although the general expression14 for the nucleon-nucleon scattering ampli-
tude contains five complex quantities, for the case of elastic scattering from
a spin-zero nucleus, only two terms enter the calculation:10

t p j V ) - t^(q2) + i tj\(q2) (Jp-n) . (2)

In Eq. (2] p refers to the incident proton, j = p or n denotes the target
nucleon, n = (t-\ x tf)/\tj x t f \ , and q is the momentum transfer, |Ttf - ltj | .
Inserting Eq. (2) into Eq. (1) leads to an expression for the f irst-order KMT
optical potential in which the dependence on the proton and neutron densities is
clearly delineated:13

Uopt = 4 ^ ^ 2 dq [ Z t°pp Fp + N t j n Fn ] j o (qr ) (3)

- W 1 d_ / q2 dq [ Z t j p Fp + N t j n Fn ] Jo(qr) J-t

Unfortunately,11 in order to determine the nucleon-nucleon parameters used
in Eq. (3), i t is necessary to have a complete set of nucleon-nucleon scattering
data over the range of momentum transfer covered by the proton-nucleus data. The
spin-independent and spin-dependent amplitudes needed for Eq. (3) cannot be
determined independent of the remaining 3 double-spin-flip amplitudes even though
the aouble-spin-flip amplitudes are not needed for generating the f i r s t order KMT
potential. Although i t is generally argued that the double-spin-flip amplitudes
are small compared to t p j and t | j , their neglect in determining t2 j and tSj may
or may not be reasonable, and unti l a l l f ive complex amplitudes are known from
pp and pn studies, we are forced to l ive with the resulting ambiguities.11

The parametrization assumed for tj)j and tpj- at energies around 800 MeV i s 1 0 ' 1 1

",,/) (4)

where k is the nucleon momentum in the nucleon-nucleon center-of-mass system,
a j j is the spin-averaged total cross section and M is the nucleon mass. A total of
12 parameters are needed in Eq. (4). Total cross section measurements provide
ap"p and a l n , while forward angle p+p measurements in the Coulomb-nuclear inter-
ference region provide app . Dispersion theory estimates suggest a value for ap p .
However, experience has shown that the value of apn affects only the peak-to-valley
ratios of the angular distributions and not the angular positions of the maxima
or minima, so that uncertainty in apri has l i t t l e effect on the deduced neutron
density. In practice apg has been Sdjusted within the range of the dispersion
theory estimates to obtain the optimal result for the many target nuclei from
12C to 208Pb studied at 800 MeV. Thus, 4 of the 12 parameters of Eq. (4) are
essentially known,11 and the remaining 8 parameters must be determined by f i t t i ng
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the available nucleon-nucleon elastic cross section and polarization data,
as well as the p-nucleus analyzing power data.

Assuming the double-spin-flip amplitudes to be zero and using Eq. (4) ,
the two-nucleon elastic cross section and polarization are given by11

da/dQ =

2 (8pjko/4Tr)

a?
p.) exp(-2Bpjq

2)

+ a 2
p j ) (q2/4M2) exp(-2Bspjq

2) , and

Pdo/dn = a j j (ko/4Tr)2 [9 p . ( a s p j . - a p . ) ] X

exp[-(B
s p j

Bp j)q
2].

(5)

I t can be shown that P(da/dft)/q is well-represented by the Gaussian dependence
on q for q ^ 3-4 fin"1. Therefore, given the assumption about the double-spin-flip
amplitudes, 6D,-(a . - a •) and (B . + B .) are well-determined. Since two free
parameters remain TOr born pp and pnt no unique solution exists. Considering
the available pp and pn data at energies around 800 MeV, contour plots of the
total |x|2 obtained from applying Eq. (5) to the data can be made.11 Such plots
are shown in Figs. 13-14 as functions of B . and 8 .. As seen from Figs. 13-14,
three dist inct minima occur, both for pp ana pn, ana each has about the same
depth. The quality of f i t s to the cross section and analyzing power data are
indicated in Figs. 15-16. Solution 1 represents the f i t for ePp = -0.67 fm2

and 6pn = 1.56 fm2 while solution 2 is for 6pp = 7.3 fm2 and epn = 11.3 fm2.
The predictions for Solution 3 are similar to those of Solution 2.

In order to choose one of these solutions for use in the p + nucleus cal-
culations, KMT predictions for the p + lt0Ca analyzing power were made for each
solut ion.1 1 In each case f i t s to the elastic angular distr ibut ion data were

| x f CONTOUR MAF? p*p AT 0.8 GeV

0280

X| CONTOUR MAF? p . - AT 0 8 GeV

Fig. 13
Discrete solutions for p+p amplitudes
at 800 MeV. From Ref. 11.

Fig. 14
Discrete solutions for p+n amplitudes
at 800 MeV. From .Ref. 11.
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obtained by varying the neutron density geometry. The ""Ca point-proton
density needed for the calculation was unfolded from the "*°Ca charge d i s t r i -
bution obtained from analysis of electron scattering data. The results ob-
tained12 are compared to the data in Fig. 17 where i t is observed that Solution
1 and Solution 2 reproduce the trend of the data but not the detai ls. Solution
3 results in worse agreement with the data than the results for the other two
solutions. The dash-dot curve in Fig. 17 is a best f i t 1 1 to the data, obtained
by start ing from the Solution 1 values. The most signif icant variation needed
to improve the f i t was in the strength of the imaginary part of the spin-orbit
potential.

Another method for rating the merits of the 3 sets of nucleon-nucleon
parameters is to compare the values obtained for Arn p , the neutron-proton root-
mean-square (rms) radius difference obtained for "^Ca, by assuming each of the
3 sets of parameters and varying the neutron density distr ibut ion to get the
best f i t to the cross section data. When this is done11 i t is found that Arnp
^ 0 using Solution 1 or the best f i t solution, while Arnp % -0.2 fm for either
Solution 2 or 3. Theoretical values for Arnp('t0Ca) are about 0, and the above
result again suggests that the appropriate values for the nucleon-nucleon para-
meters are close to those of the best f i t solution.

In practice, the proton-nucleus data are analyzed using nucleon-nucleon
amplitudes whose parameters are similar to those of Solution 1 with variation
allowed in the spin-dependent parameters, 8p j and aSpj, on a case by case basis
to f i t the analyzing power data. Since 0p j and a s p j are freely searched, isospin-
averaged values are determined.

Because only a complete analysis of the fu l l set of nucleon-nucleon data
obtained over the appropriate range of momentum transfer can rel iably determine
the needed amplitudes, f inal conclusions in regards to the neutron density
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Fig. 15
Fits to p+p and p-i-n elastic cross
section data. From Ref. 11.

Fig. 16
Fits to p+p and p+n elastic polarization
data. From Ref. 11.
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distributions obtained from present-day analyses of the experimental p-nucleus
elastic scattering data cannot be made. At the present time the highest confi-
dence can only be given to the results obtained for the relative differences
between neutron densities and their radii rather than in absolute values.11

However, it is possible at this time to determine how accurately neutron
densities could be determined from the existing data if the two-nucleon ampli-
tudes were accurately known.10'11

Another question to raise, before discussing the information that has been
learned through analysis of the 800 MeV p-nucle1;- elastic scattering data, is
the validity of using the impulse approximation (basically the use of free
nucleon-nucleon amplitudes) for the p + nucleus calculations. Use of free ampli-
tudes implies that the reactive content of the optical potential is due solely
to two-nucleon processes within nuclear matter. These include (1) quasi-elastic
knockout [(p,2p) and (p,pn)] and (2) quasi-elastic delta production [(p,pA) and
(p,nA)], and these processes are automatically included in the calculations
because they are described by the free amplitudes. Other processes are not
described by the free amplitudes, and if they contribute significantly to the
reactive content of the optical potential, the theory will clearly be inadequate.
KMT calculations have been performed15 for p + nuclei to study the energy depen-
dence of the total and reaction cross sections, and, as seen in Fig. 18, the
results suggest that the impulse approximation is valid at energies above 400
MeV. Experimental work is presently underway at LAMPF to provide new data which
will shed light on our ideas about the reactive content of the optical potential
at 800 MeV.16
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I I I . RESULTS

As stated in Section I I , the ingredients for generating the KMT optical
potential are the point-proton and point-neutron density distributions and the
parameters of the spin-independent and spin-dependent parts of the nucleon-nucleon
scattering amplitudes. For the conventional calculat ion1 0"1 1 the point-proton
densities are determined by unfolding the single-proton charge form factor from
the empirical nuclear charge form factor determined from electron scattering
experiments and kept f ixed, while the neutron densities are parametrized by 3-
parameter Fermi (3pF) or 3-parameter Gaussian (3pG) distributions and searched
along with isospin-averaged 6Sp and as p to simultaneously optimize the f i t s to
the di f ferent ia l cross section and analyzing power data. The spin-independent
parameters (and the spin-dependent parameter Bsp) used for the calculations are
given in Table 1 and were obtained11"12 as discussed ear l ier .

Fits to some of the 800 MeV data are shown as the solid curves in Figs. 19-
20.

o

Figs. 19-20
Fits to some of the 800 MeV p + nucleus
elastic angular distributions and analyzing
powers. From Ref. 10.
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TABLE I

THE PARAMETERS OF EQ. (4) USED IN THE ANALYSIS OF THE 800 MEV ELASTIC DATA

p H

p H

•• p

i- n

T

f l2

4.73

3.79

•PI

0.06

-0.2

f l2

0.09

0.12

R" a

fm2

0.2

0.2

9pjaspj
fm2

6.3

6.3

aIsospin-averaged value

6" . and a . were varied individual ly, on a case by case basis, keeping
thePJproduc!PJconstant to ^ 10% See Ref. 11.

The f i t s to the di f ferent ia l cross section data are generally excellent
out to scattering angles of about 20°, while there is a problem in f i t t i n g some
of the very forward angle and a l l of the larger angle (^20°) analyzing power
data. The cause of the discrepancies is not presently known. The results ob-
t a i n e d 1 ' 1 0 ' 1 1 ' 1 7 ' 1 8 for Arnn = <r2

1>1/2 - <r^>1^2 are given in Table I I where
they are compared to typical Hartree-Fock predictions19 and results obtained
from similar data taken at Saclay and Leningrad. The second order results (LAMPF)
referred to in Table I I were obtained11 by taking into account target nucleon
correlations and electromagnetic corrections to the point-proton densities.
While the second order effects are small, they must be treated thoroughly in
the f inal analysis for a rel iable determination of the neutron density d i s t r i -
bution.

As seen from Table I I , there is general overall agreement between the
empirical results for Arnp and the values predicted by Hartree-Fock theory.
The LAMPF experiment on p + 2oaPb was repeated1 because of the discrepancy with
the results of analyses12 of the Leningrad data, and both sets of LAMPF data
(as well as the results of the analyses) are consistent.

The second stage of the analysis10"11 is to relate the various experimental
and theoretical uncertainties to uncertainties associate'' with the deduced
neutror density information. The following must be considered: (1) experimental
error in the absolute normalization and scattering angle of the data, (2) uncer-
tainty in the incident beam energy, (3) experimental error in the point-proton
densities determined from analysis of electron scattering data, (4) uncertainties
in the parameters of the spin-dependent and -independent nucleon-nucleon ampli-
tudes of the given discrete solution used in the analysis (see Section I I ) , (5)
the effects of omitting in the f i r s t order analysis Pauli and short range dynam-
ical correlations, (6) effects of omitting electromagnetic corrections to the
point-proton density, and (7) uncertainty due to the s tat is t ica l error and f i n i t e
momentum transfer of the experimental data.

One procedure to estimate the error in the deduced neutron rms radius due
to 1-4 above is to individually al ter each parameter and recover the original
Ix l 2 by variation of the neutron density. The error in Arnp due to the omission
of target nucleon-nucleon correlations can be estimated from the predicted
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TABLE I I

THE NEUTRON-PROTON ROOT-MEAN-SQUARE RADIUS DIFFERENCE

Ar = < r j > 1 / 2 - <r2>}/2 IN FERMIS

NUCLEUS

12c

160

40Ca

42Ca

44Ca

48Ca

54Fe

58Ni

64Ni

90Zr

116Sn

124Sn

208Pb

DMEa

0

-.03

-.05

.03

.09

.19

-.01

.00

.13

.079

.12

.21

.20

LAMPF

First Order

ob

.12e

.14e

-.081

.0859

(800 MeV)

Second Order

Oc

.03d

.23f

.Olf

.17f

.15f

.25f

.14h

SACLAY (1040 MeV) LENINGRAD (1000 MeV)

Second Order First Order Second Order

O1*

-.07j

.02J" -.07k

.08J

J3J'

.21J .21k

-.Olj

.16*

-.03"\.04k

aUsing Density-Matrix-Expansion code of Ref. 19
bG. S. Blanpied, et al_., Phys. Rev. Lett. 39 (1977) 1447.
CG. S. Adams, et a]_., Phys. Rev. Lett. £3 (1979) 421.

Ut.published result obtained for new data. Analysis done as described in Ref. 11.
eA reanalysis of data reported by G. Igo, ert al_., Phys. Lett . 81_B (1979) 151.
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changes in the overall magnitude and slope of the cross section when such
correlations are included in the analysis. For lf0Ca, 116Sn and 2 0 8Pb, it turns
out that when correlations are included11 in the analysis, the neutron radii
increase by about 0.05, 0.02 and 0.01 fm, respectively. However, when electro-
magnetic corrections to the proton density arising from the electric and mag-
netic form factors of the neutron and from the magnetic form factor of the proton
are considered,11 it is found that the neutron rms radius decreases by an amount
nearly equal to the increase found when correlations are considered. Therefore,
the first-order result for Ar is much closer to the result of a full calculation
which includes second-order correlations and the electromagnetic corrections than
the result of a second order calculation which includes correlations only.11

The uncertainty in Arpp due to model-dependence and the statistical error
and finite momentum transfer of the experimental data can be estimated by per-
forming an approximately model-independent analysis.10 The approach is analo-
gous to that used in electron scattering for generating error envelopes of the
charge densities. For the p+nucleus case, the neutron density is generalized to

Pn(r) = b l(pon(r) + S Apn(r)1 , (6)

where p°(r) is the best-fit 3pF or 3pG model-density obtained from the first
stage of the analysis. The perturbations to the density Apn(r) are chosen at
random and the strength S of each perturbation is increased until the fit to the
data deteriorates. The constant b is re-evaluated for each perturbation to in-
sure the proper overall normalization of Pn(>")- With a sufficient number of
randomly chosen Apn(r) [sums of Bessei functions or sums of Gaussians] an error
envelope for pn(r) emerges. Besides being able to obtain the contribution to
the uncertainty in Arnp from the model-independent analysis, the error envelope
indicates the sensitivity of the analysis to various regions of the density.
Typical error envelopes1'11 obtained from the LAMPF data are shown in Figs. 21-
24. If the mean "p~n(r) and standard deviation Apn st(r) of the random densities
comprising the error envelope are computed at eacn radial mesh point r, it is
found that [Apn>st(r)/p'Q(r)] x 100% is typically 7-15% at r = 0, 0.6% at the
position where Fnfi") = 0.9 T T J O ) , 0.8% at 0 . 5 ^ ( 0 ) , and 1.0% at 0.1 "pn(0).
This quantity is shown for li6Sn in Fig. 25 as the dashed curve. Shown as the

solid curve is [(pn,max^
r) " Pn,nrfnM)/2pn(r)] * 100%, where pn m a x(r) and

Pn.miny) are the upper and lower bounds of the 116Sn error envelope. Figs.
21-25 indicate that the nuclear surface is the region most accurately probed
by analysis of p-nucleus elastic scattering data at 800 MeV.
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NEUTRON OENSITY DISTRIBUTIONS -

DEOUCED NEUTRON
DME NEUTRON

/>N("Co>-/'N(
40Ca)

Figs. 21-23
Error envelopes determined from model-
independent analysis of 800 MeV p-nucleus
elastic scattering data. The dashed curves
are theoretical predictions of DME Hartree-
Fock calculations. From Ref.. 11.
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* * « > NUCLEON DENSITY DISTRIBUTIONS
•DEDUCED NEUTRON

OME NEUTRON
EWSMfENTAL PHOTON

r(fm)

Fig. 24
The error envelope of the neutron density
of 208Pb as determined from model-independent
analysis of most recent experimental 800 MeV
data. The dashed curve is the DME Hartree-
Fock prediction. From Ref. 1 .

p.t6Sn.08GeV
STATISTICAL UNCERTAINTY

IN ,« t (r I

Fig. 25
The uncertainty in the 116Sn neutron
density as a function of radial pos-
ition. The solid curve results from
the error envelope of Fig. 23, while
the dashed curve indicates the stan-
dard deviation of the trial densities.
From Ref. 10.

Table III summarizes the typical contributions to the uncertainties in
np due to the various errors considered as found from analysis of most of the

LAMPF data. In Table III the first 12 entries are treated as independent errors
and so are added in quadrature to arrive at a realistic uncertainty in 4rnp. It
is to be emphasized that the uncertainties considered for the nucleon-nucleon
amplitudes are only those within the discrete solution used, as discussed earlier.

In considering relative differences between neutron densities of isotopic
sequences, the quantity Arnn> = <r^>

1/2 - <r^>>l/2 should be more accurately
determined, since only errors in the charge densities and errors- due to statistics
and model-dependence enter. Adding these uncertainties in quadrature leads to
Arnni ranging from +_ 0.02 to +_ 0.04 fm for the various isotopic sequences found
in the LAMPF data set (see Table IV). It is seen that the Arnn' are in very good
agreement with the Hartree-Fock predictions.

IV. CONCLUSIONS AND SUMMARY

In this report an effort has been made to demonstrate the sensitivity of
800 MeV p + nucleus elastic scattering data to the neutron density distribution
of the target nucleus and to show what type of information can be obtained through
microscopic analysis of the data. Both qualitative and quantitative arguments
have been given as to why the microscopic analyses should determine the neutron
density distribution rather unambiguously, particularly over the region of the
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TABLE III

SUMMARY OF ERROR CONTRIBUTIONS TO Ar IN fm. ALL ERRORS ARE + VALUES.

ERROR
SOURCE

Normal izat ion

A 6 c m .

MAGNITUDE

v 10%

+ 0.03°

Ap ( r ) IH- 0.01 fm

ATLAB

AC7PP

A apn

ABPP

ABpn

MPP

% n
A (VVV
S t a t i s t i c s and model dep.

Cor re la t i ons (Pau l i ) and
electromagnet ic cor rec t ions

TOTAL ( f i r s t order analys is

TOTAL (second order analys i

+ 2 MeV

_+ 0.5 mb

+_ 0.022 fm

+ 0 . 0 0 5 fm2

+ 0.022 fm2

+ 10%

+ 10%

see t e x t

see t e x t

)

s)

CONTRIBUTION

.018

.025

%.O1

.02

.005

.002

.004

.02

.001

.002

.025

.015

.02

.07

.05

aThe contribution due to the "discrete set" ambiguity of
the nucleon-nucleon parameters is not included.
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TABLE IV

NEUTRON ISOTOPIC DIFFERENCES Ar , = <r2>1/2 - <r2
t>

1/2

nn n n
IN FERMIS AS DETERMINED FROM SECOND ORDER ANALYSIS OF LAMPF DATA

Arnn' .
NUCLEI DEDUCED DME

48Ca-40Ca

64Ni-58Ni

124Sn-116Sn

.20 +

.21 +

.16 +

.04a

.02b

.02b

.26

.18

.13

a 40
Unpublished result determined from analysis of new Ca data.

bRef. 11.

nuclear surface.
The most severe problem presently encountered in the analysis is uncertainty

in determining the spin-independent and spin-dependent parts of the nucleon-
nucleon amplitudes, since three discrete sets of amplitudes can be found from
the existing incomplete set of nucleon-nucleon data at 800 MeV. Only one of
the solutions results in Arnp ^ 0 for N = Z nuclei, and this solution was used
for the analysis discussed here. Nucleon-nucleon experiments to be done in the
future should remove some of the ambiguity.

Thus, although the deduced Arnp and radial shapes of the neutron densities
agree very well with Hartree-Fock predictions, only the relative differences
between neutron densities (particularly those between isotopes) are considered
to be determined most reliably at present.

The results of an error analysis to determine uncertainties in the deduced
neutron density information arising from various experimental and theoretical
uncertainties demonstrate that Arnp is probably determined to about +_ 0.05 fm
from most of the LAMPF data (apart from the ambiguity arising from the discrete
sets of nucleon-nucleon parameters), while the quantity Arnni , the relative
difference in neutron rms radii between isotopes, is more accurately determined
(+0.02 - +0.04 fm).

The experimental uncertainties of the LAMPF data (see Table III) have
recently been reduced by about a factor of 2 and a re-analysis of the data ^hcld
reduce the errors on Arnp to £ ± 0.04 fm. Most of this uncertainty will arise
from uncertainty in the nucleon-nucleon amplitudes.
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Neutron / proton radii from low energy pion scattering

Jonas Alster

Department of Physics and Astronomy, Tel Aviv University,

Ramat Aviv, Israel.

Abstract: The measurement of low energy X elastic scattering from neigh-

bouring nuclei can serve to determine the difference in neutron radii for

these isotopes. This is demonstrated for the nuclei ' C and ' 0.

The method can be tested by measuring low energy 7^ elastic scattering
11 \2.from a pair of isotones such as B and C. By combining the results

with electron scattering data it is possible to obtain accurate values

for differences between neutron and proton radii in one nucleus in terms

of the difference of neutron and proton radii in the nearby N = Z nucleus.
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Introduction

It has been believed for a long time that in order to measure neutron /

proton related effects in nuclei, it is most advantageous to use pions at

around 180 MeV. This was a reasonable assumption since at this energy the

3fN interaction shows the largest difference in strengths in the two opposite

isospin channels. However, at this same energy the interaction is also very

strong, with the result that the mean free path of the pion in the nucleus

is very short and samples only the outer surface of the nucleus.

In this talk I will present an experiment and a theoretical analysis of

low energy elastic pion scattering from neighbouring nuclei . In the low

energy region the n elastic scattering amplitude is much larger than that

for 7£ p mainly because of the cancellation in the 7^-nucleon p-wave. This

implies that the low energy region is also a good domain to bring out neutron /

proton aspects in nuclei. We measured the elastic scattering of T\_ at 30 MeV

and 50 MeV on the pair of nuclei C and C and, at 30 MeV, the nuclei 0
1 fi

and 0. I will show that it is possible to extract a value for the difference

in neutron rms radii for neighbouring isotopes, independent of any assumption

for the proton rms radii. In additbn, we measured the elastic scattering of

X at 40 MeV and 50 MeV on the pair of nuclei B and C. In the latter case

we extract a value for the difference in proton rms radii for the two isotones,

independent of the neutron rms radii. A similar experiment has been carried

out on >7Li and 2' 3C with 50 MeV A + • However, the results showed

little sensitivity to the neutron density distribution.

The experiment. The work was done at the M8 and M9 channels of TRIUMF. The

X. elastic scattering was measured in two range-telescopes. Each telescope

consisted of five stopping elements, each a 0.32 cm thick plastic scintil-

lator. These were preceded by a 1.27 cm thick counter and a small-size^

solid angle defining, counter. A large VETO counter followed the stopping

counters. The efficiency of the range - telescope as a function of 7L

energy was determined by putting the telescope into the x beam and varying

the 7y energy over the design range. Efficiencies of better than 80% were

obtained. The data were recorded event by event. From the scatterplot of
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& E (the thick counter in the telescope) and the sum of the stopping elements

it was easy to separate the pions from the protons leaving the target. The

elasticaily scattered pions were extracted from this plot after proper cuts

in the stopping pattern of the five stopping elements. An energy resolution

of better than 2 MeV was obtained.

The number of pions in the beam was measured by a counter telescope

placed in the beam. The beam composition ( X , M., e) was determined by a

continuous sampling of the time of flight between the beam telescope and

the cyclotron R.F.-signal.

The major emphasis in this experiment was to determine the ratio of

the differential cross sections for the two isotopes of interest as a func-

tion of angle. For this purpose data were accumulated at each angle on
12identically shaped targets of natural C (or water) immediately followed

by runs with a 39.1% "C target (or 99-5% H_0 ) and then with an empty

target frame. The ratios hence involved essentially none of the uncer-

tainties associated with the absolute normalization of the data and re-

moved most systematic errors as well.

Corrections for scattering to excited states were based on the measured

efficiency for detection of lower-energy pions ( 10%), and used differential

cross sections determined with a distorted-wave Born-approximation calcula-

tion. These corrections were smaller than 1.5%. Corrections for TX, elastic

scattering from hydrogen in the water target were found to be negligible, as
18

were the corrections for scattering to the 6.6-MeV 0 state. Corrections
1 ft

for scattering to the 1.98-MeV 0 state reached a maximum of 3-5% at 150 .

The measured differential cross-sections and the ratios are shown in

Figs. 1-4. The absolute normalization uncertainties in the differential

cross sections are * 15%- Relative errors include statistics and a 7% sys-

tematic error. The errors in the ratios are statistical only.

Analysis: Three different ^-nucleus optical potentials were used in our

analysis, that of Strieker, McManus, and Carr (SMC) , of DiGiacomo, Rosen-

thai, Rost, and Sparrow (DRRS), and the calculation in momentum space
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o f Landau and Thomas .

The SMC form is closely related to that derived by Ericson and Ericson

for p ion i ; atoms, i t contains, in addition to the usual impulse (or Kisslinger

potential) term, corrections due to Fermi motion, Paul i blocking, true pion S-

and P-wave absorption, and a P-wave Lorentz-Lorenz ef fect . Details are des-

cribed in the SMC paper. We have used the SMC parameter set 1 unless other-

w!se stated.

The DRRS form is also taken from the theory of pionic atoms extended to

positive energy. The most signif icant differences are the inclusion of n-N

phase shifts rather than scattering lengths, a different re ia t i v i s t i c reduc-

tion (angle transformation), and a phenomenological extraction of the S-wave

absorption term using an analysis of 50-MeV "K -scattering from many target

nuclei. We have taken the optical parameter set from Ref. k in which there

is no P-wave absorption and the Lorentz-Lorenz parameter is zero (DRRS-A).

Each of the -nucleus potentials, SMC set 1 and DRRS-A, f i t s 7t
12 9flR

eiastic-scattering data quite well for nuclei from C to Pb. This strongly

suggests that variations in parameters between neighboring nuclei will be ne-

gligible. Neither code includes spin-flip, but an impulse approximation gave

a maximum (incoherent) contribution for C of less than 0.02 mb/sr. For the

matter density we used a modified harmonic oscillator form fitted to electron

scattering . It should be noted that low-energy pions determine only low-q

features of the neutron distribution and thus <a. smooth density form should be

adequate.

As an additional test of mode} dependency, we have allowed the S- and

P-wave absorption parameters, the Lorentz-Lorenz term, and (for SMC only) the
1 ? 16

7^-N phase parameters to very freely to obtain a best fit to the C and 0
angular distributions. Then, using these sets of parameters, the ratio data were

13 1 ft 11 1?

f i t t ed by varying the neutron and proton radii of C, 0 and B and C.

For the TI elastic scattering data the optical-potential parameters

DRRS-A and SMC set 1 were each used to calculate di f ferent ial cross sections.
The cross-section ratios were calculated by varying the neutron radii for C

1 ft 2
and 0 u n t i l a bes t f i t was o b t a i n e d ( t y p i c a l l y X /N *L 2 ) .
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The absolute differential cross sections predicted by these parameters
12were as much as w% low at back angles for carbon at 50 MeV and the C and

0 absolute differential crcbs sections were fitted by allowing the absorp-

tion and Lorentz-Lorenz parameters (and the 7L-N phases for the SMC code) to

very freely until good fits to the angular distributions were obtained. S-

and P-wave absorption parameters were varied about 30% for both codes. The

Lorentz-Lorenz parameter varied from 0.5 to 1.0 for SMC and from 0 to 0.6 for

DRRS.

The analysis of the ratio data was repeated and statistically very well-

defined values for the neutron radii of the neutron-rich isotopes were ob-

tained. For carbon, radii extracted by combining both the 30- and the 50-MeV

data were also used. We feel that a comparison of the neutron radii extracted

from an analysis in these two models should give a fair indication of the

model independence.

A particularly interesting feature of the analysis with both models is

that even if the proton radii are allowed to vary far outside the region con-

sistent with electron-scattering experiments for C and 0, the neutron ra-

dius which gives the best fit to the ratio data does not change appreciably.

This is demonstrated in Fig. 5 where contours of constant X are plotted for

variations in <^r > in <r > in C . The plot shows that a large range

of <? r j values are allowed by the ratio data while the ^ r 7 values

are well bracketed. We are consequently making direct measurement of the

neutron radius relative to C and 0, respectively, and not the difference

between a neutron and a proton radius. The statistical uncertainty in the

determination of a neutron radius for each set of parameters is very small.

A more meaningful estimate of both the statistical errors and the parameter

dependence is given by the standard deviation of these radii from the mean.

This is quoted as our final error in Table 1.

A similar result is obtained for the 7^. elastic scattering ratio of
11 12

B and C. In th is case the experiment was performed wi th a two-element

AE-E telescope consist ing of a th in so l id state detector followed by a Nal(Tf)

counter. The f i na l value is r (12C) - r (11B) = 0.06 * 0.03 fm. This can be
(8)compared wi th prel iminary results from pionic X-ray measurements of
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0.05 - 0.04 fm. A more precise value could be obtained from good electron

scattering data. In that case our method for determining neutron radii dif-

ferences would undergo a very stringent test. I hope that these data will

be provided soon.

Combination with other experimental results.

I have emphasized the fact that the measurement of low energy 7C -elastic

scattering can determine only the value of r (A + X, N + X) - r (A,N) . Precise

measurements of elastic electron scattering determine the difference in proton

distributions between neighboring nuclei r (A + X, Z + X) - r (A,Z) , as well as

the values of r (A,Z) individually. By combining the two measurements we can

write (for the 0-isotopes)

= rn(
i80) - rn(

i60) + l(b)

+ rn(
i60) - rp(

l60) + He)

+ r (16O) - r (18O) . I(d)

P P

The quantity 1(b) is discussed in this paper and the quantity 1(d) has been
(9)reported recently with high accuracy. Thus, we obtain

r (18O) - (0.21 ±0.03) - (0.074 ±0.005) + r (160) .np np

r (18O) - r (16O) = (0.14 ± 0.03)fm.
np np

18
This result does not agree with the value r ( 0) (0.03 - 0.04)fm obtained

from 164 and 230 MeV X and 7t elastic scattering on 0. This may be

due to the fact that at the higher pion energy one samples the surface of the

nucleus rather than the rms radius. Cooper et al. measured the total cross
18

sections for pion at various energies and they reported a value of r (0 )=
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0.19 ± 0.02 fm. They assumed r n p(
1 60) = 0 and r p(

l 80) - r p(' 0) = 0. If we

insert the new value of Miska et al. ' for this last quantity their result

becomes:

r (i80) - r (16O) = (0.12 ± 0.02)fm, which is in very good agreement with
np np

our result .

Hartree Fock calculations^12' give results for r ( 0) - rnp( 0) ranging

from 0.15 to 0.18, depending on which Skyrme force is used in the calculation

and are consistent with our result .
In the same way, we get for r ( UC) - r (12C) = (0.06 ± 0.0*0fm by

nP 13 nP i? {7)
using the electron scattering data for JC and " C . . The Hartree Fock

calculations^12' give a value of 0.09 for this quantity which is consistent

with our result.

Conclusions. The low energy /v -elastic scattering depends strongly on the

assumed neutron distribution in the nucleus. Under the assumption that the

standard low energy second order potentials derived from A N phase shifts,

which are made to fit low energy pion elastic scattering and pionic X-ray

data, form a good framework for analysis, we can extract information on

neutron density differences between neighboring nuclei. The quoted dif-

ferences are then given in the rms radii. The results do not necessarily

have to agree with radii measured by other means since the various probes

may sample different regions of nuclear density. The fact that the low

energy X. -elastic scattering gives results which are consistent with elas-

tic electron scattering and pionic X-ray measurements gives us confidence

that the method is worth further application.
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Table 1

Present experiment

r_(13C) - r_(12C) = 0.04 ± 0.03 fm

other experiments

r (l80) - r (16O) = 0.21 + 0.03 fm
n n

r (12C) - r (11B) = 0.06 ± 0.03 fm
P P

0.05 ± 0.04 fm (8)

r (13C) - r (12C) = 0.06 ± 0.04 fmnp np

r ( 0 ) - r (lb0) = 0.14 + 0.03 fmnp np
0.03 ± 0.04 + r ( 0)

ftt) nP
0.12 ± 0.02v ;

(10)
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Fig. 1 Angular distributions for the
elastic scattering of TT~ from
I2C and 13C (on the le f t ) at
29.2 MeV. The rat io of the
13C to the l^c cross sections
are shown on the r ight . The
curves are the best - f i t calcu-
lations described in the text
with the DRRS code (solid
line) and SMC code (dashed
l ine) . The dot-dashed curve
is for SMC with r (T3C) =

1 2
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Fig* 3. Angular distributions and ra-
t io for the elastic scattering
of IT" from 160 and 180 at 29.2
MeV. The curves are as des-
cribed in Fig. 1.
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2. Angular distributions and ra-
t i o for 12''3C at 49.5 MeV.
The curves are as described in
Fig. 1.
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The ratio of the differential
cross sections of TT+ e]
scattering on ̂'B and
a function of angle. The
curve is a best-fit calcula-
tion described in the text
with the DRRS code.
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Fig. 5. 2 13
Contour plot of constant x values obtained by fit t ing the ratio of C
to 12C elastic ir" scattering data of Fig. 1. The varied parameters are
rp("]3C) and r n ( ' 3 C). The rn values determined from electron scatter-
ing^) range from 2.285 to 2.338 fm.
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ELASTIC SCATTERING NEAR THE (3,3) RESONANCE
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ABSTRACT

Elastic scattering of TT~ from nuclei is discussed in
a semi-classical framework. Analytical formulas are presented
and compared to exact computer solutions of the scattering
theory. Recent data from the EPICS spectrometer on tr1 scat-
tering from 4 0 C , q Ca, 44Ca and 48Ca are examined from the
semi-classical point of view. The theory gives a good over-
all reproduction of the data, but in order to understand
certain details it is found necessary to introduce an energy
shift of approximately -20 MeV in the evaluation of the free
pion-nucleon scattering amplitude, and to add isotopic spin
dependent terms which are quadratic in the nuclear density.
Evaluations of the scattering are made using mean-field DME
Hartree-Fock densities, and it is observed that the size of
the neutron halo increases too rapidly from 40Ca to 48Ca in
the theory. The importance of single and double charge ex-
change experiments is emphasized as necessary for under-
standing of the isotopic spin dependence of the pion-nucleus
interaction.

I. INTRODUCTION

In this talk I will develop and use a semi-classical framework for discussing

elastic scattering of TT~ in the (3,3) energy region. The work is based upon a

collaboration with Jean-Francis Germond. Chris Morris kindly supplied the data

and has helped with the comparisons between the theory and experiment; a more

complete analysis of the data and state of theory will be found in a subsequent

publication.
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Numerous methods for calculating elastic pion scattering exist. The most

popular is the numerical computer solution of the scattering equation. For ex-

ample, the program PIRK solves the Klein-Gordon equation in coordinate space

using a zero-ranged pion-nucleon interaction. The medium energy theory group in
4

the theoretical division has written a coordinate space program which uses fi-

nite-ranged pion-nucleon interactions. Another finite-range program is the code

PIPIT, which solves the problem in momentum space. All of these are easy to

use and sufficiently flexible to take improved models, and I am not advocating

to use semi-classical methods in place of more accurate computer solutions. How-

ever, for many purposes the semi-classical theory i:; just as adequate as the

exact computer solutions. In this talk I will try to determine the features of

the elastic scattering which can be discussed in this way. The advantage is

that the semi-classical theory lends itself to analytical approximations, which

then greatly facilitate understanding the physics content of the experiment and

theory. Recent scattering data will then be examined from this point of view.

II. EIKONAL THEORY

A. Analytical Approximation

Using the eikonal formalism, the elastic scattering at momentum transfer

q can be written as

F(q) = Fpt(q) + Fcn(q) (2.1)

where F represents the point Coulomb amplitude and
pi

Fcn(q) = i k r b db J0(qb) e
 p t rcn(E:b) (2.2)

In Eq. (2.2) k denotes the center of mass momentum of the incident pion, b the

impact parameter and r the profile function. Coulomb effects enter Eq. (2.2)

through the additive Coulomb phase, the distortion of the pion trajectory, and

the energy dependence of the profile function; near the (3,3) resonance the lat-

ter two effects reduce to the trivial shifts

rcn(E:b) = 1 - exp [i xcn (E:b)] (2.3a)

= 1 - exp [i xn(E-Vc(b):b (l+EVc(b)/k
2))

- 1 Xpt(b)]. (2.3b)
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The last term in Eq. (2.3b) takes account of the extension of the nuclear charge.

The phase function x n is related to the optical potential by the usual integra-

tion along the average of the incident and outgoing pion momenta

Xn(E:b) = - 1- y <JZ U(E:A
2 + Z2) (2.4)

V - - u / 2k —00

In Ref. 8 a useful approximation for x n(
E : D) a't large impact parameter was de-

rived assuming that U(r) is approximated by an exponential in a region of the

nuclear surface near b.

Xn(E:b) = - v ^ ¥ U(b)/2k (2.5)

where an is the distance over which U(r) falls by 1/e of its value at b. Wal-
9lace has given a prescription for improving the eikonal approximation so that

it more nearly reproduces the "model exact" theory, which is the Klein-Gordon

equation with the same U.

In Ref. 8 an analytical formula was derived for Eq. (2.2) based on the ap-

proximation in Eq. (2.5). However, the Coulomb interaction was ignored and the

formula overestimated the cross section in the vicinity of the first secondary

maximum. Recently, in a collaboration with Jean-Francois Germond, an analyti-

cal approximation which does not suffer from these deficiencies was derived.

The derivation is based on the techniques of Frahn and Venter, generalized to

asymmetric profile functions, and the result is

F(q) = Fpt(q) + F<J
J (q) + F ^ (q) (2.6)

where

m
Fcn W =

Fcn)(q) = 2 + V M

and where

G+(q) = \ [G(qJ + G(-q)] (2.8a)

R2 - h2 + b G(q + 1/2F) - G(-q + i/2b)
R± b + b iqG+(q)
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G(q) - e c r [ l - i a(q + 2n/b)] (2.8c)

where r(x) denotes the gamma (factor ial) function. In this expression b de-

notes the location of the peak in the prof i le function and a_ is defined below.

The prof i le function peaks in the complex b-plane at

F = ^ + a[log log 2 + \ log (1 + Y2) - i Tan"1 Y] (2.9)

In this equation b, is defined as

I exp [ i xcn ( b ^ l | = 1/2 (2.10a)

which in practice is quite close to b. The quantity a_ is defined by

a E " X c n ( M / X c n (b}) (2.10b)

and is related to the width of the derivative of the prof i le function by

width of r1 (b) - 1.93 |a| . (2.11)
Oil

The quan t i t y Y i s

Re Y ( b , ) Re U ( b , )

~ I m x cn ( b l } I m u ( b i }

where the second equality comes from use of Eq. (2.5).

The validity of the approximation in Eq. (2.7) depends upon r1 (b) peaking

sharply about b, which depends, in turn, upon the interaction being strongly

absorptive. This condition is fulfilled for pion kinetic energy in the vicinity

of T = 180 MeV.

An examination of the formulas (2.6) to (2.9) shows that the angular distri-

bution is a function of three quantities which are uniquely related back to the

optical potential: b,, a radius defined in Eq. (2.10a); a_, a diffuseness defined

in Eq. (2.10b); and Y, the ratio of real to imaginary part of x defined in

Eq. (2.12). The quantity b-| determines mostly the position of the first diffrac-

tion minimum, a^mostly the height of the first secondary maximum and Y the depth

of the first minimum.
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B. Comparison of Approximate and Exact Eikonal Theory

Consider the model in which U(r) has the form

U(r) = \{0
]) p(r) + e^ \\}) Ap(r) (2.13)

where e = - 1/2 for TT , + 1/2 for if and wheree

P(r) = pn(r) + Pp(r) (2.14a)

Ap(r) = pn(r) - Pp(r) (2.14b)

are respectively the sum and difference of the neutron and proton densities.
The quantities h) ' and XV' are given by

p(r, • ( 2 J 6 a »

2
4^) (2.15b)

where the coefficients b , b,, c , and c, are related to the free pion-nucleon

interaction by

f ^ = bQ + ^ t • x + (cQ + c ] t -x) k2 cos e (2.16)

and where the values of the parameters are taken from a phase shift analysis.
The Laplacian form chosen [in Eq. (2.15)] is to leading order in density the re-

8 13
suit which would result from the Kisslinger model.' Later, we shall generalize
Eqs. (2.13) to (2.15) to include higher order terms in the optical potential.

In Fig. 1 the angular distribution for 7r°-40Ca scattering at T = 180 MeV
is shown in the model just presented. The solid curve is the result of the
exact eikonal approximation whereas the dashed curve represents the analytical
formula. The quantities b,, a and Y were obtained numerically from an exact cal-
culation of x n(b)- The same comparison is made in Fig. 2 for the relative

+n /-n differential cross section. At energies 50 MeV away from resonance the
agreement is of comparable quality, but agreement is best for the smallest val-
ues of the ratio a/b-j.

To further check the validity of the analytical theory we have investigated
the extent to which it reproduces changes in the exact eikonal theory upon adding

134



40 50
g(deo)

Fig. 1. Elastic differential cross
sections for 7r°-40Ca at 180
MeV incident pion energy. The
solid curve corresponds to the
eikonal approximation Eq.
(2.2), and the dashed curve to
our analytical approximation
(2.6) to (2.12).
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Relative TT~/TT differential
cross sections for pion scat-
tering from 4UCa at 180 MeV
incident pion energy. The
legend is the same as for Fig.
1. The quantity R is

( ) ( + )

48,neutrons in the f-,/o shell of calcium. Choosing "'"Ca as an example, we first
40take the shape of the nuclear density distribution to be the same as for "'"Ca

except that the neutron half-radius c is allowed to vary. Instead of looking

at changes in the cross sections, it is easier to look at changes in the relevant

parameters contained in the analytical approximation.

Figure 3 shows the variation of b-, at 180 MeV as a function of Ac = c -c ,

but only differences between values of b, are plotted. Curve a) represents the
48 40 +difference Abn between b, for Ca and Ca for -n , curve b) the same for TT ,

' + 48

and curve c) the difference between T\ and TT for Ca. The solid curves result

from solving .Eq. (2.10a) exactly, and the dashed curve from applying the approxi-

mation in Eq. (2.5) and assuming (3,3) dominance of the scattering.
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0.6

Fig. 3. Dependence of the critical im-
pact parameter b] on the neu-
tron half-density radius for
pion scattering at 180 MeV: a)
difference between bi for 48Ca
and 40ca for TT+, b) the same
for TT~, c) the difference be-
tween Tt~ and ir"h for 48ca. The
solid curves are the results
of the exact eikonal calcula-
tion whereas the dashed one is
determined from the approxima-
tion in Eq. (2.5) assuming
(3,3) "dominance of the scat-
tering.

We have argued that our analytical

approximation is capable of accurately

reproducing the exact eikonal theory in

the region of the (3,3) resonance. Be-

cause the eikonal amplitude can in

principle be made to reproduce the

"model exact" solution of the Klein-

Gordon equation for the same U,9 our

result is established as a quantitative

tool for studying pion-nucleus scatter-

ing in the (3,3) energy region. The

remaining difficult question is to de-

cide which theory for xcn(E:b) is the

correct one for describing experimental

results.

Isospin invariance implies that

the most general form of the dependence

of the optical potential on p and Ap

is, through second order,

;Ap + X(2) pAp
1

where pQ = 0.16 fm

•2
(2.17)

(approximately the

central nuclear density) fixes the

same units for all A. The constants

A are dependent upon pion-nuclear matter reaction dynamics, and isotopic spin

invariance implies that they are independent of N and Z. The lowest order terms

are fixed by the free pion-nucleon scattering.

The difference between the Kisslinger and Laplacian theories of off-shell

extrapolation arises at second order in density. This result has been known for

some time and is discussed in Ref. 15. The second order potential is not com-

pletely understood and contains contributions from such interesting sources as

short ranged nucleon-nucleon correlations and modifications of isobar propagation

characteristics.
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Q

tions which have been very thoroughly studied. These corrections are imple-

However, in the eikonal theory there exists a class of second order correc
Q

which have been very thoroughly studied. Th
mented in eikonal theory by replacing U by U, where

^ l o g u

In the eikonal theory the largest effects occur at the surface at r = b,, and
here

u2(bn) r 2b,

4k

where
a = - U(b,)/U'(b,) (2.19)
P > I

This induces the following changes in the prescription for the A-coefficients of
Eq. (2.17). Define

y = -^jl-— " l) (2-20)
4k \ p /

and then

X<2> - A<2) H f )
(2.21b)

f > • A<2> E 4 2 > - J x j 1 ' 2 - 2PX<"X<2»P/PO - \ » , ( 1 ) f »P/P0 (2.21c)

We have retained pieces of the Wallace correction to 0 through lowest order in
(2)Xv ', p/p and Ap/p. The largest terms in Eq. (2.21) are the Wallace corrections.o ->-

The quadratic terms of U in Eq. (2.17) affect U mostly through interference with
the linear terms of U.

It is generally assumed that the density expansion for x (E:b) (or U) con-
verges, but there is no a priori reason to see why this should be true. However,
the most important density for scattering in the vicinity of the (3,3) resonance
is rather low density, and here the assumption of a rapidly convergent density
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expansion is plausible because of the factors of p and Ap in Eq. (2.17). It is

essential to know which properties of the angular distribution are determined by

this low density region and are therefore relatively insensitive to the addition

of successively higher order terms in the optical potential. These properties

are clearly the ones which should be the focus of attention in any meaningful

attempt to compare theory to experimental data. I shall try to give at least a
o

partial answer to this question here at the level of p terms. Since there is

no complete calculation of the dynamical p contributions, we shall first take

the Wallace correction to be indicative of the errors that can be expected.
3

We have solved the computer program PIRK to obtain angular distributions
± 48

for IT scattering from Ca which are then fit to the analytical theory to obtain

the quantities b-,, a and Y. The results are shown in Table I. The density param-

eters for the Woods Saxon shape are c = 3.81 fm, c = 3.51 fm and â  = 0.517 fm,

which give a root mean square difference of 0.2 fm, which corresponds approximate-

ly to the same quantity in the DME theory. The magnitude of b, and the value

of Y agree very well when the Wallace correction is included but the value of a_

is not accurately calculated, and we conclude that the analysis of data at 180

MeV should be concerned with the understanding of the systematics of the quanti-

ties b, and Y.

One of the interesting questions is to understand how b, varies for fixed Z

as a function of N. In such an analysis we are concerned with differences be-

tween theoretical and experimental quantities, as some systematic undertainties

tend to cancel when viewed in this way. We therefore show in Table II the dif-

ferences of the b, values in the three different calculations of Table I. It is

seen that the differences in the b, values for ir~ scattering agree very well, to

within 15%. There is somewhat better agreement for ir . Note that the Wallace

corrections are essential to understand the TT"/TT differences.
TABLE I

COMPARISON OF MODEL EXACT PROBLEM TO EIKONAL

80 MeTHEORY FOR it* 48Ca AT 180 MeV

,<+> V<»> "I"' a*'' Y<->
Model Exact 4.78 0.640 -0.388 4.96 0.666 -0.757

With Wallace 4.82 0.492 -0.39? 5.02 0.491 -0.795

No Wallace 4.75 0.627 +0.106 5.10 0.612 -0.089



TABLE II

COMPARISON OF DIFFERENCES IN MODEL EXACT AND

EIKONAL THEORIES FOR PION SCATTERING AT 180 MeV

Exact Eikonal w/Wail. Eikonal w/o Wall

Ac

0.0

0.3

0.49
AC

0.0

0.3

0.49

AC

0.0

0.3

0.49

0.

0.

0.

0.

0.

0.

0.

0.

0.

105

180

239

155

290

393

067

127

171

JV)
0.

0.

0.

0.

0.

0.
l 8 ( / )

0.

0.

0.

,48, +,- b-, (IT }

146

203

241

- b*°(O

163

269

344

- bf (/)
064

113

150

0.286

0.351

0.394

0.165

0.278

0.357

0.060

0.108

0.144

III. EXPERIMENTAL DATA

Recently there has been a series of n+ and n~ scattering data taken at the
EPICS spectrometer. We have fit this data with the analytical expression in
Eqs. (2.6) to (2.8) and show the results in Table III. The quality of the fit
is shown in Figs. 4 and 5 where we show the result for the TT+ and TT~ data for
Ca. The solid curve is our fit and the dashed curve shows for comparison

the exact eikonal calculation with DME densities. The lowest order optical po-
tential was determined by free pion-nucleon scattering. There is no p 2 term in
the latter calculation, but we did adjust the magnitude of the optical potential

no

by about 10% to get the curve shown. A calculation of Ca with no further
adjustment is shown in Figs. 6 and 7. The location of the first diffraction
minimum looks correct for tr but not for -n' using DME densities. Actually there
is a small discrepancy for IT which will show up in our attempt to understand the
numbers in Table III.

The EPICS data have been compared to the total cross section measurements
of Ref. 18 and the differences of the imaginary parts of the forward amplitude
calculated here are in good agreement.
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BO

Fig. 4. Positive pion scattering from
40ca. The data are from Ref.
17. The solid curve is a re-
sult of our fit of Eqs. (2.6)
to (2.8) to the data for
9s55°. The dashed curve is a
calculation using Eq. (2.2)
with U determined from free
pion-nucleon scattering phase
shifts and the DME density of
Ref. 16.

Fig. 5. Negative pion scattering from
40ca. The legend is the same
as for Fig. 4.

Isotope

40.
'Ca

42,Ca

b,(fm)

TABLE I I I

FITS TO EPICS DATA AT 180 HeV

a(fm) f_ X /N9<55°

i" 4.721*0.002
T+ 4.628*0.002

0.720*0.002

0.665±0.002

-0.109±0.005

-0.11810.002
9.98

13.4
4.81010.003
4.657±0.003

0.72510.003
0.683*0.003

-0.084 ±0.006
-0.124*0.005

8.55
8.01

44Ca IT' 4.885*0.004 0.703*0.005 -0.089±0.011 2.82
IT* 4.666*0.003 0.652*0.004 -0.119*0.005 3.82

48Ca n" 4.997*0.003 0.651*0.004 -0.080*0.011 3.36
n+ 4.705*0.003 0.63U0.004 -0.092*0.005 4.77
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0.01
40 50 60

S(deq)

Fig. 6. Positive pion scattering from
48ca. The legend is the same
as for Fig. 4.

Fig. 7. Negative pion scattering from
48ca. The legend is the same
as for Fig. 4.
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IV. INTERPRETATION OF DATA

According to the theory of Sect. II the variation of b, through the isotopes

is determined by the condition that (see also Ref. 8)

V u im u4u O = ValbJ Imul ^ (4J)

where a. is the 1/e fall-off distance from b,1 of U. We shall assume that the

DME theory correctly describes the rate of fall-off of U. Equation (4.1) then

gives a method for evaluating Im U1 in the surface of a nucleus from the numbers

in Table III. It is more revealing to compare U at a common point in the nucleus,

F-,, and in order to do this we write Eq. (4.1) as follows

40 ImU40(b4°) ImU 1^)

ImU40(F1) M a
1' bj Im U40(F|) I m U ^ ]

We choose b] =4.7 fm. Since we are assuming that the DME theory correctly des-

cribes the rate of fall-off of U1, we take the ratios Im U40(b40)/Im U40(F]) and

Im U (b^/Im U^Fj) from this theory. We have evaluated the B- for the cases

corresponding to the experimental data and give the results in Table IV.

Given that the optical potential is dominated by the (3,3) resonance and
that there are no terms quadratic in density, we have [see Eqs. (2.13) to (2.16)]

U(TT") = XQ [(un + up) + \ (un - up)] C4.3al

U U + ) = AQ E(un + up) - \ (un - up)] (4,3b)

where

and Ao -s related in the usual way to pion-nucleon scattering amplitudes. For

our present purpose it is sufficient to consider only the (3,3) piece of the

amplitude, which is the reason that the coefficients of un + u and un - u in

Eq. (4.3) are the same. Using Eqs. (4.2) to (4.4) we find a relationship of the
40u in isotope i relative to the u in Ca in terms of the experimental quantity

p. For example,
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(4.5a)

(4.5b)

Note that the TT scattering is most sensitive to the proton and TT~ to the neutron

density. We make a comparison in Table V between the "experimental" u (b,) of

Eq. (4.5) and the "theoretical" u1 (F,) of the DME theory. Table Va evaluates

Eq. (4.5) with DME densities for u (b-,). Here we see as much discrepancy in
48Ca for neutrons as protons. It is unsatisfactory to have a discrepancy for

protons, because the proton densities are known from experiment a a very high

accuracy. In Ref. 19 a small discrepancy between the observed proton densities

and those of the DME theory was noted. For this reason we made a second calcula-
40tion taking the proton density parameters of Ca from Ref. 19. The discrepancy

48in protons in Ca is reduced, but still exists at an unacceptably high level,

as seen in Table Vb. A similar discrepancy for both neutrons and protons was

reported in Ref. 18.

The discrepancy for protons indicates that the pion scattering theory is

inadequate. It is known that there are sizable corrections to the theory ac the
20level of quadratic terms in density, but at the present time there is very

little evidence, experimental or theoretical, on the systematics of the isospin

dependent terms quadratic in density. The discussion of the previous section

shows that the optical potential including quadratic corrections will have the

form

5 • A<'»p • ^tAJ1 ' • A<2>p/p-)Ap • A f I * A<2> i £ (4.6)^ J f
In order to obtain consistent results for positive pion scattering it is nec-

essary to increase the terms depending on Ap,

+AJ 2 ) p/p Up + A ^ ^ (4.7)
o
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TABLE IV

VALUES FOR 3- IN EQ. (4.2)

Isotope Pion

48Ca

44Ca

42Ca

77

77

77

77

7T

77

1.09

1.38

1.07

1.22

1.05

1.12

TABLE V

COMPARISON BETWEEN EXPERIMENTAL AND THEORETICAL un AND u *

Density (i) Nucleus u (i) Theory u (i) Expt.

proton

neutron

neutron

proton

neutron
proton

neutron

proton

neutron

proton

Unit of un

48Ca

4 8 c a

48Ca

44Ca

42Ca

and u is fm" .

0.0146

0.0228

(a)
0.0149

0.0228

(b)
0.0149
0.0223

(c)
0.0143

0.0181

(d)
0.0141

0.0158

(e)

0.0133

0.0206

0.0139

0.0207

0.0146

0.0200

0.0149

0.0174

0.0151

0.0155

9.6

10.

6.8

9.7

2

13

-2

2

-3
—

relative to the remaining terms. The last term in Eq. (4.7) is smaller than the

first term by a factor of (Ap/p)(p/p ) and is presumably unable to have much of
(2)

an effect. However, if the isovector term A, is increased in order to bring
the scattering into agreement with the known proton densities, then the disagree-

ment with the neutron distribution becomes even worse.

To see this, suppose we adjust the isovector potential to bring the protons

into agreement. Now, instead of Eq. (4.3) we have

U = AQ [(un + up) - up)] (4.8)

from which we obtain

Taking y = 1.2 we get the numbers shown in Table Vc. The proton distribution is

in reasonably good agreement now, but the neutron distribution required by the
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scattering is smaller than that of the DME theory. The conclusion that the neu-

trons stick out too far in the DME theory is hard to avoid in this framework, al-

though a sufficiently large A,- would lead to a different conclusion. Results
42 44

for Ca and Ca are shown in Table Vd and Ve with the increased isovector po-
tential .

The results we have found here have implications for charge exchange scat-

tering. The enhancement of the isovector potential by 20% implies a 40% increase

in the single charge exchange (SCX) to analog states. This enhancement is de-

sirable because preliminary measurements indicated the general need for an in-

crease of the theoretical calculation throughout the periodic table at 180
15 21MeV. ' An estimate of SCX for the calcium isotopes may be made from the theory

of Ref. 15 and Table V assuming that the core neutron density is the same in Ca,
44 48 40

Ca and Ca as it is in Ca. We find that the 20% increase in the isovector

potential nearly compensates the decrease in size of the neutron halo shown in

the table for these isotopes. These are, however, not unique predictions, because

the isotensor and isoscalar terms quadratic in density also affect charge exchange

scattering and are not determined in this analysis of elastic scattering.

Let us leave the discussion of b-, and consider the ratio of real-to-imagin-

ary part of the amplitude Y. As I have remarked, in order to understand this

quantity it is necessary to consider the first Wallace correction. Expanding

Eq. (2.12) to second order in density, we find
Y1 "

where

<4-llb)

(4.lid)
ImA^"' ImA^'' ImA^''

and
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^ - y ^
x2 = fn ° (Z) (4.lie)

The Y of Table III is very difficult to understand if we take the optical

potential in lowest order with the A-parameters determined from the free pion-

nucleon phase shifts. This is seen in Table VI, where we show Y. calculated now

according to Eqs. (4.10) to (4.11). There is an enormous difference between the
2

calculated and empirical values, and the simple addition of a p potential as in
Eq. (2.17) could not account for the difference. The only simple modification

which is effective is a shift in the energy at which the free pion-nucleon phase

shifts are evaluated. A shift in energy has been conjectured in numerous theo-

retical works. For example, in Ref. 22 a shift of approximately -20 MeV for

peripheral partial waves was predicted, partly due to recoil of the isobar and

partly due to the fact that the initial nucleon is bound in the nucleus. It is

not clear whether the full shift of -20 MeV is effective at b,, but the magnitude

of the shift appears to be what is required by the scattering data. If the

energy at which the amplitude is evaluated is taken to be 159 MeV, we get the

re
40

23results shown in Table VI. Although there is a substantial improvement for

Ca, we do not understand these results in detail, for example, why the theo-
48retical Y for Ca remains larger than the experimental result. Another serious

difficulty is that when the Coulomb energy shift [see Eq. (2.3)] is taken into

account, the theoretical results are split by a much greater amount than the

experiment. Evidently a simple energy shift is at best only part of the physics

involved. Our previous discussion about the variation of b^ through the calcium

isotopes is not substantially altered by a -20 MeV shift in the energy, but it

would be desirable for purposes of discussing nuclear structure to use a theory

of the scattering within which the energy shift arises naturally.

We have deliberately avoided a discussion about the absolute magnitude of

the b-, parameters in Table III. This would require a more careful study of

quantities which affect the overall scale than we have been able to do so far

within the framework of the eikonal model. The relevant considerations include

the range of the pion-nucleon interaction, the contribution of isoscalar terms

quadratic in the nuclear density, Fermi averaging, and isobar propagation.
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TABLE VI

VALUES OF Y, EQ. (2.12)

Isotope Y (expt) Y (Th, 180 MeV) Y (Th, 159 MeV)
40Ca TT~ -0.109 -0.62 -0.108

/ -0.118 -0.68 -0.133
48Ca TT~ -0.08 -0.79 -0.186

TT+ -0.09 -0.70 -0.147

V. SUMMARY AND DISCUSSION

Analytical expressions for pion elastic scattering amplitudes have been pre-

sented. These expressions reproduce favorably exact results and demonstrate

that the elastic scattering amplitude for angles 0 less than 9, , corresponding

to the angle of the first secondary maximum, is well characterized by three

numbers, including a radius parameter b,.

The theory has been applied to recent experimental data on TT~ scattering
An aa

from Ca and Ca at T^ = 180 MeV, The angular distribution for 6 < e ^

appears to the eye to be well reproduced by an optical potential derived from

free pion-nucleon phase shifts. However, certain details are inconsistent with

the simple lowest order theory. These include: a) the depth of the first dif-

fraction minimum, which seems to require a shift of -20 MeV in the energy at

which the free pion-nucleon amplitude is evaluated, b) The isotopic variation

of the b, parameter for -n scattering, which implies a 20% increase in the magni-

tude of the isovector potential at b-,, presumably due to terms quadratic in the

nuclear density. However, with the enhanced isovector potential the DME mean
40field theory appears to give too great an increase in the neutron halo from Ca

AQ 0/1 Q jp or

to Ca. A similar effect has been observed in proton and previous pion ' '

scattering experiments on the Ca isotopes. Modifications of the mean field

densities are to be expected at some level due to the finite extention of the

potential energy as a function of nuclear deformation, c) Details of the iso-

topic spin dependence of the depth of the first diffraction minimum and the

Coulombic effects on the depth. These effects are presumably further indication

of the necessity of higher order corrections to the optical potential and pos-

sibly an indication of a violation of isotopic spin invariance. [The mass dif-

ference of the A and A~ ' opposes the Coulomb shift of the pion-nucleon

scattering amplitude indicated in Eq. (2.36)].
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To make further progress in the interpretation of the elastic scattering

from the calcium isotopes, it will be useful to have results of experiments on

single and double charge exchange to analog states. These experiments are much

more sensitive than elastic scattering to terms in the optical potential quadratic

in density, and they provide an essentially direct measurement of the strength of

the isovector and isotensor components of the optical potential. As we have

seen, conclusions about the isotopic variation of neutron and proton distribu-

tions in the calcium isotopes depend critically on knowing the size of these

components of the optical potential.

In parallel with a coordinated experimental program of measurements of pion

elastic, single and double charge exchange, it is of importance to have a theo-

retical effort which treats elastic, single and double charge exchange together

as a unit. This effort should make maximal use of our considerable theoretical

understanding of the scattering process at the level of terms linear in the den-

sity, and introduce phenomenology only at the level of terms quadratic in the

nuclear density. It is important to come to a microscopic understanding of the

origin of the large energy shift and the enhancement of the isovector interaction

before an unequivocal conclusion regarding nuclear structure can be made. An

effort in this direction will have considerable impact on our understanding of

fundamental aspects of pion-nuclear and isobar-nuclear interactions as well as

on our ability to utilize the pion as a probe of nuclear structure.
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MATTER DISTRIBUTIONS FROM PIONIC ATOMS
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ABSTRACT

Recent precise measurements of pionic atom strong inter-
action (SI) effects are used to determine the pion-nuclear
potential. This potential is then used to explore the sen-
sitivity of pionic atom SI effects to neutron radii. The
consistency of these neutron radii with Hartree Fock cal-
culations and the results from other hadronic probes is
discussed.

