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CORRELATIONS STUDY BY LOW ENERGY
PION DOUBLE CHARGE EXCHANGE

by

Zeev Weinfeld

Abstract
In pion double-charge-exchange (DCX) reactions, a positive (negative) pion is

incident on a nucleus and a negative (positive) pion emerges. These reactions are of
fundamental interest since the process must involve at least two nucleons in order to
conserve charge. Although two nucleon processes are present in many reactions they
are usually masked by the dominant single nucleon processes. DCX is unique in that
respect since it is a two nucleon process in lowest order and thus may be sensitive to
two-nucleon correlations.

Measurements of low energy pion double-charge-exchange reactions to the double-'
isobaric-analog-state (DIAS) and ground-state (GS) of the residual nucleus provide
new means for studying nucleon-nucleon correlations in nuclei. At low energies
(IV <65 MeV) the wN interaction is relatively weak thus simplifying the theoretical
treatment of the problem. Also, isobaric-analog-state (IAS) transitions are suppressed
near 50 MeV due to destructive s-p wave interference in the irN scattering amplitude
leading to enhancement of DIAS transitions through non-analog intermediate states.
Theoretical studies by several groups have shown that, while transitions through the
analog route involve relatively large nucleon-nucleon distances, those through the
non-analog intermediate states involve distances of the order 1 to 2 fm. Therefore,
DCX reactions at low incident pion energies provide a way to study the short-range
part of the nucleon-nucleon correlations.

We present measured DCX cross sections of DIAS and GS transitions for several
nuclei in the /7/2 shell at energies ranging from 25 to 65 MeV. Cross sections were
measured on 42l44'48Ca, 49'50Ti and 64Fe. The calcium isotopes make a good set of
nuclei on which to study the effects of correlations in DCX reactions. Theoretically,
isotope comparison can cancel out unknown effects which could make it difficult to
extract the physics and, moreover, the nuclear structure is fairly well understood.
The titanium isotopes and iron were chosen because they too are /7/2 nuclei and can
be studied within the same framework as calcium. Cross sections ranging from a few
hundred nb/sr to a few fib jar were measured. The GS cross sections at these energies
are the largest measured by as much as an order of magnitude. The data consist of
angular distributions and excitation functions and are compared to theoretical models.
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The DIAS angular distributions measured at 35 MeV, in general, become flatter
with increasing isospin T. For 48Ca (T = 4) the DIAS angular distribution is almost
flat. The 4SCa GS angular distribution is peaked in the forward direction. The
similarity of the angular distributions of the DIAS transitions on T = 1 nuclei and
the GS transition on 48Ca indicates that these transitions may be sensitive to similar
nucleon-nucleon correlations.

The forward-angle excitation functions of both DIAS and GS transitions change
rapidly in the low energy region. All measured transitions, with the exception of the
48Ca DIAS, display a peak at incident rr+ beam energy of 40-50 MeV. The 48Ca DIAS
excitation function peak is narrower and is shifted to lower energies. This shape is
probably due to a minimum present at about 50 MeV for this nucleus.

The data are analyzed phenomenologically in terms of the "two-amplitude" model
of Auerbach, Gibbs, Ginocchio, Kaufmann, and Piasetzky where the two amplitudes
provide a natural way of separating long- and short-range nucleon-nucleon correla-
tions. The DIAS transitions can then be understood as resulting from the large
contribution of the amplitude which represents the non-analog route transition and
are, therefore, particularly sensitive to short-range nucleon-nucleon spatial correla-
tions. This model provides an explanation for the vanishing forward angle minimum
at about 50 MeV of the 48Ca DIAS transition cross section. It also explains the gen-
era? similarity between the DIAS transitions on T = 1 nuclei and the GS transitions
on T > 1 nuclei. In both transitions the non-analog route plays a decisive role and
indeed for GS transitions it is the only route possible. However, these successes of the
model are offset by the fact that predictions of absolute ground state cross sections
based on the model parameters obtained from the DIAS data are too large compared
to the data. Moreover, the same model predicts that the excitation functions for all
GS transitions will have the same shape. This prediction falls short in describing the
measured 44Ca and 48Ca GS excitation functions. Reaction mechanism calculations
are as yet unable to quantitatively describe the measured excitation functions.

The experiment extends the DIAS and GS transition measurements on the calcium
isotopes to previously unexplored pion energies. The general features of the DIAS
data at a given energy can be explained phenomenologically by models that take into
account the correlations embodied in the shell model wave functions which result
from angular momentum coupling. The measured falloff of the cross sections at
lower pion energies and the differences between the excitation functions for 44Ca and
48Ca GS are unexpected and are not explained by calculations. The thrust of this
measurement was to provide data which would help in advancing our understanding
of nucleon-nucleon correlations in nuclei. At present the DCX mechanism, as well as
the relative importance of the many medium effects, are unclear. We hope that these
data will challenge theories to explain several aspects of the reaction cross sections
such as energy dependence, magnitude, and angular distributions will help clarify the
underlying physics.
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Chapter 1

Introduction

1.1 Overview

In pion double-charge-exchange (DCX) reactions, a positive (negative) charged pion

is incident on a nucleus and a negative (positive) charged pion emerges. These reac-

tions are of fundamental interest since the process must involve at least two nucleons

in order to conserve charge. Although two nucleon processes are present in many

reactions they are usually masked by the dominant single nucleon processes. DCX is

unique in that respect because it is a two nucleon process in lowest order and thus

may be sensitive to two-nucleon correlations.

Transitions that are of special interest are those to the double-isobaric-analog

state (DIAS) and to the ground-state (GS) in the residual nucleus. The DIAS is the

ground-state in T — 1 nuclei and is an excited state in T > 1 nuclei. In an even-even

nucleus both transitions are from an initial J* = 0+ state to a 0+ final state and are

related, as will be seen later.

The calcium isotopes make a good set of nuclei on which to study the effects

of correlations in DCX reactions for a number of reasons. Theoretically, isotope

comparison can cancel out unknown effects which could make it difficult to extract the

physics and, moreover, the nuclear structure is fairly well understood. Experimentally,

there are three readily available isotopes, 42>44'48Ca, that can be used as targets.

We can also study the titanium isotopes within the same framework as the calcium



isotopes.

The energy range which is thought to hold the greatest promise for extracting

information on nucleon-nucleon correlations is that below about 80 MeV. In this

region, the irN interaction is relatively weak and multiple scatterings are expected to

be small thus minimizing the distortions of the pion waves and reducing the role of

higher than second-order scattering.

In this chapter we will review some of the basic properties of pion-nucleon and

pion-nucleus interactions as they pertain to DCX reactions. We will also present the

experimental and theoretical situation as it existed prior to our work.

1.2 The Pion-Nucleus Interaction

We will discuss the interaction of the pion with the nucleon before addressing the

pion-nucleus interaction. The A-resonance (marked P33 in Fig. 1.1) is the dominant

feature in the 7riV system below 500 MeV. The A-resonance has a mass of about

1232 MeV/c2 and spin and isospin of 3/2. The A sets the energy scale for pion

reactions below 500 MeV. The low-energy region is that below the resonance and

ranging between pion kinetic energy of zero to about 80 MeV. High-energy is usually

taken to be above about 300 MeV and ranging up to 500 MeV. The upper limit of

500 MeV is chosen because of the onset of other resonances above that energy.

Low energy scattering (2V £-80 MeV) is attractive because low energy pions can

penetrate deeper into the nuclear interior than those with energies nearer the A

resonance. This can be seen in Fig. 1.2 where the 7r+—12C total cross section and

its various components are displayed as a function of energy [la]. It is particularly

instructive to view the total and absorption cross sections. Tike large cross sections

at the resonance energy reflect the large probability of the pion interacting at the

nuclear surface. The cross sections drop off rapidly with decreasing energy below the

resonance and thus allow the pions to penetrate deeper inside the nucleus.

The irN interaction exhibits a very important feature in the low-energy region.

The zero-degree excitation function of the elementary reaction ir~p —> 7r°n has a
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Figure 1.3: 7r-nucleon SCX zero degree excitation function. The data is from Ref. [2].

deep minimum at incoming pion kinetic energy of about 50 MeV (Fig. 1.3) [2].

This minimum is understood to result from s-p wave interference. At energies below

about 300 MeV the irN system is mainly in a relative angular momentum zero or one

and thus the single-charge-exchange (SCX) amplitude may be expressed by s- and

p-wave terms. The spin independent differential cross section for irN SCX can then

be written as

- ^ w (A + BcosQ + Ccos2Q) (1.1)

where A, B and Care functions of the TTN phase shifts [3]. At 0=0° and for the non

spin-flip part of the irN interaction at all angles 0 A is the s-wave term, C is the

p-wave term and B is tht s-p interference term. Near 50 MeV A and B are nearly

equal in magnitude and have opposite signs while C is smaller than either one. Thus,

the angular distribution has a backward peak and a forward angle minimum.

The various elastic and inelastic transitions possible when a pion is incident on

a nucleus are shown schematically in Fig. 1.4. Pion scattering on nuclei can either

leave the isospin projection of the nuclei unchanged or change it by ±1 or ±2. These

transitions correspond to elastic and inelastic scattering (ATz = 0), single-charge-
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Figure 1.4: A schematic drawing of 7r-nucleus scattering processes.

exchange {ATz = ±1), and double-charge-exchange (ATz = ±2).

Charge-exchange reactions that are of special interest are those in which the

isospin of the nucleus remains constant. The final states in these transitions are

essentially identical in space-spin but the third component of their isospin is rotated.

These states are known as isobaric-analog-states. Analog-states in nuclei with AT = 0

and ATz = 1 relative to the target are single isobaric-analog-states (IAS) and those

with ATz = 2 are double-isobaric-analog-states (DIAS). The IAS can be reached by

pion SCX and the DIAS by DCX. Such transitions are attractive to study because

the reactions are iso-elastic thus simplifying the theoretical treatment of the problem.

We show a schematic drawing of analog states in their simplest form in Fig. 1.5.

In the simplest model we assume that the nucleus is composed of an inert core

with active valence neutrons described in terms of single particle shell model wave

functions. In a double scattering mechanism the incident ir+ exchanges charge with

a valence neutron, changing it into a proton, and continues to propagate as a ic° to a
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second neutron where it exchanges charge a second time. The resulting TT exits the

nucleus. In such a reaction the neutrons are independent, or uncorrelated. The charge

exchange operator is one-body and contains no explicit dependence on the position of

the two active nucleons. The valence nucleons are affected only by the isospin raising

operator causing the nucleus to remain within the same isospin multiplet throughout

the reaction. The intermediate state is then restricted to be the IAS.

When calculating matrix elements of two-body operators, as in DCX, one has to

use two-body wave functions, or two-body density functions. These need not be equal

to the product of the single-particle densities, p(ri,T2) ^ p{^\)p{r2)- The two body

density is usually written as,

p(r l fr3) = p{rt)p(r2) + C(r1}r2) (1.2)

where C(ri,r2) is the correlation function and gives the deviation of the two-body

density from the product of the single-particle densities. Once correlations are in-

cluded in the nuclear ground state then even in a two-step sequential model the

intermediate states are not restricted to be the IAS.

For analog route transitions, the nuclear transition form factor favors small angle

scattering but at low energies the corresponding cross section is very small due to

the s-p wave interference in the elementary SCX reaction which is present also in

nuclei ranging from XH to U0Sn (Fig. 1.6) [4]. Therefore, the low-energy DIAS

transitions may proceed through non-analog intermediate states and may thus provide

information about nucleon-nucleon correlations. For such transitions, the nuclear

transition form factor favors large angle scattering where the s-p wave interference

has a smaller effect.

To summarize, if DIAS transitions at small angles were to proceed only through

the intermediate IAS it would mean that the two SCX processes were independent.

The DCX reaction would, then, not be sensitive to correlations between the nucleons.

If, as we shall see, the DIAS transitions at 50 MeV are favored at forward angles

then different reaction mechanisms are more likely to provide information about the

two-nucleon correlations.
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Figure 1.6: The measured 0° excitation function for the free ir~p -* v°n process and

for the IAS transitions (ir+,ir°) on nuclei ranging from 7Li to 120Sn. The figure is
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1.3 Review of Previous DIAS Data

The first measurements of DIAS transitions at low energies were performed at 50

MeV on 14C [5, 6]. The DIAS measurements at 50 MeV were later extended to two

other light T = 1 nuclei, 18O [7] and 26Mg {8], and to a larger energy range [8, 9]

(20 to 80 MeV). Recently, the angular distribution of DIAS transition at 50 MeV

was measured on 34S [10]. In this section we will review the data on the light T -= 1

nuclei. These data, with the exception of 34S, were taken prior to the experiments

which are at the heart of this dissertation and set the stage for this work.

The angular distributions of DIAS transitions at 50 MeV on 14C [5, 6], 18O [7],
26Mg [8] and 34S [10] are presented in Fig. 1.7 and are to be compared to the

angular distribution of the IAS transition at 50 MeV on several nuclei shown in

Fig. 1.8 [11-13]. The DIAS transitions on the light T = 1 nuclei are found to be

essentially A-independent with zero degree cross section near 4 fib/si which is of the

same magnitude as that for the IAS transition. The angular distribution is found to

be forward-peaked while that for the IAS transition is backward peaked. This is in

contrast to higher energies [14] where the DIAS cross section is much smaller than

the IAS. The question arising from these measurements is, why are DIAS transitions

favored at small momentum transfers where the IAS transitions are very small?

DIAS transitions on 14C and 18O were measured at low energies ranging from 19

to 80 MeV [8, 9]. The shapes of the 14C angular distributions (Fig. 1.9) exhibit a

gradual transition from near isotropy at 29.1 MeV to forward peaking at the higher

energies. The forward-angle excitation functions for the DIAS transitions [7-9,14,15]

on 14C and 18O in the energy range 19 to 80 MeV are presented in Fig. 1.10. The

excitation functions exhibit a maximum between 30 and 50 MeV.

In summary, DIAS transitions on light T = 1 nuclei were found to be favored

in a region where IAS transitions are suppressed. This implies that the transitions

proceed through non-analog intermediate states and are therefore sensitive to nucleon-

nucleon correlations. It is thus of importance to investigate the range and source of

these correlations.
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Figure 1.7: Angular distributions of (ir+,ir~) transitions to the DIAS at 50 MeV on

T = 1 nuclei [6-8,10].

Xf

0 30 60 90 120 CO CO
6cn (deg)
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nuclei [11-13].
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CO

C

b

0 100 200 300

T* [MeV]
Figure 1.10: 0° excitation functions of (7T+,T~) transitions to the DIAS on 14C [9,
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1.4 Review of Theory

Several theoretical efforts (16-20] were initiated by the 50 MeV DIAS data [5, 6] on " C

in an attempt to study the different physical effects on this transition. The theories

investigate the effects of ground state correlations in the nuclear wave function and

of the reaction mechanism which is responsible for the transition.

The most provocative explanation of the DIAS data was due to Miller [16]. In his

model the DIAS transition can occur on six-quark clusters in the nucleus. In such a

model, the transition takes place directly on the quarks with the v+ absorbed on a

d quark, changing it into a u quark, and a TT~ emitted from another d quark, leaving

behind a u quark. This model prompted other theorists to re-examine the reaction

in a more conventional way, using nucleonic degrees of freedom.

In sequential double scattering on uncorrelated nucleons the DIAS transition nec-

essarily involves transitions through the intermediate IAS. If, on the other hand, the

nucleons in the ground state are correlated then the nuclear intermediate state is

not restricted to the IAS. Therefore, all accessible intermediate states should be con-

sidered. The importance of ground state correlations and non-analog intermediate

states has been stressed by a number of theorists such as Gibbs, Kaufmann and Siegel

(GKS) [17], Bleszynski and Glauber (BG) [18], and Karapiperis and Kobayashi (KK)

[19].

