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Pion Inelastic Scattering from *°Ne

Michael Burlein

Abstract

Angular distributions for ?®Ne(m*,m*') were measured on the Energetic Pion
Channel and Spectrometer (EFICS) at the Clinton P. Anderson Meson Physics
Facility (LAMPF). Data were taken with both w* and &~ cver an angular range
of 12° to 90° for T,=180 MeV and with w* from 15° to 90° for T,=120 MeV.
The data were analyzed using both the distorted-wuve impulse approximation
(DWIA) and the coupled-channels impulse approximation (CCLA) with collective
transition densities. In addition, microscopic transition densities were used in the
DWIA analysis for states in the lowest rotational bands. The transitions to the
6.73-MeV 0" and several 1~ states, including the states at 5.79 MeV and 8.71 MeV,
were studied using several models for the transition density. Strong evidence for
the importance of two-step routes in pion inelastic scattering was seen in several

angular distributions, including the 5.79-MeV 17, the first three 4™ states, and the

8.78-MeV 6™.
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I. Introduction

Nuclear physics can be described as @ study of the structure of atomic nuclei
and their interactions. Experimentalists use reactions whose mechanisms are
understood to study states in nuclei whose structure is not understood and states
in nuclei whose structure is understood to study reaction mechanisms thzt are not
understood. Different reactions are dependent on different aspects of nuclear struc-
ture, or, to lock at it the other way, different reactions give different information
on the structure of the nuclear states. Elastic-scattering reactions reveal informa-
tion about the distribution of nucleons in the ground state; inelastic-scattering
reactions give information about the transition density between the initial and
final states. One- and two-particle transfer reactions can be used to determine the
parentage of states. Studying y decays of states gives data on the electromagnetic
matrix elements between the states. This thesis is a study of the *®Ne(w ™ m=")
reaction at T,= 120 MeV and 180 MeV. The primary purpose of this study was

to improve the understanding of coupled-channels effects in pion inelastic scatter-

Ing.
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I-1. Pion inelastic scattering

Nuclear physics has found inelastic scattering of elementary particles at inter-
mediate and high energies to be a very useful too! in studying nuclear structure.
Electron scattering has been very successful in measuring proton transition densi-
ties in nuclei. The electron-nucleus interaction is just the well-known electromag-
netic interaction between the electron and the protons in the nucleus. Unfor-
tunately, it is difficult to get any information on neutrons from electron scattering.
To learn about the structure of the neutrons in a nucleus it is necessary to use par-
ticles which interact with the strong nuclear force, e.g m’s, protons, a's, ete. In
principle using protons or a particles in conjunction with electron scattering data
should make it possible to remove the contributions of the protons and learn some-
thing about the neutrons. This can be very difficult, in particular for a particles,
as the a-nucleus interaction must be determined. The impulse approximation can
be used for protons if the energy is high enough. The impulse approximation
assumes that the interaction of the projectile with the nucleons in the nucleus is
the same as the interaction of the projectile with a free nucleon. This approxima-
tion should be valid if the beam energy is significantly higher than the binding

energy of the nucleons, about 50 MeV.

The pion is the lightest strongly interacting particle. Some properties of the
pion are given in Table [-1. Pion scattering is a particularly good tool to study
both the neutrons and the protons in nuclei because o{mw*p)=o(77n) and
o(m*n)=a(m7p), so going from w* to =~ inverts the sexsitivity to neutrons and
protons. The dominant feature of the pi-nucleon interaction around 180 MeV is
the A resonance, the first excited state of the nucleon. Some properties of the A

are given in Table 1-2. On the resonance o(w*p)=9o(w~p) and

o(mn). Therefore by scattering pions at resonance it is particularly

© |-

ag(w*n)=
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TABLE I-1.
Properties of pions').
nt 0 ™
Charge +1 0 -1
JT 0~ 0~ 0~
T, T, 1.1 1,0 1,-1
Mass (MeV) 139.6 135.0 139.8
7 (sec) 2.6x107° 8.7x 107" 2.6x107°
¢t (cm) 780.4 2.6x107° 780.4
Primary decay TRgY vy nv
Quark structure ud \/L—Q_ (uﬁ—da ) ud
1)Data from PA-86.
TABLE I-2.
Properties of the A resonance!.
A+t AT A® A~
+2 -
fﬂharge e E 1 §£)+ }_l ,
£3  £1 %1 3’3
T T 22 2'2 2’ 2 2’ 2
Mass (MeV) 1230-1234  1230-1234  1230-1234 1230-1234
I (MeV) 110-120 110-120 110-120 110-129
Primary decay N, Ny N Ny N Ny N1, Ny
Quark structure uuu uud udd ddd

L)Data from P A-88.
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easy to find differences between the neutrons and protons in a nucleus.

The unique properties of the pion have been used to study a iarge number of
nuclei in the past fifteen years. The distorted-wave impulse approximation
(DWIA) has been used with great success for strong collective transitions (BL-
84a,0A-87,SE-81). Transition strengths extracted with a DWIA analysis usually
agree with strengths known from other experiments, generally y-decay work.
However, for weuak transitions a DWIA analysis of pion scattering data often yields
strengths that are much larger than those known from other data. This may be
the result of coupled-channels effects or microscopic effects. ™.-ar the A resonance
the pion is a very strongly interacting particle and has a very short mean free path,
about 0.4 fm at 160 MeV (ER-88b). The pion sees only the surface of the transi-
tion density; so if, for example, the transition density has a node in the interior the
pion will never see .t and the DWIA analysis will give a matrix element which is
too large.

Because the pion is very strongly interacting on the A resonance, two-step
contributions might also be very important. If both the final state and the ground
state have a strong matrix element coupling them to some intermediate state, gen-
erally the first excited 2* in even-even nuclei, then the reaction might proceed by
first exciting that intermediate state and then going to the final state. If the
strength for this route is comparable to the direct route or some other two-step

route then those routes add coherently and can interfere destructively or construc-

tively.

I-2. Structure of *°Ne

20Ne is a nucleus which has been studied very extensively; the latest compila-

tion (AJ-87) lists over 200 states. Some information for the lower excited states is



TABLE I-3.

E, (MeV)

0.0

1.653674

4.2477

4.96651

5.6214
5.788
6.725
7.004
7.1563
7.191
7.4219
7.829
8.453
8.7
8.708
8.7776
8.8
8.82
8.854
9.031
9.116
9.318
9.487
9.873
9.935
9.990
10.262
10.274
10.406
10.553
10.584
10.609
10.694
10.80
10.840
10.843
10.884
10.917
10.97

AE (keV)

0.015
1.1
0.20
1.7
2.6
5
3.6
0.5
3

1.2
2.4
4

7
2.2
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States in *°Ne!!.
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Tor [
stable
1.05+0.06 psec
93+9 fsec
4.8*0.5 psec
200= 50 fsec
0.028+0.003 keV
19.0+0.9 keV
400=90 fsec
8.2*+0.3 keV
3.4%0.2 keV
15.1*%0.7 keV
2 keV
¢ 713+0.004 keV
> 800 keV
2.1+0.8 keV
0.11+0.02 keV
>800 keV
<1 keV
19 keV
3 keV
3.2 keV

29+15 keV

< 35 fsec
155+30 keV
145+ 40 keV
<0.3 keV
80 keV
16 keV
24 keV
23+ 7 fsec

350 keV
45 keV
13 keV
< 30 fsec

580 keV

L)Data from AJ-87. All states below 11 MeV are listed.
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listed in Table [-3. 2°Ne is well described with a rotational model, which is
described in much greater detail in Chapter 3. All states below 8.5 MeV have been

placed in a rotational band, as shown in Figure I-1.

The structure of the lowest bands in *®Ne is reasonably well understood, as
shown in Figures 1-2 and [-3 (FO-72b,FO-73a,FO-77). The first two K"=0"
bands, with bandheads at 0.0 and 6.7 MeV', are primarily (sd)*; the third, with its
bandhead at 7.2 MeV, is believed to be mostly (sd)%p)~*; and the fourth, with its
bandhead at =8 MeV, is thought to be either (fp)* or (fp)*(sd)?. Evidence for this
structure comes from paiticle transfer reactions. All but the third 0% band are
seen in a stripping reactions on '°0, e.g. *0O(°Li,d), (FO-73b), or *O(u,a}, (MC-
60,HA-72), or '°O(a,y), (PE-64,DI-71,RO-71a,AL-72,RO-71b,L1-67). The first
three bands are seen in 8-particle stripping on !’C, e.g. *C(*?C,a), (MI-71.FO-
74a,F0O-74b,BA-72, ME-75). All but the fourth are seen in a pickup on **Mg, e.g.
24Mg(d,’Li), (FO-78,C0O-72). One-particle transfer data, (BE-75), also support
these conclusions, although it is necessary to assume mixing between the second
and fourth bands to explain the presence of states from the fourth band in the

1°F(3He,d) data (FO-72a,FO-76), and the a widths of members of the second band.

The structure of the three lowest negative-parity bands is also known from
particle-transfer data. The K™=2" and K"=1" bands are believed to be pri-
marily (sd)*(p)~! and the K™=0" band is probably (fp)(sd)®. The 2~ band is very
weak in (*He,d), while the 0~ band is strong (BE-75). In ?*Ne(p,t) and ?'Ne(p,d)
the 27 is strong (FA-71,HE-72,HO-70). The 8.84-MeV 17 is strong in (d,t) which
implies that this state is the bandhead of the 1™ band with the same Nilsson orbits
as the 2~ band. In a pickup from **Mg the 2~ band is strongly excited and the 0~
band is weakly excited. However, in (d,%Li) the reaction mechanisrn was not sim-

ply direct pickup of an « since both the 27 and 4~ states were excited, which is
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prohibited under the selection rules for a direct one-step reaction.

Because *°Ne is a gas and does not form chemical compounds easily, it is
difficult to make a ?°Ne target. In spite of this difficulty, **Ne has been studied
extensively with elastic and inelastic scattering with a wide variety of projectiles:
electrons, (MI-72,SI-73), protons, (OD-59,0D-60,SC-62,SW-69,SW-73,SW-74,SW-
76,BL-84b,BL-88), anti-protons, (BA-86), alphas, (SE-58EI-62,SP-65K0-65RE-
71,RE-72,SP-70), ete. Some parameterizations of the ground-state charge density
from elastic electron scattering are given in Table I-4. Analysis of inelastic
proton-scattering and alpha-scattering data show that the ground-state band has
both a quadrupole and a hexadecapole deformation (SW-69,SW-73,SW-74,SW-
76,BL-84b,SP-65,RE-71,SP-70,RE-72). Some results of these studies are shown in
Table I-5. Several states not in the ground-state band have been seen in the inelas-
tic scattering of protons and alphas, (SC-62,SW-76,BL-88,SE-58,EI-62,SP-65,KO-
65), and these are listed in Table I-6. However, there has been little success fitting
the transitions to states not in the ground-state band (BL-88).

Inelastic electron scattering has been used to study states below 8 MeV in
excitation, (MI-72,51-73), in particular the 07 states at 6.72 MeV and 7.20 MeV,
(MI-72,SI-73). Both of these states were seen and fitted with a phenomenological

transition density of the form

3 r % -!._2_
o [3 ] - [’ b? J

The results of this analysis are given in Table [-7. The a,’s were not reported in
either paper so, because terms up to r® were used, the ay's are not uniquely deter-
mined. The results of the analysis of other states seen are given in Table I-8. One

anomaly noted was that the 7.42-MeV 2% state had a form factor which looked

more like an E4 than an E2 transition (MI-72).
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TABLE I-4.
Ground-state charge densities from elastic electron scattering?).

Model?) ¢ (fm) z (fm) w (fm) q (fm™1)?
2pF 2.805+0.015 0.571%0.005 0.22-1.04
2pF 2.740+0.046  0.572+0.017 0.21-1.12

3pF 2.791=0.009 0.698=0.005 -0.168+0.008 0.49-1.80

L)Data from DE-87

2)2pF is a two-parameter Fermi distribution. 3pF is a three-parameter Fermi dis-
tribution.

3)The range in q that was fitted.

TABLE I-5.
Experimental measurements of the deformation of *°Ne.
B P Reaction Reference
+0.47 +0.25 (p,p’) BL-84b
+0.47+0.04 +0.28%0.05 (p,p’) SW-73
+0.350.01 +0.11x0.01 (a,a”) RE-71
0.42 0.10 (a,a) SP-65

TABLE I-6.
Low-lying states seen in inelastic p or a scattering”.
E, (MeV) (a.a’) (p,p')

0.0
1.63
4.25
4.97
5.62
5.79
7.16
7.42
8.45
8.78
10.26

L)Data from OD-59,0D-60,5C-62,SW-69,SW-76,BL-88,SE-58,EI-62,SP-65, and
KO-65.

LLLL LKL
LKL
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TABLE I-7.
Inelastic electron scattering data for O™ states in 2°Ne.
1
E, (MeV) M(F ?) R,A
6.72 7.37+1.97 2.11+0.48
6.72 5.85%1.5 2.21
7.20 6.90+1.44 1.69+0.52
7.20 5.70+2.00
TABLE I-8.

B(E2)’s from electron scattering.
E, B(EA)(W.U.) B(EA) (e)fm*)
1.63 17.+2. 274+32
7.42 0.13+0.03 2.1*x0.5
7.83 0.83+0.13 13.4%2.1
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Because of its well-known rotational structure and because many of the
matrix elements between its states are measured, 2Ne was chosen to study two-
step contributions to pion inelastic scattering. In rotational nuclei in-band transi-
tions are usually strong and out-of-band transitions tend to be inhibited. The
matrix elements between the ground state and the first 2 and between the ground
state and the first 37 are known to be large enough that they should be strongly
excited in pion scattering. Many states in ®Ne have strong matrix elements to
these states and weak matrix elements to the ground state, and therefore are very

good candidates for a two-step route to be important.

This dissertation is divided into six chapters. The second chapter discusses
the experimental procedure. The third and fourth chapters discuss some introduc-
tory nuclear structure and reaction theory. The fifth chapter covers the analysis of

the data. The sixth chapter presents the conclusions of this work.



II. Experimental Procedure

There are only a few pion beams available in the world, in the United States
in Los Alamos, New Mexico, in Canada at TRIUMPF in Vancouver, British
Columbia, and in Switzerland at PSI (formerly SIN). The data presented in this
experiment are the result of experiment 959U, run at the Clinton P. Anderson
Meson Physics Facility at Los Alamos (LAMPF) on the Energetic Pion Channel
and Spectrometer (EPICS). There are three pion beams available at LAMPF:
EPICS, the Low Energy Pion channel (LEP), and the Pion and Particle Physics

channel (P3).

[I-1. LAMPF accelerator and primary beam
The accelerator at LAMPF is a linear accelerator (linac) which accelerates
protons to 800 MeV. Three beams are availabls at LAMPF: H*, H™, and polarized
P~. The primary proton beam, H*, is used to create the secondary beams of
mesons. The negative ion beams, H™ and P, are used in the study of proton

induced reactions and are available in a variety of energies. Both beams are

-14-
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accelerated simultaneously by the alternating electric fields in the accelerator's rf
cavities.

The accelerator begins with three injector systems, one for each available
beam. Each injector includes an ion source and a Cockcroft-Walton accelerator
which accelerates the particles to 750 keV. The particles then enter a drift-tube
linac which is 62 m long. It is a series of four vacuum tanks in which an alternat-
ing electric field with a frequency of 201.25 MHz is set up. In this stage of the
accelerator the particles reach 100 MeV. The final stage of the accelerator is a
side-coupled-cavity linac, which was invented at Los Alamos. This section is
operated at 805 MHz and accelerates the protons to their final energy, 800 MeV.
Lower energy H™ and P~ beams are achieved by turning off sections in this part of
the accelerator.

When the beam leaves the accelerator it enters the beam switchyard where
the negative ion beams are split from the proton beam and sent to the appropriate
experimental area. Figure II-1 diagrams the experimental areas at LAMPF. The
negative ion beams go to either Line D or Areas B and C. The primary proton
beam continues to Area A, first to a thin target, usually thorium or uranium. The
neutron rich nuclei that are produced in this target are analyzed in the Time-Of-
Flight Isochronous Spectrometer (TOFI). The beam then reaches the A-1 produc-
tion target where pion beams for LEP and EPICS are produced. Next it comes to
the A-2 target where a pion beam for P? is produced and a muon beam is produced
for the Stopped Muon Channel (SMC). Finally the proton beam reaches the iso-
tope production and radiation-effects facility and the beam stop. Pions decaying

in the beam stop produce neutrinos which are used to study neutrino interactions.
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Experimental areas at LAMPF.



-17 -
II-2. EPICS channel

The EPICS channel gets its beam from the A-1 target, a rotating graphite
wheel. The channel consists of four dipole bending magnets (BM01-4), four colli-
mator sets known as jaws (FJ01-4), and three multipole focusing m~znets (FM01-
3), as shown in Figure [I-2. The channel’s optics, also shown in Figure II-2, are
point to point focusing in the vertical direction and point to parallel in the hor-

izontal direction. Some properties of the pion beam are given in Table II-1.
In order to provide the maximum flux of pions without sacrificing momentum
resolution a dispersed beam is used. The particle’s position in the dispersion direc-
tion (vertical for EPICS) in the focal plane, the position of the target, is correlatzd

with its momentum. The range of momentum from the channel is given by

P,-P
5c=——1P—°>< 100%,
¢

where P is the central momentum of the channel determined by the fields in the
dipoles. The dispersion of the channel is =10 cm/%. When the jaws are wide
open the channel provides a beam with §,=*1%, giving a beam which is 20 cm
high.