I. INTRODUCTION

The bound pion has thus far not proved to be a very useful probe of nuclear

radii unlike the electromagnetic probe, the bound muon. Whereas the muonic atom

can provide nuclear charge moments with accuracies approaching 1/10000, there

has been no interpretation of pionic x-ray data in terms of matter distributions

with even 10% precision.

The reason for this failure is obvious. Although the electromagnetic inter-

action is "understood" to an accuracy exceeding 10" , it has seemed optimistic

to claim that the low energy pion-nuclear interaction could be described with an
2-4accuracy of even 10%. Many attempts have been made to determine a semi-

phenomenological pion-nuclear potential based exclusively on pionic atom data.

Such attempts use the experimentally observed strong interaction shifts and line

broadenings, of which the experimental accuracy seldom exceeded 10% until very

151



recently. The review article by Backenstoss and subsequent updates of Tauscher

and Powers summarize the experimental situation up until 1976.

During the past few years, however, the availability of intense pion beams
Q g 1 n I -I

at Gatchina, Nimrod, LAMPF, and TRIUMF has led to much experimental activ-

ity. Now experimental pionic atom shifts with accuracies of 1% ar. the rule.
12This vastly improved experimental precision has encouraged us to reconsider the

prospects of using the pion as a probe of nuclear matter, particularly the neu-

tron distributions of nuclei. In this talk today, I will be assuming that ex-

perimental knowledge of nuclear charge densities as determined from electron

scattering and muonic atoms is sufficient to determine proton distributions.

The bulk of this review of using pionic atoms for determining matter dis-

tributions will necessarily deal with the question of the pion-nuclear interac-

tion. My approach here will be to assume that there exists a set of "reference

nuclei" for which the nuclear structure is known either from experiment or from

nuclear theory. Specifically, I will be using only those nuclei whose charge

densities (and hence the proton densities, after the nucleon charge form factors

are removed), are well known from electromagnetic probes—muons and electrons—

and for which precise pionic atom data exist. The remaining nuclear structure

information—the neutron densities—will come from Hartree-Fock calculations with

BCS pairing. Effectively all we are requiring of the Hartree-Fock technique is

a reasonable prediction for the difference of the neutron and proton densities,

the absolute scale of the matter dimensions having been determined by electro-

magnetic probes after correction for the nucleon charge form factors. In this

treatment I will concentrate my attention to nuclei of low atomic weight, drawing

our reference nuclei from among even-even nuclei in the range 6 ̂  Z ̂  16.

As a check of the pion-nuclear potential obtained from these reference

nuclei, I then consider the two long series of isotopes of Ca and Ti as test
13 14

cases. From a theoretical point of view ' these isotopes are interesting be-

cause they contain several nuclei with closed neutron and/or proton shells for

which Hartree-Fock calculations seem more dependable. All of the Ca isotopes

(40,42,43,44,48) have closed proton shells; 5 0Ti, 40Ca and 48Ca have closed

neutron shells.

From an experimental point of view Ca and Ti isotopes are also interesting

because there exist already in the literature studies using other hadronic probes

such as protons and alpha particles as well as studies using scattered pions.
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Comparisons of neutron distribution parameters inferred from independent methods

should reveal whether current interpretations of hadronic probe data are consis-

tent.

But before I continue the discussion of the pion-nuclear interaction, I

believe it would be useful to make a few general comments concerning the observ-

ables associated with pionic atoms. Then I shall discuss how well current pionic

atom data can determine the pion-nuclear potential from a purely phenomenological

point of view. Comparisons will be made with theoretical predictions of the

pion-nuclear potential parameters deduced from pion-nucleon scattering lengths.

Finally I shall discuss the neutron radii determined for the test cases using

these parameters. The sensitivity of these results to the shape of the neutron

densities will be considered. Comparisons of these neutron radii will be made

with the predictions of HF calculations and with the results from the hadronic

probes.

II. EXPERIMENTAL DETAILS

Before I take up the matter of the pion-nuclear interaction, I would liKe to

spend just a few minutes reminding you of the "observables" associated with

pionic transitions. In general in any given nucleus there will be a last radia-

tive dipole transition before nuclear absorption connecting a state with quantum

numbers (n,£) with a state (n-1, £-1). Such states will normally be near the

nuclear surface. Because of the SI, the energy of such a transition will be

shifted from the calculated electromagnetic energy by an amount AE(n-l, £-1).

The transition will be broadened relative to the normal electromagnetic width due

to capture in the lower state by an amount r(n-l, £-1). The intensity of the

transition will be reduced by absorption in the upper level and is related to

r(n,£). In general there will be only three observables for each nucleus, al-

though in a limited number of cases (e.g., Mg) more than one pionic transition

with appreciable SI effects can be studied. The transitions of interest will

vary in energy from 2.4 keV for the pionic K transition in H to several hundred

keV for higher transitions in heavier nuclei. Thus the standard techniques for

studying these transitions involve the use of crystal spectrometers, solid-state

detectors or proportional counters. An example of some pionic data taken here

at LAMPF is shown in Fig. 1, where one can see a fit to the 3d -> 2p transitions
48in Ca. The nearly 2 keV broadening of this 200 keV x ray is easily measured
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Fit to pionic 3d -*• 2p transitions in Ca. Indicated below are the
contributions to the spectrum of the contaminations due to the Ad -> 2p
muonic transitions in 48ca5 the 3d •* 2p pionic transitions in

 4 Ca
(isotopic impurity in the target) and a background line at 211.73(4) keV
probably due to a nuclear transition in 56Mri after pion capture in the
iron col limator used in the experiment. At the extreme left is one of
the weaker lines from the '°2Ta calibration source. Next to it is an
unidentified line (present in all targets) at 202.70(6) keV.

with a Ge(Li) detector, which had a resolution of about 1 keV. This spectrum

was obtained with an 8 g target at the east channel of the stopped muon channel

(SMC) at LAMPF in only 2 hours and was sufficient to determine the SI shift to

about 1%.

III. PION-NUCLEAR OPTICAL POTENTIAL

In this discussion of the pion-nuclear optical potential I will begin by

treating it from a purely phenomenological point of view. I am essentially using
18the form assumed by Anderson et al. which is a generalization of the form of
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-in
the complex potential suggested by the work of Ericson and Ericson.

It consists of contributions from the basic pion-nucieon interactions which

can be characterized by an isospin dependence, an angular momentum dependence of

the pion relative to the nucleon and by single as well as two-nucleon processes.

In general, these characteristics can be represented by 8 complex numbers (or 16

parameters).

The form for the optical potential V .is written as follows

VQpt(r) = VL(r) - (2y)"
] V • a (r)V (1)

where the S-wave local portion of the potential is given by

VL - -(4ir/2y) {bo(pn + pp) + b] (pn -pp)

( )

The p-wave nonlocal part of the potential is

a(r) = ao(r)/[l - 5/3aQ(r)] (3)

where

aQ(r) = -4* {co(pn + P p) + C l(p n - P p)

In the above expressions the radial proton and neutron densities p (r) and

p (r), respectively are allowed to remain distinct. Here y is the reduced mass

of the pion. The lower case Roman letters bQ, b-,, c and c, represent single-

nucleon processes; the upper case letters B , B-,, C and C-, represent two-nucleon

processes. The parameters b , b,, B , B, describe the s-wave interaction between

the pion and the nucleons; the parameters c , c-,, C and C, are p-wave parameters.

The subscripts denote isoscalar (o) and isovector (1) terms.

It has been traditional to assume that the parameters describing single-

nucleon processes b , b,, c , and c, are real. A somewhat more controversial

assumption that I am making is that the two nucleon processes can be represented

by four imaginary parameters, as these processes are dominated by absorptive

processes. I am tacitly assuming that the real part of the two-nucleon terms in

the potential can be included by redefining the values of the single nucleon

parameters,.e.g.,
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Re(BQ) < p
2 > + bQ < p > « bQ' < p >. (5)

A discussion of the validity of this approximation has been made by R. Seki,
?n

K. Masutani and M. Oka.

There is one additional parameter in the potential, the Lorentz-Lorenz term

E,, which takes into account the short range correlations between scatterers. If

one assumes single-pion exchange,a value of 5 = 1 corresponds to completely

repulsive correlations and holds for zero range pion-nucleon forces. A vanishing

value for E, implies no correlations. Introducing p-meson exchange can increase
21the value of E,.

In general the proton densities are inferred from experimental charge dis-
1 22

tributions obtained from muonic atom and electron scattering experiments,

generally Fermi or harmonic oscillator distributions. In addition HFBCS densi-

ties were also used to explore the sensitivity of the interpretation to the
assumed density shape. Neutron densities were assumed to have similar shapes

2 1 /2with the difference in < r > radii of the neutron and proton densities
determined by Hartree-Fock densities.

Figure 2 displays the radial variation of the overlap function n which is
40the product of the probability density of a 2p pion state for Ca with the SI

potential. The real part of tne interaction displays two lobes which result

from the dominant p-wave character of the pion in this nucleus. The maximum of

Refn) is at the 20% neutron density level relative to the central density. The

imaginary part Im(ri)5 on the other hand, peaks at the 67% level due to the

necessity of two nucleons for pion capture.

The portion of the nucleus sampled by the SI of the pion as indicated in

Fig. 2 is not too atypical of the nuclei used in the fit discussed here. In

Table I are tabulated the pion-nuclei interaction maxima for nuclei spanning the

nuclei fit.

A tabulation of the data used in the determination of the pionic-nuclear

optical potential parameters can be found in Ref. 12 as well as a summary of the

nuclear density parameters used in the calculation of the pion-nuclear potential.

In general the proton densities parameters inferred from charge density experi-

ments agreed \/ery well with those calculated using the Hartree-Fock technique,

differences seldom exceeding 1%. This suggests that the assumption for the HF

values for the neutron-proton differences is justified.
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Fig. 2. Radial dependence of the pion-
nuclear interaction overlap
function n for 40Ca. Hartree-
Fock densities for the proton
and neutron densities are also
indicated. The nuclear poten-
tial was the result of a 9-
parameter fit with £ = 2.39.

TABLE I

DENSITY OF MAXIMUM PION-NUCLEUS INTERACTION OVERLAP n
5 = 2.39

% Neutron Density
Nucleus

12C
2%
2%
4°Ca
48Ti

Level

Is

Is

2p

2p

2P

Distribution

H.O.

F

F

F

F

for Re (n)

52

50

16

20

19

for Imag (n)

71
70
57

67

77

IV. FITTED PION-NUCLEUS OPTICAL POTEN-

TIAL PARAMETERS

I would now like to discuss the

results of fits to the SI shifts and

widths to the reference nuclei. More

details concerning the fits can be

found in Ref. 12. First let us consid-

er the results of allowing the 6 param-

eters b , b-,, c , c-,, B and C for

given values of E, =1, 2.25, the remain-

ing parameters B, = C-, = o. A simul-

taneous fit of these parameters to the

reference nuclei and of the neutron

radii of the test cases yields the val-

ues of the potential parameters in

Table II. These fits are the results

of fitting 44 SI effects of 16 transi-

tions and 6 isotope shifts (in Ca and

Ti). It is interesting to note that

there is a slight improvement in the

quality of the fit as determined by the
2

X as the Lorentz-Lorenz parameter £ is
p

increased. The absolute value of X

is not perfect but it is interesting to

note in Table III where I give the fit-

ted values of the pionic transitions

(excluding the isotope shifts) that 3

widths of the 32 observables contribute

more than half of the X suggesting

possible experimental problems.

I would like to draw your atten-

tion to the so-called theoretical param-

eters listed in the last column. Host

of these are due to Krell and Ericson.

In general, with the exception of c,,
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TABLE I I

FITTED* PION-NUCLEUS OPTICAL

6 Parameter9

Parameter 5 • 1

b (n "*) -0.03346(56)
!>,(•„'') -0.0747(80)
e o ' " / 3 ' 0.2268(24)
c,!* ,"3 ) 0.017(47)
Im(B0) (m/ 4 ) 0.1044(4!)
I«i(B,l (m,'4) 0.0
Il»(C0) (n^ 6 ) 0.134(13)

Ia(C,) (m/6) 0.0

C 1.0
X2/DF 49.2/24

6 Parameter^
£ - 2.25

-0.03292(54)

-0.0755(78)
0.3133(42)

0.038(77)
0.1030(40)
0.0

0.419(29)

0.0

2.25
46.5/24

POTENTIAL PARAMETERS

90?arameterh

*ECa 4 fixed
at O.21Z fm

-0.03269(57)
-0.0765(84)
0.3288(694)

0.189(113)
0.0947(48)
0.66(19)
0.531(348)

-3.2(2.0)
2.39(72)

13.1/9

Theoretical
Calculations

» -0.034c

-0.10c

0.24c

0.22"
0.037c

—

0.16c

0.28e

—
1.59-2.S6 f

Parameters without errors hdve been held constant at the indicated value during
the f i t .

^he values for these parareiters have been adjusted to allow for variations in
r 1 _Jl

cBef. 3. dRef. 23 eRef. 24 * W . 21.
^In the 6-paramet?r f its all

In the 9-pardmeter f i t only

16 nuclei were

the reference

used. See Tables

nuclei were f i t ted

IX and X of Ref.

(Including 4 8Ca).

z
6
8

10
12

14
16
20

22

A

12

16
18
20

24

26
28

32
40

42

43

44

48

46
48

50

Tran-
sition

K

K
K

K

L

L

L
L
L
L

L
L

I

L
L
L

TABLE I I I

MEOICTED PI0N1C ENERGIES

Fitted
Enerqy

93.274

159.592
155.303
238.231
74.4062
74.4349

101.5898
133.1308
209.5794
209.3796
209.3851
209.2926
209.1090

254.1726
254.0117
253.6811

Ca, T1

Contribu'i
to X'

0.679

-1.269
1.137

-0.222
0.600

-0.774

1.075

-0.784
-0.053
0.044
0.063
0.093
0.073

•0.034
0.09G
0.001

6-Para«eter Fit

C • 2.25
Neutron Radii

on Fitted
Uidth

3.333

7.990.
6.416

14.821
0.0734
0.0726
0.1966
0.4404
1.669
1.570
1.561
1.514

1.423

2.726
2.644
2.533

Tot i l * x'/DF • 39

Variable
Contribution

to X'

0.504

0.833
-3.175
0.106

-2.819
-0.444

1.075
-0.166
0.260

-0.537
-0.990
-1.049

-1.932

2.238
0.163
1.418

1.8/18

This value for X refers only to the energies listed above and does not
include the isotope shifts which are included in the 6-parameter f i t s
in Table VI I I of Ref. 12.

the single nucleon terms for 5 = 1 are in reasonable agreement with those ob-

tained from the multiple scattering treatment. The absorptive p-wave term C is

also in reasonable agreement but the fitted s-wave term B is nearly three times

larger than expected. This remains the outstanding puzzle in obtaining the pion-

nuclear potential from the basic pion-nucleon parameters.

In Tables IV and V, I list respectively the fitted neutron-proton radii

differences A and the neutron isotope shifts for the test cases of Ca and Ti

corresponding to these two fits. Two observations can be made. First, increas-

ing the value of E, has increased appreciably the uncertainty of the fitted values

of A. This is a reflection of the fact that increasing £ reduces the sensitivity

of the data to the neutron radius. Larger values of £ increase the radius at

which the maximal overlap of the pion-nuclear interaction occurs. Secondly, the

fitted values of A and the neutron isotope shift are in most cases, insensitive

to the value of 5, the change generally being less than half the uncertainty

resulting from the fit.

In the last column of Tables IV and V I list the HF values from Ref. 12 for

A and the neutron isotope shifts. The fitted values of A agree fairly well with
42

the HF predictions for the calcium isotopes except for Ca, for which the dif-

ference is two standard deviations. The agreement is worse for the Ti isotope?..
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4 0Ca

4 2Ca

4 3Ca
a a
4 4Ca

4 8Ca

46 T i

48T .

50T .

TABLE IV

FITTED NEUTRON-PROTON RAOIUS

A = < r2
n

6-Parameter
Potent ia l

5 = 1

0.001(34)

0.116(37)

0.094(39)

0.135(42)

0.207(65)

0.167(30)

0.185(37)

0.290(56)

>1 / 2 < r2

P
(fm)

6-Parameter
Potent ia l
£ = 2.25

-0.048(54)

0.119(58)

0.067(59)

0.128(65)

0.166(101)

0.180(48)

0.182(60)

0.299(88)

DIFFERENCES

,1/2

Hartree-Fock
HF a

Calculations

-0.048

0.037

0.072b

0.106

0.212

0.023

0.081

0.129
\

A

48Ca

AQ
48Ca
AQ
4BCa

48Ca

50 T 1

5 0 T .

a Ref .

A'

40Ca

42Ca

43Ca

44Ca

4 6 T i

4 8 T i

13

Average of

TABLE V

FITTED NEUTRON ISOTOPE SHIFTS

< r2 >1(l

n A

6-Parameter
Potential

£ = 1

0.229(44)

0.077(45)

0.110(46)

0.043(49)

0.097(54)

0.088(56)

42Ca and 44Ca

•2 2 1/2
n A"

tfm\
(fin)

6-Parameter
Potential
t = 2.25

0.237(69)

0.034(70)

0.097(70)

0.009(75)

0.093(81)

0.099(86)

HF calculations.

Hartree-Fock
HF

Calculations

0.278

0.193

0.157b

0.120

0.106

0.048

aRef. 13
bAverage of 42Ca and 44Ca HF calculations.

The observed values of A are systematically higher than the HF values, particu-
46larly for Ti. The discrepancy seems to be worse for those nuclei with partially

filled shells.

On the other hand the neutron isotope shifts of Ti agree quite well with HF
44 42 48

calculations. However, the Ca and Ca isotope shifts relative to Ca seem
to be systematically low, although within two standard deviations.

2
Since the major part of the X comes from the measurement of the observed

24 18 2

widths of Mg and 0, we decided to see if the X could be improved by allowing

B-| and C,, the isovector portion of the two nucleon terms to vary freely. In

addition, the rather large error of the fitted values of A in Table IV for nuclei
48

with a neutron excess (e.g., Ca) suggests that too few nuclei with a sensitivity
to the isovector part of the pion-nucleus interaction have been included among
the reference nuclei. Indeed, 0 and Mg are the only nuclei included with any

48appreciable isovector contribution. Thus we decided to add Ca to the set of
reference nuclei by holding its neutron-proton difference A fixed to the HF pre-

diction. In order to determine how well the pionic data determine the Lorentz-

Lorenz parameter, we decided to let it vary also.
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In Table I I are included the results of a ^parameter f i t to the reference
AQ O

nuclei only (including Ca) setting aside temporarily the test cases. The X
p°r degree of freedom drops considerably mainly due to the improved fit of the
18 2 24

0 width. More than half the remaining X is due to the Mg width measurement.

There has, however, been no significant improvement in the quality of the fit of

the real observables. The basic improvement has come in the better fit of the

imaginary part of the potential to the widths.

I considered presenting the results of the 9-parameter fit to all 44 observ-

ables as has been done for the 6-parameter fits. However, there seems to be a

danger in allowing the Lorentz-Lorenz parameter £ to vary freely, if the neutron

radii are being simultaneously varied. There is a marked decrease in sensitivity

of the Ca and Ti shifts to the neutron radii as £ is increased. Since the X

tends to decrease as the sensitivity to the parameter being varied decreases, it
p

is not clear that the best fit value for £ corresponding to a minimum X achieved
by allowing £ and the neutron radii to vary simultaneously, actually corresponds

to a physically meaningful value for £ or corresponds to a minimum which has been

produced by minimizing the sensitivity of the test nuclei to the neutron radii.

I believe that this effect is reduced by holding the neutron radii fixed at the

HF values in the 9-parameter fit of the reference nuclei given in Table II.

Clearly it is highly desirable to have independent information concerning the

Lorentz-Lorenz parameter.

It is interesting to note that the isovector contributions to the widths B,

and C-, have non-zero values. Most interesting, however, is the tendency for the

pionic data to prefer values of the Lorentz-Lorenz effect greater than unity.
21

Inclusion of p-meson exchange effects discussed by Brown suggests a value in
the range of 1.59-2.56. A similar but weaker conclusion (£ > 1) has been reached

25
by Oset et al. as part of their microscopic calculation of the p-wave pion-
nucleus potential within the framework of the isobar-hole model for finite nuclei.

V. NEUTRON RADIUS INFORMATION

A. Neutron Radii - Other Determinations

A compilation of experimental determinations of the proton and neutron

radii of the Ca and Ti isotopes can be found in the review article of Chaumeaux

et al. In Table VI we compare the present results with those of other hadronic

probes. I have selected for comparison those studies in which the smallest
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experimental errors have been quoted and where the results have been expressed

in terms of A, the difference in root mean square radii of neutrons and protons.

I shall discuss the appropriateness of assuming that the pionic atom data are

sensitive to the root mean square radius of the neutron distribution. In gen-
1 ̂ ?7

era!, the agreement between high energy proton scattering ' (1 GeV at Saclay),
28and alpha scattering (1.3 GeV at Saclay ) and our results (assuming a 6-param-

eter optical potential and the Lorentz-Lorenz parameter £ = 2.25) is reasonably

good. The discrepancy never exceeds two standard deviations, implying that the

interpretation of all three types of data is consistent.

Recently, a reanalysis of the 1 GeV Saclay proton data by Shlomo and
28Schaeffer suggests that the values for A for the calcium isotopes are smaller

than those listed in Table VI. By assuming that A( Ca) is exactly -0.04 fm,
48

they find that A( Ca) is 0.10 ± 0.03 fm. This analysis increases the discrep-

ancy between the present work and the proton scattering work but the difference

still never exceeds two standard deviations.

Table VII presents a comparison between our fitted values for the neutron

isotope shifts and those from proton and alpha scattering. The results

inferred from pion total cross section measurements are also included. Again

there does not seem to be any serious disagreement.

TABLE VI

COMPARISON OF NEUTRON-PROTON RADIUS DIFFERENCE A DETERMINED

IN THIS EXPERIMENT WITH OTHE" TECHNIQUES

(fm)

46Ti

48

48
T1

50 T i

This Experiment
6-Parameter Fit

f, = 2.25
1 GeV Proton
Scattering

1.3 GeVC Alpha
Scattering

-0.048(54)

0.119(58)

0.067(59)

0.128(65)

0.166(101)

0.180(48)

0.182(60)

0.299(88)

-0.030(50)"

0.04(5)a

O.O5(5)a

0.16(5)a

0.10(5)a>b

-0.03(5)

0.02(5)

0.10(5)

0.20(5)

3Ref. 15.
bRef. 27 provides the value; Ref. 15, the e-ror.
cRef. 28.

TABLE VII

COMPARISON OF NEUTRON ISOTOPE SHIFTS « r j j > J '

08TAINED BY VARIOUS TECHNIQUES

r2 ,1/2
n A'

This Experinent
6-Parameter F i t 1 GeVa ProtonY* Pr

«ZC.

< 6TI

2.25
1

0.237(69)

0.034(70)

0.097(70)

0.009(75)

0.093(81)

0.099(66)

*Ref. 15: bRef. 28; cSef. 17.

0.16(5)

0.08(5)

0.06(5)

0.22(7) 0.14(5)

0.14(7)

0.07(7) 0.09(5)
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B. Shape Dependence of Our Results

To investigate the sensitivity of our calculated pionic atom strong

interaction effects to the assumed nuclear shape, we calculated for a few selec-

ted nuclei the 3d -> 2p transition energies and widths assuming Fermi distribu-

tions (F) and the HF densities calculated at Orsay. The latter were furnished

to us by R. Lombard. The half-density radii c of the proton densities for the

Fermi distribution have been adjusted relative to the values in Table VI of Ref.

12 to give essentially the same mean square radii as the HF. Energies calculated

using these two distributions can be found in Table VIII.

The difference in the calculated absolute energies varies from 1% of the
no AQ

strong interaction shift in the case of Si to 0.1% in the case of Ti. In no

case does this difference exceed 20% of the experimental error and hence is cur-

rently negligible. The widths are more sensitive to the shape of the densities.

In 48Ti the difference in the calculated widths is about 3% of the width. In no

case is this effect more than 50% of the experimental error. In view of the fact

that the higher precision of the strong interaction shifts makes them more im-

portant in the determination of the neutron radii for Ca and Ti, it would appear

that for the present the use of Fermi distributions for the interpretation of

pionic atom data.

However, this does, not imply that

our inferred rms radii do not have

some dependence on the shapes of the

nuclear densities. Since the princi-

pal source of uncertainty of the de-

duced rms radii lies in the lack of

knowledge of the pion-nuclear potential

a more detailed investigation of the

shape dependence of the inferred rms

radii is premature.
Potent ia l used contains the values for the parameters ob-
tained in the 9-parameter f i t assuming the HF calculation
of A for 18ca. These are found in Table I I .

The Hartree-Fock (HF) densities were supplied by R. Lombard;
the half density radius c in the Fermi distributions (F)
was adjusted from the value in Table VI of Ref. 12 to give
essentially the same <r<j>'/2.

z
14

20

20

22

A

28

40

48

48

TABLE V I I I
SHAPE DEPENDENCE OF PIONIC ATOM

INTERACTION9 EFFECTS IN THE 2p

Density
Dist .6

HF

F

HF

F

HF

F

HF

F

<

3

3

3.

3.

3,

3.

3.

3.

(*»)

.0692

.0693

.4123

.4123

.4305

,4306

5104

5104

(fm)

3.0356

3.0353

3.3645

3.3643

3.6425

3.6426
3.5911

3.5911

STRONG

LEVEL

Energy Width
3d*2p Transitions

(keV)

101.

101.

209.

209.

209.

209.

254.

254.

.5910

5892

5669

5639

1035

1021

1515

1571

0.1981

0.1952

1.6768

1.6482

1.7098
1.6457

2.98B5

2.9133
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VI. CONCLUSIONS

In this work we have tried to demonstrate that the current level of accu-

racy of pionic atom data is now sufficient to begin to supply nuclear structure

information. Assuming that the charge density data and HF calculations supply

the necessary nuclear structure information for the reference nuclei, we exam-

ined the form of the pion-nuclear optical potential. Even without an isovector

dependence of the two nucleon terms, very good fits to the reference nuclei

could be obtained for the strong interaction shifts, which now have been meas-

ured, in many cases, to 1% accuracy. We found that the interpretation of pionic

atom data exhibits a small but appreciable sensitivity to the value of the

Lorentz-Lorenz parameter £. However, the inferred neutron radii for the test

nuclei of calcium and titanium are not very sensitive to this value. Changes

of the order of 20 am were noted when the £ varied from 1 to 2.25. The preci-

sion of these inferred neutron radii, did vary significantly with the value of

There is reasonably good agreement between our results and those obtained

from high energy scattering of protons and alphas as well as from pion total

cross sections. Discrepancies never exceed two standard deviations. The agree-

ment with HF calculations is similar. However, there is a tendency for our

observed neutron radii of nuclei with shells less than half full to be larger

than predicted by HF calculations. The failure of Hartree-Fock to describe

adequately nuclei with partially filled shells has been observed previously in
30 31muonic x-ray studies of nuclear charge distributions. ' Reinhard and

32Drechsel have interpreted this failure in terms of previously neglected ground

state correlations.

The reader is cautioned against applying the potentials determined here

outside the ranae 6 ^ 2 ̂  22. For example, using this 9-parameter potential for

Fe overestimates the strong interaction shift by 11% and the experimental un-

certainty is only 2%. 3 3

Results presented at the Vancouver Conference (1979) after the above analy-
18sis had been completed indicate that the experimental width of 0 is now in

very good agreement with the results of our 6-parameter fits. Thus a non-zero

value of B, would no longer be needed.
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MATTES DISTRIBUTIONS COMPARED WITH ELECTRON SCATTERING RESULTS
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ABSTRACT

In the framework of the self-consistent approach
we overview a series of results characterizing the
nuclear structure of some selected spherical nuclei
- charge and neutron radii, charge difference "between
lead isotopes, valence orbital in °?Sr and ^Nb -
Finally we emphasize the effect of long range cor-
relations on the mass distribution of ^°Ca, ^ c a , 208pt,.

I. INTRODUCTION

The analysis of the nuclear data based on the experiments performed these
last few years with ever increasing refinement requires very accurate calcula-
tions of nuclear structure. This is particularly the case of the electron scat-
tering measurements at high momentum transfer whose complete understanding asked
for the separation of the different aspects depending on nucleonic and mesonic
degrees of freedom.

Unfortunately, the definition of a microscopic theory on a basis sound and
reliable enough to calculate the properties of the ground states and excited
states still remains an opened problem, even in the context of a non relativistic
theory. Let us recall that the fundamental difficulty concerns the definition
of the nucleon-nucleon interaction to be used in the nuclei. So far, all the
"realistic" nucleon-nucleon forces which have been proposed fail to reproduce
correctly the saturation properties of nuclear matter. Besides one should not
forget the formidable technical problems faced while attempting to solve the
many body Schrodinger equation with any reasonable degree of accuracy. A com-
plete review of the most recent developments in that field and the present
status of the realistic calculations can be found in the proceeding of the
Conference at Trieste.''
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All these considerations explain and justify somehow the reasons for intro-
ducing a phenomenological approach characterized by the mean field approximation
with effective density dependent forces.

These forces ought to embody all the complexity of the degrees of freedom
not treated explicitly in the mean field approximation via their dependence on
the nuclear density and the empirical adjustment on pertinent data.2 For a given
system the proposed phenomenological forces serve to derive, in terms of the one
body density matrix, an expression for the total energy. After minimization of
this expression one gets Hartree-Fock like equations defining the equilibrium
density. At this stage, such procedure allows the calculation of the static
properties of nuclei, and in that domain the success of the meanfield approxi-
mation has been, sufficiently demonstrated by different authors. 3>**

It must be realized that this procedure and its straightforward generali-
zations are well adapted for the job of updating the traditional approaches to
the description of the mean field and collective excitations in an unified
microscopic theory. The key to such a theory is given by a judicious choice of
an empirical effective force and by some Taylor expansion of the energy with
respect to the one body density matrix. Our aim is precisely to show with the
aid of the more recent experimental data that an unique parameterization of the
effective force can give reliable information on the nuclear structure and at
the same time on some specific low lying collective excitations. In particular,
once the parameters of the force have been adjusted, they should not be touched
afterwards all the rest of the calculations being just the many body problem
technics (Hartree-Fock, Hartree-Fock-Bogolyubov, R.P.A. etc.).

In our opinion the reliability of such an approach has to be tested on a
great variety of phenomena over the periodic table. The only way to do it in a
convincing way is the absolute respect of the internal consistency.

II. MEAN FIELD PREDICTIONS IN NUCLEAR STRUCTURE

As an illustration of the accuracy of our D.D.H.F.B. calculations mention-
ned in reference 2 we report specific results on a number of spherical nuclei.

A. Charge and neutron radii
We have not plotted the charge distributions for all the spherical nuclei

discusse,d in the table I because of the lack of space. The charge distribution
of 5oui 5 ^ 12Ugn c a n b e f0>in(j elsewhere and those of the ̂ Oj^°Ca and 20°Pb
will be discussed in detail in the next chapter. However, in order to give an
idea of the accuracy of such an approach in describing the surface of the charge
distribution we compare the first three moments <r^>'/k, k = 0,2,k as predic-
ted by the theory with the available experimental data. The neutron form factor
has been taken into account, but we have not yet included the spin orbit rela-
tivistic effect discussed below. Only the ̂ °Ca and 90gr would be significantly
affected and according to W. Bertozzi et al.,5 we already know that this
correction would decrease our theoretical radius of ̂ °Ca by 0.01U. This compar-
ison gives an idea of the behaviour of the D.D.H.F.B. charge density at the
surface and it seems to be quite satisfactory. In fact the only salient dis-
crepancy concerns the isotope shift between the ̂ OCa and ̂ °Ca. After correcting
the ™ r c for the relativistic spin orbit effect mentionned above, one finds a

_ So
V- C

come back to. this point in the next chapter.

rc ~ rc "^ 0.016 to be compared to the experimental findings .0. We shall
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TABLE I

THE DIFFERENT MOMENTS <rk>1/k OF THE CHARGE DISTRIBUTIONS
FOR SELECTED SPHERICAL NUCLEI

1*0- EXP
C a HFB

1+8 EXP
t a HFB

58 EXP
HFB

90 EXP
Z r HFB

116 EXP
S n HFB

12lt_ EXP
S n HFB

208 EXP
HFB

k = 2

3.1*8
3.1*1*

3.1*8
3.i*7

3.77
3.77

1*.25
1*.23

k.62
4.56

4.67
k.6h
5-50
5.44

<rk J/k
ch

4

3.76
3.73
3.76
it.06
i*.08

4.58
1*.55

1+.90

it.96

5.85
5.78

6

l*.O3

l*.O5
3.99

U. 31
l*.3l+

1+.81
1+.81

5.17

5.22

6.13
6.05

In the table II we compare the D.D.H.F.B. prediction for the differences
r-̂ -i'n with the empirical values obtained with experiments .performed with various
probes - high energy proton scattering - a scattering - ir+, ir~ scattering. The
difficulties encountered in analysing experiments with probes interacting with
the nuclei via the strong interaction are sufficiently well known and we shall
not insist on the details. The point in such comparison is that the dispersion
on the empirical data is widely spread so that the theoretical predictions are
in general consistent with the experiment. However, this discussion does not
mean that we are sceptical about the calculated neutron radii reported
in table II. Indeed, there is no theoretical reason for the calculated neutron
radii not to be as good as the proton radii.
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TABLE II

THE THEORETICAL WEUTRON-PROTON RADIUS DIFFERENCES
AS COMPARED WITH EMPIRICAL VALUES

r n " r p
fm

HFB

EXP

HFB

EXP

1 6O

-0.02

0

9 0Zr

0.06

0.05
0.10
0.09

*°Ca

-o.oi+

-0.0>t
-0.02
-0.01

116QSn

0.08

0.13

h8c,

0.1 It

0.09
0.15
0.19

12ltoSn

0 . lU

0.22

58Ni

-0.02

-0.0U
-o.oit

2 0 3 Pb

0.13
0.02
0.05
0.18

B. Charge distribution differences between lead isotopes r

They are very interesting electron scattering measurements from M.I.T.°
which give informations on the charge differences between isotopes of the
20o,20T,20opb> The results of our calculations along with the experimental data
are plotted in the Fig. 1. In order to detail the different sources at the
origin of such a global effect we comment on the case of the 20%>b - 207pt,
difference.

Firstly the neutron-hole 3pi/2 in ^Oop-^ polarizes the proton orbitals via
the neutron-proton interaction or more exactly via the variation of the mean
field when creating the 3pi/2 neutron hole in the 20°Pb. This precision is
important in the present case since the force used depends explicitly on the
density. The polarization mechanism is easily understood when solving pertur-
batively the H.F. equations for the ^'Pt in the representation diagonalizing
the density matrix corresponding to the 20°Pb. In fact the field variation
appears as a weak external field polarizing the protons as well as neutrons.

Secondly, it is crucial to account for the relativistic spin effect mention-
ned previously.-' As can be seen on the Fig. 1 it gives the maximum contribution
to the differences of 2°8pb versus 20?Pb and 2°8pb versus 2O(5p-b at the origin.

Evidently the neutron form factor contribution is included but it is rather
weak as compared to the rest. In the whole the trend of the theoretical results
is correct, but according to the talk of B. Frois? it seems desirable to
extend these experiments to higher momenta transfer before more definite
conclusions are drawn.
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.210-

C. Valence orbitals in the
and.
Thanks to the elastic magnetic

scattering data obtained in different
laboratories, one has in principle the
possibility to determine the shape of
the valence orbitals in odd nuclei if
the latters are judiciously chosen.0

In fact the electron magnetic scatte-
ring measurements are typical example
of experiment whose complete under-
standing requires an accurate descrip-
tion of the nuclear structure. Thus
only the two nuclei 8?Sr and 9%b
have been considered since the
D.D.H.F.B. approximation is expected
to be reliable for them in contrast
to the cases of the nuclei ^ T i , 51y,

o which were shown to be very soft.

The theoretical form factors for
t h e 87Sr and °%b are given in the

-210"

-310° _

Fig. 1.
The charge distribution differences

between lead isotopes.
Accounts only for the proton
charge.
Accounts for the proton and neu-
tron charge and the spin orbit
relativistic effect.

Fig. 2 along with the experimental
data from Saclay.9 The most striking
feature which appears when comparing
the form factors of these two nuclei
is their different behaviour with
increasing momentum transfer. There
is obviously a quenching for the °7Sr
form factor while such a trend does
not exist for the ^Nt. Furthermore
the maximum of the theoretical form
factors is somewhat too large and
probably indicates that the actuel
ground state deviates slightly from
a strict independent quasi-particle
picture. This deviation is consistent
with an empirical finding of ̂  .9 for

the spectroscopic factor introduced
in order to fit the data with Woods-Saxon function. This fitting procedure
with Woods-Saxon wave functions provides the r.m.s. radii of the valence orbi-
tals. They are listed in the table 3 together with the D.D.H.F.B. calculations.
The agreement is excellent for the 93jjt> and in the case of °fSr the theory
predicts a r.m.s. too large by 3%. However, it is now admitted that a number
of effects must be taken into account in the analysis before comparing with
the D.D.H.F.B. results.10 According to a recent study of J. Dubach11 the
influence of the exchange currents E.C. (pair, pionic and nucleon resonance
current) on the extraction of the r.m.s. cannot be neglected for these two
nuclei. His results are shown in the second column of the table 3.

As an effect of the E.C., the situation is reversed since now the agree-
ment is satisfactory for the °7Sr while the theoretical r.m.s. of 93ub is
slightly too small. It must be pointed out that, due to the complexity of the
E.C. matrix elements, the calculations are not performed with the H.F. states
but with pure harmonic oscillator states. For the heavy nuclei considered here,
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93 Nb (169/2 ) p

SACLAY

25 30

qeff ( fm-1 )

', Mo. the most contributing form factors for the °'Sr and
n represents the total °Tsr and

TABLE III

Empir ica l

Sr it. Tit + .Oit

Nb it.89 ± .0^

Emp. + E.C.

it.885 ± .Oit

J+.988 ± .09

D.D.H.F.B.

it. 90

it.86

this procedure is not corapletly justified. However, there 5s no doubt that it
gives a reliable estimate of the global effect. Finally, another uncertainty in
the analysis of the electron magnetic scattering comes from the core polariza-
tion which is very sensitive to the choice of the residual interaction.12 As a
'conclusion it seems reasonable to affirm that the D.D.H.F.B. calculations plus
E.C. represent a good scheme in interpreting these experiments.
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III. LONG RANGE CORRELATION EFFECTS IN THE GROUND STATE

.005 _

As mentionned in the introduction the one body density energy functional
allows the derivation of a microscopic description for the collective exci-
tations associated to small amplitude vibrations of the density. More precisely,
assuming small fluctuations Sp around the equilibrium H.F. density '°'p and
performing a Taylor expansion of the energy up to second order in 6p one is led
to define the particle-hole interaction as the second derivative of the energy
with respect to Sp . Again it is emphasized that no new parameters other than
those of our effective force are introduced in this fully self consistent
approach. Otherwise, following the standard procedure we fall back on the well
known R.P.A. equations providing the amplitudes (Xw, YN) characterizing the
collective excitations. Due to the symmetries assumed in the problem the
index N decomposes into three indices - IT the parity - the total spin of the
excitation and another index to distinguish different excitations of the
s ame TT an d

In o]der to give an idea of the
accuracy (if the R.P.A. calculation,
the transition density for some low
lying excited states of the ^uoFb are
plotted in the Fig. 3. The neutron
form factor is included in the present
calculations in contrast with those
reported at the Mainz Conference. They
are compared with those extracted from
the analysis of the inelastic electron
scattering measurements performed at
two different laboratories : the 3~
coming from Saclay is very accurate
up to the origin because very high
momentum transfer (3.̂ + fm~) is inclu-
ded in the analysis -* - The lowest
2 + and the first two 5~ come from
M.I.T. where an impressive number of
levels have been measured. ^

The good agreement observed in
this comparison has encouraged us to
extend the investigation in such a
way as to include the ground state
correlations of the spherical nuclei.

Actually, the large experimental
BE(X) which are reasonably predicted
in our R.P.A. calculations and gene-
rally too small by a factor of two
within the Tam-Dancoff approximation
is an indication that the correlations
induced in the ground state art, not
negligible. In the following we
briefly describe our procedure in

; . . evaluating the ground state G.S.
The transition densities for the first correlations. The G.S. is approximated
low lying excited states compared with t h g v a c u v m Q f t h g q u a s i _ b o s o n s e+
the data from Saclay (3") and M.I.T. a s s o c i a t e d t o t h e R.P.A. eigenvectors
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(XN,YN). In other words ejj = Ẑ  Xp^ph + Y£h^ph where the quasi-bosons
•ph = ^ ah a r e defined in the H.F. representation and the G.S. is defined by

9fi[ |GS> = 0 VJ, In order to derive a simple form for JGS> we apply the Bloch-
Messiah theorem with minor modifications for the boson cases. We give the result
|GS> = exp(-^ 2 ui(b+ b* - bj_ bi))|o>HF. The u>i'rj are related to the eigenvalues

rj_ of the matrix [Yy]ph,p'h'=z Yph
 y I i h t hy t h e expressions u± = arg sh r ^ / 2

and the quasi ^bosons b- are deduced from the in i t ia l one via the matrice D
diagonalizing YY(b+ = ETC1"). Clearly the cô  gives a direct measurement of the
importance of the R.P.A. correlations in the G.S.. The occupation probabilities
for the hole or particle states are just given by the expectation values
<GS|ap a-p | GS> idem for hole. The graphical representation for the particle case
is given in order to simplify the following discussion :

where (fip is just the R.P.A. propagator for the excitation "N". A long time ago,"
this procedure has been shown to introduce in lowest order a double counting
in the expectation value for all one or two body operators. This was demonstra-
ted by calculating the perturbed wave function including the ring-diagram,
of the R.P.A..15 This overcounting, inherent to the quasi-boson approximation
we use, can be accounted for in the occupation probabilities defined above by
substracting the quantity represented by the graph.

tp-f

The effect of the long range correlations on the charge distribution of
°Ca is shown in the Fig. k. The correction for the overcounting is taken into

account in the present calculation in contrast with the one reported at Mainz
Conference.''' This explains why the effect of the induced ground state correla-
tions in the new calculation is reduced by 25% as compared to the pr^'or one.
The shape of the charge distribution including R.P.A. correlations is seen to
reproduce rather well the empirical curve deduced from the analysis of the
high momentum transfer electron scattering measurements performed at Saclay.f
One also remarks that the theoretical charge density is by a few percent (3%)
too low. The same calculation as been performed on ̂ °Ca but we shall not plot
its charge distribution since a similar agreement is obtained. However we give
in the table IV the r.m.s. of ̂ °Ca and ̂°Ca corrected by the R.P.A. correla-
tions. Take note that the calculated isotope shift rlt - r^° = 0 fairly well
reproduces the observed value.In the table IV the r of ̂ C a is corrected for
the relativistic spin-orbit effect (.0.1*0 °

TABLE IV

r c

koc,
W Ca

HF

3.W
3.^56

HF + RPA

3.50

3.50

Emp.

3.U8
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Finally since the overcounting correction has not yet been included for the
b we do not discuss here this nucleus. For the sake of completeness we give

in the Fig. 5 its charge distribution without the double-counting correction.

10
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07
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Pch<r>

— Exp.
_._HF

RPA

JCa

.05 .

fm

-

P. in
ch

— ^ * » »

_

208Pb

m

EXP
RPA
HF.

\ ^ _ fm

10

Fig. k.
The charge distribution of ^°Ca

D.D.H.F.B.
RPA + double counting correction
Empirical

Fig. 5.
The charge distribution of

D.D.H.F.B.
RPA
Empirical

208.
Pb

In conclusion we have tried to convince with various examples that the
Hariree-Fcck-Bogolyubov using a density dependent force plus reasonable exten-
sions provide a powerful tool in studying en the same footing, the global
properties and the fine details. In our point of view i t is remarkable that an
effective force suitably adjusted together with the full self consistency in
~he treatments warranted such coherent results in so various applications.

On the other hand i t must be mentionned that we are not yet able to calcu-
late all nuclei with the same accuracy. For instance much work is to be done
f~r ~he .-oft nuclei whose description requires a reliable treatment of the
zerc point energy motion associated with large amplitude collective vibrations.
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CHARGE EXCHANGE PROBES OF NUCLEAR STRUCTURE AND

INTERACTIONS WITH EMPHASIS ON (p,n)

by

Charles D. Goodman*
Oak Ridge National Laboratory*
Oak Ridge, Tennessee 37830

ABSTRACT

New results from (p,n) studies at IUCF show that
it is possible to observe Gamow-Teller (GT) strength
and extract GT matrix elements from (p,n) measurements,
The charge exchange reactions (̂ Li ,^He) and (ir+,-n-0)
involve different projectile quantum numbers, and the
relationships of these reactions to (p,n) is discussed,

I. LOW q FEATURES OF (p,n) REACTIONS

Charge exchange reactions can provide important information about the
relationships within A chains of states connected by simple spin-isospin opera-
tors. Histc -ically this has been the province of beta decay studies, but the
beta decay probe is limited by energetics to low lying levels and fortuitous
cases. In particular, most of the expected Gamow-Teller strength from any
given nucleus has never been observed and is, in fact, unobservable by beta
decay except in very light nuclei.

Charge exchange reactions offer another means of exploring structure rela-
tionships within A chains, all regions of nuclear excitation are accessible.

At low bombarding energies, say below 100 MeV, the complexity of the reac-
tion mechanism generally obscures the structure information, but one of the
interesting new results from the (p,n) program at IUCF is that at energies
above about 100 MeV at 1 _.w momentum transfers the reaction mechanism appears to
be simple. The simplifications make it possible to search out high lying GT
strength and quantitatively to extract structure information in the form of GT

*Now at Indiana University, Bloomington, IN 47401
+0perated by Union Carbide Corporation under contract W-7405-eng-26 with the
U.S. Department of Energy.
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matrix elements. The simplifications are such that the accuracy of the infor-
mation is not critically dependent of details of distorted wave calculations.

Figure 1 shows the 0° energy spectra from 90Zr(p,n)90Nb at E p = 45, 120,
and 160 MeV. The broad peak identified with the arrow in each case is believed
to be a giant Gamow-Teller resonance*>2 at 8.7 + 3 MeV in 9 0 ^ . it is apparent
that the resonance is easiest to observe at the highest energy. In fact, in
the 100-200 MeV energy range the 0° (p,n) spectra are dominated by transitions
to final states related to the target state by relatively large Fermi (F) or
Gamow-Teller (GT) matrix elements.^

To establish the connection between the (p,n) reaction and beta decay, we
should, of course, note that both reactions involve the same isospin changes,
but further, we should note that beta decay is essentially a low momentum
transfer process. We shall show that the (p,n) reaction is capable of
exploring low momentum transfer, and in a low momentum transfer approximation
the expression for the (p,n) differential cross section is especially simple.

One usually thinks of increasing the energy of a probe to permit obser-
vation of higher moment1 rn transfer. It is also true that increasing the energy
of a probe lowers the minimum momentum transfer that can be observed for a
given energy change in the reaction. Minimum momentum transfer occurs at 0°
where there is no transverse momentum. In a charge exchange reaction the nrass
of the observed particle equals the mass of the incident particle. The momen-
tum change implied by a small energy change is

dp = c^[l + l/(E2-l)]1/2 (1)

where E is the total energy in units of the rest energy. We can use this for-
mula for noting how the minimum observable momentum transfer depends on bom-
barding energy. With respect to Fig. 1, the momentum transfer for the GT peak
is about 50 MeV/c at E p = 45 MeV, about 34 MeV/c at Ep = 120 MeV and about 30
MeV/c at E p = 160 MeV.

In general the distorted wave impulse approximation (DWIA) expression for
the differential (p,n) cross section is quite complicated involving the various
isospin dependent terms of the nucleon-nucleon interaction including central
and tensor spin independent, spin-spin, and spin-orbit terms in all multipoles.
In the limit of zero momentum transfer only monopole terms survive and tensor
and spin orbit terms vanish.4,5,6 in this limit the differential cross section
can be written as

k-

vW <GT> | *j (2)
f

k.
.

2jJaT

where JT and JOT are the magnitudes of the volume integrals (q = 0 components)
of the spin-independent (TI-T2) and spin-dependent {^\"^2 T1'T2) isovector
central terms in v-jp including the contribution from knockout exchange, N^ and
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Fig. 1.
Zero degree energy spectra for 90Zr(p,n)90Nb at Ep = 45,
120, and 160 MeV. The prominent broad peak in each case
is the GT resonance. The 45 MeV spectrum is from ref. 1.
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N£T are distort ion factors that can be calculated, and <F> and <GT> are the
Fermi and Gamow-Teller matrix elements given by?

(3)

and

<GT> = (2J~fT ) 1 / S < J f I I S t-MoW I I V - <4>
I K

The reduced matrix elements here are as defined in Ref. 7 and t. and T_ are
isospin lowering operators. The allowed beta decay rate can be written in a
similar form

^ = G2 <F>2 + G2 <GT>2 . (5)

II. DETERMINATION OF GT MATRIX ELEMENTS

We can determine the GT matrix element for a transiLion from the measured
value of the 0° (p,n) cross section if we can assign numerical values to N§T
and J§T. We have evaluated these coefficients by combining several measure-
ments and using DWBA calculations in a manner that does not require accurate
knowledge of optical model parameters or nuclear wave functions.8

We have measured ^Vlg(p,r\)^M. The 0° spectrum is shown in fig. 2.
The beta decay rates for the analogs of the observed transitions have been
measured (see fig. 3). We use eq. (5) with numerical constants from Kavanaugh9
to obtain <GT>2 for the transition to the 1.1 MeV state of 2 6A1. We take
<F>2 = 2 for the 0.23 MeV state. We use a simple calculation to determine
NJj! and N£ . The interpretation of N^ is the factor by which the cross section
is reduced due to the imperfect match between the ingoing and outgoing waves on
aucount of distortion. Thus ND is the ratio of calculated plane-wave to
distorted-wave cross sections.

ND _ da/dojfDW) at e =
N da/du>(PW) at ( )

The distortion factors were calculated using the local t matrix interac-
tion of ref. 10 and optical model parameters taken from refs. 11 and 12. The
plane-wave cross sections are calculated with the proper kf/k-j weighting but
with Q = 0 so that 9 = 0 corresponds to q = 0. ND exhibits a smooth exponential
A dependence and is only moderately sensitive to the reaction Q values and the
model nuclear wave functions.

Although N^ is insensitive to the interaction a weak dependence can be
seen making NJj? smaller than N £ T . This can be understood in terms of the shapes
of the isovector central terms in the t matrix interaction of ref. 10. The taT
component has a long range characteristic of OPEP, while tc has a much shorter
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range characteristic of multiple pi on exchange. 5,10,17 w(ien t^ acts tne pro_
jectile must penetrate more of the absorbing potential to "see" the interaction
than when tax acts.

Once the distortion factors and the matrix elements are known one can use
eg. (2) to find JT or JCT. Figure 4 shows the results of this analysis for
"Mg(p.n) and measurements on other nuclei. The values of JT and JCTT from ref.
5 and those calculated from OPEP alone are also shown in the plot.

We can now apply this procedure to the determination of the GT matrix ele-
ment between the ground state of ̂ lr and the GT giant resonance in ̂ N b.
Figure 5 shows the 0° spectrum for Ep = 120 MeV with the peak fitting indicated.
We know that for the analog state transition (peak d in fig. 5) <F>2 = 10. This
provides an independent normalization for the cross sections that is consistent
with the value of J T obtained from the "Mg measurement. We then use the value
of J O T = 168 MeV fm3 obtained from the 26Mg analysis. We find then that
<GT>2 for the giant resonance is 8.3. If we add up all the apparent z = 0 peaks
in the spectrum we get z <GT>2 = 11.4 compared to the value of 30 expected from
the simplest model assumption that there are 10 excess neutrons (in the
g9/2 shell) and there is no proton occupancy of the corresponding spin-isospin
flipped states.

III. OTHER CHARGE EXCHANGE REACTIONS

The foregoing discussion illustrated the use of reaction properties to
explore nuclear structure. It is also of interest to exploit certain known
structure relationships to study to the projectile-nucleus interaction. The
mass 14 system contains important examples. The level diagram is shown in fig.
6. Because <GT>2 £ 0 between the ground state of 14N and the ground states of
both 14C and 1 4 0 , the zero degree cross sections should be zero within the
limits of the approximations of eq. (2). ^N(p,n)^O has been measured by Moake
et ai. and the 0° degree cross section is indeed small although not zero.

The ^C(p,n)^N(2.3 MeV) analog state transition is unique in that this
0 + •»• 0 + transition is well isolated (1.6 MeV) from the nearest neighboring
state. Thus, this case can be used to study the non-OPEP, T.T J monopole
interaction term over a wide range at momentum transfer with only modest resolu-
tion requirements. This has not yet been exploited in (p,n) in the 100-200 MeV
range.

For (^Li.^He), insofar as the reaction is direct, the monopole component
should follow GT selection rules so the 0 + -> 0 + transitions should not be seen
and the vanishing GT matrix element should suppress the 14c(6Li,6He)14N(g.s.)
transition. This has been shown to happen (see fig. 7), and proportionality
of the small angle cross sections to Gl matrix elements has been demon-
strated.15

In pion charge exchange if GT type transitions are observed they must be
mediated by a spin-orbit interaction between the nucleon spin and the pion-
nucleon orbital interaction since there is no spin-spin interaction. A
radiochemical experiment has already shown that structure effects dominate the
14N(ir+.*°)140(g.s.) reaction.16 This cross section has been assigned an upper
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Fig. 6.
Mass 14 isobar diagram.
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Energy spectra fo r 1 4C(6Li ,6He)1 4N at E(6Li) = 62 MeV
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limit of 0.05 mb while all other Or*,*0) cross sections measured in that experi-
ment have cross sections larger than (and usually much larger than) 1 mb.*6

A study of 14C(ir+,7r°)14N is presently underway here at LAMPF and fig. 8
shows a preliminary 0° spectrum. The large peak corresponds to the 0 + •*• 0 + IAS
transition.

IV. SUMMARY

New results from (p,n) reactions at intermediate energies show that GT
transitions dominate the 0° spectra. It is possible to extract quantitatively
GT matrix elements from the (p,n) 0° cross sections. The reactions (p,n),
(^Li,^He) and (TT+

STT
0) all have the same isospin relationships but differ "in

spin relationships and consequently pick out different structure features. The
use of structure to select interaction components is also discussed with
reference to the mass 14 system.
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SYSTEMATICS OF (7r+,7T°) CHARGE EXCHANGE REACTIONS

by

Alex Doron
Tel Aviv University
Tel Aviv, Israel

ABSTRACT

We present measurements of the 6 differential cross
sections from (TT+,TT ) single charge exchange reactions on
different nuclei at 180 MeV with emphasis on the isospin
dependence of the cross sections. The very preliminary re-
sults behave according to (N-Z)A~4/3. use of realistic nu-
clear densities in the calculations of M. Johnson and E.
Siciliano cause small deviations from this functional be-
havior. Large deviations from this behavior may indicate
special nuclear structure effects.

Pion single charge exchange reactions are expected to provide some new as-

pects of nuclear structure. That is because this process is expected to measure

directly the isovector part of the optical potential. Thus, these reactions are

primarily sensitive to the valence neutron distribution in the nucleus. Since

at energies above 100 MeV pions are strongly absorbed, this type of reactions

will mainly probe the surface density distribution. These expectations are still

to be fulfilled—the TT~ nucleus interaction is not yet fully understood. Of main

importance—the absorption mechanism is not fully known. In addition, though

many calculations try to account for high order contributions, their effect is

not completely understood. Thus, nuclear structure information that may be ob-

tained from charge exhcange reactions is obscured by unknowns from the reaction

mechanism. And vice-versa, our understanding of the reaction mechanism is made

harder by the uncertainties of nuclear structure. However, we may expect that a

systematic study of the charge exchange reactions will shed light on both the
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reaction mechanism problem and will point out special nuclear structure effects.

An extensive review of pion charge exchange reactions was recently published.
2 +

A year ago we measured IT single charge exchange differential cross sections

at about 0°, leading to isobaric analog states, at 100 MeV, for various nuclei

spanning the A range from 7 to 208. The isobaric analog state was clearly seen

for all the targets. The identification was based on the energy of the ir°. For

most targets, there are many low lying states besides the IAS, very close to one

another relative to the energy resolution. But, transitions to these states

would require a non-zero transfer of angular momentum. Thus, near 0°, the con-

tributions from these transitions are negligible, while the L=0 transition to

the IAS is at a maximum. The experimental data can be fitted reasonably well

with a function of the form:

§(0°) =g(N-A)A-4/3 (1)

This is shown in Fig. 1. At 100 MeV, g = 10.6.
3

M. Johnson has proposed a very simple analytic formula to express the A
dependence of the 0 cross sections:

where p = p + p , Ap = p - p . R is an average interaction point on the surface

of the nucleus, deduced from a. ,. a expresses the slope of the density at R".

If p and p are assumed to be proportional to N and Z, and the interaction point
— p 1/3
R to vary as A ' , then:

§(0°) = g'(N-Z)A"4/3 (3)

As stated above, this functional form agrees with the A dependence exhibiced by

the data. However, the absolute magnitude calculated in this approach was too

low.
4

M. Johnson has proposed a semiclassical model to calc^ate elastic and

charge exchange cross section. The approach described above can be seen as a

limit of this geometrical model. In this model, realistic densities (provided by
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DME calculations) can be used. Further-

more, second order contribution (p

terms) can be added. Using this model,

M. Johnson and E. Siciliano got improved

agreement with the 100 MeV data.

The next step in a systematic study

was to survey the isospin dependence of

the cross sections. As best targets

for this kind of study we have chosen

the Ca isotopes. They span a wide range

of N-Z/A. We used four isotopes; 40,

42, 44, and 48. Moreover, extensive

experimental and theoretical efforts

have been devoted to studies of the nu-

clear structure and of the properties of

the Ca isotopes.

The data that will be shown here

are the result of a very preliminary,

Eq. (1) with g = 10.6. we are still taking data. Therefore,

no absolute cross sections will be

presented, and the relative cross sections have to be considered very preliminary.

Measurements were done using the LAMPF T\° spectrometer. Details about the

instrument and its operation and performance are given elsewhere. We bombarded
4D 4? 44 48 + 4?

Ca, Ca, Ca, and Ca with 180 MeV TT . Thin targets were used for ^Ca and
48 2 40 44

Ca (̂  0.4 g/cm ). Thicker targets were used for Ca and Ca. The spectrom-

eter was set at 0 , at a radial distance of 100 cm. The opening angle between the

two arms was set to correspond to nominal TT° energy of 176 MeV. The spectra pre-

sented here contain only events for which the energy sharing parameter X(X =

E , - E 2/E -i
 + Ev?)

 was l e s s tnan 0.1. In these conditions, the effective solid

angle subtended by the detector is about 0.5 msr. The angular acceptance is of

about 14°, so the spectra include TT° from all angles up to 14°. So, the relative

cross sections shown, in arbitrary units, are an average over this range, peaking

around 6° to 7°. The spectrometer has varying energy acceptance. The maximum was

set at 176 MeV. The acceptance drops almost linearly from this point down to

about 120 MeV and up to about 240 MeV.
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Relative incident beam monitoring was done using a toroid coil surrounding

the primary proton beam. The absolute pion flux is proportional to this monitor

To find the pion flux we used the known C(ir",p) C reaction, measuring the

induced C activity.

The resolution in the preliminary spectra shown here is of 4 to 5 MeV. For

the physics information we want to extract that is satisfactory (since nonanalog

contributions are assumed negligible). However, with proper choice of parameters

for the analysis, the spectrometer was shown to have a resolution of 2.5 MeV or

better, but that conies at the expense of statistics in the spectra.

In Fig. 2 we show the spectra obtained for the four Ca isotopes. In Fig. 2a
40

we present the Ca result. In this double-closed nucleus there is no IAS transi-

tion. The spectrum exhibits an almost constant background above the ground state

energy. Below the separation threshold the number of counts increases rapidly,

due to many <. lose-lying states we cannot resolve. The decrease in counts at still

lower energies is due mainly to spectrometer acceptance. These features are dis-

played in the other spectra, shown in Figs. 2b and d. But, in these appears a

clear peak, which we identify as the IAS transition, based on the expected TT°

energy.

To extract the cross sections we assumed a constant instrumental background.

Then we assumed a nuclear background coming from the many states above separation

energy, whose shape was taken to be almost exponential. Counts above the hand-

drawn background line were included in the peak. The relative error due to this

fitting procedure, background subtraction and statistics is of the order of 15%

to 20%.
42The spectrum of Ca, shown in Fig. 2b displays a wider peak than for the

other isotopes. At this preliminary stage, this was assumed to stem from worse
42 +

resolution. However, in Sc there is another 0 state oesides the analog, at
E •= 5.8 MeV. A different unfolding procedure will reduce the peak area assigned
A

to the IAS. At this time we assigned a larger error to this point.
We measured the cross sections for single charge exchange from C, C and

120from four Sn isotopes, but only the C isotopes and Sn were analyzed so far.
In Fig. 3 we present the relative cross sections divided by (N-Z)*A as

a function of A. If the cross sections were behaving as in Eq. (3), all points

were on a straight constant line. This is not happening. E. Siciliano7 has

calculated the cross sections for the Ca isotopes using the model described above,
with
192
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Fig, 2. TT° spectra from (TT ,TT ) SCE
reactions at 180 MeV on: a)
40Ca; b) 42 C a ; c)

 44Ca; d)
48ca. The dashed line is the
assumed instrumental back-
ground. The solid line is the
assumed nuclear background.
The g.s. energy, IAS energy,
and the separation threshold
are pointed.

i r f -
Fig. 3.

110

(ir ,TT ) SCE croia sections
near 6.5°, at 180 MeV, divided
by (N-Z)*A-4'3, as a function
of A. These are preliminary
results, expressed in arbi-
trary units. The dashed line
is a constant, to guide the
eye.

the 100 MeV data. His results, norma-
44lized to Ca, are shown as X in Fig.

48,
Ca point is in good agree-
42The Ca point is not. The com-

3. The

ment.

parison of the calculated points to

the constant line shows that nuclear

structure effects cause small devia-

tions from (N-Z)*A~ ' behavior. The

discrepancy for
due to the noise spectrum and larger error on this point.