The nuclear structure contained in the calculation of DIAS transition amplitudes

is the two-body density (Eq. 1.2),

> r2) = rtrjpirt) + CN-2{ru r2) (1.3)

The first term is the uncorrelated term that is responsible for the analog route tran-

sitions and the correlation term is the one involved in non-analog transitions. For

p-shell nucleons, the two-body density may be written in the form [17],

/>(2)(ri,r2) = Npippin) {a + bcos2Qu} (1.4)

where AT is a normalization constant and €>i2 is the angle between rj and r2. The

extreme sensitivity to the values of a and b is illustrated in Fig. 1.11, taken from

12



the work of GKS [17]. There, the two extreme cases of correlated, a = 0 and 4 = 1 ,

and uncorrelated, a = I and b = 0, nucleons were considered. The calculation

of the DIAS transition, which consists of solving numerically the Watson multiple

scattering series in the fixed scatterer approximation, gives an angular distribution

with a forward angle minimum for a = 1 while the calculation with 6 = 1 gives a

very forward peaked angular distribution vividly illustrating the effect of ground state

correlations on the angular distribution shape. Such correlations, sometimes termed

"shell model" type, arise from coupling the angular momenta of two nucleons, which

are assumed to occupy the p-shell, to produce a 7" = 0+ state.

Bleszynski and Glauber [18] (BG) used a second order impulse approximation to

describe DIAS transitions. They used a separation density function, PSEP defined as,

P8MP(T) = / pg!.,(R + \v, R - \r)d*R (1.5)

where R is the di-nucleon center-of-mass coordinate and r is the relative coordinate.

PSEP is shown in Fig. 1.12 for the correlated and uncorrelated two valence neutrons

in 14C. The correlated distribution corresponds to the Cohen-Kurath wave function

and is twice the value at r = 0 of the separation density corresponding to independent

nucleons. This has the effect of giving a factor of four increase in the 0° DIAS cross

section as can be seen in Fig. 1.13. Here again, as in the calculation of GKS

[17], the result for independent nucleons is analogous to IAS transitions and the

correlated nucleons result corresponds to a calculation which assumes closure, that is>

a summation over a complete set of intermediate states.

The above theoretical approaches, together with the works of Karapiperis and

Kobayashi [19] who used the A-hole formalism and Siciliano, Cooper, Johnson and

Leitch [20] who used a coupled-channel optical potential model, demonstrate that

ground-state correlations and the non-analog intermediate states play a crucial role

in the DIAS transitions. The correlations that are of special importance are short

range in nature. The theoretical works do differ, however, on the importance of pion

wave distortions and some do not include the effect of double spin flip in the transition

amplitude.
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Figure 1.11: A calculation of DIAS transitions for 14C at 50 MeV for (1) uncorrelated

and (2) correlated wave functions Ref. [17].
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Figure 1.12: The two-nucleon separation density functions for the two valence neu-

trons of 14C as given in Ref. [18].
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Figure 1.13: Calculations of Bleszynski and Glauber [18]compared to 14C data of Ref.
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The questions which now arise are: what is the range of correlations probed by

DIAS transitions and how can low-energy piona, with o relatively long wave-length,

probe short-range correlations? The answer to the second question is that the con-

jugate coordinate to the pion momentum transfer in the reaction is the position of

the center of mass of the two nucleons while, under the assumption of sequential

scattering, the momentum of the intermediate ir° (on- or off-shell) is the conjugate

coordinate to the internucleon distance. Therefore, the correlation range probed by

the DIAS reaction depends on the momentum of the intermediate ir° and not on the

momentum transfer.

The intermediate pion momentum or, equivalently, the range of correlations probed,

is limited by several factors. First, the TT° is not constrained to be on its mass shell

and thus the half-off mass-shell irN amplitudes must be calculated. The off shell

amplitudes are treated phenomenologically by multiplying the on-shell amplitudes,

deduced from measured phase shifts for the free irN system, by the TriV" off-shell form

factor. The off-shell form factor includes a cutoff in momentum which is directly

related to the irN interaction range. This cutoff, which is not well determined, limits

the internucleon spacing that can be probed to values larger than the size of the irN

system. The -KN system has a range that is smaller than the range of the one-pion-

exchange contribution to the NN interaction and it is therefore clear that the DCX

reaction can probe relatively short-range correlations in the NN system.

The use of shell model wave functions is problematic in the study of the short

range behavior because the shell model is valid for independent nucleons. The va-

lidity of the shell model wave function is questionable once the correlation range

becomes comparable to the nucleon size. It is thus of interest to investigate the short

range correlations for the breakdown of the shell model correlations. Such a break-

down would indicate the need for a microscopic description of the DIAS transitions

involving, perhaps, meson exchange currents and quark effects.

GKS [17] have studied the contribution of different nuclear configurations to the

DIAS transition at 0° within a sequential scattering model. They found that it was

enough to look at the imaginary part of the 0° scattering amplitude because it is much
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larger than the real part. The relative orientation of the two neutrons was expressed

in terms of their relative distance, r, and the cosine of the angle between the beam

axis and the vector from the first to the second neutron, y = cos<f>. The angle <j> is the

scattering angle of the first SCX and — <j> is the scattering angle of the second SCX. It

is interesting to compare the low energy, 50 MeV, result to a resonance energy one,

180 MeV, where the imaginary part of the scattering amplitude is also dominant.

The results, shown in Figs. 1.14 and 1.15, are markedly different. At 180 MeV the

largest contribution in the y distribution is for two small angle scatterings identified

with transitions through the IAS, which is very forward peaked at this energy. The

r distribution is very broad and extends to ~4 fm and does not fall off before about

2.5 fm. The peak of the r distribution is in the region between 1 and 2 fm. The y

and r distributions are correlated with the large y contributing to the large r region

and the small y contributing to the small r region.

At 50 MeV all the contribution comes from two 90° scatterings that arise from

the small r region. The r distribution is narrow and about 50% of the contribution

comes from distances smaller than 1 fm.

Despite disagreements on the details of the calculations, all the theoretical works

dealing with DIAS transitions in the low energy region agree that nucleon-nucleon

correlations are at the heart of these reactions [16-20] and that the study of these

transitions provides a means for the study of NN correlations in the nuclear wave

function.

1.5 The Calcium Puzzle

It has been observed [5-8] that for DIAS transitions on T = 1 nuclei between 14C

and 26Mg there is almost no A-dependence and it was thus suggested that 42Ca, a

heavier T = 1 nucleus, will exhibit similar behavior to these light nuclei. Also, since

the DCX reaction must involve at least two neutrons it was thought that 48Ca would

yield large DIAS cross sections, up to 28 times that on 42Ca, due to its 28 pairs

of valence neutrons. However, in a measurement of DIAS transition on 48Ca at 50
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MeV, the DIAS peak could not be distinguished above the non-analog background

(Fig. 1.16) and the upper limit, < Z/ib/sr, was of the same order as the cross section

expected for 42Ca [21]. When the incident pion beam energy was reduced by just 15

MeV the DIAS peak became the prominent feature in the spectrum above a much

reduced non-analog background, Fig. 1.17. The questions which naturally arise are,

why is the DIAS transition on 48Ca at 50 MeV, at most, about equal to that on the

T = 1 nuclei and why is there such a large energy dependence in the ratio of analog

to non-analog transition in the narrow region between 35 and 50 Me V?

In order to further study these questions, a measurement of DIAS transitions on
42'44Ca was performed at 35 MeV and 40° [22]. Assuming no correlations in the

nuclear ground state, the 42'44>48Ca cross sections are expected to scale as the number

of excess neutron pairs. The cross sections ratios for 42Ca : 44Ca : 48Ca would then

be 1 : 6 : 28. The measurement yielded quite an unexpected result. The 42Ca cross

section was found to be about equal to the 48Ca and the 44Ca cross section was found

to be about one half of this amount. That is, the addition of two neutrons to 42Ca,

thus having six pairs in 44Ca, reduced the cross section by a factor of two. In the next

chapter we will present a number of theoretical works put forward in an attempt to

describe the data [23-26]. The theoretical works reemphasized the conclusion of the

earlier theories that short range NN correlations are important in DIAS transitions

and they provided tools for a more quantitative analysis of the experimental results.

The theoretical works dealing with the calcium isotopes also connected between

DIAS transitions on calcium and on nuclei with valence nucleons in the /7/2-shell,

such as the titanium isotopes [24]. In addition, they emphasized the relation between

the DIAS transitions and transitions to the ground state of nuclei with T > 1 [24],

such as 44l48Ca.

We carried out a systematic study of both DIAS and GS transitions on /7/2 nuclei

in the energy range 25 to 65 MeV and at several angles. This study is aimed at testing

existing theories and providing a number of different aspects of DCX cross sections,

such as angular distributions and excitation functions, in order to further understand

the physics involved in the DCX reactions.
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The dissertation is arranged as follows. In Chapter 2 we review the theoretical

works relevant to the DCX reactions on /V/2 nuclei. In Chapter 3 we describe the

experimental technique and in Chapter 4 the data analysis is discussed. The measured

cross sections are given in Chapter 5 wtiere the results are presented. In Chapter 6

the results are discussed and compared to theoretical calculations. Chapter 7 is for

the conclusions.
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Figure 1.16: A spectrum of the **Ca.(v+,ir-) reaction at 50 MeV and 25° taken from

Ref. [21].
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Chapter 2

Theory

The effects of both nuclear structure and the transition operator must be studied when

calculating the DCX reactions. The first part of this chapter will focus on the nuclear

structure aspect of DCX. We will present the two amplitude model of Auerbach, Gibbs

and Piasetzky [23] and its extension by Auerbach, Gibbs, Ginocchio, and Kaufmann

[24], and by Ginocchio [25]. This model is based on the seniority scheme. We will also

show the effect of adding pairs of neutrons on the the two body density function, as

calculated by Bleszynski, Bleszynski and Glauber [26] and by Zheng and Zamick [27].

In the second part of the chapter we will discuss various DCX reaction mechanisms

[24, 28, 29]. The calculations were performed in parallel to the measurements.

2.1 Nuclear Structure in DCX Reactions

2.1.1 The A B Model

The first measurements performed on the calcium isotopes [21, 22] prompted the

formulation of a two amplitude model for DIAS transitions by Auerbach, Gibbs, and

Piasetzky (AGP) [23]. This model was later extended by Auerbach, Gibbs, Ginocchio

and Kaufmann (AGGK) [24] and by Ginocchio [25]. The subsequent measurements,

carried out by our group, which make up this dissertation have put this model to

test [30-33]. This will be discussed within the context of analyzing the experimental
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results.

In the A B model, the DIAS transition amplitude is expressed in terms of just two

complex amplitudes, called A and B. This expression is obtained by considering the

matrix element of a two-body operator between zero-seniority wave functions. For

a spin-independent irN interaction, the A amplitude mainly reperesents transitions

through the intermediate IAS and scales according to the square-root of the number

of excess neutron pairs. The B amplitude, which does not follow the same scaling,

represents transitions through non-analog intermediate states and arises from chrge

exchange on correlated nucleons. Thus, the A B model separates the contribution

from correlated and uncorrelated nucleons to the DIAS transition. In this section we

will review the two amplitude model giving a number of equivalent formulations.

Consider n neutrons occupying a single j shell with a total angular momentum

J = 0 and seniority v = 0 [25]. The n neutrons found outside a doubly magic core

are described by a seniority zero wave function in which the neutrons are coupled

to J* = 0+ pairs that are antisymmetrized to produce a J" = fl+ state. The zero-

seniority wave functions contain angular momentum and Pauli correlations. For even-

even nuclei with valence nucleons occupying a single j < 7/2 shell, there is only one

0 + state which has zero seniority.

Formally, the DIAS is reached by acting twice with the isospin lowering operator.

We can therefore relate the matrix element representing transitions from the ground

state of the target nucleus to the double isobaric analog state of the residual nucleus

to the matrix element of the same operator between the target's ground state wave

function. Thus, the following relation is obtained:

(jnDIASv = 0\F\jnv = 0} = fn(n
2~

 l j | (jnv = 0\F\jnv = 0) (2.1)

where F is a two-nucleon operator in lowest order. The last two neutrons can be

stripped by using the coefficients of fractional parentage (cfp). After some rearranging

of the terms the following expression is obtained for the DIAS transition matrix

element,

(TDIAS. = mrv = 0) = [=£=^1][A + ( i i"
+

1 ) ' (;: , ) g] (2.2)
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where the total occupancy of the shell is 2ft = 2j + i and

B
A = 0 W > + 20-71 (2.3)

(2-4)

The expression (,72|F|j2) is the average double charge exchange on two valence neu-

trons. We thus obtained the two amplitude expression for the DIAS amplitude as-

suming the neutrons occupy a single j-shell with the nuclear ground state having

seniority zero. Amplitude A is primarily the average of the DCX on two valence

neutrons, while amplitude B measures the deviations from the average of the DCX

on two neutrons coupled to angular momentum zero.

The amplitude for DCX on a nucleus with two valence neutrons coupled to angular

momentum zero is the sum of the two amplitudes,

{pDIASv = J = 0\F\j2v = J = O) = A + B (2.6)

while for a nucleus with a closed shell the amplitude is the average multiplied by the

square root of the total number of pairs,

(j3tlDIASv = J = O\F\j™v = J = 0) = j?&^Jl{j*\F\j*). (2.7)

It is clear from these two extreme cases that the effect of correlations in the ground

state wave function is greater for the T = | = 1 nucleus.

It is instructive to look at equivalent formulations of the A B model. In the

original paper of AGP [23] multipole definitions of A and B were used to obtain the

same formula. The multipole moments of DCX on the two neutron is given by,

where {} is a six-j symbol. The amplitudes are then,

A = *b - ^ £ ft (2-9)

B = £ FL-^^FL (2.10)
£>0,euen Lodd
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where L is the angular momentum transferred by the pion in one charge exchange.

The odd L multipoles are responsible for double-spin-flip transitions.

Another form for the DIAS amplitude is obtained using the analogous situation

in which the expectation value of a two body operator is used to calculate energies

[34]. The formula is given by,

{jTDIASv = 0|f |j-t» = 0} = ^^—^ [a + - ^ j (2.11)

where the two amplitudes, o and /?, are related to A and B via

" X » 1 L>0,e«en Lodd

In this formulation, the spin-flip processes contribute only to the /3 term.

Insight can be gained into the meaning of A and B by assuming a spin independent

operator, which means that F^ = 0 for odd L. FL takes on the form, from AGP [23],

FLa J 5 r2; k, k') (2.14)

where <f>i{r) is the nucleon's radial wave-function and 012 is the angle between ti

and r2. If the operator is independent of 612> which means that the two neutrons

are not correlated, then only Fo is nonzero and the transition proceeds through the

intermediate IAS. For the other extreme case of completely correlated neutrons a delta

function interaction, £(ri — r2), is assumed. In this case all the integrals are equal and

the magnitudes of the Fi are proportional to (2Z + 1). Thus, expressing the DCX

cross sections in terms of the two amplitudes provides a means for separating the

contributions from correlated and uncorrelated nucleons and the relative magnitudes

of A and B give a measure of the degree of correlation involved.

A more general expression for the A B formula is obtained when considering a

transition from a target with both neutrons and protons in the same j shell [24]. The

transition is from the ground state of the target with Tz = T = (N — Z)/2, v = 0 to
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the DIAS with T' = T,Tz = T-2,v' = 0,

(jnT,Tz = T-2,v = J = 0\F\jnT,Tz = T,v = J = 0} = /r(2T - 1) [A + XB]

(2.15)

where

x = I
(ft - 1)(2T + 3)(2T - 1)

1 n^ ,

! » ) + 2 ( 2 f i + 1)

The original AGP formula [23] is obtained for targets which contain only valence

neutrons (n = 2T).

The DCX transition to the ground state V = T - 2 with T > 1 is related to the

DIAS transition [24]. The GS transition depends only on the B amplitude and the

transition amplitude is given by,
(jnT' = T-2,T'z = T',v' = J' = 0\F\JnT,Tz = T,v = J = 0) = y/T(2T ~ l)YB

(2.17)

where

ft

4(ft - l)(2ft + 1)(2T - 1) X

- l)(n + 2T + 2)(n - 2T + 4)(4ft + 4 - n - 2r)(4Q + 2 - n + 2T)11/2

J2T+1 J *
(2.18)

All of the transition amplitudes have a particle-hole symmetry. That is, the DCX

on a nucleus with nT, nv valence neutrons and protons is the same as on the nucleus

with nT, hv valence neutron and proton holes, where

n, = 2ft - nT (2.19)

nv = 2ft - nv. (2.20)

This is equivalent to changing the total number of valence nucleons to holes and

keeping the same isospin,

n = AQ -n (2.21)

T = T. (2.22)
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T Nuclei DIAS GS

1 42Ca, 54Fe \A + B\2 —

2 44Ca, 52Cr 6|>l + 0.1l£|2 1.58J92

3 46Ca, B0Ti 15 |A-0.07£| 2 1MB2

4 48Ca 28jA-0.14B|2 1.36B2

1 46Ti, B0Cr \A + 1A7B\2 —

2 4 8Ti 6\A + 0.\7B\2 2.W2

Table 2.1: Seniority model cross sections from AGGK [24].