The EPICS beam is monitored in three places. The first is a toroid around
the main proton beam before the A-1 target, 1ACMO02; the second is a scintillator
at the A-1 target, BOT, and finally with an ion chamber in the scattering chamber,
IC1. For extreme forward angles, § <20°, the ion chamber blocks the spectrometer
and cannot be used. The EPICS beam is not pure pions. A large variety of parti-
cles and nuclei are produced at the A-1 target. A thin sheet of Mylar separating
the channel from the scattering chamber and the spectrometer functions as a gas

barrier to keep radioactive gases such as *He and ®He, produced in p-'?C collisions

at the A-1 target, from entering the detection system. Muons and protons are also
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Figure [I-2.
Schematic of the EPICS channel.
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TABLE II-1.

EPICS beam spot characteristics.
Width *4 cm (Y coordinate)
Height *10 cm (X coordinate)
Horizontal divergence 15 mr (9 coordinate)
Vertical divergence =77 mr (b coordinate)

Momentum dispersion  0.1%/cm in X
Momentum resolution  2.0x10™* FWHM Ap/p

TABLE II-2.

Isotopic composition of °Ne gas.
Isotope Mole fraction
Neon-20 99.97 Mole %
Neon-21 0.03 Mole %

Gross composition of **Ne gas.

Chemical Mole fraction
Neon 99.94 Mole %
H, <0.1 Mole %

H,0 <0.1 Mole %
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in the beam. A proton degrader can be put in between BM03 and BM04. Protons
lose more energy in the degrader than pions, so they have a lower momentum in
BMO04 than pions and therefore are not bent into the scattering chamber. Unfor-
tunately this also degrades the resolution of the pion beam, so a high resolution
experiment like the present one cannot use it. Because pions decay into muons
there are also muons in the beam. Since muons have approximately the same mass
as pions, M, =106 MeV and M,=140 MeV, it is not possible to separate them by

their momentum. Muon rejection will be discussed later in this chapter.

II-3. EPICS spectrometer

The EPICS spectrometer consists of three quadrupole focusing magnets
(QMO01-3), two dipole bending magnets (BM05-6), 3 sets of wire chambers, 8 or 9
scintillators, and a Cherenkov detector as shown in Figure II-3. The quadrupoles
are used to focus an image of the target on the front set of wire chambers. This
tells the position on the target of the pion, and, because the dispersion of the beam
is known, the incident energy of the pion. The dipole magnets each provide a 60°
bend to measure the momentum of the scattered particle. The scattered momen-
tum is measured with respect to the central momentum of the spectrometer

=P“__P_'E X lm%,
p

dyp

where P, is the central momentum of the spectrometer. The dipole magnets focus
the particles on the rear wire chambers. The useful acceptance of the spectrometer
is approximately +6%.

The Cherenkov and scintillators are mainly used for particle identification.
The Cherenkov and S1, the scintillator located between the quadrupoles and the

front chambers, were not used in this experiment. Electrons are the only particles



Figure O-3.
Schematic of the EPICS spectrometer.
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relativistic enough for the Cherenkov tu detect, and they are a problem only in
double charge exchange (DCX) reactions. Si, located befcre the dipoles, was not
used because it degrades the energy resolution. The scintillators S4 through S9 are
used in muon rejection. They are sepzrated by graphite blocks and the pions are
ranged out in the blocks. The procedure is fine tuned by placing aluminum slabs
between S3 and S4. A two-dimensional plot of the time of flight between S2 and
S3 versus the mean pulse height in S2 and S3 is used to reject protons. S2 is also
used to define the timing for the wire chambers.

The wire chambers are used to define the position of the pion in the front and
rear focal planes. They also measure the angle of the pion’s trajectory relative to a
central ray passing through the spectrometer. This information is used to calcu-
late the position on the target the pion came from, the angle it left the target with,
and the energy of the pion before and after its interaction with the target. This
will be described in greater detail in section E.

A schematic diagram of the electronics is shown in Figure [I-4. A good event
is defined as any event that triggers S2 and S3 and any one of the front chambers.
Using normal CAMAC electronics, it was possible to get only one event per beam
gate. In the spring before this experiment ran LeCroy FERA electronics were
instalied. Under this system the ADC and TDC values are stored in FERA's
memory and are read out to the MBD either when the memory is full or at the end
of the beam gate. This enables the acquisition of up to 10 or 11 events per beam
gate. Our data acquisition rate was limited by the front set of wire chambers. At
times when there was a very large counting rate, it was necessary to close the jaws,
collimators, to prevent damage to the front wire chambers. The current experi-
ment never averaged more than 4 events/beam gate at any given setting and gen-

erally had fewer than 1 event/beam gate.
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II-4. EPICS cooled gas target

Isotopically enriched ®Ne gas was used in the EPICS cooled gas cell and the
rare gas handling system. The target's compcsition is given in Table [I-2. A
diagram of the gas cell is shown in Figure 1I-5. The gas pressure in the cell was
=20 psi. The neon was cooled to =45K using liquid helium. This gave an effective
target thickness of =100 mg/cmZ‘ The temperature of the gas was monitored at
five places in the gas cell, labeled T1-T5 in Figure II-5. The temperature and pres-
sure of the gas were recorded every 2-3 hours, and were very stable throughout the
experiment. Normalizations were done by pumping the neon out of the cell, put-

ting hydrogen gas in, and measuring wp elastic scattering.

II-6. Analysis of events

The data were acquired and replayed using the Q system, the standard data
acquisition and replay programs used at LAMPF, and MP-10 software written to
work with the Q software and to handle the more specialized requirements of
EPICS. When the beam turns on, before any experiment can run, certain calibra-
tions must be done. As mentioned above, the analyzer calculates where on the tar-
get the pion came from, and the energy of the pion before and after the interac-
tion.

Consider x5, parameter 233, the position on the target in the vertical direc-
tion, as an example. The analyzer reads in a calibration from a file POL.DAT,

shown in Table II-3. Using this calibration it calculates x,g:
Xt =0.157582—0.991615 X X, —0.499238 X 1072 X By op¢
—0.195730X 1073 X Xpyope X Bepude—0-330807 X 1072 X By o0 X Seruget * -

where the other parameters are either the raw data or calculated from the raw
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Diagram of the EPICS cooled gas cell. T1-T3 indicate the positions of the five
temperature sensors.
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TABLE II-3.
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X¢gt Polynomial form POL.DAT.

Data word!
0,0,0,0
221,0,0,0
222,0,0,0
221,243,0,0
222,243,0,0
222,223,0,0
222,224,0,0
221,243,243,0
222,243,243,0
221,223,223,0
221,223,224,0
221,224,224,0
221,221,221,0
221,221,222,0
222,222,222,0
222,223,223,0
222,223,224,0
222,224,224,0
243,0,0,0

Coefficient
0.157582E+00
-0.991615E+00
-0.499238E-02
-0.195730E-02
-0.330807E-02

0.133496E-04
-0.295376E-04
0.325431E-03
-0.459714E-04
-0.391464E-03
0.565083E-05
0.128760E-04
0.191659E-04
0.759415E-04
0.499401E-06
0.340980E-03
-0.118167E-03
0.106321E-04
0.113247E-01
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data at some earlier point by the analyzer. Before any experiment can run these
polynomials must be calibrated. For x,,, this is done by putting in a target with
five horizontal rods at x=%*8 cm, x=%*4 cm, and x=0 cm. A sample Xyge SPeC-
trum with the rods is shown in Figure II-6. Data are taken with this target and the
data words used in the polynomial are written to disk for each good event. Then
the coefficients in the polynomial are varied to give the best fit to the known posi-
tions of the rods. These best fit coefficients are written to POL.DAT. It is particu-
larly important to know x,, well, because the beam is dispersed in the vertical

direction. Table [I-4 lists several other quantities calibrated in a similar manner.

Except for 8.y, d.py, and 3, all the calibrations must be done with fat, solid
targets. The efficiency of the chambers is measured with 6., and ¢.,;. Because
the gas cell is an extended target this can lead to errors in calculating these quanti-
ties, as shown in Figure [I-7. The diameter of the gas cell is 4.90 in., so if the
interaction occurred at the edge of the gas cell, the correct value of x4 is undeter-
mined by 28x. The vertical divargence of pions entering the spectrometer is *+50
mrad, ¢ in Figure II-7, which gives a &x of 0.31 cm. Since the pion beam is
dispersed in the x direction this gives an uncertainty of approximately 80 keV in
the incident energy of the pion and therefore in the calculation of the missing mass
spectrum, which worsens the resolution. Finally, the energy of the outgoing pion is
determined by 8, therefore it is necessary to know & as well as possible, so data

taken on neon with the gas cell were used to calibrate 8.

II-8. Normalizations

Absolute normalizations were obtained by putting H, in the gas cell, measur-
ing -p scaitering and comparing the yields to cross sections calculated from the

m-nucleon phase shifts of Rowe, Salomon, and Landau (RO-78). Angular
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TABLE II-4.
Some quantities calculated from POL.DAT.

Parameter Description

Xegt vertical position on target

Yegt horizontal position on target

Bigt angle between the outgoing pion’s trajectory
and the z-axis! in the x-z plane

Drgt angle between the outgoing pion’s trajectory
and the z-axis' in the y-z plane

O i difference between 8 in the front chambers
and 8 in the rear chambers

b ek difference between ¢ in the front chambers

and ¢ in the rear chambers
3 8=100 X {P,-P,,)/P,,
where P, is the central momentum of the spectrometer

and P is the momentum of the outgoing pion.

L)The z-axis is defined to be the beam axis with positive z in the beam direction.

TABLE II-5

Number of 7's in the EPICS beam?).

T.(MeV) nt's n7's
100. 6.32x107  1.37x107
120. 9.00x10°  1.82x107
140. 1.17x10*  2.27x107
160. 1.44x10°  2.73x107
180. 1.71x10*  3.21x107
200. 1.98x10°  3.69x107
220. 2.09x10*  3.62x107
240. 2.21x10°  3.56x107
260. 2.20x10*  3.45x107
280. 2.29x10°  3.19x107
300. 2.29x10°  3.06x107

1-'With a 1 mA proton beam and the jaws open.
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Figure [I-7.
View of the gas cell along y=0. The radius of the gas cell is 2.45 in. As described
in the text, 8z is the uncertainly in calculation of 2,4 .
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distributions calculated with these phase shifts are shown in Figure II-8. Because,
as shown in Figure II-9, a different volume of the gas cell is sampled as the spec-
trometer angle is changed, a 1H(ﬂ*,'rr‘)lH angular distribution was taken at
T.=180 MeV. Figure II-10 shows the angular dependence determined by normal-
izing the hydrogen yields to the calculated cross sections. Because the number of
pions in the beam depends on the energy of the beam, as shown in Table II-5,

hydrogen data were also taken for 180-MeV 7~ and 120-MeV ™.

The effective solid angle of the spectrometer also depends on the momentum
of the outgoing pion or 8. This dependence can be measured by varying the cen-
tral momentum of the spectrometer and measuring the yield of a peak at each set-
ting of 8, a procedure known as an acceptance scan. This dependence is shown in
Figure II-11.

In the current experiment the statistical error on the relative normalizations is
better than 29 except at the extremes of the acceptance scan where it is 2.5%.
The absolute errors are primarily uncertainties in the ratio of the H, to the Ne tar-
get thickness, =3%, and the w-nucleon cross section, =10%. Therefore the total

relative normalizations should be accurate to better than 4% and the absolute nor-

malizations to better than 11%.
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mon, and Landau (RO-78).



-33-

(a) (b)
N\
.fte 3
i i
~—— spectr.

(d)

Figure II-9.

Schematic of the ssctions of the target and gas cell the spectrometer sees as a func-
tion of angle. The shaded section is gas which is seen by both the spectrometer
and the beama. The solid section is gas which is seen by the beam, but not the spec-
trometer. For small 8 the spectrometer sees all of the target and gas cell that the
pion beam se3ss, as is shown in section a. As the spectrometer is moved to larger
angles some of the target and gas cell are no longer seen, as shown in section b. As
it is moved to still larger angles less gas is seen by both the beam and the spec-
trometer, and it becomes possible to separata the front and rear walls of the gas
cell as shown is section ¢. Eveniually the spectrometer reaches a point where it no
longer sees the walls of the gas cell ue shown in section d. The dependence on 8 is

obviously symmetric around 90°.
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Angular dependence of the normalisations.
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II. Nuclear Structure of ?*Ne

Nuclear theory can be roughly divided into two parts: reactions and structure.
Reactions which are well understood can be used to study the structure of states in
nuclei which are not well understood and similarly well-understood states in nuclei
can be used to study reaction mechanisms. The basic structure of many low-lying
states in 2°Ne is well known. They can be understood as rotations of a very
deformed nucleus, as will be described in the first section of this chapter. They can
also be explained by spherical shell-model calculations, as described in the second
section. Both of these descriptions will be used in the analysis of the data
presented here. A useful qualitative understanding of their structure comes from

the Nilsson model which will be explained in the third section of this chapter.

II-1. Collective Model

The simplest collective theories of the nucleus model it as a liquid drop. This
section will follow the derivation of Preston and Bhaduri (PR-75). For even-even
nuclei the spins of the individual nucleons will pair to zero for the low-lying states,

so these states may be taken as arising from the rotational and vibrational modes

-36-
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of a deformed liquid drop. Therefore the intrinsic motion of the nucleons will be
ignored.

For permanently deformed nuclei, i.e. nuclei with a non-spherical shape
whose shape does not change with time, it is convenient to define the nuclear sur-
face with ‘espect to the principal axes of the nucleus and to specify the orientation
of those body-fixed axes with respect to space-fixed axes with time-dependent
Euler angles (8,,0,,0;). The nuclear surface can be described as:

= A
R=Ry |1+ 3 X ax.qu“(e’d’)]

A=2uz=—A J]
For simplicity only quadrupole (A=2) shapes will be considered. Then
a, =8, _,=0 and a, ;==a, _, since the principal axes are the body-fixed frame. A

convenient set of variables often used is

ag,0=Hcosy
and
1 .
ag9= —\7;Bsm-y.
Since
2
B’=Ta,,
ry

B is obviously a measure of the total deformation. The quantity vy is a measure of
the type of deformation, which can be seen by looking at R(8,4) along each axis.

By substituting the expressions for Y3*, a; 9, and 2, the equation for the nuclear

surface becomes:

%
R-Ry= [_1621: ] RoB [cos'y (34:0529—1 )+v§sinysin29c052¢ ]
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Evaluating this expression on the x. v, and z body axes gives:

%
] 27
=|=1Rr e
3R, [411' oBcos [7 3
5 k 4
3R, = [;——ﬂ— RgyBcos [7--—;—

and

Y
5R,— [i ] Rofcosy.
4T

If we write the axes x,y,z as 1,2,3 then these three expressions become for k=1,2,3

%
5 K21
= | R L XL
SR,‘ [4 } [3 €03 [y 3 ]

From these equations it is obvious that vy, y-2w/3, and y-4w/3 all describe the
same surface with the axes permuted. Therefore only values of y from 0 to 7/3 are
needed. Also from these equations one can see that a nucleus with y=0 is a pro-
late ellipsoid and y==7/3 is an oblate ellipsoid.

In order to extract physical quantities such as excitation energies and transi-
tion probabilities, a Hamiltonian and wave functions are needed. For a deformed
liquid drop it can be shown (for example PR-75) that the kinetic energy, T, can be
written as

T=1B (B%—B’ﬁ’ )+% i ILw?

x=1

where the first term is the vibrational kinetic energy, Tg + T,, and the second is
the rotational kinetic energy. In this equation w is the angular velocity of the prin-
cipal (body-fixed) axes with respect to space-fixed axes and I, is the effective

moment of inertia given by



-39 -

I,=4Bp%in? ['y—l(-?-?- ]
3
The Hamiltonian then takes the form
3 L2
H=Tg+T,+ T —-+V(B,Y):

k=1
For a stiff, deformed nucleus the potential V(B,y) wili have a narrow, deep
minimum. In addition to rotation, the nucleus can vibrate about the minimum.

Expanding V(8,vy) and I, around the minimum, {B4,ve), the Hamiltonian becomes
2 2

3 L2 UisU
+T ——4U+
2 U Bovg) TR

where Cp |, come from the expansion of the potential, V(B,y), and U, and U, are

the rotation-vibration interaction. To first order in 83—, and vy

U1=—i§ (L2-12) B—;;Bl

and

U2=_E% [Lf-f-L_z ]T/x;’

where L, and L_ are the raising and lowering operators for angular momentum.
U; and U, can be treated in pertubation theory. This Hamiltonian is known as the
Bohr Hamiltonian.