42

13 13

Ca may be understood
However, the discrep-

ancy for C may be significant: C has long been the traditional test case
for single charge exchange calculations, which, in most cases, were too low.

13This result may indicate that C js^ a special case. Calculations similar to
13 14these done for the Ca isotopes, but for C and C, with realistic densities,

may further emphasize this point.
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(w+,ir~) DOUBLE CHARGE EXCHANGE

by

George R. Burleson

New Mexico State University, Las Cruces, New Mexico 88003*

ABSTRACT

Recent data on (ir ,TT ) double charge exchange
scattering on various nuclei are presented, the
observed systematics are discussed, and compari-
sons are made to recent theoretical calculations.
The data include information on angular distribu-
tions, excitation functions, and variation of
small-angle cross sections with atomic number.

Pion-nucleus double charge exchange scattering (DCX) is a subject that has

been discussed in the literature for more than 15 years, but for which very

little data existed until about three years ago. The early interest in the pro-

cess was related to the idea that it should be sensitive to two-nucleon

correlations in the nucleus, assuming that the reaction mechanism is dominated

by two successive charge exchange interactions. It was also expected that the

strength of the process would be greatest for transitions to double isobaric

analog states (DIAS), because of the similarity of the initial and final state

wave functions and the simplicity of the reaction mechanism involved (two rais-

ings or lowerings of the isospin operator). Calculations also generally

indicated that DCX would be particularly sensitive to neutron and proton density

distributions in nuclei. The data that have been reported to date that are

discussed here indicate that more effects than these are present, and more

*Supported by the U.S. Department of Energy
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theoretical ideas than have been so far ised will be necessary to explain the

process.

The status of DCX as of about a year ago, from both an experimental and a

theoretical point of view, was summarized by Cooper and Seth at the LAMPF

Workshop on Single Charge Exchange and also in a review article by Alster and

Warszawski. In this talk, I will concentrate principally on the fairly

extensive results that have appeared since then that are available. Because most

of the theories that have appeared to date have given widely differing pre-

dictions and have had little success in either predicting or explaining the

general nature of the data, and because of time limitations, I will emphasize

the new experimental results rather than the older theoretical work. In defense

of the theorists, however, I would like to point out that the general character

of the data, as it is now beginning to appear, is quite different in many

fundamental respects than what was anticipated by anyone. This means that

theorists were greatly handicapped in their work by not really knowing very well

what it was that they were to explain. Indeed, the history of the DCX process

is very much like that of a picture puzzle with many missing pieces. As more

and more pieces are found, a most interesting pattern begins to emerge. As of

now, many of the pieces are in place, but there still exist unfilled holes which

are large enough to prevent our knowing important parts of the pattern. Within

a year or two, it is likely that most of the rest of the pieces will have been

found and put in place, so that we should have a pretty good idea of what the

overall pattern looks like. But it is only now that we can begin to perceive

what it is that a general theory of the DCX process should explain.

Most of the new data have resulted from the work of three groups at LAMPF.

The earliest measurements that were of good statistical quality were made by

Burman, et al., at 0° on the Low Energy Pion Channel, under conditions of rather

poor energy resolution (about 4 MeV). The first angular distribution was
4

reported by Seth, et al., based on measurements made with the EPICS system;

this work was handicapped at small angles, however, because of high backgrounds

due to the incident beam. The newest measurements were made with a modification

of the EPICS system that involved incorporating a sweeping magnet on the

spectrometer arm, which had the effect of separating the charge-exchanged pion

from the incident beam. This allowed measurements to be made at angles down to

5° with good resolution and low background. A typical spectrum of charge-

exchanged pions is shown in Fig. 1. The results I will present that were
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measured with this configuration are due to a Texas-LASL-NMSU (TLN) collabor-

ation; these are referred to in some of the figures as "This Experiment."

The first angular distribution measured was that for the 18O(ir ,ir ) Ne

reaction at 164 MeV, a DIAS transition. This measurement was repeated by the

TLN group with the new EPICS setup, partly to check the new system, which they

had designed and were the first to use. The results are shown in Fig. 2; the

improvement at the smallest angles can be seen in the relative size of the error

bars there. The most notable feature of this curve was pointed out originally

by Seth, et al., that of the minimum at a small angle (about 23°). In any

simple first-order optical model calculation of DCX, a minimum at this angle

requires a radius for 180 so large as to be unphysical. Siciliano and Johnson

are currently working on a calculation which assumes isospin invariance and
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Fig. i. r 1
Spectrum of the 1 80(ir +,0 1 8Ne reac-
tion at 292 MeV, 5°, from ref. 5. The
arrows indicate the peaks correspond-
ing to transitions to the ground state "">
and the (2+, 1.88 MeV) excited state
of 18Ne. Fig. 2.

Angular distributions of the
1 80(Tr +,O 1 8Ne reaction at 164 MeV.
The data are from refs. 4 and 5.

2
incorporates isoscalar, isovector, and isotensor p terms, in addition to the

first-order optical model. These p terms (an example of which is a nucleon-

nucleon correlation effect) are initially introduced phenomenologically, but

they hope to be able to understand the coefficients of these terms, found from

fits to the data, from a fundamental point of view. They find that the
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isotensor p2 term has a great effect on the DCX angular distribution, easily

capable of moving the minimum to small angles, without greatly disturbing either

the elastic or single charge exchange (SCX) angular distribution. Some results

of this calculation are .seen in Fig. 3, which shows the 164 MeV 1 80 data with
2

some preliminary fits which demonstrate the effects of the p terms. Another

calculation which reproduces the dip at small angles is described in a preprint
Q

from Li, et al., of the Institute of High Energy Physics in Peking. They use

a Glauber-type theory incorporating s- and p-wave pion-nucleon phase shifts,

with a coherent fluctuation model of nuclear structure using the random phase

approximation; this calculation does not distinguish between DIAS and non-DIAS

transitions. Their results for the angular distribution are shown in Fig. 4; the

two curves are for different values of the nuclear size parameter a. They say

that this is a prediction, rather than a fit, since the calculation was com-

pleted before they had seen the data.

The angular distributions measured by the TLN group for the 1^O(TT ,TT ) * "
and 26Mg(ir . l O ^ S i reactions at 292 MeV, both DIAS transitions, are shown in

Fig. 5. These two curves are remarkably similar, almost differing only by a

scale factor. The dip is again found at a small angle, not very different from

what was found at 164 MeV. At this higher energy, however, the momentum trans-

fer due to the pion is larger, so that in an optical model picture the size of

the nucleus would appear smaller at this energy. For example, in the semi-
9

classical calculation of Johnson, described earlier at this conference, which

uses the eikonal approximation, the nuclear size is related to the position of

the minimum through zeros of the Bessel functions J (qR) and J.(qR), where q is

the momentum transfer and R a nuclear radius. A simple calculation using his

formula shows that thf radius indicated here is consistent, within error, with

the experimental nuclear size for each of these nuclei. Because 164 MeV is

near the peak of the (3,3) resonance, where the pion-nucleus interaction is

strongly absorptive, and 292 MeV is in the tail of the resonance, this behavior

suggests that the DCX process may be basically diffractive at energies where

absorption is less. However, since the posit "on of the minimum appears to be at

about the same angle at both energies, there might be mechanisms in the reaction

process that cause the position of the minimum to be insensitive to pion energy;

if this is true, the apparent diffractive nature of the DCX process at 292 MeV

would be fortuitous.
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Fig. 3.

Three qualitative fits to the
16O(TT ,ir~)lBNe angular distribution at
164 MeV, using the model of Sicilano
and Johnson (ref. 6). V and T refer
to the isovector and isotensor p 2

terms, which are included as indicated.

Fig. 4.

Theoretical predictions for the angu-
lar distribution of the 18O(IT+,TT~) l8Ne
reaction by Li, et al., for two values
of a nuclear size parameter a. The
data points are taken from refs. 3, 4
and 5. The figure is taken from
ref. 7.
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Fig. 5.

Angular distributions of the
l8O(ir+,Tr-)18Ne and 26Mg(Tr+,1r
reactions at 292 MeV. The lines in-
dicated are to guide the eye. The
data are from ref. 5.
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One other DCX angular distribution has appeared in print, that for

9Be(ir , O 9 C at 164 MeV, which was reported by Seth in his talk at the LAMPF

Workshop on Single Pion Exchange. Unlike these curves, the 9Be angular distri-

bution shows a fairly flat shape, with no deep minimum. It was pointed out by

Seth that since this is a 3/2~ to 3/2~ transition, both L=0 and L=2 transfers

are permitted, which could account for the shape. It is interesting to note,

however, that the elastic scattering angular distribution from 9Be is also

characterized by the absence of the deep minimum found in elastic scattering

from most nuclei. It has been shown that this effect could be due to quadru-

pole scattering, but other possibilities have not been excluded; it may be

that the two similar shapes stem from the same source.

In the course of the 1 80 measurements, transitions to the 2 (1.88 MeV)

excited state of *8Ne were also seen. The experimental angular distribution for

this at 164 MeV is shown in Fig. 6. There appears to be a normalization

discrepancy between the two sets of data, but both agree on the general shape,

which as we pointed out by Seth, corresponds to a characteristic L=2 transi-

tion. The shape, but not the absolute normalization, was fairly well reproduced
12

by a Glauber model calculation of Oset, Strottman, and Brown (but which failed

to fir the dip at small angles in the DIAS transition).

The TLN group also measured esccitation functions at 5° (Lab) for 1 6» 1 8O

and 2l+»26Mg, with the results shown in Figs. 7 and 8. For 2 6Mg, as well as for

l a0 the transition is to a DIAS, whereas for 21tMg and 1 60 it is not. It is seen

in these figures that in both cases the cross section for the DIAS transition is

nearly everywhere greater than the non-DIAS one, that the DIAS transitions pass

through a shallow broad minimum as the pion energy moves across the (3,3) reson-

ance, and that the non-DIAS transitions simply continue to fall as the energy

increases across the resonance. This same kind of behavior with energy for

non-DIAS transitions has been seen with other nuclei as well. The dip in the

DIAS process can be understood in terms of absorption effects; since DCX is a

two-nucleon process, it would be suppressed by the increase of one-nucleon
o

processes. This behavior is found by Li, et al., in their calculation, as

shown in Fig. 9. They predict essentially the same behavior for 1 60 as for 1 8 0 ,

however, since their calculation does not distinguish between DIAS and non-DIAS

transitions. Some preliminary calculations of this excitation function

indicating the effects of the p 2 terms in the theory of Siciliano and Johnson
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Angular distribution of the
180(Tr+,ir-)lbNe (2+, 1.88 MeV) reaction
at 169 MeV. The data are froi. refs.
4 and 5.
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Excitation functions at 6 = 5° for
the 18O(7r+,7r~)18Ne and 166t&+,iT) 16Ne
reactions. The data are fjom refs.
3 and 5.
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Fig. 8.

Excitation functions at 6iab=5° for the
26Mg(1r

+,7r-)26Si and 24Mg(7r*,O21*Si
reactions. The data are from ref. 5.

9.

Theoretical predictions for the exci-
tation functions for the 18O(if*", TT~) 18Ne
and 16O(Tr+,Tr~)16Ne reactions by Li,
et al., for two values of a parameter
Y describing the particle-hole com-
position of the ground states. The
data are from refs. 3 and 5. The
figure is taken from ref. 7.
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are shown in Fig. 10; both the resonance dip and the peak near 120 MeV are seen

in the curve containing the vector and tensor p 2 terms. Lee, et al., were

able to successfully explain the value of the 1 80/ 1 60 ratio at one energy, by

taking into account various nuclear structure effects, but their calculation was

unable to account for the great variation of this ratio with energy. The

other interesting feature in these sets of curves is the similarity of tTie pat-

tern of the two oxygen and the two Mg curves. This similarity suggests that for

both kinds of transitions, the reaction mechanism dominates the nuclear struc-

ture effects involved in the DCX process.

The excitation function at 5° for the transition to the 2 state in l 60

that was measured by the TLN group is shown in Fig. 11. It is interesting to

note that this is more similar to the DIAS transition for l d 0 , rather than to

the non-DIAS one for 1 6 0 , even though this is a non-DIAS transition. The

reason for this does not seem to be clear; perhaps it is related somehow to the

L=2 character of the transition, as opposed to the L=0 character of the 1 60 and

21*Mg transitions.
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Fig. 10.

Preliminary calculation of the
180(TT ,TT)^8Ne excitation function,
with the data of Fig. 7, using the
model of Siciliano and Johnson (ref.
6). The notation is the same as in
Fig. 3.

Fig. 11.

Excitation function at 9]^, * 5° for
the 18O(ir+,1r~)1%e (2+.1.18 MeV)
reaction. The data are from ref. 5.
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It is interesting to compare the general shape of the DIAS excitation

functions across the (3,3) resonance to the shape of excitation functions for

other pion-nucleus reactions. This comparison is shown in Fig. 12, which gives

the experimental shapes for the total cross section (for 12C ), the total

elastic cross section (also for 12C ) , the total cross section for SCX (for
13C ) , the cross section da/dfl (5°) for DCX on 1 80, and the total TT p cross

section, which exhibits the (3,3) resonance in its pure state. The DCX curve

is the only one of these to go through a minimum across the resonance, but it

is the only one of these to be a two-nucleon process.

In the course of their measurements, the TLN group also carried out a

series of mass measurements, 'x from which they extracted cross sections at

180 MeV, 5°, for a range of nuclei. When plotted as a function of atomic num-

ber, as shown in Fig. 13, these make an interesting pattern. Within the
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Curves showing the general shapes of
the pion cross sections indicated,
based on data from refs. 2, 5 and 16,
as discussed in the text.
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Fig. 13.

Experimental values of the differen-
tial cross section da/dfi at 180 MeV,
elabxs5° f o r (7r+»ir~) DCX on various nuc-
lei, from refs. 5 and 16. The solid
line is a theoretical prediction of
Johnson (ref. 9), under certain simpli-
fying assumptions, normalized to the
A=18 point (18O). The dashed lines
are drawn to guide the eye.

203



limited amount of data shown here, the points seem to group themselves into

three "families" of curves, the N = Z+2 DIAS nuclei, and the N=Z even-even and

N = Z+l even-odd non-DIAS nuclei. The behavior of all families seems to be that

of a cross section falling with increasing atomic number A. For the DIAS nuclei
o

this trend is predicted by the seroiclassical theory of Johnson,' as shown by the

solid curve in Fig. 13, which is normalized to the 1 80 point. For SCX, this

theory predicts, under certain simplifying assumptions, a cross section varying
-4/3

as (N-Z)A , which qualitatively reproduces the A-dependence observed recently

by the LAMPF pi-zero spectrometer group, as described by Doron in his talk

here. For DCX, the predicted variation, under the same approximation, is
-10/3

(N-Z) (N-Z-l)A . For the purpose of comparison, these varVtions are shown

in Fig. 14, which also showb the prediction for da/dft (0°) of an absorptive

optical model (A ) for elastic scattering, for a selected set of nuclei, all

normalized to A - 26. For both SCX and DCX, there are corrections to these
9

cross sections which would arise from the use of realistic nuclear densities;

the principal effect of these would be to increase the cross sections for the

heavier nuclei relative to the lighter ones.

For DCX, the only measurement with a heavy nucleus is one made on the

209BiO+,ir~)209At reaction at 292 MeV, 5°, by the TLN group.19 The spectrum

obtained is shown in Fig. 15. The arrow indicates the place where a peak

corresponding to the 2"9At DIAS is expected (34.7 MeV). A measurement of the

width of the state in 209Po that is the analog of the 2 0 9Bi ground state

found a value of (380 ± 80) KeV; the width of the enhancement in Fig. 15 is

about 1 MeV, including target broadening effects, which is again consistent.

The cross s<= tion extracted is (0.46 ± 0.15) pb/sr. Using the scaling between

the 80 and 2"9Bi cross sections predicted by Johnson's formula, the predicted

ratio between the 2 0 9Bi and 180 cross sections is 0.29 (a number that would be

increased by the use of realistic wave functions), whereas the experimental

value is (0.19 ± 0.07). In comparing these numbers, it should be noted that the

Johnson theory assumes conditions dominated by the (3,3) resonance, near 180

MeV, whereas the experimental result is at 292 MaV, on the high-energy tail of

the resonance. If this interpretation of the enhancement in Fig. 15 is correct,

however, it does indicate a general trend in DCX cross sections with A similar

z-j that found with SCX.

To summarize, it can be noted thau from the data presented here, we are

begirding to see parts of the "picture puzzle" pattern of the DCX process.
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Fig. 15.

Spectrum of the 209Bi(7r+,ir~)209At
reaction at 292 MeV, 5°. The arrow
indicates the place where a peak cor-
responding to the 2 0 9At DIAS is ex-
pected, at an energy of 34.7 MeV.

Fig. 14.

Theoretical predictions of Johnson
(ref. 9 ) , under certain simplifying
assumptions, for the relative A-depen-
dence at 0° for the SCX and DCX cross
section for selected nuclei. The
lines are drawn to guide the eye. The
line labeled "Elastic" is the predic-
tion for the elastic scattering cross
section at 0° for the case of strong
absorption. All curves are normalized
to the A - 26 p^.nt.

What is being observed appears to have, at this state, greater simplicity than

would have been generally expected. Most of the angular distributions measured

so far are puzzlingly similar, and they may or may not be diffractive in nature.

The excitation functions at small angles for nuclei both with and without DIAS

transitions seem to be similar, as do the ratios of isotopes of nuclei with and

without DIAS transitions. The data on the variation of the cross section with

A, while still very sparce, suggest a pattern similar to that s<~en for SCX, a

drop with increasing A for light nuclei, with an increase for heavy nuclei, with

a minimum somewhere in between.

But, as can be easily seen, there are still many "holes" in the puzzle.

The nature of these holes can be indicated by a set of questions, which I list

here in no particular order; hopefully, we shall know the answers to some of

them within the next few years:
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1. Do the angular distributions for DIAS nuclei generally have a minimum at a
(nondiffractive) small angle on the (3,3) resonance? Why?

2. Are these angular distributions diffractive on the tails of the resonance?

3. What are the angular distributions for non-DIAS nuclei like? Are they
dominated by the tnultipolarity of the transition, or are other effects
important? Are they diffractive?

4. To what extent are the excitation functions for DIAS nuclei similar? For
non-DIAS nuclei?

5. Why do the excitation functions for non-DIAS nuclei continue to fall across
the resonance, while those for DIAS nuclei rise again above th«=> resonance,
where absorption decreases?

6. Why does the excitation function for the 2 state of 1 80 (a non-DIAS tran-
sition) follow the general pattern for DIAS excitations, rather than for
non-DIAS excitations? What about other excited states?

7. Why does the DCX process appear to be dominated by the reaction mechanism,
rather than by nuclear structure effects? (If this is true, can we learn
anything about nuclear structure from DCX studies?)

8. How does the cross section vary with A? Is it siailar to that seen with
SCX? Is it different for DIAS and non-DIAS nuclei?

9. What is the relation between (ir ,IT ) reactions and (IT ,ir ) reactions?
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RECENT DEVELOPMENTS IN (p,ir)

by

Robert D. Bent
Indiana University Cyclotron Facility, Bloomington, IN 47405

ABSTRACT

New data on the energy-, mass- and state-
dependence of the (P.TT*) and (p,7r+) reactions
near threshold (Tp £ 200 MeV) are presented.
The extent to which the data can be explained
by the DWBA Stripping Model is discussed.

I. INTRODUCTION

Since the topic of (p,ir) reactions has been reviewed recently by HcJistad1

and by Measday and Miller,2 I will not survey the field but will focus on new
experimental results—mainly those obtained in the near-threshold region
(140 £ Tp £ 200 MeV), which has been explored extensively at Uppsala and IUCF.
Although this region is only a corner of the available kinematic space (see
Fig. 1), it is perhaps the most interesting region from a nuclear structure
point of view, because the bombarding energy is below the threshold for pion
production in free nucleon-nucleon collisions and it is only through nuclear
effects that pions can be produced.

The sensitivity of the (p,TT+) reaction to nuclear structure has been demon-
strated by many experiments,1'2 but so far almost nothing new has been learned
about nuclear structure from (p,ir) studies because of the poor understanding
of the reaction mechanism. The new data I will present here bear not only on
the reaction mechanism question, but also on the way in which the reaction
dynamics and nuclear structure effects are interrelated. Most of the data
are unpublished and preliminary.

II. THE (p,7f+) REACTION

A. Energy and Mass Dependence
The energy-dependence of the 10B(p,7r+) 11Bg- s< and 40Ca(p ,w+)u^ag.g. reac-

tions has been studied previously at IUCF over a range of energies extending
from 60 MeV down to only a few MeV above threshold. ̂  The *^B angular distri-
butions are exponential in shape with a slope that varies only slightly with
changes in bombarding energy, and the ^ B total cross section is dominated by
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Coulomb and angular momentum barrier factors over a broad energy range. In con-
trast, the ^ C a angular distributions have a deep minimum which shifts system-
atically to smaller values of momentum transfer as the bombarding energy
decreases, and the ^"Ca total cross section follows barrier penetration factors
over only a limited energy range close to threshold.

New data4'5 on the energy dependence of the 12C(p,iT+) 1 3C, 16O(p,ir+) 1 70
and 2^Si(p,7T+)29Si reactions, together with some of the earlier ^CaCpjir^^Ca
results, are shown in Fig. 2, where angular distributions involving the same
neutron orbitals in different nuclei are plotted together. The differential
cross sections are plotted as a function of the center-of-mass momentum trans-
fer q in units of MeV/c. The Tp = 185 MeV Uppsala6 differential cross sections
for 1 60 and 28Si included in these figures have been multiplied by factors of
1.3 and 1.6 respectively to correct for discrepancies between the absolute cross
section measurements at IUCF and Uppsala.

The 13C 3.09 MeV (l/2+) excited state, the 17O ground state (5/2+) and
0.87 MeV(l/2+) excited state and the 41Ca ground state (7/2-) are known to be
good single-particle states involving 2si i, ldc/2, ?-S\l2 and If7/2 orbitals,
respectively. The 29Si states at 2.03 MeV (5/2*) and 3.62 MeV (7/2~) are more
complicated in structure but contain some. 1^5/2 and lfy/2 single-particle
strengths, respectively.

The prominent features of the data shown in Fig. 2 are the following:
1) The angular distributions for all six transitions are similar in shape.
2) The pronounced minimum in all of the angular distributions shifts to

smaller values of momentum transfer as the bombarding energy decreases. For
^ C a , the momentum transfer at the forward minimum, q mi n, varies linearly with
pion momentum p^ according to dq^j^/dp^ = 0.82 ± 0.1. Assuming a linear
dependence for the other final states, least squares fits to the data yield
values of dq^^/dp^ for 1 3C, 1 70 and 29Si that are consistent with the 0.82
value for 41Ca.

3) For final states involving the same neutron orbital in different
nuclei, q mi n is largest for the nucleus of smallest mass in all three cases
(for angular distributions at approximately the same pion energy).

4) q mi n depends explicitly on the final state produced in the residual
nucleus {Compare 170(0.87) with 170(g.s.) and 29Si(2.03) with 29Si(3.62) at
approximately the same pion energies}.

5) The 2^Si(p,ir+) cross sections are smaller than those for both leO(p,ir+)
and 1»0Ca(p,ir+).

The energy-dependences of the total cross sections extracted from the
angular distributions shown in Fig. 2, together with preliminary data for a
number of other targets and residual nuclear states, are given in Fig. 3. We
see in this set of data distinct variations in the character of the excitation
functions and certain trends that any successful theory of pion production
must be able to explain:

1) The 10B(p,ir+) 1 ̂ (g.s. ) excitation function^follows phase-space, Coulomb
and angular-momentum-barrier factors up to T^ (cm) ^ 25 MeV3 and continues to
rise up to T,,. (cm) ^ 200 MeV, presumably due to the influence of the (3,3)
resonance^ before falling at still higher energies.! The ltOCa(p,ir+)1*1Ca(g.s.)
excitation function follows phase-space and penetration factors up to only
T^ (cm) % 8 MeV,3 has a broad maximum in the neighborhood of T^ (cm) = 25 MeV
and falls to small values at T^ (cm) = 632 MeV.7 The suppression of yield for
pion energies above ^ 25 MeV appears to be even more pronounced for the
90Zr(p,7T+)91Zr(g.s.) and 208Pb(p,7r+)209Pb(g.s.) reactions.
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2) The preference of the (P,TT+) reaction for final states of high angular
momentum is illustrated by the data for the l/2+, 3/2+, 5/2+ and 7/2" final
states of 2 9Si, the l/2+ and 5/2+ final states of 1 70 and the 1/2 and 5/2+

(3.85) final states of 1 3C. Exceptions to this trend are the transitions to
the 3/2" (3.68 MeV) and 5/2+ (6.86 MeV) core-excited states in 1 3 C , which will
he: discussed in the next section.

3) For transitions involving the 2sj/ 2 neutron orbital {
13C(3.09),

0(0.87) and 29Si(g.s.)} the excitation functions are similar in shape and
the total cross sertion decreases with increasing mass of the residual nucleus.
This irass-dependence is reversed for the two transitions involving the If7/2
neutron orbital {29Si(3.62) and "**Ca(g.s.)}; here the ^ C a cross sections are
about 50% larger than those for 2 9Si. This is not surprising if the stripping
mechanism is important, since the ^ C a ground state is a relatively pure single-
particle state whereas the single-particle strength in the 2 9Si 3.62 MeV state
is small. For transitions involving the ld5/2 neutron orbital {

13C(3.85),
170(g.s.) and 29Si(2.03)}, the 2 9Si cross sections are by far the smallest,
while the * 3C and 0 cross sections are comparable in magnitude but have
different energy dependences. There seems to be no enhancement of transitions
to the 1.27 MeV (3/2+)state in 2 9Si, which has a relatively large ld3/2 single-
particle strength.

B. Nuclear Structure Effects
It was shown by Dahlgren et al. 8 in one of the early Uppsala papers on

nuclear pion production near threshold that the 12C(p,ir+)13C reaction produces
final states of complicated structure just as strongly as states that can be
reached by the direct transfer of a neutron. This is illustrated by the upper
spectrum shown in Fig. 4, which was taken recently at IUCF with an overall
energy resolution of 170 keV.1* The fact that the lpj/ 2, 2s!/2 and ld5/2 single-
particle states at 0.0, 3.09 and 3.85 MeV, respectively, and the two particle-
one hole states at 3.68, 6.86 and 9.5 MeV are populated about equally provided
early evidence in support of a two-nucleon9 or multistep10 reaction mechanisr...

Recent high resolution studies1* of the (p,ir*") reaction on other targets
in the p-shell indicate that strong production of core-excited states may be
the exception rather than the rule in the p-shell. Fig. 4 (bottom) shows a
10B(p,ir+) n B spectrum taken at IUCF with an overall energy resolution of 210
keV. The five low-lying states of odd-parity in l:lB are believed to arise
mainly from configurations comprised of P3/2 ana> P w 2 nucleons and are well
described by the shell model based on the intermediate coupling scheme.11 The
states at 0.00(3/2") and A.44(5/2") MeV which are strongly excited in the (P,TT+)

reaction also are populated strongly in the (d,p) reaction and have the largest
single-particle spectroscopic factors. The 2.14(1/2") state, which is forbidden
by a one-step mechanism, and the 5.02(3/2") state, which is predicted by the
intermediate-coupling model to have little overlap with the 10B ground state,
are both populated weakly in the (p,ir+) and (d,p) reactions. The three even
parity states at 7.30, 8.00 and 8.57 MeV are characterized by weak (d,p) in-
tensities suggestive of highly mixed configurations. These states are also
populated weakly in the (p,ir+) reaction. The two states of even parity near
9 MeV have very large (d,p) stripping amplitudes characteristic of direct neu-
tron capture into the 2s or Id she 1! without appreciable excitation of the 1 0B
core. Transitions to these states ind the 8.93(5/2") state, as well as the
6.7 MeV doublet state (presumably mainly the 6.74(7/2") single-particle state)
are enhanced in the (P,TT+) reaction but to a lesser degree.
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Because of the large momentum transfer in the (p,ir+) reaction, transitions
to states of high angular momentum are expected to be preferred, and there is
experimental evidence that this is true (see Fig. 3 and Sec. II.A.). This may
account for some of the enhancements seen in the 10B(p,ir+) J1B reaction but can-
not explain the relative intensities of transitions to the two 3/2" states at
0.0 and 5.02 MeV nor the strong suppression of transitions to the states at
2.14, 7.3, 8.0 and 8.57 MeV.

A similar selectivity is exhibited by the 1l3(p,-n+)12B reaction. In this
case, states at 0.0 (1 +), 0.95 (2+), 1.67 (2~) and 2.62 (1~) MeV, which can be
formed by coupling a P1/2 or 2SJ/2 neutron to the 11B ground state, are popu-
lated strongly, whereas the 2.72 MeV (0 ) state, which requires recoupling of
core nucleons together with the transfer of a neutron, is populated weakly.4

A preference for single-particle final states is also seen in the 13C(p,ir+) ll*C
reaction; for example, the 0 + single-particle ground state is excited strongly
compared to the 0 + core-excited state at 6.59 MeV.1*

In summary, for the (p,ir+) reaction on ^"B, J1B and *3c targets, final
states that can be reached by the simple transfer of a neutron tend to be fa-
vored compared to states of more complicated structure. This is suggestive of
a one-step reaction mechanism. A quite different behavior is observed for the
12c(p,ir+) 13C reaction, which populates single-particle and 2p-lh final states
about equally, demonstrating the multi-nucleon aspect of the production process
for this particular case (which seems to be an exception in the lp-shell).

The interpretation of (p,ir+) data is difficult because of the unknown way
in which the reaction dynamics and nuclear structure effects are interrelated,
and also because there appears to be several reaction mechanisms with possibly
different energy- and A-dependences. The high resolution work described here
indicates that the dominant reaction mechanism is determined to a cercain ex-
tent by the nuclear structure changes that occur during the reaction, and that
it may be possible to use nuclear structure effects to isolate different aspects
of the reaction process.

Recently, the possibility of using the selectivity of the (p,ir+) reaction
as an indicator of the reaction mechanism has been pursued by Soga et al. 1 2 for
the case of the 12C(p,ir+) ̂ C reaction leading to several single-particle and
2p-lh final states. An overall energy resolution of 63 keV was achieved in
these experiments. The angular distributions for transitions to the 5/2+

single-particle (ld5 2) state at 3.85 MeV and the 5/2
+ core-excited

(Ids 2 + 2sj 2 ® lP3}2 I-P1/2) state at 6.86 MeV are compared in Fig. 5. Al-
though the shapes of the angular distributions are surprisingly similar, the
magnitudes and energy-dependences of the total cross sections are quite dif-
ferent (see Fig. 3), indicating a difference in the reaction mechanism for the
two cases. Since the pion energy changes by a factor of 10 over the energy
range covered by the data shown in Fig. 3 whereas the proton energy changes
by only 30 per cent, the steep excitation function for the 6.86 MeV state in
a region where the excitation function for the 3.85 MeV state is relatively
flat suggests a multistep mechanism for production of tl-j 6.86 MeV state in-
volving core-excitation by the outgoing pion.

C. Polarization Effects
In the first polarization asymmetry measurements at TRIUMF, the analyzing

powers for the 1 2C(P,TT +) and 9Be(p,ir+) reactions leading to discrete final
states in the residual nuclei were found to be always negative and surprisingly
large near-9^ (lab) = 60 degrees.13 The angular distributions of the analyzing
powers were similar for all of the final states observed and resembled that
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observed in the pp-*7r+d reaction. These results suggested that the asymmetries
are caused largely by the reaction mechanism rather than nuclear structure.

Recent measurements at IUCF,14 together with those from TRIUMF,13 provide
the first information on the energy-dependence of the polarization asymmetry
in the (P,TT+) reaction near threshold. The analyzing powers for the
12C(p,7r+)*3C(g.s.) reaction at 159 and 200 MeV bombarding energy are compared
in Fig. 6. There appears to be little variation in A,,, over this energy range.

In contrast to the TRITJ"u' results,13
 a dependence of the analyzing power

on nuclear structure has been observed at IUCF.11* The evidence for this is
shown in Fig. 7. The analyzing powers for the 10B(p,7T+) reaction are distinctly
smaller than those for the 12C(p,ir+) reaction at forward angles, and the ana-
lyzing power for the Ca(p,Tr+) Ca(g.s.) reaction is zero at 60 degrees whereas
it is a maximum at 60 degrees in the 12C(p,ir+)13C reaction. Moreover, varia-
tions in A^ are observed for different final states in the same nucleus for all
three reactions. Thus, the analyzing power in nuclear pion production is sensi-
tive to nuclear structure and is not simply a reflection of the analyzing power
of the pp-nr+d reaction.

III. ENERGY DEPENDENCE OF THE (p,TT~) REACTION

Very little is known about the energy dependence of the (p,ir~) reaction.
All of the available data in the near threshold region are shown in Fig. 8.
Additional data on the 9Be(p,TT~)10C(g.s.) reaction exist at T p = 613 MeV15

and 800 MeV.16 The data are so sparse that only a few very general observations
can be made:

1) The 13C(p,7r~) ll4O(g.s.) cross section is fairly constant, or may de-
crease slj.ght.ly, between Tp = 185 and 200 MeV, whereas the cross section for
the 13C(p,ir+) 14C(g.s.) reaction increases by a factor of 1.3 in this same energy
interval.17 Thus, there is a possible difference in the energy-dependence of
the (p,ir+) and (p,ir~) reactions to analogue states as well as a very large
difference in the magnitudes of the cross sections.

2) The 26Mg(p,7r~)27Si(g.s.) cross section appears to rise somewhat between
Tp = 160 and 180 MeV in a manner that is not inconsistent with the theoretical
calculations of Kisslinger and Miller1^ based on A transfer, proton charge
exchange and pion charge-exchange mechanisms; however, -the magnitudes of the
experimental cross sections are much smaller than the theoretical predictions.1^

3) The gBe(p,Tr~) 10C(g.s.) cross section is much smaller (̂  0.5 nb/sr) at
T p = 613 MeV

15 and 800 MeV16 than at T p = 185 MeV.
20

Thus, the main features of the (p,ir~) excitation functions may be similar
to those observed for the (p,ir+) reaction—a rapid rise just above threshold
followed by a broad maximum in the neighborhood of T^ = 50-100 MeV and a de-
cline at higher energies—but much more data are needed to establish the
systematics of the (p,ir~) reaction.

IV. THE DWBA STRIPPING MODEL

The extent to which the extensive body of new data on the A(P,TT +)A+1 reac-
tion near threshold (Tp <_ 200 MeV) can be explained by the DWBA Stripping Model
has been investigated by Tsangarides et al. 2 1» 2 2 They found that the DWBA model
can reproduce qualitatively many of the main features of the energy- and
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A-dependence of the differential cross sections—for example, the shift in posi-
tion of the first minimum in the 160(p ,ir+) 17O(g.s.) and **°Ca(p ,ir+)'*1Ca(g.s.)
angular distributions.21"23

Recently, Tsangarides23 has calculated polarization asymmetries witi in the
framework of the stripping model including the effects of both i-roton anr pion
distortions. Some examples of calculations taken from his thesis are stvwn in
Fig. 9. While the sign of the analyzing power is given correctly for the
10B(p,TT+)11B(g.s.) and 12C(p ,TT+) 13C(g.s.) reactions, the calculations are ex-
tremely sensitive to the form of the pion production operator {static (A = 0)
or Galilean invariant (A = 1)} and to both proton and pion distortions. For
the '*"ca(p}7r+) ** lca(g.s.) reaction, A = 1 gives a reasonably good fit to the
differential cross section data but the wrong sign for the analyzing power,
whereas A = 0 gives the correct sign for the analyzing power but fails to re-
produce its angular variation and the differential cross section data.

Differential cross section and polarization asymmetry data together pro-
vide a stringent test of any reaction model. It is not clear whether the
failure of the DWBA calculations shown here to fit simultaneously both types
of data is due to a basic limitation of the model or to an inadequate realiza-
tion of the model due to uncertainties regarding the form of the pion production
operator, the pion optical potential and the high momentum components of the
bound neutron wavefunction.

V. SUMMARY

I have presented some highlights of recent work on the (P,TT) reaction.
There is a substantial amount of data available on the (p,tr ) reaction, but
data on the (p,7r~) reaction and polarization asymmetries are still meager.
Although the (P,TT"*") reaction exhibits a marked sensitivity to nuclear structure,
the reaction mechanism is still poorly understood and, consequently, the use-
fulness of this reaction as a nuclear structure probe is an open question.
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THE (p,2p) AND (p,d) REACTIONS"

D.A. Hutcheon

TRIUMF, Vancouver, B.C., Canada V6T 2A3

Asymmetries seen in the proton knockout reaction (p,2p) and the

neutron pickup reaction (p,d) at Intermediate energies show marked

dependence on whether the removed nucleon had j = 9. - 1/2 or j = I + 1/2.

For each reaction I wi11 present a simple physical explanation of the

j-dependence, show some of the available data, and compare them to DWIA

or DWBA calculations. The emphasis will be on spectroscopic applica-

tions, rather than reaction mechanisms (to the extent that this is pos-

sible). To conclude I will suggest directions for future measurements

with these reactions.

The j-dependence of the (p,2p) reaction can be understood in terms

of a simple argument given by Maris.1 Figure 1 depicts the quasi-free

scattering of an incident proton 0 from a proton 3 of the target nucleus,

producing outgoing protons 1 and 2. We select those events for which

P2 is of low energy and pj of high energy. Then the decrease in mean

free path through the nucleus with decreasing energy means that the reac-

tion will be favored for that part of the nucleus facing the direction

of P2, the low energy proton. By suitable choice of detector angles and

energy sharing we select a kinematic condition in which the momentum p3

of the struck proton prior to collision is perpendicular to P2, so that

"Work supported in part by the Natural Sciences and Engineering Research
Council of Canada.

220



the direction of its orbital angular momentum 13 = r3 * P3 is well

defined. Through nuclear spin-orbit coupling this results in selection

of protons with a particular direction of intrinsic spin—that is, we

have partially polarized target protons, with the sign of the polariza-

tion being opposite for j = t - 1/2 and j = I + 1/2. The cross section

for quasi-free scattering in nuclear matter will be approximated by the

free p-p scattering cross section. Thanks to the positive values of

spin correlation term C N N at intermediate energies, the p-p cross section

is typically 3 to 5 times larger for parallel spins than for antiparallel

spins. Thus for the kinematic situation depicted in Fig. 1, a spin up inci-

dent beam preferentially scatters from spin up target protons, yielding a

positive asymmetry for j = (i + 1/2, negative for j = f - 1/2.

This simple picture is in agreement with DWIA calculations and, more

important, with experiment. Figure 2 shows results for 1 60(p,2p) 1 5N mea-

sured at TRIUMF at 200 MeV.2 The peak at 12 MeV separation energy is

from removal of a lpj/2 proton, the one at 18 MeV from )p^/2- The asym-

metries are of opposite sign for p] i2 and P3/2 and, with favorable

kinematics, give a large clear signal for j .

Similar j-dependence is seen in a heavier target, 4 0 C a , where d3/2

and d 5/ 2 hole states show marked differences in asymmetry (Fig. 3 ) •

The curves in Fig. 2 are produced by the DWIA program of C.A.

Miller, TRIUMF. The program uses the half-off-shell prescription for

the p-p scattering, an optical potential of standard Wood-Saxon form with

parameters which reproduce elastic scattering and reaction cross section

data, and a bound state wave function of Elton and Swift. The agreement

between DWIA prediction and observed asymmetry is good, especially for

forward, symmetric angles. The cross section predictions, however,
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typically overestimate observed values by a factor \A. A possible

explanation is that non-locality of the optical potential results in

smaller amplitudes of wave functions inside the potential compared with

those calculated from the equivalent local potentials. The predicted

asymmetries are less sensitive than cross sections to changes in optical

potentials or bound-state wave function. In light nuclei, the DWIA

predictions for j-dependence of asymmetry should be reliable, provided

detection angles are forward and not far from symmetric; spectroscopic

factors are probably better extracted by other reactions.

We now turn to the (p,d) reaction, looking first at the simple pic-

ture of why it ought to be dependent on j of the picked-up neutron.-^ In

a one-step reaction the momentum of the neutron before pickup defines a

hemisphere of the nucleus in which the neutron orbital angular momentum

would be 'up1, and a hemisphere in which it would be 'down' (Fig. k).

Absorption, especially of the deuteron, tends to confine the reaction to

a ring around the outside of the nucleus; if deuteron absorption is

greater than proton absorption, the ring would shift forward of center,

favoring (at small angles) the forward (l = 'up') hemisphere. The nuclear

spin-orbit coupling will mean the favored pickup has neutron spin 'up' for

j = i +1/2 and 'down' for j = 9, - 1/2; because the deuteron is in a spin

triplet state, the pickup of a neutron with spin parallel to the proton

spin is favored, and so positive analyzing powers arise for j = A + 1/2

and negative for j = I - 1/2, in this example. The simple model is limit-

ed, in that it does not predict changes in Ay as a function of angle.

The (p,d) analyzing power has been measured for many targets at low

energy. The almost universal result is that, at the angle of the pickup

peak cross section, analyzing powers are positive for j = I + 1/2 and
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negative for j = £ - 1/2. Especially noteworthy are the 2k MeV Saclay

results,4 a sample of which are shown in Fig. 5. The rule was observed

in 20 instances in targets from S to Sn for I values up to 5- DWBA

calculations gave a good account of the analyzing powers. The exceptions

to the rule were targets with large neutron separation energy, such as

26 0 >5

What of the (p,d) reaction at intermediate energies? Here the

minimum momentum transfer is hundreds of MeV/c, well beyond the peak of,

say, an I = 1 pickup; is there still characteristic j-dependence in

analyzing power? As shown in Fig. 6 the answer is yes. This figure shows

results of the 3 3C(p,d) 1 2C reaction measured at 200 MeV at TFWUMF.6 The

reaction leading to the 1 2C ground state is Pj/2 pickup, while that to

the h.h3 MeV 2 + state is P3/2- The cross sections, as is characteristic

of (p,d) at intermediate energies, show a drop of an order of magnitude

for every increase of 125 MeV/c in momentum transfer, with slight undula-

tions superimposed, and are not useful in determining either the i or j

of the pickup. The analyzing powers on the other hand, vary from -0.4

to +0.^ and are different for j = £ + 1/2 and j = 2 - 1/2. At ;f00 MeV

(Fig. 7) the cross section angular distributions are still unexciting

and the analyzing powers still show marked oscillations, but now the j -

dependence becomes evident only for angles beyond 20°. Finally, Fig. 8,

is shown A y for the Pj/2 and P3/2 pickup from 1 & 0 , and the Id states

from ^ C a C p . d ) , all at 200 MeV.

The curves in Fig. 6 are DWBA calculations made by J.R. Shepard of

University of Colorado, performed in zero range and in exact finite

range. The EFR calculations used deuteron wave functions generated by a

Reid soft core potential. Proton optical potentials were obtained from
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the leading term of a KMT multiple scattering expansion, and deuteron

potentials from doubling depths of a fit to p + 1 2C 100 MeV data. Nu-

clear densities and r, + 1 2C well geometry were determined from elastic

electron scatteri.., data. The EFR cross sections are absolutely

normalized using spectroscopic factors obtained from wave functions of

Norton and Goldhammer. The model does a very respectable job of fitting

cross sections, both in shape and scale. Unfortunately it does not do

very well at predicting asymmetries, in particular the j-dependence of

the asymmetries. 'Reasonable' variations in deuteron spin-orbit poten-

tial do not appreciably change the DWBA predictions, althoujh turning it

off altogether does have a large effect (in fact, giving better agreement

with the observed A ) . Turning off the proton spin-orbit potential has

slight effect on the asymmetries.

The conclusion is that, at the moment, the DWBA does not predict A y

with sufficient accuracy that we would use it to determine an unknown j-

value in a new target, for a new separation energy, or at a new beam

energy in the intermediate energy region. The familiar cry 'more data

are needed' must be raised here. In particular, a systematic study of

energy dependence of A y angular distributions for targets with signifi-

cantly different binding energies are needed. Figure 9 shows part of

what we might expect to see from study of the energy dependence. In this

figure the analyzing powers are plotted as a function of momentum

transfer q = jp " Pj | • At low energies the data are proton polarizations

in the 1 2C(d,p) 1 3C(g.s.) reaction7 and at higher energies the analyzing

powers in 1 3C(p,d) 1 2C (g.s.) which, by time reversal invariance, are

equivalent measurements. The similarity of shapes from 12 to 'JOO MeV

strongly suggest that the sane factor determines the pattern throughout
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the energy range and that we are justified in trying to apply DWBA at the

intermediate energies. The impression given is that Ay is determined by

absorption of the deuteron and reflects interference in contributions

from a ring at the periphery of the target nucleus. The period of oscil-

lation in A is approximately 170 MeV/c, which corresponds to a radius of

ss3-7 fm (which is 1.5A 1' 3 + 0 . 3 ) , and possibly increases slightly with

increasing beam energy. It may be that potential well geometry should be

changed slightly at 200-^00 MeV to get better agreement with experiment.

Figure 10 compares 30 MeV '4°Ca(p',d) data 8 and the limited 200 MeV data.

At 30 MeV the period is 110 MeV/c (corresponding to r w 5-6 fm =

1 . 5Aly/ 3 + 0 . 5 ) , while at 200 MeV it may be slightly larger.

We may now summarize the situation for (p,2p) and (p,d) at inter-

mediate energies, and see where their future lies. Of the (p,2p) reac-

tion we have that: 1) :nomentum transfers are typically 0 to 200 MeV/c,

2) £ = 0 and I £ 0 are readily distinguished by q-dependence of the cross

section, 3) j = I + 1/2 and j = ,". - 1/2 are readily distinguished in

suitable kinematic conditions, 4) j-dependence is well predicted by DWIA,

and 5) the experiments are coincidence measurements and are quite hard to

do with good energy resolution and count rate at intermediate energy. On

the other hand for the (p,d) reaction: 1) momentum transfers are typically

greater than 200 MeV/c, 2) there is virtually no ^-dependence to the

shapes of the cross sections, 3) j = £ + 1/2 and j = £ - 1/2 are readily

distinguished, k) j-dependence is not well predicted by DWBA, and

5) experiments are in singles and easier to do with good resolution, but

cross sections drop rapidly with increasing target mass or beam energy.

Future measurements yielding new spectroscopic information will

involve states of high e x c i t a t i o n — t h a t is, states not readily or cleanly
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excited at low energies. As an example, one may cite deep lying single

particle hole states such as lpj/2 and 1P3/2 states in mass 39, which

will be studied in a TRIUMF (p,2p) experiment scheduled for the coming

spring. Any other 'new' states excited by intermediate energy probes are

candidates, if they can be reached by transfer or knockout reaction in a

s i ngle step.

The other main thrust of work will be in doing experiments to un-

derstand reaction mechanisms better. As we have seen already, measure-

ments of (p,d) at 100 MeV on, say, 13C and 40Ca would be very helpful.

Looking at the (p,d) reaction in broader terms than a spectroscopic tool,

we note that most of the intermediate energy differential cross sections

can be described by a slope and a scale factor; it is to be expected that

the more pronounced Ay structure will be decisive in understanding how

the reaction really works—where (if anywhere) pion triangle diagrams

become important, where one might apply a triangle diagram involving

deuteron-proton scattering (Fig. II). Finally, there is the possibility

of doing inclusive (p,dX) measurements as a way of learning about the

quasi-free pp -* dir+ and pd -> dp reactions which are the 'elementary'

processes in competing pictures of the (p,d) reaction to 2-body final

states. One would hope that here the Ay data would constrain models in

a way similar to the Ay measurements in proton inclusive scattering at

back angles.
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Fig. 6. Differential cross sections
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13c(p,d)12C reaction at 200
MeV leading to the ground

-*• state (pi/2 pickup) and first
excited state (P3/2 pickup).
The lines are exact finite
range (EFR) or zero range (ZR)
calculation.
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FIGURE CAPTIONS

1. (a) Classical picture of target proton polarization mechanism in

(p,2p) reaction.

(b) p + 160 total cross section as a function of proton energy.

(c) Spin correlation parameter C ^ in p + p elastic scattering.

2. (a) Missing mass spectrum for 160(p,2p) at 200 MeV.

(b) Analyzing power in 160(p,2p) as a function of energy sharing at

fixed detector angles 3O°-3O°.

(c) Analyzing power as a function of 62 for fixed 6j = 30° and energy

difference = 100 MeV.
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3. Analyzing powers as a function of energy sharing for the 1+oCa(p,2p)

reaction at 200 MeV.

k. Simple picture of origin of j-dependence in the (p,d) reaction.

5. Analyzing power data from Ref. k, (p,d) at 24.5 MeV. The arrows

indicate the angle of the peak in cross section.

6. Differential cross sections and analyzing powers for the

13C(p,d)12C reaction at 200 MeV leading to the ground state (pi/2

pickup) and first excited state (P3/2 pickup). The lines are exact

finite range (EFR) or zero range (ZR) calculation.

7. Differential cross sections and analyzing powers for the

13C(p,d)12C reaction at 400 MeV.

8. Analyzing powers for the 160(p,d)150 and 1|OCa (|3,d) 39Ca reactions at

200 MeV.

9. Analyzing powers in the J3C(p,d)12C (g.s .) reaction and proton

polarizations in the *2C(d,p)*3C(g.s.) reaction, plotted as a func-

tion of momentum transfer q = |p - P(j|c m .

10. Analyzing powers in 1*0Ca(p,d) 39Ca (g.s.) plotted as a function of

momentum transfer.

11. Some of the 'elementary' processes which could describe the

A(p,d)A-l reaction, (a) Neutron pickup, (b) pp -> dir triangle diagram,

(c) p-d elastic scattering triangle diagram.
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COHERENT PION PRODUCTION FROM NUCLEI AT THRESHOLD*

by

W. R. Gibbst
University of California

Los Alamos Scientific Laboratory

ABSTRACT

A summary is given of present difficulties in the
understanding of the coherent production of low energy
pions. It is pointed out that pion production from the
nuclear pionic field has qualitative features very simi-
lar to the experimental observations. First results of
a DWIA calculation of this process are shown to study
these qualitative features.

Modern interest in coherent pion production from nuclei was greatly stimu-

lated by measurements made by the group at Uppsala around the beginning of the

past decade. They made measurements for a proton beam energy of about 185 MeV

which is well below the threshold for production of pions in free nucleon-nucleon

collisions but in a region where production from the nucleus as a whole is pos-

sible. They used several target nuclei and were able to resolve several final
2

states. Two measurements of negative pion production were also made.

For positive pion production the angular distribution showed diffractive

features similar to a deuteron stripping reaction. In fact the "stripping" or

"one-nucleon" model was immediately applied and worked reasonably well. The most

successful of these early calculations were by G. Miller and collaborators who

showed that, with the use of pion nucleon form factors, both the shape and magni-

tude could be approximated reasonably well. The shapes of the angular

*
.Work supported by the United States Department of Energy.
This is a report of work done in collaboration with D. L. Weiss and G. J.
Stephenson, Jr.
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distributions often left a good deal to be desired but there was no evidence that

something more subtle was involved.

At the same time it was noticed that a two-nucleon model could give a reason-
n

able explanation of the coherent pion production in light nuclei. I will say

more about these two mechanisms later.

The negative pion production showed a very flat angular distribution with

perhaps a tendency to peak around 90°--in other words completely different from

the positive pions. Tha magnitude of the cross section for IT" production is, of

course, much smaller than that for T\ production but the spectra of the final

states excited in analogue cases (e.g., p + C •+ TT~ + 0) is remarkably similar.

(There were only two cases available for this comparison, however.) This gives

some suggestion that the mechanism might be similar for the two pionic charges.

Calculation of this reaction (IT" production) usually assumed a quite dif-

ferent mechanism (such as p -> A + ir~ with a following A + n -* p + p). These

calculations gave a magnitude for the differential cross section much larger than

observed (which probably could be "fixed" with the addition of form factors) and

a rapidly decreasing shape which changed by several orders of magnitude (which

probably could not).

The impression at this time was that the IT production was understood but

that the IT" was not.

About three years ago polarization asymmetry measurements were first made
5

at TRIUMF. The results were quite surprising. For light nuclei at incident
energies around 200 MeV they found that there was a very large negative asymmetry

peaked around 60° for all nuclei and for all states observed. This was in agree-

ment with older results of Heer et a!., who had not resolved final states. This

is not to say that there was no dependence on final states but the variation in

the peak magnitude was generally in the range 60% to 98%.

The only calculation of polarization asymmetry that had been done at that

time was by Noble. He used a stripping model with neglect of the final pion

interaction and the spin-orbit part of the incident proton distortion. In this

model the £ = 0 transfer gave A(6) = 0 , & = 1 transfer gave A(e) peaking at

"u -0.1 at ^ 90° and the l = 2 transfer gave A(8) peaking at ^ -0.6 at ^ 90°.

Thus he saw a strong state dependence and could not get a large enough magnitude

except for d-wave capture.
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Steve Young and I decided to look at the effects of final pion distortion.
Q

We calculated in a model neglecting totally the proton distortion but included

pion interactions in the final state. We found that for £ = 1 capture we could

get negative asymmetries peaking in the forward direction (̂  -0.4 at 30°) which,

if combined with Noble's result, might give some resemblance to the data. The

problem came when we calculated for I = 0 or I - 2 transfer (equally likely among

the transitions observed). Here we found a positive asymmetry in contradition

to the data. Thus the results were getting more difficult to understand. Also

clear was that better calculations were needed including both the initial proton

distortion in a complete way (with spin-orbit) and final pion distortion. Two

calculations are now available which, at least partially, fill this need.
g

The first is by Weber and Eisenberg. They treat the distortion in the

incident proton wave (with spin-orbit included) and also final pion distortion

(but only in an on-shell sense). They find that they can indeed achieve large

negative polarization asymmetries but they are generally large with not much (if

any) tendency for a peaking around 60° (as observed). While the asymmetry tends

to always remain negative, its magnitude varies considerably with angular momen-

tum transfer and model parameters. The conclusion I draw from their work is that,

while this mechanism remains a possible one, the situation is indeed not very

satisfactory and nothing close to quantitative agreement has been achieved.

The second modern calculation is the thesis work of Tsangarides of Indiana.

While Weber and Eisenberg treated only one nucleus, Tsangarides compared with

essentially all known data on asymmetry at that time. The main difference in

the calculations lies in the treatment of the final pion scattering. Tsangarides

uses a damped Laplacian model, which at least has a chance of giving a reasonable

off-shell dependence although no attempt is made to fit pion-nucleus elastic

scattering data. His results are similar to those of Weber and. Eisenberg. He

finds cases in which he gets close to quantitative agreement with data and others

in which he misses completely. Thus, again, the theory shows much more state

dependence than data allows.

We must now conclude that, not only do we not understand u" production but,

at least in terms of the stripping model, we don't understand IT production

either.

It was noticed almost immediately by the TRIUMF group that the p + p •*• d + TT+

polarization asymmetry (in the laboratory) looked very much like (although a
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little too small) the results they were getting from nuclei. The significance

of this observation is that the simplest type of two-nucleon model just plucks

one nucleon from the target—combines it with the projectile nucleon to form a

deuteron and a pion and then inserts the deuteron into the nucleus. The funda-

mental amplitude for p + p -> d + rr is taken from experiment. Thus one can see

qualitatively that we expect the two-nucleon mechanism to work. One could just

use this type of calculation but it must be more sophisticated than I just out-

lined because many final states of the two nucleons are possible (not just the

deuteron-1ike ones) and more complicated many-body effects are possible in the

initial state as well. A possible approach is to compute an off-shell two-to-

three amplitude (in all possible states) with a three-body model and insert this

amplitude into the nuclear calculation.

Let us look at the one-nucleon and two-nucleon graphs to see what the two-

nucleon picture has that the one-nucleon picture is missing. In Fig. 1 we see

that both involve distortion of the incident proton and final pion. The primary

difference is the involvement of the target nucleon in the two-nucleon diagram.

The one-nucleon mechanism can proceed with just a core whose structure is never

questioned while the two-nucleon mechanism requires that one particle be removed

from the target and thus does depend on the target structure. Figure 2 shows a

"blow-up" of the box in Fig. 1 (as simple calculations see it). I have shown

only the one pion exchange part of the reaction although it is known that heavier

meson exchange and distortion effects may also be important. Note that we are

considering the nucleons to be distinguishable.

Of course we must sum these diagrams over all possible nucleons in the nu-

cleus. If we consider the sum over all of those diagrams in which the pion is

emitted from the projectile and scattered by the target nucleon we see that we

have a picture very much like the one-nucleon mechanism. In fact we may include

many scatterings of the pion in the final state by using appropriate off-shell

dependence in the distorted wave functions. While the precise calculation of

these diagrams may not be the same (because of time orderings) the physics is

clearly very similar and can be characterized by the emission of the pion from

-he projectile.

The other diagram has no analogue in the one-nucleon picture. In order to

9 pion, a (0 at any rate) nucleus must change its state and hence the

zwre of the target is probed. If we now sum over the target particles we



see that we have coherent production from the nucleus. If we now imagine a num-

ber of scatterings among nucleons after "first emission," one may see that many-

body effects come into play and, in fact, there may be no recognizable "first

emission" but rather production from the pionic field of the nucleus (Fig. 3).

This pionic field has been described in terms of meson exchange currents,

pion condensates and critical opalescence or precursor phenomena. Any of the

concepts is capable of providing a virtual pion which can be "put on shell" by a

collision with the incident projectile. Detailed properties of this vertex will

depend upon the method used to produce the pionic field. I shall make two assump-

tions about the form of this vertex in the interest of being able to calculate.

The first assumption is that the pion is emitted in an s-wave relative to

the nucleus. The motivation is that the average of the nucleon position over

the (0 ) nucleus is isotropic and that the pions are associated with the nucleons

so that their average will also be isotropic. Since there is a transition in-

volved this is not necessarily true and, for example, the emission in a p-wave

is definitely possible. As long as the angular momentum of the pion is low the

qualitative features will probably not be altered.

The second assumption is that the pion "wave function" is proportional to

the density of nucleons. This is easily changed and calculations have been made

with some modifications to this form.

The rest of my time will be spent in examining the effect of this diagram.

While it is clear that the present calculation should be added to the "direct"

stripping term I shall consider the nuclear production amplitude only, for the

present.

For the pion nucleon t-matrix I shall use a model (first used by Kisslinger)

based on a scattering length-scattering volume approximation. This will restrict

us to low energy pions (which is where the largest body of data lies and is where

the discrepancies have been observed). This form is

t(qVq') = XQ + X1 q".q"' + iX^a • q X q"
1

Where the A's are constants to be taken from fits to pion-nucleon scattering.

There are five sets of X's (not all different numerically) corresponding to:
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i ) 77 +p ->Tr + p ; IT production

i i ) TT° + p ->- TT + n ; rr production

i i i ) TT + p -> TT° + p ; TT° production

i v ) T r + p - > 7 T + n ; T T production

v) TT + p -> TT" + p ; TT" production

ii and iv are equal while iii is the average of i and v.

We will see in a moment how the numerical value of these constants gives a

clue to what we should expect for the properties of a given mode of production.

There is an instructive limit of the full DWIA matrix element which tells

us (qualitatively) what to expect from a more complete calculation. This limit

is—strongly absorbed protons and plane wave pions. The true physical situation

lies rather far from this limit but it is useful to consider because things are

moving toward that limit (from all plane waves which gives zero asummetry).

Note that we can consider the matrix element as an expectation value of the

pion-nucleon t-matrix. If we have plane wave pions we may use the on-shell pion

momentum so that:

t(qVq') ̂  AQ + X^q • V + i^F -q X F

and we need only find <q>. In general <q> will be complex. Note however, that

for plane wave protons <cj> is real and, since the A's are real, we can see that

the polarization asymmetry is zero. For strongly absorbing protons <q~> is purely

imaginary and one can write,

Here P is the direction of the incident beam and -i/a is the logarithmic

derivative of the pion field (assumed to be proportional to e" in the external

region). Thus we find

<t> ̂  [A -iA] k'/a cose + A1 k
l/a sine o-j] S(e)

where S(6) is the remainder of the integral and provides a (hopefully) slowly

varying modulation.

Since the A and A-, terms interfere while the A-, term is incoherent we can
0 1 I -v

infer the asymmetry from the relative signs of AQ and AQ and something about the

angular distribution from the relative amounts of A , A-,, and A-,.
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Note that (at pion energies ̂  50 MeV) kw 0.5 fm and since a ̂  0.5 fm the

factor k'/a ̂  1 fm and in those units we can approximately ignore this factor

for general arguments. Thus we shall always measure A in fm and A-, and X, in
•3 O i l

fm and these units will be implicit in what follows.
Thus for the three modes producing charged pions we have:

i) "IT p •+• IT p" ; produces TT

XQ = -0.139, A] = 1.078, A.j = 0.667

a) The A, term is the largest so we expect a minimum at (or near)

90°.
b) A^A-j < 0 so A < 0.

i i ) "TT°P -> ir n" ; produces IT

AQ = -0.189, X1 = 0.605, ^ = 0.267

a) The A-, term is the largest so we expect a minimum at (or near)

90°.

b) AQ/A1 < 0 so A < 0.

i i i ) "TT~P -> TT"P" ; produces ir~

AQ = 0.128, A] = 0.222, ^ = 0.285

a) The A-, term ^ X, term so we expect an isottopic (or s l ight ly

peaking) angular d is t r ibut ion.

b) Ao/A-, > 0 so A > 0

c) There is a suppression of the TT~/TT ratio at 0° by a factor of

10 to 25 from the t-matrix alone. (There will be more if i and

11 are coherent and possibly more from the "direct" term if

constructive for TT .)

Note that IT and TT" production are calculated with the same mechanism and

spectra should be similar but that angular distributions are predicted to be

different (in approximately the manner observed).