In the simplest picture for the even-even calcium isotopes only the valence neutrons

participate in the DCX reaction and they are assumed to occupy the fj/2 shell. The

seniority approximation can be used for these nuclei and, under the assumption of

a single shell, the seniority wave function is exact. In this approximation the A B

model formula [23] of Eq. 2.2 can be used to describe all the DIAS transitions on

the calcium isotopes. If, in addition, we assume that seniority is applicable for the

titanium isotopes where both protons and neutrons occupy the same shell, then the

DIAS transitions and the GS transitions on these nuclei and on the calcium isotopes

can also be described with the generalized formulae of the A B model [24], Eqs. 2.15

and 2.17. The expressions for both DIAS and GS transition amplitudes on even-even

nuclei with valence nucleons in the {j/2 shell are given in Table 2.1.

In reality, the ideal model presented above is not sufficient but, as we will see,

it is a good first approximation and corrections can be made to it. Ginocchio [25]

showed that for small configuration admixtures the A B model formula retains its

form but the values of the A and B amplitudes differ from the ones obtained for a

single j-shell. He showed that for the calcium isotopes the configuration mixing is

such that this formulation is still valid.

For the titanium isotopes the situation is more complicated because the seniority

assumption is known not to be valid in that case. Still, the cross sections for the

DIAS transitions on these isotopes and the GS transitions on the calcium isotopes

can be expressed in terms of the partial amplitudes Fi if more realistic /7 /2 wave
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functions are used [24]. The coefficients of these amplitudes are now not equal and

the use of the amplitudes A and B is not valid. However, the A B formulation can

still give a qualitative understanding of the physics involved.

2.1.2 Two-Body Density Functions

Bleszynski, Bleszynski and Glauber (BBG) [26] studied the effects of nuclear cor-

relations along similar lines to those used by Bleszynski and Glauber [18] in the

calculation of 14C. The DCX amplitude, taken from Ref. [26], is

W Q ) = [{N ' Z){N
2 "

 Z " 1 } ] 1 / 2 K - ^ Q ) + <-}z(Q)] (2-23)

where ANJZ(Q) is the DCX amplitude on an arbitrary chosen pair of neutrons, 1 and

2, and ANJZ(Q) is the amplitude for the reaction on the same pair but in reverse

order. The dependence of the transition amplitude on the nuclear wave function

enters through the two-body form factor,

(2-24)

where qx = k; — p, q2 = p — ky and p is the momentum of the intermediate pion.

PN-Z(T1ITV)
 1S *ne two-body density of the valence neutrons in the initial ground

state. In addition, there is a spin-dependent form factor and although ihe effect of

spin-flip transitions is significant it is not as crucial in describing the general behavior

of the cross sections as the spatial correlations.

The importance of the spatial correlations can best be seen by looking at the

separation density,

PsEP(r) = f ( l l )
^ f ^ f . (2.25)

The forward angle DIAS cross section is governed by ps£p(r), weighted with the

spatial pion propagator and its derivatives and integrated over r. The separation

29



densities for the even calcium isotopes are shown in Fig. 2.1 along with the uncor-

related density. The central values of PSEP
 a r e found to be in the ratios,

PsEm : /»?#(0) •• 4&(0) : ,2£?(0) : /»3SST—(0) = 1 : \ : \ :\ : \.
(2.26)

The DIAS cross sections are roughly proportional to the square of psEP and therefore

the cross section on the single pair of valence neutrons in 42Ca is about 49 times that

on any given pair in 48Ca. We thus see that spatial correlations have a very large

effect on DIAS cross sections.

The shapes of the separation densities indicate what the angular distributions are

expected to look like. The contribution of any neutron pair to the angular distribution

is roughly the form factor for the distribution of the centroid coordinate, R. When

there is an equal probability for all internucleon distances, r, the distribution of the

centroid coordinate becomes more concentrated at small radii. The form factor is,

then, relatively flat and so is the angular distribution. The calculated PSEP f°r *ne

calcium isotopes becomes flatter with increasing number of neutron pairs. Based

on the above arguments, the angular distribution of 42Ca is expected to be forward

peaked and that of 48Ca is expected to be relatively flat.

The effect of configuration mixing was studied on 42Ca by allowing the valence

neutrons to occupy also the p3/2 shell. This causes the separation density to have a

larger value at small separation distances thus making the angular distribution more

forward peaked than in the single j shell.

Zheng and Zamick (ZZ) [27] looked at the systematics of the two-body correlation

functions in the calcium isotopes. They used the modified renormalized Kuo-Brown

interaction (MKB) to calculate the two body density functions. ZZ looked at the

function w{r) defined by,

h (2-27)
where p^2\r) is the two body density function. The two-particle correlation function

w(r) is plotted in Fig. 2.2 for the even calcium isotopes in the single /7/2-shell and

for configuration mixing in the " 1 / - 2p" shell. We see a systematic behaviour as a
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Figure 2.1: The two-nucleon separation density functions for two valence neutrons of

the calcium isotopes in the /7 /3 shell given in Ref. [26].

function of the excess number of neutrons, n. The probability of finding two nucleons

close to each other, r < 2 fm, is largest for n = 2 and decreases regularly with

increasing n. The effect of configuration mixing is seen to enhance the probability

of finding the two valence neutrons of 43Ca close to each other while hardly affecting

the correlation function for the other isotopes. The effects observed for configuration

mixing are similar to that observed for *2Ca by BBG [26].

To summarize, the correlation densities have a systematic dependence on the num-

ber of valence neutrons, n. The probability to find the two neutrons close together

is largest for n = 2 and decreases with increasing n. We see that even before con-

figuration mixing is turned on, there are considerable effects from Pauli correlations.

Once configuration mixing is present, it increases the probability to find the neutrons

close together for n = 2 and its effect decreases with increasing n. The different

spatial correlations present in the different isotopes cause the angular distributions

to become flatter with increasing n as explained by BBG [26].
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Figure 2.2: The two-particle correlation function w(r) for the calcium isotopes with

n valence neutrons in the single /V/j-shell (top) and for configuration mixing in the

" 1 / - 2p" shell (bottom). The dashed line is for n = 2, dash-dotted for n = 4, dotted

for n = 6 and solid for n = 8, Ref. [27].
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2.2 Reaction Mechanism in DCX Reactions

DCX reactions can proceed via a number of different reaction mechanisms. The DCX

reaction is most often treated as two sequential SCX processes with an intermediate

7T°. Another sequential process involves a p° in the intermediate state. DCX reac-

tions can also occur by the A-N interaction (DINT). This process may occur by the

excitation of a A+ which interacts with another neutron by the exchange of a TT+ or

a p+ leaving a A0. The A0 then decays to a ir~ and a proton. Similar reactions may

occur on existing deltas in the nucleus. More exotic reactions are DCX by interaction

of the incident pion with the pion field inside the nucleus and DCX on different quark

structures that are assumed to exist in the nuclear ground state (e.g. six-quark bags).

Auerbach, Gibbs, Ginocchio and Kaufmann (AGGK) [24] calculated the DCX

transition amplitudes as two sequential pion SCX within a multiple-scattering model.

An effective operator, which depends only on the coordinates of the pion and two

neutrons, was used. The dependence on the other nucleonic coordinates may be

entered by use of distorted waves and final state interaction. The intermediate states

were summed over by use of the closure approximation and the pion waves were

distorted by Coulomb and optical potentials which employed medium corrections

(Pauli blocking, nucleon binding energies, Fermi motion, pion annihilation, finite nN

interaction range and nucleon recoil).

The multipoles of the transition amplitude were calculated by AGGK [24] ne-

glecting the spin-flip contribution. The results are presented in terms of the two

amplitudes of their model, A and B. The absolute values of A and B as a function

of energy are reproduced in Fig. 2.3. It is evident that the PWIA and DWIA re-

sults are similar but that it is erroneous to disregard the distortions when making a

comparison with the data. This is in contradiction to BBG [26] who claim that the

net effect of distortions is negligible. In the AGGK result [24] we see that A and B

calculated in PWIA are magnified by the nuclear medium in the energy range 30 to 60

MeV. A possible explanation for the disagreement between the calculations of BBG

[26] and AGGK [24] may be the treatment of the intermediate ir°. BBG [26] in their
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Figure 2.3: Absolute values of A and B at 0° for PWIA (dashed) and DWIA (solid)

calculations of AGGK [24].

work looked mainly at the effect of distortions on the charged pions while AGGK [24]

claim that the main contribution is from the medium effects on the intermediate TT°.

A very important result obtained by AGGK [24] is that \B\ is much larger than

|J4| in the 30 to 60 MeV region. In fact, at 50 MeV \B\ is almost five times the value

of |J4|. This means that the non-analog route is very important in this energy range,

in agreement with earlier calculations performed for lighter nuclei [17-19]. The large

ratio of \B\/\A\ at 50 MeV and the fact that the two amplitudes have opposite signs

for 48Ca provides an explanation for the "disappearing" DIAS peak at that energy

[21].

The internucleon distances to which the DCX reactions are sensitive were studied

by AGGK [24]. They included a step function in the integrand of Fi, which omitted

internucleon distances smaller than some value rc. In Fig. 2.4 we see the dependence

of |i4| and \B\ on the separation distance, rc, at 50 MeV and 0°. The absolute

magnitude of the A amplitude involves contributions from NN separations out to
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Figure 2.4: Absolute values of A and B at 0° and 50 MeV as a function of re, Ref.

[24].

distances comparable to the nuclear size, as expected for transitions on uncorrelated

nucleons. The B amplitude is seen to be very sensitive to the separation distance

and is particularly sensitive to short range correlations, r < 1 — 2 fm, from which it

receives the largest contributions.

Zero degree cross sections were calculated [24] for 43>4*Ca DIAS and "Ca GS

transitions between 20 and 70 MeV in both PWIA and DWIA and are presented in

Fig. 2.5. The 48Ca DIAS cross sections exhibit a deep minimum at an incident pion

energy of about 50 MeV while the 42Ca cross section is relatively flat. At 20 MeV the
48Ca DIAS cross section is about 6 times larger than that for 42Ca, in DWIA, and

about an order of magnitude larger in PWIA. The 48Ca GS cross sections decreases

monotonically with decreasing energy in PWIA while in DWIA they exhibit a broad

maximum at about 50 MeV.

Full angular distributions were calculated by AGGK [24] for «-44.«Ca DIAS and
48Ca GS transitions at 35 MeV, Fig. 2.6. The different isotopes have markedly
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[24]in (a) plane wave and (b) distorted wave.
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Figure 2.6: Angular distributions at 35 MeV of analog transitions on 42Ca (solid),
44Ca (long dash), 48Ca (dashed) and ground state transition on 48Ca (dash-dot) as

calculated by AGGK [24].

different angular distribution shapes. The angular distributions become flatter with

increasing T. The 48Ca GS angular distribution is forward peaked with a shape similar

to that of 42Ca. This similarity is due to the dominance of the B amplitude in both

transitions. The GS transition is a pure B one while both the A and B amplitudes

contribute to the DIAS transition. For 43Ca, both amplitudes have the same weight

and since, at that energy, \B\ is predicted to be about four tfmes larger than |.4|, it

too tracks the shape of B.

Bleszynski, Bleszynski and Glauber (BBG) [26] performed a similar calculation

analytically. They used the plane wave impulse approximation and they too summed

over all intermediate states by the closure approximation. Significant differences in

the two calculations are the inclusion of the spin flip contribution by BBG [26], which

was seen to have a large effect on DIAS cross sections. Also, the cutoff in the off-shell

form factor used, 3.5 /m"1 , was about twice that of the one used by AGGK [24], 1.5

37



A more realistic model is needed for nuclei with both protons and neutrons in the

same shell because seniority is not a good quantum number for these nuclei. AGGK

[24] calculated cross sections for DIAS transitions on 46'48Ti and for all GS transitions

in a more realistic /7/2 model. The results of these calculations consistently predicted

cross sections up to 1/3 those predicted by the zero-seniority model.

Johnson, Siciliano and Sarafian (JSS) [28] calculated the effects of various short-

range correlations on DCX reactions in addition to shell model correlations. The

correlations included are repulsive ones between the two nucleons, and those due to p

exchange, and AN interaction. The effect of A's in nuclei was found to be negligible.

A two nucleon operator is written for each reaction mechanism in terms of the meson

and nucleon positions and spins. The DCX amplitude is then expressed as a sum over

these two nucleon operators. The calculation was performed assuming plane waves

and the intermediate states are summed over by use of the closure approximation.

They [28] too claim that distortions are needed for th& quantitative comparison to

the data but the relative effect of each reaction mechanism can be examined using

plane waves.

The diagrams representing the different scattering processes are presented in Fig.

2.7. Fig 2.7a represents sequential scattering processes where the intermediate meson

is a 7r or a p. The rectangles in the diagram represent the off-shell irN scattering

amplitude. The on-shell part of the amplitude is expressed in terms of empirical TN

phase shifts and is multiplied by the ITN off shell form factor just as in the calculations

of AGGK [24] and BBG [26]. There is an uncertainty in the value of the cutoff range

chosen and each theoretical group chose a different one. Fig. 2.7b represents the AN

interaction (DINT). The TTAA form factor cutoff was determined from comparison to

GS non-analog transition data on Z = N nuclei at resonance energies.

The repulsive short range correlation was taken to be of the form F(ri2) = 1 —

io(gc»*i2) with qc =780 MeV/c. This form is chosen to reproduce the Reid soft-core

interaction. F(r12) changes the two-particle distribution function from that obtained

from pure shell model wave functions.
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Figure 2.7: Processes that contribute to DCX [28]: (a) sequential scattering where

the boxes represent the off-shell nN scattering amplitude, and (b) the delta-nucleon

interaction, DINT. The wiggly line represents ir- and p-meson exchange.

39



In the previous section we saw that the scattering amplitude F obtained for the

calcium isotopes with valence neutrons in a single j-shell described by the seniority

scheme is [23],

where a and (3 are functions of the scattering angle and energy. The form of this

equation remains unchanged when the different dynamical short-range correlations

are added. The values of a and j3 do change, of course.

The values of a and /? using just sequential n scattering are given in Table 2.2 for

35 MeV both with and without the short range repulsion, T. The dynamical short

range correlations have a negligible effect on a. The /3 amplitude, on the other hand,

was found to be significantly affected only by the sequential P-wave SCX scatterings,

the P-P term. The spin dependent piece of the P-P sequential tr scattering was

found to contribute only to 0. Although the spin dependence at 35 MeV is relatively

small it does increase the .P-wave contribution relative to that of the 5-wave.

The contributions of the different short range correlations to a and /3 at 35 MeV

are presented in Table 2.3. The contribution of these correlations significantly affect

only f3 and the effect is on the real part of the amplitude. We see that both V and

p affect the amplitudes and that DINT has a relatively small contribution at this

energy.

The values of the amplitudes depend strongly on the model but some of the ambi-

guities are expected to cancel out when the ratio of the two amplitudes is considered.

The effect of the different correlations is seen in Table 2.4 where the ratio \B(A\ is

presented. It is evident from the results that the ratio is very sensitive to short range

dynamical correlations. The calculation of JSS [28] employed a single j shell but a

more complete calculation should include configuration mixing since it too affects the

DCX cross section, as seen in the calculation of the two body densities (Sect. 2.1.2).

Actual results using configuration mixing are not quoted but JSS claim that the dif-

ferences between the reaction models are smaller than for the single j-shell. Although

it is difficult to reach quantitative conclusions, this model may help in understanding

the contribution of the different correlations involved in DCX reactions.
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Model

S-S,seq

S-P,seq

P-P, seq

total

spin

7T

IT

TV

a(xlO3)

retil

-1.02

-2.62

1.55

-2.09

0

imaginary

5.69

-9.87

2.94

-1.24

0

0
real

4.70

-4.76

4.01

3.95

-0.58

(xlO3)

imaginary

5.95

0.88

1.02

7.85

-0.29

a(r=l)(xlO3)

real

-1.01

-2.58

1.55

-2.04

0

imaginary

* 5.65

-9.83

2.93

-1.25

0

/?(r=l)(xlO3)

real

4.75

-4.70

5.46

5.51

-1.24

imaginary

5.96

0.88

1.16

8.00

-0.36

Table 2.2: Values of a and /3 for sequential DCX with a it° in the intermediate state,

from JSS [28]. Results are given for 35 MeV, with and without (F=l) the short-range

correlation function (r(fi2)). The row labeled "spin" indicates the contribution of

the spin dependent terms to the total pion-nucleon scattering amplitude.