The Hamiltonian is separable into rotational and vibrational parts if U; and
U, are neglected. If I;=I, then the projection of the angular momentum along the

third axis, K, is a good quantum number. For unequal I, the wave function can be
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written as
J
wer.T,U(B) z gK,J;lJMK),
K=0
where
2J+1 LT
[IMK>= | —="——— | [Dp k(8,85 85)+(—)'Dpl _x(6,,8,83) |.
161‘,2(1+8k0) ( M,K\Y11Y2, 3) ( ) M, K( 1:V2, 3)]

The Dhi.l{ are simultaneous eigenfunctions of JZ, J;, and J,, where J; is the com-
ponent of the angular momentum along the 3-axis in the body-fixed system, and J,

is the component of the angular momentum along the z-axis of the space-fixed sys-

tem such that
J Dy k=J(J+1)Dpi k.,

J3Dtk =KDyt k,

J.Dp k=MD,
If {;=I, then the collective wave function can be written

W=1;,,,(B)gk 5,0 | IMK>.
For *®Ne K is a good quantum number. The band structure of *°Ne is shown in
Figure I-1.
For a stiff nucleus with an axis of symmetry, so [;=I,=I, the rotational

energy is given by

Lz _K? 2
<IMK| 327 [IMK > =¥ 1(13’—51%-5-+;—{I— ,
K x 3

ignoring the rotation-vibration coupling. For states in the same band the other

contributions to the energy should be the same so
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Figure OI-1.
Excitation energies of the states in 2°Ne plotted versus J(J+1). States in the
same band are connected with a line.
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g
E,= — .
1 E0+ a1 J(J+1)

Figure III-1 shows the excitation energies of the states of **Ne plotted versus
J(J+1). In general the contributions of U, and U, depend on J? and contribute to
the energy in second order pertubation theory, so a term -BJ?(J+1)? is introduced
giving

EJ=EO+§I—J(J+1)—BJ2(J+1)2.

The results of fitting the bands of ?°Ne with these formulae are given in Table III-
1. The parameter B is generally small and the values of E, and A (A=!¥/2I) do
not change much when the last term is added, demcunstrating that the correction is
small.

This model also makes some predictions about the relative strengths of the
decays of states in the nucleus. In general electric quadrupole, E2, decays are the

dominant decay mode so the quantity of interest is

B(E2,JiK~JiK)=(2Ji+1)7! T |<I MK Qq, I IMK;> |2,
M, M,

where in the space-fixed coordinates

z
Q2u=e E rk2Y2u.(ek)'
k=1

The intrinsic part of the wave function, x, has been ignored so far, but it will be
necessary to include it in the discussion of the decays of excited states. For K=0

bands the wave function, including the intrinsic part, is

%

2J+1

| IMO> = { :*2 J Dyto(6)Xo.
™

After some work, it can be shown (PR-75) that
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Energy dependence of states in the rotational bands in ?°Nel).

TABLE III-1.
K" E, A
0,* 26x107* 0.272
0," 4.0x107? 0.288
0, 6.54 0.147
0,* 6.73 0.096
0,5 7.15 0.116
0,5 7.20 0.100
2”7 412 0.141
27 4.36 0.0935
0~  5.43 0.144
0  5.51 0.130
1= 865 0.137
1= 8.59 0.149

') Data from AJ-87.

2) A:i,

2l

TABLE III-2.

B

2.61x1073

-3.36x1073

—4.066x 10

—1.24x1073

~8.10x10™*

3.55x10™*

| <XK ’on' lxK> | for the ground state band in 0Nel),

Experimental Quantity

B(E2: 1.63 ~ 0.00)=67 + 4e*fm*
B(E244.25 ~ 1.63)=72+7e*fm*
B(E2! 8.78 ~ 4.25)=65* 10e*fm*
B(E2! 11.95 - 8.78)=30* 4e*fm*
Q(1.63)=-27* 3efm*

D) Data from AJ-87

l <xk|Qa0" [ xx> |
18.3+2.2

159+25

14.4+28

9.5+1.7

303
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B(E2,J;0-J00)=(J;2001J0)% |< x4 | Q20 | x0> | %,

where Q’59 is Qgq in the intrinsic, body-fixed frame. The quadrupole moment, Q,

of a band in the space-fixed coordinates is

(J+1)(2J+3) "
where Q' is the intrinsic quadrupole moment in the body-fixed coordinates for a

band K and is defined by

%
' 16 ’
Q'k= [_5‘" ] <xg!Q'z0lxx>.

Therefore, all the decay strengths within a band, K, and the intrinsic quadrupole
moment of the band are simply related to one quantity, <XK|Q'20|XK>- The
experimental results for the ground state K™=0" band in *°Ne are compared with
this result in Table III-2. The value obtained from the quadrupole moment is
about twice the value from the E2 transitions, but in general the agreement is very
good.

Within a band the ratios of the transition strengths are equal to the ratios of
Clebsch-Gordans. The transition strengths for transitions within the band for the
ground state band in 2°Ne were given in Table III-2 and for other bands are given
in Table III-3. If the intrinsic structure of different bands is different then transi-
tions between bands should be much weaker. The known strengths for some
cross-band transitions are given in Table [[I-4. There are some very large cross-
band transitions, implying either a large amount of band mixing or the structures
of some bands are similar. The transitions between states of two given bands are
of approximately the same magnitude implying that the transitions are still pro-

portional to a matrix element between the intrinsic states, and that the structure
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TABLE III-3.

In-band transition strengths in 2°Ne!+?).
K™ J™ J" A  B(Ex(erm®) B(En)(W.U)

27 37 27 2 123%33 7.6x3.3
4~ 27 2 564 0.35
4~ 37 2 91=11 5.7+0.7
57 37 2 88x21 5.5*1.3
0~ 3~ 1= 2 165x28 10.2+1.7

1) Transition strengths for the ground state band are in Table III-2.
?) Data from AJ-87.

TABLE III-4.
Cross-band transition strengths in 2°Ne!).

K]ﬂ Kf" Jl" Jf" A B(EK 5)(e)‘fm”‘)

2~ 0" 37 o0t 3 27090
3= 2t 1 (3.2x09)x107°
4= 2% 3 144*67
4~ 4% 1 (4.33%0.15)x107°
0 0 37 4% 1 (3.8+0.4)x107"
ot 0+ 2% 0* 2 0.16+0.03
2* 2% 2 55+0.8
4t 2t 2 2712
0,4 0 2t o0t 2 2403
2* 2% 2 16+0.2
2t 4% 2 4.2
4t 2t 2 19x2
4* 4% 2 34

1) Data from AJ-87. If no mixing ratio was given in the compilation, the lowest

electric multipole was assumed.
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TABLE III-5.

a decays of states in 2®Nel).

K™ J® Ex(MeV) T,

0,* 6% 878 110+25 eV
8%  11.99 35+10
0, 0" 6.72 157 keV
2t 742 8
4% 999 150+ 50
0+ 0 7.20 4 keV
2%  7.83 2.4
4% 9.04 3.2
6% 12.14 0.13
o,r 0" 84 =800 keV
2% 88 =800
4* 108 350
6% 12.59 150

Y Data from PI-78.

Fo/Tusp.
0.21
0.10
0.33
0.10
0.33
0.017
0.008
0.030
0.001
=0.43
=0.64
0.50
0.56
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of the intrinsic state is relatively constant throughout the band. Also, if the intrin-
sic structure of the states within a band is the same, the states should have similar
a-decay widths to the same final state after all kinematic factors and penetrabili-
ties have been removed. These are given in Table III-5 for the K™=0" bands in
20Ne, states below 4.73 MeV excitation cannot « decay.

The rotational model describes 2°Ne very well. It has a well-developed band
structure; its first 14 states, up to 8.5 MeV in excitation, can all be reasonably
placed in rotational bands. The energies of its excited states roughly follow the
expected systematics, and its excited states have significantly stronger in-band
decays than cross-band decays. Of course this band structure is not perfect; there
is evidence of mixing between bands (FO-72,FO-76), which will be discussed, as

needed, in later chapters.

I11-2. Shell Model

Another basic model of the nucleus is the shell model (PR-75 gives a good
introduction to the shell model, LA-80 gives a more complete treatment of the shell
model, BE-72,BR-77). Unlike collective models such as the rotational model just
described the shell model deals explicitly with nucleons, with the intrinsic structure
of the nucleus in a manner similar to the Bohr model of the atom. The simplest

form of the shell model starts with a Hamiltonian:

H=T+V,

where T is the kinetic energy given by

and



where V| is a central potential felt by all the nucleons. A spin-orbit potential is
normally included. Usually V, is taken to be either a harmonic oscillator or a
Woods-Saxon potential. Figure III-2 shows the energy levels found using reason-
able strengths for the potentials. In this simple model, nuclear structure is simply
a matter of filling shells from the bottom up. However, without interactions
between particles there is a large degeneracy between states, which is not observed
experimentally. For example, ?®Ne is (0s1/2)%(0p3/2)%0p1/2)%(0d5/2)* in its
ground state. This configuration can have J=0 to 8, and without some interaction
between particles all these states are degenerate. If the choice of the central poten-
tial is good enough then the interaction between the particles can be treated as a
perturbation. With these interactions the Hamiltonian becomes

A A
H=Ho+ 2 2 vl,j’

l=1j=i
where Hy is the original Hamiltonian and vy is the interaction between particles.
It is also possible to include 3-body and higher-order interactions, but they are not
needed. One method of determining the v;j is to calculate them from the funda-
mental nucleon-nucleon interaction. Another method is to vary them to fit known
states. All of the calculations presented here will use interactions derived by fitting
known states.

Two shell-model calculations of the structure of 2’Ne were done. Both calcu-
lations were done with the computer code OXBASH (0X-85). The first calcula-
tion, (sd)*, assumed all levels up to Op1/2 were filled, i.e. an '®0 closed core and 4
particles anywhere in the sd-shell, with B. H. Wildenthal’s usd interaction (WI-84).

The second calculation, ZBM, assumed all levels up to 0p3/2 were filled, i.e. a 2c
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Approximate level pattern from the shell model (SH-74).
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closed core and 8 particles anywhere in the Op1/2, 0d5/2, 1s1/2 sub-shells. Zuker,
Buck, and McGrory, first used this model space to explain the structure of %0
(ZU-68). It used the F interaction from McGrory and Wildenthal (Mc-73). In the
rest of this section the results of these calculations will be compared with experi-
mental results to determine which states in 2°Ne they describe. Also, since 2%Ne
has been shown to be a good rotational nucleus, the rotational model will also be
applied to the sheil-model states.

The (sd)* calculation is by far the simpler of the two. The states found in this
model are shown with the known positive-parity states of *®Ne in Figure III-3.
Because this model space can create only positive-parity states, the negative-parity
states were not included. Calculated transition rates are compared with known
transition rates in Table III-6. There are no unnatural-parity states below 10 MeV
in the calculation, which agrees with what is known experimentally. However, the
calculation predicts only two 0%, 2%, and 4% states below 10 MeV, while there are
four 0% and 2 states and three 4% states known. The additional states and the
known negative-parity states result either from core excitation, i.e. particles
excited out of the '*O core, or the excitation of particles out of the sd shell into the
fp shell. The calculation agrees reasonably well for the ground-state band, but not
as well for the first excited band. This may be due to mixing between the 0," band
and the 0% or 0,* band. The low-lying states in this calculation can easily be
grouped icto two bands. Figure III-4 shows their calculated energies plotted versus
J(J+1), Table III-7 gives the results of a fit to the energy formula found for rota-
tional bands, and Table III-8 gives the calculated value of <xx|Q's0!xx> for
both bands. The ground-state band in the calculation follows the rotational-model
systematics very well, possibly better than the band really does. On the other

hand the excited band does not follow them very well.
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Energies calculated in the (sd)' model space and the observed energies of
positive-parity states iz 2°Ne.



-52-

TABLE III-6.

Comparison of (sd)! calculated B(EZ)'s with experimental B{E2)'s.
AR A B(E24)upeo(e’fm’) B(E2!),sp(e*m?)’)
2t 0" 60.6 67+ 4

4 2 72.2 72+7

6,7 4,7 55.9 6510

8+ 6" 36.4 30+4

0" 2, 9.74 i2

2,5 07 0.033 =0.16+0.03

2," 2" 4.42 5.5%0.8

45 2t 2.73 27+12

Y Data from AJ-87
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TABLE III-7.
Energy dependence of states in the rotational bands from the (sd)* calculation.
K" E, AY B
0, 7.22x107! 0.161 -
0,* 8.11x107? 0.247 1.20x 1073
0, 6.93 0.130 -
0," 6.55 0.182 7.18x107¢
1) A=i.
21

TABLE III-8.

| <xk!Qs0’ | x> for the K™=0" bands in **Ne from the (sd)* calculation.
Experimental Quantity | <xk 1 Qe0’ | xx> |
K™=0,*

B(E2: 2%+ - 0*)=60.6e’fm* 17.4

B(E2: 4% - 2+)=72.2¢*fm* 15.9

B(E2: 6% - 4+) =55.9e’fm* 13.3

B(E2: 8% - 6*)=36.4e’fm* 10.5

Q(2%)=-15.8¢fm?® 174

K™=0,"

B(E2: 2% - 0%)=17.0e*{m* 9.22

B(E2: 4% - 2*+)=7.21e*im* 5.02

B(E2: 6% - 4*)==54.39¢*fm* 13.1

B(E2: 8* - 6%)=20.3¢*im* 7.85

Q(2+)=10.09¢fm? 11.1
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The second calculation includes the pl1/2 orbit, but excludes the d3/2 orbit.
It is a more complicated calculation because there are now 8 active particles
instead of 4. Including the p1/2 orbit allows negative-parity states. States found
in this model are compared with the known states in Figures I1I-5 and I11-6. Cal-
culated transition rates are compared with known transition rates in Table III-9.
In this calculation we have another 07, 2%, and 4™ state below 10 MeV. This extra
set of states looks like a 6p-2h band, and appears to correspond to the K"=0;"
band. This band is believed to be an 8p-4h band. Unfortunately the identification
of this band in the calculation is not as easy as in the experimental data. The
second and third 4%, 6%, and 8™ states in the calculation are very similar. Experi-
mentally the bands cross between their 2* and 4* members. The calculation is not
very consistent with rotational band structure for these two bands. The states
have been analyzed both ways, assuming they do cross as is the case experimen-
tally, and assuming they do not cross as was assumed by McGrory and Wildenthal
(Mc-73). The ground-state band in the calculation keeps its rotational qualities.
The excitation energies of these bands are plotted versus J(J+1) in Figure III-7, the
coefficients of a fit with the rotational energy formula are given in Table III-10,
and a comparison of < x| Q’s0|Xx> is given in Table III-11.

The ZBM calculation also gives a large number of negative-parity states,
although the correspondence with the experimental spectrum is not as good as
with the positive-parity states. The experimental 2~ band is obviously in the cal-
culation and it is possible to pick out a 0~ band. However, the 0~ band in 2®Ne is
believed to be an (sd)*(fp) band, not a p~!(sd)’ band. There may also be a 1~
band in ?°Ne starting at 8.854 MeV, of similar structure to the 2~ band. This
seems to explain the calculated states better, although the energies disagree by

approximately 2.5 MeV with experiment. The negative-parity bands have been
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Figure III-5.
Energies calculated in the ZBM model space and the observed energies of
positive-parity states in 2°Ne.
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TABLE III-9.
Compari
ison of ZBM calculated B(EA)'s with experimental B(E
a A)'s.

VA A .
. 0:+ ?éh;x D(EeMm™)pe,  BEAY(MmP), A
4 2,7 533 ?7:4 :
6,° 4,7  33.0 ot :
o ! 65+ 10 2
0,° 2,°  0.143 o | :
2,* 0"  0.051 1<2 :
W <0.16=0.03 2
W o 5.5%0.8 2
0,5 2,5 0374 ota :
W 1.01+0.18 2
2,5 2% 0.174 L5202 ;
wou 017 1.6+0.2 2
4," 2,7 2.98 es ;
4" 4" 1.42 o :
3° 2 129 et ;
4~ 27 255 oe ;
o e z.sf 0.4 2
3,0 1,0 425 aes ;
o 16528 2
2, 2% 8.56x107° 2oat 2
R e (3.6+0.7)x107° 1
3 0% 164 ;Sts ;
P 4.94x107? 2e05 3
o o 3.2+0.9x10°° 12
1, 07 1.04x1073 oo o
o 04107 3.9+1.5x107° 12
AOR 5.5+1.1x107° 1%
4 27 206 ::il’ox of 4
4" 4%  341x107? 4 ;3:67 -8 3
4 4t 307 2.08:'0.15 . 10’ 12)
3, 4" 4.75x 1072 3.7"’—0.1‘“(1(3 - "
3,7 4  -127 vt 12)
1.46+0.17x 10° 3%
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TABLE II-9.
Comparison of ZBM calculated B(EA)’s with experimental B(EA)'s.
LT 3™ BEA)Mm™)yp,,  BEM)(Mm™)S, A

1, 07 0.249 9+2x107" 1%
1, 2,° 1.34x1073 2.46x 1078 19
1,7 2,7 7.20 2.7+1.8%10* 3%

Y Data from AJ-87.
2) Assuming the transition is 100% E1.
3) Assuming the transition is 100% E3.
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Figure [1I-7.
Energies calculated in the ZBM model space plotted versus J(J+1). States in
the same band are connected with a solid line. The solid line connecting the
states in the 0,* and 0;" bands assumes they do not cross. The dashed line
connecting the states in the 03" and 0" bands assumes they do cross.
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TABLE III-10.
Energy dependence of states in the rotational bands from the ZBM calculation.
K™ E, AV B
0,* 9.29x 107! 0.166 -
0,"  2.54x107? 0.287 1.69x1073
0,"% 6.97 0.133 -
0" 7.1 0.114 -2.66x 1074
0,7 7.82 0.131 -
0,77 8.22 0.0775 .7.38x 1074
0,"%  7.00 0.136 .
0,"¥  7.07 0.136 —-1.31x107*
0,7 7.79 0.118 -
0,"% 8.26 0.0551 -8.73x10™*
2" 3.1 0.164 -
2,” 3.20 0.197 4.28% 107"
0,7 6.02 0.172 -
0,7Y 554 0.238 1.11x1073
1,7 5.98 0.195 -
1,7 5.63 0.252 1.31x107?
1) A=i.