Let me now leave the strong absorption approximation and go on to a full

DWIA calculation. This calculation was made with full proton distortions

(see Table I) and the final pion wave functions were calculated using a nonlocal
14coordinate-space optical model code developed in T-5 at Los Alamos. The first

results I shall show, however, use plane waves for the final pions.
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TABLE I

SUMMARY OF THE VARIOUS PROTON OPTICAL POTENTIALS

USED FOR COMPARISONS IN THE TEXT AND FIGURES

(The numbers come from Refs. 11-13)

12
C Optical Parameters

Ca at 181 MeV Comparat Satchler &
(Extrapolated) Fit "Global" Haybron

V 19.33 12.81 10.90 19.40

C (real) 1.24 1.40 1.49 0.90

A (real) 0.69 0.52 0.43 0.45

W 7.22 25.40 14.00 15.60

C (imag) 1.51 0.81 1.12 1.19

A (imag) 0.53 0.71 0.60 0.56
VSO 3.21 1.84 3.00 4.12

WSO -1.61 -2.29 -1.30 -0.10

C (SO) 1.09 0.92 0.92 0.90

A (SO) 0.57 0.45 0.48 0.45

For the most part I am only considering the qualitative aspects of this dia-

gram. I wish to ask if the properties are stable under variations in the model

and if the general features are similar to the experimental observations. Only

crude comparisons can be made with the data. More realistic calculations are

under way.
12All of the results to be shown are for a target of C. Since the pion is

assumed to be emitted in an s-wave, the "core" must be in a 0~, T=l state (which

also insures no double counting from pion exchange in the optical model distor-

tion of the incident proton wave). One must then recouple this 0" core to the

captured nucleon to form the final state. This process is given more explicitly

below for the three charged particle production modes.

p + 12C -v p + 12C[12B*(O-, T=l) X TT+] + uC[p X 12B*(0-, T=l)] + TT+

p + 12C - p + 1 2 C [ 1 2 c V , T=l) X TT°] - 13C[n X 12C*(0", T=l)] + /

p + 12C -> p + 12C[12N*(O", T=l) X TT"] - 130[p X 12N*(0", T=l)] + TT"
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Figure 4 shows the variation of the asymmetry with the strength, of the ab-

sorbing potential. One can see indeed that a large negative asymmetry is present

in this limit. For W = 20 MeV (more like the physical values, see Table I) the

asymmetry is considerably reduced. Figure 5 shows the calculations of the corres-

ponding cross sections. Note that the unknown coefficients which represent the

spectroscopic factors in the recouplings shown above (both the projection of the

one-pion degree of freedom out of the initial state and the selection of the com-

ponent of the final state which is a single particle coupled to a 0" core) have

been set to 1. Since these numbers will both be less than 1 we should calculate

a cross section much larger than that observed to have any hope that this is a

relevant mechanism. We see that this factor varies from ^ 30 to ^ 300 for the

limits considered, being ^ 200 for the most realistic case. The shape is rela-

tively unaffected by this rather large variation in the proton optical model.

Figure 6 shows the degree of state dependence (actually dependence on I and

/) which comes from the calculation. As can be observed, while there is_ state

dependence it is also true that the asymmetry is (at least) moderately large and

negative around 60°. Clearly the average of all of these curves would give A(0)

in the range -0.5 to -0.7 around 60°.

Figure 7 shows the sensitivity of the asymmetry to realistic variations of

the proton optical potential. The effect is not very great at the qualitative

level at which we are working. For detailed comparison with data these poten-

tials must be known reasonably well.

Figure 8 shows the variation with oscillator parameter. The value b = 1.1

is unphysical for carbon but might be appropriate for a lighter nucleus. Even so

the negative asymmetry peak remains relatively stable.

Figure 9 shows the effect of pion distortions. As can be seen, this distor-

tion can be critical for the position of the peak. What you see, however, is the

variation between no distortion and too much distortion so the uncertainty will

be much smaller in a realistic calculation, even given our lack of definite

knowledge of the "proper" pion optical model. Apparently the real part of b is

the most important number for these very low energies.

Figure 10 gives the angular distribution (arbitrarily normalized) for two

different modes of positive pion production. Although there are quantitative

differences, the shapes are very similar and roughly those expected from the

strong absorption model arguments presented earlier.
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Figure 11 shows calculations by Tsangarides for the transition to the

ground state of C. For this case he observed no peaking in the 6 ̂  60 region.

Figure 12 shows the results of the present calculation with the two proton

potentials of Ref. 12. The result does display the peaking needed to understand

the data.

Figure 13 shows a comparison of the three charged pion modes. One sees that

the TT~ asymmetry is indeed positive but very small. A detailed inspection of

the strong absorption approximation indicates that the large magnitude of the

asymmetry should come at higher energies for the TT~ than the ir because of the

larger ratio.

Figure 14 shows Tsangarides1 calculation for the ground state transition at

a proton energy of 200 MeV. In this case he gets qualitative agreement with the

data and a detailed agreement might be possible within the variations in the

model (presence or absence of Gallilean invariance, etc.). His cross section

magnitudes are rather small in the forward direction.

Figure 15 shows the comparison of the differential cross sections for TT+

12and ir production from C. The qualitative features expected from the strong

absorption model are indeed present although a quantitative comparison with the

data leaves something to be desired.

Figure 16 shows present results for this asymmetry. Once again we see that

the qualitative feature that we are looking for is indeed present. We also see

that the expected positive ir~ asymmetry is also present and much larger now that

we are at higher energy. (A cautionary note however: this positive polarization

asymmetry can be destroyed if the central part of the nucleus is sampled so mod-

erate angular momentum transfers seem to be needed.)

In summary we see that the process we have considered can give many of the

qualitative features of threshold pion production which have been so puzzling.

It suggests that the measurement of the asymmetry of IT" production may give very

important clues to the mechanism involved. Another interesting experiment would

be the p,pir reaction detecting the final pion and proton in coincidence with

sufficient energy resolution to identify some states in the continuum (̂  2 MeV)

so that one could see if the nucleus were left in unnatural parity states (for

the present version of the model 0"). If indeed one could convince oneself that

this mechanism is important it could well provide a technique for probing the

size and shape of the pionic field in the nucleus.
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PROJECTION OPERATOR TREATMENT OF THE (JI,p) REACTION

by

L. S. Kisslingert

All treatments of the (IT,P) reaction have made use of the general form

dcM
1 / 1->F (2TT)2 k

<F|HTr|i>

where H^ is a pion absorption operator, k and p are the

incoming pion and outgoing proton momenta, and |i> and

|f> include distorted pion and proton distorted waves

respectively. The proton distorted wave can be obtained in the usual way from

the proton optical potential, but the pion distorted wave cannot be handled so

simply for absorptive processes. The pion optical distortion followed by a

distortion would correspond to the series:

Note that the intermediate pion is almost on-shell. However, as is well known,

the pion absorption is mediated by an off-shell scattering

,- off-
k,\

which is mainly provided by A-formation for T^ < 250 MeV. This latter process

involves the treatment of two nucleons, and estimates for the (ir,p) reaction

corresponding to this mechanism have been made. The use of the pion optical

potential requires the explicit treatment of only one nucleon coordinate, and

corresponds to the "pionic stripping" or "one-nucleon" mechanism.
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The projection operator method, which leads to the Isobar-Doorway model

can provide a unified treatment of this (ir,p) reaction. As in Ref. 2, one can

define a non-resonant or background optical potential by

i . e . , remove the A from the TT-N t-matrix and use standard multiple scattering

methods to obtain this rather weak potential. This in turn enables us to write

the (TT,P) T-matrix as

_ NR TR /3\
TU,p) " TU,p) + T(ir,p) • [3)

where

.ID s t r i pp i ng model(6.,, = 0)
T ^ < f | H | i > (4)

and TR only includes pion scattering involving intermediate A's. Introducing

doorway states |D^>, one obtains

TR
(

(5)

E . E.

x * a b ( P 3 P 4 K E - MA + i V 2 ) / ( E " MA " AE + i

where $ a b > ®m are the initial and final two-nucleon cluster wave functions,

Y is the 7r-N vertex function, t. . is the off-shell TT-N t-matrix in the 3-3
NR

channel, and ̂ is the pion w.f. distorted only by V . The energy shift AE

and width are determined from the elastic pion scattering. An expression for
R 3

T/ * has been given by Hirata based on the ir-hole model of the doorway.
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Although it is of quite different form, it involves similar physical assumptions.
Making the approximations of 1) neglecting the nuclear momentum depend-

ence on t. . and 2) factoring out the entire k, dependence, we have

T U , P ) * k(E) / d3rp(r) *J(r) •mJ<
r> V r ) ' (6)

which gives a derivation of the expression used by Dillig and Huber. One can
see, however, that the form of Eq. (6) does not even permit the proper momentum
and angular momentum content. B. Keister and I are now testing new approxima-
tions for the calculation of the reaction.

In conclusion, the I-D Model provides a unified and complete treatment of
the (T,P) reaction and allows us to extract the one-nucleon and two-nucleon
mechanisms in a manner which eliminates double counting. Forms given by
Eqs. (3,4,5) should give a convenient method for this unified treatment.

t Supported in part by NSF grant No. PHY 78-1975.
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Recent Results in Kaon Scattering and Strangeness

Exchange on Nuclei'

by

Ed V. Hungerford III

University of Houston

ABSTRACT

A brief review of the present status of kaon
scattering and strangeness exchange reactions on
nuclei is developed with emphasis on What is now
known or assumed about these reactions. Questions
in interpretation or inconsistancies in the data
are pointed out. Some of these problems can be
resolved with the existing beams and spectrometers,
but to obtain the full potential of kaon reactions
new beams and facilities are needed.

I. INTRODUCTION

Within the past few years, the use of kaons and kaon reactions has been
touted as one of the most promising new directions for intermediate energy
physics.1-3 indeed, data is now available from both CERN and BNL which gives a
hint of the usefulness of this new probe for studies of the nuclear force and
nuclear structure. Within this brief discussion, I hope to convey to you the
present status, expectation, and excitement of the physicists working in this
field.

Since there have been several presentations^r4-6 ^ n t j l g r e c e n t past covering
the potential usefulness of kaonic probes, I will be brief in motivation, assum-
ing that you have been at least exposed to these details. Rather I will try to
concentrate here on the present data, what we have learned from it, and what lies
ahead in the next few years.1 However, it is important to recall a few facts
about the kaon and the kaon-nuclear force to establish a common basis for the
discussion to follow.

^Supported in part by the U.S. DOE under contract DE-AS05-76ERO3948
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As you know, the kaon is a meson with isospin 1/2. It carries however the
additional quantum number of strangeness, so that the K~(K+) must contain a
strange quark (antiquark). An inversion of strangeness can be obtained by a
reflection along the dimension introduced by the strange quantum number in the
same way as a reflection about the z component in isospin space will invert
charge. Thus, one may discuss, at least in some approximation, strangeness ex-
change reactions in analogy to charge exchange reactions. The reaction (K~,ir~)
is referred to as a strangeness exchange reaction, based in part on the similar-
ity of this reaction to the (Tr~,ir°) charge exchange reaction shown in the quark
reaction diagram Fig. 1. It was pointed out a number of years ago^ that in the
forward direction, the incident momentum for the reaction K~n->7T~A could be chosen
so that the momentum transfer vanishes. Therefore, it was suggested that the
(K~,ir~) reaction on a nucleus near this momentum would mainly proceed through a
one step, lambda substitution process. One also assumes that the lambda wave-
functions for the lambda-nuclear states are approximately identical to the
wavefunctions for the original neutron-nuclear states.

Although the use of the (K~,ir~) reaction to study hypernuclei has received
the most attention, kaons and in particular the K+ will provide a unique probe
for nuclei.1-2,9-11 Positive and negative kaons interact weakly with nuclear
matter at momenta below 1 GeV/c. The importance of a weak probe lies mainly in
the ability to theoretically interpret a reaction and to reliably extract nuclear
parameters. Rapid convergence of the non-relativistic multiple scattering series
is expected for positive kaons, but it should also be pointed out that the basic
kaon-nucleon amplitudes must be known off the mass shell and appropriate relati-

vistic effects included. At present
this introduces some ambiguity in the
scattering series, though it has been
investigated and the effect reported to
be small.1"12

Finally, in the neighborhood of
800 MeV/c where most low energy sep-
arated beams are optimized, the K+-
nucleon amplitudes approximately con-
tain equal contributions from the 1=1

n and the £=0 components. The 1=1 amp-
litude is dominated by K+- neutron
interactions. Thus as a probe, the K+

displays a simplicity similar to that
of an electron, with the advantage that
it is sensitive to the neutron distri-
bution and is able to easily provide
large momentum transfer.

II FACILITIES

At the present time, data on
strangeness exchange and kaon scatter-
ing have been taken at both CERN and
BNL using large magnetic spectrometers
based on the energy loss design.^
I will describe the BNL system with
which I am most familiar.

Charge Exchange

Strangeness Exchange

Fig. 1

Comparison of guark Diagrams for Charge

and Strangeness Exchange.
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Characteristics of che BNL hypernuclear spectrometer are listed in Table I.
Although the inherent resolution of the spectrometer is about 1.5 MeV FWHM at an
incident K~ momentum of 800 MeV/c, experimental resolution has been limited to
approximately 2 MeV due to target thickness. Background events mainly come from
K~ decays such as K~->TT~7T+7T~ and at certain angles K~-*-u~v or K~-HT~TT°. This back-
ground is reduced by requiring a (K~,TT~) event near the target using Cerenkov
detectors in the beam and by requiring the vertex for the reaction to be within
the target.

Incident K~ momenta for this beam are above the value for zero-momentum
transfer, for the (K~,7T~) reaction, but the higher value is required to provide
sufficient kaon flux. In addition, the small but non-zero momentum transfer
helps discriminate reaction pions from beam pions. Incident K"~ identification
is achieved by a differential Cerenkov detector and time of flight.

TABLE I

Characteristics of the BNL Beam Line and Spectrometer System

LESB I

AfiAp
P
Ap

P
A9

AO
V

Length

Decay
Factor
K-/1012

p

10.6 mr%

±0.02

2.65

+ 11 mr

600"
1524 cm

0.079 @
8x104 @
4x104 @
2.2xlO4

800 MeV/c
800 MeV/c
700 MeV/c
§600 MeV/c

Spectrometer
Acceptance
Spectrometer
Resolution
Spectrometer
Length
ASH
Scattering
Angle

12 msr

1 to 1.5 MeV

16 meters
6°

0-35°

III DISCUSSION

A) Hypernuclear Spectroscopy
The CERN group has investigated hypernuclei formed in the (K~,7T~) reaction

on a number of targets at reaction angles near zero degrees. Most of their data
have been published and discussed previously.3-7 A complitation of these spect-
ra plotted as a function of the mass difference AM = MR-MA, between the
hypernucleus and target nucleus is shown in Fig. 2.

AM = MH-MA = MA-MN+BN-BA. (1)
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To reduce clutter and enhance the common features of the spectra, the data are
represented by solid lines taken from the calculations of Bouyssy,13 which close-
ly follow the structure in the data. The energy, AM, is the energy required to
replace a neutron by a lambda in the nucleus. It has been pointed out that
strangeness analogue states should appear at the same va^ue of AM in each
spectrum, thus providing a method of identification.14 This can be understood
by observing that for isobaric analogue resonances, AM represents the energy re-
quired to replace a neutron by a proton in the nucleus. Such a scale has been
used to identify these resonances.

The most obvious feature of the hypernuclear spectra is the large peak at a
value of AM=195 MeV. Originally this peak in the spectra of Be, C, and 0 was
proposed as evidence for a strangeness analogue resonance. However, the most
recent interpretation of these hypernuclear spectra has been in terms of simple
particle hole excitations (neutron-hole:A-particle) rather than collective states
for the total nucleus.13,15 Calculations indicate that particle hole excitations
in different major shells do not stronly mix so that a coherent analogue state
is probably not produced.13/16 Particle-hole assignments from one such calcula-
tion are shown in pig. 2.1^'

If the above interpretation is correct, the question arises as to why the
strong peak occurs at the same value of AM in each of the spectra. The explana-
tion advanced for this phenomena is that the difference in neutron-lambda
binding energy is constant for the nuclei C, 0, S, and Ca.^'l^ Table II shows
the binding energies for the last neutron for these nuclei. These energies can
be generated by an independent particle model with a constant potential well for
each of the nuclei. It is expected that the lambda experiences a potential
similar in shape but about half as deep. Therefore, the binding energy for the
lambda is less than that for a nautron by approximately the difference in the
well depths. 4 This difference should be a constant 30 MeV for each shell in
the nuclei C, 0, S and Ca.

TABLE II

Binding Energies for the Last Neutron and the Neutron Valance
Shell for the Nuclei Discussed in the Text.

Nucleus N Neutron Shell

6Li 5.7
7.3
1.7
11.5
18.7
15.7
15.0
15.6
7.5

lp3/2
lp3/2
lp3/2
lp3/2
lp3/2
lp3/2
ld5/2
2p3/2
3pl/2

160

32S

40 C a

209Bi

In the case of the light nuclei (6Li, 7Li, and 9Be) the (lp3/2,lp3/2~!)
peak is shifted approximately 10 MeV in energy with respect to the same peak in
C. In the above picture this can be understood mainly in terms of the difference
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in the binding energy of the last neutron in these nuclei and noting that Byy-0
for the p3/2 level in C and the light nuclei in question. This shifts the
(p3/2,p3/2~l) peak from the position in the C spectrum by the difference in
neutron binding energies or approximately 10 MeV. The peak which occurs at
AM=195 MeV is then identified as the (1S1/2,1S1/2~1) excitation which accidently
occurs at this value. The (1S1/2,1S1/2~1) peaks in C and 0 are possibly observ-
ed as shoulders in the spectra above the (lp3/2,lp3/2~l) peak.

Analysis of the l^O and 40ca hypernuclear spectra using the model described
above allows the extraction of the lambda-nucleon potential well depth and spin
orbit potential."*'^'13 These parameters are compared to the nucleon-nucleon
parameters in Table III. The lambda spin orbit strength extracted in this way
is inconsistent with the value obtained from the systematics of hypernuclear
ground state energies.^®

Even though excluded by the above arguments it is still interesting to
speculate on the possibility of at least partial analogue resonances, particul-
arly in the framework of the unitary analogue description18 since Z hypernuclear
levels have now been observed.19 in this description the A, I, and elastic
scattering are treated in a unitary framework. A calculation using thus method
predicts the observed level spacing for the substitutional states formed from
the valence neutrons. No definite analogue resonance is predicted, but it is
found that for heavy nuclei the deep particle-hole excitations ((1S1/2,1S1/2"1)
and (Ip3/2,lp3/2~l)) produce an approximate 50% overlap with an analogue res-
onance wave function. However, such states would be very difficult to excite in
a one step (K~,?r~) reaction due to the strong absorption of the incident K~.

The structure of the 2 hypernuclear levels is not yet understood, particu-
larly the width of these levels. As mentioned above it would be advantageous
to treat both the A and T, hypernuclear levels within the unitary description
since the spectra appear similar. However, one should note that the isospin of
the E is 1 so that the £ hypernuclear levels can be considered as admixtures of
neutron hole-Z0 and proton hole-E~ states and therefore the I level structure
will be more than complex than that for A hypernuclei. Kisslinger^O recently
has predicted T. states with narrow widths if fully coherent analogue states are
produced. Gal and Dover have attempted to explain a width suppression for some
£ hypernuclear levels due to the spin-isospin dependence of the low-energy SN-*AN
conversion process. More data and analysis is clearly needed before definite
conclusions can be reached.

TABLE III

Comparison of the A-N to the N-N Potential

Exchange
Well depth (MeV) Spin orbit (MeV) Mixture

A-N 32±2 4+2 -0.05+0.1
N-N -50 ~20 -0.3

The BNL group has obtained an angular distribuiton of two observed hyper-
nuclear levels in ^C produced by the (K~,TT~) reaction Fig. 3. ^ A spectrum at
15° is shown in Fig. 4. The predicted spectrum for 1 2 Q is shown in Fig. 5.^^
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Experimentally two levels are observed, corresponding to the 1" ground state and
the substitution states near 11 MeV excitation. Unnatural parity states will
not be excited, but the 1" state at about 3 MeV which is due to 2p-2h admixtures
in the 1 2C wavefunction should be excited at a strength of 26% compared to the
ground state, and the level at 4.9 MeV should be excited at a strength of 14%
compared to the ground state.15,2 This prediction is based on the calculated

fractional parentage coefficients for
1/2" and 3/2" i:LC excited states in the
12C ground state wavefunction. No evi-
dence for these core excited states was
observed down to a strength of (0.06 ±
0.05) compared to the ground state.

Experimentally the spectroscopic
factor from the 12C(p,d)l:LC reaction
varies from 0.22 at 156 MeV to 0.17 at
185 MeV.24 In addition a recent study
of the 1 2C(TT +,P) I : LC reaction,25 which
is also classified as a neutron pick-up
reaction, indicates that at high mo-
mentum transfers multistep, rather than
single step processes become important.
At 800 MeV the (K"\ir~) reaction at 15°
has a momentum transfer of 0.3 fm~l
which is equivilent to the momentum
transfer of a (p,d) reactions at about
200 MeV incident energy. Since the

10

c
o
t)
a>
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to

o
O

0.1

0.5

<0\24,2+)
II MeV

0.1
xO.48

OMeV

8 12 16 20
fllab(deg)

Fig. 3
Angular distributions for the ground
state and substitutional state hyper-
nuclear levels.

0 5 10 15 20 25
Excitation Energy (MeV)

Fig. 4
Spectrum for the 1 2C(K",TT-) *2C at 15°.

The dashed line represents the expected
strength of the core excited states
which were not seen.
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K~ strongly interacts with nucleons in the nucleus and in particular the K~N->ir£
channel may influence the A hypernuclear spectra,26 the (K~,TT~) may not be the
simple one step process as originally envisioned. In this regard note that the
DWIA calculation must be normalized to the data,23 although most DWIA calcula-
tions have similar problems.

Also note that no splitting of the 11 MeV substitutional state is observed.
This is inconsistent with the calculation of ref. 16, but it is too early to say
if this represents a major problem for theorists. Again, more angular distribu-
tions with better resolution for different nuclei are needed.

B. Elastic Scattering
Positive and negative kaon elastic and inelastic angular distribution from

6° to 35° have been obtained for 1 2C and 40Ca targets at BNL.5»27 Excitations
of the 2+ level in 12C was resolved. These data and some preliminary theoreti-
cal calculations have been reported previously.24 Nothing has changed substan-
tially since these reports. To remind you of the quality and shape of tiio data,
the angular distributions for K- on •*• C are shown in Figures 6 and 7. The curve
is a fit to the data using the ansatz proposed by Germond and Wilkin to
extract the pion-nucleus scattering amplitude. The assumption is that the
amplitude can be described by the form:

= fe
I . M

[1-t/t.].
1

(2)

4.8-
4.3-

2.0-

3/2"

1/2---'

3/2~ ___—-

(IPi.lPs1)
2 2

1.0
|-

"c 12/

12,
Fig. 5

The predicted low energy levels of " C
from ref. 15 and the substitutional
states from ref. 16.

Where t is the square of the momentum
transfer, a is a real parameter and f
and ti are complex parameters. The
function [1-t/tjJ describes the minima
in the angular distributions with a
zero in the complex t plane. The value
of M is chosen to be the number of min-
ima and for the data in question M=l.
Note that the imaginary part of f can
be determined by the optical theorem
if the total cross-section is known.

This ansatz was used to determine
the internal consistancy of the data,
and the consistancy with respect to the
measured total cross section.29 since
ImFN at t=0 is fixed ReFN depends
critically on the normalization of the
data. The fit is insensitive to the
sign of ReFN. The magnitude of R ^ N
at t=0 is smaller than the expected
value for K + scattering and larger
than the expected value for the K~
scattering, perhaps due to an error in
absolute normalization. It is clear
from such studies that consistancy
with total cross section, and
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coulomb-nuclear interference data are really necessary before extraction of kaon
nuclear amplitudes or optical model parameters should be attempted.

IV CONCLUSIONS

It is still to early to draw definite conclusions concerning the elastic and
inelastic scattering of kaons from nuclei. The present data may have some
normalization problems and in any event they are limited in statistics and most
of all the angular range of the distribution. The kaon-nucleon amplitudes,
particularly the 1=0 amplitudes need to be determined more precisely if the kaon
•% and possibly % and -%e with polarized targets.

In hypernuclear physics, the present data are consistent with predictions
based on a one step A substitutional process. Calculations using particle-hole
excitations are able to predict the ground state and substitutional state level
spacings. Assuming this knowledge is accurate the depth and the spin-orbit
force of the lambda-nucleon potential has been obtained.

Still there are some inconsistancies and a number of questions left unan-
swered. Except for the lightest nuclei the substitutional states have been

»-l2C ELASTIC
800MeV/c
f = -l.4+i5.3
a= 0.67
t,= 2.97+i.08

I000--

I00--

K~+ IZC ELASTIC
800 MeV/c
f = lt.8 + ilO.I
a= 0.86
t, = 2.2 + iO.OI

10 20 30
ANGLE

10 20 30
ANGLE

4 0

Fig. 6

Angular distribution of the K++12c
elastic scattering.

Fig. 7

Angular distribution of the K~+12C
elastic scattering.
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formed from even-even targets, and except for l^C, no angular distribution of
the hypernuclear excitations have been measured. In addition, there appears to
be no observed evidence for the core-excited states or splitting of the substi-
tution states in ^C, though our present models would predict that these should
be observed. Assignment of a very weak spin-orbit strength to the lambda
potential is also inconsistent with the analysis of hypernuclear ground state
systematics, and of course there are possible tensor, spin-spin, and multi-
particle forces for the A-N potential yet to be resolved. The characters and
excitation of the I hypernuclei are not understood and await further investiga-
tion.

Some of these problems can be, and in fact are being, addressed with the
presently available facilities. However, for the kaon to fulfill its potential
more intense beams of kaons and better spectrometers must become available.
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ABSTRACT

Formulae are derived which give inelastic hadron-
nucleus cross sections in terms of the elastic cross
section and electromagnetic width. These formulae
rely only on the assumption of an impact parameter
representation of the distortion, a transition den-
sity of Tassie form and a closed form expression
for the elastic amplitude derived previously. The
formulae are used to compute the 3~ and 5~ inelastic
excitations in Pb from the elastic data, and to re-
late the 2 +, 4 + and 3~ excitations in F£. The
agreement with experiment is remarkable. The sim-
plicity of these results should make them very useful.

I. INTRODUCTION

This work was begun in an attempt to obtain simple closed form expressions
for inelastic hadron scattering from nuclei following the approach of Amado,
Dedonder and Lenz (ADL)-1- for elastic scattering. This attempt was successful

*Permanent Address: SIN, Villigen CH5234, Switzerland.
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and, even better, leads to very general relation connecting inelastic and elastic
cross sections. Both these efforts exploit the way in which the nuclear shape -
geometry - dominates the dynamics. Many interesting features emerge from our
investigation, but this talk will focus on the cross-section relationship - the
data to data formulae.

II. GENERAL CONSIDERATIONS

We begin with the eikonal form for the elastic scattering amplitude from a
spherical nucleus, A . . .

A = ik/°° b db J (qb)(l-e 'yT(b)) (1)

Here T(b) is the nuclear thickness function

T(b) = jT p(b,z)dz

and Y is proportional to the forward projectile-nucleon scattering amplitude

Y = -j- (1 - ir)

Similarly, one may express the inelastic amplitude to excite a natural parity
final state LM from a 0 + target as

= § / d, bdb

Here we have assumed the distortion is the same in the incident and exit chan-
nels, neglected some terms of order I/A and used a local transition density.
The same results may be obtained in an optical model - DWBA approach if one
eikonalizes the distortion factors. Note the z integral will cause all terms to
vanish unless L + M is even.

The dominant feature characterizing hadron nucleus scattering at inter-
mediate energies is the nuclear shape, in particular its thin edge. For most
sensible parametrizations of the nucleus the rapid variation of density at the
edge corresponds to a nearby singularity in the complex r-plane. We use a
Fermi function

p = PQ/(1 + exp((r-c)/a))

which has its first singularity (a pole) at r = c + iafr, but in fact any para-
metrization of the density that has such a singularity would do for our purposes.
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The Fermi distribution is chosen because of the simple connection between para-
meters and pole position.

For the transition densities we use the Tassie model^

c is related to the reduced electromagnetic matrix element by

• c L = (47T fi(EL)+)Js g "ifca V E ) (4)

c

2
P (e) is a polynomial in e = (Tra/c) , which is 1 for e = 0.
L

III. A SPECIFIC EXAMPLE

We consider first the very simplest example, that of dipole (1 ) excita
tions. Recalling that L + M must be even we consider

bdb a1** e ™ > (Y£ r 1 g ̂  dz)

Integrating over <Ji gives

where we have used — •— = — -^ and expressed r Y as (—) b e 1 . Removing

the derivative with respect to b and using the definition of the thickness
function, we obtain

^ F ) % /dbd J1(qb)e"
Yr(b) ̂  T(b) (7)

Since v f W yW , - L. . . £ u e >

we have

An(q) = ik (^)% c2/bdb J2(qb)-^ (l-e"YT(b)) (8)
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Integrating by parts and using an identity for the Bessel functions enables one
to write

•3 Jj -vrfM
All(q) = " Cl(&? q ik / bdb V q b ) ( 1 ~ e

We have succeeded in writing A... in terms of the elastic amplitude A (Eq. 1)

All = - C 1 ( 8 T ) ^ Ao

or

This formula relating inelastic and elastic cross sections directly is the arche-
type of relationships that we will derive.

IV. THE GENERAL CASE

For higher L-values we present here a sketch of the complete derivation

which may be found in reference 3. Terms of the form b z now appear.
These are reduced relative to the peripheral b J term due to absorption and re-
fraction at the nuclear surface. In reference 3 we show that these terms are
down by powers of (qb ) ' . This is consistent with our asymptotic approach.
In this approximation all the ALM's are proportional to A, and hence we simply
need A-̂  . The overall constants are recovered at the end. We have

A L L = CY/J

= C/db b L JL(qb) ̂  ( i - p - ^ ) ) (12)

Integrating by parts gives

ALL = -C/db ( l - e ^ 0 0 ) -^ (bSL(qb)) (13)

Keeping only the leading term in an expansion in —r- we have
qb
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= - Cq / bdb b L X JL'(qb)(l-e
 Y T ( b )) (14)

By exploiting Bessel function identities

- ± JL(z)

and

for odd L we obtain, after discarding all —7- terms
qb

ATT = qC (-1)L + 1 / 2 /bdb b 1 " 1 J (qb) ( l - e -^ ( b ) )
Liij O

For L even we use

to obtain

A L L = - C (-1)
U\ ~ f bdb b ^ J ^ q b X l - e 7 1 0 0 ) (15)

These integrals, but for powers of b, are now identical to that for elastic
scattering.

To complete our discussion we need an analytic form for AQ, which has been
provided by ADL. From equation 1, since y is the only complex parameter, ex-

i 9 l &
pressing J in terms of Hankel functions H and H = H we can write& o 0 0 0

A Q = ik(G(q,Y) + G*(q,Y*)) (16)

To evaluate G(q,y) ADL exploit the dominance of the nearest singularity of P
associated with the edge. They show that slowly varying factors are to be
evaluated at the singularity b = bQ and that the main q dependence is of the
form e i q b°. They find
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G(q,Y) = r(q,Y) eiqbo = r(q,Y)

where F is a complex function slowly varying in q. Evaluating the powers of b in
Â  at the singular point b , we can express A^ in terms of G. We have

AQ = ik(r e
l q C + r* e-

i q c)e^ q a (17)

ATT , . = -Cq (r(ib )L~1 e l q C + r*( ib*)1"1 e~iqC) e ^ q a (18)
i-iLi o d d o o

V even " ^ ( i b . ) 1 - 1 e i q c - P*( i b * ) ^ e" iqc) e " ^ (19)

Note the relative minus sign between terms in A, , but not in A,, ...
. , LL even XL odd

Writing b in polar form, b = B e , then gives

A .. , - Cq(-B )L1(F ei<qc+al)*) + r*ei(qc+(L-l)t))e^«q ( 2 0 )
LILI odd o

Thus

odd ( q ) C A o ( q

or in terms of the scattering angle 9,

ATT (6) ccA (0 + ̂ - 4 )
LL odd o kc

It is a simple matter to extend these results to the even parity case, and tire-
some but straightforward to work out all the factors for the different M-projec-
tions. When this is done we obtain for our final data-to-data formulae (again
neglecting the polynomial in e ) .

(21a)

de ,. = ̂ ^ (2ib)
odd kc v '



66 = (L-D» ± */2 ( 2 1 c )

even kc

Recall that <j) = arctan (la/c) .
We expect these results to be of wide ranging utility because of their sim-

plicity and of great generality because of the large part played by geometry in
nuclear reactions. As an illustration we observe that the limit cf>-K) (sharp
edged nucleus) gives the Blair phase rule.^ In fact we expect our final data-
to-data formulae (Eq. 21) to be better than the steps used to derive them since
by comparing data with data we take into account slowly varying factors (e.g.
Coulomb) that may not be a part of the formalism. Furthermore, the data-to-data
formulae are much less sensitive to nuclear shape parameters than the theoretical
expressions for the amplitudes.

IV. APPLICATIONS

In addicion to its simplicity the results of the preceding section have
proven surprisingly accurate. As an illustration, we compare in Fig. 1 smooth
curves obtained by using proton elastic scattering data in Eq. 21a with data^
for the proton excitation of the 3~ and 5~ states in Pb. The normalization is
arbitrary. The agreement is excellent. Unfortunately there is no data on the
excitation of the 2 + or 4"*" states in Pb. To check our even versus odd parity
angular distributions we have plotted in Fig. 2 smooth curves drawn through the
2 , 4 + and 3~ (twice) excitation data in 5ZhFe.6 The 2 + is plotted in mb/st,
while the other curves have been shifted according to Eq. 21 and arbitrarily
normalized. The 3~ appears twice since it can be shifted either to the right
or left with respect to the 2"*" and 4 .

V. SUMMARY

To summarize, we have shown that it is possible to obtain simple relation-
ships between elastic and inelastic excitations on very general grounds. The
simplicity of these results not only illustrates the dominance of the effects
of geometry, but should also make them useful phenomenological tools. Despite
this simplicity, we obtain excellent agreement in our applications to 800 MeV
proton scattering. We have applied similar techniques to polarization in
medium energy reactions with comparable success.
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Fig. 1

Odd parity inelastic excitation in Pb
computed from the clastic cross sec
tion using Eqs. 21, but with arbitrary
normalization.

Fig. 2
Smooth curves through the 800 MeV pro-
Luii inelastic cross sections to '"re
2 + , 3~ and 4 + states. The curves are
arbitrarily normalized, but shifted
horizontally according to Eqn. 21.
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PION SCATTERING WITH THE MSU OPTICAL POTENTIAL

by

J.A. Carr
Cyclotron Laboratory, Michigan State University

East Lansing, Michigan 48824

ABSTRACT

Some results are presented using the MSU optical
potential for pion scattering. These include new
pionic atom parameters for low energy scattering,
effect of absorption parameters on back angle cross
sections, consistency of 6R values for pions and pro-
tons, and explaining differences between IT and ir
scattering.

I. INTRODUCTION

This paper describes a few of the results we have obtained with the optical
potential developed in Ref. 1. These results are chosen to represent a few of
the areas where our results should be interesting to both experimenters and the-
orists. At low energies (0-50 MeV) I will show some recent fits to pionic atom
data, and the results obtained when calculated absorption parameters are used.
At higher energies (130-180 MeV) I will show what effect the new absorption pa-
rameters have at backward angles, examine the large 3's_needed to explain some in-
elastic scattering data, and show how much of the ir -it scattering difference

can be explained with p = p .
n p

All of these calculations make use of the optical potential given schemat-
ically below:

- /- \ -y I c p + C p 2 \ / \ _

2OJU =-4Tr(b p+B P 2)+4TTV«( —-. °- Q 1 V-4TT V2c p+V2C p 2 k-2a)V . (1)

Various kinematic factors and the isovector terms have been omitted. Note that
the p-wave_term includes the absorption inside the Lorentz-Lorenz effect. The
values of b (fm) and cQ(fm

3) should be determined from phase shifts, while
B (fm"*), C0(fm

6) and X should be calculable. (All of the parameters quoted here
are in units of Fermis, which can be converted using y"1= 1.42fm.) One can also
vary these parameters to understand hew the deficiencies in the theoretical
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parameters can be removed. I won't say much of the last point except to note
that the values of b and A are important if one wants to get the s-p interfer-
ence correct. °

Figure 1 shows the parameters recently calculated by Chai and Riska,2 com-
pared to the simple extrapolation we used in Ref. 1. Most of the examples I
will show will use optical parameters that differ mainly in which of these ab-
sorption parameter sets is used.

180

Fig.g
Absorption parameters from Ref. 2.

/

i

i

Fig. 2.
Pionic atom shifts and widths for

s-wave (top) and p-wave (bottom).
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II. LOW ENERGY RESULTS

Fitting pionic atom
data involves determining
the shift and width of the
pion's atomic levels pro-
duced by the strong interac-
tion between the pion and
nucleus. This provides us
with four parameters deter-
mined by the four pieces of
data. In Ref. 1 we used the
results of fits by other
groups, but we have since
modified the program MATOM
to allow us to fit the data
using our optical potential.

We vary b Q, A, ImB0, ImC0, keeping the
other parameters fixed at their theo-
retical values. The resulting fit is
shown with the solid line in Fig. 2.
These parameters are given in Table I
on the next page. The dot-dashed curve
shows the result of using Risl-a's values
of ImBo = .08 and ImC0 = .34. Cxearly
these calculated parameters are far too
small to explain the data.

We then use these results to exam-
ine pion-nucleus scattering, after ex-
trapolating the parameters to 40 MeV.
The extrapolation assumes the fitted
parameters have the same energy depen-
dence as the corresponding theoretical
curves. The resulting parameters are
given in the second column of Table I
for 40 MeV, and are used to calculate
the long dashed curve in Fig. 3. These
produce fair agreement, but the calcula-
tion with the smaller absorption parame-
ters from Ref. 2 (ImB = .13 and ImC0=.53,
shown with the short dashes) tends to
produce much better agreement with the
data.

The main conclusion is that we un-
derstand the real parts of the potential



Pionic Atoms

-.046

.66

1.4

.007 + .19-1

.29 + .93^

40

-.055

.73

-.025

.34

MeV

+.004-t

+ .0151

1.4

+ .24-t

+ \A3i

TABLE I : .; .
- v

Optical Parameters for Low Energy Scattering : i

Parameter Pionic Atoms 40 MeV L i \

»
bo

co

A 1.4 1.4 • \

B .001 + .191 -.025 + . 24-t , .: \
0 : «

:- ' •; i
fairly well, but the magnitude of the absorption I
and its energy dependence remains unclear. Partial : >,
cross section measurements may help disentangle :
this, since there could be a term missing from the ; ';
potential that would explain this. I

TIT. HIGHER ENERGY RESUT.TS -. ;••

For energies above about 100 MeV we rely on
essentially pure theory for our parameters. The
values of bQ and c come directly from phase shifts,
and B and Cn come from the calculation of Ref. 2. „. _

o o Fig. 3.
The results are not very sensitive to A and we _. . .' . ._
j-. , . ._ . . l - i T Elastic scattering of 40
fix this parameter arbitrarily at 1. For com- .. „ + _, ,
parison we also show the calculations from Ref. R f -
1, which used a simple extrapolation of the ab-
sorption parameters. Refer back to Fig. 1 for a
plot of these parameters. Table II lists the
parameters used for the solid curves, the others
can be found in the literature.

TABLE II

Optical Parameters for Higher Energy Scattering

Parameter 130 MeV 163 MeV 180 MeV

bo
co
A

Bo
C 0

- .098+ .

.74 + .

1.0

- .093+ .

.93 +2

02^

4 U

24-t

.01

- .11 +

.38 +

1.

- .15 +

1.3 +

.031

.67-c

0

.28-c

3.0-1

- . 1 2 +

.12 +

1.

- . 1 9 +

1.3 +

.03-c

.70^

0

.3,01

2.9-c
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A. Back Angle Cross Sections
Figure 4 shows the case of 163 MeV T\ scattering from 1 2C, where the data

goes all the way to 180°. Notice that the larger absorption parameters from
Ref. 2 increase the back angle cross sections significantly. The result for 1\
is the same. Clearly more measurements of this type will help pin down the mag-
nitude of the absorption.

B. Inelastic Scattering Strengths

The fit to 180 MeV TT scattering from 21*Mg required larger values for 32

than commonly used for proton scattering, in contrast to the case in Fig. 4 at
163 MeV where a standard value works well. The new calculation, shown in Fig.
5, can tolerate a $2 smaller than the value of 0.82 used in Ref. 7 since the
absorption affects the inelastic as well as the elastic. The solution to this
problem is to distinguish between DWBA and Coupled Channels results, as shown in
Table III for some representative cases. These results indicate that the result
for pions is compatible with the other projectiles.

C. Differences Between TT and TT Scattering
We have found that our optical potential, which includes the Coulomb poten-

tial and its effect on the velocity (and hence the p-wave potential) of the pion,
reproduces if1" and TT cross sections for most nuclei without the need to adjust
any parameters. For example, Figs. 6 and 7 show the result for 130 MeV TT+ and
TT scattering from l*°C.a snd l>nCa, Agreement is good using the same potential
and the same densities (P n=P p) for both pion charges. A more quantitative com-
parison is shown in Figs. 8 and 9, where the differences between ir <™>* T + n-maa
sections are plotted.

100. F

10. r

1. r

\ 1-

.1 r

.01 -

•UU1O 30 GO 90 120 150

and TT cross
Here the phase error is more marked, indicating room for

• \

r V Elaetic

r iA-

i M
r

i i i

P2

/

= 0.60 z

1 
(III 

11 1 
1

Il
ll

ll
 

[

^ 1

1 
Il

ll
ll

l 
1

 
1 

Il
ll

4.H4 (2*) ,

i i i i i i

100.

10.

MSUX.80-120

10.

.01 r

1.37 [2-]

30 GO 90 . 120 150

Fig. 4.
Scattering of 163 MeV TT from
The data are from Ref. 6.

1 2 C.

.001

Fig. 5.
Scattering of 180 MeV TT from
The data are from Ref. 7.

21f Mgo
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TABLE I I I

Deformation Lengths for Different Pro-
jectiles on 2;*Mg.

Projectile

180 MeV TT+

800 MeV p
40 MeV p

BR(DWBA)

2 .
2 .
2 .

41
2 g a
02b

3R(CC)

values given in Ref. 8.
Walue calculated from Ref. 9.
cValue calculated from Ref. 10.

1.68c

1000.F

100. r

Fig. 7.
<*8,

Fig. 6. _
130 MeV 7T (solid) and 7T (open) on
^0Ca. Data are from Ref. 11.

Same as Fig.. 6 except for Ca.

60 30 120

0c-mJdegi
Fig. 8.

Differences between the data and curves
plotted in Fig. 6.
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Fig. 9.
Differences between the data and curves
plotted in Fig. 7.

improvement in the optical potential.
Also, the poor fit to "*8Ca indicates
a possibility of measuring p £ p ,

which will probably be shown in other
talks at this meeting.

IV. CONCLUSIONS

The main conclusion is that much
is understood, but much remains to be
quantitatively explained.

Parameters that fit pionic atoms
are adequate for giving qualitative
scattering cross sections at low energy.
However, the need for absorption seems
to decrease between 0 and 50 MeV, a
surprising result that needs study.
It may be due to some neglected term
in the potential or higher order dia-
grams in the absorption calculations.

the back angle cross section;; are
sensitive to the absorption strength.
Such measurements can help determine
the least well known part of the poten-
tial and help check the calculations.

Extraction of 3's is complicated by the possibility of coupled channels
effects. These seem to be consistent with proton results, although the optical
potential is still not_firm enough to be sure.

Much of the TT — TT difference is explained, but differences remain that will
allow measurement of p - p .

n p
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ASYMMETRIES IN TT+ VS. TT" INELASTIC SCATTERING

RESULTING FROM CONTINUUM EFFECTS

by

E. R. Siciliano

and

D. L. Weiss
University of California

Los Alamos Scientific Laboratory

ABS TRACT

Microscopic distorted-wave impulse approximation cal-
culations of pion-inelastic scattering to "stretched" states
of light even-even nuclei are discussed. We focus upon the
effects that result from the use of continuum single-particle
wave functions. An enhancement of the TT" nuclear response
over the TT+ is found for both the T = 0 and T = 1 states,
throughout the intermediate-energy region. A simple formula
for understanding these results is presented.

Recent observations of strong asymmetries in TT+ VS. if inelastic scatter-

ing to high-lying particle-hole states in light even-even nuclei suggest signifi-

cant isospin mixing among T = 0 and T = 1 excited nuclear states. These states

are usually located above single-particle threshold. Because medium-energy pions

are a sensitive probe of the nuclear surface, it is expected that differences

between proton and neutron wave functions in the surface would also result in

some IT /TT~ asymmetries. Thus before measured asymmetries can be unambiguously

interpreted as isospin mixing among T = 0 and T = 1 nuclear states, the asymme-

tries resulting from differences in the tails of proton and neutron wave func-

tions must be understood.
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The purpose of this paper is to demonstrate the nature of TT /TT~ asymmetries

in inelastic scattering resulting from differences in proton and neutron single-

part icle wave functions. That i s , we w i l l treat the isospin classif icat ion of

nuclear states as pure, but we wi l l use a f i n i t e potential well to obtain proton

and neutron single-particle wave functions. Our discussion w i l l be l imited to

pionic excitations of the so-called "stretched" unnatural parity states in l igh t

even-even nuclei, which we w i l l describe by a pure particle-hole configuration.

Although such a description is certainly an oversimplification (for example, we

have ignored three particle-three hole admixtures), i t has been used successfully

to reproduce the shapes of these states as seen by inelastic electrons and pro-

tons.2

To obtain the nuclear response to intermediate-energy pions, we use the dis-

torted wave impulse approximation (DWIA). Adopting the separable fixed scatterer

framework, we may write the unpolarized di f ferent ial cross section for a pure

particle-hole unnatural parity transit ion from an even-even nucleus as

JT<L

where

v —

.2L2
(1)

(2)

v (3)

v • ( - y a)2 L x x\y M £ A- r
~ \0 0 0/\0 0 0/(1 L J~.

•V

L 1

V
j

(4)

(5)

In Eq. (1), we denote the pion's charge state by <f>z, the pion's initial (final)
momentum by k(k'), and the spin and isospin of the final nuclear state by J and
T. The particle (hole) quantum numbers are denoted by y(y'), i.e.{y} = {n £ j }.
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The exponential function of momentum transfer (q = t' - t) is the approximate

center-of-mass correction for using shell-model wave functions (b is the oscil-

lator parameter and A is the atomic number). The summation in Eq. (2) is over

the set {v} = {£AA'£m£lmlnn1}, where £ is the pion-nucleon partial wave value,

&m(&'m') a r e the partial wave values associated with the initial (final) distort-

ed wave, n(n') is the index for the initial (final) distorted wave expansion

coefficients, and A,A1 result from the coupling of pion-nucleon partial waves to

the distorted partial waves. The distorted wave energy dependence appears in

the distorted wave expansion coefficients a(k) and a'(k'), whereas the energy

dependence of the pion-nucleon amplitude is contained in the symbols Co and DD
A/ J6

appearing in Eqs. (3) and (4). The single-particle proton and neutron radial

wave functions [R^'(r) and fr (r)] enter in the definition of the vector-iso-

scalar (AjS) and the vector-isovector (AJV) terms, Eqs. (3) and (4), where, for

example, the proton radial matrix element is defined as

}(r) Jx.(kn.A,r)Jx(knJLr)R^>(r) . (7)

In Eqs. (5) and (6), we have used the standard 3 - J and 9 - J symbols, and the

shorthand A = /2A + 1.

We determine the single-particle radial wave functions by solving the

Schrb'dinger equation with a finite nuclear potential of a Saxon-Woods form. The

complete potential we use is

U(r) =-Uof(r)
o s

r-R -1
where f(r) = [1 + exp( )] and the Coulomb potential is taken to be

"1 , r > R

2R
, r < R

In Eqs. (8) and (9), R is the Saxon-Woods radius, a is the diffuseness and M is

the reduced mass. We have developed a computer program (SAXWD) to numerically

solve the radial Schrodinger differential equation for both bound and continuum

single-particle radial wave functions. The bound states are, of course, energy

eigenvalue solutions normalized to unity. Our procedure for calculating the
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continuum solutions is the following. First, for a given continuum energy we

determine the potential depth at which the scattering phase shift is ir/2. The

scattering wave function thus obtained is normalized to the density of states.

To obtain a continuum wave function that can be used to construct a single-par-

ticle transition density, we integrate the square of the scattering solutions

over the width of the resonance.

To calculate the single-particle radial wave functions, we need as input

the particle and hole "binding" energies. For the stretched states under con-

sideration, we take the hole energies to be the separation energies, and we

determine the particle energies by subtracting the hole energies from the experi-

mentally determined excitation energies.

For example, in the case of the Jp = 4", T = 0 and T = 1 stretched states
12 -1

in C, which we describe as a pure ^5/9(^3/2^ configuration, we take for

the neutron (proton) hole energy -18.7 MeV (-16.0 MeV). The experimental loca-

tions of these stretched states are in the 19- to 20-MeV excitation region, and

for the purpose of our discussion we will take both T = 0 and T = 1 states to

have an excitation energy of 19.5 MeV. This gives us a neutron (proton) particle

energy of +0.8 MeV (+3.5 MeV). In Fig. 13 we display the complete single-

particle potentials used to determine the neutron and proton wave functions for

these stretched states. The Saxon-Woods parameters for these potentials were

taken to be R = 3 fm, a = 0.4 fm, and Ug = 6 MeV. (SAXWD calculated the well

depths to be u[jroton = 54.5 MeV and ug e u t r o n = 54.4 MeV.) Figure 2 shows the

resulting neutron and proton single-particle transition densities (radial over-

laps of particle and hole). Although the respective shapes are similar, the

magnitude of the neutron transition density is larger than the proton transition

density. This can be understood qualitatively by noting from Fig. 1 that the

larger particle-energy for the continuum proton would allow it to penetrate the

barrier more easily than the neutron. Thus, the interior amplitude of the neu-

tron particle is larger. Because the hole wave functions are much less sensitive

to the binding energy differences and vanish beyond the nuclear surface, we ob-

tain a neutron transition density larger than the proton transition density.

For laboratory kinetic energies T =116, 180, and 260 MeV, we show in

Figs. 3 to 5 the DWIA differential cross sections that result from using the

transition densities of Fig. 2. From these calculations, we observe that the IT"

differential cross sections dominate the TT cross sections for both T = 0 and
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T = 1 states:. Moreover, the IT' dominance for the T = 1 state is about a factor

of 2 larger than for the T = 0 state.

The results of our detailed DWIA calculation can be understood qualitatively

by making the following argument. Assuming that the difference between the rr

and TT distorted waves is negligible, we construct the ratio of iT to TT+ ampli-

tudes from Eq. (2) as

.V .V
, AT<; - An,

R(TT7TT+) = -f W- . (10)
AIS + AIV

Next, we approximate the radial matrix elements in Eqs. (2) and (3) as

(y'|JA,Jjy)
(n) = (y'|j rjjy)

( p ) [1 + e] , (11)

where by comparing the peaks of Fig. 2 we set e = 0.26. Finally, if we assume

that the energy dependence of the pion-nucleon interaction is dominated by the

(3-3) channel, the C£ and D^ in Eqs. (3) and (4) have the property
3 that C| =

2D-,. By using Eq. (11) and the (3-3) dominance of the basic interaction we get

from Eq. (10) the simple result that the T = 1 ratio is

and the T = 0 ratio is

RUV") = ~r^ • (12b)

The particular value of e determined above gives the ratios of the TT" to IT

differential cross sections (R ) to be 2.55 for T = 1 and 1.26 for T = 0. These

approximate results are in good agreement with the exact DWIA results which give

us the ratios of the TT~ to TT differential cross sections (evaluated at the peak)

to be 2.47 at 116 MeV, 2.20 at 180 MeV, and 1.99 at 260 MeV for the T = 1 state

and 1.43 at 116 MeV, 1.25 at 180 MeV, and 1.13 at 260 MeV for the T = 0 state.

We conclude from our studies that the ability to remove a proton from the

target nucleus more easily than a neutron (e > 0) results in a TT" inhancement

for inelastic scattering to both T = 0 and T = 1 stretched states. The particu-

lar model we have presented here to calculate the continuum wave functions for
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12C giyes the result that the u enhancement of the T = 1 state is about a factor
of 2 greater than the IT" enhancement of the T = 0 state, throughout the inter-
mediate energy region. Different values of e in Eqs. (12) will result in dif-
ferent ratios, but the salient feature of our investigation is that for e > 0,
the signature of continuum effects upon pion inelastic scattering to stretched
states is a ir~ enhancement.

Saxon

A
\

- Woods

i
lUdlu

Potentials

dp

* (fm)

for aC

—— ,

vJi* proton
^~* neutron

ld8/8 (Ip3/I)~
l Transition Densities for aC

lUdlua (fm)

Fig. l. The complete potentials used
to determine the single-par-
ticle radial wave functions
in 1 2C. The solid (chain
dotted) curve is the potential
for the proton 1CI5/p particle
(IP3/2 hole). The clashed
(dotted) curve is the poten-
tial for the neutron
particle (IP3/2 hole).

Fig. 2. The single particle transition
densities that result from
solving the Schrodinger equa-
tion with the potentials of
Fig. 1. The solid curve is
the product of neutron par-
ticle and hole radial wave
functions. The dashed curve
is the product of proton par-
ticle and hole radial wave
functions.
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MeV
10-

1

10*

!

w' T-l

Fig. 3. Inelastic scattering differ-
ential cross sections for IT+

(solid line) and IT" (dashed
line) excitation of the jP=4~
states in '^C. The upper
curves are for the T=l state
and the bottom curves are for
the T=0 state. The incident
pion's kinetic energy is 116
MeV.

Fig. 4. Pion inelastic scattering dif-
ferential cross sections as in
Fig. 3 except the pion's kin-
etic energy is 180 MeV.
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.rr ) T =260 MeV J*=4~
10"

i .
iff*

I

-»* T-l

,- T-O

Fig. 5. Pion inelastic scattering dif-
ferential cross sections as in
Fig. 3 except the pion's kin-
etic energy is 260 MeV.
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Siciliano and Walker (Ref. 3) have suggested that there are actually three
isospin mixed 4" states in 12C located at 19.25, 19.50, and 19.65 MeV.

6. We have taken the parameters used by T. W. Donelly and G. E. Walker, Phys
Rev. Lett. 22, 1121 (1969), and we have adjusted them for the finite size'
of the proton.
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A THEORETICAL STUDY OF HYPERNUCLEAR FORMATION

USING THE (TT+,K+) REACTION*

by

Larry D. Ludeking and George E. Walker
Physics Department, Indiana University

Bloomington, Indiana 47405

ABSTRACT

Adopting the DWIA and the eikonal approximation for
distortions we have studied the differential cross-sections
associated with the formation of [(n'£'j£)^ • (nUjJ-^J77

hypernuclear states in the (7r+,K+) reactions. In the re-
gion 0.80 GeV/c < P^LAB) K 1.645 GeV/c the (TT+,K+) reac-
tion involves large momentum transfer q > 300 MeV/c at 0°.
Thus, even at forward angles, relatively high spin normal
parity states dominate the reaction excitation spectrum.
The behavior of the response function as a function of A
and the complementarity of the process to (K~,TT) reac-
tion will be discussed. For light nuclei, forward cross
sections of the order of 10 yb are not uncommon and there-
fore the study of this reaction appears feasible at the
Brookhaven ZGS.

I. INTRODUCTION

Hypernuclei may be formed in strangeness exchange reactions such as
AZ(K~,TT)^Z or in strangeness splitting reactions (SSR) such as AZ(TT +,K +) AZ.

The hypernuclei produced in these processes may occupy excited states of the

hypernuclear spectrum reminiscent of the normal nuclear spectrum, and decay (with

a typical lifetime of ^ 10" s) by lambda or nucleon emission and target frag-

mentation. Due to experimental considerations, investigation of the properties

of hypernuclei has generally been limited to a study of the binding energies,

Work supported in part by the National Science Foundation.
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spins, decay modes and ground state properties of light hypernuclei with kaon
2 3

beams as probes. More recently experimental and theoretical angular distribu-
12tion investigations for .C have been reported.

The general interest in studying (K~,ir~) and {IT ,K ) reactions is directed

at determining: (i) the basic hyperon-nucleon interaction; (ii) the fundamental

strangeness exchange reaction mechanisms; and (iii) the hypernuclear structure

in the context of an analogue to normal nuclear structure. The hyperon-nucleon

interaction is known to be somewhat weaker than is the nucleon-nucleon inter-

action. Specifically the hyperdeuteron is unbound whereas both the hypertriton
3 3

.H and hyperhelium .He exist as bound entities. In order to study the prominent

nuclear response at high momentum transfer at forward angles we desire a probe

which is kinematically preferential to high J states at small 9. The pion SSR

satisfies this requirement. We argue that the cross sections for such reactions

(involving high momentum transfer) are large enough for the pion to become a

viable probe of hypernuclei that can supplement the information available from

kaon probes, especially when one considers that available pion beams in the

appropriate energy region may be ^ 10 more intense than K~ beams.

II. IMPULSE APPROXIMATION AND STRANGENESS EXCHANGE REACTIONS

Historically the distorted wave impulse approximation (DWIA) has been the

standard method of treating the (K",ir") strangeness exchange reaction. ' We

apply the same formalism to the (TT ,K ) strangeness splitting reaction. Follow-

ing the notation of Ref. 4, we denote by |0> and |A> respectively the ground
A A

state of the target Z and the final hypernuclear state ^Z. The distorted wave

associated with the incident (scattered) meson m.(mf) having momentum p.(pf) is

written as x- (xl )• Tne °WIA transition amplitude is given by
M|S|xi+)> (1)

The operator S, which describes the meson-nucleon elementary interaction (m. + n

-*• mf + A) within the nucleus, is approximated by an ansatz of a product of crea-

tion and annihilation operators for the four particles and the t-matrix for the

elementary process (which is assumed to be spin-independent). Capital letters

specify the quantization operators of the baryons, with configuration space (?)

and spin (s) indices. Thus Eq. (1) becomes



= <Pf|tlab|Pi> ( N ^ f f )
V 2 • (2)

The form factor N ff may be interpreted as the "effective number of neutrons"

available for the elementary reaction. Specifically it is expressed as

= /d3r <xi")|rXr|X^
)><A|E A+ N_ |0> (3)

rs rs

As in Ref. 4 we assume that the distorted waves may be represented by the aver-

aged eikonal distortions; this leads to

<x|")|r><f|Xj
+)> = exp[iq • f - ̂  t(b)] , (4)

where o, is a complex number obtained by averaging (TT ,N) and (K ,N) forward

scattering amplitudes with an appropriate isospin weighting. The function t(b) =

A /" (r)dz is the standard nuclear thickness function. Assuming a closed shell

initial nuclear ground state and assuming that the final hyper-nuclear state can

be represented as a simple A particle-neutron hole configuration coupled to JM,

the N ' „ may be written as

( N X
f f )

1 / 2 JM = [spin-angle-coupling] .
'eff'

/d3r exp[iq • ? - a. t(b)] / (?) ,u (?) , (5)

where the ty's are the nuclear configuration space-wave functions.

Following Ref. 4 we now express the cross-section as

Here aK|-(0
0) is a kinematic factor arising from the transformation of the elem-

entary cross-section from the particle-particle frame to the particle-nucleus

frame. For (K~,TT) this factor is close to unity due to the small degree of

recoil momenta required of the lambda even in the particle-particle frame. How-

ever, for (IT ,K ) this factor may be aKp < 0.5 depending on the beam momentum.

It is defined by the expression
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plab pla
o A m?

aKF<° > " ] - TalTT
m2

 tA

where E and P are the particle total energy and magnitude of momentum.

III. CONCLUSIONS
12From Fig. la we see the typical behavior of the cross sections on C for

the (IT ,K ) reaction with increasing beam momentum. At 0 the cross section for

the 2+ state rises from 3.2 ybn/sr at PTT = 980 MeV/C to 11 jjbn/sr at 1225 MeV/C

and 14.4 ubn/sr at 1645 MeV/C. Two factors are important here, (i) the elemen-

tary cross section is decreasing, whereas H i ) the momentum transfer is decreas-

ing with the increase in beam momentum. While higher beam energy compensates for

the decrease in the elementary reaction rate, the overall cross section falls

more rapidly as a function of angle. Thus a beam momentum in the neighborhood

of 1225 MeV/C is indicated as optimum if there are no further considerations due

to beam flux and energy resolution. Figures lb and 1c show the difference in

behavior for typical pi on and kaon beam momenta.

A survey of Figs. 1 to 3 shows that the maximum cross section at 1225 MeV/C

is dropping with increasing target mass. The cross section decreases slowly from
12 90

^ 11 pbn/sr for C to ^ 3.5 ybn/sr for Zr. Thus we feel that heavy nuclei are
12not attractive targets for initial studies. Throughout the region surveyed ( r,

OQ AQ QA

Si, Ca, Zr) we find that the high spin states dominate because of the high

momentum transfer nature of the reaction. This is of particular interest as at

forward angles only normal parity states should be formed and spin-flip contam-

ination will be minimal. In the mass region A = 40 ^ 100 the multiplicity of

states of a given J in a relatively unperturbed energy region increases the

possibility of collective effects. This area is the subject of on-going inves-

tigation. Other efforts are currently directed toward a comparison of the

standard DWIA with a partial wave expansion of the distorted waves and the eikon-

al approximation to the distortions. In conclusion we believe the TT shows

promise of becoming a valuable probe in the investigation of hypernuclear

phenomena.
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M4 TRANSITIONS IN 1 3C

by

R.S. Hicks, R.A. Lindgren, B. Parker, and G.A. Peterson
University of Massachusetts

H. Thiessen et al.
Los Alamos Scientific Laboratory

H. Crannell and D. Sober
Catholic University of America

Recent inelastic pion scattering measurements at Los Alamos revealed the
13

possible existence of two strong ?„ = 4 transitions in C, one to a state at

21.4 MeV excitation energy, and the other at 9.5 MeV. An I = 4 transition to

a state at 9.5 MeV was especially surprising, since the appearance of this

multipolarity contradicted the J = 3/2 assignment attached to the only level
2

tabulated near this excitation energy, a 9.48 MeV state. (The ground state

spin is 1/2 .) One clue to the structure of the 9.5 MeV peak observed in pion

scattering was that although strongly excited with TT particles, a (ir ,ir )

measurement essentially failed to detect the peak at all. This suggested that

the principle components in this transition involve neutron excitation.