Model

seq n (V=l)

STT(T)

Sp

*(DINT)

S

totakseq ir(T = 1)+

a(

real

-2.04

-0.05

-0.20

0

-0.24

S -2.29

xlO3)

imaginary

-1.25

0.01

-0.02

0

-0.01

-1.26

/3(xlO3)

real

5.51

-1.56

-1.08

0.49

-2.16

3.35

imaginary

8.00

-0.15

-0.10

0.03

-0.23

7.76

Table 2.3: Values of a and /3 for the various processes considered by JSS at 35 MeV

[28]. The notation Sx(T), Sp and 5(DINT) refer, respectively, to the change in the

a and 0 parameters when the short-range correlation function F(r12), when the p

meson, and when DINT is included, and 6 = 5n(T) + Sp + £(DINT).

41



Model \BjA\ cos*

seq 7r(r = 1)

seq TT+DINT

seq 7T+/7+DINT

7.2

5.5

4.0

0

0

0

.23

.12

.03

Table 2.4: Values of \B/A\ and cos$, where $ is the relative phase, at Tw=35 MeV,

from JSS [28].

Short-range nucleon-nucleon correlations were shown, above, to have a large effect

on DCX reactions. Therefore, the structure of the nucleon may have to be regarded

once the inter-nucleon separation becomes comparable to the nucleon size. In such

instances, direct reactions with the pion field associated with the nucleons may have

to be considered. The leading diagrams for such reactions are shown in Fig. 2.8-

The meson exchange current (MEC) is short range in nature and its amplitude is

dependent on the nucleon spin operators. Therefore, if such a reaction occurs it will

contribute only to j3 and not to a. In a calculation performed by AGGK [24], shown

in Fig. 2.9 for 42Ca, two things are obvious. First, the contribution of MEC can

be as large as that of the sequential scattering (~ lfib/ar at 0°) and, secondly, the

results are very sensitive to the choice of the range of the vertex function. In their

formalism, the cross section does not depend on energy but only on the momentum

transfer. The energy dependence is then only due to the distortions of the pion waves.

In a recent paper, Koltun and Jiang [35] estimated that the MEC amplitude is less

than ~ 10~2 fm (or a cross section of ~ lfib) for T = 1 nuclei based on soft pion

theorems.

The contribution of MEC to DCX reactions was also studied in a recent article

by Johnson, Oset, Sarafian, Siciliano and Vicente-Vacas (JOSSV) [29]. They use the

chiral Weinberg Lagrangian to describe the MEC effects. Table 2.5 reproduces the

results of JSS [28] (see Table 2.4) and includes the contribution of the MEC for three

values of the chiral symmetry-breaking parameter ( in the Lagrangian. It is evident

that inclusion of MEC reduces the | £ | / | J 4 | ratio but increases the value of cos$. The

calculation does not include the pion distortions in a realistic fashion but the
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Figure 2.8: Processes that contribute to DCX arising Crom MEC [29](a) pole term

and (b) contact term.
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Figure 2.9: Meson exchange current contribution to DCX on 43Ca as calculated by

AGGK [24]. The two step process is assumed negligible for this figure.
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Model g 103a(fm) 103/? (fm) \B/A\ cos*

seq7r(r=l) (-2.04,-1.25) (5.51,8.01) 7.2 0.23

seq7r(r=l)+£ (-2.29,-1.26) (3.35,7.76) 3.96 0.03

seq 7T (r=l)+ff -1 (-2.29,-1.26) (-2.48,7.76) 2.04 0.51

+MEC 0 (-2.29,-1.26) (0.54,7.76) 2.31 0.34

+1 (-2.29,-1.26) (1.40,7.76) 2.88 0.16

Table 2.5: Values of a and 0, \B/A\ and cos* at 35 MeV, from JOSSV [29]. S

includes corrections to the sequential process for the short-range repulsive correlation

function, p meson and DINT.

ratio should be less sensitive to the treatment of the distortions [29]. It is worth

noting that the 0° excitation function calculated for 14C exhibits a peak similar to

that seen in the data but shifted to a higher energy, Fig. 2.10. The magnitude of

the peak is subject to a large uncertainty due to the value chosen for ( and to the

proper treatment of the pion distortions.

The calculations show that MEC may have a significant contribution to the DCX

reaction. There are uncertainties in the calculations and quantitative conclusions

cannot be drawn. However, an upper limit for this contribution has been calculated

and it is of the same order as the contribution of the sequential pion scattering.

In this chapter we presented the two amplitude model usually refered to as the

A B model [23-25]. This model separates in a natural way the contribution of the

analog route from that of the non-analog route. We also showed that the two-nucleon

correlations are largest for 42Ca and decrease regularly with the number of excess

neutron pairs. The correlations contribute mainly to transitions through the non-

analog route, the B amplitude or the 0 amplitude in the appropriate formulation.

Reaction model calculations predict that the DIAS angular distributions would

become flatter with the increase in the number of excess neutron pairs, or isospin.

The calculations also predict the shapes of the forward angle excitation functions for

DIAS and GS transitions.

44



14

in

a.
G

$

8

6

4

121 1 1 1——i r

10

100 120

Figure 2.10: Excitation function of DIAS transition for 14C including distortions as

calculated by JOSSV [29]. a, sequential ir scattering including short-ranged correla-

tions in F(r); b, sequential ir scattering a plus the p meson; c, full sequential b plus

MEC effects for £=0; d sequential ir scattering a plus MEC effects for (=0.
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Our experiments put these theories to test. We measured DIAS and GS cross

sections which can be used to phenomenologically extract the A B model parameters

and thus test the validity of this model. The phenomenologically obtained parameters

may be compared to theoretical values and the measured angular distributions and

excitation functions can be compared to the calculations. Such comparison can help

constrain some of the physical parameters and, perhaps, favor one model over another.
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Chapter 3

The Experiment

Double-charge-exchange reactions to the double-isobaric-analog-state and ground-

state of 42-44-48Ca, 46'B0Ti, and B4Fe were measured [30-33] in the angular range of

10° to 70° and at energies ranging from 25 to 65 MeV. They are listed in Table 3.1.

The measurements were performed at the Low-Energy Pion Channel (LEP) of the

Clinton P. Anderson Meson Physics Facility (LAMPF) with the Clamshell spectrom-

eter during the years 1986-1990. During this period the channel and the spectrometer

systems were upgraded, mostly as a result of our specific needs. In this chapter we will

describe the LEP channel, the Clamshell spectrometer, the data acquisition system

and the targets.

3.1 The LEP Channel

A layout of LAMPF is shown in Figs. 3.1 and 3.2. The LEP channel is located

in experimental area A. The secondary pion beam is produced when the 800 MeV

primary pulsed proton beam hits the 3 cm thick graphite A-l production target.

During our experiments the current of the proton beam was typically between 950

and 1000 \iA although we did experience running at 600 to 750 fiA during part of our

last run. The repetition rate was either 65 to 80 Hz or 120 Hz with pulse width of

800 fisec or about 600 fisec, respectively, thus providing a duty factor between 5.1%

and 7.2%. Each macro-pulse consists of 0.25 nsec wide micro-pulses every 5 nsec.
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Target

42Ca

44Ca

48Ca

46Ti

50T i

64Fe

Reaction

DIAS

DIAS

GS

DIAS

GS

DIAS

DIAS

GS

DIAS

Tw

[MeV]

25

35

50

65

25

35

50

65

25

35

50

65

25

35

50

65

25

35

50

65

35

35

50

50

35

0

[deg]

20

25, 40, 70

10, 20°, 30", 40

15

15,40

25, 30, 40, 70

25, 40, 70

15

15,40

25,40

25, 40, 70

15

20

256, 40fc, 80c

15

15

15,40

15, 25, 40

15

15

25, 40, 70

25, 40, 70

15

15

25, 40, 55, 70

a. From Ref. [36] b. From Ref. [21] and this work

c. From Ref. [21]

Table 3.1: A list of the measurements performed on I/7/2 nuclei at low energies.
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The LEP channel [37], shown in Fig. 3.3, views the A-l production target at 45°

off the forward direction. The channel is achromatic which means that the position

and angle of the exit beam is independent of momentum. It is also nearly isochronous

thus preserving the micro time structure of the primary proton beam. The channel

is 14 meters long and this relatively short flight path enables measurements of low

energy pions. The maximum acceptance solid angle is wl7 msr and the momentum

bite can be varied from ±0.05 to ±2.8% AP/P by a pair of slits located at the center

of the channel.

The channel consists of four bending magnets (BM01-BM04) and two entrance

(Ql and Q2) and exit (Q3 and Q4) quadrupoles. A small horizontal steering magnet

was placed at the downstream end of the channel, just inside the experimental area.

The channel is symmetrical about a plane midway between BM02 and BM03.

The pion beam is bent vertically by 60° at each bending magnet. The entrance

quadrupoles produce a parallel beam filling the aperture of the bending magnets.

The second set of quadrupoles focus the beam on the target thus determining the

final beam size and position. For symmetrical entrance and exit quadrupole fields the

overall magnification in the bend and transverse planes is unity. A set of four tungsten

collimating jaws, located between the entrance quadrupoles, defines the channel solid

angle. Additional collimators are available to reduce any scattering from magnet pole

faces. In our experiments all the jaws were either wide open or almost wide open to

allow for the maximum number of pions to reach the experimental target. The beam

tune was chosen to give the minimum vertical size which caused a large horizontal

spread. It was therefore necessary to use the horizontal jaws (CL-09) located between

BM03 and BM04 in order for the target to intercept all of the beam.

The positive pion beam in the channel is contaminated by positrons, muons and

protons. In Fig. 3.4 we see the composition of the beam as a function of momentum

[37]. Although the channel has a proton absorber we did not use it because it would

have reduced the number of incident pions which is quite small as it is and worsen

the resolution. In addition, the protons in the beam did not affect our experiments.

We were interested in negatively charged scattered particles and the positive particles
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Figure 3.4: Positive beam rates per second at LEP.

which come from the channel were not accepted by the spectrometer. Also, at the

pion energies we were interested in many of the protons are absorbed by the windows

of the channel and scattering chamber and by the target.

The time spread of the pion pulse depends principally on the momentum accep-

tance and can be used to compress its momentum spread. This was accomplished

during our last run when the LEP channel was upgraded by adding a superconduct-

ing RF cavity, called the SCRUNCHER [38], just downstream of the steering magnet

at the end of the channel. The SCRUNCHER accelerates the slower particles while
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decelerating the faster particles. The SCRUNCHER was installed for higher energy

measurements by other groups and was not removed for our experiment because of

time constraints. Thus, the SCRUNCHER functioned mainly as a drift space. In-

clusion of the SCRUNCHER in the LEP channel resulted in the experimental target

being placed about 1.08 meters further downstream.

Beam tuning was determined by first running the program TRACE with beam

energy and final drift distance as input. The beam spot was required to be as small

as possible in the vertical direction. This was particularly important for the mea-

surements before the position sensitive detector was installed at the entrance to the

Clamshell magnet (see Sect. 3.2.2). A beam profile monitor was placed at, or close

to, the position of the experimental target and BM04, Q3, and Q4 were adjusted until

optimal tuning was found. Although the quadrupoles are supposed to only focus the

beam it was found that they steer it as well. This was corrected with the bending

magnets and the small steering magnet. A final test of the beam tuning was done

by exposing a photographic film to the beam. The film was mounted on the target

frame at the position of the experimental target. Using this method, the beam was

centered by tuning BM04 and the steering magnet. The beam spot size at the target

was typically 3.5 x 0.6 cm2 (horizontal x vertical) without the SCRUNCHER and

3.8 x 3.2 cm2 with it.

The momentum spread of the incident beam was chosen to give maximum flux

while providing resolution good enough to distinguish the final state from neighboring

states. At forward angles, the singles rates on the front detector was the limiting

factor. To reduce the flux the momentum jaws were closed more than what was

needed from resolution demands (see Sect. 3.2.2). The momentum bite was typically

3% at 25 MeV, 1.5% at 35 MeV, 1% at 50 MeV and 0.5% at 65 MeV.

Relative pion fluxes were monitored by integrating the primary proton beam cur-

rent which passed through a toroidal current monitor placed just upstream of the

pion production target. The DCX measurements were normalized relative to elas-

tic scattering on 12C using known cross sections [39]. This normalization procedure

eliminates the need to know the absolute beam flux and spectrometer solid angle.
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Activation measurements were also performed in order to determine the absolute

pion beam fluxes [40]. Knowledge of the beam flux provides another means of checking

that the beam tune is optimal and allows for the determination of the spectrometer's

solid angle. For these measurements plastic scintillator disks were irradiated. Two

disks were irradiated, one after the other, in order to check for consistency. The

primary proton beam was constantly monitored to ensure that the beam was on and

constant during the irradiation time. An aluminum absorber was placed in front of

the disks to ensure that protons would not reach them and they were mounted on

a photographic film to ensure that all the beam was intercepted by the disk. The

irradiated disks were transported to a counting area in the Nuclear Chemistry Facility

at LAMPF where they were optically coupled to the face of a photomultiplier tube.

This assembly was then placed in contact with the face of a Nal(Tl) scintillator inside

a lead shield. Decay products of n C were detected. The 7-ray and positron singles

rates together with the coincidence rate were measured. The pion flux was calculated

using known activation cross sections. For further details see Ref. [40]. The measured

pion fluxes were then used to determine the spectrometer solid angle. The pion flux

ranged from about 3 x 106 to about 2 x 107 rr+/sec depending on energy.

3.2 The Clamshell Spectrometer

The Clamshell spectrometer is shown in Figs. 3.5 and 3.6. We ran the Clamshell

spectrometer in two modes. For measurements at angles of 25° and above the "regu-

lar" setup was used while for smaller angles a forward angle system was brought into

operation and used for the first time by us.

The Clamshell spectrometer [41] was built for the purpose of detecting low energy

pions at the LEP channel. Towards that aim it was required to have a short flight

path, a large solid angle, a large momentum acceptance and, in addition, to provide

scattering angles up to 140°. The spectrometer was therefore built as a single dipole

with non-parallel pole faces with the vacuum gap increasing along the particle tra-

jectories, Fig. 3.7. This design creates a non uniform magnetic field which focuses
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Figure 3.5: Schematic diagram of the ClamsheU spectrometer.
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the scattered particles on the focal plane. The particles enter the gap between the

magnet poles in a region of a relatively large magnetic field, move into a region of

lower field and then leave after again passing through a high field region. The flight

path inside the magnet is only about 2 meters thus minimizing pion-decay inside the

spectrometer. The spectrometer's solid angle is about 40 msr.

At forward angles, the rate in the detector placed at the entrance of the Clamshell

magnet becomes very high due to elastically scattered pions and decay muons from

the pion channel resulting in many random triggers (see Sec. 4.3). Calculations

carried out with programs TRACE and TURTLE showed that the instantaneous rate

on the detector placed at the entrance to the Clamshell magnet would be reasonable

at angles as small as 10° if a sweep magnet would be placed upstream of the Clamshell

dipole. Such a magnet bends the ir~ from DCX by 10° into the spectrometer while

bending the incident TT+ beam the opposite way. We therefore decided to install the

forward-angle system for DCX measurements at small scattering angles.

The sweep magnet is able to bend up to 120 MeV pions (/ B-dl ~ 50kG-in)

through the 10° angle bend into the spectrometer which must be offset in order to

line up with these deflected pions. Thus, in addition to moving the Clamshell dipole

downstream by about 1.9 cm, it was also necessary to shift it by about 1.78 cm

to beam right. In this setup, the spectrometer angle relative to the beam was 10°

larger than the scattering angle. Thus, for example, for a 15° scattering angle, the

spectrometer was set at a 25° floor angle. Use of the forward-angle system results in

a separation of approximately 20° between the ir+ and ir~ , depending on reaction

Q-value. The decay muons, since they are the same sign charge as the incident pion

beam, are also bent away from the spectrometer entrance. Even those that do enter

the aperture of the spectrometer come in at an angle and hit the walls of the vacuum

box.