21

?) Assuming the 0,* and 0," bands do not cross.
3) Assuming the 0, and 0," bands do cross.
Y) see text about 0,” and 1,” bands in the ZBM calculation.

TABLE MI-11.

| <xk|Qsq’ | xx> | for the K*=0" bands in **Ne from the ZBM calculation.
Experimental Quantity | <XK | Qa0 lxx> |
K"=0,*

B(E2+ 2% - 0%)=46.7e’fm* 15.3

B(E2: 4% - 2*)=53.3¢*fm* 13.7

B(E2i 6 - 4*)=233.0e’fm* 10.2

B(E2: 8% - 6*)=18.3efm* 7.45

Q(27%)=-13.21efm? 14.6
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TABLE III-11.

| <xKlQ2°’ | x> | for the K™=0" bands in ?*Ne from the ZBM calculation.

Experimental Quantity

|<XK|Q20' |XK> I

K-rr_o +1)
B(E2+ 2% - 0*)=13.6e*fm* 8.25
B(E2i 4% - 2*)=3.18x 10~ %e*fm* 0.334
B(E2: 6* 4%)=27 4e’fm* 9.33
B(E2/ 8% - 6*)=5.97x 10" %e*fm* 0.426
Q(2%)=10.63efm? 11.7
K"=0,""
B(E2: 2% - 0*)=41.4e*fm* 14.3
B(E2: 4* - 2+)=30.5¢*fm* 10.3
B(E2: 6% -~ 4%)=12.3e*fm* 6.25
B(E2: 8% - 6*)=1.30% 10~ %e*fm* 0.199
Q(2%)=-8.957efm? 9.89
K"=0,"%
B(E2: 2% - 0*)=13.6e’fm* 8.25
B(E2: 4% - 2%)=3.18x 10" %e*fm* 0.334
B(E2: 6% - 47)=27 4e*fm* 9.33
B(E2! 8* - 6%)=5.97x 10" %e*fm* 0.426
Q(2%)=10.63efm? 11.7
Kﬂ___03+2)
B(E2: 2* - 0%)=41.4¢*fm* 14.3
B(E2: 4% - 2+)=30.5¢*fm* 10.33
B(E2: 6% ~ 47)=12.3¢*fm* 6.25
B(E2) 8% - 6*)=1.30% 1072’ m* 0.199
9.89

Q(2*)=-8.957efm?

)Assuming the 0,* and 0;* bands do not cross.

) Assuming the 0," and 0% bands do cross.
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included in Figure I1I-7 and Table [II-10 and their in-band E2 transitions are given
in Table I1I-12. The ZBM calculation fits the ground-state band as well as the (sd)*
calculation did, but the ZBM calculation also fits the 2= band well. Both shell-
model calculations have trouble with the excited 0% bands. Since the 0, band is
believed to be an 8p-4h band, a larger calculation, perhaps allowing up to 4 holes
in the p3/2 orbit, may be necessary to adequately explain the structure of these
states. Neither calculation gets the 0," band, which supports the belief that it is
either an (fp)* or (sd)’(fp)? band. The ZBM calculation also seems to get the 1~

band, which is not well known experimentally, although the calculated energies are

off significantly.

II11-3. Other Models

While the previous two models are the only ones which will be used to analyze
the data presented here, many other modeis of auclear structure have been applied
to ?®Ne. Two of the most commonly used models are the Nilsson model (NI-55,
PR-75 gives a good introductory description) and SU3 (HA-68 gives a good intro-
ductory description). While neitner of these is used in the analysis of the data, the

Nilsson model can aid in an understanding of the structure of the bands in ?Ne.

The Nilsson model gives a level diagram similar to the level diagram from the
shell model, but with the dependence of the energies of the levels on deformation.
The lowest levels are shown in Figure III-8. The structure of the first four K™=0"
bands in **Ne is shown in Figure I-2 and for the negative-parity bands in Figure I-
3. As was seen in the shell-model calculations, the 0,7 band is an sd-shell excita-
tion, and the 0,7 band involves the excitation of particles out of the p-shell. The
0,* band is seen to be an excitation of four particles into the fp-shell, which is why

neither shell-model calculation was able to explain it. The 27 band involves the
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TABLE III-12.
B(E2)’s for transitions for negative parity bands in the ZBM calculation.
L I B(EX t){e*Mm?*)
K"=2~

3 2 72.9
4~ 2 25.5
4~ 3 57.0
57 3 32.6
57 4~ 34.9
6~ 4~ 36.9
6~ 57 18.3
7" 3 31.9
7" 6~ 14.4
K"=0"Y

3” 1” 29.8
5~ 3 379
7" 5”7 51.9
K"=1"%

3~ 1~ 29.8
3- 2” 35.3
4~ 2” 33.0
4~ 3~ 24.5
57 3~ 37.9
L 4~ 11.1
6~ 4~ 18.8
6~ 5~ 18.3
7" 5~ 17.1
7 6~ 13.1
8~ 6~ 16.6

)Assuming the second negative parity band has K"=0".
%) Assuming the second negative parity band has K™=1".
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Approximate single-particle levels for the Nilsson Hamiltonian (SH-74), n is a
measure of the deformation of the nucleus.
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excitation of one particle out of the p-shell as in the shell-model calculation, as
does the 17 band, and the 07 band involves the excitation of one particle into the
fp-shell. Because of the extreme deformity of **Ne the energies of some of the
lowest levels in the fp-sheil are dropped so far down into the sd-shell that it
becomes energetically favorable for excitations to fill them before filling some sd-
shell orbitals. The spherical shell-model calculations which did not include the.fp-

shell could not explain the structure of these bands.



IV. Pi-nucleus Scattering Theory

As in nuclear structure theory, there are several approaches to scattering
theory. Most calculations are done in coordinate space or momentum space; for
m-nucleus scattering calculations there are advantages and disadvantages to both.
For inelastic scattering the form of the transition density depends on the nuclear
structure mode] used; botk microscopic and collective transition densities will be
used to analyze the data presented here. The first section of this chapter will
describe m-nucleus elastic scattering, in both coordinate and mormentum space.
The second section will describe inelastic scattering, collective transitions in coordi-
nate space and microscopic transitions in momentum space. Two-step or coupled

channels calculations will be described at the end of the second section.

IV-1. Elastic Scattering

The w-nucleus coordinate-space elastic-scattering calculations were done using
the formalism in PIRK (EI-74). The description of Eisenstein and Miller (EI-74)
will be followed here. The program PIRK solves the potential scattering problem

of a relativistic spin zero particle interacting with a complex optical potential.

-67-
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This is done by integrating a Klein-Gordon equation out to a match point and cal-
culating phase shifts by comparing the internal wave function with an external,
asymptotic Coulomb wave function.
The Klein-Gordon equation is obtained from the relativistic energy relation

Ez_p2c2=mzc4

with the substitution p=-ihV. If electromagnetic potentials are included the equa-

tion becomes
. 2
(E—ed)] - [p—sAj ?=m?c*,
c

where E is the total energy, p is the 3-momentum, and m is the mass of the pion.
A is the electromagnetic vector potential and ¢ is the scalar potential. The
interaction between the pion and the nucleus is purely electrostatic so A=0. The
potential ¢ is calculated assuming the nucleus is a uniformly charged sphere. The
w-nucleus potential is not completely understood and it is commeonly assumed that

it transforms like the 4th component of a 4-vector, like the energy so
E-E-V .—Vy,
where Vy is the nuclear potential and V.=ed. In addition the terms 2V, Vx and

Vﬁ are arbitrarily dropped from the equation for E? giving

E?- (E-V. J2—2EVN.

With these assumptions for thz w-nucleus interaction, the Klein-Gordon equa-
tion is
212

- (&, J’+%+ (me? )’ ]¢= (E?-2V.E+V2-2EVy Ju.

The operator L? is orbital angular momentum squared and Y, is the radial part of
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the gradient. Next it is convenient to make several substitutions and definitions:

Y=Y ﬂ(r—)i’y,,m(e,:b),
{

T

Vc VN E
= —, U ==, =,
V=1 =7 &%

and

giving for the Klein-Gordon equation

u u
[—v,ui(’—*-;ll ]—riY,m= [k2+Uc2-»2§ (Ue+Un) ]—riY,m.
T

As mentioned above the m-nucleus potential is not well known. There are
several forms available in the literature for the optical potential Uy, which will be
discussed later in this section. With suitable choices for the constants A, A,, A,

and A,, the following form works for most models,
26Upnd= [A,p+A2V-pV+A3V2p+A4V‘p ]ub.

where p is the nuclear matter density, which is assumed to be spherically sym-

metric. Using this form for the potential, the radial equation for each partia! wave

becomes

(Agp—1)u)/ " +Aqsp v/

A,p’ |
= —i—p—+kz—QUc§+Uc2-,4.3V,zp—A4V,4p—Alp+'Lz—)' (Agp—l) u,
r

where the primes indicate differentiation with respect to r. This equation is

integrated out from the origin to the matching radius. At the matching radius the
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inner wave function, u;, is compared with the outer wave function, which is a solu-
tion to the Coulomb scattering problem in the absence of Uy. The phase shift, 5,
is obtained from the relation

D(F +iG)—(F'+iG')
(F'=iG')~D(F—iG)

S;=exp(2id)=

where F and G are the regular and irregular Coulomb wave functions, S, is the S-
matrix element, and D is the logarithmic derivative of the inner wave function at
the match point

U.’[

r=matchpoint"

The differential and reaction cross sections are calculated from the following

formulas:

£(8)=1(8)+n(8),

fc(8)=—mexp [Qi (Uo—nln(sin%ﬂ)] ],

T]=ZNZ,,(1—E—v
P
n(B)= -%Z (2{+1)exp(2ic ){ P {cos8),
1
f=4% [exp(zia,)---1 ]=%(S,—-1),
and

_—_—;—*2-2(21“)(1— [S,1%),

T resction
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where o, is the point charge Coulomb phase shift of the ith partial wave and « is
the fine structure constant.

As mentioned above the m-nucleus optical potential is not well known. The
most frequentiy used potential is the Kisslinger potential (KI-55, KI-74). Including

s and p wave interactions, it is
V=—bok’p+b, V0¥V,

where k is the pion momentum in the w-nucleus center of mass frame. The spin-
dependent parts of the w-nucleus interaction have been left out of the optical
potential. The complex coefficients by and b, are czlculated from w-nucleon phase

shifts, 81‘21,21', by averaging over the number of neutrons and protons in the target.

For even-even nuclei they are (BL-84)

{201301+a12 )

4y
b=
and
(401 ! 420, +2a, +a,t ]
4y 33 3l 137+
bl= ,
k3 3
where
L —_ i5 i in(® L
T, 25=exPp(i82] 27)8in(d2] 27)
and
évQN
- w.,,wN '

The phase shifts of Rowe, Salomon, and Landau (RO-78) have been used in calcu-
lations presented here. The quantity y transforms the w-rucleon interaction from

the m-nucleon center of mass to the m-nucleus center of mass, (CO-80), where w,
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and wy are the pion and nucleon energies in the w-nucleon center-of-mass frame,
and w, and wpy are their energies in the m-nucleus center-of-mass frame. The
agreement between the calculation and experiment can be improved greatly by
evaluating the m-nucleon t-matrix elements =28 MeV lower than the mw-nucleus
center of mass energy (CO-80).

The m-nucleus momentum-space elastic-scattering calculations were done
using the formalism in PIPIT (EI-76b). The description of Eisenstein and Tabakin
(EI-76b) will be followed here. The program PIPIT solves a relativistic
Lippmann-Schwinger equation in momentum space to obtain the elastic T-matrix
elements. In momentum space the Lippmann-Schwinger equatinL takes the form

T'(kk’"ko)U(k" k')
E(kg)—En(k"")—E(k"")+ie

d3k’,

T'(k.k ko)=Ulk k' )+ [

where E(kg) is the total on-shell ecergy in the m-nucleus center-of-mass frame and

E. and E, are the total energies of the pion and nucleus defined relativistically,

b1t

i e
E,= (ko%m,,2 ]u.

and similarly for E,. The quantities k' k'".and ko are pion momenta in the =-
nucleus center-of-mass frame. The optical potential, U(k,k’) is obtained from the
mulitiple scattering formalism of Kerman, McManus, and Thaler (KMT) and will
be discussed later in this section.

The m-nucleus T-matrix in KMT formalism differs from the T' defined above

A L

T=
A+1

b

where A is the atomic mass number. The cross section can be written in terms of

the reaction matrix, R’, which is related to T’ by



and

R'(k,k";ko)=

A e

SR (kK ko) Y (k) Yim(k'):
m

This gives the following integral equation for R,
R'{k,k’ kq)=

R’k .k’ ko) Uk k')

43 "
B (ko) Enk )~k )-Ex(k) "

Ufk k') —P f
where P denotes a principal value integral. This equation is solved for R’,.
The on-shell T’ is related to the on-shell R’ by
=R [1-(E)T |,
where p(E) is a phase space factor

2kDE1rEA
(E.+Ea ) [ )

T,and R are related to the phase shift, §, by

p(E)=

p(E)T =-exp(id;)sind,
and
p(EjR=-tand,

where 3; is the phase shift relative to an undistorted outgoing spherical wave

jdkor).
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Because the Coulomb interaction has a large effect on elastic scattering cross

sections it must be included. Using the phase shifts found for the nuclear part of

the interaction, the radial part of the wave function, ufkr), can be written
U — [.ir‘” [P(E)RI ]ﬂl ]kf'
The logarithmic derivative, €, evaluated at some cutoff radius, R, is
€1=E_I R,
Uy
New phase shifts can be defined relative to the outgoing Coulomb wave functions,
i~Fr [o(E)R |G,

where F and G are the regular and irregular Coulomb wave functions. Then

F'—&F,

S .
TeGG, T

-p(E)R
The S-matrix is related to T by
S{ke)=1-2ip(E)T (ko)
and as stated above T is related to R by
T=FR, [l—ip(E)T,].

The differential cross section can then be calculated using:

d
se=tof
f(8)=1(8)+1a(0),

n . .
fc(e)::———c—e—exp [21 (co—ncln(sm‘&e)} ],
2psin2—2-
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(XE."EA

N [Eﬂ+EA Jpn

and

L <(2141)(S~1)exp(2io )P {cost),

fa(0)= 2ikg

where o, is the point charge Coulomb phase shift and a is the fine structure con-
stant.

As in the coordinate-space calculation the m-nucleus optical potential is unc-
ertain. In the KMT formalism (KE-59) the first order m-nucleus optical potential

with the factorization approximation is
"L A—1 . )
Uk k)= 22 [yt (K" kiko) +g(altnal iko) |

where k and k' are the relative w-nucleus momenta and q=k'—k is the
transferred momentum. Since this is a momentum space calculation the nuclear
matter density, p(q), is the Fourier transform of the ground state density. The
quantities t,, and t,; are the w-neutron and w-proton scattering matrices, which
are constructed from the free m-nucleon matrices. This form can be made to
include the spin-flip part of the interaction.

To 2ccommodate the partial wave decomposition done above, the density and

t-matrices are decomposed as follows:

or=Sp," (k' k)P, (k')

L
and

l 12 -}
(ki Ko) =St (K’ Kiko)P (R K'),
L
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where i=p,n. Then
, A-1 11 Lol , ,
Uk )= [T ] S op'trpoa'ty JPU R R PR,

Comparing this to the original decomposition of U and doing some angular

momentum algebra the optical potential becomes

ot A-1 i ! ! 2
' k)= —_—s i pp 't 2 L0LOI >,
U}(k :k) (2l+l) [ A ]ll‘l; (Pp npTPn wnJ< 101z ' >

There is another model in the literature for calculating elastic scattering
which has not been used here. The delta-hole model (HI-77, ER-88a) is a conceptu-
ally simple model for calculating m-nucleus elastic scattering near the delta reso-
nance. The delta resonance dominates w-pucleon scattering for beam energies
around 160 MeV. For m-nucleus scattering the delta-hole model assumes that the
pion interacts with a nucleon and forms a delta, which propagates through the
nucleus. The delta then decays back to a pion and nucleon and the pion is emit-
ted. While this is conceptually very simple, the delta-hole mode! is more compli-
cated than the optical model. The deita interaction w'th other nucleons provides
two-body corrections to the one-body m-N scattering. This calculation also has its
uncertainties, in particular how the delta interacts with the nucleons in the
nucleus. This model also agrees reasonably well with experiment. The delta-hole
model has also been applied to inelastic scattering and absorption processes (HI-

77, LE-80c,LE-82). It fits 12C(m,w’) data very well (LE-82).