These transitions have been measured at Bates utilizing the better-under-

stood (e,er) reaction, and a representative spectrum is shown in Fig. 1. Pre-

liminary results confirm the M4-like character of the transitions to the 9.5 and

21.4 MeV states, and also isolate another candidate for strong M4 excitation, a

state at 16.1 MeV. A corresponding peak appears in the (IT ,ir ) measurement,

but not in v scattering!

The (e,e') form factors measured for the 9.5, 16.1, and 21.4 MeV trans-

itions display the same momentum transfer dependence (Fig. 2), and this shape

12

matches c l o s e l y t h a t observed for a component of the 19 MeV complex in C,

which i s thought to r e p r e s e n t the e x c i t a t i o n of t he ' s t r e t c h e d ' ( p , , 2 d , . , „ ) , _

c o n f i g u r a t i o n . Inasmuch as the number of terms t h a t may c o n t r i b u t e to such

a t r a n s i t i o n i s s eve re ly r e s t r i c t e d , and the shape of the form f ac to r i s conse-

quent ly m o d e l - i n s e n s i t i v e , i t i s noteworthy t h a t c a l c u l a t i o n s of the ( ^ ^
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M4 matrix element using conventional harmonic oscillator radial wave functions

fail to reproduce in detail the measured q-dependence.
13

The 9.5, 16.1, and 21.4 MeV peaks in the C spectrum may respectively

carry 14 ± 2%, 23 ± 3%, and 67 ± 9% of the M4 strength observed in the 19.5 MeV

complex of C. In addition, the unresolved 7/2 C state at 7.49 MeV may con-
12

tain as much as 8.5% of the C strength, so that the total M4 strength ob-
13 12

served in C amounts to 107 ± 15^ of that known in C.

There have been numerous theoretical predictions of a 9/2 level near 9.5
13

MeV excitation in C. Recent shell model calculations by Dubach and Haxton

confirm that this state is excited mainly through neutron transitions. Fur-

thermore, additional states excited by the M4 multipole are predicted at 16.2

and 21.7 MeV. Proton configurations are expected to predominate in the

excitation of the 16.2 MeV level.

1. D. Dehnhard et al, Phys. Rev. Letts. 4_3, 1091 (1979).

2. F. Ajzenberg-Selove, Nucl. Phys. A268, 1 (1976).

3. J.B. Flanz et al., private communication (1979).

4. J. Dubach and W. Haxton, private communication (1979).
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Fig. 1
energy spectrum of electrons scat-
tered from 13C at 180°.

Fig. 2
Electron scattering form factors for
M4-like transitions in 1^C. The
dashed curve at the top of the figure
shows an M4 calculation using har-
monic oscillator radial wave functions.
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2C(e,e'p) COINCIDENCE MEASUREMENTS IN THE

REGION OF THE GIANT ELECTRIC DIPOLE RESONANCE*

by

J. R. Calarco, J. Arruda-Neto,^ K. Griffioen, S. S. Hanna,
D. Hoffman,** M. Mueller, B. Neyer, M. O'Halloran, R. Rand,

K. Wienhard,"^ and M. R. Yearian

High Energy Physics Laboratory, Stanford University
Stanford, CA 94305 U. S. A.

ABSTRACT

Electrons with an incident energy of 86 MeV were inelasti-
cally scattered from C at 40°, and protons emitted by 12C with
E e x between 20 and 26 MeV were studied as a function of angle.
The dominant feature in the inelastic scattering spectrum is the
giant electric dipole resonance. From these studies we have de-
termined the branching ratio for decay of the giant resonance to
excited states in B and find preliminary evidence for excita-
tion of the spin flip component of the giant resonance in 1 2C.

Present information about the giant dipole resonance (GDR) of C comes

from electron scattering, proton capture, ' and photoneutron ' data. Singles

electron scattering is inclusive: all possible decay modes of the GDR are sum-

med within the measured cross section and what is determined is the dependence

of the electromagnetic absorption on the transferred momentum q and energy to.

The proton capture measurements have provided detailed information on the angu-
2 3 11

lar distribution and polarization of protons leaving B in the ground state,

but branching to excited states cannot be observed. Photoneutron measurements

have provided some detail on the angular distribution of neutrons leaving C in
4 5

the ground state, and other measurements which were insensitive to angle have
provided information on the decay to excited states in C.
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12

The ideal experiment to perform to study the giant resonance of C (or any

nucleus for that matter) is to measure the decay following excitation by elec-

tron scattering. The angular correlation (and polarization if it can be deter-

mined) of the decay particle provides all the information obtainable from the

capture and photoproduction experiments and, furthermore, allows the simultane-

ous study of the various decay channels. Moreover, the freedom of fixing OJ

while varying the electron beam energy and/or scattering angle allows the parti-

cle decay correlations to be studied as a function of q, from which one can ob-

tain the form factors associated with discrete final states.

The geneial form of the (e,e'x) coincidence cross section has been given by

deForest. We can write it in the form:

K W + K W + K W_i (1)
dE dD, d£2 M ) C C T T I I s s

e e x

where o is the Mott cross section, the factors k are purely kinematic, and the

W factors contain all the nuclear structure information and depend upon the

parameters of the decay particle, E and 6 , as well as q and U). In a typical
X X

angular correlation study of a resonance, q and w are fixed and the measurements

are made as a function of 6 and E . We can rewrite Eq. (1) in the more useful
X X

form:
2

— Q
dE . dQ, , dti M

e e1 x k=a k=l
(2)

where L is (numerically) the largest multipolarity contributing significantly to

the reaction cross section, and 6 is measured with respect to the direction of

q. The purpose of the experiment is then to determine the values of the co-

efficients A^ and B which can be written in the form:

V,L,L , & ., Jo

where the sum over V runs over the subscripts C, T, and S in Eq. (1). A similar

expansion describes B^ except that it is restricted to V = I. The factor Ky
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contains all the kinematics; C contains the angular momentum algebra. The

nuclear structure information is contained within the transition matrix elements

My,, and their relative phase 6.

The matrix elements can be described using a (any) specific model. If we

use the doorway picture we can write:

,,L - i (—)i ..Li _^M

+ < ipv ;|v |d > < d
dd1 3 r

where the first term describes the direct reaction component, i.e. knockout of

the particle x from the ground state of the target |o>, and the second term des-

cribes processes in which definite intermediate states (doorways) are created.

The residual interaction both couples doorway d1 to doorway d and couples door-

way d (or d 1) to the continuum. M is the appropriate electromagnetic multi-

pole operator. The last matrix element <d|M !0> is just the form factor for

exciting th doorway state as seen in singles electron scattering, and contains

the q dependence of Jie transition matrix element. The remaining part describes

the decay into the x-channel, and is, in a pure resonance model, q independent.

Thus we may write (in the absence of any direct term):

where the F's are the usual inelastic form factors and the a, are "reduced"
K,V

angular correlation coefficients. In particular, for v = T, the coefficients

a are just those obtained from angular distributions following excitation by

real photons (q = 0)) . We will exploit this trapolation to the real photon

limit later.

Thus we see that measurements of the decay branching ratios and angular

correlations can provide detailed information on resonances excited in inelastic

electron scattering. The momentum transfer is then used as a tool to tune in

the appropriate multipole resonance. However, a careful study over a single re-

sonance as a function of q,co will also determine if the factorization of the
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form factors in Eq. (4) and (5) is justified. For the present, we will assume

that such a factorization is justified.

Without the availability of a high duty cycle electron beam such measure-

ments are impossible. The new superconducting electron accelerator at Stanford

is the first and currently only machine to provide such a beam with both suffi-

cient energy and intensity to study giant resonances and their decay angular

correlations.
12

We have initiated a study of C with an incident electron energy of 86MeV.

Scattered electrons aie detected in a 180° double focussing spectrometer at

6 , = 40°. Figure 1 shows the scattering geometry. An 8-counter telescope of

silicon surface barrier detectors is pxaced 2 3/4 inches from the target beam

spot. Details of the telescope are described elsewhere. A magnetic field of

~ 1 kG over a distance of ~ 1 inch is used to eliminate Miller scattered electrons.

The singles count rate from protons and Mott scattered electrons is ~ 1-2 x 10

sec for 50 UA on a 5-10 mg/cm C target. These experiments would be

TO 36"
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(OUT OF PAGE)
HORIZONTAL
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Fig. 1
Chamber geoinetry for the 12C(e,e'p) ex-
periment. The first counter in the
telescope is 50 um thick, the rest are
150 ym.

298

Fig. 2
Display of data vs. arrival time dif-
ference At between e' and p, and vs.
summed energy in the telescope. Appar-
ent time resolution is ~ 3 nsec of
which 2 nsec is due to e' path differ-
ences inthe spectrometer.



impossible if it were not true that the superconducting machine provides a beam

of exceptional quality. In addition to having high duty cycle, the accelerator

produces a beam spot on target, the full width of which is ~ 0.5 mm with a halo
-4

of less than 10 of the beam current outside a region with a width of 1/4 inch.

True and accidental coincidences are measured simultaneously. The data are

accumulated by recording both the energies deposited in the individual telescope

detectors as well as the relative arrival times of electrons in the spectrometer

and protons in the telescope (see Fig. 2). By making an appropriate cut on the

time axis the true counts may be projected out on the energy axis. By looking

at events outside this cut, the accidentals can be determined. In addition, a

comparison of the energy deposited in the individual detectors of the telescope

allows the identification of particle types using known range-energy relation-

ships .

in

>

o

b

3.6 -

2.7 -
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1

l 2 C ( e , e
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.. • • • • • •
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Fig. 3
Singles (e,e') cross section displayed
semilogarithmically (note suppressed

Fig. 4
Typical proton spectra for various val-
ues of to through the region of the GDR

zero). The GDR excitation cross section with Aw = 150 keV; the GDR peak is near
is 15% of the total inelastic including w = 22.9 MeV. The parameter ri is the
the elastic radiative tail. relative efficiency of the e1 counter.
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The singles electron scattering cross section is shown in Fig. 3. The

cross section is (1) small and (2) weak (~ 15%) compared to the continuum back-

ground. The fact that the cross section is small dictates that the true coinci-
-1 2

dence rates will be small (~ 20 hr for 10 PA on ~ 10 mg/cm target in the geo-

metry shotfn in Fig. 1). However, as compared to inelastic hadron scattering, the

continuum under the giant resonance does not give any true coincidence events

because it is essentially all due to elastically scattered electrons which have

lost energy through radiation (the radiative tail). In hadron scattering there

is a large continuum which is due to direct knockout plus more complicated mul-

tistep processes, all of which contribute to true coincidence events. It is

true that there is a direct knockout background in electron srnttering (the

first term in Eq. (4)) but under the kinematic conditions in this work, the direct

contribution is very small.

Figure 4 shows a sample of proton spectra taken at various values of

throughout the GDR region with AOJ = 150 keV. The solid line under each spectrum

represents a smooth line drawn through -Lhe accidentals. Since the accidentals

are the same for all spectra, they are determined with much greater statistical

accuracy than the trues in each spectrum.

The yields for protons leaving B in the ground state, p , and the first

excited state, p , where extracted from each spectrum taken at proton laboratory

angles 8 of 90°, 120° and -120° where positive 8 is defined clockwise with

respect to beam direction in Fig. 1 while 9 , is defined to be positive in the

counter-clockwise direction. The resulting excitation functions are shown in
12

Figure 5. The excitation function for p can be compare . to that for C(y,p )

with real phrtons. However the data for p represents the first measurement of

the excitation function for this channel.

It is immediately apparent from Fig. 5 that the excitation function for p

is (1) weak compared with that for p and (2) exhibits a significantly different
12

energy dependence than that for p . It had been expected from earlier C(y»n)
4 5 12

measurements ' that the yields for C(e',e'p1) would be small compared with
9

that for p . An attempt by Medicus, et al. to observe the de-excitation y-rays

from B and C following irradiation by bremmstrahlung had placed an upper

limit on the integrated yield to the p channel relative to that for p of about

10% in the region from threshold to 24.5 MeV. This is consistent with the inte-

grated yield observed in the present experiment.
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Excitation functions for p and p
Excitation functions for P2 + ^
also obtained but were ~ 10-20% of that
for p^ and are statistically not well
determined.
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Fig. 6
Angular correlation of p 0 at 0) =23
MeV with Aw = 1 MeV. 0° corresponds to
the direction of q (= 50° in the la-
boratory) . The curves are calculaced
from Donnelly 1® anta the Goldhaber-
Teller model assuming resonance widths
T = 3 MeV.

30C

Fig. 7
Angular correlation of pg at u = 24.5
MeV with Aw = 1 MeV. 0° corresponds to
the directior of q (= 50° in the la-
boratory) . The curves are calculated
from Donnelly-*-1-1 and the Goldhaber-
Teller model assuming resonance widths
r = 3 MeV.

The difference in the energy dependence of the excitation functions is quite

interesting. The excitation function for p peaks near 23 MeV an . 2xhibits a

pronounced shoulder in the region of 24.5 to 25 MeV. The excitation function

for p exhibits a maximum near 24.5 MeV where the p yield dips sharply. Parti-

cle hole calculations have predicted that the bulk of the real photon strength

would be absorbed by a d . (p ) particle-hole configuration near 23 MeV. A

spin-flip d . (p . ) state is predicted near 24.5 MeV, but it has a real photon

strength of only about 1% of that for the 23 MeV state and, consequently, has

not been observed in (YrP) or (y,n) reactions. However, the spin-flip state is
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dominated by a transverse form factor which grows rapidly as a function of q.

Therefore it is interesting to speculate on the possibility that the p yield is

associated with the spin-flip state.

In order to further investigate this possibility we need to take a closer

look at the angular correlations. These are shown in Figs. 6 and 7 for p for

data averaged over 1 MeV i-. the regions near 23 and 24.5 MeV respectively. If

the doorway picture described by Eq. (4) is correct and we neglect the direct

term, which seems reasonable since the observed coincidence cross section exhi-

bits no significant background under the resonance peak, and if we restrict our

at', ention to an isolated J = 1 resonance, then the coincidence cross section

is given by (with q = q - w )

6E ,69. ,d'.
e e' p

= a

/2TT

(E-E )

q

q

/q< 2 V V ,
I —2

 + t a n T i • 1'
\2a I

+ tan '±\Tl|
q

72 -^
/2

(Tl) (Cl) a P (Q ) cost)
l I p f

4q
Tl |2 a P2(cos6 ) cos2(f) (6)

where |ci| is the coulomb form factor, Tl is the transverse form factor, and a

is the coefficient of the p (cos9 ) term observed in the limit as q -+ w, i.e.
2 P

the "photonuclear" a . Now the scattering geometry is such that for the 23 MeV

state, |Cl| >> |Tl| . Then we can approximate the cross section as

dE ,60, ,dQ
e1 e' p

= aM [(E-E ) T2/4
(cosep)

/ q2 9 \ 1 / 2

/ 4U 2 e1 I Tl (7)
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In these equations 9 is measured with respect to 6 , the angle of momentum

transfer, which is * 50° on the opposite side of the beam to 6 ,. The cos 4>

dependence of the last term means it changes sign for 9 larger than 180°.

For this reason the angular correlations are plotted from 0° to 360° so that

this sign change can be included. We note immediately that if Tl = 0, the last

term vanishes, nen the angular correlations will be symmetric about 180°. If,

however, as is the case here, Tl is not zero, then a determination of the angle

at which the angular correlation peaks serves to determine the ratio Tl/Cl with-

out resorting to a Rosenbluth separation as is done in singles (e,e') measure-

ments. Since we presently have too few data points to independently determine

Tl and Cl, we have taken form factors from particle-hole calculations by

Donnelly (labeled as TWD en the figures) and tne Goldhaber-Teller model re-

duced to matcn photonuclear data. In both ca:jes we have included both the non-

spin-flip and spin-flip states although the cross sections nave been calculated

as an incoherent sum (since we have no idea at present as to how to determ:ne

the relative phase).

Referring back to the last two equations, v sec that the terms dominated

by |ci| will produce a dependence of P (cos6 ) with sign opposite to that pro-

duced by the |Tl| dominated terms (which are the ones which survive a • -.) .

Thus, while C(y»Pn) exhibits a strong peaking near 90° (a =-0.5), the

C(e,e'p ) exhibits a minimum near 90°. This is especially pronounced near

23 MeV, but the inclusion of more |Tl[ strength washe- this out somewhat in the

region near 24.5 MeV. Including even more JTlj strength would improve the

agreement. Including the coherent interference terms would primarily result in

moving the peak either closer on further from 0° (180°) depending on the relative

phase of the form factors. In any case, it is clear that different ratios of Tl

to Cl are required to describe the data at 23 adn 24.5 MeV.

Finally we show the angular correlations for p compared to those for p in

Fig. 8. It is immediately clear that while the p angular distributions exhibit

a minimum near 90° the p angular distributions exhibit a maximum near 90°. If

the form factor for the excitation for the state(s) which decay into the p chan-

nel is the same as that for the p channel, i.e. dominated by Cl rather than Tl,

then the photonuclear a required to describe the p decay must be large aid po-

sitive. This decay, as mentioned, has never been observed before, but proton

decay in other nuclei from 1 GDR states to 1/2 final states, an analogy to the

p decay here, has been observed and is usually described by an a2 ~~ -0.5,
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similar to the p decay. In particular,
16

the higher energy part of the 0 GDR

is described again as being due to the

d (p . ) configuration, and decay to
3/2 3/2

15

the 1/2 N ground state shows an a

of ~~ -0.5. If the C p decay is ana-

logous to this channel, then the form

factor responsible for the excitation

of the state is Tl rather than Cl.

This again would point to a spin-flip

transition.

In conclusion, we have preliminary

evidence for a spin-flip El transition
12

in the GDR of C near 24.5 MeV. The

90 (80 270 360 0 90 180 270 360 evidence for this rests primarily in (1)

p̂ °P the difference between the excitation

functions for the p Q and p channels,

which clearly indicates another state

with some different configuration than

that of the main GDR although it need

not be spin-flip and (2) the difference

between the angular distributions for

p and p which indicates that the p

channel may well be populated following excitation by a transverse form factor.

The picture will oe confirmed by accumulating more data points at the present

energy and at higher energy where the increase in q will enhance the transverse

form factor relative to the coulomb.

Fig. 8
A -omparison of angular distributions
for PQ and p^ through the GDR region.
The p() distribution exhibits a minimum
near 90° which becomes less pronounced
with increasing M>. The p^ distribution
exhibits a maximum near 90°.
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ABSTRACT

A method has been devised for interpreting electron
scattering data from three 2+ levels in Gd-154 to test the
assumptions of the Interacting Boson Approximation, The
plane wave form factor is shown to be the relevant quantity
in the test. The Hartree-Fock charge distribution is used
as an example of the analysis technique. Experimental work
is in progress at the MIT-Bates Laboratory.

Arima and Iachello have proposed the Interacting Boson Approximation (IBA)

to describe low-lying collective levels of heavy even-even nuclei. This scheme

considers the nucleus to be a syscem of spin zero L=0 and L=2 nucleon pairs.

Interactions between these s- and d-wave bosons in their various configurations

give the energy spectrum of the nucleus. E2 transitions take place according to

the first order operator:

T<E2>(r) = a(r) (d's + s ^ 2 > + g(r) 5~ 1 / 2 ( d ' d ) ^

k

Work supported in part by DOE contract EY-76-C-02-3069.
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( F2 "\
Reduced matrix elements of T between any initial and final state can be

2
written as:

'L' | | T ( E 2 ) I | [N]<{>L> = a(r)A + B(r)B E p(r)

A = <[N](|)'LT||(dts + s S i ) ^ ! |[N]<j)L>

= < INJcp L I 15 (d d) |

A and B are numbers which depend on the number N of bosons in the nucleus outside

closed shells, the angular momenta L, 1' and on the quantum numbers <J), $' dis-

tinguishing different states with the same angular momentum. a(r) and g(r) are

the two functions characterizing E2 transitions. The salient feature of this

parametrization is that all E2 transitions in a nucleus are characterized by the

same a(r) and B(r), scaled according to the coefficients A and B. If two E2

transition densities are measured by electron scattering the coefficients can be

used to extract the fundamental boson transit-ion densities. If three E2 transi-

tion densities can be measured, the equations are overdetermined and the validity

of the assumptions can be tested.

The question of linear dependence of three functions can be graphically

represented using a simple method. First assuming linear dependence, three func-

tions F (x), F2(x), and F (x) satisfy an equation of the following general type:

F2(x) = C F^x) + D F3(x)

The number of variables can be reduced by dividing by F.. (x), giving ratios of F

as the axes.

F (x) F (x)
„ , , = C + D T, , .

The two ratios assume different values at different values of x, but obey this

linear equation if they are linearly dependent. If on the other hand, the func-

tions are not linearly dependent, a plot of one ratio against the other as x is

varied will trace a curve.

307



We can examine this technique more closely using transitions in our experi-

mental nucleus as an example. Hartree-Fock calculations have given us a theo-

retical ground state charge distribution of Gd-154. Transition densities for

the three collective 2+ levels have been extracted using the rotational model and

the small vibration expansion (Fig. 1} The ratios plotted against each other

give a complicated curve (Fig. ?). This shows that the Hartree-Fock densities

do not satisfy the IBA relationship within the context of the small vibration

expansion and the rotational model. Attention should be focused to the region

between 4.5 and 7.0 fermis where the densities peak. The ratio plot is only

curving moderately. One might imagine that small differences between the Hartree-

Fock densities and the real densities could give a straight line on the ratio

plot.

Using densities derived from electron scattering cross sections has inher-

ent difficulties in this application. Existing Fourier-Bessel expansion tech-

niques for extracting densities from cross sections suffer from large correla-

tions in the densities at different radii. The accompanying error band is not a

direct indicator of allowed densities. Errors introduced by measuring cross

sections only up to a maximum value of q increase the uncertainty of the entire

density. Under these conditions it would be difficult to complete a convincing

test of the linear dependence of three densities.

The measured cross sections can not be used directly because Coulomb dis-

tortions mix contributions from several values of q, destroying the prediction

of linear dependence. The IBA prediction of the linear dependence of three E2

transition densiti&s is shared by their Fourier transforms, the plane wave form

factors. The extracted plane wave form factor does not suffer as badly as the
4

extracted density from correlations. Dreher has shown for the case of Pb-208

that a large collection of densities allowed by a set of measured cross sections

all have very close to the same plane wave form factor in the region of q where

measurements were taken. This implies that plane wave form factors can be ex-

tracted from cross sections in a more unique and model independent way than den-

sities. The fact that the coarse features of the transition density are re-

flected in the first maximum of the form factor and finer structure in subse-

quent maxima supports the opinion that comparing form factors gives the most

insight into the question of linear dependence.
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The plot of the ratios of Hartree-Fock form factors shows the deviation

from linear dependence in a different way (Fig. 3). The curve traced by the

second maximum does not lie on that traced by the first maximum. This indicates

that only the coarsest features of the Hartree-Fock densities can be said to

approximate linear dependence. We will interpret our data on Gd-154 to test the

linear dependence of the three E2 transition densities by using extracted plane

wave form factors.

Electron scattering measurements of states in Gd-154 are underway at the

MIT-Bates Laboratory. Cross sections from the rjtational 2+, beta, and gamma

vibrational 2+ states will be analyzed to determine the validity of the IBA's

assumptions. This is the first measurement to our knowledge of electron scat-

tering cross sections in the beta vibrational band. The extremely small cross

sections of these states in addition to a large radiative background from the

elastic and rotational band peaks results in a severe signal-to-noise problem.

The high current and good resolution of the MIT-Bates energy loss system allows

us to separate these small peaks from the background making this test possible

(Fig. 4). Our group is studying the system to see if further improvements can

be made. The results of this experiment, particularly the measurements of beta

band cross sections including the 0+ beta band head, will be interesting in the

context of all collective nuclear theories.
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LARGE ANGLE ELASTIC AND INELASTIC SCATTERING OF PROTONS FROM 40Ca AT 800 MeV*

by
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ABSTRACT

Differential cross sections and analyzing powers of elas-
tic and inelastic scattering of 800 MeV protons have been
measured. The data for the differential cross sections
covers considerably large angular range--up to 42.5° in the
center of mass frame. Regular diffraction pattern in the
angular distributions was obtained at all angles. These
features are very well understood qualitatively and repro-
duced quantitatively in the framework of the multiple scat-
tering theory based on the Glauber model.

In our calculations spin effects were included for both
elastic and inelastic processes. The center of mass constraint
was taken into account. The Coulomb effects were treated using
the method of Faeldt and Hulthage. In the case of elastic
scattering noneikonal corrections were calculated using the
technique of Bieszynski and Osland.

Work supported in part by the US Department of Energy, Washington, D.C.
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New experimental techniques have created the possibility of investigation

of nuclear collisions of high intensity proton beams with good energy resolution.

This has given impact to the extensive studies of the intermediate energy proton-

nucleus scattering, one of the objectives being the extraction from the data of

such subtle effects as e.g., the difference between the proton and neutron dis-

tributions in nuclei.

In the present paper we report on the results of our experimental and theo-

retical work on the large angle elastic and inelastic scattering of 800 MeV pro-
40tons from Ca. The High Resolution Spectrometer at LAMPF was used to make the

measurements. The elastic differential cross section was measured up to 4Z in

the c.m.f., which considerably exceeds the angular range covered by the previous

experiment which extended only up to 24° in the c.m.f. The differential cross

sections for the inelastic transitions to the 3.74 MeV (3") and 4.49 MeV (5")

were measured up to 42 . The transition to the 3.9 MeV (2 ) state was measured

up to 30 . We have also measured the proton asymmetries for the elastic and all

inelastic transitions in smaller angular ranges (0 to 30°). The statistical

errors in the angular distribution of the elastic cross section are typically

± M, whereas those of the analyzing powers are ± 0.01 to ± 0.05 except at the

largest angles. The absolute scattering angle was determined to t 0.03°. The

normalization uncertainty of the cross section is 10%.

The theoretical analysis of the data was made in the framework of the

Glauber multiple diffraction model.

For both the elastic and inelastic scattering we took into account the spin-

orbit interaction. The nucleon-nucleon amplitude was adopted in the standard

form, with only the two most important terms retained.

fpp(pn) ( 5 ) " fPP(pr,)<«> + S • " fpp(pr,)«» • " >

where a is the projectile proton spin operator, n = R x q, £ being the beam

direction and q the momentum transfer direction, respectively. The central and

spin orbit parts of the pp and pn amplitudes were taken in the gaussian param-

etrization
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fC(q) =

fS(q) =

The Glauber multiple diffraction model is based on the assumption of the

straight line propagation of the incident projectile. In order to have a slight-

ly more accurate description which takes into account deviations from the

straight line passage finite energy (noneikonal) corrections, of relative order

1/k were included. These corrections were added using the method of Ref. 8. As

it was pointed out in Ref. 9 their main effect is to change the phases of the

successive multiple scattering amplitudes with the phase factors depending

approximately linearly on the momentum transfer squared. Such corrections pro-

iuce significant changes only in the interference minima in the differential

cross sections. Their effect is slightly larger for the polarization (the

origin of this will be described in a more detailed version of this paper).

In the present calculation we try to describe the data up to considerably

large momentum transfers, where the center of mass correction becomes signifi-

cant. We calculated this correction in the exact way by using the cm . con-

strained density
A

p(ro,...,rA) - p(r1)...p(rA) 6(_£ r.)

As a result we obtained the cm. corrected Glauber model amplitude

~Fwith cm. = F1 + h + F3 + <2)

where F,, F~ . . . are the single, double, etc. scattering contributions which are

related to the corresponding

out cm. correction through:

related to the corresponding multiple scattering amplitudes F calculated with-

Fn(q) = /d2p[p(p) ]A -n Fn(q + np)/ /d2p[p(p)]A , (2a)

where

p(p) = /d2s e 1 ^ Hz p(x) . (2b)
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F without til da stands for the n-th order scattering amplitude calculated in the

independent particle model. Thus each order of scattering is differently affec-

ted by the cm. correction. The Coulomb effects can be calculated in a straight-

forward way in the Glauber model. In order to obtain better convergence at

large momentum transfer we have used the method of Ref. 10, which consists of

separating the Coulomb scattering amplitude for the extended charge distribution,

instead of separating the point-like Coulomb scattering amplitude. This method

allows one to achieve the stability of numerical results much faster and reduces

the computation time considerably.

In the case of elastic scattering the proton density was extracted from the
22

experimental data for the electron scattering and kept fixed during the cal-

culations. The fitted neutron density was taken as the three parameter Fermi

distribution

Pn(f) = P Q(T) (1 + 5p r
2)/[l + exp ( ^ ) ] (3)

Figure 1 represents our results for the elastic differential cross section and

analyzing power. The neutron density parameters are:

Rn = 3.45 fm, an = 0.51 fm, wn = -0.161.

For the proton-nucleon spin independent part of the amplitude we took the values
23 13

determined by Blanpied et al. from the data compiled by Bystricki et al.:

a(pp)

a(pp)

6(pp)

= 0.

= 0.

• 3

56

18 fm2 ,

a(pn)

a(pn)

6(pn)

= 38.0

- 0.20

= 0.24

mb

fm2

For the spin dependent part of the amplitude we assume: fSD(q) = f/ >(<})• The

best agreement was obtained with the following set of parameters

A = 0.8 fm3, cts = -1, 3S = 0.6 fm
2.

Our preliminary analysis indicates that the best agreement with experiment

in the whole angular range can be obtained with the neutron r.m.s, radius con-

siderably smaller than the proton r.m.s. radius (by about 0.2 fm).

314



As for the inelastic transitions, the excited levels were treated as col-
pi

lective excitations of the adiabatic type (as discussed by Bohr and Mottelson ).

We took into account only terms linear in the deformation parameter. This cor-

responds to the one phonon excitation mechanism. The corresponding transition

density is then simply

PU(T) = 6L R P V ) YLM(T) , (4)

where 3. is the transition strength.

Similarly, as in the case of elastic scattering we used the spin dependent

nucleon-nucleon amplitude of the form (1). Spin effects have not been studied

extensively for 1 GeV protons. They were taken into account in Ref. 1 and also

in the zero range approximation ( 3 = 0 = 0) in Refs. 11 and 15. In our calcu-

lations we took into cccount the momentum dependence of the spin orbit amplitude

( 3 ^ 3 ^ 0). Coulomb and center of mass effects were treated analogously. We

have not yet included the t.ioneikonal corrections here. The calculation is in

progress.

The results for inelastic transitions and analyzing powers are shown in

Figs. 2a to 2c. We used here the isospin averaged nuclear density of the form

P(T) = pQ/[l + e x p ( ^ )] (5)

with R = 3.51 fm, a = 0.56 fm. We used also the isospin averaged nucleon-nucleon

amplitude. For its central part we took cross sections as measured by Bugg

etal. 1 6

The best fit we obtained for the following set of parameters:

a = 44 rab, a = 0.28, 6 = 0.21 fm2

X = 0.89 fm3, as = -1.00, Bs = 0.45 fm
2

&
2 = 0.133, B3 = 0.34, B5 = 0.215

The parameters of the spin dependent part of the amplitude are in good agreement
15with those obtained by Faeldt and Hulthage in their analysis of p-A scattering

in this energy region. The transition strengths Bo. 3g. B5 agree with those
19,20

obtained from low energy electron experiments. ' They also agree with the
17 18

Starodubsky's analysis of the Alkhazov et al. data which covers the smaller
momentum range.
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It turns out (as it may be expected) that the spin effects are much more

important for the inelastic scattering than for the elastic scattering case.

They enhance the subsidiary maxima in the differential cross sections by about

100%, starting from about 30°. The different momentum dependence of the central

and spin orbit amplitudes results in filling up the interference minima. Also,

the slope of the polarization turns out to be very sensitive to the momentum

dependence of the spin orbit amplitude. The larger the slope Ss the sharper the

structure of the polarization curve.

The large angle scattering data for inelastic transitions provide a more

stringent test of the excitation mechanism and should allow more accurate deter-

mination of the transition densities.

The overall agreement of our calculation with experimental data is reason-

ably good. Some improvements may be expected after adding the noneikonal correc-

tions (they will wash out minima in the differential cross section and will

sharpen the minima in the polarization) and by adding the two-phonon excitation

contributions.

A few comments are in order here regarding the use of the Glauber-like

model approach at such comparatively large angles. In the multiple scattering
40picture, scattering of a projectile from the Ca nucleus is described as a

series of various multiple scattering contributions, i.e., single, double, triple,

etc., scatterings. It turns out that in the momentum transfer range covered by

the present experiment it is sufficient to take the multiple scattering expan-

sion up to the sixth order of scattering only. This result is obviously consis-
40tent with a simple geometrical picture. The diameter of Ca is of the order of

6.5 fm, the nucleon size is of the order of 1 fm. The maximum number of colli-

sions of the projectile with the target nucleons takes place in a situation when

the projectile traversing the nucleus will hit the maximum number of nucleons

which can be located on its trajectory. This number is of the order 6.5 fm/1 fm

~ 6.

It is also well known that the region of large momentum transfers is dom-

inated by the higher multiple scattering contributions. If we take the momentum
2

transfer region around 1 GeV , the fifth and the sixth order scatterings dominate.

The most probable multiple scattering contributions occur when the overall momen-

tum transfer is equally shared between the hit nucleons. Thus although the

total momentum transfer is rather large, the multiple scattering proceeds as a
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series of small momentum transfer individual collisions. Therefore, it should

not be very surprising, that the Glauber model which is essentially high energy

and small scattering angle approximation, furnishes quite good description of the

data.

The only adjustment which has to be made before applying the Glauber model

at intermediate energies and at momentum transfers of our interests is adding the

above-mentioned noneikonal corrections, which take into account the deviations

from the straight-line propagation picture.

The use of the Glauber model has a number of attractive advantages. Let us

mention a few of them:

1. Simplicity of the interpretation and technical simplicity.

2. Due to the quick convergence of the multiple scattering series it allows

a very accurate evaluation of the multiple scattering amplitude term by term.

This is of particular importance in calculation of the inelastic transition with

a complicated density and the realistic, spin-dependent nucleon-nucleon amplitude.

3. Flexibility with respect to adding such refinements as noneikonal cor-

rections.

4. The difference between the proton and neutron interactions with the

projectile and the difference between the proton and neutron density distribu-

tions can be calculated exactly. In contrast, in the first order optical poten-

tial approximation the multiple scattering series is generated by

V ^ (A-Z)tnpn + Z t p P p.

This approximation does not reproduce iUe correct combinatorial factors for the

interactions with protons and neutrons starting from the second order scattering.

5. The effects of center of mass, short range and Pauli correlations can

be calculated microscopically without using the exponentiation procedure (optical

limit), which is mathematically dangerous when the corrections are sizable.

6. Coulomb effects can be treated in a natural and simple way.

7. Relativistic effects are treated properly, by working in the Breit

frame of the target nucleus.

Summary

We calculated the elastic differential cross section, inelastic transitions

and analyzing powers for the large scattering of protons from the Ca nucleus
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at intermediate energies. As the scattering model we chose the multiple diffrac-

tion model by Glauber. We took into account spin effects, noneikonal corrections,

center of mass correlations and Coulomb effects.

In this preliminary analysis of the data we wanted to focus the discussion

on two aspects:

1. Do we have enough reliable theoretical model to study the data in such

a comparatively large angular region? In particular, do these new data provide

a sensitive test of the reaction mechanism?

2. If we can trust theory, then what new physical information could be

obtained from these measurements?

In our opinion, the theory does not have any problems in handling the large

angle scattering. It only requires better computational accuracy (cross sections

fall by almost 10 decades) and taking into account few effects which become siz-

able in the large angle scattering region. These effects--like correlation ef-

fects and the noneikonal corrections, can be incorporated in the standard Glauber

model in a natural and simple way.

Second, it appears that the large angle scattering data place stronger con-

straints on the extraction of the neutron density distribution from the nuclear

elastic collisions of protons. It is well known that the essential features of

the angular distribution of the intensity of protons scattered from heavy nuclei

in the small wavelength limit, are quite well reproduced in the opaque sphere

model. The position of minima in the intensity of scattered protons depends on

the sphere radius R, and they are more sensitive to the accurate value of R at

larger angles than in the small angle region. The short range and Pauli correla-

tions affect mostly the maxima heights in the differential cross sections, leav-

ing the positions of minima practically unchanged. The only correlation which

slightly affects positions of minima is the center of mass correction. This

correction has to be taken into account to a high accuracy, if we want to learn

about the density distributions. From our preliminary analysis it follows that

the neutron radius is smaller than the proton r.m.s. radius.

As for the inelastic transitions, it was found that the spin effects play

an important role in the large angle region. Starting from 30 in the c.m.f.

the spin effects increase the subsidiary maxima in the inelastic distributions

by about 100%. The difference between the slopes of spin dependent and spin

independent parts of the nucleon-nucleon amplitude accounts for filling up the
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minima in the inelastic cross section. The inclusion of the non-zero slope of

the spin dependent part of the amplitude very strongly influences (sharpens) the

shape of polarization. The large angle scattering data for inelastic transitions

are useful because they provide more stringent tests of the excitation mechanism

and should allow more accurate determination of the transition densities.
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Fig. 1. Differential cross-section and
analyzing power for elastic
scattering. Statistical
errors are smaller than the
data points, unless otherwise
indicated.
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ABSTRACT

Cross sections and analyzing powers have
been measured at 800 MeV for inelastic proton
excitation of unnatural parity states in 6 L i ,
12C, and lliH at small momentum transfer. Cross
sections are comparable in magnitude with those
measured at lower energies. Negative analyzing
powers observed for the f i r s t time at 800 MeV
appear characteristic of unnatural parity
transitions with no isospin transfer.

Recent nucleon-aucleon experiments suggest that spin-dependent terms in

the proton-proton scattering amplitude are signif icant around 800 MeV,1 yet

there is l i t t l e previous evidence for excitation of unnatural parity states

in inelastic proton scattering near this energy.2"" In a f i rst-order t ransi-

tion to these states of parity (-1) , a spin transfer AS of 1 is required.

In tiie absence of higher-order effects, then, the di f ferent ial cross

section (a) and the analyzing power (A ) depend entirely on the spin-

dependent terms. We have measured a for unnatural parity transitions in 6 L i ,
12C, and lkH; the magnitudes are comparable to those measured at much lower

energies. In addition, large negative values of A were observed for the f i r s t

time at 800 MeV; the magnitude of A appears characteristic of the isospin
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transfer. These measurements were carried out with the 800 MeV polarized beam

at LAMPF using the High Resolution Spectrometer (HRS).

A 12C spectrum taken near 3° with a spin down incident beam is shown in

Fig. 1. At these very small angles, unnatural parity transitions dominate the

spectrum of each target. In Fig. 1, it is the 12.71 MeV (1+,T=O) and the

15.11 MeV (1+,T=1) states which stand out. The two strong states at 18.30 ±

0.05 MeV (width about 500 keV) and 19.40 ± 0.08 MeV (width about 650 keV) are

also apparently unnatural parity transitions. Electron scattering data suggest5

that a state at 19.4 MeV is 2",T=1. States close to these energies observed in

pion scattering have been tentatively assigned 2 ,T=0, and 2 ,T=1, with notice-

able isospin mixing.6

Angular distributions of a for the two 1 states in 12C shown in Fig. 2 are

dramatically different from one another, but similar in magnitude and shape to

corresponding data at 122 MeV.7 Cross sections for the AT = 1 transitions in
6Li (to the 0+, 3.56 MeV state) and in Xl+N (to the 2 + states at 9.17 and

10.43 MeV) are similar to a for the AT = 1 transition to the 15.11 MeV state

in 1 2C; these data are illustrated in Figs. 3 and 4. Cross sections for the
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Fig. 1.
Spectrum of 12C(p,p')1?C at 2.3°.
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Fig. 2.
Angular distributions of the cross section and analyzing power for inelastic
scattering on 12C. Theoretical calculations based on the DWIA are illustrated
by the dashed and solid curves.

two states at 18.3 and 19.4 MeV in 12C are shown in Fig. 5; again the shapes

are very different from each other.

The analyzing power data, for 6Li and 1 2C, are also interesting. For the

two well-known AT = 1 transitions to the 3.56 MeV state in 6Li and the 15.11 MeV

state in 1 2C, A is close to zero over this angular range. The 12.71 MeV T = 0

state in 1 2C, however, has a significantly negative A at small momentum trans-

fer, in contrast to the uniformly positive values of A previously observed at

this energy for natural parity transitions. Note that the analyzing power for

the 18.3 MeV state is also negative and large while A for the 19.4 MeV state

is small.

Theoretical calculations based on the distorted wave impulse approximation

formalism of Kerman, McManus, and Thaler8 are shown by the dashed and solid
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lines in the figures. Details are described elsewhere.9 Since the spin-

dependent amplitudes are not well known, we use the fact that the 12C 15.11 MeV

transit ion has quantum numbers AS = 1 , AT = 1 appropriate for one-pion exchange

(OPE). A OPE mechanism is also largely responsible for the forward angle cross

section of the p(n,p)n charge exchange (CE) reaction. With reasonable approxi-

mations, i t turns out that the two cross sections are related as follows:

(1)

where I(q) is a distorted wave integral

-Q

£

a
CO

CO
CO

o
o

0.1

6Li(p, p')6U

Ep=800MeV

J I

O"T

,(rn=l.4fm)

^fcpr
2 4 6 8 10

GCM
Fig. 3.

Angular distributions of the cross sec-
tions for two AS = 1, AT = 1 t ransi-
tions in U N . The curves are DWIA cal-
culations with arbitrary normalization.

which includes the nuclear transit ion

density. The Cohen-Kurath wave func-

tions were used to calculate I (q) . The

dashed l ine in Fig. 2A shows the excel-

lent results obtained with Eq. (1) and

absolute experimental values of a(q)~r.

The curves shown for the 6Li and llfN

cross sections are the results of stan-

dard calculations with an arb i t ra r i l y

normalized OPE potential V(r). The dis-

torted wave calculations were carried

out with a modified version1 °of DWBA-70.

Such a calculation was also carried out

for A for the 12C 15.11 MeV state,

shown by the solid curve in Fig. 2A.

Unfortunately, there are no com-

parable guidelines for understanding

the 12.71 MeV AT = 0 transit ion in
12C, so a phenotnenological interaction

was used in DWBA-70 to achieve the f i t

shown in Fig. 2B. The A data are an

important constraint in determining

the parameters of this effective inter-

action. In the plane wave IA for a

purely AL = 0, AS = 1 t ransi t ion, we

have aA = 2Re[B C], where B and C
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Angular distributions of the cross
section and analyzing power for the
unnatural parity transit ion in 6 L i .
The curve is a DWIA calculation with
arbitrary normalization.
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Fig. 5.
Angular distributions of the cross
section and analyzing power for two
states in i*C at high excitation
energies.

are the amplitudes of the (a. • n)» (a,- • ")> and (Oi + a.) • n terms in the

nucleon-nucleon scattering amplitude. The other spin-dependent terms do not con-

tribute. For larger values of AL, the expression becomes more complex but the

dependence on Re[B C] remains; distorted wave calculations also retain this

basic simplicity.

These comments suggest that the value of A in unnatural parity transitions

may be used as a signature of the isospin transfer. The difference between the

measured values of A for AT = 0 and AT = 1 transitions indicates that Re[B C]

is large and negative for AT = 0 and small for AT = 1. This would tend to con-

firm the assignments for the 18.3 MeV state (T = 0) and the 19.4 MeV state

(T = 1). A DWBA calculation with the 12.71 MeV T = 0 interaction yields reason-

able agreement with both A and a for the 18.3 MeV state. Calculations for the

19.4 MeV state, however, have not been successful thus far in reproducing the

cross section when a 2" spin is assumed.
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The magnitudes of the cross sections measured here show that it is feasible

to extend at least the 12C data to larger momentum transfer to look for differ-

ences between proton and electron scattering in the region when critical opales-

cence may be observed.11'12 The simplicity in the interpretation of the A

measurements suggests that A also may be a useful indicator of anomalous be-

havior at larger angles.

The authors are grateful to C. Wilkin for suggesting the connection between

the CE and p,p' reactions and to W. R. Gibbs for many helpful conversations.

The work was supported in part by the U. S. Department of Energy and the Nation-

al Science Foundation.
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ABSTRACT

Excitation functions have been measured for inelastic
13

scattering of pions from C at five incident pion energies

between 116 and 240 MeV. The energy dependence of the pure neu-

tron transition to the 9.5 MeV state strongly supports our

previous spin and parity assignment of 9/2 and demonstrates

the usefulness of pion inelastic scattering in the identi-

fication of transitions that proceed by spin-flip.

High resolution and high intensity intermediate energy pion beams are being

applied with increasing success to the investigation of nuclear structure. Com-

parisons of n and IT inelastic scattering can give unique information about neu-

tron and proton transition densities. Recent examples include the discovery of
12 2

an isospin mixed doublet in C by C. L. Morris et al. and the discovery of a
13 T

pure neutron transition in C by D. Dehnhard et al. A new application of ine-

lastic pion scattering to nuclear structure studies is the use of excitation

functions to distinguish between spin-flip and non-spin-flip transitions.
4

G. E. Walker and E. R. Siciliano have shown , assuming a one-step reaction
mechanism, that the energy dependence of a spin-flip transition at energies near

2

the [3,3] resonance can be approximated by sin o, where e is the center of mass

scattering angle. The energy dependence of a non-spin-flip transition can be ap-
2

proximated more roughly by cos e. These angular dependences result in the cross
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section for a spin-flip transition measured at constant momentum transfer decrea-

sing as the incident pion energy is increased (e must be decreased to keep the

momentum transfer constant). The cross section for a non-spin-flip transition

at constant momentum transfer will increase with pion energy. The transitions to
12 5

the natural and unnatural parity states in the C data of Cottingame et a!. con-

firm this simple prediction.

We have measured excitation func-tions for inelastic scattering of pions
13

from C at five incident pion energies

between 116 and 240 MeV. At each energy

the scattering angle was chosen to keep

the momentum transfer fixed at approx-

imately 275 MeV/C, which corresponds to

the maximum in the angular distribution

of a strongly TT" enhanced state at 9.5

MeV. The transition to this state has

an excitation function that is decreas-

ing as a function of energy. In con-

trast, the cross sections for the tran-

sitions to the other low lying states

increase as the incident pion energy is

increased (Fig. 1). For the ground

state to 3/2" (3.68 MeV) transition, the

chosen momentum transfer was near a min-

imum in the angular distribution where

the cross section is sensitive to dis-

torted wave effects due to the energy

dependence of the pion - nucleus optical

potential. This explains the rise in

the cross section at low energy, as ver-

ified by DWIA calculations done with the

code DWPI, using a collective form fac-

tor (Fig. 1).

These excitation functions are con-

vincing evidence that the transition to

the 9.5 MeV state is a spin-flip tran-

n-,'\. INELASTIC

LEE-KURATH CALCULATIONS

9/2*. 9 5 MeV

3/2 , 11.84 MeV

120 140 160 180 200 22C 240 260
INCIDENT PIOH ENERGY (MeV)

Fig . l . Excitation functions for TT
scattered from 13C. Lee-Kurath calcu-
lation is absolute, the others are
relative calculations only.
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s i t ion . We have previously identi f ied this state as the y/2 member of a weak

coupling multiplet based on a (Id 5/2) neutron coupled to the f i r s t excited 2

state in C. Assuming a one-step reaction mechanism, this (lp 3/2) to (Id 5/2)

transit ion would have to proceed by a spin- f l ip of the bound particle since the

orbital angular momentum change can be at most three while a minimum total angu-

lar momentum change of four is needed to make the transit ion from 1/2 to 9/2 .

For transitions involving promotion of a nucleon to the s-d shel l , f inal states

having spin-parity of 9/2 are the only states that must be excited by a spin-

f l i p process. The confirmation that this transit ion is indeed a sp in- f l ip tran-

s i t ion is strong support for the spin-parity assignment of 9/2 . This assignment

is also confirmed by recent DWIA calculations of T.-S. H. Lee and D. Kurath for

the ground state to f i r s t 9/2 state transit ion in C (Fig. 1).

These data, along with those of Cottingame et a! . , demonstrate the useful-

ness of pion inelastic scattering in the ident i f icat ion of sp in- f l ip transit ions.

Although in these examples (1/2" to 9/2 transit ion in 13C and unnatural parity
1 2

transitions in C) the transitions can only proceed by sp in - f l i p , i t may also be

possible to obtain information about the relative strength of the spin- f l ip ampli-

tude compared to the non-spin-fl ip amplitude in those cases where both may con-

t r ibute. One should see differences in excitation functions measured around 90°,

where the non-spin-flip amplitude is small, and those measured at forward angles

where the sp in- f l ip amplitude is small. These differences should ref lect the

relative strength^of the sp in- f l ip and non-spin-flip amplitudes. Such a technique

has the unique ab i l i t y to detect different TT+-TT~ assymmetries in the spin- f l ip

and non-spin-flip amplitudes.
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OBSERVATION OF THE DOUBLE ISOBARIC ANALOG STATE

IN THE REACTION 209Bi U+,7T~)209At
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ABSTRACT

Double Charge Exchange (DCX) has been used to
populate the Double Isobaric Analog State (DIAS)
using the neutron-rich target, 2 0 0Bi. An incident
pion energy of 292 MeV was used because the DCX
reaction mechanism has been shown to be dominated
at this energy by the DIAS transition in previous
work using the light target nuclei: lf''18o and
2 " 2 %

The 209Bi(iT ,7r~)209At reaction was studied in order to systematically
extend the present knowledge of pion double charge exchange into the high-mass,
neutron-rich region of the periodic chart. One strong motivation for studying
this region was to investigate the possibility of exciting double analog states
by means of the double charge exchange reaction (TT +,TT).

The first and only previously reported measurement of the Double Isobaric
Analog State (DIAS) used the isospin-forbidden, resonant reaction p + 209Bi •*
210Po(DIAS) •* 209Bi(IAS) + p •* 208Pb(g.s.) + 2p, where the two de-excitation
protons were detected in coincidence to provide the signature of the reaction.1
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Three possible processes describing the formation of the double analog
state are commented on below. Two of these processes are sequential :

+• 209Po(9/2;iAS)

? ° 9 Bi (9 /2 ; g . s . )

+ 209At(9/2;DIAS), and

+ 209At(9/2;DlAS).

These processes are represented as a two-step interaction between the pi on and
the valence nucleons: TT+ + n -> TT° + p, and TT° + n -+ IT" + p. Figure 1 is a
schematic example of these two processes, indicating different intermediate
paths used in forming the DIAS in heavy nuclei.

2 0 9 B i ( g . s . )

_^

2 0 9Po(9/2')

IAS

T = Tz = 43/2

non-IAS

\

/
• J

" j '

209At(DIAS)

T = 43/2, Tz= 39/2

[Component of DIAS
of 2 0 9 Bi ]

Figure 1. I l lus t ra t ion of different two-step transitions in forming the DCX
reaction 209Bi (TT+,TT")209At(DIAS), where j and j 1 each refer to the
neutron-rich orbi ta ls: 2f-7/2, lh-9/2, 3p-3/2, 2f-5/2, 3p-l/2 and
l i -13/2.

In a rough estimate of the a[209At(DIAS)] cross section from low-A experi-
mental values, for sequential two-step IAS transit ions, we use the cross-
section scaling factor (N-Z)(M-Z-l)/A**10/3.2 This crude extrapolation predicts
a[209At(DIAS)] - a[18Ne(DIAS)]/4, or about 1/4 microbarns/Steradian.

Conventional calculations3 of DCX transitions to double isobaric analog
states have been carried out in l ight nuclei, where the interaction is expanded
to order p2, resulting in the two-step isovector operator interfering coherently
with the "one-step" isotensor operator. These calculations are being carried
out in an ef for t to understand the eneray-dependence of the DIAS transit ion
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on targets of 1 80 and 26Mg.

A third and rather speculative process for forming the DIAS in DCX has been
suggested recently,4 where the TT+ is absorbed by two valence nucleons to form
a dibaryon resonance which subsequently can decay by IT", leaving two valence
protons in the same orbital configurations as pertained for the original valence
neutrons. This requirement on orbital configurations results in this decay mode
leading directly to the double analog state in the residual nucleus. For the
target 209Bi this reaction may be written as:

/ + 209Bi(9/2;g.s.) > TT" + 209At(9/2iDIAS).
through dibaryon res.

This absorption and decay process through the dibaryon resonances is represented
in terms of the active valence nucleons as follows:4

TT + (nn)ic ->• 3S1(T=0,l,2) Dibaryon Resonances ->- IT" + (pp)lQ

where the 3S1(T=0) dibaryon resonance is expected near the (3,3) resonance and
the 3Si(T=l) dibaryon resonance is expected near 292 MeV (see reference 4 for
centroid predictions).

Double charge exchange measurements have been studied previously using
targets of ie>i8os3>5>6'~>8 an(j 2k ,26Mg_3>5>6 These studies have provided many
interesting results and are currently under further investigation, but the most
important aspect of these previous results is the measured dominance of DIAS
transitions in the DCX process at incident pion energies well above the (3,3)
resonance (292 MeV) in the measurements on the Oxygen and Magnesium isotopes.-"s

The conclusion of analog dominance at energies well above the (3,3) resonance
rests on two bodies of data: (1) In Oxygen and Magnesium at 5 , the cross sec-
tion for a transition to a double isobaric analog state is 20 to TOO times str-
onger than transitions to non-analog final states, and (2) Near 292 MeV inc-
ident pion energy, angular distributions from targets of 1 80 and 26Mg are each
consistent with a simple diffraction shape using appropriate strong absorption
radii.3'6

An extended run was made on 2 0 9Bi, a monoisotopic target, at an incident
pion energy of 292 MeV. The EPICS spectrometer was set up with a special dipole
bending magnet located directly after the target. This magnet was used to de-
flect the TT+ beam projectiles away from the spectrometer entrance, while direct-
ing the TT~ particles from the DCX reaction into the spectrometer.3

The EPICS spectrometer was set at a laboratory angle of 5°, as the DIAS
transition is expected to have maximum yield at 0°, and 5° is as far forward as
measurements may be taken at EPICS with the help of the special magnet. The
present experiment consists of one DCX energy loss spectrum (Fig. 2). A verti-
cal arrow in this figure indicates the portion of the spectrum where the double
isobaric analog state of the ground state of 209Bi is expected in 2 0 9At.

The peak for the double isobaric analog transition is expected to occur in
the energy loss spectrum of Fig. 2 at 2*EC - 2*(mn - mp) - Atarget

 = 2*18-9 -
2*1.3 - 0.5 = 34.7 MeV, where Ec is the Coulomb energy, (mn - mp) is the neu-
tron-proton mass difference, and Atarget ^s the energy loss of the beam due to
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target thickness. A statistical analysis of the DCX spectrum (Fig. 2) indicates
the area for the peak at 35 ± 1 MeV is greater than three standard deviations
above background. The width of this peak is about 1 MeV which is about the
width expected for the double analog state. The cross section for this state
has been determined to be 0.46 ± 0.15 microbarns/steradian.

40

CD

O
in
CvJ

; 209Bi(7r+,7r-)209At
"^=292 MeV

30 DIAS

20

O

2 io

i nn n
10 30 40

ENERGY (MeV)
50 60

Double charge exchange spectrum on 2 0 9Bi. The arrow indicates
the expected position of the double isobaric analog state at
an experimentally determined energy of 35 ± 1 MeV.
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C.J. Martof f , J.A. B i s t i r l i c h , K.M. Crowe, J.P. M i l l e r ,
S.S. Rosenblum, W.A. Zajc, Lawrence Berkeley Laboratory;

H.W. Baer, L.A.S.L. ; G. Strassner; S . I . N . , P. T ruo l ,
U. Zur ich; A.H. Wapstra, I ns t . Nuclear Physics Research IKO

ABSTRACT

Questions in the nuclear physics of 20Ne and 13C
have been addressed by analysis of the energy spectra o f
hard y rays (50 MeV < Ey < 135 MeV) resu l t ing from the
nuclear capture of stopped TT~ i n these ta rge ts . The
energy resolut ion of 850 Kev achieved i n these spectra
great ly aids in the ext ract ion of matrix elements i n -
volving s ingle f i n a l nuclear s ta tes. Quant i tat ive com-
parisons wi th backward i ne las t i c electron scat ter ing
measurements, the analog 3 decay of 1 3B, and photonucleon
spectroscopy are made. These confirm the established
theoret ica l treatment of t rans i t ions to bound states.
New information is gained on the mechanism of the giant
Ml t r ans i t i on observed at 11.24 MeV exc i ta t ion i n Ne.
Comparison is made to a harmonic o s c i l l a t o r shel l model
ca lcu la t ion of the 1 3C(TT~,Y) spectrum.

I. INTRODUCTION
This contribution will: 1) briefly outline the ideas underlying the use of

Try as a nuclear structure probe, 2) describe the setup and analysis of the pre-
sent experiment and 3) present some results.

II. (TT'Y) INDUCED TRANSITIONS IN NUCLEI
The reaction fjZ (TT~,Y)N+I (Z-l) has at least fifteen years of history be-

hind it, and has been reviewed recently. ' Theoretical analysis of the reac-
tion uses the impulse approximation, applying the one nucleon operator derived
from experiments on free nucleons. Strong excitation of analogs of Ml, M2 and
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E2 modes of the target is predicted. It is amusing to note that these analog

resonances can be regarded as giant resonances of the recoil nucleus, but

built on states which cannot exist in that nuclide because of the Pauli Prin-

ciple. The broad theoretical expectations have generally been confirmed by

experiment.

Consider the free nucleon process ir~p •* ny occurring in the nuclear poten-

tial well. The ^9 MeV recoiling neutron will often fail to escape the nuclear

well. Excitation of bound states of the recoil nucleus results, giving sharp y

lines. 3 body final states due to the reaction NZ(TT~Y) " (Z-l) + n are als

expected when a neutron escapes. These give a continuum part to the y spectrum

Spin flip is expected to accompany isospin flip for the nucleon, due to the

basic TTN coupling (and to angular momentum conservation for s state capture).

The simplest transitions expected are shown in Fig. 1. Spin and isospin
13 13

flip alone of a valence proton in C leads to the ground state of B. The
transition has AJ7T(T) = 1 (1). Spin and isospin flip accompanied by a change

13of radial quantum number is also allowed and leads to excited states of B via
transitions AJ77^) = (1,2)~(1).

As indicated in Fig. 2, the B fiS is the analog of an isovector giant Ml

level observed at 15.11 MeV in C by inelastic electron scattering. Certain
13 13

of the excited states of B have their analogs in the GDR region of C. The
4

well established notion of nuclear CVC insures that matrix elements derived
from isovector electromagnetic transitions must be the same as ones from "charge

exchange" reactions to analog states if evaluated at the same momentum transfer.

Therefore Try can be used to study transition mechanisms and strengths in the

target nucleus. In this report, harmonic oscillator radial wave functions have

been used to remove the momentum transfer dependence and extract reduced matrix

elements of interesting spin and angular operators.

III. EXPERIMENTAL APPARATUS

The U ~ , Y ) reaction leading to states of moderate excitation (0-15 MeV) in

the recoil nucleus gives photons of energy greater than 100 MeV. Neglecting

nuclear recoil, nuclear final states separated in energy by AE show up as photon

peaks separated by AE. Therefore the utility of (TT'Y) for nuclear structure

work depends critically on the photon energy resolution achieved (usually ex-

pressed as the FWHM of a sharp y line like the one from TT~P -> ny). The
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apparatus of choice at present is an electron positron pair spectrometer of the

type shown in Fig. 3.

The pion beam from the Low Energy Pion Channel at LAMPF is degraded in

energy so as to stop in the target under study. Photons from the target are ad-

mitted through a hole in the shielding wall. The hole is covered by a plastic

scintillator to veto charged particles. Conversion of the photons into e e"

pairs occurs in one of two gold foil converters. A plastic scintillator between

the converters is used to determine from which foil a given pair came. The

pairs are bent through ^180° by the twin C magnet. An event trigger is defined

by a coincidence between nonadjacent pairs of trigger counters. Four points on

each trajectory are then measured with the two multiwire proportional chambers,

encoded by LBL designed electronics, and written on tape using the "Q" computer

data acquisition system.

The analysis follows a procedure outlined by Wind and first implemented

for Try work by the SIN group. A ray tracing computer program is used to simu-

late the passage of pairs through the measured field of the twin C magnet.

These simulated "events" are used to generate a multiparameter interpolation

formula for the energy and incident angles of the pairs in terms of the

measured points on the trajectories. The procedure converges very rapidly.

Fig. 4 shows the hydrogen spectrum obtained by plugging real data into an in-

terpolation formula obtained from 250 simulated events. The 850 KeV FWHM ob-

served is very close to the theoretical estimate of ̂ 600 KeV obtained by con-

sidering only converter thickness. Once the interpolation formulae for a given

geometry are established, the event reconstruction and analysis are very quick

and cheap (.01 CPU sec/good event on CDC 7600 at LBL), and at SIN has been im-

plemented on-line during the experiment. This is a great advantage over the

previous method of iterative ray tracing for each event.

The lineshape, the overall acceptance of the pair spectrometer and the

energy dependence thereof are obtained from the known hydrogen spectrum and

branching ratio, and from pion flux measurements using a three element beam

telescope. Hydrogen runs are interspersed with data runs. A further check is
12 - 12provided by some C(TT,Y) B data which can be compared to previous results from

Berkeley7 and SIN.8
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IV. RESULTS

The y spectra from C target (40g elemental C kindly lent by Bob Macek

of MP-13), and a liquid natural neon target are shown in Fig. 8.

The peaks have been fitted with several lines, and a nucleon pole model
Q

function has been used to parametrize the 3 body continuum contribution. The

excitation energies and partial branching ratios obtained from the fits are

tabulated in Fig. 5. (The fits are not shown.)

A. Ml Transition in 13C

The prominent peak at a photon energy of 125 MeV is the transition
13 - 13

C(TT~,Y) B GS. The peak nicely exhibits the instrumental lineshape. This is
the analog of a giant Ml transition observed by 180° inelastic electron scat-

•|O"]r\ _ TO TO .̂

tering on C. The analog 8" decay B ->• C + 3 + v has been observed
11 e

and its ft value accurately measured. The reduced matrix elements contributing

to each of these processes are shown in Fig. 6. One sees that the low momen-

tum transfer matrix elements of magnetization and spin density are completely

determined by combining electron scattering at low momentum transfers with 6

decay. Knowledge of the TTY rate and electron scattering form factors at

moderate momentum transfer allows the separation of the high momentum transfer

Ml transition strength into spin and orbital magnetization contributions. In
20some cases, such as Ne, the analog 3 decay is not accessible to measurement.Then the TTY rate alone may be combined with the electron scattering to constrain

the Ml transition mechanism.