The experiment confirmed our expectations and at some energies was better than

expected. For example, in a DCX experiment performed in 1985 on 14C at 65 MeV and

20° using the Clamshell in the regular setup mode and with a beam flux of 0.8 xlO7

ir+/sec, the instantaneous rate on 51 was ~5 MHz. In 1988, with the forward angle
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setup, we measured DCX on 42Ca at 65 MeV and 15° with a beam flux of 1.3xlO7

7r+/sec and the 51 instantaneous rate was ~0.5 MHz.

The spectrometer has an effective solid angle of about 20 msr when operated in

the regular setup and about 12 msr with the forward angle setup. The solid angle was

determined by elastically scattering pions from 12C and using known cross-sections

and pion fluxes deterr .T.ed by activation methods. RAYTRACE calculations show,

Figs. 3.8 and 3.9, that the acceptance of the spectrometer is highly dependent on the

horizontal beam size. The lower acceptance obtained for larger horizontal beam sizes,

by as much as a factor of two for our beam spot, can explain why we found a solid

angle which is about a factor of two smaller than that quoted for the spectrometer

[41]. The smaller solid angle of the forward angle setup is due to the Clamshell dipole

being moved by about 1.9 cm downstream.

The acceptance of the spectrometer, which varies across the focal plane, was

measured as a function of the fractional deviation of pion momentum, Pw, from the

momentum of the central trajectory, Po, through the spectrometer,

' = * * * • <3l>

The measurement was done by varying the spectrometer magnetic field and effectively

moving the 12C(TT±,Tr*)12^ elastic peak across the focal plane of the spectrometer.

The acceptance is shown in Fig. 3.10. The spectrometer detects pions with mo-

menta which deviate from the central trajectory momentum up to +15% and —30%

(—25%) with the regular (forward-angle) setup thus giving the spectrometer a large

momentum acceptance.

The scattered particles pass through a detector at the entrance of the Clamshell

magnet which then momentum analyzes them and are then detected by the focal-

plane detectors.

3.2.1 Scattering Chambers

The Clamshell has two scattering chambers. One for the regular setup and the other

for the forward-angle setup. Both scattering chambers are vacuum coupled to the
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Figure 3.8: RAYTRACE calculation of yield as a function of horizontal position at

the target for three values of S.
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Figure 3.9: RAYTRACE calculation of yield as a function of S for three values of

horizontal position at the target.
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Clamshell dipole and a number of targets can be changed while maintaining vacuum.

This is especially important with the targets we used because of their affinity to

oxygen. The targets were mounted in such a way that their center in the horizontal

direction (the scattering direction) is directly above the spectrometer pivot.

The regular setup scattering chamber does not turn with the spectrometer and

vacuum coupling is maintained by use of a sliding seal located at the entrance of the

spectrometer. There is a small air gap between the exit window of the LEP channel

and the entrance window of the scattering chamber. The target mechanism can hold

up to four different targets but only one target intercepts the beam. A target can be

chosen by remotely rotating the target wheel and the target angle in the scattering

plane can be chosen by remotely rotating the whole target mechanism. The target

angle is usually chosen to be one-half of the scattering angle (the spectrometer angle)

in order to minimize the effects due to the different path lengths experienced by the

particles before and after the reaction. If we assume that on average the reaction

occurs at the center of the target then the distance the particles pass before the

reaction equals the distance they travel after the reaction until exiting the target.

For the forward-angle system a new scattering chamber was developed and in-

stalled. This scattering chamber was completely coupled to the spectrometer and

thus turned with it. This caused the target to be at the same angle relative to the

beam as the spectrometer. For a given scattering angle 0 , and assuming the reaction

occurred at the center of the target, the incident particles travelled through the tar-

get at an angle of 0+10° (the spectrometer floor angle) and after the reaction they

travelled at an angle of 10°. The target mechanism for this chamber was able to hold

two targets on a sliding frame.

3.2.2 Detectors

The detector at the entrance to the Clamshell magnet (Si) was, for most runs, a

1.6 mm thick plastic scintillator. A thin scintillator was chosen in order to minimize

energy loss. At low energies this is very important and even in such a thin srintillator

the energy losses reached over 10% (about 1.6 MeV) for some of the 25 MeV DIAS
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measurements. The active area of the scintillator, either 3.81 x 3.49 cm2 or 5.56 x

5.08 cm2, was determined by a lead collimator placed in front of it.

Inclusion of the SCRUNCHER caused the target to be placed about 1.08 meters

further downstream and resulted in a larger beam spot in the Clamshell bending plane

(vertical direction). In order for the resolution to remain acceptable a new detector

was installed at the entrance of the spectrometer allowing for projection back to the

target. It consisted of a wire-chamber with horizontal cathode wires spaced 1 mm

apart and four vertical anode wires, A11-A1A. The anode wires were individually

read while the cathode wires were bussed together in groups of four. Just upstream

of the wire-chamber, within the same detector cell, was a hodoscope consisting of four

1.6 mm thick plastic scintillators, S1A-D. Splitting the detector in four improved

the ability to withstand higher counting rates at forward angles.

The scattered particles that exit the Clamshell magnet are detected by the focal-

plane detectors. The position and angles at the focal-plane are determined by two

X-Y drift chambers [42]. The first chamber is parallel to the exit window of the

magnet vacuum container. The second drift chamber is parallel to the first and is 30

cm from it. The active area of the chambers was 90 cm by 21 cm in the X and Y

directions, respectively, with X being the dispersion direction of the Clamshell.

Each chamber consists of two multi-wire drift chambers of an alternate gradient

design oriented orthogonally to each other. The wires are arranged with cathodes

and anodes alternating. The cathode wires are 76 fim Be-Al at ground potential

and the anode wires are 20 fim gold-plated tungsten at positive high voltage. The

anode planes are separated by a 6.3 fim aluminized mylar at ground potential and

at a distance of 5 mm from the anode planes. The drift cell size is 8 mm and thus

the maximum drift distance is 4 mm. The chambers are operated with a magic gas

mixture of 65% argon, 35% isobutane, 0.10% freon, and 0.50% isopropyl alcohol.

The anode wires are soldered directly to points along a 2.5 nsecjcm delay-line

inside the chambers providing two anode outputs per plane. The field defining cathode

wires are soldered to a printed circuit board. Alternate cathode wires are bussed

together providing two cathode outputs per plane. When a particle passes through
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a drift cell it produces a signal on the anode wire. The signal travels on the wire

until reaching the delay-line where it splits into two signals propagating in opposite

directions along the delay-line. The signals are amplified separately and fed into

discriminators. Timing is provided with respect to a 6.35 mm thick scintillator located

just after the drift chambers. The arrival times of the two signals, tx and t2, are

determined by the drift time, the time the signal propagated along the delay-line,

and an offset, which is due to cable length, rise time, etc. Thus,

k = tD + h + d (3.2)

t2 = tD + t2 + C2 (3.3)

where t& is the drift time, t12 are the times the two signals propagate along the

delay-line, and Cli2 are offsets. The difference between the two times identifies the

location of the anode wire closest to the particle track. The drift time is determined

from the sum and is a function of the drift distance. Thus, the anode wire closest

to the particle track and the absolute distance between the two are determined. An

ambiguity still exists about whether the particle passed to the left or to the right of

the anode wire. The ambiguity is resolved by use of the current pulses induced on the

cathode field defining wires. The difference of the two cathode signals is generated

by using a voltage sensitive differential amplifier. The signal, termed Odd — Even

(O — E), is either negative or positive depending on which side of the anode wire the

particle passed. The resolution of the chambers is about 150 fim.

The particles exiting the drift chambers are detected by two plastic scintillation

counters (52 and 53) of thickness 6.35 mm each that are placed parallel to the drift

chambers. The scintillators cover the active area of the focal-plane chambers and

thus detect all the particles that pass through the chambers. Light is collected at

both ends of the scintillators by photomultipliers providing two output signals per

scintillator. In earlier measurements, the particles were subsequently detected by

a 10.16 cm thick plastic scintillator. We replaced the scintillator with an array of

four plastic scintillators (54 - 57) of thickness 2.54 cm each in order to get better

information on the where the pions stopped. Two 2.54 cm thick plastic absorbers
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were placed between 56 and 57 in order to stop the pions from reaching 57. 57

could then be used, in some of the measurements, as a veto to reject background

events. Two phototnultiplier assemblies are attached to each scintiliator at one end

providing two output signals per scintiliator.

52 and 53 provided the most basic particle identification. 54 — 57 were used as

dE/dX counters. Time of flight was provided by the time delay between signals from

51 and 52. Particle identification will be discussed in detail in Chapter 4.

3.2.3 Electronics

A schematic diagram of the Clamshell electronics is presented in Figs. 3.11- 3.16.

The raw signals from 52-57 and from the original 51 were split and fed into ADCs

and discriminators. The four hodoscope signals, S1A-D, were first put through a xlO

amplifier and then fed into ADCs and discriminators. For 51 — 53 Constant Fraction

Discriminators (CFD) were used for better time resolution. The two outputs of 52

(52.P and 52.7V) and 53 (S3P and S3N) were fed into a meantimer which defined

the logical signals 52 and 53. The OR of SI A - D was defined as 51 in the logic. All

the scintiliator signals were fed into sealers. The signals from 51, one for the original

detector and four for the new detector, together with the four signals from 52 and

53 were fed into TDCs. The raw signals from the front chamber anodes, AW — A14,

were split and fed into ADCs and discriminators. The discriminator signals were fed

into a coincidence unit that required at least one of them to have fired. This was

defined as the logical Front Wire Chamber (FWC). The four anode signals from

the focal plane chambers and FWC were fed into sealers. The front wire chamber

cathode signals were fed directly into a FERA ADC. The focal plane chambers anode

signals were fed into discriminators. From there they were fed into TDCs and the

two signals from each wire plane were also fed into a coincidence unit requiring both

to have fired. This defined the logical signals for the wire plane (lAr, IV, 2X, and

2Y). A coincidence of at least two wire planes was required and this was defined as

the logical Rear Wire Chamber (RWC). The 0 — E cathode signals were fed into an

ADC.
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Figure 3.11: A schematic diagram for 51 electronics. The diagram for S1A is for one

of the four pieces of the hodoscope. The other three pieces were wired identically.

CFD is a constant fraction discriminator.
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Figure 3.12: A schematic diagram for 52 and 53 electronics.
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Figure 3.13: A schematic diagram for 54 — 57 electronics. Note that only 57 was

put through a mean-timer and the output from it was sometimes used as a veto in

the trigger.
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Figure 3.14: A schematic diagram for the front wire-chamber electronics. The elec-

tronics is given only for one of the anode wires. The other three were wired identically.

This detector was used only during our last run.
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A basic requirement for accepting an event was its passage through the spectrom-

eter magnet and the firing of the focal plane wire chambers. This was achieved for the

lowest energies by requiring a coincidence between 51, 52 and RWC. At the higher

energies 53 was also required. When the new front detector was used FWC was added

to the trigger. For some energies and running conditions 57 was used as a veto. The

master trigger had a master veto which ensured that basic experimental conditions

were met, i.e. that beam was available (beam gate), that a run was in progress (run

gate), and that the computer has completed the processing of a previous event and

was ready to accept another. The signal from 52 meantimer defined the time for the

trigger. The logical signal from the master trigger was used as a common gate for

the ADCs, a common start for the TDCs, and as an Event trigger which initiated the

readout of the CAMAC crates.

3.3 Data Acquisition

The data acquisition was overseen and performed by the LAMPF Q system using

a Micro-VAX II computer. The interface between the computer and the CAMAC

crates was accomplished by the LAMPF designed Microprogrammable Branch Driver

(MBD). Upon a signal from the trigger module the MBD read out the CAMAC

modules and stored the data as a block of data words in a memory buffer. When

the buffer was full the event data was transferred to the computer and written on a

magnetic tape. A special Event trigger occurred at pre-determined intervals causing

the sealers to be read. In addition, a subset of the events were analyzed thus providing

real-time information on the progress of the experiment. For most experimental

conditions all the events were analyzed. This analysis is similar to the one done

during replay and will be described in the next chapter.
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3.4 Targets

The DIAS measurements on 42Ca at 35 MeV and at 50 MeV and 10° were performed

on a target consisting of two 5.15 x 5.15 cm2 plates of CaCOa with polystyrene

binder. The total area! density of the two plates was 0.81 glcm2, of which 0.3 g/cm2

was 42Ca. All other measurements, including another one at 50 MeV and 10°, were

performed on a target loaned to us by K.K. Seth of Northwestern University. This

target consisted of a 3.8 x 7.0 cm2 metallic plate with a total areal density of 0.346

g/cm2 (93.7% enrichment).

The DIAS experiments on 44Ca at 35 MeV were performed on a single 5 x 10

cm2 plate of CaCC>3 with polystyrene binder. The total areal density of this target

was 1.56 g/cm2, of which 0.4 g/cm2 was 44Ca. For all other measurements metallic

plates were fabricated [43] with areas 5 x 10 cm2 and varying areal densities. We

used stacks of up to three plates with total areal densities of 0.33 g/cm2, 0.65 g/cm2,

and 0.96 g/cm2 (98.44% enrichment).

Most of the 48Ca measurements were performed on a target which consisted of

four 3 x 8 cm2 plates of oxidized 48Ca. The total areal density was 0.331 g/cm2,

of which 0.259 g/cm2 was 48Ca. The measurements of GS transitions and repeated

DIAS transitions at 35 MeV and 25° and 40°, 25 MeV GS transitions, and DIAS

transition at 25 MeV and 15° were carried out on a considerably deteriorated target

which was of varying thickness. The effective number of 48Ca nuclei intersected by the

beam was determined by measuring the 40° elastic scattering on the 48Ca target with

unknown areal density and on a known 44Ca target. Elastic scattering of positively

charged pions on a numu^r of nickel isotopes showed that the scattering at this angle

is essentially due to Coulomb interaction with no isotope dependence [44]. Thus, the

elastic cross-sections on 44Ca and 48Ca were assumed equal. Corrections were made

for the effect of oxygen contamination in the 48Ca target. The areal densities were

found to be about 0.25 g/cm2 for the 25 and 35 MeV GS and DIAS transitions except

for the DIAS transition at 25 MeV and 15° where it was found to be about 0.7 g/cm2.

The larger areal density was due to the repacking of the target material.
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Great care had to be taken in order to protect the calcium targets because they

are easily oxidized. The metallic targets were stored in oil and placed in an argon

environment when removed from the oil. The targets were wiped and mounted on

the target frames in the argon filled container and were transported to the scattering

chamber. The scattering chamber was filled with argon before mounting the frame.

The targets were quickly mounted and the scattering chamber was evacuated. Upon

removal from the scattering chamber, the targets were immediately placed back in

oil.

Measurements were also performed on isotopes of titanium and on iron. The 46Ti

target consisted of four 5.05 x 5.05 cm2 plates of TiO2 with polystyrene binder. The

total areal density was 0.646 g/cm2 of which 0.25 g/cm2 was 46Ti.

The 50Ti target consisted of two plates of TiO2 with polystyrene binder, one of

area 5.40 x 4.96 cm2 and the other of 5.32 x 5.08 cm2. The total areal density was

0.345 g/cm2, of which about 0.158 g/cm2 was 50Ti.

The 54Fe target consisted of four metallic plates with a combined areal density

of 0.366 g/cm2. Two of the plates were of area 5 x 2 cm2 each, and the other had

a roughly rectangular shape and were measured with a planimeter to be about 21.5

cm2 each.

For normalizations and calibrations elastic scattering measurements were per-

formed on two 12C targets. One was of areal density 0.224 g/cm2 and the other was

of 0.527 g/cm2.
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Chapter 4

Replay and Data Analysis

4.1 General

Replay of the data was carried out using the LAMPF Q-system. The main sections

of the software are the analyzer, the test package, and the histogram package that are

all interconnected. The analyzer is a series of programs which converts the raw data

into physical quantities of interest such as coordinates, trajectories, and momenta.

The test package allows arithmetic and logical tests to be performed on both raw

and computed data words and logical tests on the results of previous tests. The

histogram package provides both stored and live histograms of data words. The

histogram system can use the results of the test package to control histogram entries

and can be used as well to specify certain data for tests within the test package

(known as indirect gates and boxes). The indirect gates and boxes can be changed

freely during the replay. Both the test and histogram packages allow for dynamic

definition of tests and histograms.