IV-2. Inelastic Scattering

Three types of inelastic scattering calculations have been done in the analysis

of the data presented here. The first set used a collective-model transition density
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and did the calculation in coordinate space. In the previous chapter it was shown
that ?°Ne is well described by a rotational model. The second set used a micros-
copic transition density and did the calculation in momentum space. The shell-
model calculations described in the previous chapter provided the transition densi-
ties used in these calculations. The final set were coupled-channels calculations
and used collective-model transition densities in coordinate space.

The collective-model calculations used a modified version of the computer
code DWPI (EI-76a). The description of Eisenstein and Miller (EI-76a) will be fol-

lowed here. The cross sectici: tc. a specific excited state is:

3 opd
dga = 2:;;+1) STci'Tm'"(c'l Y ey > <el YLl ey > P (cos8)
KK’ {

where the sum is over ¢, ¢’, ¢|, ¢;’, and L. The ground state of the target nucleus is
described by a set of quantum numbers K and the final state by a set K'. The
center of mass momentum of the incident pion is k; and I is the ground-state angu-
lar momentum of the target. Tl is the transition matrix element for states of

total angular momentum I and the channel state c is given by
le>=1(IxD)I>

where ! is the angular momentum of the pion. Using angular momentum algebra it

can be shown (EI-76a) that:

dc r?
oy Py (cos8),
40 k,=(21+1)§ P

where

2y 2p2qp 4° J
UL= Z J Jl L n Tlv[vrvl'Tll'ilrhl'
Lrvlhth'Jl

x <OLO| 40> <rOLO|I',0>W(ILLJ; [, YW(I'LL' 21, J),



.78
where X=Vm and [’ is the excited state angular momentum. The W func-
tions are Racah angular momentum coefficients. In the standard distorted-wave
impulse approximation (DWIA) treatment the elastic scattering is handled by
using distorted waves, which in DWPI are calculated exactly as in PIRK, which

was described eariier in this chapter. The inelastic transition will be treated to

first order only. The T-matrix element becomes:
I
Tirr

= T <Im'I'MNp><imMIIpn> <bg®pgH N S >,
m,M.m" M’

where m+M=p=m"+M".
As was shown in the discussion on elastic scattering the first-order optical-

model potential is given by

VN=Atnp

which 1n coordinate space i3

(>)°

2E

where E is the pion energy in the center of mass frame,  is the pion wavefunction,
and p=p(r,c}) is the deformed ground-state density with ¢ containing the apzular
dependence. The term A4V‘p has been ignored. In the collective model the part of
the optical potential which causes the nuclear excitation comes from the deformed

part of the density, 8p, (GL-83, EI-76a) and is written
<¢I'M' lH'd)[M>=<I‘M' |Atﬂn6p|lM>

=Aty SEA(D)Y(F)<IM [y, [IM>

Ap



where

and
-1 t
oy, =Byk [bm+(—)“bx_u].
The operators b, and b,\L destroy and create a phonon of anguiar momentum A
and projection u. The pion wavefunctions are

" :_i[ ul:(r)
=

- m(T)

and are calculated as in PIRK, described above.
Putting the above expressions into the first-order equation for the T matrix it

can be shown /EI-76a, ED-71):

Ba l '
T, = — (=)W P LEINF
ar1 [(w)* (=) ( JF i

Fra=(=)i""1<ON0 | 0> (A111+A212+A313 )i

where [, I,, and I; are integrals involving F, and u;®. Coulomb excitation can be
included in the calculation, but is generally unimportant in pion ineiastic scatter-
ing.

These calculations give a very good description of transitions to highly collec-
tive states where the transferred angular momentum is greater than one. For tran-
sitions where Ai{=1 and AT=0 the decay is forbidden by conservation of momen-
tum (DE-73, HA-81), so the integral of the trancition density must be zero. The

following transition density can be shown to be appropriate (HA-81):
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By d 5 d ¢ . d
Yr)=———= [3r2——+10r— > <r’> —+e [r——+4— :
p(r) oV 3r A r—o <r > el U FITTARE pol(r)

where pg is the ground-state mass density and

-1
2 6m¥ R? 4 25 _ 2.2 2
=_=— 1K' > —-—<r* > =10e<r* > ,
By \E [ 3

where 3, is a collective parameter for the isoscalar dipcle resonance and R is the
half-density radius of the mass distribution. The parameter € is much less than
<r?> and can be ignored for A=20. Since A=20 for ?°Ne it is desirable to check
this before ignoring € so the following expression for € was used (HA-81)

= [Ei% jhz (sma) ™"

where E, is the excitation energy of the giant quadrupole resonance and E, the
excitation energy of the giant monopole resonance.

For A=0 transitions the integral of the transition density also must be zero,
this time from orthogonality of the 0™ wave functions. Therefore a moropole tran-
sition density of the form (AU-71, MO-87)

dpo(r)
dr

p(r)=3po(r)+r

was used.

The microscopic calculations were done in momentum space using the com-
puter code HLL, which uses the formalism of T.-S. H. Lee et al. (LE-74, LE-80a,
and LE-80b). The description of Lee and Lawson (LE-80b) will be followed here.

The amplitude for w-nucleus inelastic scattering is (LE-80a, LE-80b)
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. -
Ta(ke' A" koA)= 3 (EL'TJ,) (=1)frMrMEA
LML'MJT

J oh e L L J 1t T ]
X Mf—MlMl "Mf "MM' M|—Mf 1\ —A"\i_"\f

X Yy pm (K o) Yim(Ro) S kfdkl{ ko dkgx (e, (kUL T (kg e ) x4, (a),
0

where the k's are the w-nucleus relative momenta in the center-of-mass frame, k',
and kg are unit vectors in the direction of the outgoing and incoming pions respec-
tively, A and A’ are the initial and final pion isospins, the spin and isospin quan-
tum numbers | JMTA;> and |JMT(A;> denote the initial and final nuclear
states, and the parentheses are 3j coefficients. The distorted waves )(L(‘flzo(k) are

calculated in PIPIT described above.

The transition potential U} T can be written

ULﬂ'f,T(kl:k2)=l%sllpng(k1» ko)H /s T(ky, ko),

where H is determined by only the m-nucleon dynamics,

. 'K
H/'iks T(ky, ko)=i" "} (R)"T [000 ]

LL'J
Z(X)alz( P [L’“‘] [L D‘J AS
X ~1)*
00
2 000} {0 R

1% 1T Al
X ZI("I) u%l ts (klrk27w0)v
I

where the small curly brackets denote a 6j, the large curly brackets a 9j, and
toM(k,,kq,We) is the A-th partial-wave m-nucleon amplitude for isospin I=1/2 or

[=3/2 with S=0 or S=1, and is calculated in PIPIT using the model of
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Londergan, McVoy, and Moniz (LO-74).

All the nuclear structure information is included in

x

LSy, ko)=[ir(k,r)F 3 T(r)j(kor)rdr,
0

where jikr) are spherical Bessel functions and

BT TrA T T
FRE(D=(=1"""(T" |5 —a, A, —A

X 2(411'3&)*( JngI | |[bq?xh[3?]JT| | lJlTl>
af

x <ol H[Yk(F)x os]y | |B>Ry i (r)Ryy(r),

where 0g=1 when S=0 and 0g=0 when S=1, b, and h,! create a particle and a
hole respectively in the shell-model state (nlj),, and R, , (r) is the radial wavefunc-
tion of the shell-model state. All of the nuclear structure information is contained
in the reduced matrix element <JTy| | [[by xhd]yrl | [J;Ty> which is provided
by a nuclear structure calculation.

For most shell-model calculations to reproduce electromagnetic transition
rates it is necessary to use an effective charge for the proton, 1+8,, and for the
neutron, 8,. This is necessary because a truncation of the model space is necessary
for the calculation to be computationally tractable. In general all but a few orbits
are excluded and such exotic things as A’s in the nucleus and meson exchange
currents are left out. Instead of dealing with the bare operator (8,=0, 8,=0) most

shell-model calculations use



s e [l+6p+8r1 ] ) e (1+8p—8u] i
i

; > NORERSPNIN)

This is exactly the operator in the pion transition density above when gg=1.
Therefore, if an effective charge is required for a shell-model calculation to fit the
electromagnetic data a similar enhancement factor should be necessary to fit the
pion inelastic-scattering data.

The coupled-channels calculations used the computer code NEWCHOP (MO-
01), which is a modified version of the code CHOPIN (R0O-01), which in turn is the
computer code CHUCK (KU-01) modified to do relativistic pion scattering. The
descriptions of Comfort (Co-01) and Kunz (Ku-01) for CHUCK3 will be followed
here, with appropriate modifications for pion scattering.

The total wave function for the scattering system is taken to be
\yJM_ J k.: <, © M
- z ch[c( :'rc) erJe Ir J !
el
where ¢ denotes the channel. The function ® is the intrinsic wave function of the
target, Y is the coupling of the relative angular momentum with the intrinsic wave

function of the projectile, and x is the channel wave function for relative motion.

This wave function satisfies the Klein-Gordon equation
. 2
l (E-—eda) - {p—EA] c? [ WM 24y IM,
E. c

Making the same approximations as were made above for PIRK and DWPI one

gets for the Klein-Gordon equation:
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- (mv, ]2+ E%—z+ (mc2 ]2 }WJM= (E’—2VCE+V(§—2EVN ]WJM,

where V¢ is the Coulomb potential and Vy is the nuclear potential. The coupled

equations for x are

.2
Ve

2 )2 (h)PL{l+1 2
- [m d J +( JLdk )+ (mc’] —E*+2VCE-VZ+2EVy,.

X Xjflc(kc;rc)=z‘—2EVNcc'Xjf-lc (kc';rc')’
<

where V. is the distorting nuclear potential seen by the incident, intermediate,
and outgoing pions and Vi, is the coupling between channels. Both of these
potentials are the same as those used in DWPI and described above. The coupled

equations are integrated out to a matching radius.

The channel wave functions, X, are solved subject to the boundary condition
lim x, (keire)

exp(io; ‘) " )
= (&(t+1)) [F Beegbi B, +Tet, (GLo+IFL ) ]
(4

where c, refers to the incident (elastic) channel and F and G are the regular and
irregular Coulomb wave functions. The cross section is

do. 1 1
dQ 2L +1 25, +1

2

H

{
X ¥ *coul(e)accoaMgMe.+IZDM¢$L'PI,(9)
MM, A

where

DM M, =2 (angular momentum factors JTc‘lo.
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The data presented here have been analyzed using all of the above methods
which were appropriate for a given state. The collective calculations should fit the
strong transitions very well, in particular the 2,", the 312> and the 4,* transitions.
Because spin-flip is relatively weak in pion scattering, and not included in those
calculations, unnatural-parity states cannot be fitted by the collective calculations.
Because the pion is a strongly interacting particle the decay of a state to the
ground state can be very weak, but the corresponding excitation in pion scattering
can still be relatively strong, for example if a transition density has a node in the
interior of the transition density the pion will never see the node. The surface of
the nucleus is the most important region of the transition density in pion scatter-
ing near the delta resonance. Also if a state has a strong coupling to either the 2,%,
the 3,5, or the 4,%, which couple strongly to the ground state, then the state can

be excited by a transition through one of those states.



V. Analysis and Results

This experiment was proposed to look for two-step contributions to pion ine-
lastic scattering. We chose 2Me for this study because the structure of many of its
states is well known both experimentaily and theoretically, as discussed in
Chapters [ and III. There are several states in ?°Ne for which two-step contribu-
tions could be important. Angular distributions were measured at 180 MeV with
both m* and w~ beams and at 120 MeV with n*. The data were taken on the
EPICS channel at LAMPF and replayed using Q, the standard data acquisition
and replay system at LAMPF, as was described in Chapter II. This chapter will
discuss the analysis of the spectra and the extracted angular distributions, in par-
ticular those for which coupled-channels contributions appear to be important.

Results for peaks at high excitation are given in Appendix I.

V-1. Spectra

Spectra were measured from 12° to 90° with 180-MeV 7t and 7~ beams, and
from 15° to 90° with 120-MeV w*. The data were normalized to hydrogen, using

the phase shifts of Rowe, Salomon, and Landau (RO-78). A fitted spectrum at 30°
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for a 180-MeV 7™ incident beam is shown in Figures V-1 through V-5. The data
have peaks up to 17.5 MeV excitation. Because a gas target was used, the gas cell,
whose composition is given in Table V-1, contaminates the spectra with impurity
peaks. Several empty-target spectra were measured to determine the contribution
of the gas ceil to the spectra; the 30° 180-MeV ™ spectrum is shown in Figure V-6.
The only significant impurity peaks come from ®Fe, the elastic and 4.5-MeV 3~.
Oakley (OA-87) has studied pion inelastic scattering on %°Fe, as well as **Fe and
52Cr, so the contributions of the strongest impurities are well understood. Inelastic
scattering has also been done on the nickel isotopes (ZU-01). No evidence of peaks
from excited states of other neon isotopes is present in the spectra.

The spectra were fitted using the computer code NEWFIT (MO-02). The large
elastic peak was used to obtain a peak shape at each angle. For states with a large
natural width, I', the peak shape was convoluted with a Lorentzian of width I.
Below 9 MeV only known states of ®Ne were used in the fits and their energies
were fixed at their values in the latest compilation (AJ-87). The broad 2% state
seen in '%0O(a,a) at =8.8 MeV is seen at 9.00+0.18 MeV with a width of =800
keV. Between 9 and 12.5 MeV the compilation was used as a guide in determining
where states should be and what their widths are, but the energies and widths were
not required to agree exactly with the compilation. Because the resolution in this
experiment was 180 keV, above 12.5 MeV vne density of states is so high that the
compilation was no longer a useful guide and peaks were inserted where necessary
to fit the spectra. A total of 57 peaks, not counting impurity peaks, were used in
fitting the spectra; the peaks seen are listed in Table V-2 with states {rom the com-

pilation (AJ-87) which they may correspond to. Angular distributions have been

extracted and analyzed for all 57 peaks.
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Figure V-1,

Fitted missing mass spectrum for *®*Ne(w*,7#*') at 30° with T,=180 MeV
from -2 to 8 MeV excitation.
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Figure V-2.

Same as Figure V-1 but for 4 to 8 MeV excitation.
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Same as Figure V-1 but for 7 to 11.5 MeV excitation.
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Figure V-5.

Same as Figure V-1 but for 12.5 to 17.5 MeV excitation.
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TABLE V-1.
EPICS gas cell composition.
Isotope  Fraction
Sope 64.4%
52Ct 15.3%
58N 6.1%
SiFe 4.1%
*ONi 2.3%
55Mn 1.7%
83¢r 1.7%
"Fe 1.5%

- 94 .



- 95 -

TABLE V-2.
Peaks in *°Ne,
E,(MeV)! T[(keV)! E (MeV)? I(keV)? J",T?
.00 0.0 0*.0
1.63 1.63 2*.0
4.25 4.25 4*:0
4.97 4.97 27,0
5.62 5.62 37,0
5.79 5.79 (2.8+0.3)x107%2 17,0
6.73 6.73 19.0=0.9 0*:0
7.00 47,0
7.18 7.16 8.2+0.3 37,0
7.19 3.4+0.2 0*;0
7.42 7.42 15.1%0.7 2+.0
7.83 7.83 2 2*.0
8.45 8.45 0.013+0.004 57;0
=8.7 > 800 0%;0
8.71 8.71 2.1+0.8 1750
8.78 8.78 0.11+0.02 6%;0
8.82 <1 (570
8.85 19 17;0
9.00 800 =8.8 >800 2%;0
9.03 9.03 3 4%:0
9.12 9.12 3.2 37,0
9.28 9.32 (27)0
9.45 9.49 29+ 15 2+:0
9.88 9.87 3*;0
9.94 {1%;0);0
9.99 155 9.99 155+ 30 4*:0
10.26 145 10.26 145+40 570
10.27 =0.3 2+:1
10.46 80 10.41 80 37,0
10.55 16 4*;0
10.58 24 2+:0
10.63 10.61 67;0
10.69 47,3%,0



TABLE V-2.

E,(MeV)!
10.79

10.90

11.08
11.22

11.48

11.64
11.83

12.03
12.22
12.38

12.58

12.85

13.08
13.43

13.57

13.71

I'(keV)!

350

350

150
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Peaks in *°Ne.
E,(MeV)?  T(keV)?