Fig. 7 shows the numerical values obtained for the various matrix elements

for the 15.11 MeV Ml transition C, and which experiments determine them. The

pion radiative capture rate is completely consistent with the other measurements.

The high momentum transfer spin density matrix element of T [a x Y9] is found
+ 1from the pion capture data to be much smaller than T [a x Y ] , as was the case

with the very similar Ml transition in C. The addition of inelastic electron

scattering at q i, 1 fm" would complete the picture; unfortunately this data has

not yet appeared.

The matrix elements obtained from these experiments show that this tran-

sition is spin-flip dominated, as expected from a naive (p 3/2) -»• p l/2(p 3/2)

model for the protons. The theories of the various processes are shown to be

consistent at these momentum transfers (MD - .7 fm" ) without including any

exotic effects.
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C ("Theory" from ref.10.corrected as noted In text)
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B. Ml Transition in Ne

The Try spectrum fo r Ne shown in Fig. 8b shows a smal l , broadened peak at

E ^130 MeV. As shown in the level scheme of F ig. 9, th i s is close to the
Y 12

energy of the giant Ml state observed in i ne las t i c electron scat ter ing at

11.24 MeV in uNe (1.06 MeV in CUF). The Ml s tate in th i s case is not the ana-

log of the neighboring ground s ta te . The .03 ps rad ia t i ve l i f e t i m e fo r decay
20 20

of the analog level i n F to the F ground state makes observation of the
20decay to Ne impossible, so only Try and e,e' data are ava i lab le .

The Ml t r ans i t i on has been studied by Wildenthal & Chung. Their ca lcu la-

t ions ind icate that the mechanism is pr imar i ly o rb i t a l recoupl ing, not spin f l i p

as in a naive ( l d 5 / 2 ) 4 •> ( l d 5 / 2 ) 3 l d 3 / 2 model fo r the protons. This is in sp i te

of the much heavier weighting of spin f l i p in the expression fo r the electromag-

net ic t r ans i t i on ra te . Their ca lcu la t ion agreed wi th experiment fo r the elec-

tromagnetic decay width of the 11.24 MeV s ta te , but the unusual mechanism could

not be checked.

The broad peak observed i n the iry experiment appears to be composed of

three overlapping states at 1.31 MeV in 20F (J^T = 2~1), 1.05 MeV in 20F

(J^T = 1 + 1 , the Ml state) and the 20F ground state (J^T = 2 + l ) . F i t t i n g the

peak wi th three overlapping l ines convolved wi th the well known and stable l i n e -

shape of the pai r spectrometer allows ext ract ion o f the branching ra t i o to the

Ml s ta te . The resu l t is R = (1.2 ± 0.6) 10" , where the error re f l ec ts the un-

cer ta in ty in the f i t t i n g procedure as well as the overal l normalization uncer-

t a i n t y . The constra int on the spin f l i p matrix elements given by th i s rate is

shown in Fig. 10. The matrix element of x [a x Y ] must be less than ^.105±.02.
o 12

Using t h i s value wi th the electron scat ter ing data of Bender one obtains

( J f | |T [L x Y ] | | J . ) >̂  .67 ± . 1 . The matrix element values calculated by

Wi ldentha l 1 3 b are x+ [a x Y Q ] ] = .105 and T + [ L X Y Q ] ] = .605. The theoret ica l

expectation of o rb i t a l dominance is thus nicely confirmed. The resu l t is qu i te

insens i t i ve to l a r g e errors i n the Try ra te , as indicated in Fig. 10.

This sor t of analysis is not l im i ted to Ml t r a n s i t i o n s , but these are most

strongly exci ted in the nuclei considered here.

Spin f l i p matrix element at low q is weighted by the sum of the nucleon mag-
net ic moments ^4.7 in the Ml amplitude.
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C. Calculation of C(ir",y) resonance spectrum

Fig. 11 shows the C radiative capture spectrum again. The smooth curve

represents the results of a full 1S-1P-2S-1D harmonic oscillator shell model

calculation for this reaction, published by Dogotar et al before this experi-

ment was run. The branching ratios given by Dogotar have been corrected to re-

flect a preferred value of the total absorption width calculated for the 2P

level of pionic carbon, but there is no arbitrary overall scale factor between

the two curves. The agreement of positions and strengths of the major reso-

nances is satisfactory. The branching ratios are tabulated in Fig. 5.

The calculation of the spectrum includes no model for the quasi-free back-

ground. Calculations in the continuum shell model have been published in
— l ? i fi

which the entire (TT ,y) spectra from C and 0 have been rather accurately

reproduced.

Most of the resonances predicted are above the neutron separation energy in
13 13

B. None of them appear as "giant resonances" in excitation from B. Some ap-

pear in the data at energies strongly suggesting that they are analogs of states

excited strongly by photonuclear absorption or El and M2 inelastic electron scat-

tering from C. These energy relationships are indicated in Fig. 12. Dogotar

et al find that the configurations calculated for these resonances supports their
13identification as analogs of El and M2 components of the C giant resonance.

1 Q

The existence of this so-called spin-isospin mode of the GDR has been contro-

versial since the early days of high resolution radiative pion capture work.

Calculation of the shell model configuration of these states helps to c lar i fy

the situation.

Another controversial point has been the absence of the prominent GDR-like

excitations above the continuum in (TT",y) spectra from medium and heavy nuclei,
40 19

even those with N=Z like Ca. This remains an open question which more de-

tailed nuclear structure calculations or refinements in reaction theory may

clarify.

It is evident that the ability to separate spin and orbital contributions in

transitions pro"ides more sensitive tests of structure calculations than the

electromagnetic data alone. Excellent agreement between theory and experiment
14 12 ? 10

has been obtained in the present work as well as at SIN using C, H, B,
1 fi 18

' 0 and other targets. This gives one confidence to proceed in extending the

(Try) reaction, for example to the in - f l i gh t case where higher momentum transfer346
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can be achieved and exotic phenomena l ike pre-cr i t ical phenomena can be probed.

Several other interesting exotic photopion reactions have been discussed by

Truol.1 4
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FIGURE CAPTIONS

Fig. 1. Schematic diagram indicating analog relationship between states: of
12B seen by (TT ,y) and states of '̂ r. seen by electromagnetic excita-
tion.

Fig. 2. Schematic diagram indicating energetics of analog states in B and
'^c excited by (TT~,Y).

Fig. 3- The LBL pair spectrometer.

Fig. k. Experimentally observed spectrometer response function showing 850 keV
resolution and low background The data shown is for (TT",Y) on a
hydrogen target. No target-empty or any other subtractions have been
made.

Fig. 5- Preliminary values of energies and branching ratios for transitions in
13C(TT,Y)13B*.

Fig. 6. Reduced nuclear matrix elements contributing to isovector Ml transi-
tions in 1ight nuclei.

Fig. 7- Numerical values of C isovector reduced nuclear matrix elements
derived from experiment.

Fig. 8a. Spectrum of y rays following nuclear absorption of stopped i\ in elemen-
tal 13C target. The sharp peak at 125 MeV is the 1 3 C G S U~,y)13BGS
transition, analog of the 13c grant Ml transition at 15.11 MeV. Note*
again the experimental lineshape with FWHM 850 keV.

Fig. 8b. Same as 8a for 7T on liquid natural neon target. Note broadening of
Ml analog peak by neighboring states.

20 20Fig. 9- Energy level diagram for isovector transitions in Ne and F.

20 - 20Fig. 10. Constraint on spin flip matrix elements from Ne(iT ,y) F (1.06 MeV)

rate. Error bars shown on axis correspond to R = (1,2 + 0.6) • 10"^.
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Fig. 11. Comparison of experimental C(TT ,y) spectrum to shell model calcula-
tion of Eramzhyan et al. (Ref. 16). The theory curve has been corrected
to reflect a preferred value for the total width of the pionic 2p state
of carbon, but there has been no arbitrary overall scale factor applied.

Fig. 12. Tabulation of energies of states in the Grant resonance region of C
seen by (IT~,Y) (e,e') and (y,n) reactions.
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QUARK EFFECTS IN JUCLEI

by

D. Robson

ABSTRACT

The effects of quarks in nuclei is inves-
tigated using a recently obtained interquark
potential which fits a large range of meson
data. Van der Waal interactions between hadrons
are found to be non-existent and the nucleon-
nucleon interaction shown to take the fonr, of
a non-local spin dependent potential. Hidden
color components of the lightest nuclei are
estimated to be 50% of the total wave function.
This and other predictions for A!:4 nuclei are
briefly discussed.

I. INTRODUCTION

Once upon a time nuclei were composed of neutrons and protons. This model
of nuclei, which might aptly be called the nucleon constituent model (NCM) had
the constituents interacting via a "strong" unknown short range interaction
called the nuclear "force". Following Yukawa the nuclear force was ascribed to
the exchange of mesons of various masses. Observed deviations, if any, from
the NCM were almost always related to the 'meson presence1 in nuclei, which in
turn is expected in the form of meson exchange currents and/or excited baryon
components in the nuclear medium. In the above approach to nuclei the internal
degrees of freedom of baryons and mesons are essentially hidden in the parame-
terization of their mutual coupling constants. Unfortunately such an approach
has led to the fashionable belief that strong interactions within hadrons and
strong interactions between hadrons are not easily related. This in turn has
led to a schism between particle physics and nuclear physics. Indeed many
nuclear physicists are still unaware of the quark-gluon revolution in particle
physics, yet they are becoming increasingly aware that the conventional approach
cannot hope to provide a complete solution to nuclei. It is the purpose of this
talk to show that the quark-gluon approach is very relevant in nuclear physics
and that such an approach could well contain the complete solution to nuclei.

In the quark-gluon theory the various physical hardons are replaced by
quarks which interact via gluon exchanges. In the simplest versions of this
approach the gluon degrees of freedom are eliminated in favor of "potentials"
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between the quarks. At low and medium energies baryons are composed of three
constituent quarks and mesons are composed of a quark-anti-quark pair. Nuclei
in such a theory are then composed of quarks which tend to cluster into trios
as physical baryons. The interacting quarks have an interquark potential which
describes both the strong forces within hadrons and between hadrons. This al-
lows us to put particle physics and nuclear physics on a consistent footing.
The remarkable success of the quark model and its associated field theory QCD
(quantum chromodynamics) in particle physics augurs well for equally remarkable
improvements in the closely related field of nuclear physics. We note in
passing that alternative approaches to quarks in nuclei such as bag models or
string models are interesting but at the present time they are unlikely to be
tractable models. Here we adopt a potential approach to quarks in nuclei pri-
marily because such a model"is"tractable ."

Critics of a potential model of quarks have suggested that it cannot be
used to describe hadron-hadron interactions because of the recent work1 by
particle physicists which indicates the "existence" of Van der Waal-like
potential interactions between hadrons that are predicted to be strong enough
to exceed gravitational forces at 1 kml As indicated below this criticism is
totally erroneous and arises because of the inappropriate approximations used
by the early workers for this problem. Other critics point out that light
quarks, such as those inside nucleons, are moving relativistically and there-
fore a Schrodinger equation cannot be used. Recent work by Stanley and Robson
shows that this is indeed the case, yet it is possible to find a "relativistic"
version of the basic quark-anti-quark Hamiltonian which remains calculable
enough to be applied to larger numbers of quarks.

The remaining question about the use of interquark potentials is whether
they are two-body or many-body. This is particularly difficult to answer in
the case of the confinement potential since even for mesons the origin of the
two-body confinement is not yet properly understood. However, as yet one
should not listen too seriously to criticisms of the potential model which are
based on other models such as bags and strings. Clearly the particular choice
of a bag shape or a string configuration will lead to a corresponding potential
confinement model. Until we can derive bag shapes or string configurations in
an unambiguous way from the underlying field theory one should be cautious
about "deriving" potential models from bag models etc. Indeed these alternative
models are not necessarily any more fundamental than potential models, although
of course they may well give us further insight into the general theory. In
fact the phenomenological potential model of quarks when pursued into the realm
of nuclei suggests that multi-quark forces are ineffective or non-existent in
nuclei. We are optimistic that nuclei can be described therefore in terms of
quarks which interact only pairwise. Such a quark constituent (QCM) model is
reminiscent of the cruder nuclear models of yore which avoid multi-body forces
as much as possible. We should hasten to point out, however, that although
the quarks may interact only pairwise this does not mean that nucleons interact
pairwise. In fact the quark model requires the existence of many-body forces3

between nucleons.

A second requirement of the quark model is that nuclei consist not only of
nucleons but spend a considerable fraction (~50%!) of their time as hidden color
baryons. The latter component of nuclei are an absolute necessity from a quark
model point of view and must dominate elastic and inelastic (no mass transfer)
reactions at large momentum (q~3f l) transfer. The hidden color components of
nuclei are confined to small pockets of attraction and behave"* like a semi-
rigid quark "lattice" which is "weakly" coupled to the conventional nucleonic
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motion. The quark lattice has quark frequencies typical of those existing with-
in single hadrons and are the source of the mysterious pair (or more) ^correla-
tions" which have been proposed to exist in nuclei for many years. In the
following we begin by describing a basic quark pair interaction which fits2 the
meson spectrum and then discuss the consequences of such a potential model in
nuclei. For brevity we shall only consider the very light nuclei with A^4.
Some results for heavier nuclei have been discussed elsewhere.

II. BASIC INTERACTION

Here we outline the model of Stanley and Robson.2 The two-particle
Hamiltonian is given by ffi=c=i) ,

SR LR A

in which electromagnetic terms are neglected and relativistic kinematics, as
represented by the first two terms are used. The potential energy has three
contributions. The first is the "electric" and "magnetic" short range (SR) in-
teraction presumably associated with one-gluon exchange, i.e. with s = r'-r"

V (s,O.,o.) = A F.-F.{ — Ca.-O.6(s) + spin-orbit + tensor} (2)

The operators F are the eight components of the SU(3) color space and the dot
product (meaning the sum over all eight color states) ensures exact color con-
servation. The s"1 form of the one-gluon exchange term corresponds to the as-
sumed massless nature of gluons. The coupling strengths A,C, s t c , were found
by fitting the meson data from pions to upsilonium. The remaining two contri-
butions V L R and V^ represent the long range "electric" confinement and the pos-
sibility of gluon annihilation and creation of zero flavor-spin mesons. The
former is taken to be a simple linear potential

VLR = -^i'Ej ^ (3)

ro

and the latter (VA) is used to understand the strong mixing between the light
pseudoscalar mesons (n,rT) as well as the T\Q-T) mass difference. Since the anni-
hilation interaction V^ only occurs for quark-anti-quark pairs it is not rele-
vant to our main interest here which involves only quarks. We refer the reader
to the original paper2 for a discussion of V^.

The brackets around V S R in H-̂ j above requires some discussion. In prin-
ciple: for two particles of spin-^ we should be using a relativistic wave-
equation such as the Bethe-Salpeter equation. The reduction of such an equation
to a non-relativistic version via an expansion into powers of (v/c) leads to the
Fermi-Breit approximation. Unfortunately the strength of the spin-dependent
terms is too large to treat them perturbatively (although most previous workers
do use perturbation theory anyway). Furthermore the 6(§) interaction in Eq. (2)
leads to a divergence if one attempts to treat it non-perturbatively for total
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spin S=C states. In a 'proper' reduction of the Bethe-Salpeter equation 'small'
components are eliminated by an infinite succession of Chraplyvy6 transformations.
Clearly such a procedure is impractical and in the work of Stanley and Robson a
parametric model of the transformation is adopted. Such a parametric model
introduces an effective size for quarks (much like the Compton size used in OED
and the Dirac equation for an electron) which allows not only for the elimina-
tion of small components but also for the fact that we use dressed quarks, where-
in self-interactions, vacuum polarizations, etc. have been eliminated in favor
of an effective mass. The brackets around Vg^ represent an average over the
size of each quark and is carried out in Ref. 2 by double-folding a Yukav/a
shape for each quark over the interaction of Eq. (2). Our quarks have an ef-
fective size of -0.15 fm wh<Lch is small relative to most nuclear dimensions,
nevertheless the introduction of a small size is essential for -as to carry out
a non-perturbative calculation for the basic Hamiltonian in Eq. (1). It is
amusing to note that the solution to Eq. (1) for eigenvalues and eigenfunctions
is easily achieved by diagonalizing Ĥ .: using a harmonic oscillator basis.

The entire set of results is too lengthy to repeat here. Table I shows
typical calculated eigenenergies for several mesons. In general the calcula-
tions agree with data within -20 MeV. Not only were energies fitted, but also

Meson

TT
K

n
p
0)

K*

n'-e-
D
D*

T

TYPICAL MESON

G P
I (J )C

1~ town-
's (0~)
0+(0 )+

1+(1~)-
o-(i )-
h (1 )
0+(0~)+
0 (1 )-
h (0~)
h (1 )
0"(l")-
0 (l")-

TABLE I

MASSES CALCULATED IN REF.

ETHEORY ( M 6 V )

132
490
565
755
787
889
937
1016
1875
2013
3102
9470

2

EEXPT. ( M e V" r

135, 140
494, 498

549
773
783
892
958

1020
1863,1868
2006,2008

2095
9460

Most data are from Ref. 7. For remainder Refs. are given in Ref. 2.

Ml and El radiative transitions plus photon and lepton pair annihilation widths
were calculated in close agreement with all the available data. In this way
the short and long range behavior of the int^rquark wave functions was checked
and found to be reasonable. This is the first quark potential model which
successfully fits the light quark and heavy quark mesons. Furthermore the
model is no longer open to the criticism of the relativists which no doubt is
why it turned out to be so much more effective for light mesons than the earlier
models. _

From the color singlet q-q system where F^-Fj yields an eigenvalue of -4/3
we can construct the q-q particles depending upon whether we have an
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+500-

antisymmetric color pair {3} or a symmetric color pair {6} of SU(3) C 0 L 0 R.
Using the eigenvalues of F-[ -F* as_-2/3 and +1/3 for these two cases respectively
we have the simple relations'"Vqq (3) = -2Vqq (6) = ̂ " ( l ) between "diquark" and
color singlet meson potentials.

Using the parameters of Stanley and Robson for the potentials which fits
the TT and p-mesons we obtain the four potential curves for S-wave diquarks
appropriate to the substructure of nucleons shown in Fig. 1. The large split

between S=0 and S=l states arises from
the very strong O± -£j potential which
is necessary in order to understand
the large difference between the
masses of the T\ and p-mesons. Note

. - • that whereas only color antisymmetric
pairs occur within a three quark
baryon the color symmetric pairs must
also occur for all multi-baryon nuclei.
The color symmetric pairs with attrac-
tion beyond ~.8F and strong repulsion
at short distances is reminiscent of
the empirical nucleon-nucleon inter-
action. As indicated below this is
because color symmetric pairs play a
central role in the dinucleon system.

III. NUCLEON-NUCLEON INTERACTION

The structure of the nucleon in
terms of three quarks is very simple
in lowest order theory wherein the
spatial state is all S-wave and
totally symmetric. In this case the
nucleon belongs to a totally symmetric
56-multiplet of SU(6)FS made out of
SU(3)F S SU(2)S for flavor and Pauli-
spin respectively. In particular on
this simple model the nucleon is an
isospin (l=h) doublet of the mixed
symmetry octet representation of
SU( 3) FLAVOR an(^ a spin-'s doublet of
the mixed symmetry state of SU(2)SPIN-

Multiplication by the totally
antisymmetric state of SU(3)C ensures
a color singlet state and that the
three quarks obey a generalized Pauli
Principle in all degrees of freedom.
Such a nucleon state can easily be
written as a superposition of states
in which one quark is "distinguishable"
and corresponds to a fractional
parentage expansion. We find

0.2 0.6 0.8
r(fm)

1.0 1.2

Fig. 1.
Quark-Quark potentials constructed
from expressions given in the text.
The dotted and dash-dot curves are for
symmetric color states with S=0 and 1
respectively. The full curve and
dashed curves are for antisymmetric
color states with S= 0 and 1 respec-
tively.
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Vl.2.3) = ^ S I( S I(1) «Xgg<2,3) (4)

SI
where Xqq is a properly antisymmetrxzed pair of quarks with spin S, isospin I
which is vectorially coupled to quark number one to yield the quantum numbers
for the nucleon. For the simple case considered here we have only two parents:
S=O=I and S=1=I with equal probability [aSI = l//2̂ ] if all states are ortho-
normal with unit norm. Several authors have used such a state to calculate the
nucleon-nucleon interaction with the ensuing result being repulsion everywhere.

To obtain a correct result for the N-N interaction requires a correct
treatment of the nucleon itself. Exact calculations for the relativistic three
quark model are now in progress in Tallahassee. However a qualitative discus-
sion is quite enlightening. The non-perturbative treatment of the spin-spin
interaction is an essential ingredient of the problem. The point is that the
radial solutions of the three quark model must be distorted by the strong spin-
spin interaction. In particular the radial functions for the x(2,3) stare will
be compressed for S=0 parents and expanded for S-l parents corresponding to
the sign of the spin-spin interaction between the two quarks. Consequently the
'last' quark labelled by (f>(l) has a radial solution which will be expanded or
compressed corresponding to whether the parentage is S=0 or S=l respectively.
Thus the outer extremities of the nucleon are totally dominated by a probability
density for a single quark which has only S=0=I parentage for the other two
quarks. Such a spin distribution in the nucleon will occur in non-perturbative
calculations and is absolutely vital for obtaining an attractive N-N interaction
at large distances from a six-quark model. This argument was given in an earlier
publication3 but has been overlooked by other workers.

If we examine two nucleons adiabatically at "large" separations wherein
their extremities overlap weakly then there will be a non-negligible interaction
between a quark in one nucleon with a quark in the other nucleon only when all
the other quarks have S=O=I for their total spin ai.d isospin. In this situation
the pair of interacting quarks carry the quantum numbers of the dinucleon• For
the triplet and singlet states of the S-wave dinucleon we have from the Pauli-
Principle for nucleons that S=0, 1=1 or S=l, 1=0. The pair of interacting
quarks must have the same quantum numbers (since the parent quarks carry no soin
or isospin at these distances of N-N separation) and by the generalized Pauli
Principle for quarks in even parity states they muEit have color states which are
symmetric in order to achieve overall antisymmetry for the interacting quark
pair. Thus we have a symmetric color quark pair dominating the N-N interaction
at large separations. The long range q-q potential for symmetric color pairs
is attractive at large distances and all that remains in a qualitative discus-
sion is to understand why the tail is exponentially damped rather than a long-
range Van der Waal type interaction. The above is a little too naive to ac-
complish this last objective and we turn to a more precise theory wherein all
6 quarks are involved in the N-N interaction.

We begin by noting that the fully antisymmetric six quark system involves a
unique Young tableaux for color, i.e.

or [23]

as it is usually written. This 5-dimensional representation of the six particle
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permutation group Sg is also a one-dimensional representation of SU(3)coLOR'
i.e. the desired color singlet state for a dinucleon system. To accomplish
overall antisymmetry for six quarks the full solution is obtained by the proper
products of five states each having the conjugate tableaux in the remaining
variables (spin, isospin, and orbital), i.e., the representation [32]. Conse-
quently the abbreviated notation

4>(1,2,...,6) = X([23]C) & ^ ([32],ISLJ) (5)

represents a fully antisymmetrized state with overall color (C) being a color
singlet. Since the color tableaux determines the tableaux for the remaining
degrees of freedom we shall use it as our label of our states in a simpler
notation. It is important to note that the mixed symmetry states [23] contain
only two types of three quark states, i.e. [23] contains [l3][I3] and [21][21]
wherein the first are a product of two color singlet states and the latter are
a product of two color octet states. The former can represent physical or
isolated baryons whereas the latter can only represent a pair of colored baryons
which cannot be seen in isolation because the interaction between a colored
pair (coupled to a color singlet total) is completely confining in the same way
as occurs for quarks within a hadron. The occurrence of such colored pairs in
a properly antisymmetrized six quark system is a necessity and is the hidden
color component of the mass two nucleus referred to in the introduction. Such
a product of trios occurs if we make a fractional parentage expansion of the
six quark state into distinguishable pairs of three quarks, i.e.

iMl,2,...,6) = la nX ([I3] [I3]) S ^ ([3][3])
a

(6)

+ K 8
X a ( [ 2 l M 2 l ] ) 8 ? a( t2l] . [21])

in which each three quark subset is separately antisymmetrized. The coeffi-
cients of fractional parentage aaj_ and aa8

 a re regarded as being functions of
the separation R between the centers-of-mass of the quark trios. For brevity
we simplify the above model and imagine two "channels"; a pair of color singlet
nucleons and a pair of color octet baryons, i.e.

0(1,2 6) -> XN(R)|NN> + XC(R)|CC> (7)

The more general case involves other channels which include color singlet
pairs involving A's and N*'s as well as all possible color octet baryon pairs.
The important results are not affected by such a generalization. Substituting
the above expansions into the equation for \p yields coupled equations

(TN + UNN

(TC + UCC

(8)
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in which U A B is obtained by integrating out the internal variables of the quark
trios, i.e.

3 6
U (R) = <AA| I I V |BB> (9)

i=l j=4 J

with Vij being the q-q interaction discussed above. The energies E N and E^ are
the usual channel energies of relative motion and T$,TQ are the appropriate
kinetic energy operators. It is easy to show that

0 • a n d • - - • . . . . . . .

_R_ (10)

r2

The first follows because color singlets cannot be connected by octet color
operators F^ and the second describes the fact that colored pairs coupled to
a total color singlet are heavily confined via the large eigenvalue of -3 for
Fi.\Fj. Following a simple elimination of color channels yields the formal
solution for XN i-n terms of a non-local potential:

VNN = UNC(EC " TC " UCC)"1UCN = \ V '

where the states |3> are eigenstates of the color octet channel Hamiltonian
T C + U c c.

Equation (11) suitably generalized to many channels is the nucleon-nucleon
potential we should use to find binding energies and phase shifts. The form
of Eq. (11) is interesting because terms with Eg < E^ yield repulsion and terms
with Eg > E c yield attraction. Since states with a minimurr eigenvalue have
minimum spatial extent we expect the above yields repulsion at short distances.
At larger distances we encounter states with Eg > EQ which will yield attraction
at the appropriate separation distance. Since U^Q conserves 1,3^, etc. and
since the states |3> will have different eigenvalues and eigenfunctions for
each set of conserved quantum numbers then we expect the N-N interaction to
involve a different non-local potential for each "partial wave". The expansion
into states j 3> suggests that when truncation of the set is a reasonable ap-
proximation then we should expect the nucleon-nucleon interaction to be well
represented by a sum of separable potentials. Recent phenomenological attempts
in this direction have been quite successful even when only a very few terms
are retained.

The non-local, partial wave dependent, form of V^N suggested by the quark
model involves soft-core energy-dependent interactions which slowlyT convert
from attraction into repulsion as the energy increases. In particular the

An exception occurs when E Q - Eg for a value of 3 where a reasonably narrow
"dibaryon" resonance might occur if this state couples weakly to the continuum.
Such states appear to exist and must eventually be understood via a quark model
approach.

359



attractive part is exponentially damped at large distances because the channel
state Xc i s confined there via U c c. This is easily seen from Eq. (8) where at
large distances the operator U c c exceeds all other interactions and requires
that Xc behave exponentially as e~^R at large R. Previous workers1 have
calculated two gluon exchange graphs only which corresponds to neglecting UQQ
in the above "exact" theory. The potential V N N without U c c in the intermediate
propagator has the form

' which automatically leads to long range forces because the colored pair can
propagate freely. Due to the infinite range of UCc it is not appropriate to
use second order perturbation theory at large separation?. Indeed the correct
theory is given by Eq. (11) rather than (12) and yields the expected exponen-
tial damping of the nucleon-nucleon (or any hadron-hadron) interaction at large
distances. This result was obtained earlier3 by a different argument based on a
quark exchange mechanism and is crucial to all the work with a quark potential
model.

Finally in this section we note that the entire nucleon-nucleon interaction
arises from the coupling into colored baryon pairs. Clearly from a quark view-
point "hidden color" is the vital new component of the dinucleon system.
Furthermore since we know from experiment that the two channels (colored and
uncolored) are relatively weakly coupled via a strong interaction we can only
understand this if we assume their state vectors are weakly overlapping. Since
in each region we must normalize X^ an£3 Xc t o describe a six quark system with
the same norm then we can conclude that the dinucleon "tunnels" into the colored
pair space and spends closed to 50% of its probability amplitude squared as a
colored pair. The existence of colored baryons for approximately half the
time in nuclei is a major and inevitable prediction of the quark model con-
sidered here. Provided that the quark potential approach is a reasonable
phenomenological representation of the underlying QCD theory then the above
prediction will follow for any reasonable quark model. At higher energies
(~300 MeV above the deuteron) we expect to see interesting effects from di-
baryon resonances. Besides the observations directly from polarized p-p scat-
tering recent work with (TT+,TT~) double charge exchange reactions suggests the
importance of such states for T^ ~ 300 MeV. Such resonance effects are
naturally included in the quark model but require considerable contrivance in
conventional nuclear models.

IV. MANY-NUCLEON FORCES

Some of the important results from the quark approach stem from the need
for three and four nucleon interactions. Such a concept was proposed3 a few
years ago by this author. Here we would like to give a reasonable "proof" of
the importance and nature of the "many-body" interaction in nuclei. Much of
the work in Ref. 3 was based on the plausible relation

!r. general the dinucleon could also have contributions from A-A pairs but such
:.T" are expected to be small.



<V4> = 2<V3> = 6{^[<V2
 2> + <V^ °>]} (13)

in which the last two were associated with the physical binding energies in
mass two and V3 and V4 were regarded as the three- and four-body interactions
between nucleons due to multi-quark exchanges. Now we turn to a direct calcu-
lation of such a relation based on the simple quark model for the various
systsms with 3, 6, 9, and 12 quarks.

Obviously it is difficult to calculate the multi-quark dynamics exactly
for so many quarks. However for certain regions of co-ordinate space we can
calculate. In particular we can calculate the energy of a system of quarks
when they are all in fehe same spatial-state with a common origin relative to"
the energy of a set of n non-overlapping color singlet quark trios with nucle-
onic quantum numbers. Such an energy difference represents the energy required
to bring n-nucleons from large separations into the origin. Such a pile of n-
nucleons at the origin are allowed by the Pauli-Principle for quarks only for
n-4 (i.e., 12 quarks is the maximum). If all quarks have the same S-wave state,
which is appropriate near the origin, then the electric terms all yield zero
for a color singlet nucleus. The magnetic or spin-spin term does not vanish
and yields the entire energy in terms of a single parameter, i.e.

= 2 (Eg - 3E3) = &{h (E^
1 + E ^ ° - 2E3) } (14)

wherein individual terms can be calculated from SU(6) for SU(3)QOLOR X

SU(2)sPIN as shown by Jaffe.10 Using J<
we have (color singlet quark ensembles)
SU(2)gPIN as shown by Jaffe.10 Using Jaffe's result for the magnetic energies

H = h [~hCr + \ S(S+1) + 8N] (15)
mag mag 6 3

where C5 is the quadratic Casimir operator for SU(6)(-.S for a given color-spin
(CS) Young Tableaux, S is the total spin and N is the number of quarks. Noting
that if 0(3) is totally symmetric (as assumed here) then the isospin tableaux
determines the SU(6)^s tableaux to be its conjugate in order to obtain overall
antisymmetry. In this way we assign the nucleon to [21] with Cg=66, S=h, N=3
and obtain Hmag = -8hma_. Similarly the delta baryon involves [i3] with
Cg=42, S=3/2, N=3 so that Hmag = +8hmag. The energy difference between the two
baryons is then 16hmag which suggests hmag - 300/16 MeV. The multi-nucleon
systems results are given in Table II below.

Associating E N in Eq. (14) with H m a from Table II yields the ratios given
in Eq. (14) and suggests that the actual values of "repulsive cores" be asso-
ciated with the results Ej2 ~ 4E3 = +2.4 GeV, Eg - 3E3 = +1.2 GeV, and
E6 - 2E3 = +0.35 GeV (S=l), +0.45 GeV (S=0). We refer to the 1:2:6 ratio as
the additivity relation because it arises simply from the number of quark pairs
^KKN-l) in each system provided we assume equal contributions from S=0 and S=l
states. Since as we outline below the above additivity rule yields correct
binding energies for mass three and four it is good evidence that quarks inter-
act only in pairs. Multi-quark interactions must be either small or somehow
cancel out. Repulsive cores in recent N-N phenomenological potentials such as
the Reid soft-core have values not dissimilar from those obtained above from
the simplest quark model.
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TABLE II

EIGENVALUES AND QUANTUM NUMBERS OF COLOR-SPIN FOR MULTI-QUARK STATES

Particle SU(6) C S I C 6 S N Hmag/
hmag

Singlet deuteron
Triplet deuteron
Triton
ct-particle

[2212]
[23]
[2-1]
[26]

1
0

h
0

80
96
66
0

0
1

h
0

6
6
9
12

8
8/3
40
96

A similar additivity occurs in the attractive region. For three bound nu-

cleons the attractive region is reached (three body-wise) when all three are

slightly overlapping. By a similar argument to the two-nucleon case the inter-

action in the three-nucleon low density region will involve three quarks all with

color symmetric pair states, i.e., a decuplet^ representation of S U ( 3 ) ^ Q L Q R . In

this attractive 3-quark region the three quarks carry all the spin-isospin quan-

tum numbers carried by the triton and the small interaction binding energy be-

tween the three quarks will be just three times the interaction between any pair

of quarks when the other quark is not overlapping. Since as noted above the nu-

cleon spends half its time in the S=0 dequark parentage and half in the S=l di-

quark parentage End noting further that the attractive interacting region is

dominated by the quarks with S=0 diqucrk parentage then at equilibrium we have

equal probabilities for

(1) three quarks being attractively bonded, each having a diquark parent

with I=0=S, and

(2) three equivalent configurations in which two quarks are attractively

bonded (these two having parents with I=0=S) and the third is a

spectator quark with parentage I=1=S.

Also the probability for configurations (1) and (2) is equal to the probability

that none of the quarks are attractively bonding at equilibrium. The above

results follow from fractional parentage for the nucleon and the spin distorted

radial states of the nucleon due to strong spin-spin interactions. In the

attractive or binding region we therefore obtain again the additivity relation

<E > - 3M, = -| [<E^=1> + <E^=°> - 4 M J

in which M3 is the iiucleon mass neglecting electromagnetic effects. We also ob-

tain the result that the system spends half its tinus in the overlapping region

of at least two particles and half its time in the non-overlapping region.

Since in the overlap region the quarks give rise to colored baryons almost all

the time then we deduce that the mass three system like the dinucleon spends

about half its time as a set of colored baryons.

At this point we should emphasize that the nine quark system is repelled

frc m the origin whether we have the trio of baryons as color singlets (nucleons)

'The nucleus has achieved a perfect 101
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or as colored octet or decuplet states. Clearly for nucleons the repulsion is
largest at the origin for all three (~1.2 GeV) and is large (~.4 GeV) for -he
three subsystems with two nucleons at their common origin, the third being a
spectator. Such a series of repulsive regions and associated attractive regions
represents a deformed potential which will have triangular symmetry (point group
D3 n). Consequently H and 3He are required to be described as eigenstates of a
potential surface which at equilibrium puts each nucleon at the corner of an
equilateral triangle. The colored component is repelled from the center yet
strongly confined from outside thus forcing a surface "quark lattice" at
equilibrium.k

The approach given here yielas a clearer view of the earlier work.3 The
additivity relation applies to the various regions of co-ordinate space wherein
successively we consider that all quarks are interacting, then all quarks minus
three, then all quarks minus six, etc. In this way the various subset of quarks
have interactions which are identical to the same subset in isolation as a
physical nucleus. In this way it is clear why in the earlier work we were able
to relate the binding energies of mass two, three, and four ground states in
terms of their isolated energies.

The recent criticism of Elliott1 is fully answered here since the various
regions of binding corresponding to four, three, and two nucleon overlap are
associated with the corresponding "many-body" energies. The clarification which
occurs here is that in the various many-body overlap regions we have not only
the specific many-body force but also the added sum of pairs and trios of
nucleonic interactions in this many-body overlap region. Clearly in each many-
body overlap region the sum of all quark pair interactions with all possible
quark exchanges must be included.

Similar considerations about the four nucleon potential surface lead to a
tetrahedral structure for ''He. Projection onto states of good J71 led to ac-
curate values3 for the binding energies of these light nuclei provided use is
made of the additivity relation discussed here. Good agreement with the charge
form factors of He and ''He has already been obtained1* with the present theory.
The second maximum in these charge form factors is found to arise here because
of the hidden color component of these nuclei. The charge form factor of the
hidden color component is incoherent with the nucleonic form factor because
the electromagnetic interaction cannot connect states of different color. The
factor of one half for each was found to be necessary in the fit to the electron
scattering data and verifies the prediction of the quark model for this amount
of hidden color. It should be emphasized that at present no other theory of
these nuclei has managed to give any consistent explanation of the electron
scattering data and the binding energies. This is exemplified in Fig. 2 which
shows our calculations for a triangular quark model relative to conventional
models with and without meson exchange currents and the "data" for the point
nucleon charge distribution.12 More details of these calculations are given in
Refs. 4 and 12. The hole at the center of the point nucleon charge is an im-
portant prediction of the quark model for such nuclei.

V. CONCLUSIONS

If nuclei are composed only of quarks with pair interactions constructed
from q-q potentials then
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Nucleon-nucleon interactions are
non-local, repulsive at short
distances (AE-0.4 GeV), attractive
at distances beyond ~0.8F and con-
tain no Van der Waal-like tails.

0.15

7.

2. Many-nucleon (3 and 4) interac-
tions yield binding energies
which obey simple additivity
rules and yield potential sur-
faces which require the intrinsic
ground states to be deformed:
triangular for 3H, 3He, and
tetrahedral for ''He.

3. Hidden color components of nuclei
are expected to be as high as
50%. Due to the sharp surface
localization of colored configura-
tions they are expected to be
dominant at large momentum trans-
fers (~3F~X). Such configurations
arise from quark exchange cur-
rents which we presume will be a
more fundamental way of including
virtual mesonic currents in
nuclei.

4. Heavier nuclei can be understood
by optimal arrangements of the
A^4 deformed clusters. Some work
has been done in this area3'5 but
much more accuracy will be needed
before a quantitative description
of heavier nuclei will emerge.

Nuclear reactions and nuclear structure theories will have to deal
explicitly with quark degrees of freedom which appear as hidden color
components of the nuclear medium. The interactions of different probes
with the hidden color components are in general expected to be dif-
ferent from each other and should exhibit resonance effects at a few
hundred MeV excitation energies.

The existence of other color singlet baryons in nuclei such as A's,
E's, A's, and N*'s will be more completely understood via quark models.
In particular the "distinguishability" of the A in nuclei will be
modified to the extent that only the strange quark will be distin-
guished.

More accurate calculations for the three quark baryons are now in
progress and hopefully some of the if̂  above will be removed. Until
then we will not be able to confidently calculate the behavior of
important binary systems such as TT-TT, W-N, N-N, K-N, and N-N which are

r(fm)

Fig. 2.
Point nucleon charge distribution for
3He. The full curve is our result for
a quark model with triangular symme-
try. The remaining plots are taken

1 2
from I. Sick.
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so relevant to our understanding of almost all of medium energy en-
deavors .

There is much exciting work to be done but rapid progress will be made only
when nuclear scientists as a community recognize that quarks ~\"<s the essential
ingredient in nuclei. Hopefully this talk will serve to move some of you in
that direction.
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PION CONDENSATION

by

Robert B. Wiringa
University of California

Los Alamos Scientific Laboratory

ABSTRACT

The phenomenon of pion condensation is briefly re-
viewed. Various ways by which pion condensation effects
may be observed are discussed, with emphasis on experi-
ments with finite nuclei.

I. WHAT PION CONDENSATION IS

Pion condensation is a theoretically predicted phase transition to an essen-

tially new state of dense matter in which nucleon spins and isospins are ordered.

This transition is expected at some critical density, p , which by current theo-

retical estimates should be about twice normal nuclear matter density (p «

0.45 m 3 ^ ) .

The effect of this transition on the energy of symmetric nuclear matter is

shown schematically in Fig. 1. Normal nuclear matter is bound with an energy/

nucleon e(p ) s= -0.11m and an incompressibility coefficient K « 0.2 m . Without

pion condensation, e(p) is expected to continue rising smoothly for p well beyond

2p (solid curve in Fig. 1). If pion condensation takes place, various E(P)

curves are possible depending upon the (unknown) strength of the phenomenon.

The most likely behavior is a softening of the equation of state, which puts a

kink in the e(p) curve near p (dashed curve). If the phenomenon is much strong-

er, there may be a bound second minimum (dotted curve) which would suggest the

possibility of metastable density i?omers. In an extreme case, the second mini-

mum could be lower than the normal nuclear matter minimum (dash-dot curve) and

stable superdense nuclei could exist.
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In this new phase of matter, the ordering of nucleon spins and isospins

makes the source of the pion field, ¥N(x)aT¥.,(-xl, have a nonvanishing, spa-

tially varying expectation value. Consequently the pion field <j> (x) has a non-

vanishing expectation value, and «f> (x)> can be used as the long-range order

parameter of the condensed phase; hence the name pion condensation.

A pictorial representation of the structure of symmetric nuclear matter,

as a function of density, is given in Fig. 2. Normal nuclear matter, Fig. 2a,

is a collection of nucleons with randomly ordered spins and isospins. Above the

critical density p , matter in its pion-condensed phase may take on a crystal-
2line form (Fig. 2c), to get maximum attraction from the one-pion exchange (OPE)

tensor force. In this case, the density, the source of the pion field, and

<<f> (x)> itself, will be spatially varying functions as shown. The pion conden-

sate could instead have a liquid form, in which case the density variation would

not be present, or there might be both liquid and solid phases to the condensate.

At intermediate densities, p < p < p , the nucleons may take on a short-range

ordering, Fig. 2b, with a local domain structure. This ordering will become

longer-ranged as p-»-p . Our primary hope of seeing pion-condensation effects in

normal finite nuclei is that some local ordering will persist even at p = p .

There are two related but distinct types of pion condensation, generally

called IT and TT condensation, which are respectively appropriate to nuclear

and neutron matter. In both cases, the driving mechanism is the appearance of

collective modes with pionic quantum numbers that are essentially bound particle-

hole states. These modes have the character of a spin-isospin zero sound, and

are frequently referred to as TT , TT , and IT modes. The condensation processes

involving these modes may be written symbolically as:

n -> (nn~ + pp" ) + n = TT° + n n -> (np~ ) + p = TT~ + p

l l o -1 + 0)
p -s- (pp + n n ) + p = T r + P p -> (pn ) + n = TT + n .

There are additional modes of propagation of the pion field in nuclear mat-

ter which correspond, in the p -»- 0 limit, to free pions. These "free" modes

are referred to as TT , TT°, and TT~ modes, but their dispersion relations are

modified by the TTN interactions in the matter. Various combinations of the

collective and free pion modes become unstable as p increases. The density at

which the first instability occurs is the critical density p for the phase

transition to a pion condensate.
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Fig. l. e(p) for symmetric nuclear
matter: the different curves
are explained in the text
(after Migdal, Ref. 1).

Fig. 2. Structure of nuclear matter
at various densities (after
Takatsuka et a l . , Ref. 2).

The phenomenon of "IT " condensation was first suggested by Migdal as the

phase transition appropriate to nuclear matter, where N ~ Z. When N = Z exactly

all three sound modes are degenerate and the phase transition at p^0' involves
+ o - *~

organizing the nucleons into ir , TT , and TT modes simultaneously, as in Eq. (1),

with equal amounts of IT , and u~ to preserve charge neutrality. Thus the "ir "

condensate is really a (TT.TT.TT") condensate. The pion energy, w, which is also
s s,s

the pion chemical potential, y , is zero in this case and the pion field is

static, but spatially varying, as for example in Fig. 2c. If N is only approxi-

mately equal to Z the (TT TT TT ) degeneracy is broken, and one of the charged pion

modes will appear first.

For neutron matter, N » Z , as might be expected in neutron stars, Sawyer and

Scalapino were the first to describe "IT"" condensation. This phase transition
actually happens in two stages. The first stage which occurs at a density p

has the small number of protons orga' izing into the TTS sound mode, via the

reaction:

'

IT + n (2)

Because there is only a small admixture of protons present, this transition is

a small effect compared to the second step which occurs at a slightly higher
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density, p* ', when the ground state becomes unstable against the creation of
+ - _

(7Ts>7r ) pairs. Here the TT~ refers to the free pion mode mentioned above, modi-

fied by the medium, and in this case, co = y ~ m so a running pion wave

(k ̂  2-3 m^) is present. The "TT"" condensation of Sawyer and Scalapino is this

combination of ir and TT" modes.

Much of the literature on both -rr0 and ir~ condensation deals with the details

of the phase transition and tries to predict the value of p . Two alternative

theoretical approaches are commonly used, which may be called the Hamiltonian-

variational (HV) and Green's function (GF) approaches. In the HV approach an

ansatz is made for the interaction model and $ , and the energy e(«j) >) is

evaluated as a function of density. The phase transition to a pion condensate

is indicated if for some p > Pc e(<.J)7r> f 0)' < e(«l)Tr> = 0). The GF approach looks

for an instability in the normal state, heralded by the divergence of some opera-

tor such as the pion propagator, D = «t>v<t>^>- To illustrate the ba.'.-c physics

that must be included, we will examine the GF method more closely, but in a very

simplified manner.

The physics, of pion condensation is contained in the interaction of the

pion with the nuclear medium. In free space, the pion propagator DQ is given by:

Do(k,o.) = W
2 - k2 - m ^ r 1 . (3)

The effect of the medium is introduced through insertions of the pion self-

energy II in the formal sum:

Do n

D (4)
1 - H D O

or D'^k.cj) = D^k.oi) - n(k,w) (5)

Both II and D are complex quantities, ImD(k,u>) representing the absorption of

pions by the medium. For certain values of k and w, ReD(k,co) may become large

and ImD(k,w) small, even at densities below pc> corresponding to a local order-

ing as in Fig. 2b. As p-*p , there will be critical values kc, w c such that

ReD(k ,co ) •* °° and ImD(k ,w ) -> 0. This is the phase transition to a pion con-
c c c c

densate, corresponding to a zero root for Eq. (5).
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The major contribution to IT comes from the attractive p-wave coupling of

icle-hol

particle

O
the pion to particle-hole states and isobar-hole states, n (k,w):

hole hole

This attraction is modified by the effects of other NN interactions, particularly

the exchange of p and w mesons which produce short-range correlations. These

nonpionic interactions are commonly parameterized by a factor g' derived from

the Landau-Migdal Fermi liquid theory,0 and another formal sum is obtained:

= 000*000
nrt g ' / k 2

- u t-J\
" 9 \' I

i - ( g ' / r ) no

The factor g' may be calculated from an NN interaction model, after subtracting

off the OPE contribution to avoid double counting between Eqs. (4) and (7).

Such calculations of course depend on the interaction model chosen, and also

probably on the many-body theory. Hopefully it may also be possible to measure

g1 by experiment.

The same basic physics is used in the HV approach. The p-wave coupling of

the pion to nucleon and isobar excitations is the attractive mechanism which

makes pion condensation possible. This is counterbalanced by NN and NA correla-

tions (the g' factor) and also the repulsive s-wave TTN coupling. All these ele-

ments must be included to get a reasonable theory.
1 o

Study of the current literature ' brings to light three important points.

First, the results of any calculation are very sensitive to the value of gl, or

however the correlation effects are included. A g1 = 0.6 will noticeably soften

the equation of state, while a g' = 0.4 will probably be sufficient to give

stable superdense nuclei (Fig. 1). Typical theoretical estimates give g1 = 0.5

to 0.8. Second, pion condensation will occur in infinite nuclear (neutron) mat-

ter for critical values p « 2p , w % 0(m ), and k « 2 to 3 m . Third, finite
C O C T T C ^ D +

nuclei are not pion-condensed, as was once suggested. Nuclei with J = 0 , T = 0

ground states would have degenerate or low-lying states with pionic quantum num-
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bers, T = 1, J - 0~, 1 , 2~... if they were condensed or near the condensation
9point. States of this nature are typically t- 15 MeV above the ground state.

However, D(k,to) may be significantly enhanced in finite nuclei for u> ~ 0, k « 2

to 3 m , and various experimentally observable quantities affected by the pion

fields may be correspondingly enhanced. Thus the signature for pion condensation

may be observable, even below the condensation threshold, by these precritical

effects.

II. HOW PION CONDENSATION EFFECTS MAY BE OBSERVED

There are three different places where we may reasonably expect to see pion

condensation effects: in neutron stars, in collisions between relativistic heavy

ions, and in the precritical enhancement of various observables in finite nuclei.

These three are discussed below, with emphasis on finite nuclei. We mention in

passing an unlikely fourth place: the occurrence of stable superdense nuclei.

Searches for such nuclei have been unsuccessful, and current estimates of q'

indicate they probably do not exist.

A. Neutron Stars

The central density of a neutron star is very large, on the crder of

10 p . and the existence of a pion condensate in the interior is a distinct pos-
11sibility. The equation of state for neutron matter can be softened signifi-

12cantly by pion condensation, as seen in Fig. 3. As a consequence, a star with

a condensate region will have a higher central density, a smaller critical mass

M , {the maximum mass beyond which a star is unstable against gravitational

collapse), and a smaller radius R and moment of inertia I. M may be reduced by

10%, and R and I by 20%, compared to stars without condensates. Limits for M ,

R and I have been obtained from radio and X-ray observations, using various

ingenious (and ingenuous) assumptions. Unfortunately, the error bars on these

limits are so large that the effects of pion condensation on the equilibrium

structure of neutron stars are not identifiable at present.

The presence of a pion condensate will also affect the evolution of a neu-

tron star by significantly enhancing the cooling rate in its hot early period.

Neutron stars are the remnants of supernovae explosions with typical formation

temperatures on the order of 30 MeV. They cool most efficiently by neutrino

emission, since the neutrinos, once formed, are likely to escape from the star

without further interaction. The normal Urea process:
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Fig. 3. Neutron matter equation of
state with pion condensate
(solid line) and without
(dashed line) from Weise and
Brown.^

n •* p + e~ + v , p + e~ ->• n + v (8)

cannot conserve both energy and momen-

tum in a neutron star, because the

Fermi momentum of the neutrons is much

larger than that of the protons and

electrons. A spectator nucleon is re-

quired to soak up the extra momentum

via the modified Urea process:

+v

(9)

Phase space considerations make the

modified process much slower. If a

pion condensate is present, however,

an analogue of the normal Urea process

can take place which does conserve

energy and momentum. In this case,

the nucleon eigenstate is a complex

linear combination of neutrons and pro-

tons, with some mixing angle 6. These

states (call them f) do not have fixed charge, and can beta decay into them-

selves:

f -> f + e" + v f + e -»• f + v. (10)

13and the excess momentum is absorbed by the pion field. Maxwell, et al.,'° find

this process to be ^ 10 6 /T (T in MeV) faster than the modified Urea process.

This enhanced cooling rate may be required to explain the low effective tempera-

ture limits obtained for certain historically known (< 1000 years old) supernova

remnants, but again a number of observational assumptions must be made which

prevent any definite claim being made.

B. Relativistic Heavy Ton Collisions

Collisions between heavy nuclei with projectile energies of 0.2 to

2.0 GeV/nucleon will heat and compress the nuclear matter, perhaps well beyond

2p . Whether or not the compression is slow enough, or the dense matter stays
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100

I 60

Phase Diagram fcr Pion Condensation

no condensation

condensed region

together long enough, for thermodynamic

equilibrium to be established, is an

open question. As far as pion conden-

sation is concerned, the finite temper-

atures involved make it more difficult
14to reach the condensation threshold,

as seen in Fig. 4. For a reasonable

g1 = 0.6, P C ( T = 80 MeV) 4p . Even

Fig, 4. Critical density as a function
of q1 and T, from Ruck et
al.T4

if the conditions are not satisfactory

for forming a condensate, the nearness

to a condensate should have a signifi-

cant effect on the reaction process.

The crucial factors in heavy-ion reactions are the impact parameter and

relative geometry of the projectile and target. First generation experiments

have led to a better understanding of the many different kinds of reactions that

can take place and the signatures that identify a given geometry. For seeing

pion condensation effects, central collisions with large equal size nuclei seem

most desirable. Suggested ways of looking for coherent pionic effects in these

reactions include IT IT and pp correlations, and experiments are currently in

progress.

A recent analysis by Siemens and Kapusta suggests that the ratio of deu-

terons to protons in central collisions of energetic heavy nuclei can be used as

a measure of entropy of the "fireball" thus formed. They interpret the small

observed value of this ratio as evidence for a very soft equation of state.

Pion condensation is a possible explanation, but not the only one, so again no

definite claim can be made at this stage.

C. Finite Nuclei

Because the nucleon density at the center of ordinary nuclei, p ,

seems well below p , experiments searching for pion condensation effects can

only test for precritical phenomena. Precritical phenomena have long been ob-

served in other branches of physics, as indications of the approach to a phase

transition. For example, in a ferromagnetic material at temperatures below the

curie temperature T , there is a long-range ordering of atomic spins which pro-

duces a net expectation value for the magnetic moment <M>. For T > T , <$> = 0,

but there can be a local spin order, which increases as T -> T . Local spin-
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ordering is detectable with a spin-sensitive probe; inelastically scattered neu-

trons are observed to have anomalously large Bragg peaks as T -*• T . This phenom-
c

enon is known as magnetic critical opaiescence. Critical opaiescence is also

observed in light scattering through a gas near a gas-liquid phase transition.

Ericson and Delorme have emphasized the pionic analogy with the magneticcase. The long-range order parameter for the magnetic system is <$> and has its

analog in <<(>.„>» while the equivalent of decreasing T towards T is paralleled by

increasing p towards p in the nuclear system. It has therefore been suggested

that nuclear critical opaiescence might be observable, and calculations using

the magnetic analogy have been made to estimate the effect. Unfortunately, p

cannot be varied at all like T can in a magnetic system. Thus even if a pre-

critical effect is observed, it will be difficult to say how far away the phase

transition should be.

In selecting appropriate precritical experiments, there are various consid-

erations which must be made. Any probe that is sensitive to the m.'cleon sp-ins

will be acceptable, but different probes have different advantages and disadvan-

tages. Weak and electromagnetic probes have the advantage of well-known inter-

action mechanisms, and little in the way of initial or final-state interaction

with the probed nucleus. On the other hand, experiments involving weak inter-

actions tend to be difficult with low count rates, while electromagnetic probes

of the pion field turn out to be surface-limited (see Sect. 3 below). Strongly

interacting probes can get inside the nucleus, in some cases, and pions in par-

ticular (as one might guess) have certain advantages for examining the nuclear

pion field. However, distortion effects play an important role in reactions

involving pion or nucleon probes and may be tricky to separate out.

A decision must also be made between exclusive and inclusive reactions.

Exclusive reactions which lead to specific nuclear states are advantageous be-
p

cause of their selectivity. Pionic transitions, which have AT = 1, J = natural

to unnatural parity, are the ones likely to show enhancement. It has been sug-

gested that nearby AT = 0 transitions should not be enhanced and could thus be

used as a "zero test" for the background, but this idea probably needs to be
18

examined more carefully. The chief disadvantage is the (possible) difficulty

in separating out nuclear structure effects so that a precritical effect can be

unambiguously identified. Inclusive reactions which lead to a sum of final

nuclear states are not so dependent on tha structure of individual states for
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their interpretation, and the experiments are generally easier to perform. The

specific enhancements in pionic transitions may, however, be buried by all the

other processes going on. Some very attractive experiments that directly probe

the pion field in the nucleus are inclusive in nature (see Sect. 2 below, for

example).

There are many different experiments that have been suggested, and some have

been carried out or are in the proposal stage. The results are at present incon-

clusive as to whether any precritical effects have been seen. Some of the reac-

tions studied or suggested include (vo,SL ), (e,e'), {y,-n), (TT,Y), (TT,2Y),

(Tr,e e~), (TT,TT ), (TT,P), (P,TT), (p,p'), (p,n), and (n,p). We now discuss a few

of these reactions in some detail, to illustrate the many different ways in which

precritical effects might be observable.

(v,,£+)

19Sawyer and Soni pointed out that the pion dispersion relation w = oj(k) in

nuclear matter is such that the pion four-momentum (k,w) may become space-like

in certain regions. A medium energy neutrino could then decay into a pion-lepton

pair in the nucleus. In their simple model this is possible for k = 1-2.8 m ,

and for the process v0 + nucleus •> £ + anything they predict cross sections much

larger than wculd be obtained by v, + N -*• N + IT + I on the individual nucleons.
— +

The chief background, they believe, would be the quasi-elastic process vn ->• £ +
-1(np ), and would be both lower in magnitude and well-separated in momentum, as

shown in Fig. 5. The most likely experiment of this kind would be (v ,u ), the

"v being obtained from TT~ decay.

The advantage of this type of experiment is that the v. can penetrate to

the center of the nucleus, where the density is greatest, and couple directly to

the pion field. This makes possible a point-by-point measurement of the pion

dispersion relation over the region where (k_,u>) is space-like. Since only the

£ is detected, there are no distortion effects to worry about. The disadvantage

is of course, the low counting rate and general difficulty of a neutrino experi-

ment. At present no one has proposed to do this type of experiment, and it may

have to await the construction of a kaon factory.
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2.

20Ericson and Wi1 kin first suggested that the annihilation of an incoming

charged pion on the virtual pion field in the nucleus would shed light on the
21pion density, and Barshay then pointed out that the reaction would be sensitive

to pion condensation effects. Like the neutrino experiment above, the direct

coupling to the pion field is particularly advantageous, and should be of inter-

est whether pion condensation effects are present or not. Low-energy pions can

penetrate to the nuclear interior, although in this case, distortion of the in-

coming pion may be important.
12The inclusive process (IT ,2y) has been observed for stopped pions in C

9 22

and Be, and its branching ratio is two to four times greater than that pre-

dicted for free nucleons. This may be a hint at precritical effects, but cer-

tainly more theoretical work is required, particularly with respect to the finite

nucleus aspect, before any conclusions with regard to precritical effects can be

made.

An experiment to detect (ir ,2y) with 55 MeV TT on Ca has been proposed at

LAMPF by Cooper et al., the photons to be detected with the ir spectrometer.

Rough estimates of cross section enhancements expected, including one-nucleon

bremsstrahlung processes which contribute to the background, are shown in Fig. 6

as a function of g1 and b, the TTN range parameter. The background interference

unfortunately reduces the observable effect considerably compared to the enhance-

ment expected for the annihilation process alone. Nevertheless, such an experi-
40ment in Ca, or heavier nuclei, may be more likely to see precritical effects

because of the greater amount of matter available at pnuc

3- \ ^-^ (e.e1)
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10"

Fig. 5. Predicted cross section for
(\»e,e

+) from the pionic proc-
ess (solid line) and quasi-
elastic background (dashed
line); numbers on different
curves refer to cos 6e; E— =
420 MeU. From Sawyer andv

Fig. 6. Expected momentum dependence
of the cross section for
40Ca(ir+,2y) (normalized to
unity at q = 0) for various
values of g1 and b. Cooper^

Inelastic electron scattering is

one type of exclusive reaction that may

be used to look for precritical effects.

Here one can look for enhancement in

the Ml transition form factor in the

appropriate momentum transfer range,

q & 2-3 m . Such large q experiments

have been done, for example, at the

180° scattering facility at Bates.

The advantage of the electromagnetic

probe is its well-known coupling and lack of initial/final-state interactions.

However, to couple to the pion field one must go through a particle-hole bubble,

which has a cxk behavior at the photon end and a axk at the pion end. This

requires a density gradient and surface-limits the effect, so it is appropriate

only to light nuclei. Precritical effects may still be visible, but are probably

reduced by the lower density.

The transition most discussed in the literature is the excitation of the
+ 12T = 1,1 state in C at 15.1 MeV. There is an observed discrepancy between

25

Cohen-Kurath wave function predictions and the measured points in the appro-

priate q range, the CK prediction being low by a factor of ten. An enhancement

due to nearness to pion condensation will make up this difference, as shown by
27

Ericson and illustrated in Fig. 7. However, if such a precritical effect is
the only modification added, an unreasonably small value of g' is required to
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explain the data. More recent calcuia-

tions by Toki and Weise are consistent

with a g' = 0.5, which is quite reason-

able. There is also an alternative ex-

planation involving only nuclear struc-

ture by Dubach and Haxton which will

fully explain the data, so no unambigu-

ous indication of a precritical effect

is found.

4.
q(m,l

Fig. 7. Ml transit ion form factor to
T = 1 1+ state of 12C. Solid
l ine gives Cohen-Kurath pre-
dict ion, and other lines show
effect of precri t ical enhance-
ment, parameterized by g1 .
From Ericson.'

(P.P1)

LI

Inelastic proton scattering pro-

ducing pionic excitations may have en-

hanced cross sections, da/dft, in the
29q = 2-3m range. Here there is no

limitation to small nuclei, as in the

(e,e') case, but distortion effects may be expected to play a big role.
12,Data is currently available for the same

30For 122 MeV protons, there is again a discrepancy between Cohen-Kurath

"C 15.1 MeV excitation discussed
•an

above.

predictions and the data in the relevant q range. The Dubach-Haxton nuclear

structure alternative mentioned above for (e,e() scattering does not seem to fix

up the (p,p') discrepancy.31 The T = 0, 1 + state in C at 12.7 MeV cannot be

used as a "zero" test at present because even its small angle data is not well

understood. A proposal to look at the same states with 500 MeV protons at LAMPF
32has recently been accepted.

Hopefully experiments on heavier nuclei will be run in the near future. In
29

Fig. 8 we show the predictions of Toki and Weise for the excitation to the
+ 208lowest 1 state in Pb, using 700 MeV protons. A significant enhancement is

predicted for a reasonable g1 = 0.5. Unfortunately, such experiments are more

difficult in heavy nuclei, and in the particular case of

1 T = 1 states is not entirely clear.

208Pb, the status of the
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do/dft
Imb'sr] In conclusion, the various precrit-

ical phenomena in finite nuclei that

might be observable would be due to the

predicted enhancement of D(k,u>) for

to « 0, k* 2-3 m The closer p is

to p , the stronger the effects should

be, but estimates of p for infinite

matter vary and the effect of finite

nuclear size has hardly been investi-

gated. The strength of the precritical

enhancements thus cannot be reliably

predicted, and there is also the diffi-

culty of determining the background

levels which would normally be present.