4.2 The Analyzer

The data are analyzed on an event by event basis using the analyzer. The analyzer first

retrieves the event data and assigns logic variables to the raw data words. Essentially,

the analyzer performs the calculations in two stages and a block of tests is performed
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after each stage.

The energy deposited in the scintillators and the raw time of flight through the

spectrometer are determined in the first set of calculations. The energy deposited

in each scintillator is a function of the pulse-height from the photomultipliers. The

calibration coefficients are determined by passing minimum ionizing particles through

the scintillators.

The first block of tests requires basic conditions to be met. Tests are performed

on various chamber quantities and, in addition, a preliminary particle identification

(PID) test is performed. A basic requirement in our measurements was that the event

passed the PID test and a test ensuring that the focal plane chamber anodes fired.

If the event failed this test the rest of the analysis was skipped and the analyzer

proceeded to make histogram entries.

The second set of calculations was performed on all events that passed the ba-

sic requirement mentioned above. In this section, quantities that are used in more

precise particle identification, background rejection, and the kinematic quantities are

calculated.

The position of the particle track in each of the chamber planes is calculated.

The position is found by first calculating which anode wire was closest to the track

and then calculating the position relative to the wire. The position of the anode

wire is found from the difference in arrival times of signals from the two ends of the

delay-line using a polynomial. The coefficients of the polynomial were determined

from a previous calibration of the delay-line propagation speed. The drift distance

is found, based on the drift time, from a lookup table that was tabulated during the

calibrations prior to the experiment. Left-right tests are used to determine whether

a particle track was to the left or right of the anode wire. This is done by looking at

the O — E signals from the chambers' cathods (see Sect. 3.2.2). Thus, the positions

in the chambers were calculated.

The positions in the two X — Y chambers are used to calculate the position and

trajectory of the particle at the focal-plane. The position, A'/p, and angle, 0^p, in

the dispersion direction (bend plane) and the position, Yfp, and angle, $^p, in the
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transverse plane are found.

The target quantities, Xtgt, Qtgt, Ytgf, and $tflt, and the particle relative momen-

tum deviation from the central trajectory momentum, 6, were calculated using the

calculated focal plane quantities. The particle trajectory at the target was found

from the known spectrometer optics and the measured focal-plane trajectory. Under-

lying this calculation is the assumption that the target area from which the particles

are scattered was small in the vertical direction and could thus be taken as a point

source in that direction. This assumption was reasonable so long as the beam spot

was vertically small. Once the SCRUNCHER was installed the assumption became

invalid due to the large beam spot and it became necessary to include the position at

the front wire chamber which was installed at that time.

The analyzer calculates the momentum of the outgoing particle and its energy as-

suming its mass is that of a pion providing us with the quantities P^t and Emf These

two quantities are needed for the calculation of both the final kinematic quantities

and for one of the important quantities used in the background rejection, EDIFF.

The quantity E^t is used in the calculation of the quantity EDIFF, which is the

difference between the total energy deposited in the scintillators and E^f EDIFF

should be zero for a pion in the energy range of our experiment because the pions

stop in the scintillators and deposit all of their energy.

Another value which is very important in differentiating between pions and other

events is the corrected time of flight, CTOF. Pions with different energies and

different trajectories have different time of flight through the spectrometer. In order

to distinguish pions from other particles, electrons in particular, it is advantageous

to have the same effective time of flight for all pions. Therefore, a corrected time of

flight which removes the dependence on the particle trajectories has to be calculated.

The quantity CTOF is a function of the position at the focal plane and at the front

wire chamber, when that was installed.

The procedure for obtaining the corrected time of flight is to cover the entire

focal plane with pions from quasielastic scattering. The time of flight of a pion

traversing the spectrometer along the central trajectory is known and the polynomial
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with which CTOF is calculated is optimized to fit this value. The resolution obtained

was typically between 1 and 1.5 nsec.

The kinematic quantities of interest, in particular the missing mass or residual

nucleus excitation energy, Eex, are calculated using the following relation,

(Eex + Mre.f + P?e, = (Em + MTe.f (4.1)

where MTe, is the mass of the residual nucleus, Pre, is its momentum, and Em is the

missing energy defined by

Em = (T^ + Min) + Mtgt - [(J& + M2
mtfl

2 + Mre.] (4.2)

with Tin and Mjn as the kinetic energy and mass of the incident particle, Mtgt is the

mass of the target, and Pout and Mout are the momentum and mass of the outgoing

particle.

The cross section is calculated for the reaction leading to a particular state using

the sum over the number of particles populating the appropriate peak in the missing

mass spectrum subject to a test that chooses the pion events.

4.3 Background Rejection

Double-charge-exchange measurements are usually plagued by large backgrounds as

can be seen in Fig. 4.1 where we present missing mass spectra obtained for 42Ca at

65 MeV and 15°, one after a preliminary PID cut and the other after more refined

software cuts were imposed. The background is due to two sources. One is the pion

single-charge-exchange followed by the decay to gammas of the TT° and the subse-

quent conversion of one or more of the gammas to electrons which pass through the

spectrometer and the other is random counts in time which are the result of electrons

hitting 51 and something else hitting the focal plane detectors that are in the trigger.

Muons make a negligible contribution because they are the decay products of the ir~

which are few and only a fraction of them decay. The small DCX cross-sections, of

the order of a few hundred nb/sr to a few fib/sr, make background subtraction based

79



solely on the DCX runs very difficult and at times impossible. The solution to this

problem is to use TT~ elastic scattering with the same outgoing energy as the pions

from the DCX reaction and with the same setting of the Clamshell magnetic field.

Software cuts are set according to these runs and then used in the replay of the DCX

runs. Energy loss calculations were performed and the ir~ beam energy chosen to

match the pion energy from the DCX reaction to within 0.1 — 0.2 MeV. At the lowest

energies we used thick targets for the elastic scattering in order to take advantage of

the large energy loss in the target. This was preferred to reducing the incident beam

energy because of the sharp reduction in beam flux with decreased energy, see Fig.

3.4. It was important to use TC~ and not n+ because of the different characteristics of

the pions when they are stopped in the scintillators, as they do in our experiments.

When a TT~ stops in a scintillator it is absorbed by the nucleus and its mass is con-

verted to energy fragmenting the nucleus. Thus, the total energy deposited in the

scintillator is larger than that due to the pion's kinetic energy and the pulse heights

produced are therefore larger. These large pulse heights due to the stopped pions are

called stars.

The energy loss in the target was calculated in the following manner. First, the

energy loss in the first half of the target was calculated. Then, the kinematics of

the DCX reaction at the proper scattering angle was calculated thus determining the

7r~ energy. This energy was then used as input for the energy loss calculation in

the second half of the target. For composite targets the calculations included the

contribution of each element.

Comparing the ir~ elastic runs and the DCX runs established that low pulse

heights in S2 and S3 are due to random events and electrons. At the lowest energies

many of the pions did not reach 53 and produced zero pulse-height events in it. A

software cut was set to eliminate the unwanted events. This is the PID cut used

in the first block of tests in the analyzer. Only events which passed this test were

further analyzed. Even after this cut a large number of electrons and random events

remained. This background was eliminated with a software cut on the time-of-flight

in the spectrometer. We used here the fact that electrons and pions with the same
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Figure 4.1: Missing mass spectra from a DCX measurement on 42Ca at 65 MeV and

15° (a) after a preliminary PID test and (b) after more precise software cuts were

employed.
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momentum have different time-of-flight in the spectrometer due to their different

mass with the pions having the longer and the electrons the shorter TOF. For the

TOF cut we used the corrected time-of-flight, CTOF, defined in Sect. 4.2. We used

EDIFF, defined in Sect. 4.2, together with the time-of-flight in order to have a

better separation between the different particles. A scatter plot of EDIFF versus

CTOF gives distinct groups for real particles with the remaining random events

scattered evenly for all time-of-flight (Pig. 4.2). The software cut was set so as to

accept the pions as determined from ir~ elastic scattering. Practically all electrons and

most of the random events were eliminated in this fashion. The remaining electrons

appear in missing-mass at large excitation energies which are out of the range we are

interested in. For the 25 and 35 MeV measurements we used another time-of-flight

cut which utilized the pulse-height of the particles in 51, SIDELE. Although 51 is

a thin scintillator, 1.6 mm thick, the pions deposit a large amount of energy in it. In

a scatter plot of SIDELE versus CTOF the electrons and pions form two distinct

groups and thus a cut can be imposed to accept only pion events (Fig. 4.3). There is

an added advantage to using this scatter plot. The random events are usually due to

electrons in 51 and, because of the different pulse-height of electrons and pions, show

up as a band of events spanning the whole range of time-of-flight but with electron

pulse-height. Placing a software cut which accepts only pion pulse-heights reduces

the contribution of the random events considerably.

There were a number of other tests used by us to reduce the background but their

sirect was small. The interaction coordinates at the target and the scattering angle

were reconstructed. Software cuts were set to accept only events that correspond to

the target size and spectrometer acceptance. Practically all events other than those

at the very extreme tails were accepted. These tests were redundant since the rejected

events here were also rejected in the other tests. The dE/dX scintillators, 54 — 57,

were used but their effect was small. We created a scatter plot of pulse-height in 55

versus pulse-height in 54 and imposed a cut on this histogram. This cut rejected

mainly electrons but these were also rejected by one of the time-of-flight cuts. A veto

on large pulse-height in either 56 or 57 proved to be redundant as well.
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Figure 4.2: A scatter plot of EDIFF versus CTOi^ from a DCX run. The two

quantities are defined in the text. The box surrounds the pion events and the other

group of events is electrons. The rest of the events are randoms.
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box surrounds the pion events. The other group of events located at smaller time of

flight is composed of electrons. Most of the random events have small pulse height in

the scintillator.
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Events that passed all the tests were declared "good events" and were plotted

in a missing-mass histogram. The remaining background was subtracted by fitting

the spectra as will be explained in the next section. The sensitivity of our results to

reasonable changes in cuts were checked and found to be small.

4.4 Peak Fitting

The cross-section for the DCX reaction is determined by summing the events under

the peak at the expected position in the missing-mass spectrum after subtraction of

the background. The measured missing-mass spectra are shown in Figs. 5.1- 5.5.

The number of events under the peak and the background were determined by

fitting the spectra. The fitting procedure can be divided into three groups. One is

for spectra with no apparent peak or low statistics spectra (see for example the 44Ca

spectrum at 35 MeV and 70°, Pig. 5.2) and the other two are for spectra with peaks,

one with a large peak above the background (see e.g., the 44Ca spectrum at 50 MeV

and 25°, Fig. 5.2) and one with a peak above a large background (see the 48Ca

spectrum at 65 MeV, Fig. 5.3).

For spectra with no apparent peak or with low statistics we summed the events in

the relevant region and subtracted a background. The background was taken either

as the number of events in a similar region in the unphysical region or as a constant.

The peak position was determined from the position of the ir~ missing-mass peak in

the elastic scattering PID spectrum and with the expected width due to the incident

beam variation in momentum and the difference in energy losses when the reaction

occurs at the upstream and downstream ends of the target.

For spectra with peaks and enough statistics we used the fitting code NEWFIT

[45]. We assumed a polynomial background of degree ranging from two to four and

gaussian peaks. In the case of a large peak above the background we allowed both

the position and width of the Gaussian peak to vary. The widths obtained in such

fits were consistent with expectations. In the case of spectra with large backgrounds

we allowed the position to vary but constrained the width to be that expected. The
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background obtained in the fit was subtracted from the spectrum and the counts

under the peak were summed.

4.5 Cross-Section Calculation

The cross section for the DCX reaction is:

da N'
(4.3)

dfl Nt • Nw • AJ2

where N't is the number of counts under the peak in the missing mass spectrum

corrected for the computer live-time (LT), the survival fraction (SF), and the spec-

trometer acceptance (ACC). Nt is the number of scatterers, N* is the total number

of incident pions, and Afi is the spectrometer solid angle. The number of scatterers,

Nt) is:

(4.4)
A • cosOt

where (pt) is the target areal density, JV̂  is Avogadro's number, A is the atomic mass

number, and 9t is the target angle with respect to the incident beam. The survival

fraction, which corrects for pion decay in the spectrometer, is:

SF = exp(-^^-) (4.5)
p-T0C

where m is the pion mass, p is the pion momentum, TQC is the average decay length of

the pion and is equal to 7.8 meters, and L is the flight path of the pion and is equal

to 1.82 + 0.0135 meters with S denoting the fractional deviation of pion momentum

from the momentum of the central trajectory through the spectrometer,

S = ^ ^ . (4.6)

The third correction made for the area under the peak is for the computer live-time,

LT, which is about one for DCX experiments,

_ (number of EVENTS while the computer is NOT busy)
number of events
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The live-time corrects for trigger events occurring while the Micro-Vax was processing

a previous event. Therefore,

, _ peak area
Ns ~ LT-SF- ACC ( 4 ' 8 )

The primary proton beam current that passed through a toroidal current monitor

was integrated giving the "number of toroids", TOR. For a given channel setup the

total number of pions is proportional to TOR,

The ratio v/TOR can be found from activation measurements and the spectrometer

solid angle, Aft, can be found using the activation measurements results and mea-

surement of a known cross section. However, the absolute values do not have to be

calculated. Normalization runs were performed to calibrate the product (ir/TOR)A£l.

The normalization runs were of ir+ elastic scattering on 12C with the same incident

beam settings as the DCX runs. The measured elastic cross sections were compared

to known cross sections for the elastic scattering of ir+ on 12C that were measured at

20, 30, 40, 50, and 65 MeV [39].

The cross-section for the DCX reaction in the center-of-mass reference frame is:

da N't
do^ = ;vT- K 'TOR (4"10)

where
K-i * )An- Kjelastic)
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Chapter 5

Results

Measurements of DIAS and GS transitions were performed in the energy range 25

to 65 MeV and at several angles. All the measured cross sections are listed in Table

5.3 at the end of the chapter. The errors include both statistical and systematic

uncertainties. The main contribution to the experimental uncertainties, in most cases,

is due to statistics. All upper limits are given with a 95% confidence lim't.

In this chapter we will first present the measured spectra. The results will then

be discussed in terms of angular distributions and excitation functions.

5.1 Spectra

The measured spectra are presented in Figs. 5.1- 5.5. In most instances, the mea-

surements were aimed at a specific final state, ground state or DIAS, and this peak

was placed at the center of the focal plane. In Table 5.1 we list the Q-values for the

final-states we are interested in. The measurement itself was terminated once enough

events accumulated in the desired peak in the missing mass histogram or due to finite

running time. At some beam energies and scattering angles the GS and DIAS cross

sections were measured seperately. We show the spectra for these measurements on

the same plot but omit the overlying region. Some of the spectra measured on T > 1

nuclei are for just one final state. For 44Ca, the 35 MeV spectra at 30° and 70° are

for the DIAS transition o^iy. For 48Ca, the 25 MeV spectra at 15° and 40° are for
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Target QG5(MeV)

4 2 Ca

" C a

48Ca

46T J

5 0 T i

54Fe

-12.40

-2.90

5.29

-13.64

-0.6

-15.93

-12.40

-12.33

-11.84

-13.64

-13.22

-15.90

0.

9.44

17.13

0.

13.06

0.

Table 5.1: Q-values for various DCX reactions.

[MeV] 9m [deg] da/dam [pb/sr]

49.2

48.6

25.1

40.2

70.3

0

0

0.3±0.2

.ll±0.05

.16±0.04

a. Pion energy at the center of the target.

Table 5.2: Center of mass cross sections measured for the DCX reaction on 44Ca at

50 MeV. The final state in 44Ti is 6.3±0.2 MeV.

the GS transition and the spectrum at 20° is for the DIAS transition. For S0Ti, the

35 MeV spectra are for the DIAS transition. We will concentrate our discussion in

this section on the 48Ca and the 44Ca spectra measured at 50 MeV.

The 44Ca spectra measured at 50 MeV (Fig. 5.2) demonstrate the high selectivity

of low-energy DCX reactions. At the forward angles the GS and DIAS transitions

dominate the spectrum between 0 and 20 MeV excitation. Comparing the 25° spec-

trum with that for 48Ca of Fig. 5.3, it is remarkable to note the much larger ratio

of DIAS transition strength to non-analog strength for 44Ca. In the 70° spectrum a

peak at 6.3±0.2 MeV excitation is clearly evident and can also be seen in the 25°

and 40° spectra. This peak could not be uniquely associated with a known particular

state in 44Ti. In Table 5.2 we list the cross sections measured for this state.