10.80 350
10.84 13
10.84 45
10.88

10.92 580
11.02 24
11.09 =0.5
11.24 175
11.26

11.27 =<0.3
11.53

11.60

11.65

11.89 46
11.93 0.44*0.15
12.14

12.22 <1
12.25 155*15
12.26 <1
12.33 390+ 50
12.58 72+9
12.74 6112
12.84 305
12.96 38+4
13.05 18%3
13.10 102+5
13.34 (8+3)x 102
13.43 49+7
13.53 61*8
13.57 12+5
13.59 9+1
13.68 112
13.74 7.7+0.5

J© T
4*;0
2%.0
37,0

3751
2*:0
6%;0
(2%)0
1750
2%;0
4*;0
6%;0
7750
(57);0
2%:0
2%:0
2+

1+
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TABLE V-2,
Peaks in ?°Ne.
E,(MeV)! [(keV)! E(MeV)? [(keV)? Jm.T?
13.87 =70 17;0
13.94 13.91 74+10 2.0
14.06 =140 2+
14.14 14.12 42+6 2*:0
14.13 4.7+0.7 2~
14.15 11.8+1.0 2~
14.30 60+13 (67);0
14.34 14.31 1178 6%;0
14.44 14.54 =15 57,0
14.64 14.78 110=20 (1)
14.82 117+13 57,0
14.88
15.05 66=20 2%:0
15.13 15.14 =60 (2%);0
15.17 23025 57;0
15.36 15.33 34=10 4*;0
15.59
15.74
15.91 16.01 100 (2%;1)
16.13
16.35
16.51 24+4 6%;0
16.57 16.56 90+ 30 570
16.58 92+8 77,0
16.63 (77)
16.82
16.98
17.13 17.18 26+5 57;0
17.27 17.21 225+ 30 4%,0

L)Present work.

2)Data from AJ-87. Above 10 MeV only relevant states have been included.
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V-2. Ground-state band
The ground-state K™=0" band contains three of the five strongest peaks in
the spectra: the elastic, the 1.63-MeV 2%, and the 4.25-MeV 4*. The 8.78-MeV 6+
is also present. The elastic scattering data have been analyzed by W. M. Amos
(AM-88). The data are shown in Figure V-7. The curves shown are collective-
model calculations which model the neutron and proton density of the ground

state as a two-parameter Fermi function:

-1
r—c¢
Pa,p(r)=Po [1+eXP [——"E] J
anp

with ¢, ,=2.805 fm and a, ,=0.571 fm (DE-87). The co-ordinate-space calcula-
tions were done with the computer code DWPI (EI-76a) and the momentum-space
calculations with PIPIT (EI-76b). The curves are absolutely normalized. The
agreement is good, although not perfect. The agreement could probably be
improved by adding p? terms to the m-nucleus potential (ER-88a,L1-83). The
agreement can also be improved by varying c, , and a, ,, but these changes were
found to have little effect on the inelastic-scattering calculations. For all inelastic-
scattering calculations presented here the incident and outgoing pion waves were
calculated using the formalism in these codes, as was described in ( hapter 4.

The angular distributions for the 2%, 4% an states are shown in Figures

V-8 and V-9 with collective-model, co-ordinate-space calculations from the code

DWPI. The curves have been normalized by requiring M=M,=M,,, where
M,=1B, { rlpt,.'przdr

and similarly for M,, and varying M to fit the 180-MeV =¥ and w~ data. The

results of this fit are given in Table V-3.
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Figure V-7.
Angular distributions for the elastic pesk. The top graph in aach column is
180-MeV 7 *, the middle 180-MeV w~, and the bottom 120-MeV w*. The
curves in the left column are co-ordifiate-space calculations. The curves in the
right column are momentum-space calculations.
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Figure V-8.
Angular distributions for the 1.63-MeV 2* (left column) and the 4.25-MeV 4*
(right column). The top graph in each column is 180-MeV 7", the middle
180-MeV 7~, and the bottom 120-MeV w*. The curves are DWIA calcula-
tions using a collective-model transition density (DWPI calculations).
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Figure V-9.

Angular distributions for the 8.78-MeV 6*. The top graph is 180-MeV =™,

the middle 180-MeV =™,

calculations.

and the bottom 120-MeV ®n*. The curves are DWPI
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TABLE V-3.
Ground-state transition strengths extracted with DWIA calculations.
Energy M(e fm’)? B(Eit)(e*fm?*)
1.63 2 1.797(0.005) x 10! 3.23x 10?
4.25 4 2.060(0.015) x 10° 4.24x 104
5.62 3 5.06{0.03) x 10! 2.56x 10°
7.16 3 4.57(0.03)x 10" 2.09x10°
7.42 2 1.69(0.13) x 10° 2.85x 10°
7.83 2 4.08(0.06)x 10° 1.66x 10"
8.45 2 2.09(0 09)x 10° 4.35%x10°
5 2.19(0.19) x 10? 4.7¢x 104
8.78 6 1.5(0.3)x 108 2.16x 10°
9.00 2 6.40(0.16)x 10° 4.09% 10!
9.03 4 9.9(0.3)% 10! 9.83x% 10°
9.99 4 7.1(0.4)x 10* 5.05x% 10°
10.26 5 6.17(0.17)x 10? 3.80x 10°
10.46 3 6.4(1.2)x 10° 4.13x 10
10.79 4 7.7(0.9)x 10! 6.00x 10°

1)/ is the angular momentum transfer used to fit the data. If more than one ! is
listed then several I's were used to fit the data separately and the M listed is for
each fit.

2)All M's were obtained by fitting 180 MeV n* and w™~ data simultaneously, with
the constraint M=M,=M,. Results for peaks with /=0 or 1 contributions are in

Table V-5. The number in parentheses is the statistica! error of the 8¢.
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It is somewhat surprising to see the 6%, since in the sd-shell the [argest single-
particle transition allowed is d-d which gives (=4, i.e. going to a 4™ state. For
this reason and because the E2 transitions between these states are known to be
strong, (AJ-87), coupled-channels calculations have been done using the code
NEWCHQP {MO-01). The couplings used are shown in Fiéure V-10 and their
strengths are given in Table V-4. The results of these calculations are shown in
Figure V-11. The calculations are absolutely normalized, but the strength of the
2% 6" transition is not known and was assumed to be equal to the 0% ~4* strength.
No E6 was used in the 6 calculation, showing that the state can be entirely popu-
lated by coupled-channels reaction routes.

Some of the details of the coupled-channeis calculations are shown in Figure
V-12. The top graph in each column shows the CCIA calculation (solid curve) and
the DWIA calculation (dashed curve). The main effect of the two-step route on the
47" calculation appears to be a shift in the position of the minimum. Destructive
interference between the direct (0*-4%) and the two-step (0" -2*-4*, labelled 2P1
after the intermediate state) calculations is necessary to it the 4% data, both in
shape and normalization. In the second graph in each column the relative contri-
bution of each route is shown. The solid curve is the sum of all routes used, 1.e.
the entire calculation. For the 47, left column, the dashed curve is the 2P1 route
and the dot-dashed curve is the direct route. The strength of the direct route was
varied until the entire calculation reproduced the magnitude of the data. The
strengths of the E2 transitions were fixed at the known values in the compilation
(AJ-87). The 6% calculation is dominated by the 4P1 route (0" -4*-6"), shown by
the alternating long and short dashed line in the middle graph. The dashed line is
the 2P1 route (0*-2*-6%). The strength of the 2*-6" transition was assumed to

be the same as the strength of the 0*~4" transition. The 0*-2*-47-6" route is
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Figure V-10.

Couplings used in the CCIA calculations for states in the K"=0," band.
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TABLE V-4.
Transition strengths used in CCIA calculations.

E; E; [ M(e fm) B(E{i-f)(e?fm?)

0.0 1.63 2  18.0 323

1.63  4.25 2 25.4! 129

0.0 4.25 4 278 7.73x10*

0.0 1.63 2 18.0! 323

163 579 3 45.7% 418

00 716 3 45.7 2.09%x10%

716 579 2 108! 17

0.0 5.79 1 16.6° 276

00 163 2 180 323

1.63 673 2 3.46' 2.4

00 673 0 527°

0.0 1.63 2 180! 323

1.63 7.42 2 524! 5.5

00 562 3 506! 2.56x10%

562 8.45 2 311! 140

00 845 5 384 1.48 X 10°

00 163 2 180! 323

163 871 3 682 1.93x 10°

00 163 2 180! 323

1.63 4.25 2 254! 129

425 8.78 2 4.65 2.4

00 4.25 4 278! 7.73x10*

163 878 4 278¢ 1.55x 10*

00 163 2 180 323

1.63 903 2 13.2! 34

00 603 4 428 1.83x10°

0.0 163 2 120 323

163 999 2 157! 49

0.0 9.99 4 128 1.64%x10*

00 716 3 457! 2.09x10°
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TABLE V-4.

Transition strengths used in CCIA calculations.
E, E, i Mefm B(E&i-f)(e*fm?)
7.16 1026 2 10.7! 16

0.0 1026 5 >8050r 905° 6.48 x10% or 8.19 x iQ®

)These matrix elements were fixed by other data. For transitions starting with
the ground state the results of DWIA calculations given in Table V-3 were used.
All other transition strengths were taken from the latest compilation {AJ-87).

2)This matrix element was assumed to be equal to the 0.0~7.16 matrix element.

3.)M is defined in the text for EO and E1 transitions.

#)This matrix element was assumed to be equal to the 0.0-4.25 matrix element.

5')Depending on whether the interference is constructive or destructive.
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Figure V-11.
CCIA calculations to the 4.25-MeV 4* (left column) and the 8.78-MeV 6
(right column). The top graph in each column is 180-MeV w™, the middle
180-MeV 7 ~, and the bottom 120-MeV ™.
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Figure V-12.
CCIA calculations to the 4.25-MeV 4% (left column) and the 8.78-MeV 6
(right column). All of the graphs are 180-MeV w*. The solid curve is the
complete CCIA calculation in all 6 graphs. The dashed curves in the top
graphs are DWPI calculations. In the middle graphs the dashed curves show
the contributions of the different routes. In the bottom graphs the dashed
curves show the effect of changing the relative phase.
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very weak. For the 4™ calculation the choice of phase, +1 or -1, between the
routes was straight-forward as is shown in the bottom graph. The dashed line
shows the calculation with the opposite phase and the strength of the E4 varied to
reproduce the overall magnitude of the data. Both the maximum and the
minimum are at too large an angle. For the 6* the phases chosen were those that
gave the largest overall magnitude. With the addition of a direct 0" -6 route any

choice of phase can be made to fit the data if sufficient E6 strength is included.

V-3. K™=0," band

Three peaks seen in this experiment correspond to states in the K™=0,"
band. Tkey are the 6.73-MeV 07, the oanly 0" excited state seen, the 7.42-MeV 2%,
which was observed in electron scattering to have an anomalous form factor (MI-
72), and the 9.99-MeV 4%. Angular distributions and DWIA calculations for the
2* and 4™ are shown in Figure V-13. The 7.42-MeV peak has an anomalous angu-
lar distribution, as in electron scattering.

The /=4 calculation does a reasonable job of reproducing the 9.99-MeV data,
but the first maximum and minimum appear to be at a smaller angle than the
DWIA calculation predicts. An /=3 gives almost as good a fit to the data. The
9.99-MeV 4% has a strong E2 branch to the 1.63-MeV 2%, so two-step calculations
using the 1.63-MeV state as the intermediate state have been done. The couplings
used are shown in Figure V.14 and their strengths given in Table V-4. The
strength of the /=4 transiiion was chosen to fit the data. These calculations
significantly improve the fit to the 9.99-MeV state as shown in the left column of
Figure V-15. The CCIA calculation does a very good job of fitting the 9.99-MeV
data. The top graph of the right column of Figure V-15 shows a comparison of the

CCIA (solid line) and DWIA (dashed line). The middle graph shows the
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Figure V-13.

Angular distributions for the 7.42-MeV 2 (left. column) and the 9.99-MeV 4™
(right column). The top graph in each column is 180-MeV w™, the middle
180-MeV n~, and the bottom 120-MeV n™. The curves are DWPI calcula-

tions,
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Figure V-14.

Couplings used in the CCIA calculations for the 9.99-MeV 4" state.
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Figure V-15.

CCIA calculations to the 9.99-MeV 4*. The solid curve is the complete CCIA
calculation in all 6 graphs. The top graph in left column is 180-MeV 7", the
middle 180-MeV =, and the bottom 120-MeV w*. In the right column ali of
the graphs are 180-MeV n*. The dashed curve in the right top graph is a
DWPI calculation. In the right middie graph the dashed curves show the con-
tributions of the different routes. In the right bottom graph the dashed curve

shows the effect of changing the relative phase.
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contributions of the direct (dot-dashed line) and 2P1 (dashed line} routes and their
sum (solid line). Again destructive interference was necessary to fit the angular
distribution. The bottom graph shows the results with constructive interference
(dashed line). Constructive interference pushes the maximum and minimum to
larger angles.

Coupled channels contributions are also important for the 6.73- and 7.42-MeV
peaks. The important couplings are shown in Figure V-16. For the 7.42-MeV 2%,
the two-step route, the solid curve in Figure V-17, is clearly non-negligble, espe-
cially around the minima. Unfortunately, it is not possible to fit the data including
a direct route using the standard collective-model transition density. The dashed
curves in Figure V-17 show the two-step and direct routes added _nd subtracted
coherently, limiting the strength of the direct route to the upper limit in the com-
pilation (AJ-87). If the strength of the direct route is increased, the CCIA calcula-
tion can be made to reproduce the magnitude of the data, the dot-dashed curves in
Figure V-17, but not the shape of the angular distribution. The 7.42-MeV state
also has a weak decay to the 4.25-MeV 4", but that route is at least an order of
magnitude smaller than the lowest 180-MeV 7" data point. No decay from the
7.42-MeV state to the 6.72-MeV 0% has been seen, (AJ-87), but since both states
are in the same rotational band a two-step calculation using the 6.73-MeV 0" as
the intermediate state was also done. The transition between the 7.42-MeV state
with the 6.73-state has to be at least 3 times the strength of the transition between
the 1.63-MeV state and the ground state to have any significant effect. Microscopic
calculations, discussed in section V-10, predict an anomalously shaped angular dis-
tribution with a shape similar to the data, Figures V-49 and V-50. NEWCHOP

(MO-01) is unable to calculate a microscopic transition density.
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Figure V-16.

Couplings used in the CCIA calculations for the 6.73-MeV 0% and 7.42-MeV
2% statea. There is no coupling between the 6.73- and the 7.42-MeV states.
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Figure V-17.
CCIA calculations to the 7.42-MeV 2* for 180 MeV w* incident beam. The
solid curve is the 2P1 route. The dashed curves are the 2P1=DIR routes,
with the direct strength st the upper limit in the compilation, (AJ-87). The
dot-dashed curves are the 2P1=DIR routes, with the direct strength increased
to fit the magnitude of the data.
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{=0 transition densities used for the 6.73-MeV 0*.



- 117 -

100
10~1
10—2

10~3

10~1
10—2

10-3

109

do/dQ (mb/sr)

10-1
10—2

103

104
0 20 40 60 80 100

® (Degrees)

Figure V-19.

Angular distributions for the 8.73-MeV 0*. The top graph is 180-MeV =™, the
middle 180-MeV %™, and the bottom 120-MeV w*. The slid curve uses the
standard collective-model transition density. The dashed curve uses the tran-

sition density of AU-71.
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The standard collective transition density is incorrect for [=0 transitions, as
was discussed in Chapter 4. Figure V-18 shows the standard collective transition
density (solid line) and the transition density of Auerbach (AU-71) (dashed line).
While these transition densities look very different they produce very similar
results for the angular distributions as shown in Figure V-19. This is probably
because the pion sees only the surface of the nucleus and on the surface these tran-
sition densities are very similar. In electron scattering a phenomenological transi-

tion density of the form
2 4 (. r?
pe(r)=po (l+ar +br+ecr ]exp - o7

was used (MI-72). With the constraint that c==0, then knowing M and R,,, where

E

M=<r2>h,=(4‘n)*f rlp,ridr (MI-72)

r=0
and

<r‘>gr

R =
tr <I'2>"

(MI-72),

fixes py, a, and b. Using M=7.37+1.97 fm? and R,,=5.73+1.30 fm (MI-72) or
M=5.85%+1.5 fm?® (SI-73) from electron scattering, a DWIA calculation can repro-
duce the magnitude of the data. The 0*-2*-~0% (2P1) two-step route is important
near the minima of the data. Varying these parameters, allowing terms up to r,
and including the two-step route gives the curves shown Figure V-20. The best fit
finds M=5.27%0.04 fm? and R,,=5.95+0.07 fm, shown in the left column of Fig-
ure V-20. The errors are statistical errors only. The top graph in the right column
shows the contribution of the direct and the bottom shows the two-step for the

180-MeV ¥ calculation. If c is set equal to zero, the fit is not as good, although
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Figure V-20.
CCIA calculations to the 6.73-MeV 0*. The top graph in left column is 180-
MeV n*, the middle 180-MeV 7 ~, and the bottom 120-MeV = ™. In the right
column all of the graphs are 180-MeV n™. The curve in the right top graph is
the direct component of the CCIA calculation. In the right bottom graph the
curve is the 2P1 component of the CCIA calculation.
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still very good, and the extracted M and R,? are changed by an amount much less

than statistical error of the original fit.