Because of the imperfect state of know-

ledge of normal nuclear physics, it is

unlikely that any single experiment will

be subject to unambiguous interpretation

as a precritical effect. Rather it

will take converging lines of evidence

from a variety of experiments to firmly

establish the existence of precritical

phenomena. If such effects are observed

they will constitute good, but rut sufficient evidence that pion condensation will

really take place at higher density. Conversely, if such effects are not found,

pion condensation may still exist, but p /p may be too small for there to be

any effect on finite nuclei.

Fig. 8. Predicted (p,p') cross section
to lowest 1+, T = 1 state in
208Pb, for Ep * ZOO MeV, from
Toki and Weise.
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CONFERENCE SUMMARY*

by

G. J. Stephenson, Jr.
University of California

Los Alamos Scientific Laboratory

When a field is vital and changing, as ours is, a summary prepared on the

spot for an active workshop is bound to be uneven and the emphasis which I choose

may well not survive the test of time. I cannot do justice to all of the speak-

ers, especially those for contributed papers, and I must apologize in advance for

my slights. Nonetheless, it has been very enjoyable and quite enlightening to

attend all of these sessions and I am pleased to have the opportunity to make

this summary. I shall not attribute the different points to their sources, since

the sources are the workshop papers and I would certainly leave some deserving

authors out unintentionally.

In his opening remarks, Louis Rosen talked about the great challenge of

understanding the nucleus (actually the great variety of different nuclei) implied

by the knowledge that the nucleus was a laboratory for the testing of many ideas

about the fundamental laws of nature. Indeed, we have seen in this last session

some examples of that fact. Is there .a mode of hadronic matter that we are un-

able to reach at current densities? If so, it should show itself in an enhance-

ment of some collective variable. Within an overall color singlet, can there be

loc^l islands of color? One could only hope to find such phenomena in large

enough collections of quarks, hence one must look in the nucleus. How do deltas

interact with nucleons? Not even the most optimistic of us have suggested delta

beams, so they must be studied as they interact with nucleons inside nuclei.

All of the above questions are being pursued actively and we heard discus-

sions of them tonight. Other examples not discussed in the workshop include the

*
Work supported by the US Department of Energy.
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effects on measurements of the proton lifetime of the interactions of the decay

products with the nucleus in which the proton was embedded or the effects of nu-

clear structure on the rates of double beta decay, which give us our best limits

on fermion number conservation. In all of these cases it is essential that we

have detailed knowledge of the structure of nuclei and of the reactions of vari-

ous projectiles with them. That knowledge is, of course, the aim of the activi-

ties which we have been discussing throughout the workshop.

The desired detailed knowledge is not yet in hand and the problems encoun-

tered are fascinating, requiring real many- (but less than infinite-) body sys-

tems, new reaction theories which trulv rsfiect the nature of the Drobes, and

descriptions of the structure complete enough to cope with the rich variety of

data now available. As the various machines have come more into full operation

and excellent data has begun to flow from them, it has become clear that most

of the questions that we wish to answer require a concerted effort involving not

only all of the probes at medium energy, but also the input of low-energy data

and the best descriptions of strong, weak and electromagnetic interactions. The

idea of this workshop sprang from that point.

What are we learning about various aspects of nuclear structure as exempli-

fied by the presentations at this workshop? Let me begin with ground states,

which means here the study of nuclear densities through elastic scattering. The

charge densities are still best in hand, as the electron's interaction can be

treated as a one-body operator in the nucleon space with corrections which can be

well estimated. However, the proton data is now of a quality which can compete

with electron scattering, so whatever moments of the density it measures are

being obtained to an accuracy comparable to the charge density moments. Since

these data are in the range of 0.8 GeV and up, the t-matrix describing the pro-

ton-nucleon interaction in the medium is not very far off-shell, so elastic

scattering data (ideally, phase shifts with inelasticity, in practice simple

parameterizations) can be used in standard (KMT) multiple scattering analyses.

With those assumptions, matter densities can be extracted and the error envelopes

are very reminiscent of those for charge densities. Polarization fits are fair,

but not as impressive, and the program needs basic two-body amplitudes as much

as more nuclear data to proceed.

The situation for pion scattering is less certain. In principle the exist-

ence of beams in two isotopic spin states allows fine distinctions between pro-

tons and neutrons and the changes in each between isotopes of the same element,



however, the underlying theory is not in firm enough shape to have great confi-

dence in the results of such analyses to date. Most of the data up to and through

the resonance region seem to be fitted with simple optical models with a small

set of parameters, albeit the values of those parameters are sometimes bizarre.

That shows that the distinct features in the structure of the data are few. We

know, however, even ignoring absorptive processes in which the pion is annihi-

lated, that certain second-order effects can be masked as changes in density

parameters or in the shift of interaction strength from one partial wave to

another. The upshot of this is that the excellent pion scattering data over now

some range of energies must be used in conjunction with the densities obtained

from electron and proton scattering to focus on questions of the pion reaction

theory, and I am confident of real progress ir, this field over the next few years.

While the structure in the elastic proton scattering data can be well fit

with a first order scattering theory using simple densities, the electron scat-

tering gives results which are not consistent with the Hartree-Fock densities in

detail. We were shown that the fits ca.i be improved noticeably by including the

long-range ground state correlations predicted by RPA calculations fitting the

low-lying collective spectra. This is an example of the well-known fact that the

vacuum of a many-body system (in this case, the ground state) reflects all the

complications of the system.

On the other hand, those ground state correlations often cancel out of

particular transition amplitudes, so that one may hope that the use of fitted

scattering wave functions in distorted wave Born~or impulse—approximations will

give information about particular inelastic reactions. This does prove out for

pion scattering as well as electron scattering. Use of "good" wave functions,

i.e., large basis shell model wave functions with interactions adjusted to fit a

large amount of low energy data, gives a very good description of most inelastic

pion reactions. In some cases where there are marked differences between posi-

tive and negative pion reactions on self-conjugate nuclei, indicating measurable

isotopic spin mixing, proper accounting of continuum effects in Saxon-Woods wells

O£ inclusion of higher shells (which primarily fixes up tails) and the Coulomb

interaction appears to account for the measurements.

There is a note of caution that must be sounded with respect to the ambi-

tious attempts to provide better wave functions through larger spaces. The

effective interaction is only defined with respect to a particular active space

so that the use of an effective interaction fit to data with a small active
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space may not be appropriate when the space is enlarged. On the other hand, the

dominant renormalization is to short range correlations, corresponding to high

intermediate excitations which depend weakly on the actual border of the active

space, so that the current strategy of using the best force mixture with an en-

larged space seems prudent at present.

Nonetheless, all three medium energy probes have shown a remarkable ability

to select out certain excited states with unique characteristics. In this I

include high spin states at large momentum transfer, as seen in back angle mag-

netic scattering of electrons and several unnatural parity states which may be

indications of pion condensates. It was clear that the inelastic form factors

to the latter states are o, en inadequate at high momentum transfer, where the

so-called precursor effects might be, but similar problems with natural parity

transitions prevent an unambiguous interpretation.

Charge exchange reactions with pions still offer unique possibilities. The

experimental situation for single charge exchange on light nuclei still needs

further clarification, but the double charge exchange already offers fascinating

results. Near resonance there does not appear to be any selection of double

analog transitions over nonanalog transitions, but this changes dramatically

with energy and the cause is not well understood. There is also a hint that

double analog states may be observed in heavy nuclei, offering the possibility

of structure studies similar to those available in (p,n) reactions, only at much

higher excitation energies. An additional hint that some simple structure or

reaction mechanism operates at high excitation energy comes from the observation

that {p,y) reactions seem to feed the same set of states over a range of bombard-

ing energies.

The studies of the constituents of nuclei as they affect the structure is

also making progress. Proton knockout is an ancient and venerable sport, and

(p,2p) has been augmented more and more by the electromagnetic processes (Y»P)

and (e,e'p). With normal distortions for the protons, angular distributions

seem to be in good shape for low and medium momentum transfer. The failures at

high q are interesting and may be attributed to one or more of several computing

sources. Perhaps more puzzling is the fact that the sum rule for the strength

is uniformly not satisfied. Deuteron knockout by polarized protons is very

interesting. The same analyses which do well on differential cross-section and

analyzing powers for (p,2p) fall down badly OP the analyzing power in (p,d). Of
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course, the momentum transfers in the latter are much larger, and the differences

may imply that totally different diagrams dominate the two processes.

That pions are also constituents of nuclei is also an ancient and venerable

idea. Even with the current ideas about quarks and gluons being the fundamental

constituents of hadronic systems, pion exchange will still dominate the long

range interaction between nucleons. Also, the viability of heavy meson exchange

depends to some extent on the representation that one uses to describe the clus-

tering of quarks into hadrons. In one form or another, the problem lumped under

the rubric "exchange current contribution" will always be present since external

probes do not couple to point nucleons.

There are possible new manifestations of the nuclear pion field which were

discussed in the workshop. Presumably there should exist an ordered spin-isospin

mode at higher densities which corresponds to a nonvanishing ground state expecta-

tion value of the pion field which is a function of position. This mode should

reflect itself in a softness for collective excitations which carry the quantum

numbers of the pion and, when viewed from the point of view of a dressed pion

propagator, ought to be excited best at momentum transfers of two to three times

the pion mass. As mentioned above, this region of momentum transfer is not well

fit with present theories, but neither are transitions without pionic quantum

numbers. As most problems at medium energy, this requires a massive attack with

several probes.

Another possibility that arises is that individual nuclear states need not

only be expanded, as in a fractional parentage expansion, in terms of (A-l) nu-

cleons plus 1 nucleon but also in terms of A nucleons plus n pions. The one-pion

state would then be important for pion knockout reactions, especially those lead-

ing to specific final states. The inclusion of such terms appears to explain the

near independence on final state of the analyzing power in (P,TT).

Finally there is a possibility of seeing the effects of the underlying quark

structure of hadrons through the interactions of deltas (the same quarks as the

nucleon in a different spin-isospin configuration) and through the interactions

of kaons and lambdas or sigmas (which involve a new element, one strange quark

or anti-quark). The data show structure corresponding to the level structure of

hypernuclei and already some features of the interaction of strange hadrons with

ordinary hadrons have been deduced. Much more should be learned in this area 1n

the near future.
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To summarize a summary, the explosion in the data is truly amazing, espe-

cially in the improvement of the quality which has accompanied the immense quan-

tity. This workshop was conceived on the idea that progress toward understanding

nuclear structure with medium energy probes will only be made by concerted stud-

ies with all of the probes, and the presentations here confirm that idea. While

it is true that, in many respects, we are probing the same regions of the nucleus,

or, in other terms, the same transition densities, the difference in the selec-

tivity of the probes coupled with the innate cunning of experimentalists is pro-

viding us with many aspects of those densities. Our joint venture is bearing

fruit and the next few years will see bumper crops, especially if the cross-

fertilization of sessions such as this continues.
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STRETCHED M8 TRANSITIONS IN 6°Ni

by

M. Plum, R.A. Lindgren, R.S. Hicks, B. Parker, G.A. Peterson
University of Massachusetts

C , F. V7il 1 iamso n
Massachusetts Insti tute of Technology

Stretched, unnatural parity, high-spin, particle-hole states are particu-

larly interesting to study. One reason is simply because they are preferen-

t ia l ly excited in certain inelastic scattering [e.g., ( e , e ' ) , (p ,p ' ) , (TT,TT')].

An important feature of these transitions is that they proceed via a one-body

operator, and, therefore, only a single particle-hole configuration, i . e . , the

stretched one, contributes to the transition amplitude. Also the stretched

angular momentum condition severely limits contributing terms in the reaction

process. These two properties considerably simplify analysis and significantly

reduce ambiguities in interpretation. As a result , the stretched states are

not only of interest because they represent a simplified and fundamental ex-

citation of the nucleus, but they can be used as a testing ground for inter-

comparison of results from intermediate energy probes. From these comparisons,

information can be deduced on certain components of the nucleon-nucleon force,

on reaction mechanisms, and on nuclear structure.

For example, comparisons between electrons and protons have been made for

a few unnatural parity stretched states in light self-conjugate nuclei and also

in Pb. In these studies on T = 0 nuclei, information on the isovector

component of the tensor force was obtained and results from (e,e r) and Cp,p')

were shown to be consistent. However, in (e,e ' ) only the isovector stretched
1 r *y i op

state was observed in 0, Mg, and Si. Although the corresponding T = 0

stretched state has been observed in proton scattering, it, of course, cannot

be observed in electron scattering because the isoscalar magnetic operator is

too weak.

We would like to significantly extend the comparison between (e,e') and

(p,p') to T / 0 medium mass nuclei where several stretched (g Q / 9f 7 / o ) 8

states have been identified in Fe and Ni using (e,e'). In these nuclei
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a total of eleven 8 states have been found with M8 strength fragmented between

T = 1 and T = 2 excited states. Since both isospin states can be excited in

(e,ef) and (p,p'), information on the isoscalar part of the tensor force, as

well as the isovector, can be obtained. A plot of the transverse form factor
9 c /

squared, F , for the Ex = 13.263 MeV state in Fe compared with a calculated

form factor assuming a (gg/2^7/? ^ configuration using harmonic oscillator

radial wave functions is shown in Fig. 1.

Recently, we have extended the Ni and Fe measurements to include Ni

where now states with T = 2 and T = 3 can be excited. An inelastic electron

spectrum from Ni is shown in Fig. 2. The transverse form factor squared for

two of the candidate (g Q /,f 7 /, ) 8 states is shown in Fig. 3. A summary of
' '' _ 54

measured relative M8 strength, S, presently identified for 8 states in Fe,
Ni, and Ni is shown in Fig. 4. S is defined as the ratio of the experi-

12
mental form factor to that calculated assuming an (f7/? ) ground state for
54,, , tc 16. , . 58,60M. '

Fe and an (f7/n ) ground state for Ni.

Calculations^ using the modified surface delta interaction are presently

underway in order to understand the isospin splitting and fragmentation of the

8 (gq/^f7,« ) states in the nickel and iron isotopes.
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the result of least-squares fitting an M8 calculation to the data
using harmonic oscillator radial wave functions.
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Physics Dept., University of Virginia, Charlottesville, VA 22901.

J Bolger, E Boschitz
Ke.rnVorschungszentrum und Universitat Karlsruhe, IEKP, P 0 Box 3640

D-7500 Karlsruhe, Germany.

J Arvieux
Institut des Sciences Nucleaires, Universite de Grenoble, BP 257,

F-38044 Grenoble-Cedex, France.
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Institute de Physique, Universite* de Neuchatel, CH-2000 Neuchatel,

Switzerland.

ABSTRACT

We have measured the reactions ' 2C(TT~ , rr~d ) 1 °B
and ' ZC( n'1, Tr±t) 9B at an incident pion energy of
180 MeV, with two spectrometers in coincidence.
The ratio o ( TT+, ir+d )/o ( IT" , Tr~d ) agrees with the iso-
spin prediction of unity. There is evidence for
quasi-elastic Trd scattering. We obtain the
surprising result that the ratio o( TT, -nd) /O(TT ,7rp ) ,
for excitation energies less than 10 MeV, is

equal to the ratio -r̂ ( TTd )/-TTT( 7ip ) for elastic (ud)

and (irp) scattering at all the points we have
measured. The ratio a('7r"",iT~t) /O(TF+, 7i + t) is
approximately one and there is no evidence for
quasi-elastic irt scattering.

The quasi-elastic knock cut of deuterons by high energy
protons was first observed by Azhgirei et al (1). Others have
studied deuteron knock out by incident photons (2), electrons (3)
and pions (4 and 5). Also tritons, 3He and alpha particles have
been observed to be knocked out of nuclei by various projectiles
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(4, 5 and 6). These observations have led to the development of
the cluster model, which presumes that multi-nucleon systems
already exist as "clusters" inside the nucleus (1 and 7). There
has been considerable discussion on how to reconcile the co-exis-
tence of the " cluster" properties of nuclei with their well estab-
lished single particle and collective properties (8). As a result
alternative theories have been proposed (9 and 10). At the present
time the mechanism(s) behind these processes have not been iden-
tified because the data are inadequate. High resolution measure-
ments of the excitation energy spectrum and the momentum distri-
bution of the recoil nucleus and other quantities, which are best
measured by a two spectrometer coincidence experiment, should help
to determine the underlying mechanism(s).

During the course of studying the reactions ' 2C( IT* , ir±p) " B,
with two high resolution spectrometers in coincidence, we have
obtained data on the reactions ' 2C ( TT ± , TT *d ) 1 °B and ' 2C ( n-+ , i\±t) 9ii.
The only previous measurements of these reactions employed the
emulsion technique (5), with its well known limitations. Our
experiment was carried out in the S.I.N.* pion channel (11). The
magnetic spectrometer SUSI (12) was used in coinciderce with -i
solid state spectrometer, which was mounted on the opposite side
of the beam line to SUSI. The solid state spectrometer consisted
of one Si(Li) detector (1 mm thick, 35 mm diameter) followed by
three ion-implanted intrinsic Germanium detectors (each 12 mm thick,
35 mm diameter).

The momentum spread of the incident beam was ±1.4% AP/P. It
was further momentum analysed by a 48 element hodoscope at the
intermediate focus. Protons were removed from the beam by a high
voltage separator, pulse height and time-of-f 1 igr*-,, which also
removed electrons. The muon contamination of the beam was about
10%. The effective thickness of the 12C target was 4T7 mg/cm2.

The magnetic spectrometer determined the momentu..i and
direction of the scattered pion, which was identified by time-of-
flight. Its acceptance peaked at 169.5 MeV/c and dropped by 20%
of the central value at 146 and 192 MeV/c.

The solid state spectrometer determined the energy of the
protons, deuteruns and tritons, which were cleanly identified by
E,AE cuts. Range effects limited the minimum energy of protons
to 15 MeV, of deuterons to 22 MeV and of tritons to 28 MeV. This
spectrometer stopped these particles up to their kinematic limit
and thus did not impose an upper cut-off. The observation angles
were 30° for the protons, deuterons an*" tritons and -100° and
-110° for the pions. The acceptance oi both spectrometers was
about 16 msr.

Figures 1a nnd 1b show scatter plots of the deuteron energy
versus the pion energy loss. The diagonal line indicates the
locus of those events which leave the recoiling * °B nucleus in
the ground state. Events below this line correspond to excited
states of the boron nucleus. These figures also show the
deuteron and scattered pion energy spectra. This data has not
been corrected for the acceptance of th? magnetic spectrometer,

Schweizerisches Institut fur Nuklearforschung, Villigen, Switzer-
land.
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which drops by 20% of its central value at the points indicated by
arrows.

The measurement of the angles and energies of the outgoing
pion and deuteron together with the knowledge of the incident pion
energy specifies the events completely. (. jnsequently the momentum
and mass (excitation energy) of the residual nucleus are determined
Figures 2a and 2b show the 10B excitation energy spectra obtained
with positive and negative pions respectively. A visual exami-
of these figures suggests that there is little or no difference
betwe.en TT+ induced events and TT~ induced events.

-10 10 20 30 40 50 60 70
B EXCITATION ENERGY (MeV)

20 30 40 50 60 700 10
10B EXCITATION ENERGY (MeV)

Fig. 2a.
10B excitation energy spectrum
for TT+ induced events.

Fig. 2b.
10B excitation energy spectrum
for rr~ induced events.
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TABLE I

RATIOS FROM DEUTEROM DATA

Run TI+ 0_ 0* T' NM/N, R? R^ R?
v H L

1 + 100° 109° 118 .89+ 14,
2 - 100° 110° 122 .60+.25} 1 - 6 1 ± - ^ 1.371.38 2.03+.72
3 - 110° 117° 119 1.211.21,
4 + 110° 117° 121 1.16+.28} -93+.14 .96+.21 .911. 18

weighted average: .951.10 1.02+.13 1.06+.18 .981.17
std. dvn. from 1: .15 .33 .12

Table I summarises the deuteron results. The ratio fii is defined
as :

R l =

o( 12C{7i-,ir-d) 1 0B)

Qy is the pion scattering angle in the laboratory. The index A
refers to all events, L to those in the low excitation region
E e x c < 10 MeV, which corresponds approximately to the region of
particle stable states, and the index H to those in the region
E e x c > 10 MeV. For a comparison with the elastic (iid) differential
cross-sections we have also listed the mean scattering angle 0*
in the c m . of the outgoing (ird) system and the mean incident pion
kinetic energy TT. The latter we have defined as the energy that
would give, in free (trd) scattering, the same invariant mass for
the outgoing (iTd) system as that observed in our experiment. We
have observed these variables, when used in an impulse approximation
calculation, to give the best fit to our (TT + ,TT+P) data (73 and 14).

The ratio N^/N^ is the ratio of the number of events in the
high excitation energy region to those in the low. It is of the
order one for all the runs. This means that about 50% of the
interactions leave the i0B nucleus in the ground state or first
few excited states, corresponding to the peaks in figures 2a and 2b.
The deuterons in these events are probably knocked out quasi-
elastically as assumed in the impulse approximation. Events that
leave the nucleus highly excited are more likely to involve final
state interactions. It is important to note that the excitation
energy spectrum of the residual nucleus and the reaction mechanism
are closely related so that single arm experiments which do not
determine the former can shed little light on the latter.
Similarly one cannot draw general conclusions about the full
excitation energy range from experiments that are sensitive to
only one particular final state (15).
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TABLE II

DEUTEROM TO PROTON AMD TRITON TO PROTON RATIOS

Run

1 +

2 -

2 _

4 +

4
.088

±.007
.353

±.084
.496

±.052
.074

±.009

*h
.099

±.01 1
1.07
±.40
1 . 15
±.21
.070

±.013

B?
.079

±.009
.167

±.060
.338

±.045
.079

+ .013

V°p
. 101

1.29

.911

.082

Hi,

.01 1
±.0025
.098

±.042
• 099

±.021
.014

±.004

RL

nil

.0048
±.0024
.143

±.108
.111

±.048
.0087

±.0044

Kit

.0166
±.0043
.085

±.044
.096

±.023
.020

±.0067

o

3

2

. /a
t p

r

.08S

.0

.0

.070

The ratio Rj agrees well with the value unity expected from
iso-spin conservation and does not show any significant dependence
on excitation energy, unlike the proton knock-out data (13).

Table II gives the ratio R2 = o ( TI ,ird) /O(TT,TTP) for the various
regimes of the excitation energy. The proton data (13) have been
cut at the same energy threshold as the deuteron data to make them
directly comparable. The overall deuteron rate is 8.3% of the
proton rate for positive pions and about 46% for negative pions.
In the low energy region the ratio is approximately one so that
negative pions knock-out as many deuterons as protons!

The column headed o^/Pp in table II give the corresponding
ratio o (Ttd )/a( Tip) for elastic pion scattering on free deuterons

0 50
10

100 150 200 250

B RECOIL MOMENTUM (MeV/c)

Fig. 3.
The uncorrected 1 UE recoil momentum distribution for IT" events.
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and free protons under the same or nearly the same kinematic
conditions. A comparison gives the surprising result that Rj
is, within the statistical limits, equal to a(Tfd)/adrp) for each
of the four runs.

Figure 3 shows the uncorrected 1°B recoil momentum spectrum
for the TT~ run at -110°. There are no events below 5 MeV/c
because they are not kinematically allowed at these angles. The
recoil momentum spectrum extends to 250 MeV/c. The interpretation
of this spectrum is not simple for several reasons. Although
the momentum of a deuteron or deuteron-like cluster in the nucleus
is equal to the 10B recoil momentum, but of opposite sign, for
each event, the momentum spectrum given in figure 3 is not the
deuteron momentum spectrum because it has not been corrected for
acceptance, phase space and the free (ird) elastic cross-section,
which varies with momentum. The equivalent ir+ induced spectrum
is similar within statistical errors, but is not so peaked at 50
MeVA..

We have also observed a number of triton events. Figure 4a
shows the 9B excitation energy spectrum observed in this
experiment for tritons knocked out in the reaction (ir~,7T~t).
This data is from run 3. The low excitation energy peak, which is
seen in the deuteron data in figure 2, is absent in the triton
data. The other runs (not shown) confirm this for pions of both
charges.

-10

1'ou

u. °

3B EXCITATION ENERGY (MeV)
0 10 20 30 40 60 70

150 200 250
B RECOIL MOMENTUM (MeV/c)

1750 1800 1850 1900 2700 2750 2800 2850
OFF-SHELL MASS (MeV/c2)

Fig. 4a.
The 9B excitation energy spectrum. Fig. 5.

Fig. 4b. The off-shell mass distributions
The 9B recoil momentum spectrum. for the exchanged particles in v
Both are for IT" induced events. induced deuteron & triton events,
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TABLE III

RATIOS FROM TRITON DATA

Run TT± B^ 0*

1 + 1 0 0 ° 1 0 7 ° iO6 3 . 7 5 ± 2 . n n ? R + fin ? r n M 7 c •, o p + ft,
2 - 1 0 0 ° 1 0 9 ° 108 2 . 0 , 1 i 7 3 H . 2 d ± . 6 O 2 . 0 3 , 1 . 7 , l . O b - . o .

, r-0

weighted average: 2.66 + 0.80 1.1O±.3O .91*0.50 1 - 12+ . 37
P: "' ' 3.3x10 " 2.5xT0~2 1.3x10~3

We take this as evidence that the tritons are not the result of
direct knock-out. This is corroborated by table III, which
summarises the results for the tritons. The kinematic variables
in table III refer to the triton data. The ratio N^/M^ is the
same, within the large statistical error, for all the runs. Hence
the shape of the 9B excitation energy spectrum is independent of
the sign ana scattering angle of the pion to first order. Further-
.nore this ratio is nearly 3 so that most of the events lie in the
..igh excitation energy region. This may be due to multiple
interactions, such as neutron pick-up by a deuteron, which would
tend to leave the nucleus in a mere highly excited state.

The ratio R3 = o ( IT", TT-'C ) /a( TT
+, ii + t) is approximately one and

does not seem to depend significantly on the 9E excitation energy.
This can be quantified. The value of R3 predicted by the plane
wave impulse approximation is the ratio of the elastic (7Tt)
differential cross-sections under the same kinematic conditions.
The nearest available data is at 130 MeV (16),instead of 110 MeV
given in table III, and it gives a value for R3 of 2.66 at 100°
and 2.77 at 110°. As the number of tritoi. events is sma 1.1 (less
than 26 events in any run), the values of R3 are not normally
distributed. Allowing for this we find that the probability that
R 3 is equal to or exceeds the ratio of the elastic (lit) differential
cross-sections is 2.5% in the low excitation energy region and
only 3.3 x lO"1* for all the events. Clearly direct knock out of
tritons is not an important process.

It is possible that neutron pick by deuterons could provide
an explanation for these tritcn events. In this model the pion
interacts directly with a deuteron and the deuteron then picks
up a neutron and emerges is a fast triton. Hence R3 is approxi-
mately equal to R 1, as we find here, since the probability that a
deuteron picks up a neutron is independent of the sign of the pion
that struck the deuteron. This would also explain why R3 i.<=
independent of the 9B excitation energy: Ri is independent of
it and so is the pick-up cross-section. (The pick-up cross-section
depends on the kinematics of the neutron-deuteron interaction.)
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It has been suggested (17) that if the tritons are forced in
neutron pick-up reactions by deuterons, then the off-shell mass
distribution of the exchanged "triton", as calculated assuming
the graph of the impulse approximation, v/ould be broadened.
Figure 5 shows the off-shell mass distribution of the exchanged
deuterons and "Tritons". The two spectra are similar in shape and
width, within t.ne statistical uncertainties. So that if the above
suggestion was correct, the data in figure 5 would suggest some
disagreement with the neutron pick-up model. However this
suggestion was based on intuition and more detailed calculations
are needed to demonstrate whether or not it is correct. Such
calculations are beyond the scope of this paper but we have
presented the off-shell :nass distributions for those who might be
interested to take this natter further. Given the ambiguity or:
this point, we conclude that cur data is compatible with neutron
pick-up and direct triton knock-out is a negligable effect.

Figure 4b shows tr.e 9B recoil momentum spectrum. It poses
the same problems of interpretation as the spectrum in figure 3,
particularly if the tritons form through neutron pick-up. It
is included for completeness.

The ratio Fit, = c ( TT ,nt) /o( TT , -np) is given in table II. The
triton rate is about 1.2% of the proton rate for positive pions and
10% for negative pions. R^ is about one twentieth of the ratio of
the elastic differential cross-sections, ot/ap, which is defined in
the same way as 0̂ /0,,. This suppressed rate gives additional
support to the neutron pick-up model.

In conclusion we- note that the ratio cr ( n + , ̂ +d ) / a ( TT ,Ti~d) agree;
with the iso-spin prediction of unity and that there is evidence
for quasi-elastic tid scattering. In contrast there is little
evidence for quasi-elastic rrt scattering. The , jtio a ( v~ , 7r~t) /
a(ir+,7i+t) is approximately one instead of 2.7 predicted by the
plane wave impulse approximation. There is some evidence that
the tritons are produced in neutron pick-up reactions by deuterons.
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APPLICATION OF A UNIFIED THEORY OF ELASTIC AND REARRANGEMENT SCATTERING

TO 4He(p,d)3He

J.M. Greben

TRIUMF, Vancouver, BC, Canada V6T2A3

and

Department of Physics, University of British Columbia, Vancouver, Canada V6T1W5

ABSTRACT

We briefly describe a new theory of
Elastic and Rearrangement Scattering. The appli-
cation of this theory to ^He(p,d)^He is dis-
cussed. The transfer process is described by
two diagrams, one of which dominates at back-
ward angles. At forward angles, the rescatte-
ring diagram gives an important contribution
at intermediate energies.

I. INTRODUCTION

The study of (p,d)-reactions at intermediate energies is interesting for a
couple of reasons. First, the analysis of the reaction mechanism of transfer
reactions is easier at higher energies where nuclear reactions become more direct.
Secondly, information about high momentum components of single-particle wave
functions can be obtained provided that we know the reaction mechanism sufficient-
ly well. At lower energies, precise knowledge of the reaction mechanism of (p,d)-
reactions is not that important for obtaining the relevant nuclear structure in-
formation. The distorted wave Born approximation (DWBA) usually gives fits of
sufficient quality to distinguish between different angular momentum transfers;
whereas spectroscopic factors are usually obtained at forward angles where the
DWBA works best.

However, at intermediate energies a better understanding of the reaction
mechanism seems to be necessa"v and possible. We believe that a more precise
theory of transfer reactions should contain the following ingredients:

*
Work supported by the National Science and Engineering Research Council of Canada.
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(1) In lowest order it should reduce to the DWBA. The DWBA stresses the
single-particle features of the reaction, about which we want to obtain infor-
mation. .

(2) In model studies we have found that the three-body continuum plays
an important role at higher energies and outside the forward region. In the usual
coupled reaction channel (CRC)-formulations^ these contributions are thrown away

at the start.
(3) The relationship between distorting and microscopic elastic optical

potentials should be established.
(4) Normally double counting can be avoided within a theory. However, for

an intuitive diagrammatic approach (often the procedure at intermediate ener-
gies) double counting is hard to avoid, in particular if one allows distortion
in the diagrams.

In our efforts to develop a theory which meets these requirement we note
two things. First, the use of three-body equations is very convenient to avoid
some technical problems which occur in the CRC-procedures: (a) non-orthogonality
problems; (b) "diagonal" contributions occurring if the optical potentials are
nonfolded. Secondly, so far three-body_ models of stripping reactions have employed
heuristic errective two-body interactions'»^. However, for elastic scattering
the many-body nature of the problem is reduced either by making successive physical
approximations (Feshbach-theory ), or by expressing the many-body operators in
terms of two-nucleon operators (e.g. the multiple scattering (MS)-formalism, and
the Kerman-McManus-Thaler (KMT)-formalism°). We will use these optical potential
methods starting from a three-body decomposition of the many-body problem.

II. UNIFIED THEORY OF ELASTIC SCATTERING AND TRANSFER REACTIONS

We will assume that pionic and isobar degrees of freedom can be treated
effectively through the use of nucleon-nucleon potentials and t-matrices. Strong
deviations from this theory may therefore indicate the necessity of treating
these other degrees of freedom explicitly. The Hamiltonian for this system with
N nucleons is:

N N
H = T + V = 2 T . + £ V.., (1)

where we neglected many-body forces. For the moment we will treat projectile
(proton), transferred particle (neutron) and residual nucleus as distinguishable
particles, with labels 1,2 and 3 respectively. The three asymptotic channels of
interest are labelled correspondingly:

1: p + (A + n ) ,
2: n + (A + p ) , (2)
3: d + A

We first define the "free" Hamiltonian H Q which describes the system :if the three
fragments p,n and A are asymptotically apart:

H 0 = T + i Z . V... " ' (3)
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Next we introduce the channel Hamiltonians H-:

H. = HQ + V. (4)

where V£ is the sum of the two-body interactions between fragments j and k with
j^k-^i/j. Note that the asymptotic states in channel i satisfy

H. ¥. = E ¥.. (5)

We rewrite the Schrodinger equation in terms of Faddeev channel component wave
functions7 ijj. (E <|K = <|> » note that if- and V. are different functions):

(E - H ) *. = V. Z *., i,j = 1,2,3. (6)
1 1 X 3

If we sum these equations we recover the original Schrodinger equation. In chan-
nel coupling array (CCA) theory** one can proof that each channel component con-
tributes to a single asymptotic two-body channel specified by the label i. In
analogy to this CCA-theory we assume that in the present-partial-decomposition of
the many body problem, the dominant (if not the only) contribution to the asymp-
totic waves in channel i comes from if>£. This is consistent with Eq. (6): if
$:, j^i vanishes for R^ -»- °° then i(/£ satisfies the asymptotic equation (5) for
iq -*• «.

Next we introduce projection operators P., which project out the two-body
components in ' ".:

. = d dk. I a. £. <f>. n-xct. k. <f>. n.| ; i = 1,2,3,
I j I ' I I l l l l Yi I1 ' ' ' (7)

a.

where fragment i has internal wave function n£, whereas the other two fragments
have bound-state wave function 4>̂ . Of course, we can expand (7) to include ex-
cited states of the nuclear fragments. The summation over a£ symbolizes any
additional quantum numbers necessary to specify the two-body states. The channel
component ij>£ can now be written as

*£ = P^i
 + Q^i = *£ + *? • (8)

0 P
Our aim is to eliminate i|;£ m favour of IJĴ . The procedure for doing this is
standard , and the results can be written in the usual way if we introduce a
matrix notation:
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We obtain:

(E - H P P - H P Q G Q Q HQP) *p = 0, (10)

where

,PP(H ).. = <5.. P.H.P. + <S.. P.V.P.,
= lj lj l l l lj l l j'

(H P Q).. = P.V.Q. 6..,
*•= yij l ivj lj'

(HQP).. = 677 Q.V.P., (11)
v= yij lj vi l j'

G Q Q = (E - H

and 6.. = 1 - 6.., (E).. = 6.. E.
ij ij' ='ij IJ

Although Eq. (10) looks very similar to the usual Feshbach equations , the ope-
rators on the right-hand sides in Eq. (11) are simpler in this case because they
involve the channel Hamiltonians and interactions instead of the full Hamiltonian.
In particular, we may profit from the commutation relation;

[Pit IL] = 0. (12)

If one performs energy averaging of the potential operators in (11) then the energy
denominator of GQQ gets additional imaginary contributions. This will be discussed
in a forthcoming publication.The Green's function GQQ satisfies the following equation:

where

ij ( E - ^ ) 1 ^ . . G., (14)

and
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..

We wil l neglect the higher order terms in (13). Furthermore we make the on-
energy shel l assumption <<|>inilV^(E-HQ)"1 B «i>ini\V^GQ = <<f>inii - Writing IJI.P in
the following form:

*i = *i n i X i '

we then have the following equations for x-*

( E + £ . - K . - U . . ) X . = . ^ < • • n £ I V . I t j n j X-> ( 1 7 )

+ E U..

where £. is the total binding energy of the fragments in channel i,

u . . = z «j>. n. I T I <(>. n-> - < | . n. I v . p G V I A . n.> , (18)
ij mjti L i i ' * ' J J i i i m o n» ' J J J

mj'j

and T is defined by
m

G V = Gn T . (19)
m m 0 m

The first term in U£j is almost equivalent to the first-order microscopic optical
potential. The second term represents the reduction of the potential due to the
explicit treatment of the rearrangement channels. The additional contribution
U " (j/i) on the right-hand side of (17) represents a continuum contribution to
the coupling potential which is absent in the usual CRC-equations. In the fol-
lowing we will concentrate on this additional term, and ignore the refinements
which can be made in the definition of the distorting potentials U.. by subtrac-
ting out the bound-state pole contributions. 1:L

III. APPLICATION TO 4He(p,d)3He

We now will discuss the importance of this continuum term for He(p,d) He.
i i i ^

p
Standard DWBA-theory has met with considerable problems in explaining the data^.
although this may be due in part to the use of wrong neutron-3He wave functions'"
(which would really indicate the sensitivity of this process to single particle
wave functions). The continuum term can be represented by a diagram (Fig. 1). We will
compute this diagram without accounting for distortion effects. This approxima-
tion is probably reasonable at backward angles, but less reliable at forward
angles. Distortion effects will be discussed in more detail in future work.
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'He

Fig. 1.

The corresponding non-relativistic scattering amplitude can be written:

Ub (E; iy£ d) =/dq *d (q-^kd) ̂  (-q-|tcp)

x <-2q + k | T (E-n /2vO y = U/5. (20)

Here <f>n is the neutron single-particle wave function, (f)̂  is the deuteron wave
function, and T is the elastic amplitude for p-^He scattering. Next we assume
that T does not vary strongly in the relevant energy range (which is reasonable
at backward angles), so that we can take this amplitude out of the integral. We
then get the folowing factorised expression:

£ k ) F(p) < 5/8 k. t
with P = "Ik, - ?k., and

a a

F(p) = J dq <f>d(q) <t>n(p-q) (22)

In Fig. 2 we show F(p) as a function of
angle for various energies. The single
particle wave function is deduced from
elastic electron-^He scattering data,
taking into account meson-exchange
corrections11 . We see that the form-
factor peaks at backward angles. At
forward angles the formfactor is roughly
constant, so that the amplitude will
follow the elastic p-^He amplitude, and
thus feature a forward peak. In Fig. 3
we have shown the different contribu-
tions to *He(p,d)3He at 0 L a b =-22.5°.
The data are from Ref. 12. Notice the
unimportance of the deuteron S-state.
We see that the new rescattering diagram

(21)

Fig. 2. Formfactor |P(p)| .
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Fig. 3."

3.0

Z.5

2.0

25

s

t

400 BOO
EpIMtVI

1.0

-.97

cose.
-.99

PWBA stripping diagram
(S+D-state); PWBA (S-state only);
— Rescattering diagram Fig. 4.

plays a very important role at intermediate energies. These calculations should
be extended to include distortion of the stripping diagram and cohaerent addi-
tion of .e stripping and rescattering diagrams. This requires a better expe-
rimental knowledge of the p-%e cross section and polarization. Also, the
factorisation approximation should be avoided.

In Fig. 4 we show the results for backward angles. The (p,d) cross section
has been calculated using a simple model for the backward p—'He amplitude namely
(da/dt)~N/(u-m*2)2 where N and m have been fit to the 156 MeV-data13. The ex-
perimental data are from Ref. 14. The magnitude of the cross section appears to
be very well reproduced. The backward peaking is also reproduced quite well. An
important part of the backward peaking is due to the u-pole singularity in
da/dt. Therefore, the agreement may improve if we have more backward angle data
on p- He and can give a more detailed model of da/dt.

We notice, however, that the normalization factors which are necessary to
get agreement with the data increase steadily with energy. This may indicate
that certain diagrams which involve nuclear isobars play an important role at
backward angles and higher energies; and should be treated seperately. Such
diagrams are presently being investigated '5.

Finally we observe that the reaction mechanism considered here is similar
to the mechanism considered by Weber and Miller1*' for (p,2p)-reactions, and by
Gibbs and Hess and Bhasin17 for (p,ir+)-reactions. However, within the present
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theory we know how to combine the rescattering and direct diagrams, and how to
avoid double counting when taking into account distortion effects.
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ABSTRACT

A relativistic optical potential based on
meson exchange theory of the two nucleon inter-
action is employed in calculating the Coulomb
correction term for ^°Ca.

In a recent letter we described a relativistic optical model potential

based on meson exchange theory of the two-nucleon interaction. One motivation

for this work was the considerable success of Green and Miller and co-workers

and more recently Brockmann and Weise in describing a number of the ground

state properties of nuclei using a Dirac-Hartree meson field theory. Another

was the success we have had in analyzing intermediate energy proton scattering

experiments using this relativistic optical model approach.

In Ref. 1 the optical potential considered consisted of a mixture of a

Lorentz scalar potential, U , and the time-like component of a Lorentz four-
s

vector potential, U . The specification of the Lorentz character of the poten-

tial is a fundamental feature of our work which employs a relativistic wave

equation. The static potentials U and U are the only ones which remain in the
s oNational Science Foundation Grant No, PHY 78-2532.
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birac equation after applying conservation law constraints for scattering by a

spin-zero, isospin zero target. The potential U is often identified with the

neutral scalar field arising from two-pion exchange process and is simulated by

the exchange of a neutral scalar meson, the o, while the potential U may be

identified with the field of the neutral vector w meson. We found, as have
Q

Jaminon^ Mahaux, and RochuSj, that a number of features of the empirical optical

model potential are reproduced by the mixed n-w potential model.

In this work we extend our previous calculations of the general features

of the optical model potential, such as volume integrals and rras radii, to the

calculation of angular distributions and polarizations. Such calculations pro-

vide more sensitive tests of the model. In particular we will consider the
40

heaviest spin-zero, isospin-zero target, Ca. A comparison is made with the
9 10

elastic scattering cross sections and polarizations of 26 MeV protons as well

as with the recent data of Rapaport et al. for neutrons at the same energy.

A comparison of the central optical potential volume integrals from the analyses

of both neutron and proton data allows a determination of the empirical Coulomb

correction volume integral.
In our calculations we use the Uirac equation given by

s o c (1)

where V (r) is the Coulomb potential for protons, m the nucleon mass and E the

cm energy. In order to compare with nonrelativistic optical models, we write

(1) in second order form. The equation for the upper two components is

where

(2)

and

Ueff = 2EUo + 2mUs " Uo + Us " 2VcUo + UD

uso = - -k £ A • -V

A = E + m + Ug - U Q - Vc. (5)
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The cross term 2V U in the effective central potential corresponds to the non-

relativistic Coulomb correction term. If U is complex then the Coulomb cor-
12 °

rection term is complex. The presence of this term is a natural consequence

of the relativistic model. The possibility that the Coulomb correction may be

complex has long been recognized and has recently been observed in an empirical

analyses. Complex Coulomb correction terms also result in nonrelativistic
14 15

microscopic calculations ' of the optical potential.

The optical potentials we use are

UQ(r) = VQ(r) + iWQ(r), (6)

U (r) = V (r) + iW.(r). (7)
s s s

The real parts of the optical potentials arc constructed using a standard folding
, 16
form,

Us(r)=jps(r')vs(|f-i
i/|)df/, Uo(r) = j6o(r')vo(|r-?'i)dr'. (8)

The density p is found from a double folding of projectile and target nucleons

with the nuclear matter 'Jensity p „ The baryon density p is taken from an em-

pirical formula of Negele' and the scalar density is approximated by

0 (r) = [ o /p ] P~ (r) where [p /p J nm is the scalar to baryonic density ratio in
s s o nm o so

nuclear matter. The effective interaction is approximated by v(r) =t f(r) where

f(r) is the appropriate meson form factor and t is the volume integral of the

effective interaction in nuclear matter. The density ratio and the values of t

18 °

and t are taken from Walecka's relativistic mean field theory of nuclear mat-

ter. As a result, both the strengths and geometries are completely specified and

are independent of energy. The imaginary parts of the optical potentials are

determined under the following assumptions. Both Lorentz scalar and Lorentz

vector absorptions are assumed to be the derivative of a Woods-Sa:;on shape

with parameters given by Rapaport et al. The two strength parameters. W and

W , are varied to obtain reasonable agreement with the proton scattering data.
s 40

Figure (1) shows the p- Ca cross section at 26 MeV along with the data of

Ref. 9. Figure (2) shows the results for the polarization and the data of

Ref. 10. The fits are comparable to the results of standard nonrelativistic op-

tical model calculations which also do not include exchange effects. In a recent
20

paper Vosniakos et al. have found that the inclusion of a complex ^-dependent
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Fig. 1

Elastic cross sections for 26.3 MeV
40

protons on Ca. Experimental data

are from Ref. 9.

-10
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ft,•'cm

Fig. 2
40,

The smooth curve is the p- Ca polari-

zation at 26.3 MeV. The dashed curve
40

is the n- Ca polarization corre-

sponding to the dashed curve in Fig. 3.

The experimental data are from Ref. 10.

Majorana exchange potential in the optical model removes most of the large angle

discrepency. We have found that inclusion of a relativistic generalization of a

Majorana exchange potential can account for the structure in Che large angle
4 21

cross sections for p- He at 800 MeV. We do not, however, include such a term

here as it would add additional parameters to the calculation.

The volume integral of the Coulomb correction term defined by

!u (r)V (r)dv

AE (9)

3 13
is calculated to be (18 - 2i)MeV-fm . The empirical value determined from the

difference in optical potentials for protons and neutrons at this energy is
3 22

(22 - 15i)MeV-fm „ The smooth curve in Fig. (3) shows the calculated cross
40

section for n- Ca at 26 MeV uting the same parameters for the absorption as
40

found in our fit to the p- Ca data at 26 MeV. The real potentials are un-

changed except that the Coulomb potential is not present. The agreement with

the data of Rapaport et al. is quite reasonable but can be improved by allowing
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23
the absorption to increase slightly as is shown by the dashed curve in

Fig. (3). In this case comparison of neutron and proton volume integrals yields
3

an empirical Coulomb correction volume integral of (18 - 16i)MeV-fm which is in

good agreement with the nonrelativistic analysis of Ref. 13.

In Table I we give a comparison of volume integrals from the present work

with the theoretical results of Ref. 14 and Ref. 15 and with the global optical

model results from Refs. 11 and 13. The central potential volume integrals and

rms radii agree quite well among the various calculations. This indicates that

the relativistic optical model can be useJ to determine the real optical poten-

tial rather well. As the absorption is phenomenological it is not surprising

that it agrees well with empirical results. The real spin-orbit volume inte-

grals, K=A"(j/A) may be compared with the microscopic calculation of Brieva
15

and Rook. The imaginary volume integrals agree in sign but not in magnitude

and our real volume integral is 257 higher than the theoretical calculation. As

indicated previously, the real Coulomb correction volume integral is in agree-
1 ! 13

ment with the nonrelativistic optical model analyses of Rapaport. ' The

presence of an imaginary Coulomb correction term is in agreement with the theo-

retical work of Jeukenne, Lejeune, and Mahaux and Brieva and Rook. and with

the analyses of Rapaport. In view of these results we conclude that the

relativistic optical model employed here shows promise as an empirical guide.

In addition, it suggests alternative explanations for a number of features of

the nuclear optical model potential.

Fig. 3

The smooth curve is the calculated
40

elastic cross section for n- Ca at

26 MeV using the optical potential

parameters found from fitting the.
40

p- Ca data. The dashed curve results

when the absorption is increased, see

text. The experimental data are from

Ref. 11.

80 100 120 140 160 180
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TABLE I

COMPARISON OF VOLUME INTEGRALS AND RMS RADII

Case R(J /A)

MeV - f in MeV-fm fm

a) Empirical results from two different geometries.

b) Results from smooth curve in Fig. 3.

R(K)

MeV-fra3 MeV-£m3

p-Ref. 14

p-Ref. 15

p-Ref. 13 •

p-Present work

n-Ref. 14

n-Ref. 15

n-Ref. 11

n-Present work

438

392

402

416

408

359

4l5(385>a

399(398)b

140

95

106

97

98

120

114(99)b

3.73

4.14

4.08

4.15

3.76

4.17

4.02(3.93)a

4.18

4.22

4.89

5.54

5.06

4.79

4.58

5.06

112

141

114

—

141

» —-

- 1 3

-4

—

-15

-4
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STUDY OF 19 MEV REGION OF 12C

BY 180° ELECTRON SCATTERiNG

by

J. B. Flanz , R. S. Hicks, R. A. Lindgren, and G. A. Peterson
University of Massachusetts, Amherst, MA 01003

L. Fagg and D. Sober
The Catholic University of America, Washington, D. C. 20064

ABSTRACT

Back angle, 180 electron scattering
has been used to measure the transverse
form factors squared of transitions to the
19 MeV excitation region of 12C. Data were
obtained in a momentum transfer range from
0.5 to 2.5 fin"1. The high resolution of
the data enabled a decomposition of this
complex into five distinct peaks. Analysis
of the data includes a comparision with
form factors predicted in a shell model
calculation. In addition, an interpretation
using isospin mixing of 4" states, as sug-
gested by recent pion scattering work, is
discussed. The two interpretations are not
entirely compatible.

I. INTRODUCTION

The 19 MeV excitation energy region of 12C is a complex region with un-
bound, broad, and overlapping states that has been difficult to investigate
experimentally. Nevertheless, it has been the subject of several recent
investigations. The complex structure near 19 MeV is seen prominently in both
pion scattering1 and pion photoproduction.2 Predictions of an M4 excitation,3'1*
representative of the stretched class of excitations, have motivated previous
electron5'6 and recent proton7 scattering investigations to attempt measurements
of its strength in the 19 MeV complex. In addition to the experimental inter-
est, theoretical studies have provided detailed shell model wave functions8*9 to
aid in the interpretation of experimental results.

We have investigated this region by means of 180 electron scattering, a
technique selective of isovector excitations. Previous (e,e*) experiments made
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at more forward angles are less readily interpreted because they could have
included longitudinal and transverse components in their cross section, whereas
180° scattering selects only the transverse part. Since the electromagnetic
interaction is well-known, our results can be used to aid in the interpretation
of experiments involving more strongly interacting probes, and can furthermore
elucidate the nuclear structure aspects of the region.

II. EXPERIMENT AND ANALYSIS

The data to be discussed here were collected at the Bates Linear Accelera-
tor using the University of Massachusetts 180° scattering facility10 and the MIT
900 MeV/c high resolution spectrometer and detector system.11 Figure 1 shows a
scattered electron spectrum corresponding to an incident energy of 196 MeV.

Our interpretation of the 19-20 MeV complex rests on the well-founded
assumption that it consists of a number of overlapping states, some of which may
have appreciable natural widths. Using a peak-shape fitting procedure,12 we
have sought the positions and widths of peaks in a minimum set required to fit
all 13 measured spectra. At least five peaks are required. The excitation
energies (and spreading widths) of these peaks were found to be 18.80 ± 0.07
(0.10 + 0.04), 19.28 ± 0.10 (0.40 ± 0.07), 19.50 ± 0.10 (0.13 ± 0.06), 19.65 ±
0.10 (0.40 ± 0.07), and 20.00 ± 0.07 (0.15 ± 0.04) MeV. The line-shape decom-
position of thĵ  196 MeV spectra is indicated in Fig. 1.

Support for this analysis is provided by previous experiments. In (p,p!)
experiments, for example, states were observed at 18.8, 19.4, 19.65, and 20.27
MeV.13 States at 19.3 and 19.6 MeV have been excited previously in forward-
angle (e,e') work.5'6 Additional support comes from the comparison with
analogue states in 12B and 12N.

III. DISCUSSION

A. Comparison to Shell Model Predictions
Early theoretical attempts to understand this region were made by Donnelly1*

and Anthony-Spies.3 Recently, however, Millener9 has performed detailed SU3
shell-model calculations of both T = 0 and T = 1 odd-parity states.

As shown in Fig. 2, the form factor deduced for the 19.65 MeV peak can be
reasonably well described as resulting from an M4 transition. Evidence for a 4
state near this energy has been found in previous (e,e') and (n,n') measure-
ments6. >ltf We identify this peak with the T = 1, 4" state predicted at 19.94 MeV,
and assume it to be the analogue of the 4.52 MeV, 4" state of 12B. Since the
peak is strongly excited, it seems unlikely that it would be associated with a
T = 0 level. The deduced M4 transition strength is 35.7 ± 1.0% of that predicted
by Millener for the 19.94 MeV, T = 1 state, which corresponds to 22.1% of the
single particle prediction.

Despite the poor statistical quality, the shape of the form factor obtained
for the weak 19.5 MeV peak* shown in Fig. 2, is also suggestive of M4 excitation.
.T = 0, 4" states have been predicted at 19.10 and 19.90 MeV, and the weak in-
trinsic strength of the observed peak is consistent with an isoscalar assignment.
The possible close proximity of T = 0 and T = 1, 4 states favors the likelihood
of appreciable isospin mixing, as has been suggested by the results of recent
(TT,7T') experiments.
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The form factor measured for the 19.28 MeV peak, shown in Fig. 2, clearly
cannot be interpreted as the result of excitation by a single multipole. (The
line-shape decomposition applied to the 19 MeV complex is unreliable for the
separation of excited states that are near-degenerate in energy.) A major com-
ponent of this form factor appears to have the q-dependence of the 2" state
predicted by the shell-model calculations to lie at 19.72 MeV. Experimental
support for the existence of a 2~ state near 19.3 MeV comes from (e,e') (p,pf)
and (n,n') measurements.5>13>14 The present results suggest that the 19.28 MeV
peak contains 95.7 ± 3.1% of the relevant M2 strength calculated by Millener.

An additional multipole component, peaking near a momentum transfer of
1.8 fm"1, is required to explain the observed form factor at high momentum trans-
fers. A likely candidate is the l" state predicted to lie at 19.14 MeV; the
analogue of the 4.30 MeV, T = 1 state of 12B. Evidence for 1" strength in this
region of 12C comes from broad strength observed in the (Y,n) cross section.15

To account for the high-q dependence of the observed form factor, the 1" state
would be required to carry 68.6 ± 4.6% of the strength predicted by the SU3
shell model.

B. Isospin Mixing
An alternative explanation for the high-q enhancement of the 19.28 MeV

form factor postulates the existence of a second strong 4" state near this exci-
tation energy. This state would have 15% of the M4 strength tentatively
assigned to the state at 19.65 MeV if it were a purely isovector excitation. On
the other hand isospin mixing can account for the existence of two states whose
strengths are measurable by electron scattering when there is only one T = 1
state predicted. For example if the pure T = 0 and T = 1 states are represented
by J0> and |l> respectively, the observed levels can be represented by

| 1 9 . 2 8 MeV > = a | 0 > - 3 | 1 >

| 1 9 . 6 5 MeV > = 3 | 0 > + a | l >

w h e r e a 2 + S 2 = 1 ,

and where a and g are the mixing coefficients. Using the observed strengths in
electron scattering and information from the shell model wave functions, con-
straints can be placed on the possible values of a and 3. Solutions for (a,$)
include (± .94, ± .33) and (± .76, + .65). Only the first solution is at least
partially consistent with the pion scattering data.

IV. CONCLUSIONS

In summary, there appears to be at least five or six states which contrib-
ute to the cross section observed for the 19 MeV complex of 12C. Inelastic
electron scattering at 180° represents a valuable means of examining this struc-
ture because of the techniques inherent sensitivity to transverse isovector
transitions. The data is consistent with form factors of the T = 1, J71 = 1", 2"
and 4~ states predicted by shell model calculations. On the other hand an
unambigious interpretation cannot be realized at the present time. Although
there is strong argument for the existence of a JT = 1", T = 1 state near
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19.28 MeV, its strength cannot be uniquely determined due to the possibility of
isospin mixing between isoscalar and isovector M4 transitions. The intercompari-
son of results obtained using the (p,p'), OJT'J and (Y.^) reactions along with
the (e,e') results presented here will hopefully lead to an improved under-
standing of this long-studied region.

This work was supported in part by the U. S. Department of Energy.
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b) 19.5 MeV state compared to

T = 0, 4" form factors, and
c) 19.28 MeV state compared to

T = 1, 1~ and 2" form factors
as predicted by theory.
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ir°-PHOTOPRODUCTION IN THE ISOBAR-DOORWAY MODEL*

by

A.N. Saharia and R.M. Woloshyn

TRIUMF, Vancouver, B.C., Canada V6T 2A3

ABSTRACT

Many-body modifications to the photoproduction
operator are discussed in the isobai—doorway model.
The calculations are done for 1 2C(Y,IT 0) 12C for two
different parametrizations of the isobar-doorway
model and are found to differ substantially, even
though they fit elastic scattering equally well.

I. INTRODUCTION

It has been suggested by various authors that the pion-photoproduction pro-
vides an important mechanism to discriminate between different pion-nucleus op-
tical potentials. In such arguments it is presumed that the transition operator
is a known quantity evaluated from the nucleon photoproduction operator using
impulse approximation, and the differences between calculations should reflect
the way distortion of the outgoing pion is handled. However, as pointed out by
Koch and Moniz,1 many-body effects modify substantially the part of the transi-
tion operator which corresponds to the A pole in pion photoproduction from the
nucleon.

We evaluate the modification of the (Y»T°) transition operator using the
same isobar-doorway model as was used previously in constructing the optical po-
tential.2 Calculations are done for 1 2C(Y,TT°) 1 2C using two different paramet-
rizations for the isobar propagator. These parametrizations give quite dif-
ferent ( Y > T ° ) cross sections even though they fit pion elastic scattering data
equally wel1.

"Work supported in part by the Natural Sciences and Engineering Research Council
of Canada.
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II. FORMALISM

In the isobar-doorway model,3 the Hilbert space is devided into 1) P-space
containing the asymptotic states, generated by the non-resonant part of the n-N
interaction, 2) D-space containing A-(A-l) states, 3) Q-space containing every-
thing else. Using the projection operator algebra and making the doorway assump
tion HpQ = 0, the effective Hamiltonian for the states in P-space is

Defining the free Green's function Go = (E-HQ)" 1, we get the transition
matrix as

T . + T G o ) , (2a)

HDP

where V^R = Hpp - Ho is the transition operator generated by interactions in
P-space.

For pion-nucleus scattering the quantity in square brackets is just the
optical potential.3 To evaluate it in terms of pion-nucleon t-matrix a complete
set of A-(A-l) states |Dj> which diagonalise the energy denominator is intro-
duced. Further identifying the pion nucleon t-matrix in the 3~3 channel as

R
<TTN { Hpo| A> <A|HDP|TTN>

E - MA + iTA/2

we get

< k v o p t l k f > =
NR (E - M A + iTA/2)

E . Ein + rin/2

where

E - < DiI HDD + HDQ E _ H
 H Q D I D i > ' (5)

and Fj(k,k') is modified nuclear form factor.
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The pion-nucleus scattering t-matrix is then given by

Tmr = 0 + T G 0 ) V o p t = f2Vopt , (6)

where fi = 1 + TG0 is the distortion operator.
For pion photoproduction, the quantity in square brackets is the transition

operator t. For the non-resonant part we use the impulse approximation. For
the resonant part we proceed exactly as for the optical potential and identify
the pion photoproduction operator as

R < T T N | H P D | A > < A | H P D | T N >

Y*° E - MA + IT A / 2

so that

<Z\i»*\t> +Y ( E H A + i r A / 2 ) - tR o<iU> ^ ( U ) • (8)
Z f E - E i n + j r i n Yv

D D

The pion-photoproduction amplitude is then given by

TyTro = (1 +TG0)t = fit . (9)

The quant i t ies En., r^? and Fj occurr ing here are exact ly the same as in Eq. (4) .
As pointed out in Refs. 2 and 3 these quant i t ies take in to account many-body e f -
fects (except e las t i c width and s h i f t ) l i ke true absorpt ion, Pauli b lock ing,
binding energy e t c . T h e i r impor tance in p i o n - n u c l e u s scat ter ing has
been emphasized by various authors.1*"6 However, i f these e f fec ts are important
for pion sca t te r ing , they should also be taken into account fn pion-
photoproduct ion, especia l ly for the reaction (y . f f 0 ) , where the elementary ampl i -
tude is dominated by A product ion. Thus in DWIA-type ca lcu la t ions , we should
not only use a bet ter opt ica l potent ia l but also consis tent ly modify the t r a n s i -
t i on operator. This is shown schematically in F ig . 1.

I I I . CALCULATIONS

In Ref. 2 the opt ica l potent ia l in Eq. (h) was parametrized as

F(A;k.k') (10)
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Fig. 1.
Similarity of pion elastic scattering and photoproduc-
tion in the isobar doorway model. X represents all
modifications to the isobar propagator, except those
due to coupling to P-space.

wi th

F(X ;k,k') = V /"**(?!
N J

The non-locality factor P^(X; rj,r^) » which describes the propagation of the
A in the presence of other nucieons, was chosen as

so that in the closure limit, A = 0, F reduces to the nuclear form factor. In
Ref. 2 we tried two different parametrizations: 1) channel independent with
AEj, = AE and &$, = |3 for all partial waves, 2) channel dependent parametrization
wi th AEK, = AE/[1 + e x p U - H0)/6A0] and BJJ - 1 = (S - l)/[l + exp(2. - H0)/Sl0"l » where
^o = ^0^ ^nd <5̂ o = kot, R and t being the nuclear rms radius and surface thick-
ness, respectively. The parameters AE, 6 and A were obtained by fitting pion
elastic scattering data on 1 2C and 1 6 0 . A typical fit from Ref. 2 in the reso-
nance energy region is given in Fig. 2, together with the parameters of the IDM
needed at this energy.

A few points need clarification here: l) even the channel independent para-
metrization of the optical potential does not correspond to a channel inde-
pendent parametrization of the pion-nucleus t-matrix used >n Refs. 7 and 8. The
t-matrix evaluated using this optical potential would have strong channel depen-
dence because of the elastic width and shift. 2) The above parametrization does
not necessarily correspond to assuming single doorway dominance. Rather, it
corresponds to the situation of overlapping resonances and the quantities AEj>,
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Fig. 2.
A typical fit to pion elastic scattering from Ref. 2.

and Bn are suitable averages over these overlapping resonances. 3) Finally, we
once more emphasise that the quantities AE and 8 include the effects of binding
and coupling to Q-space only. Thus, in comparison with microscopic calcula-
tions,5'6 in which < H UQ[1/(E-HQQ)]HQD > is parametrized, the only additional
quantity which we have replaced by an average is the binding energy of the A in
the field of (A-1) nucleons.