A qualitative feature of the 25° and 40° spectra of 44Ca at 50 MeV is that the DIAS

and ground state peaks are the prominent features in the spectra. This contrasts to
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Figure 5.1: DCX spectra measured on 42Ca. The DIAS is the ground- state of 42Ti.
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Figure 5.2: DCX spectra measured on 44Ca. The DIAS is located at 9.4 MeV excita-

tion energy in 44Ti. For details see the text.
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Figure 5.3: DCX spectra measured on 48Ca. The DIAS is located at 17.1 MeV

excitation energy in 48Ti. For details see the text.
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what is observed for 44Ca and other T > 1 nuclei at energies between 80 and 500 MeV

[46,47]. In the 5° spectra measured at 164 MeV [46], the ground state and DIAS cross

sections are an order of magnitude smaller than observed here. At energies above 164

MeV the ground states are very weak, if they are seen at all, and the DIAS becomes

the dominant state in the spectrum [47].

The large ground state strength at 50 MeV may have consequences in the determi-

nation of ground state two body matrix elements that are of interest to double-beta

decay studies. In a study of ground state transitions at 164 MeV for the 128-130Te

isotopes, cross sections of order of 50 nb/sr at 5° were reported [48]. In the 44Ca

measurement at 50 MeV the ground state cross section near 0° is found to be about

50 times larger. Thus, data obtained at beam energies near 50 MeV may be more

favorable for determining these matrix elements.

The evolution of the forward angle DIAS peaks of 44Ca and 48Ca with energy is

quite different. For 44Ca, the DIAS peak is prominent in the spectrum both at 35 and

50 MeV with a large ratio to the non-analog background. For 48Ca the situation is

different. The DIAS peak is quite strong above the non-analog background at 35 MeV

while at 50 MeV it cannot be distinguished above the large non-analog background.

The evolution of the 48Ca DIAS peak in the energy range 35 to 50 MeV was the

starting point of the experimental program dealing with the /7/2 nuclei.

5.2 Angular Distributions

Angular distributions of DIAS and GS transitions were measured at 35 and 50 MeV.

At 25 MeV, measurements were performed only at two angles for some nuclei. The

most extensive measurements were done at 35 MeV where DIAS transitions were

measured on 42-44-48Ca, 46.S0Ti, and 54Fe and the GS transitions on 44-48Ca. At 50

MeV angular distributions of both DIAS and GS transitions were measured on 44Ca

and DIAS transition on 42Ca was measured by us and by the Northwestern University

group [36]. We used the function
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which was found to be appropriate for extrapolation and interpolation to angles in

the range 0° to 90°.

5.2.1 Measurements at 35 MeV

DIAS transitions were measured on 42-44'48Ca, 46-60Ti, and 54Fe and GS transitions

were measured on 44>48Ca. We chose E0Ti because it is the particle-hole conjugate of
46Ca (the six proton holes in 50Ti are equivalent to the six neutron particles in 46Ca),

and is thus expected to behave in similar fashion, 54Fe is the particle-hole conjugate

of 42Ca. The measurements performed on these two nuclei were aimed at establishing

the validity of the particle-hole symmetry in DIAS transitions. 46Ti has the largest

weighting of the B amplitude of the measured targets and is thus of tipecial interest.

The cross sections for the DIAS transitions are shown in Fig. 5.6. The data reveal

a flattening in the angular distributions as the isospin T increases. The angular

distribution for 48Ca (T = 4) is flatter than for 42Ca (T = 1) and the angular

distribution for 50Ti (T = 3) is flatter than for 48Ti (T = 1). 44Ca may be an exception

to this trend. Bleszynski, Bleszynski, and Glauber [26] showed that the shape of the

angular distributions provides information on nucleon-nucleon correlation distances

(see Sect. 2.1.2).

The angular distributions of GS transitions on 44>48Ca were measured and are

shown together with those for the DIAS transitions in Fig. 5.7. Although the un-

certainties in the measurements are fairly large some features are clearly established.

The difference in the angular distributions of the GS and DIAS transitions on 48Ca

is quite striking. The GS angular distribution is forward peaked while that for the

DIAS is relatively flat. The 44Ca angular distributions are markedly different from

those of 48Ca. The GS angular distribution is not as steep as that for 48Ca while the

DIAS is much steeper than the 48Ca DIAS.
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Figure 5-6: Angular distributions measured for DIAS transitions on several /7/2 nuclei

at 35 MeV. The curves are the result of a fit to Eq. 5.1 used to extrapolate and

interpolate between 0° and 90°.
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Figure 5.7: Angular distributions of GS and DIAS transitions measured on 44-48Ca at

35 MeV. The curves are the result of a fit to Eq. 5.1.

98



5.2.2 Measurements at 50 MeV

We measured DIAS transitions on 42Ca at 10° and 40°. These measurements together

with those performed by Seth, et al. [36], provide an angular distribution on the

heaviest T = 1 nucleus measured. We show the angular distribution of the T = 1

nuclei at 50 MeV in Fig. 5.8. It is clear that the angular distribution is similar

to those of the light T = 1 nuclei and thus the A-independence of the DIAS cross

sections on T = 1 nuclei is established for nuclei with mass number up to 42. This

is to be compared to higher energies, 164 to 500 MeV, where the DIAS transition on

T = 1 nuclei scale according to A~7^3 [46].

We simultaneously measured the DIAS and GS transitions on 44Ca. This was the

first successful measurement at 50 MeV of a DIAS angular distribution for a T > 1

nucleus at this energy.

The measured angular distributions of the DIAS and GS transitions on 44Ca are

shown in Fig. 5.9. The curves are fits obtained with the function from Eq. 5.1. The

two angular distributions have nearly the same shape and fall off more sharply in angle

than that of the light T = 1 nuclei. Recently, angular distributions were measured

on 56Fe, another T = 2 nucleus, at 50 MeV by the PSI group [10] and was found to

exhibit a similar behaviour to that of 44Ca. The steeper angular distributions could

be the result of shorter rtnge correlations and configuration admixturtes as explained

by BBG [26] (see Sect. 2.1.2).

5.2.3 Measurements at 25 MeV

DCX cross sections were measured at one or two angles and most of these are upper

limits. In Fig. 5.10 we present the GS and DIAS transitions on 44l48Ca. The only

measurements that are not upper limits are the ones for the GS transition on 44Ca

at 15° and 40°. Although the experimental uncertainties are large, the measurements

seem to indicate that even at this low energy the angular .distribution of the GS

transition on 44Ca is forward peaked. A conclusion cannot

DIAS or the 48Ca GS angular distributions because, there, all
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Figure 5.8: Angular distributions of DIAS transitions at 50 MeV on 42Ca and light

T=l nuclei [6-8,10], The 42Ca data at 20° and 30° are from Ref. [36].

Figure 5.9: Angular distributions of DIAS and GS transitions measured on 44Ca at

50 MeV. The curves are the result of a fit to Eq. 5.1.
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upper limits.

5.3 Excitation Functions

The DIAS and GS cross-sections on the /r/2-nuclei measured between 25 to 65 MeV,

combined with measurements for 42>44>48Ca at higher energies [46, 49], provide the

excitation functions of the GS and DIAS as shown in Fig. 5.11. All of the low-

energy data are at 15°, either measured, interpolated, cr extrapolated from measured

angular distributions. The extrapolations (interpolation) were carried out using the

fitting function, Eq. 5.1. The data at 80 MeV and above are at 5°.

The 42Ca excitation function is similar to those measured for the light T=l nuclei

[8, 9], 14C and 18O (Fig. 1.10). This could be due to similar N-N correlations in the

wave functions of these nuclei. The excitation functions of the 42>44Ca DIAS and the
44Ca GS exhibit a sharp energy dependence with a maximum at about 50 MeV. The
42 Ca cross section is about twice that of 44Ca and is an order of magnitude larger

than at the higher energies. The 48Ca DIAS excitation function exhibits a narrower

peak shifted to lower energies and the GS excitatior function exhibits a similar shape

as the GS of 44Ca but shifted to lower energy and with a smaller maximum value.

101



(f)

3

2 -

1 -

E

TD

b

2 -

0
0 10 20 30 40 50

:m [deg]

Figure 5.10: Angular distributions measured on 4"*>48Ca at 25 MeV.
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Figure 5.11: Excitation function of (a) DIAS and (b) GS transitions on 42-44-48Ca.

The low energy data are at 15°, either measured, interpolated, or extrapolated. The

data at and above 80 MeV, taken from Ref. [46, 49]are at 5°. The curves are to guide

the eye.
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Target Reaction T^ 6 " 9^ dtr/dfi

[MeV] [deg] [/ib/sr]

Target Reaction T'f"1 0^ Aa/dQ

[MeV] [deg] [/ih/si]
42Ca DIAS 24.3

33.5

49.2

64.6
44Ca DIAS 24.4

34.1

31.8

49.2

48.6

63.9
48Ca DIAS 24.4

34.2

49.6

64.6

20.1

25.1

40.2

70.3

10.1

20*

30&

40.2

15.2

15.2

40.4

25.1

30.2

40.2

70.3

25.1

40.2

70.3

15.1

20.1

25.1

40.2

80.3c

15.1

15.1

<0.5

2.3±0.5

1.9±0.3

0.4±0.1

4.3±0.8

3.6±0.7

2.6±0.5

1.6±0.3

1.4±0.3

<1.1

<2.4
1.9±0.3

l.l±0.3
l.l±0.2

0.16±0.04

1.4±0.3

0.7±0.1

0.11±0.07

<0.46
<2.1

1.5±0.4

2.0±0.3

2.2±0.5

<0.7

0.3±0.1

44Ca GS

48Ca GS

46Ti DIAS

B0Ti DIAS

B0Ti GS
S4Fe DIAS

23.7

34.1

49.2

48.6

63.9

23.8

24.5

34.5

49.6

64.6

33.9

34.4

49.5

49.5

34.4

15.2

40.2

25.1

40.4

25.1

40.2

70.3

15.1

15.2

40.4

15.1

25.3

40.4

15.1

15.1

25.1

40.2

70.3

25.1

40.2

70.3

15.1

15.1

25.1

40.2

55.2

70.3

l.l±0.5

0.4±0.1

1.2±0.3

1.2±0.4

1.7±0.3

0.7±0.1

0.05±0.02

0.8±0.2

<0.9

<0.5

1.3±0.3
1.0±0.4

0.3±0.2

0.9±0.2

0.19±0.07

2.5±0.6
2.1±0.4

0.5±0.1

1.6±0.4

1.4±0.3

0.7±0.2

1.8±0.5
1.2±0.4

l.l±0.3
0.7±0.2

0.5±0.1

<0.1

a. Pion energy at the center of the target-

Table 5.3: Measured DCX cross sections. Angles

center of mass frame.

b. Ref. [36]. c. Ref. [21].

and cross sections are given in the
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Chapter 6

Discussion of DCX Results

6.1 Phenomenological A B Model

The data which were presented in the previous chapter may be used to assess the

limits of validity of the A B model [23, 24]. Within this model, the DIAS transitions

can be expressed as, Eq. 2.15,

^ = T(2T - 1) Ue'* + XBl2 . (6.1)
all ' '

Neglecting differences in distortions between the nuclei, the values of A and B are

nucleus independent. Under this assumption, the three parameters of the model, the

absolute values of A and B and the relative phase #, can be extracted wherever three

DIAS data points are available at the same energy and angle.

The even calcium isotopes are best suited for the determination of the parameters.

Assuming that the valence neutrons occupy only the /7/2 shell, the zero-seniority wave

function for these nuclei is exact and therefore the A B model is applicable. It was

shown [25] that even if the single j-shell assumption is relaxed and small configuration

admixtures are allowed, the formula remains valid. Also, the reaction Q-values for

these nuclei are about equal (~ —12.4 MeV), and therefore the energy variation of

the parameters does not come into play. Hence, we used the measured DIAS cross

sections of 42|44|48Ca in order to determine \A\, \B\, and cos$. We calculated the other

cross sections with these parameters and compared them to the measured ones. The
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[MeV]

25 MeV

35 MeV

50 MeV

65 MeV

35 MeV

0

[deg]

15

15

15

15

15

25

40

70

\A\

Kflb/ST)1/2]

0.24±0.08

0.45±0.02

0.35±0.04

0.06±0.02

0.45±0.02

0.41±0.03

0.34±0.03

0.19±0.01

\B\

[(^b/sr)1/2]

0.3±0.2

1.35±0.09

1.7±0.1

l.l±0.1

1.35±0.09

1.2±0.1

l.l iO.l

0.72±0.08

cos*

1.

1.

1.

1.

1.

1.

0.6±0.2

-0.5±0.1

\B\i\A\

1.25±0.9

3.0±0.2

4.9±0.6

18±6

3.0±0.2

2.9±0.3

3.2±0.4

3.8±0.5

Table 6.1: Values of \A\, \B\, and cos* determined from the measured 42-44'48Ca DIAS

cross sections. For the 15° and 25° fit, cos$ was constrained to be one as explained

in the text.

agreement or disagreement provides an indication as to the limits of validity of the A

B model. The angular dependence of the three parameters can be obtained only at

35 MeV where angular distributions are available for the three isotopes.

It is necessary to have the three DIAS data points at the same conditions in order

to extract the A B model parameters. Some assumptions had to be made where

the conditions for the three isotopes were not exactly the same. For the cases when

the data points were at different angles, interpolation and extrapolation of angular

distributions was performed using the function of Eq. 5.1. The additional uncertainty

in the determination of the parameters due to this procedure is small. Upper limits

were entered into the fit as cross sections with errors covering the range between zero

and the upper limit. We studied the effect of this procedure by entering cross sections

with small uncertainties, all within the upper limit, and found minimal variation of

the parameters.

The values obtained for \A\, \B\, and cos$ are listed in Table 6.1 and are shown in

Figs. 6.1 and 6.2. At 35 MeV cos$ changes sign within the measured angular range.

It is not clear how to interpet this behaviour. The absolute values of the amplitudes
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Figure 6.1: The absolute values of A and B obtained from a fit of 43-44'48Ca DIAS

cross sections to the A B model [23]at 3E MeV. The curves are the result of a fit of

the parameters to Eq. 5.1.

20 30 40 50 60

Tn [MeV]

70

Figure 6.2: The absolute values of A and B obtained from a fit of 4S-44-48Ca DIAS

cross sections obtained at 15° to the A B model [23]. The curves are polynomial fits

of the parameters. 107



are not strongly dependent on cos$ and we will thus concentrate our discussion on

them. At 35 MeV, \A\ and \B\ decrease with angle while the ratio |J9| / |J4| increases

from about 2.9 at 25° to about 3.8 at 70°.

The energy variation of the parameters was found from the 15° excitation functions

of the 42<44>48Ca DIAS transitions. The parameters were extracted at 25, 35, 50, and 65

MeV. It was found that the relative phase between the two amplitudes is consistent

with zero and so was constrained to that value. As a result, only two parameters

were fitted, the absolute values of A and B. The values obtained for \A\ and \B\

were fitted to a polynomial which was used to calculate \A\ and \B\ at all energies

between 25 and 65 MeV. These values were then used to calculate the cross sections

of the isotopes. The curves in Figs. 6.3 and 6.4 are the result of this fit. In Tables

6.2- 6.4 we present the measured cross sections together with those calculated using

the extracted parameters of the A B model.

The fit obtained can help in understanding the minimum at about 50 MeV ob-

served for 48Ca DIAS. Within the A B model, the 48Ca DIAS cross section is equal

to 28|J4 - B/7\2. At 50 Mev \B\ was found to be almost 4 times larger than \A\ and

since the relative phase is zero the two amplitudes interfere destructively to give a

small cross section.

The three parameters of the seniority model thus obtained can be used to predict

the DIAS cross sections of 46l60Ti and 84Fe and the GS cross sections of 44>48Ca and
50Ti. The results are compared with the data in Tables 6.3 and 6.4. We will first

consider the 35 MeV results and then the other energies.

The excellent agreement for the DIAS transitions on B0Ti at 35 MeV supports its

applicability as a substitute for 46Ca. The seniority predictions for 46Ti are seen to

be about a factor of two larger than the data. The disagreement is of little surprise

because seniority is not a good quantum number for such a nucleus (see Chapter 2).