V-4. K"=0," band

The 7.83-MeV 2% and 9.03-MeV 4% members of the K™=0,* band are shown
in Figure V-21. DWIA calculations reproduce both angular distributions reason-
ably well, and the extracted matrix elements are given in Table V-3. The first
maximum and minimum for both states are at larger angles than the calculation
gives. Both states have a strong E2 decay to the 1.63-MeV 2%, so two-step calcula-
tions were done. The 0%-2*-2*% calculation is negligibly small and unable to
improve the fit. On the other hand, 0*-2%*~4" is important, as shown in Figure
V-22. The dashed line in the middle graph of the second column shows that the
contribution of this route is comparable to the contribution of the direct route, the
dot-dashed line. The left column shows the results of the coupled-channels calcu-
lation using both the 2P1 and direct routes, varying the strength of the direct
route to fit the data. The strengths used are given in Table V-4. Constructive

interference was necessary to push the maximum and minimum to larger angle and

ft the data.

V-5. K"=0," band
It is somewhat surprising that the 2* and 4™ states in this band were excited
in pion inelasti: scattering. This band is believed to result from the excitation of 2
or 4 particles into the fp shell. Since the pion’s interaction with the nucleus is a
one-body operator, this state should not be excited unless its wave function has
some (3d)* components or that of the ground state has some (fp)® or (fp)* com-

ponents. Both of these states have large @ widths and no vy decays are known for
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Figure V-21.
Angular distributions for the 7.83-MeV 2 {left column) and the 9.03-MeV 47
(right column). The top graph in each column is 180-MeV = *, the middle
180-MeV 7 ~, and the bottom 120-MeV w*. The curves are DWPI calcula-

tions.
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Figure V-22.
CCIA calculations to the 9.03-MeV 4*. The top graph in left column is 180-
MeV 7", the middle 180-MeV 7 ~, and the bottom 120-MeV #*. In the right
column al! of the graphs are 180-MeV n*. The dashed curve in the right top
graph is a DWPI calculation. In the right middle graph the dashed curves
show the contributions of the different routes. In the right bottom graph the
dashed curve shows the effect of changing the relstive phase.
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either of them. The compilation, (AJ-87), lists E,~8.8 MeV and ['>800 keV for
the 2 and E,==10.80+0.075 MeV and ['=350 keV for the 4*. Values of
E;,=9.00=0.18 MeV and '=800 keV for the 2% and E,=10.79 MeV and =350
keV for the 4™ fit the current data best. Because of their large widths these states
have not been extensively studied. Both the 2* and 4%, along with the 0" at 8.3
MeV which is not seen here, are seen in '®0O(a,a) and '"F(°He,d), and the 4* has
also been seen in '°0(°Li,d), (AJ-87). Mixing between the 8.3-MeV 0" and the
6.73-MeV 0" and between the 9.0-MeV 2¥ and the 7.42-MeV 27 can explain the
(*He,d) data (FO-72a, FO-76), but that mixing is unable to explain the present
data. The structure of the 9.00-MeV state is discussed in more detail in Appendix
2.

Angular distributions for these states are shown in Figure V-23 with DWIA
calculations. The matrix elements extracted from these fits are given in Table V-3.
The DWIA calculation gives a maximum and a minimum at a larger angle than
the data for the 2*. It has been shown in previous sections that CCIA calculations
can shift the maximum and minimum, but since no couplings between this state
and other state are known it is not possible to do a useful calculation. Figure V-24
compares the 1.63-MeV 2%+ with the 9.0-MeV 2*. The solid curve is the standard
DWIA calculation; the dashed curve is a calculation using a transition density
which has its peak at a radius that is =25% larger than the standard transition
density. Increasing the radius pushes the maximum and minimum to smaller angle
and improves the fit. If this band is formed by exciting 2 or 4 particles to the fp
shell, then the transition density should peak at a larger radius, so the data

presented here appears to be consistent with the belief that these states are either

(fp)! or (fp)*(sd)? configurations.
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Figure V-23.

Angular distributions for the 9.00-MeV 2% (left column) and the 10.79-MsV
4* (right column). The top graph in each column is 180-MeV =", the middle
180-MeV 7 ~, and the bottom 120-MeV w*. The curves are DWPI calcula-
tions.
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Figure V-24.
Angular distributions for the 1.63-MeV 2% (left column) and the 9.00-MeV 2*

(right column). The top graph in each column is 180-MeV =™, the middle
180-MeV 7~, and the bottom 120-MeV w*. The curves are DWPI calcula-

tions.
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V-8. K"=2" band

Several states from this band are present in our data. The 3~ at 5.62 MeV is
one of the strongest states in the spectrum. There is a peak at 8.45 MeV which
may correspond to the 57. The 4.97-MeV 27 is seen, although the 7.00-MeV 4~ is
not. Unnatural-parity states are generally weak in pion inelastic scattering on
even-even nuclei because the spin-flip part of the m-nucleus interaction is very
weak. It is so small it is dropped in DWPI (EI-76a), so it is not possible to do 2
DWIA calculation to this peak using a collective transition density. The spin-flip
term is included in PIPIT (EI-76b) so a microscopic calculation can be done to it.
The microscopic calculations are discussed in Section V-10. This state is coupled
to the 37 at 5.62 MeV with a strong E2, so it may be excited through a two-step
route using the 37 as the intermediate state. NEWCHOP (MO-01) assumes that
all states in the calculation have the same K, which for natural-parity states is not
a problem, but a 27 state cannot have K=0 so NEWCHOP calculates zero for the
cross section.

The 5.62- and 8.45-MeV angular distributions are shown in Figure V-25. The
curves are DWIA calculations using DWPI; the extracted M’s are in Table V-3.
The 5.62-MeV peak is well fitted by the {=3 calculation. The 8.45-MeV peak is
clearly not a simple I=>5 transition. The 8.45-MeV angular distribution resembles
an /=2 more than an /[=5. The left column of Figure V-26 shows a fit to the 8.45-
MeV peak with an /=2 calculation, which fits reasonably well. The M extracted
from this fit is included in Table V-3. The 8.45-MeV 57 state is known to have
strong E2 vy decay to the 5.62-MeV 37, (AJ-87), given in Table V-4. A two-step
calculation using the route 0*~37-57, labelled 3M1, overpredicts the large angle
data by a factor of two as shown in Figure V-27. The dashed curve in the middle

graph in the right column is the 3M1 calculation. If a strong direct component is
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Figure V-28.

Angular distributions for the 5.62-MeV 3~ (left column) and the 8.45-MeV
peak (right column). The top graph in each column is 180-MeV 7 *, the mid-
dle 180-MeV = ~, and the bottom 120-MeV n*. The curves are DWPI calcu-

lations.
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Figure V-26.
Angular distributions for the 8.45-MeV pesk. The top graph in each column
is 180-MeV 7", the middle 180-MeV = ~, and the bottom 120-MeV &*. The
solid curves in the left column and the dotdashed curves in the right column
are DWPI calculations. In the right column the dashed curves are CCIA cal-
culations and the solid curves are the incoherent sum of the CCIA and DWPI

calculations.
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Figure V-27.
CCIA calculations to the 8.45-MeV 5~. The top graph in left column is 180-
MeV 7%, the middle 180-MeV 7 ~, and the bottom 120-MeV #*. In the right
column all of the graphs are 180-MeV w*. The dashed curve in the right top
graph is a DWPI calculation. In the right middle graph the dashed curves
show the contributions of the different routes. In the right bottom graph the
dashed curve shows the effect of changing the relative phase.
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added to the calculation, it can destructively interfere with the 3M1 route and
bring the calculated curve down to the level of the data. Increasing the E5
strength in the calculation can bring the coupled-channels curve down below the
data. The ES strength given in Table V-4 was chosen to reproduce the magnitude
of the large angle data as shown in the left column of Figure V-27. With this
strength to the 57 it is still possible to fit the angular distribution with a combina-
tion of the CCIA calculation and an /=2 DWIA calculation. The right column in
Figure V-26 shows the incoherent sum (solid line) of the CCIA calculation (dashed
line) and the (=2 DWIA calculation (dot-dashed line), implying the existence of a

2% state near the 8.45-MeV 5~

V-7. K"=0" band

The three lowest states in this band are seen in this experiment, the 1~ at 5.79
MeV, the 37 at 7.16 - one of the strongest peaks in the spectrum - and the 5~ at
10.26 MeV. The 3~ and 5~ are shown in Figure V-28 with DWIA calculations and
the extracted M’s are given in Table V-3. The DWIA calculation reproduces the
3~ angular distribution, as it does for all the strong peaks. The transition to the
1™ will be discussed with the other /=1 transitions in Section V-9.

For the 5~ the calculation puts the maximum and minimum at larger angles
than the data. The 5~ has a strong E2 y decay to the 37, (AJ-87), and the two-
step calculation is strongest near the minimum of the data, although it is a factor
of 4 less than the data as shown by the solid curve in the middle graph of the left
column of Figure V-29. The dashed and dot-dashed curves are the /=5 strength
which must be added coherently, constructively or destructively respectively, to
the 3M2 calculation to reproduce the magnitude of the data. The left column

shows the results of CCIA calculations adding the 3M2 and direct route
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Figure V-28.
Angular distributione for the 7.16-MeV 3~ (left column) and the 10.26-MeV
peak (right column). The top graph in each column is 180-MeV = *, the mid-
dle 180-MeV 7~ and the bottom 120-MeV w*. The curves are DWPI calcu-
lations.
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Figure V-29.

CCIA calculations to the 10.26-MeV 5~. The top graph in left column is 180-
MeV n*, the middle 180-MeV 7™, and the bottom 120-MeV n*. In the right
column all of the graphs are 180-MeV 7 *. The dashed curve in the right top
graph is a DWPI calculation. In the right middle graph the solid curve shows
the contribution of the two-step route and the dashed the direct route
depending on the phase. In the right bottom graph the dashed curve shows
the effect of changing the relative phase.
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destructively. The bottom graph in the right column compares the results of
adding the curves constructively (dashed line) and destructively (solid line). The
coupling strengths used in these calculations are given in Table V-4. The CCIA

calculations do not give any significant improvement in the §t to these data.

V-8. K™=1" band
Only one state from this bard was seen, the 37 at 10.4 MeV. Its angular dis-
tribution is shown in Figure V-30 with DWIA calculations and the extracted
strength is given in Table V-3. The peak is very weakly excited as is evident from
the poor quality of the angular distribution, but given the quality of the data the
calculation fits reasonably well. There are no y decays to or from this state listed

in the compilation (AJ-87).

V-9. 17 states

As discussed in Chapter 4 the I=1 transitions with AT==0 require special care
as the [=0 transition at 6.73 MeV. Figure V-31 compares the transition density of
Harakeh and Dieperink, (HA-81), with the standard collective transition density
(solid curve). The two transition densities are obviously very different, even at
large radii. There are two low-lying 1~ states in 20Ne seen in this experiment, at
5.79 MeV and 8.71 MeV. In addition there are six peaks above 10 MeV whose
angular distributions appear to contain some /=1 strength. Both the 5.79- and
8.71-MeV states have T=0, so the standard transition density violates conserva-

tion of momentum. For the peaks above 10 MeV the standard transition density
can be used if AT=1, 1.e. a T=1 final state.

Six peaks which either should be or appear to be pure /=1 transitions are

shown in Figures V-32 through V-34. The transition density of HA-81 generally
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TABLE V-5.
Transition strengths extracted with DWIA for peaks involving /=0,1 transitions.
E, M M(e fm"™*?%)% R
579 1 6.2(0.4)x 10° 6.7
673 0 5.27(0.04) 5.95(0.07)
871 1 8.1(0.6)x 10° 6.7
1122 1 3.3(0.4)x 10° 6.7
1148 1 2.9(1.3)x10° 8.7
145 <3.8(1.4)x10°3 6.7
<1.2(0.5)x10% % .
1+6 <3.8(0.9)x10° ¥ 6.7
<9.(3.)x10%*? .
13.72 1 3.5(0.5)x 10° 6.7
14.88 145 3.9(0.5)x10° ¥ 6.7
2.2(0.3)x 10* ¥ -
1559 1 5.4(0.9)x 10° 6.7
17.27  1+4 2.7(0.3)x 107! ¥ 6.7
3.3(0.2)x10' ¥ -
1+5 2.8(0.4)x 1071 ¥ 6.7
2.0(0.2)x 10% ¥ -

1} is the angular momentum transfer used to fit the data. If more than one ! is
listed then several I's were used to fit the data separately and the M listed is for
each fit. If [+, is listed then 2 I's were added incoherently to fit the data and the

first M listed is for /; and the second M, on the next line, is for 4.

M and Ry, are defined in the text for /=0,1 transitions. Except where noted all
M'’s were obtained by fitting 180-MeV w* and ™ data simultaneously, with the
constraint M=M,=M,. The number in parentheses is the statistical error of the
fit.

3M was obtained by taking the maximum from either the 180-MeV =%+ or =~
data. The number in parentheses is the statistical error of the fit taken.

‘)M was obtained by averaging the values for 180 MeV 7* and #~. The number in

parentheses is the statistical error of the fits.
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Figure V-30.

Angular distributions for the 10.41-MeV 3~ The top graph is 180-MeV =™,
the middle 180-MeV 7™, and the bottom 120-MeV . The curves are DWPI
calculations.
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I=1 Transition Density
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Figure V-31.

[=1 transition densities used for transitions to 1~ states.
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Figure V-32.
Angular distributions for the 5.79-MeV 1~ (left column) and the 8.71-MeV 1~
(right column). The top graph in each column is 180-MeV 7", the middle
180-MeV 1 ~, and the bottom 120-MeV n*. The solid curves are DWPI cal-
culations using the standard transition density, the dashed use the transition
density of HA-81.
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Figure V-33.

Angulsr distributions for the 11.22-MeV 1~ (left column) and the 11.48-MeV
1~ (right column). The top graph in each column is 180-MeV ™", the middle
180-MeV 7, and the bottom 120-MeV n*. The solid curves are DWPI calcu-
lations using the standsrd transition density, the dashed use the transition
density of HA-81.
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Figure V-34.
Angular distributions for the 13.72-MeV 1~ (left column) and the 15.59-MeV
1~ (right column). The top graph in each column is 180-MeV =", the middle
180-MeV 7™, and the bottom 120-MeV w*. The solid curves are DWPI calcu-
lations using the standard transition density, the dashed use the transition
density of HA-81.
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gives a better fit, although it generally gives the first minimum at a smaller angle
than the data. Because the transition density has been chosen such that the nor-

mal definition of M is identically zero, the definition of M and R,, used for =0

transitions will be used for the =1 transitions,

<r'>,.

M=<r?>, and R/}= 7 .
<1 >4

Table V-5 contains the values of M and R,; extracted for /=0 and /=1 transitions.

Three peaks appear to be doublets, 1.e. their angular distributions appear to
be the result of two s adding incoherently. The peak at 11.48 MeV appears to be
a combination of either {=1+4 or [=1+35, shown in Figures V-35 and V-36. The
180-MeV 7" data seem to prefer the transition density of HA-81, while the =~
data are better fitted by the standard transition density. The peak at 14.88 MeV is
well fitted assuming the peak is a 17,57 doublet, using the transition density of
HA-81, as shown in Figure V-37. The peak at 17.27 MeV, the highest excitation
peak seen in this experiment, is fitted by either [=1+4 or I=1+5, and again some
angular distributions are better fitted by the standard transition density and some
by the transition density of HA-81, as seen in Figures V-38 and V-39.

The 8.71-MeV 17 is the lowest-lying state ia 2’Ne not placed in a rotational
band, (AJ-87). This state is known to y decay to the ground state and the first 2%,
(AJ-87). The strengths of both decays are measured, (AJ-87), but the y decay to
the 2* is an E1 transition, which is generally weaker than an E3 in pion scattering.
Since there is a strong coupling between the 1~ and 2%, a two-step calculation
using the 0*-2%-1" route, assuming the 2¥-1" transition is E3, was performed
varying the strength of the E3 coupling. The results of this calculation are shown
in the left column of Figure V-40. The two-step calculation fits the data as well as

the DWIA calculation using either transition density, shown in the right column of
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Figure V-35.
Angular distributions for the 11.48-MeV peak. The top graph in each column
is 180-MeV n*, the middie 180-MeV n ™, and the bottom 120-MeV w*. The
left column assumes the peak is a 1~ state and a 4* state. The right column
assumes the peak is a 1~ state and a 5~ state. The curves are DWPI calcula-

tions.
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Figure V-36.
Same as Figure V-35 except the /=1 cal:ulations use the transition density of
HA-81.
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Figure V-37.

Angular distributions for the 14.88-MeV peak. The top graph is 180-MeV
n*, the middle 180-MeV w~, and the bottom 120-MeV w*. The curves are

DWPI calculations.
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Figure V-38.