For coherent TT°-photoproduction we use the same parametrization to write
the transition operator as

E _

where the quantities AE, S and
from pion-elastic scattering.
which we take as-»

A are no longer free parameters but are determined
The only additional input here is t ^ o and R

I tyno I k > = E - > • - » •

kxqM ,

•"The other terms in the pion-photoproduction operator, being proportional to
the nucleon spin operator, will not contribute to the coherent process on a
spin-zero target.
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with MR and M^R determined from the multipole analysis of Pfei1 and Schwela.9

"'he transition operator so determined is then used with the distortion operator
fi(k,q) as determined by the optical potential given by Eq. (10). In Fig. 3 the
energy dependence of the l2C(y,v°)12C total cross section is given for the two
parametrizations of the isobar-doorway model together with the standard DWIA
result. As we can see here the differences between the two models are larger
than those observed for elastic scattering. In Fig. h the corresponding angular
distributions for Ey = 2^5 MeV are shown. Again, although the shapes are similar
for two cases, the differences in magnitude are large enough for experiments to
discriminate between them. Thus the (y.^0) reaction provides a tool for distin-
guishing between different models being used to take into account many-body
effects in the pion nucleus interaction.
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PION DOUBLE CHARGE EXCHANGE - RECENT DATA
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ABSTRACT

Pion double charge exchange transitions (IT ,TT")
have been studied to double isobaric analog and non-analog
states. Data Is reported from a systematic study of the
reaction on the nuclei 16,18-Oxygen and 24,26-Magnesium.
Preliminary analysis for analog transitions is reported.
Use of the technique for mass measurements is also discus-
sed.

I. INTRODUCTION

Torlief Ericson first mentioned pion double change exchange (DCX) as a means

of studying nuclei off the line of stability. Due to the lack of intense, high

quality pion beams, very little experimental work was performed on the reaction
2-4and so the nature of the reaction mechanism remained unresolved. The advent
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of the "meson factories" has enabled and renewed interest in the reaction. Sev-

eral experiments have been performed at LAMPF and SIN in the past three years.5"

Significant theoretical effort has also been devoted to the reaction8" but the

limited data set has not been sufficient to dictate a choice between the proposed

explanations.

In the summer of 1979 our collaboration initiated a systematic study of the

DCX reaction mechanism. The goal was to obtain high quality data, angular dis-

tributions and energy excitation functions, for non-analog, analog transitions

from the nuclei pairs 1 6' 1 8o and 2 4 > 2 6Mg. The utilization of the technique to

measure unknown masses of isobaric quintets in support of the Isobaric Multiplet

Mass Equation (IMME) was also undertaken.

II. RECENT DATA

A. EPICS DCX facility

The EPICS spectrometer facility at LAMPF was modified by this collaboration

to allow forward angle (5°-35°) investigation of DCX with reduced background. A

'C magnet was placed on the spectrometer frame, after the scattering target and

before the focusing quadrupoles, to separate the DCX pions from the outgoing beam

(Fig. 1). This created a 20° opening angle between the two beams, and along with

vacuum coupling the channel to the spectrometer led to a substantial count rate

reduction in the spectrometer allowing high resolution, unambiguous identifica-
16 18

tion of the two-body final states. The ' 0 targets were isotopically enrich-
O Of. OA

ed water ice of thickness MOOOmg/cm . The Mg was metallic and the Mg was

isotopically enriched MgO powder, both were of thickness ^500mg/cm . A freon

gas Cherenkov detector was used to veto, at the focal plane, electrons originat-

ing mostly from the target.

B. 16»18O(ir+,Tr~)16»18Ne Reactions

Energy excitation functions were measured with both Oxygen nuclei over a
IP

range from ^100-300 MeV. Angular distributions from 0 were taken at 164 MeV

and 292 MeV over the range 5°-35°

Figure 2 displays the two ai

the angular positions of the first minimum, for 164 MeV it is near 22° and at

I g
Figure 2 displays the two angular distributions of DCX on Q. Of note are
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292 MeV moves out to near 28°. This non-diffractive behaviour indicates that the

nature of the reaction mechanism changes with energy.

Figure 3 displays the energy excitation functions of both Oxygen nuclei.

There is marked contrast between the analog and non-analog cross sections. The
18
0 excitation function is characterized by a broad, shallow dip about the (3,3)

pion-nucleon resonance at 180 MeV.

C. 24'26Mg(/,Tr~)24'26Si Reactions

Energy excitation functions were again measured for both Magnesium nuclei

and a single angular distribution was taken on Mg at 292 MeV.

The energy excitation functions of Figure 4 exhibit shapes very similar to

those of Oxygen in Figure 3. This consistent behaviour indicates that major parts

of the reaction mechanism may be largely independent of nuclear structure, or

that the nuclear structure is ^ery similar, especially for analog transitions.
OC 1O

The 292 MeV angular distribution for DCX on DMg (Fig. 5) and that for 0 "
appear to be consistent with the .1-.2 density point strong absorption radii for

14these nuclei when a diffractive model is used, such as that due to M. Johnson.

This seems to indicate that the same term is dominating the reaction mechanism at

this energy for both nuclei.

D. Preliminary Analysis

Siciliano and Johnson have developed a computer code "PIESDEX" that

uses the Kisslinger form of the pion-nucleus optical potential to calculate elas-

tic, single and double charge exchange reactions. The model they use is the Iso-

topic Multiplet Approach, which assumes total isotopic spin invariance and there-

fore treats the single and double isobaric analog states as having the same mat-

ter distribution as the ground state of the target nucleus. The calculations are

performed by first constructing optical potentials on channels of total isospin

and then solving the Klein-Gordon Equation. The differential cross sections are

then obtained by taking appropriate linear combinations of the resulting total

isospin amplitudes. This formulation retains terms through rho-squared (correla-

tions) in the isoscalar, isovector, and isotensor terms in the optical potential.

The terms linear in the neutron and proton density are determined from 7r-nucleon

phase shifts and are not adjustable. The isospin dependence of the terms quadra-
nt

tic in the density (p ) has been treated in the most general way. The
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coefficients of these terms, however, have been left as energy dependent para-

meters.
18

Figure 6 shows the 0 164 MeV angular distribution with several qualitative
2

fits demonstrating the nature of the effects of p . The sensitivity of the first
18

minimum in the 0 DCX analog transition to the isotensor terms has been pointed

out previously by Johnson ' and the sensitivity of the elastic, single and
2

double charge exchange to the p terms is investigated in detail in a forthcoming

article by M. B. Johnson and E. R. Siciliano. As seen in the figure a calcula-
2

tion with no p terms places the first minimum near 32°. Adding the isotensor

term has the effect of moving the minimum to the proper position though missing
2

the magnitude. Adding p isoscalar and isovector terms is demonstrating an abil-

ity to improve the magnitude. A detailed study of these effects is currently in

progress.
2

Figure 7 demonstrates the qualitative effects of p terms in the evaluation
18 2

of the 0 excitation function. A calculation with no p terms is low at ener-

gies on either side of the (3,3) resonance and close near the resonance. The in-

clusion of the isotensor term serves to drop the magnitude near resonance and

increase it off resonance.

E. Mass Measurements

The (IT ,TT") reaction was used to measure the ground state masses of the nuc-

lei 0, Ne, Si, and Ar. These masses were then used to test the predic-
1R

tions of the Isobaric Multiplet Mass Equation (IMME):

M(A,T,Tz) = a(A,T) + b(A,T)Tz

which form results from assuming only two-body charge-dependent forces in the

nucleus. Deviations from the quadratic form (dT + eT + ' * " ) are expected i f

there are signif icant three-body charge-dependent forces in the nuclear Hamilton-

ian, or second order effects such as isospin mixing with lower T members of the

mult iplet. For T = 2 multiplets (quintets), The f i t t i n g of a l l f ive masses with

the same coefficients of the quadratic form provides a sensitive test of the con-

ditions of the IMME.
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The measured mass excesses for the four nuclei were 32059(48), 24051(45),
10682(52), and -2181(50) KeV respectively. The values of 1 20 and 16Ne may be
compared with those of Kekelis et al.19 of 32100(120) and 23920(80) KeV respec-
tively. The masses for the A = 24,32 quintets were all determined with the in-
clusion of our measurements and were used to determine the coefficients of the
IMME. The values were fit to all orders in T with a least squares program. The
reduced Chi-squared values show that there is no evidence for higher-order terms;
i.e. when such terms are extracted they are consistent with zero. These results
are shown in Table 1.

III. CONCLUSIONS

18 26From the similarities exhibited by the 0 and Mg analog transitions as
well as those between 0 and Mg we are led to several conclusions. First, by
examining both types of transitions we find that the reaction mechanism may be
simpler than previously believed. Second that the angular and energy dependence
may be explainable in terms of the interplay between isovector and isotensor
terms in the optical potential. We have shown that DCX can be a useful technique
in the mass measurements of exotic nuclei with good accuracy. Also we have pro-
vided evidence for the general conditions of a first order test of the nuclear
force, the quadratic IMME.

This work was supported in part by grants from the United States Department
of Energy and the Robert A. Welch Foundation.
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TABLE I.

COEFFICIENTS OF THE IMME AND REDUCED X2 FROM LEAST-SQUARES FIT

a(MeV) b(MeV) c(MeV) d(MeV) e(MeV)

12

16

24

32

27.

27.
17.
17.

1.
1.

1.

-13.

-13.

-13.

.5949(24)

5950(24)

9836(29)

9840(30)

5057(9)

5059(9)

5058(9)

9657(25)

9663(37)

9651(40)

-1.

-1.

-2.
-2.

-4.
-4.

-4.

-5.

-5.

-5.

7478(118)

7628(273)

5949(89)

5995(112)

1757(36)

1767(37)

1818(75)

4686(25)

4682(31)

4648(55)

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

2441(62)

2434(63)

2233(57)

2220(60)

2222(31)

2194(38)

2235(66)

2027(23)

2034(41)

1996(65)

0.

0.

0.

0.

-0.

-0.
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GLOBAL FITS OF PION ELASTIC SCATTERING FROM 12C AND 160

ACROSS THE (3,3) RESONANCE

by

D. B. Holtkamp and W. B. Cottingame,

University of Texas, Austin, Texas 78712

ABSTRACT

Calculations of ir" elastic scattering from 12-Carbon
between 120 and 280 MeV indicate that vastly mproved fits
to the data are obtained when a shift of the .nergy at
which the optical model parameters are evaluated of -25 ±
3 MeV is included. Similar fits for tr* elastic scattering
from 16-0xygen between 114 and 240 MeV yield a shift of
-22 + 4 MeV. A tentative explanation in terms of binding
effects is presented.

When calculations were begun in October of 1979 to reproduce the elastic

scattering of -n and TT~ from 0, it was noted that the best fits were obtained

when the optical model parameters of the Kisslinger potential were evaluated at

energy of about 20 MeV less than the incident pio1^ energy of 164 MeV. The signi-

ficance of this result was not appreciated until November when fits to the elas
± 12

tic scattering of IT from C at energies between 100 and 300 MeV indicated

that the best fit was obtained with an energy shift of -25 ± 3 MeV. Subsequent

fits of IT* elastic scattering from 160 at 114, 162, 164, and 240 MeV yielded a

shift of -22 ± 4 MeV. These fits were originally undertaken in order to correct

for the changes in the distortions of the pion waves in the exit channel of in-
1 o 1 c

elastic scattering from C and 0 and to study the energy dependence of the

optical model parameters.

The calculations were performed using a modified version of PIRK, coupled
2

to a multiparameter optimizing package, OPAC. A simple Kisslinger potential
was assumed with the optical model parameters bQ and b, calculated from the

439



3 12pion-nucleon phase shifts of Rowe, et aj_. For C a harmonic oscillator densi-
4

ty obtained from electron scattering was used, after correcting for the finite

charge size of the proton. In 0 a Woods-Saxon density which yields the same
4

R as electron scattering was used. Also, an estimate of the Coulomb energy

shift for TT and ir was included based on a nuclear radius of 1.2 A1'3 fm.
12

Calculations and fits of the elastic scattering from C are shown in Fig.
+ 5 +

1. The data used for IT" scattering at 162 MeV are from EPICS, for TT at 148
and 226 MeV are from SIN, and the remaining ir~ data are from CERN. It is noted
that the fits represent the data much better than the standard calculation. The

12

fits for C were obtained by fitting all of the data simultaneously while vary-

ing one parameter: the difference between the pion-nucleon interaction energy

(i.e. where the ir-nucleon phase shifts are evaluated) and the incoming projec-

tile energy (i.e. the ir-nucleus scattering energy).

Calculations and fits for the elastic scattering from 0 were also per-
+ $

formed in a similar manner. The data used for TT~ at 164 MeV are from EPICS,

while the i^ data at 116, 162, and 240 MeV are from SIN.9 Additional IT" data at

240 MeV were included. An energy shift of -22 ± 4 MeV was obtained.

The experimental TT~ total cross sections for C and 0 were also calcu-

lated. The experimental results were reproduced much better in calculations

which included the fitted energy shift, relative to the standard calculations. .

It is tempting to interpret this energy shift as evidence for nucleon bind-

ing effects on the pion-nucleus optical model parameters. The shift obtained for
12

C was -25 ± 3 MeV, which is of roughly the same magnitude as the neutron/pro-

ton emission thresholds (-19/-16 MeV). In 1 60 the fitted shift of -22 ± 4 MeV

may be compared with the neutron/proton emission thresholds of -16/-13 MeV. It
TO "I C

will be noted that the difference between the fitted shifts for C and 0 are

similar to the differences in emission thresholds. If these shifts are indica-

tive of nuclear binding effects, then it is possible that the extra shift in

addition to the binding energy may mock up other nuclear medium effects, such

as Fermi motion, etc. Further theoretical interpretation of this phenomenon is

required before definite conclusions can be reached.

Calculations allowing different energy shifts for IT and IT" are planned to

see if differences are observed. Such differences might invite comparisons to

the proton/neutron binding energy differences. This effect may be obscured by440



the known Coulomb-induced energy asymmetries in tr /ir~ scattering. Similar f i t s

are in progress to study these energy shif ts in TT~ elastic scattering from the
Calcium isotopes, 40.42.44.48^11
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DIFFERENTIAL CROSS SECTIONS FOR 160(y,ir+)16N AND

1 0B(Y^ +) 1 0Be in the A(1236) REGION*

by

P. E. Bosted, K. I. Blomqvist, A. M. Bernstein, and S. A. Dytman
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

ABSTRACT

We report the first (Y,TT) experiment to discrete final
states in the A(1236) region. Differential cross sections
for 10B(y,TT+)10Be and ^0(y,-n+)^^H have been measured at
90° laboratory angle for 80 to 200 MeV kinetic energy pions.
The contributions from the ground and first excited states
in l^Be were observed separately, while in T6N the sum of
the four lowest lying states were observed. The data are
found to be in good agreement with DWIA calculations for
TAB; one calculation agrees for 16O while another is a
factor of two low.

In previous studies of the (y,-n ) reaction just above threshold, there has

been excellent agreement to the 20% level between experiment and predictions

based on the distorted wave impulse approximation. In this region, the elemen-

tary operator is dominated by the Kroll-Ruderman ere term (a is the nucleon spin

and e is the photon polarization vector) so that the important nuclear matrix

element is that of the operator at momentum transfers near the pi on mass

('v, 0.7 fm ). These can be studied by magnetic electron scattering, although

there they are accompanied by contributions from orbital and meson exchange cur-

rents so that the spin contribution must be obtained on the basis of a nuclear

model. An additional simplification of the threshold region is that the final

Supported in part by the US Department of Energy under Contract No. EY-76-C-02-
3069.
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state pion-nucleus interaction is relatively weak so that one can anticipate

that the DWIA should work well in this regime.

In the delta region one expects the situation to be more complex. The ele-

mentary (Y 5 T ) operator has terms depending on the nucleon and pion momenta which

must be evaluated locally (i.e., in the nuclear medium). In configuration space,

these are represented by gradient operators on the pion and nucleon wave func-

tions. The nucleon gradients give rise to derivatives of the transition,densi-

ties which are not observed in electron scattering, and for which we must com-

pletely rely on nuclear model calculations. In addition, strong interactions

between pions and nucleons in the delta region give rise to important medium

modifications of the propagating pion. These effects are seen in elastic pion-

nucleus scattering as deviations from the lowest order optical potential and can
2

also be discussed in terms of A propagation in the nucleus. Large deviations
have been found in (TT ,TT ) reactions between experimental total cross sections

(e.g., in C, B, Li) and DWIA calculations which may in fact be explainable
4

in terms of isospin dependent energy shifts in the amplitude. In addition,
theoretical calculations of the coherent {y,ir ) process have predicted large

effects due to delta propagation.

We have embarked on a study of the (YJTT) process in the A region. Our first
12 12experiment was the recent measurement of the total cross sections for C(Y>T ) N

and L I " ( Y > O Be reactions in the pion energy range of 0 to 140 MeV. The ob-
12served final states were the ground state of N and the sum of contributions

from the ground and first excited states in Be. The results were found to be

in surprisingly good agreement with DWIA calculations, especially in view of the

previous discussion.

One would expect the differential cross section to be more specific than

the total cross sections in showing shortcomings in the theory. We have started

by utilizing the existing Bates electron scattering spectrometer. We chose two

(Y,TT ) cases for which the nuclear structure is well understood from transverse

electron scattering form factor measurements and where large level spacings in

the residual nuclei make it easier to separate their contributions.

The measurements were made by passing the electron beam of the Bates linac
2 2

through a 283 mgm/cm BeO target and a 116 mgm/cm packed powder boron target

and detecting the pions produced from the endpoint region of the virtual photon

spectrum. The Bates electron spectrometer was fixed at 90° and the electron
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beam energy was varied to produce pions of the desired energy. Five 8-cm thick

lucite Cerenkov detectors in the spectrometer focal plane were used to discrimi-

nate between pions and all other particles. Although each target had material

other than the desired element, the contaminants did not contribute to the ob-

served spectra due to their much higher thresholds. The contribution from muon

backgrounds arising from pions decaying in flight was subtracted empirically.

In the case-of Be-, the ground and first excited states were observed

separately, but for N the four very closely spaced lowest levels could not be

distinguished and therefore only their sum was extracted. The electroproduction

yields were converted to photoproduction cross sections under the assumption

that the yield for electroproduction could be expressed in terms of the photo-

production cross section times an effective photon spectrum. The shape of the

virtual spectrum observed for all spectra taken was found to be consistent with
Q

the dipole form of Dalitz and Yennie (DY). By measuring the yield both with

and without a Ta radiator placed in front of the target, the absolute value of

the virtual spectrum was determined to be 1.27 ± 0.6 times bigger than that of

DY.

The overall efficiency of the detection system as a function of pion energy

was determined by measuring the well know p(y,T\ )n reaction at several energies.

The preliminary results for B(Y,TT ) Be are shown in Fig, 1 as the solid

circles and squares. Also shown (as the open circles and squares) are the pre-

liminary data for this reaction taken by an RPI/MIT collaboration using the
q

Bates Low Energy Spectrometer. The calculation is a preliminary one perfcrmed
by Singham and Tabakin for the ground state only. They used Cohen-Kurath. wave
functions which give good fits to the transverse form factors, the pion optical

12parameters of Strieker et al., and a coordinate space approximation to the
13

Blomqvist-Laget form of the elementary operator. It can be seen that the cal-

culation is in good agreement with the low energy points, but falls somewhat low

in the delta region. Although better DWIA calculations will soon be available,

the agreement at this preliminary stage is encouraging.

The situation is somewhat different when comparing the available calcula-

tions to the data for the O(Y,TT ) N reaction shown in Fig. 2. The calcula-
14

tions of Devanathan are in approximate agreement with the experiment but those
of Nagl are low. Both calculations use optical potential parameters that give

good fits to the elastic pion scattering data, but that of Nagl is probably more
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reliable for two reasons. Nagl used the Helm model to fit the transverse form

factor while Devanathan did not check that his wave functions fit this valuable

constraint. Also, Nagl allowed the pion derivative terms in the CGLN elemen-

tary operator to act on the pion wave function whereas Devanathan used the asymp-

totic approximation. Again, better calculations are presently in progress, and

it will be interesting to see if the apparent discrepancy will remain.

We plan to extend these measurements to include more forward angles and to

perform experiments on other nuclei. On the theoretical side, we believe that it

is important to check the sensitivity of the calculations to the assumed input

parameters, to improve on the mathematical approximations made in handling the

elementary operator, and to include medium corrections in the intermediate states.

LOp

320 34O

Fig. 1. Preliminary data for1 B(.Y,TT )
^Be. The open circles and
squares were taken by an RPI/
MIT collaboration using the „
Bates Low Energy Spectrometer.
Calculation is for the ground
state only and is from M.
Singham et al.

240 260 280 300 320 340 360

Fig. ?.. Preliminary data for O(Y,TT)
'"N. The points sum the con-
tributions from the four low-
est lying levels in '°H.
Curves are calculations of A.
Nagl13 (solid line), and Deva-
nathani2 (dashed line) for
the sum of the same four lev-
els as measured in the present
experiment.
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STUDY OF STRONG SPIN-ISOSPIN MOL^ ANALOG STATES AT i*.5 MEV

IN 12B IN 12C(e,Tr+)12B+
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K. Shoda, H. Tsubota, H. Ohashi and M. Yamazaki
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ABSTRACT

Strong spin-isospin mode analog states at ^.5 MeV in
12B were studied by the reaction 12C(e,ir+)12B. The double
differential cross sections for the reaction 12C(e,e'Tr+)12B
leading to the U.5 MeV T = 1, Tz = 1 complex in

 12B were
measured at the electron energy Ee = 200 MeV using the
Tohoku electron linear accelerator at 8^ = 30°, 50°, 70°,
90°, 110°, 130° and 150°. The corresponding momentum trans-
fer ranged from about 0.6 to 1.5 fm~*. The photoproduction
cross sections were obtained using virtual photon theory
and an experimentally-determined real-to-virtual photon
ratio. The results are compared with theoretical calcula-
tions and also with the available data on inelastic elec-
tron scattering frda the 19.5 MeV T = 1, Tz = 0 analog
complex in 12C.

The photoproduction of pions near threshold and its inverse process, the

radiative capture of stopped pions, preferentially excite spin-flip states in a

nucleus through the dominant Kroll-Ruderman, a-t (a is the nuclear spin and e is

the photon polarization vector). Of special interest is the possibility of using

these reactions to study the spin-flip states in the giant resonance region - the

so-called spin-isospin modes.1

U.S.-Japan Cooperative Science Program
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In contrast to the well-known giant resonance isospin modes1 which have

been extensively studied throughout the periodic table by photonuclear reactions

and electron scattering, experimental studies of the spin-isospin modes are

rather limited, most of the presently available data coming from the radiative

capture of stopped pions.2 However, this reaction has the serious limitation

that the momentum transfer is restricted to a single value (q n- 0.6 fm" 1), and

therefore no information can be obtained about the multipolarities of the excited

states. The inverse reaction, namely the photoproduction of charged pions, can

be a more versatile tool to study the spin-flip giant resonance states since the

momentum transfer can be varied to map out the form factors of the excited

states.^ The photoproduction of charged pions excites the T = 1, T = ±1 spin-

isospin analogs in the residual nucleus (for a T = T = 0 target nucleus). The

fact that the photopion reaction probes only the T = 1 states is a unique feature

which distinguishes it from other reactions such as electron scattering or pion

inelastic scattering which are sensitive to both T = 0 and T = 1 states or their

isospin-admixed states.

The purpose of this paper is to demonstrate the usefulness of photopion

reactions with variable momentum transfer to obtain spectroscopic information

about the spin-isospin analog states. We report here on angular distribution

studies of emitted pions in the reaction 12C(e,ir )12B leading to the 4.5 MeV

T = 1, T = 1 analog complex in 1 2E.
z

Strong excitation of these states was previously observed in (IT , Y ) 2 und

(Y,H~) experiments at a single fixed momentum transfer. In the photon spectrum

following radiative capture (Fig. la) this complex shows up as a strong peak at

about E = 120 MeV. In the electro (photo) pion production experiment (Fig. lb),

this shows up as a break or a discontinuity in the yield curve which reflects

the continuous nature of the virtual photon spectrum. The T^ = 0 analogs which

correspond to these states are located at about 19-5 MeV in 1 2C. Inelastic

electron scattering studies by Yamaguchi and Flanz et al. show that these

states are dominantly M2 and Mk.

In the present experiment a 200 MeV electron beam from the Tohoku electron

linac impinged on a graphite target of thickness 150 mg/cm . Energy spectra of

the emitted pions were measured at seven angles ranging from 30° to 150° in

steps of 20° using a double-focussing magnetic spectrometer with a 33-channel'

detector telescope array in its focal plane. Each channel consisted of three

Si(Li) soli'l state detectors operating in triple coincidence. System resolution

449



was 0.6 MeV at all angles except 130° and 150° for which is was 1.0 MeV. The

energy spectra at 9 = 50° and 130° are shown in Fig. 2.
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The pion energy spectra at 6 = 50° and 130°.
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The absolute scale on the double differential cross section was obtained by an

auxiliary elastic electron scattering measurement on the 12C target. In each

spectrum, the lower line represents the background due to pions populating the

lower states in the residual 12B nucleus. The electroproduction results were

analyzed using the Dalitz-Yennie7 virtual photon spectrum shape and the real-to-

virtual photon ratio which was experimentally determined in a separate experi-

ment . **

The photopion cross sections thus obtained are shown in Figs. 3 and k, and

are compared with two theoretical calculations. The error bars are due to the

propagation of counting statistics only. The systematic error, mainly due to the

uncertainity in the elastic electron scattering cross sectioi in 12C which was

used to normalize the data, is estimated to be at the 10* level.

In Fig. 3, the experimental results are first compared with the Helm model

calculations of Nagl.8 The nuclear structure input to the calculations is in the

y,ir)ISB1'(E>=45M«V)

Htlm ModtKNogO

———*» I" • 2" + 4
2"

30 50 TO 90 110 130 150* 8

Fig. 3
Photopion cross sections compared with
Helm model calculations.8

i cr e onlylHcxTon)
Tult B L Amplitude

(Singham)

150'

Fig. it
Photopion cross sections compared with
Shell model calculations.10'11 Both
theoretical calculations represent the
sum (0.5) x 2" + (0.7) x k~.
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form of the transition charge density which is parametrized to the electron

scattering data of Yamaguchi et al.5 for the 19-5 MeV complex in 1 2C, and the

full photopion production amplitude of Berends et al.9 is used. The pion final

state interaction is included using an optical potential with parameters deter-

mined to fit pion atomic and scattering data. The agreement vith the theoretical

calculations is quite good and it .is consistent with the dominant 2~ and h~

contributions. In Fig. 3, the small 1~ contribution, while not shown separately,

has been included in the total composite (solid) line representing the sum of

1 , 2 and h~ contributions. In Fig. k, the experimental data are compared with

tvo shell model calculations.1^'11 Both calculations employ nuclear wave

functions derived from the work of Dubach and Haxton10 (we will refer to them as

the D-H wave functions) which generate the 12C positive parity states in a full

2hu, and the negative parity states in a full lhw shell model basis. Using the

D-H wave functions, Haxton10 finds that the calculated (e,e') form factors for

the dominant T = 1, J¥ = k ,2 states near 19-5 MeV in 1 2C, when compared with

the data by Flanz6, are too large in magnitude even though the correct shapes

are reproduced. In order to reach agreements in magnitude, he finds that the

k" and 2~ theoretical form factors must be reduced by factors of 0.7 and 0.5

respectively. Using these reduction factors, Haxton obtains the theoretical

photopion cross sections shown by the dotted line in Fig. h. For the photopro-

duction amplitude he uses the simple threshold PCAC operator proportional to the

Kroll-Ruderrcan term a*E. The pion final state interaction is included using a

second-order optical model potential employing ir-nucleon phase shifts, two

nuclear absorption terms and Pauli blocking and Lorentz-Lorentz corrections.

The calculations by Singham11 shown by the solid line in Fig. k differ from the

Haxton calculations in that for the photoproduction operator the full Blomqvist-

Laget (B-L) amplitude12 is used.

It is to be noted from Fig. h that the higher-order terms in the photopro-

duction operator apparently have little effect on the magnitude of IT production

in contrast to IT production from 7Li and 12C where, at -corresponding energies,

reductions of about 30# were reported.13

Since the Helm model calculations make explicit use of the electron scatter-

ing data, their agreement with the photopion data as shown in Fig. 3 indicates

that the form factors of the T = 1 analog states as obtained in the present
z,

(Y»TT ) experiment and the form factors of the T = 0 states as obtained in

inelastic scattering are consistent with each other. This conclusion is further
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supported by the fact that the same reduction factors in the shell model calcu-

lations are needed to obtain agreement with both (e,e') and (y,ir ) experiments.

The relatively large magnitude of these reduction factors, on the other hand,

clearly indicates that the D-H wave functions in their present form are

inadequate to describe the negative parity states in the 19.5 MeV region of 12C

and their analogs. It will be of interest to investigate whether the .presence

of more complicated configurations than those included in the D-H wave functions

can explain the phenomenologically-determined reduction factors.

The electron scattering data on 12C by Flanz5 seem to indicate several k

states in the neighborhood of 19-5 MeV and there is evidence from pion inelastic

scattering*** results showing isospin mixing among them. In our study of the

analog states in 12B with about 1 MeV resolution, we are unable to determine

whether there are one or more M2 or MU states. Their isospin character, however,

is uniquely determined to be purely T = 1. For a full understanding of the

relationship between the k.5 MeV complex in *2B studied here by the photopion

reaction and the 19.5 MeV complex in 12C studied by (e,e') and pion inelastic

scattering, it will be interesting to investigate whether the strengths of the

T = 1 components in the admixed states in *2C sum up to the pure T = 1 strength

in the analog in 1 2B. This would serve as an additional verification of the

isospin mixing in the 19-5 MeV complex in 1 2C.

The present experiment has demonstrated the usefulness of photopion

reactions in studying spin-isospin modes. The dominant presence of T = 1, T = 1
2

M2 and MU analogs at if. 5 MeV in *2B observed in this experiment is consistent

with previous results of (e,e') experiments on 1 2C.
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STUDY OF THE 4He(jr~, JV~p) 3H REACTION AT 135 AND 174 MeV
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G. Piragino
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+ 4 +3
Events of theJT-+ He —> jp- +p+ H reaction have been photogra-

phed in a 4 atm self-shunted streamer chamber filled with
triggered by an hodoscope of scintillation counters and exposed to
the pion beams of the JINR synchrocyclotron-'-. The exposures have
been made with Jt~, in the (68 4-208) MeV energy interval, and
with Jt^in the (68 4-156) MeV interval. Only the triggers, given by
the pions scattered in the (20 •? 170) °angular region (1, s. ), have
been taken into account. The angular and energy distributions and
the total cross sections can be deduced. The final results,obtained
at 135 MeV for 3X+ and of 174 MeV for 3X~, are presented. The
comparison with the data, previously obtained^ with a high pressu-
re diffusion cloud chamber in magnetic field exposed to the pion
beam of the LNF of Frascati, shows good agreement between the
results of the two experiments. In fig. 1 the differential cross sec-
tions are shown. The experimental angular behaviours have been
fitted with Legendre polynomials and extrapolated up to 0° and
180°, to deduce the total reaction cross sections. Fig. 2 shows the
135 MeV (JT+p3H) and the 174 MeV (j£-p3H) cross section values
compared with the existing data^> 4, 5> Fig, 3 represents the ener-
gy behaviours of the Sl+, p, % , emitted in the interactions of 135
MeV Jt+, when the secondary pions are emitted in the (20T-170)°
interval. These spectra are in good agreement with those previo-
usly obtained 2 at 145 MeV.
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Fig.3.

100 En

Fig.1. Angular distribution of the pions from the Helrtfrfp) H reaction. O-n"1"(135 MeV);

•-n-(174 "eV); crosses: ref.1( n+-H5 MeV), ref.5(n"-153 HeV; fu l l lines (n*p) ref.3,

n+-H3 KeV,n"-152 MeV.

H(?Fig.2. He(i?t?p)"H cross section.O-n+(ref.1,4,5};»-ri"(ref.4,5); A ,A -present data;

(n+p)rsf.3; ( i fp)ref.3.

Fig.3. Spectra of n+,p, H. O-(135 HeV); crosses: ref.1 (145 HeV).
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ABSTRACT

3Sj dibaryon resonances, formed by p-wave w

absorption on valence lSQ neutron pairs, are pro-

posed as a possible source of the measured strong

dominance of double-analog transitions over non-

analog transitions in low-A double charge-exchange

reactions, at incident pion energies well above the

(3,3) pion nucleon resonance.

Recent (w ,-r") Double Charge Exchange (DCX) has been studied for 1 6' 1 80

and 21+'26Mg to Iqpk for-a favoring of Double Analog (DA) transitions over Non-

double Analog (NA) transitions as a function of incident pion energy. A strong

favoring of the DA over the NA transitions have been found at a pion energy of

292 MeV (between 20:1 and 100:1, at 5° in the lab), whereas both the DA and NA

transitions are of similar strength near the (3,3) TTN resonance (164 MeV). We

will present arguments from the double charge exchange data suggesting this
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enhancement of DA over NA transitions at 292 MeV is due to the presence of a

dibaryon resonance near this energy.

One possible explanation for the strong dominance of double analog transit-

ions is through positive pion absorption on valence neutron pairs (in relative

S states) to form a dibaryon resonance, followed by the decay of the dibaryon

resonance by a negative pion, leaving two valence proton pairs in the same

orbital configuration as that of the original valence neutrons.

Energies of dibaryon states with quantum numbers 3Si (T=0,l,2) can be cal-

culated1 from the formulas given by Jaffee.2 The positions of these levels are

found to be at E^ = 154 MeV (T=0), 270 MeV (T=l), and 497 MeV (T=2). Such

states can couple strongly by p-wave pion absorption and emission to the di-

neutron and diproton states, respectively, with quantum numbers 1 S 0 (T=l). Due

to Fermi motion in the nucleus, the resonance energies (above) are expected to

be slightly lower (by a few tens of MeV) , as occurs in the case of the (3,3)

•nN resonance in nuclei.

There are two main features in U ,ir") DCX transitions on the light targets

of 1 6' 1 80 and 2t*'26Mg which are qualitatively consistent with the (3,3) TTN res-

onance dominating the DCX transitions to both DA and NA states in the E = 164

MeV region and the 3Si (T=l) dibaryon resonance dominating DCX to the DA states

(but irrelevant to the NA states) in the E = 292 MeV region. These features

are: (1) at 164 MeV, aQA(5
0) - a N A(5°), and at 292 MeV, 0DA(5°) » °HA(5°), as

seen in Figures 1 and 2, and (2) at 164 MeV, aDA(e) is not a simple-diffraction

shape, whereas at 292 MeV, oDA(e) is a simple diffraction shape, see Figs 3 & 4.

A double charge exchange transition induced by IT" decay of the 3S X dibaryon

state following resonant IT absorption on two valence neutrons in a relative 1 S 0

(T=l) state, will result in two 1SQ (T=l) protons taking the same orbital config-

urations as the two original XS O valence neutrons in the target. DCX reactions

proceeding by this mechanism result in the formation of double analog states,

but will not result in the formation of non-double analog states. Without this

additional mechanism for DCX, one might reasonably expect the excitation func-

tion for DCX to both the DA and the NA states to decrease in strength for in-
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creasing E above the (3,3)resonance. However, in the case of the double analog

transition, the yield again increases well above 164 MeV with no such amelior

ation seen for the non-double analog transitions. These results are consistent

with the proposed dibaryon resonance mechanism for double charge exchange.

10.
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DCX exc i ta t ion functions at 5
-»• 16Ne(gs) & 1 80 •• 1 8Ne(gs).

DCX excitation functions at 5
•Mg •*• 2ItSi(gs) & 2 5Mg •*• 2 6 S i ( g s ) .

The non-simple diffraction shape of aDA(e) at 164 MeV may result from sev-

eral different reaction paths.3 The double analog may be formed by two suc-

cessive analog transitions 0 (gs) -»• 0 (IAS) -*• 0 (DIAS), by two successive non-

analog transitions which end up in the double analog state 0 ->- J^non-IAS) -»•

0 (DIAS), and by formation and decay of the 3S1(T=0) dibaryon resonance which is

expected near the (3,3) resonance. If sufficient interference occurs between

two or more of these terms it might be able to account for a non-simple diff-

raction shape in the double analog angular distributions at 164 MeV. In con-

rast to the situation at 164 MeV, for an incident pion energy of 292 MeV, suc-

cessive non-analog transitions to the DA are unlikely or the measured DCX tran-

sitions to NA states should be large at this energy. Successive analog tran-
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sitions leading to the DA state should be small at 292 MeV as the (3,3) reson-

ance is much smaller, and thus less effective in inducing such transitions.

However, DCX induced by formation and decay of the 3Si(T=l) dibaryon resonance

near 292 MeV would be expected to produce the simple diffraction shape of the

angular distribution for double analog transitions measured at this energy, see

Figures 3 and 4.
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Fig. 4 Angular distribution for the DCX
transition 26Mg -> 2 6Si: at 292 MeV.
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ABSTRACT

New IUCF elastic and inelastic 135-MeV proton scat-
tering data are presented. The data are examined within
the framework of the impulse approximation using recent
MIT-Bates electron-scattering proton densities. A rea-
sonable description of the general trends in the data is
obtained with this approach, and strong sensitivity to
neutron radius differences is exhibited. Some density-
dependent interaction effects are discussed.

I. INTRODUCTION

This paper describes the present status of an experimental and theoretical

program that combines electron scattering at the MIT-Bates linac and 135-MeV

proton scattering at the Indiana University cyclotron as part nf a unified stuoy

of the oxygen isotopes. Electron scattering provides detailed nuclear-structure

information and charge densities. These charge densities are then used to fix

half the nuclear structure input to the proton scattering study. When reliable

assumptions about the neutron densities can be made, we can study the effective

interaction in the context of the impulse approximation. A second objective is

to study isotopic differences, wherein the proton reaction uncertainties will

hopefully be minimized by a comparison. A third objective is to use our under-

standing of the impulse approximation and the proton transition densities pro-

vided by electron scattering to disentangle the separate proton and neutron con-

tributions to inelastic proton scattering and thereby obtain nuclear structure

information not easily obtainable by either electron or proton scattering alone.

First we'll discuss a strong correlation between electron and proton scat-

tering that can be observed without detailed calculation. This involves the

relationships observed by either probe between a particular group of closely

related excited states of 0 and 0. Next, impulse approximation calculations

for elastic and inelastic scattering from 0 will be discussed. Electron scat-

tering provides precise proton densities, and our assumptions about the neutron

densities are best for this N = Z nucleus. Therefore, 0 can serve as the

benchmark by which we judge the impulse approximation (IA), and test various

corrections to it.
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Isotopic comparisons of elastic scattering will be shown next. The above

0 calculations demonstrate the general accuracy of the IA. The remaining in-

accuracies can be expected to be uniform from isotope to isotope and be thereby

minimized in isotopic comparisons, such as the ratio of elastic cross sections
18 16a (6)/a (6). This ratio is used to study neutron differences.

The study of neutron differences can now be extended to inelastic excita-
18tions of 0. Electron scattering provides proton transition densities, but

still requires information about the neutron densities. For several 2 states
I n O in

of 0, gamma decay rates in the mirror nucleus Ne provide an integral of

the neutron density. We discuss the sensitivity to the neutron transition den-

sity within this constraint.

Finally, a simple correction to the impulse approximation is discussed.

Both the elastic and inelastic calculations for 0 show that the IA overesti-

mates the strength of the central effective interaction. This can be attributed

to neglect of density dependence in the effective interaction." We estimate the

size of the effect using the results of recent nuclear matter calculations.

II. OCTUPOLE STATES

One interesting comparison between electron and proton scattering can be

made with the set of "octupole states": the lowest 3" state of 0 and the low-

lying negative-parity states of 0. A simple model for these negative-parity

states is a weak coupling dj-/?® 3 scheme, in which the valence neutron is a

spectator to the 3" core excitation, merely providing angular momentum coupling.

Although the model is crude from the point of view of energetics, it can be ex-

pected to give good results both for longitudinal electron scattering and for

proton scattering because the collective core state is much stronger than the

weak valence transitions via either reaction.

That this expectation is borne out is shown by Fig. 1, which displays the

differential cross section to the 3" state of 0 and selected negative-parity

states of ^ 0 . One observes that for both probes the angular distributions are

very similar, in accord with our expectations. Furthermore, Table I shows that

the share of 0 octupole strength going to each of the negative-parity states

of 0 is quite similar for both reactions. The fragmentation of the lower spin

states is indicative of the inadequacies of the weak-coupling model applied to

oxygen, while the correlation between electron and proton scattering indicates

that both probes are measuring essentially the same thing.
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Enerqy

3.055
4.553
5.380

3.841

5.698

5.215
7.75

Spin

1/2"
3/2"
3/2"

5/2"

7/2"
9/2"

11/2"

TABLE I

OCTUPOLE COUPLING

2J+1

0.048
0.095

0.143

0.190

0.238
0.286
1.00

Fraction

Kim et a l .
0.020
0.063
0.029
0.098

0.173

0.23
0.24
0^85

of 3" Strength
(E.E1) Bites 1

0.011
0.034
0.029

0.080

0.21
0.20

IP.P1)
0.011
0.037
0.024
0.080

0.20
0.28

(0.23)

0T86

However, one puzzling phenomenon

should not escape comment. The 7/2"

state is anomalous in its share of the

octupole strength. While for both

reactions the angular distribution for

excitation of the 7/2~ state is similar

to the 3", the relative strength is

down in electron scattering with re-

spect to proton scattering by a factor

of about 7. The 7/2" state receives

its full weak-coupling share of the octupole strength via proton scattering.

However, there is a companion state of unidentified multipolarity that was not

resolved from the 7/2~ in the (p,p') experiment. This state is not greater than

the 7/2" in electron scattering. Thus it is not yet clear whether the unresolved

state has much greater strength in (p,p') than in (e,e") but with an octupole

shape, or whether it is also weak in (p,p') but that the 7/2" state is special.

Nonetheless, the electron-proton correlation observed for the remaining octupole

states is striking.

III. IMPULSE APPROXIMATION FOR ] 60
1Impulse approximation calculations for elastic scattering and for excita-

tion of the lowest 1~, 2 + and 3" states of 0 are shown in Fig. 2. The transi-

tion densities are all taken from recent Bates electron scattering data. For

the inelastic calculations, the dashed curves use just the central interaction,

while the solid curves also include the spin-orbit interaction.

One sees that except for the l", the impulse approximation calculations are

all pretty good. The general shapes for several multipolarities are accurate.

The influence of the spin-orbit force increases with multipolarity and dominates

at large angles. However, all of the calculations overestimate the data at for-

ward angles, corresponding to the fi^st diffraction peak. This is just where

we might have expected the calculations to be best.

This overestimation can be blamed in all cases on the central interaction,

which dominates at forward angles. The overestimation of the strength of the

central interaction can be attributed to neglect, in the impulse approximation,

of Pauli-blocking effects that cause a density-dependent reduction of the central
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3
interaction. The spin-orbit force is largely unaffected by density dependence.

This effect, discussed in the final section, is particularly striking for the 1

state, whose transition density is deep in the high density interior of the

nucleus.

IV. ISOTOPIC COMPARISONS

We have seen that, in general, the impulse approximation provides a reason-

able description of both elastic and inelastic scattering from 0. We expect

that the remaining deficiencies will be reasonably uniform between isotopes, so

that the effective interaction uncertainties will be minimized by isotopic com-

parisons. These comparisons should then provide nuclear-structure information

not easily obtainable from electron scattering alone. In particular, we hope to

obtain neutron distribution differences. In the following we compare elastic

scattering from 0 and 0 with the core nucleus 0, via the ratios a /a

and a18/o16.

The elastic scattering ratios for electrons and protons are shown in Fig. 3.

The sharp pronounced structure in the (e,e ) ratios is due to displaced minima

and is nothing more than a size effect. The less distinct maxima and minima

superimposed upon the smooth trends of the proton ratios are also due to dis-

placed minima, but these considerably less pronounced minima occur in the non-

spin-flip and spin-flip cross sections separately. One can see that the general

trend of the ratios is the same for both (e,e) and (p,p). Namely, the a /a
"1 o "] C

ratio is approximately constant while the a /a ratio falls off with increasing
momentum transfer in both experiments. The former is characteristic of two sys-

18 16
terns of the same size, while the latter suggests that 0 is larger than 0.

The detailed charge density differences have recently been measured with
A

electron scattering. The corresponding information about the neutron distribu-

tions is less direct; we'll settle for rms radii for now. There are two ap-

proaches we can take. First, we can compare impulse approximation calculations

for theoretical densities. Second, we can calculate the effect of the differ-
i P if.

ence between the 0 density and the 0 density.

An example of the first approach is shown in Fig. 4a. This calculation

uses the densities of Brown et al. These densities reproduce the measured

charge density differences, although they do not reproduce the individual elec-

tron cross sections p<

reproduced very we!1.

-in I C

tron cross sections particularly well. One sees that the (p,p) ratio o /a is
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A simple example of the second approach is shown in Figs. 4b and 4c. In

these calculations the proton densities were taken directly from electron scat-
4 16

tering. For 0 the neutron density was taken equal to the proton density, ig-
18

noring the Coulomb differences. Several models of the 0 neutron density were

used. The dashed curve of Fig. 4c shows the result of the assumption that the
18

neutrons of 0 have the same distribution as do the protons, except for normali-
18

zation. The larger proton radius of 0 results in a slight downturn of the
"in 1 c

ratio. Fig. 4b places eight neutrons of 0 in the 0 core and two valence

neutrons in a d ^ harmonic oscillator orbital (b = 1.8 fm). This result is
intermediate between the previous assumption and the data, indicating that the

difference between the neutron radii of 0 and 0 is not yet large enough.

Finallys the solid curve of Fig. 4c shows the result of placing the eight core
"I Q

neutrons in the 0 proton distribution, which is a slightly larger core, plus
the valence neutrons as before. This model appears to have a sufficiently large

18 16

difference between the neutron radius of ' 0 and of ' 0. These radii are sum-

marized in Table II.
One notices that although the difference between the neutron and proton

18

radii of 0 obtained by this latter method is considerably larger than that ob-

tained by Brown, the difference between the neutron radii of 0 and 0 are

comparable. The point is that the proton radii are fixed throughout, so that

the ratio is sensitive to the difference between the two neutron distributions.

Brown started with a smaller neutron radius for 0, so that the 0 neutron

radius is also smaller, as is the pro-

ton-neutron radius difference of 0,

but the difference between the two neu-

tron radii is about the same. The ef-

feet of differences in the assumptions

about the fixed quantities has divided

out of the isotopic comparison. How-

ever, the influence of the different

ranges of the isoscalar and isovector

forces upon the absolute value of this

radius difference has not yet been

investigated.
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V. PROTON-NEUTRON DIFFERENCES IN EXCITED STATES

The above discussion used electron scattering to fix the proton density, so

that we could study the isotopic difference in the neutron density. Alternative-

ly, we can use electron scattering to fix the proton transition density so that

we can study the neutron contribution to a given inelastic transition. For this
+ 1R

discussion we'll use the three lowest 2 states of 0. These have recently

been studied with electron scattering by Norum et al.

Impulse approximation calculations for these states are shown in Fig. 5.

The proton transition densities are taken from electron scattering results. The

first two 2 states (Figs. 5a and 5b) were calculated under the naive assumption

that the neutron density scales as N/Z times the proton density. If the same

assumption is made for the third 2 , the cross section is uniformly overestimated

by a factor of 5, indicating that neutrons are not contributing strongly to this

transition. Figure 5c shows a calculation with no neutron transition density to

this state, an assumption that appears to work quitp well.

However, the situation for the lowest 2 state is not this simple. First,

we might notice that the level of agreement between calculation and the data

appears superior to that obtained for 0, for which our assumptions about the

neutrons are most reliable. In particular, the forward angle overestimation

characteristic of our previous calculations is not present in the lowest 2 .

Since we expect that this overestimation is due to a known defect of the impulse

approximation, we would expect it to propagate through all calculations using

this simplest prescription. More important, however, is our neglect of an addi-

tional electromagnetic constraint that can be placed upon the B(EL) value of the

neutron transition density by the gamma transition rate in the mirror nucleus
18

Ne. Except for small binding energy and Coulomb corrections, the neutron

B(E2) should be the same as the proton B(E2) in the mirror nucleus. The impor-
2

tance of this constraint has been emphasized by Bernstein et al.

If one again assumes that the neutron density has the shape of the proton

density, but scales with the mirror B(E2), then the first 2 is uniformly over-

estimated by more than a factor of 2. Of course there is no reason to assume

that the radial form of the neutron density is similar to that of the proton

density. Suppose that the main contribution to the neutron density is at a

larger radius than the proton density. Then one might expect to obtain a cross

section that is a factor of 2 above the N/Z assumption at forward angles, but
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that falls faster with angle to eventually become similar to the larger-angle

N/Z result. An overestimation at forward angles is fully consistent with the

trend of the 0 calculations and will presumably be reduced by density-dependent

corrections to the impulse approximation.

Some model calculations of this possibility are shown in Fig. 6. A nodeless

functional form similar to the transition density of the lowest 2 state was

chosen as a model with which to investigate the sensitivity to this possibility.

The proton density was fixed and the ratio of neutron to proton B(E2) values was

constrained to 2.24, the value for the lowest 2 . Within these constraints,

the maximum and the width of the neutron density were varied. Figure 6b shows

three transition densities corresponding to the cross sections of Fig. 6a.

Table III gives some of the parameters. The solid curve is the N/Z assumption,

simulating the data. One observes that there are several ways the neutron den-

sity can be chosen such that it agrees with the mirror constraint and is about

twice the N/Z assumption at the forward peak while roughly aqreeinq with it at

larger angles. Note that the neutron transition radii of the two examples shown

are quite similar, and substantially larger than the proton transition radius,

even though they all peak at different radii. This quantity may turn out to be

well determined after the forward angle difficulties are better understood.

The ability to fix the proton transition density via electron scattering is

instrumental to this discussion. None of these considerations significantly

alters the conclusion that neutrons participate in the third 2 + state to a much

lesser degree than do protons.

VI. DENSITY-DEPENDENT INTERACTIONS

We are now ready to briefly dis- _.

cuss density-dependent modifications

of the impulse approximation that ap- ADJUSTMENT OF 2 ~ ° ^
pear warranted by the data. The first N

diffraction maxima, where the impulse

approximation and nuclear structure

should be best, are consistently over-

estimated. These forward angle peaks

are dominated by the central inter-

action, which appears to be too strong
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in th.es.e folding calculations. The correction we've begun to study was motivated
by folding model calculations that overestimated the interior depth (real and
imaginary) of the optical potential by a factor of 2. The nuclear-matter cal-

3

culations of Brieva and Rook, for example, show that the strength of the effec-

tive interaction at nuclear matter density is only about half the free-space

strength. The spin-orbit force is largely unaffected by density-dependent ef-

fects.

To study this effect, we used a tabulation by Geramb of the Brieva and
3

Rook force. The strength variation of the interaction was calculated in the

local density approximation, including a Slater exchange approximation. In the

LDA, the interaction at each point is treated as if the interacting nucleons

were in nuclear matter with the local density and wave number. The interaction

then separates into the density times a volume integral of the two-body inter-

action. The variation of strength with fermi momentum was parametrized and used

as a multiplicative modulation of the t-matrix, the factor being unity for

kp $ 0.6 fm" . This separable parametrization does not account for the density

dependence of the shape of the Brieva-Rook-Geramb interaction.

This density dependent interaction was then used in folding model calcula-

tions. The local k,. is calculated from the ground state density at the struck
lf i

nucleon. Figure 7 shows some of the resulting inelastic cross sections for 0.
In all cases significant forward angle reduction is achieved, the effect bevr.n

most striking for the 1" state. The reason for this is clear from Fig. 8, which

shows the transition densities and folding-model form factors calculated with

IA and with the density dependent interaction. The l" transition density is

well inside the high density interior of, the nucleus and is most strongly affect-

ed by the reduction in central interaction strength. The real central form

factor shown in Fig. 8 is severely reduced with respect to the IA by the density

dependence.

These inelastic calculations demonstrate that the density dependence is

sufficient to account for the forward angle overestimation. However, the central

form factors now appear to fall too rapidly with momentum transfer. Since the

spin-orbit interaction is dominant at these larger angles, the calculations do

not fall particularly below the data. More complicated effects can also be

important at large momentum transfers.
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Finally, we return to the elastic 0 calculations. The phenomenological,

IA, and density-dependent central potentials are compared in Fig. 9, while the

resulting cross sections are compared in Fig. 10. The IA potentials are about

twice too deep in the interior. The density dependence results in potentials

of about the correct interior depth, but that are too diffuse. The decrease in

depth results in a decrease in forward-angle cross section consistent with the

data and with our previous results and expectations. It was important to cor-

rect this deficiency in the IA at the first diffraction peak. However, the

cross section now falls too rapidly, though it has roughly the right shape.

This problem is more obvious here than for the inelastics because of the reduced

role of the spin-orbit force. The increased diffuseness is probably responsible,

since it results in smaller high momentum components. The impulse approximation,

on the other hand, appears to have fortuitously off-setting defects.

At lower energies, where the approximations are presumably worse, Brieva,

Root and Geramb obtain results that are free of this too-rapid decline of the

central form factor. Hopefully, when our calculation is improved, this problem

will be corrected. Our combination of local density approximation with impulse

approximation does not account for the variation with density of the range of

the interaction and probably does not treat the surface well. However, the for-

ward angle reductions are just the result of decreased central-interaction

strength and do not depend strongly upon the more sophisticated calculation

required to obtain detailed features, such as stiffening of the optical potential

surface.

VII. SUMMARY

A unified study of a set of isotopes, such as oxygen, that combines elec-

tromagnetic and intermediate-energy hadronic probes provides many opportunities

for the study of both intermediate-energy reactions and of nuclear structure.

We've seen that the impulse approximation provides a good description of low-

lying normal parity transitions, but that the central effective interaction is

too strong at small momentum transfers. This deficiency can be understood in

terms of density-dependent nuclear-matter corrections, but a more sophisticated

calculation than was performed here is required to obtain a detailed calculation

of the optical potential.
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We have also seen that these interaction deficiencies tend to divide out of

isotopic comparisons enabling one to obtain comparative nuclear structure infor-

mation, such as neutron radius differences. Neutron transition radii and overall

participation in inelastic transitions can also be studied when electron scatter-

ing data is available to fix the proton transition densities.
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Fig 6. Sensitivity study of 2 excitation to neutron transition density using
simulated densities described in text (proton density fixed, arbitrary
units), (a) Cross-sections calculated with Pn(r) in (b). The legends
are the same. Solid line corresponds to (1) in Table III, dash to (2)
and dash-dot to (3).
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Fig. 8 The transition densities and
real central folding model
form factors belonging to the
density dependent calculations
shown in Fig. 7. (a) p(r),
If; (b) ReFc(r), ]]; (c) p(r),
3j; (d) ReFc(r), '3T; (e)
p(r), 2+; (?) ReFc(r) 2+ We
use density-independent inter-
actions while solid curves
use density-dependent inter-
actions.

I 2 3 4 5 6
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10

Fig. 9. Various calculations of 0
central optical potentials.
The top set of curves are real
potentials, the bottom set
imaginary. The solid curves
are phenomenological; the
dashed are impulse approxima-
tion; and the dash-dot use the
density dependent interaction.

Fig. 10. Ratio of 0 elastic cross
section to Rutherford.
Dashed uses impulse approxi-
mation. Solid uses density
dependent interaction.
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Briscoe, William J. UCLA

Bdrleson, George New Mexico State

Burman, Robert MP-4, LASL

Calarco, John R. Stanford Univ.

Cameron, John W. Univ. of Alberta

Carey, Thomas A. P-7, LASL

Carr, James Michigan State

Chant, Nicholas S. Univ. of Maryland

Cizewski, Jolie P-7, LASL

Clark, Bunny C. Ohio State Univ.

Comuzzi, Joseph Mass. Inst. Tech.

Cooper, Martin MP-4, LASL

Cornelius, Wayne MP-10, LASL

Cottingame, William Univ. of Texas

Craft, Benjamin C. Mass. Inst. Tech.

Dawson, John F. Univ. of New Hampshire

Deady, Matthew Mass. Inst. Tech.

Dehnhard, Dietrich Univ. of Minnesota

Doron, Alex Tel-Aviv Univ.

Dowel!, David Univ. of Illinois

Dropesky, Bruce- CNC-11, LASL

Dubach, John T-5, LASL

Eisenstein, Robert Carnegie-Mellon U.

Ellis, Richard Univ. of Virginia

Emigh, Robert Univ. of Colorado

Faucett, John Univ. of Oregon

Feshbach, Herman Mass. Inst. Tech.

Flanz, Jacob B. Bates Lin. Accel.

Foster, Charles Indiana Univ.

Freedman, Roger A. Univ. of Washington

Frois, Bernard SACLAY

Funsten, Herbert 0. C. of Wm & Mary

Gaille, Francois Temple Univ.

Gazzaly, Magdy Univ. of Minnesota

Gibbs, William T-5, LASL

Giebink, David T-5, LASL

Ginocchio, Joe T-5, LASL

Glashausser, Charles Rutgers Univ.

Goodman, Charles ORNL

Goulding, Charles Florida A & M

Grant, Patrick CNC-11, LASL

Greben, Jan M. TRIUMF

Green, Michael Indiana Univ.

Greene, Steven Univ. of Texas

Haj-Saeed, Mohammed S. UCLA

Hanna, Stanley Stanford Univ.

Harvey, Carol Liniv. of Texas

Heisenberg, Jochen U. of New Hampshire
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Hersman, William Mass. Inst. Tech.

Hicks, Ross Univ. of Massachusetts

Hintz, Norton Univ. of Minnesota

Hoffmann, Gerald Univ. of Texas

Holtkamp, David Univ. of Texas

Hungerford, Ed V. Univ. of Houston

Hutcheon, David TRIUMF

Hyde, Charles Mass. Inst. Tech.

Igo, George UCLA

Imanishi, Nobutsugu CNC-11, LASL

Iqbal, Mohammed Javed U. of Indiana

Iran, Fargkh UCLA

Jackson, K. P. TRIUMF

Johnson, Mikkel MP-DO, LASL

Joseph, Richard USAF Academy

Kelly, James Mass. Inst. Tech.

Kerman, Arthur K. Mass. Inst. Tech.

King, Nicholas P-15, LASL

Kisslinger, Leonard S. Carnegie-Mellon

Kitching, Peter Univ. of Alberta

Koontz, Robert W. Univ. of Maryland

Kurath, Dieter ANL

Kutt, Peter Princeton Univ.

Lee, Tsung-Shung H. ANL

Leitch, Michael J. MP-4, LASL

Lenz, Frieder Mass. Inst. Tech.

Levinson, Samuel ANL

Liljestrand, Rodger TRIUMF

Lindgren, Richard U. of Massachusetts

Liu, Lon-Chang CNC-11, LASL

Love, W. Gary Univ. of Georgia

Ludeking, Larry Dean Indiana Univ.

Macek, Robert MP-13, LASL

Martoff, Jeff LBL

Masterson, Thomas Univ. of Colorado

Matthews, June L.

Mayer, Thomas

McDonald, W. John

McGill, John

Millener, D. John

Min, Kongki

Mischke, Richard

Moore, C. Fred

Morris, Christopher

Moss, Joel

Nagle, Darragh

Nanda, Sirish

Nann, Herman

Neyer, Barry

Ng, Ray

Nix, Ray

Mass. Inst. Tech.

Univ. of Texas

Univ. of Alberta

Univ. of Texas

BNL

Rensselaer Poly.

MP-4, LASL

Univ. of Texas

MP-10, LASL

P-7, LASL

MP-4, LASL

Rutgers Univ.

Indiana Univ.

Stanford Univ.

VPI & State Univ.

T-9, LASL

Norton, Joe Florida State Univ.

Olmer, Catherine Indiana Univ.

Pauletta, Gioni UCLA

Peterson, Gerald A. Univ. of Mass.

Petrovich, Fred L. Florida State U.

Piffaretti, Jose MP-10, LASL

Piragino, Guido Torino, Italy

Plum, Michael Univ. of Massachusetts

Powers, Richard Cal. Tech.

Pugh, Billy Mass. Inst. Tech.

Rahbar, Ali A. UCLA

Ransom, Ron Univ. of Texas

Rapaport, Jack Ohio Univ.

Ray, Lanny Un"W. of Texas

Redwine, Robert Mass. Inst. Tech.

Raynaud, George W. U. of Pittsburgh

Robson, Donald Florida State Univ.

Rosen, Louis MP-DO, LASL

Saharia, Aditya TRIUMF
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Shepard, James

Shera, E. Brooks

Sherbak, John

Seth, Kamal K.

Siciliano, Edward

Silbar, Richard

Sjoreen, Terry

Soga, Fuminori

Sparrow, David

Stanley, Douglas P.

Stephenson, Edward

Stephenson, Gerard

Sternheim, Morton M.

Tabakin, Frank

Talley, Thurman

Thiessen, H. A.

Thompson, Charles

Univ. of Colorado

P-7, LASL

Univ. of Texas

Northwestern Univ.

MP-10, LASL

T-5, LASL

Indiana Univ.

Indiana Univ.

U. of Pennsylvania

Florida State U.

Indiana Univ.

T-5, LASL

U. of Mass.

U. of Pittsburgh

X-9, LASL

MP-10, LASL

U. of S. Carolina

Tippens, W. Bradford

Tripp, Susan

Turley, R. Steven

Van Heerden, I. J.

Vieira, David

Walker, George

Wang, Angel

Weiss, Douglas

Whitten, Charles

Willard, Harvey

Winhold, E. John

Wiringa, Robert

Wohlfahrt, H. Dieter

Wood, Stephen

Yen, Stanley

Zeidman, Benjamin

Ziock, Hans

Univ. of Texas

U. of Minnesota

Mass. Inst. Tech.

Univ. of Alberta

CNC-11, LASL

Indiana Univ.

UCLA
T-5, LASL

UCLA

NSF

Rensselaer Poly.

MP-DO, LASL

P-7, LASL

Mass. Inst. Tech.

Univ. of Toronto

ANL

Univ. of Virginia
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