Therefore, we applied a correction based upon calculations [50]. The seniority model

predictions were multiplied by the ratio between a calculation in a realistic /V/2 shell

model and a calculation in the seniority model. Good agreement is obtained between

prediction and data.
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Figure 6.3: Cross sections for DIAS transitions on 42>44'48Ca obtained at 15° used to

extract the A B model parameters [23]. The curves are the result of the fit.
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Figure 6.4: Comparison between measured and predicted 15° cross sections for GS

transitions on 44i48Ca. The curves are the predictions calculated using the value of

\B\ obtained in the fit to the DIAS cross sections and corrected for more realistic

wave functions as explained in the text [24, 50].
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Nucleus

«Ca

44Ca

48Ca

Reaction

DIAS

DIAS

DIAS

Angle

[deg]

15°

25

40

70

15°

25

40

70

15°

25

40

70°

d<r/di2e,p

3.2±0.4

2.3±0.5

1.9±0.3

0.4±0.1

2.2±0.1

1.9±0.3

l.l±0.2

0.16±0.04

1.9±0.2

1.5±0.4

2.0±0.3

1.9±0.2

3.2±0.3

2.6±0.3

1.8±0.3

0.4±0.1

2.1±0.2

1.8±0.2

l.l±0.2

0.16±0.03

1.9±0.3

1.6±0.4

2.1±0.7

1.8±0.2

a. Extrapolated or interpolated from measured angular distributions

using Eq. 5.1.

Table 6.2: Comparison between measured and calculated cross sections at 35 MeV.

dcr/d$lcxp are the measured cross sections and d(TJ6Sltmimity are cross sections calcu-

lated based on the zero seniority formulae and on the A B model parameters obtained

from a fit to the underlined experimental cross section?.
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Nucleus Reaction Angle d<r/d£lexp d<r/df2(emorttv

[deg] [fib/st] [fib/si] [pb/st]
46Ti DIAS 25 2.5±0.5 4.7±0.7 2.5±0.4

40 2.1±0.4 3.4±0.6 1.7±0.3

70 0.5±0.1 1.0±0.2 0.41±0.09
S0Ti DIAS 25 1.6±0.4 1.6±0.3

40 1.4±0.3 1.4±0.3

70 0.7±0.2 ?.72±0.07
E4Fe DIAS 25 l.l±0.3 2.6±0.3

40 0.7±0.2 1.8±0.3

70 <0.1 0.4±0.1
44Ca GS 25 1.2±0.3 2.2±0.4 1.3±0.2

40 1.2±0.4 1.9±0.3 1.0±0.2
48 Ca GS 15

25

40

1.3±0.3

1.0±0.4

0.3±0.2

2.5±0.3

2.0±0.3

1.6±0.3

1.4±0.2

1.0±0.2

0.8±0.1

a. Extrapolated oi interpolated from measured angular distributions using

Eq. 5.1.

Table 6.3: Comparison between measured and calculated cross sections at 35 MeV.

dcr/dQesp are the measured cross sections, d<r/dfi,enjOTitl, are cross sections calculated

based on the zero seniority formulae and on the J4 B model parameters obtained from

a fit to the underlined experimental cross sections. d<r/dficort. are the zero seniority

calculated cross sections multiplied by a correction factor. The correction factor is

the ratio between a reaction model calculation in a realistic /7/2 shell model and a

calculation in the seniority model [50].
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Nucleus

42Ca
44Ca
48Ca

B o T i

44Ca

48Ca

BOTJ

42Ca

44Ca

48Ca

44Ca

48Ca

Reaction

DIAS

DIAS

DIAS

DIAS

GS

GS

GS

DIAS

DIAS

DIAS

GS

GS

Angle

[deg]

15°

15° •

15

15

15°

15

15

15

15

15

15

15

d<r/dfi«p

[fib/si]

50MeV

4.0±0.6

1.8±0.5

<0.7

1.8±0.5

2.5±0.5

0.9±0.2

1.2±0.4

65MeV

1.4±0.3

<0.46

0.3±0.1

0.8±0.2

0.19±0.07

[fib/sr]

4.2±0.4

1.7±0.3

0.4±0.3

0.8±0.3

4.5±0.5

3.9±0.5

5.6±0.7

1.3±0.2

0.20±0.05

0.2±0.1

1.9±0.3

1.6±0.3

l/ib/sr]

3.2±0.4

3.3±0.4

3.9±0.5

1.3±0.2

l.l±0.2

a. Extrapolated or interpolated from measured angular distributions using

Eq. 5.1.

Table 6.4: Comparison between measured and calculated cross sections at 50 and

65 MeV. d<r/dflexp are the measured cross sections, d<r/d(2jen;orjtv are cross sections

calculated based on the zero seniority formulae and on the A B model parameters

obtained from a fit to the underlined experimental cross sections. d<r/dficorr are

the zero seniority calculated cross sections multiplied by a correction factor. The

correction factor is the ratio between a reaction model calculation in a realistic f7/2

shell model and a calculation in the seniority model [50].
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In the B4Fe case, the cross sections are expected to be equal to those of 42Ca, based

on the zero seniority assumption. However, the predictions are about a factor of two

larger than the data. The discrepancy may be due to the breakdown of the single-shell

(/V/2) zero seniority description for this nucleus, or to its larger size that is not taken

into account in this model. The steeper angular distribution may be an indication

that there is large configuration mixing in the G4Fe ground state wave function as

can be seen in the calculation of BBG [26] for 42Ca which will be shown later (Fig.

6.7a). Calculations show, however, that the effects of the different distortions cannot

be ruled out [50].

The GS and DIAS transitions are related in the seniority model [24]. According to

this model, the GS transitions are governed by the "non-analog" route contribution

to the DIAS transition, the B amplitude, Eq. 2.17,

~^T{2T-l)\YB\\ (6.2)

The B amplitude obtained in the DIAS fit was used to predict the GS cross

sections. The results are presented in Tables 6.3 and 6.4. The predicted cross

sections are about a factor of two larger than the measured ones. The disagreement

between predictions and data could be of the same origin as that for 48Ti. The ground

state of the residual titanium isotopes are not well described by the zero seniority

wave function. We applied the same type of correction as for 46Ti and obtained good

agreement with the data at 35 MeV. The agreement for 48Ca GS at 40° is marginal.

While at 35 MeV the A B model in general gives a fairly good description of the

data, it falls short in describing the excitation functions of the GS transitions. Using

the parameters from the DIAS cross sections, with the appropriate corrections [50],

the GS cross sections are, in general, overpredicted. Moreover, the model predicts that

the excitation functions for all GS transitions will have the same shape, proportional

to \B\2. It is clear from Fig. 6.4 that they do not. The shape of the 44Ca GS

excitation function is similar to that of \B\2, but the peak position of the 48Ce GS is

shifted to lower energy.

The analysis of the low energy DCX data within the framework of the A B model
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may be compared to a similar analysis performed in the energy range 400 to 500

MeV [47]. This higher energy range is suitable for comparison because, there, the irN

interaction is relatively weak and distortions are expected to be minimal, similar to

the low energies. The analysis done at the higher energies employed corrections due

to distortions and nuclear structure. The nuclear structure corrections were similar

to the ones made at low energies. The general conclusions drawn at high energies

were found not to depend on these corrections.

In Fig. 6.5 we compare the results of the fit of the DIAS transitions at 35 and 450

MeV to the A B model. In both cases, the calcium isotopes and their particle-hole

conjugates' cross sections are well described by the A B model with the exception

of S4Fe. The fact that 54Fe is exceptional at both energies indicates that the nuclear

structure (e.g. configuration mixing) is responsible for the* discrepancies observed.

For 46Ti, the prediction at 35 MeV agrees with the data while at 450 MeV the cross

section is overpredicted.

GS predictions at 450 MeV are presented in Fig. 6.6b and those for 44>48Ca GS in

the energy range 25 to 65 MeV are presented in Fig. 6.6a together with the data. It

is obvious from the figures that the GS cross sections are overpredicted at both low

and high energies.

In summary, it seems that the A B model has some validity and general conclusions

can be drawn based on it. The large ji?|/|j4j ratio found at low energies implies that

the DIAS transitions proceed mainly through non-analog intermediate states and are,

therefore, particularly sensitive to short-range nucleon-nucleon spatial correlations.

The predictions for 4eTi and the GS transitions depend on specific model cal-

culations and the discrepancies found may be an indication that there is something

missing in the calculation. The discrepancies may also be due to different correlations

that play a role in GS and DIAS transitions. All of the above point to areas were

further study needs to be carried out.
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Figure 6.5: Comparison of results of a fit of DIAS cross sections to the A B model of

Ref. [24]performed at 35 MeV and 15° and 450 MeV and 5° [47jgiven as a function

of the atomic mass number. For 46Ti and 54Fe the crosses indicate predictions.
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6.2 Comparison to Calculations

We will concentrate our discussion in this section to 35 MeV where most calculations

and data are available.

The angular distributions of DIAS transitions at 35 MeV on 42'44<48Ca calculated

by Bleszynski, Bleszynski, and Glauber (BBG) [26] and preliminary calculations using

a computer code by Gibbs and Kaufmann (GK) [50] are presented in Fig. 6.7. Both

calculations include the spin flip contribution and both use a cutoff range for the vN

interaction of 3.5 fm~l. A major difference between the calculations is the inclusion

of pion distortions by GK and their exclusion by BBG. The two calculations are

practically equal for 42>44Ca but they differ for 48Ca.

Good agreement between calculations and data is achieved for 42Ca where we also

see the effect of configuration mixing. The small configuration mixing introduced by

BBG (9% P3/2) provides a more forward peaked angular distribution shape. For 44Ca,

the calculations are Hatter than the data which may be an indication that in the 44Ca

ground state there are more correlations than expected just from the seniority wave

function. As for 48Ca, the GK result lies below the data and the BBG result is above

the data. It seems, however, that the GK angular distribution shape is more like the

data.

The different calculations are sensitive to the assumptions made, e.g. the vN

interaction range. However, the ratio |2?|/ |J4| is expected to be less sensitive to such

assumptions. Hence, comparison can be made between the extracted phenomeno-

logical values of the A B model parameters and a range of theoretical values. We

compare the extracted values to those of GK [50], JSS [28], JOSSV [29], and those

extracted from the cross sections calculated by BBG [26]. The values are presented

in Table 6.5. The calculations do quite well in reproducing the magnitudes of the

two amplitudes but they differ from the phenomenological value of cos$.

The energy dependence of DIAS and GS transitions were calculated using the com-

puter code of GK [50], Fig. 6.8. It is obvious from the figure that the calculations are

inconsistent with the data. The calculated cross sections at energies below 50 MeV,
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Figure 6.7: Comparison between data and calculations of DIAS angular distributions

on 42-44-48Ca at 35 MeV. The solid lines are from the calculation of BBG [26]and the

dashed lines are from GK [50]. The short-long dashed line is a calculation by BBG

where they used a wave function with a 9% contribution from
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source

Jata

GK°

BBG6

JSSC

JOSSV*

W
[(/ib/sr)1'2]

0.41±0.03

0.32-0.38

0.36

1*1
[(fib/si)1'2]

1.2±0.1

1.32-1.36

1.1

C O . *

1.

0.66-0.76

0.47

0.03

0.51-0.16

mm

2.9±0.3

3.5-4

3.2

4

2.04-2.88

a. Ref. [50], c. Ref. [28].

b. Ref. [26]. d. Ref. [29].

Table 6.5: Values of |.A|, |J5|, and cos$ determined from the data at 35 MeV and 25°

and from theoretical calculations.

in general, increase with decreasing energy rather than decrease. This discrepancy is

under study by a number of theoretical groups. A key approximation that is almost

universally employed in the calculations is the closure approximation on intermediate

states with an assumed energy degeneracy of these states. Recently [51], the validity

of this approximation has been questioned for low pion energies. Model calculations

have shown that the energy levels of the intermediate states have a marked effect on

the energy-dependence of low energy DCX cross sections. The correct treatment of

the closure approximation and the intermediate states has become a central point in

the theoretical description of DCX. AGGK [24] and JSS [28] show that distortions

are also very important and yield smaller cross sections than the plane wave values.

These calculations are still unable to reproduce the data, as can be seen in the figure

(Fig. 6.8). The calculation performed by JOSSV [29] for 14C exhibits a peak in the

excitation function but at the wrong energy (Fig. 2.10). The calculation may be

an indication at what future calculations are needed in order to describe the energy

dependence of DCX reactions at low energies. A novel explanation is due to Gibbs,

Kaufmann, and Dedonder [52]. They claim that the energy variation could be the

result of a resonance in the pion-nucleus system or the result of partial transparency

of the nuclei to pions at incident energies of about 50 MeV.
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Figure 6.8: Comparison between data and calculations of 15° DIAS excitation func-

tions on 42'44>48Ca. The solid lines are from the calculation using the GK computer

code [50].
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Chapter 7

Summary and Conclusions

Double charge exchange reactions on 42>44>48Ca, 46>60Ti, and "Fe to the double isobaric

analog state and to the ground state of T > 1 nuclei were measured at energies ranging

from 25 to 65 MeV [30-33]. The measurements were aimed at studying the sensitivity

of these reactions to correlations between the nucleons undergoing charge exchange.

Cross sections ranging in order from a few hundred nb/sr to a few fib/sr were

measured. The GS cross sections are the largest measured at any energy by as much

as an order of magnitude [46, 47]. This may have consequences in the determination

of ground state two body matrix elements that are of interest to double-beta decay

studies.

The data can be divided into two categories, the angular dependence at 35 MeV

and the energy dependence in the energy range 25 to 65 MeV. At 35 Mev, the DIAS

transitions reveal a flattening in the angular distributions as the isospin 7 increases.

This trend is explained by BBG [26] to result from different nucleon-nucleon correla-

tion distances.

The angular distributions of GS transitions on 44'48Ca were also measured. Al-

though the uncertainties in the cross sections are fairly large some features are clearly

established. The difference in angular distribution shapes of the GS and DIAS tran-

sitions on 48Ca is quite striking. The GS angular distribution is forward peaked while

that for the DIAS is relatively flat. The 44Ca angular distributions are markedly

different. The GS angular distribution is not as steep as that for 48Ca while the DIAS
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is much steeper than the 4SCa DIAS.

The energy dependence of the DIAS transition on 43Ca is similar to those measured

for the light T=l nuclei [8, 9], 14C and 180 (Fig. 1.10). The excitation functions of

the 42>44Ca DIAS and the 44Ca GS exhibit a sharp energy dependence with a maximum

at about 50 MeV. The 42Ca cross section is about twice that of 44Ca and is an order

of magnitude larger than at the higher energies. The 48Ca DIAS excitation function

exhibits a minimum at about 50 MeV. The GS excitation function exhibits a similar

shape as the GS of 44Ca but shifted to lower energy and with a smaller maximum

value.

The data were analyzed phenomenologically within the framework of the two

amplitude model presented by Auerbach, Gibbs, Ginocchio, Kaufmann, and Piasetzky

[23-25]. The model provides a good description for the DIAS transitions and, in

general, overpredicts the ground state cross sections. The value of B, the amplitude

representing transitions through the non-analog route, is large compared to A and

therefore establishes the sensitivity of these transitions to correlations between the

nucleons and in particular to the short-range part of these correlations. Microscopic

calculations of the DCX reactions are able to reproduce the data only at 35 MeV

[26, 50].

It is obvious from the data that interesting phenomena occur at low energies

and that much can be learned about nucleon-nucleon correlations and pion-nucleus

interactions at these energies. The reaction mechanism by which the DCX reaction

proceeds is still an open question. The theoretical works indicate that internucleon

distances of the order of 1 fm contribute strongly to the DIAS and GS transitions

[24, 26, 50]. Thus, the reaction is sensitive to the short range nuclear structure that is

not well described by a mean field approximation. Hence, the data can test the shell

model description for the measured nuclei at questionable dynamical conditions. It

may well be that exotic reactions, such as meson exchange currents, are responsible for

a substantial part of the low energy DIAS and GS transition strength. Dynamically,

the interaction between the two nucleons at these distances may have to be described

by quark and gluon exchange rather than meson exchange.
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In summary, DCX reactions at low energies hold great promise in the understand-

ing of nuclear structure at short distances. Unfortunately, extraction of the physics

depends on theoretical calculations that are, as yet, unable to describe quantitatively

all the complexity of the problem. Further calculations are needed in order to gain

more quantitative insight into these interesting DCX reactions.
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