Angular distributions for the 17.27-MeV peak. The top graph in each column
is 180-MeV w*, the middle 180-MeV 7™, and the bottom 120-MeV =n*. The
left column assumes the peak is a 1~ state and a 4" state. The right column
assumes the peak is a 1~ state and a 5~ state. The curves are DWPI calcula-
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Figure V-39.
Same as Figure V-38 except the =1 calculations use the transition density of
HA-81.
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Figure V-40.
Angular distributions for the 8.71-MeV 1~. The top graph in each column is
180-MeV =*, the middle 180-MeV 7™, and the bottom 120-MeV w*. The
curves in the left column are two-step calculations. The curves in the right
column are DWPI calculations using the standard collective transition density
(solid line) and the transition density of HA-81 (dashed line).
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Figure V-40.

The 5.79-MeV angular distribution is poorly fitted by the DWIA calculations,
using either transition density. This state is known to have a strong decay to the
1.63-MeV 2%, and the 7.16-MeV 3~ has a strong E2 decay to it. Therefore there
are two two-step routes which can strongly excite this state, 0*=37 =1~ and
0*-2%-1". Again, because E1 transitions tend to be much weaker than E3 transi-
tions an (=3 coupling was used for the 2¥~1" transition. It was assumed to have
the same strength as the 0¥ -3~ transition, which is a similar cross-band transition.
The couplings used are shown in Figure V-41, including a direct route which used
the transition density of HA-81, and whose strength was varied to reproduce the
magnitude of the data. Figures V-42 through V-44 show the results of these calcu-
lations. There are four choices of the relative phases of each of the routes, one of
which fitsa the 180-MeV data very well as shown in Figure V-42. The different
choices of the relative phases give very different curves, as seen in Figure V-43. Fig-
ure V-44 shows the relative contribution of each route to the transition, the
0*-2%-1" route gives the dashed curve, the 0*-37~1" route gives the alternating
long and short dashed curve, and the direct route is given by the dot-dashed curve.

All three routes contribute roughly equally to the transition.

V-10. Microscopic calculations

Two shell-model calculations of the structure of *’Ne were described in
Chapter 3. They have been used to generate transition densities for microscopic
calculations of the angular distributions using the computer codes PIPIT (EI-76b)
and HL (LE-80b), described in Chapter 4. Isoscalar and isovector effective charges
can be extracted by comparing the magnitude of the data and the calculations to

T=0 and T==1 states respectively. Table V-6 contains the effective charges
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Figure V-41.
Couplings used in the CCIA calculations for the 5.79-MeV 17 state.
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Figure V-42.

CCIA calculations to the 5.79-MeV 1. The top graph is 180-MeV =™, the
middle 180-MeV =, and the bottom 120-MeV w*.
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Figure V-43.
CCIA calculations to the 5.79-MeV 1~. The curves show the effect of chang-
ing the relative phase between the routes.
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Figure V-44.
CCIA calculations to the 5.79-MeV 1~. The curves show the contribution of
each route.
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Figure V-45.

Angular distributions for the 6.73-MeV 0¥. The top graph is 180-MeV n*, the
middle 180-MeV »~, and the bottom 120-MeV m*. The curves are DWIA
calculations using microscopic transition densities from the (sd)* shell-model
calculation.
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Figure V-46.

Angular distributions for the 6.73-MeV 0. The top graph is 180-MeV w*, the
middle 180-MeV 7 ~, and the bottom 120-MeV n*. The curves are DWIA cal-
culations using microscopic transition densities from the ZBM shell-model cal-

culation.
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extracted from these data. The first T=1 state in *’Ne comes at 10.27 MeV and is
a 2%. The angular distribution for the nearest peak, 10.26 MeV, has no apparent
contribution from this state. Some of the higher excitation peaks may correspond
to T=1 states. These states are discussed in Appendix I.

Neither the (sd)* calculation nor the ZBM calculation is able to fit the 6.73-
MeV 0" data, as shown in Figures V-45 and V-46. The curves are arbitrarily nor-
malized to the data, giving isoscalar effective charges, e,, of 2.6 and 2.5 for the
(sd)* and ZBM calculations respectively. The ZBM calculation is unable to fit the
5.79-MeV angular distribution, shown in Figure V-47, but two-step routes have
been shown to be very important in understanding that angular distribution. The
second 17 in the ZBM calculation, when normalized to the data, fits the 8.71-MeV
angular distribution, but it requires a large effective charge, 14, and the second 1~
is not expected to correspond to the 8.71-MeV peak. The 8.85-MeV 17, which the
second ZBM state probably corresponds to, was not seen.

Because these calculations include the spin-flip part of the w-nucleus interac-
tion, they can calculate transitions to unnatural-parity states such as the 2~ shown
in Figure V-48. The ZBM calculation fits the 180-MeV data fairly well with an
enhancement factor of 22, althcugh the calculation puts the maximum of the
angular distribution about 10° further out than the data. The 120-MeV =™ calcu-

lation bears no resemblance to the data. The cross section can b. approximated by

if';‘(ﬁa)'=f(E) (4M’(q)cos’(0)+0'!“S’(q)5‘“2(°) ]

where the second term contains all the spin-flip contributions (SI-81). If there are
no two-step contributions to the 4.97-MeV angular distributions, then only the
second term can populate this state. For constant q and 8 <90° the 180-MeV cross

sections will be smaller than the 120-MeV cross sections. Also, the shapes of the
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TABLE V-6.

Effective charges extracted for ZBM and (sd)* model spaces.
{  Model Space eo')

2 (sd)! 2.0

2 IBM 2.2

3 ZBM 2.4

4 (sd)* 2.2%)

4 IBM =g

ey is the isoscalar effective charge.
2)If two-step contributions to the 4.25-MeV cross section are taken into account e,

could be up to 40% larger.
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Figure V-47.
Angular distributions for the 5.79-MeV and the 8.71-MeV 1~ states. The top
graph in each column is 180-MeV w*, the middle 180-MeV =, and the bot-
tom 120-MeV w*. The curves are DWIA calculstions using microscopic tran-
sition densities from the ZBM shell-model calculation.
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Figure V.48,

Angular distributions for the 4.97-MeV 2~ state. The top graph is 180-MeV
", the middle 180-MeV ", and the bottom 120-MeV w*. The curves are
DWIA calculations using microscopic transition densities from the ZBM shell-

model calculation.
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Figure V-49.
Angular distributions for the 1.63-MeV and the 7.42-MeV 2% states. The top
graph in each column is 180-MeV «*, the middie 180-MeV =« ™, and the bot-
tom 120-MeV w*. The curves are DWIA calculations using microscopic tran-
sition densities from the (sd)* shell-model calculation.
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Figure V-50.
Angular distributions for the 1.83-MeV and the 7.42-MeV 2* states. The top
graph in each column is 180-MeV 7", the middle 180-MeV 7 ~, and the bot-
tom 120-MeV 7*. The curves are DWIA calculations using microscopic tran-
sition densities from the ZBM shell-model calculation.
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Figure V-51.
Same as Figure V-50 but for the 7.83-MeV state.
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angular distributions should be the same, with the maxima and minima at larger
angles for the 120-MeV data. The solid curves shown in Figure V-48 have the
correct behavior. The data clearly do not. This implies that two-step contribu-
tions are very important for this state.

The 1.63-MeV 2% data, shown in Figures V-49 and V-50, were used to extract
the isoscalar effective charge for E2 transitions, eq=2.0 for (sd}* and ey=2.2 for
ZBM. Using these effective charges for the other 2% states, the ZBM calculation
slightly underpredicts the 7.83-MeV angular distribution, shown in Figure V-51.
Both calculations imply that the microscopic transition density is very important
in understanding the 7.42 MeV transition, shown in Figures V-49 and V-50.

Using ep=2.4 the ZBM calculation fits the 5.62-MeV 3~ very well, as shown in
Figure V-52. If the second 37 in the calculation is assumed to correspond to the
7.16-MeV state the calculation underpredicts the cross section by a factor of 50.
However, the 7.16-MeV state is believed to be formed by exciting one nucleon into
the fp shell. The 10.41-MeV 37 is more likely to correspond to the second 3~ in
the ZBM calculation. Figure V-33 shows that the calculation fits that state very
well.

The (sd)* calculations fit the 4.25-MeV 4% with an effective charge of 2.2, as
shown in Figure V-54. The CCIA calculations showed the two-step route was also
important in populating this state, so the value may be up to 40% larger. As seen
in Figure V-54, using e,=2.2 the (sd)* calculation underpredicts the 9.99-MeV 4%
by about an order of magnitude, but two-step contributions were also important
for this state. The CCIA calculations required a much larger direct contribution,

making the underprediction worse.
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Figure V-52.
Angular distributions for the 5.62-MeV and the 7.16-MeV 3~ states. The top
graph in each column is 180-MeV 7", the middle 180-MeV 7", and the bot-
tom 120-MeV w*. The curves are DWIA calculations using microscopic tran-
sition densities from the ZBM shell-model calculation.
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Figure V-53.
Same as Figure V-52 but for the 5.62-MeV and 10.41-MeV states.
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Figure V-54.
Angular distributions for the 4.25-MeV and the 9.99-MeV 4" states. The top
graph in each column is 180-MeV 7", the middle 180-MeV =, and the bot-
tom 120-MeV w*. The curves are DWIA calculations using microscopic tran-
sition densities from the (sd)* shell-model calculation.
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Figure V-55.

Angular distributions for the 4.25-MeV 4" state. The top gr
m*, the middle 180-MeV m ", and the bottom 120-MeV ™. The curves are
DWIA calculations using microscopi: transition densities from the ZBM shell-

model calculation.
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Figure V-5¢.

Angular distributions for the 9.03-MeV and 9.99-MeV 4 states. The top
graph in each column is 180-MeV w™*, the middie 180-MeV ™, and the bot-
tom 120-MeV w*. The curves are DWIA calculations using microscopic tran-
sition densities from the ZBM sheil-model calculation.



- 167 -

109

101 LI T TIrv LI 4 Tr
| DOAE N
180 MeV n*

100 10!
10—1 10-2
10-2 10—3
s, 10t 100
n 180 MeV -
} 100 10-1
E 10_1 10-2
% 10-2 10-3
~
b 1o! 100
ge) .
10° 10-1
1071 10-2
10-8 10=3
10-3 L 10—4
0 20 40 60 80 100 0 20 40 80 80 100

QO (Degrees)

Figure V-57.
Same as Figure V-58 except assuming the 4”'s in the ZBM shell-model calcu-
lation switch as they do experimentally
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In the ZBM space the only way to construct an [=4 transition is with
d5/2-d5/2, which may be why an effective charge of =6 is necessary to fit the
4.25-MeV 47, shown in Figure V-55. If the two-step contributions to the 4.25-MeV
angular distribution are included then a larger ey is again necessary. The s was
some confusion in the ZBM calculation as to whether the second model state
corresponded to the second or third physical state, and similarly for the third
model state. Figures V-36 and V-57 show the results of each choice. Ignoring
two-step contributions the third model state is able to fit either the second or the
third 4™ angular distribution, but the second model state overpredicts both by a
factor of 5-10. However, the CCIA calculations showed constructive inter{erence
for the 9.03-MeV 4™ and destructive interference for the 9.99-MeV 4  s0 assuming
the second model state goes with the third 4 and the third model state goes with
the second 47, 1.e. assuming the bands cross in the ZBM space like they do in the

physical space, shows better agrsement to the dats. although both calculations are

probably still too large.



V1. Conclusions

This work is a study of pion inelastic scattering on **Ne. Fifty-seven peaks
are present. Most of the extracted angular distributions can be explained using the
distorted-wave impulse approximation (DWIA) and a collective transition density.
For some peaks DWIA was inadequate, or gave results that contradicted what was
previously known about those states. Coupled-channels impulse approximation

(CCIA) calculations were done to explain the transitions to many of these peaks.

The DWIA calculations fit all of the strong transitions seen. In general the
extracted transition strengths agree with those measured by either y decay or ine-
lastic electron scattering, given in Table VI-1 and shown in Figure VI-1. The only
major disagreemnent with y decay data is for a very weak transition to the 7.42-
MeV state, where a number three times the vy decay upper limit was extracted.
Because this state has a very anomalous angular distribution and was poorly fitted
by both CWIA and CCILA calculations, the matrix element extracted here is clearly
unreliable. This peak will be discussed later in this chapter. The transitions from
the 4.25-MeV state and the 7.16-MeV state to the ground state have not been

measured in y decay, but the excitations have been observed in inelastic electron
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Figure VI-1.
Comparison of B(El) extracted with pion scattering and electromagnetic
probes.
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TABLE VI-1.

Comparison of B(E!')'s from pion scattering with other data.
E, Jr Current exp. Compilation"
1.63 2* 323. 335=21

425 47 77300. 38000+ 8000%
5.62 37 2560. 1883*+632
7.16 3~ 2090. =550%)

742 2° 2.85 =0.82+0.17
7.83 2% 16.6 12.0*1.5

9.49 2% 6.09 <5

9.99 47 16400. =5.6x10°

UData from AJ-87.
2)Data from SI-73.
3IData from MI-72.

TABLE VI-2.

Comparison of B(E{t)'s from pion scattering with theory.
E, J" Current exp. ZBM!) (sd)* 2
1.62 2+ 323. 233 303
4.25 4* 77300. 2873. 27600
5.62 3~ 2560. 1149. -

7.42 2+ 2.85 0.255 0.163
7.83 2* 16.6 4.52 -

9.03 47 1830. 461 1160
9.99 4" 16400. 3537. -

1041 37 41.3 28.4 -

l)eo=l
2)e,_,=l.':' for E2 transitions and 2.0 for E4 transitions (BR-83).
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scattering (SI-73,MI-72). Our result for the 4.25-MeV 4% is a factor of two higher
than their result, and for the 7.16-MeV 3~ a factor of four higher. In both
electron-scattering experiments the 7.16-MeV 37 is not resolved from the 7.20-MeV
0. Unlike the current experiment, the 7.20-MeV state dominates the peak in elec-
tron scattering. Their value for the transition strength was gotten by assuming the
7.16-MeV form factor had the same shape as the 5.62-MeV 3, form factor and

constraining the curve to fit the minimum of the measured form factor.

For many weaker transitions two-step routes were shown to be important.
The 4*'s at 9.03 and 9.99 MeV were poorly fitted by DWIA. Their angular distri-
butions peaked at slightly larger and smaller angles than the DWIA calculation,
respectively. DWIA calculations with an ! transfer of 3 fit the 9.99-MeV data
almost as well as /=4. The first 47 at 4.25 MeV was very well fitted with DWIA,
but when the two-step route was taken into account the exiracted matrix element,
M, o, increased by almost 50%. Because >°Ne is an sd-shell nucleus, there should
not be any direct [=6 excitations and any direct /=35 excitations must involve put-
ting a nucleon in the fp-shell. The one 6 observed can be explained entirely with
two-step excitations, although the quality of the data is so poor that a direct com-
ponent can not be ruled out. Two peaks observed could correspond to known 5~
states in 2’Ne. The peak at 10.26 MeV is fitted by a one-step /=S5 calculation. The
two-step route makes no improvement in the fit and is virtually negligible. How-
ever, the states in this band are believed to result from exciting one nuclecn into
the fp-shell, so this is not a problem. The 8.45-MeV peak is fitted very well with
an /=2 DWIA calculation. Using known transition strengths the two-step caicula-
tion significantly overpredicts the large-angle data. A large direct E5 component

was necessary to destructively interfere with the two-step route to bring the CCIA

calculation down to the strength of the data.
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Because the standard collective transition density does not give a zero matrix
element for /=0 and 1 (AT=0) transitions, different forms were used (AU-71,HA-
81). For the 6.73-MeV 07, a two-step route, with the 1.63-MeV 2% as the inter-
mediate state, is non-negligible. The transition density of Auerbach (AU-71) does
not fit the data. A phenomenological form for the transition density used in elec-
tron scattering, (MI-72,S1-73), fitted the angular distribution and gave a transition
strength of 5.27 fm?, in good agreement with the electron scattering results of
7.37+1.97 fm® (MI-72) or 5.85%=1.5 fm? (SI-73). The results for the /=1 transition
density are not as clear. The 5.79-MeV peak is fitted very well using two two-step
routes and a direct route in the CCILA calculation. The other low-lying 1~ observed
is the 8.71-MeV state, which can be fitted either with DWIA using the transition
density of Harakeh and Dieperink (HA-81) or with a two-step route using the
1.63-MeV 2* as the intermediate state, but any CCIA calculation using both
routes fit the data worse than either route separately. Since the strengths of each
route could not be determined from other data or calculations it was not possible
to constrain either route. Other possible 1~ states observed are at higher excita-
tion and are fitted as well with the standard collective transitions density as with
the density of Harakeh and Dieperink (HA-81).

The data to low-lying states have also been fitted using microscopic transition
densities from shell-model calculations, described in Chapter 3. The transition
strengths extracted with collective transition densities are ~ompared to the
predicted strengths in Table VI-2 and Figure VI-2. For the (sd)* calculation the
agreement is very good. For the ZBM calculation the agreement is fairly good.
although there are some significant discrepancies. The caiculation does not seem
to get the mixing between the 2* and 4* states of the second and third rotational

bands correct. This was also apparent in Chapter 3 where the calculation was
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compared to y decay data. Using microscopic transition densities from these cal-
culations many of the extracted angular distributions were fitted. Most of the
discrepancies arise for states where a two-step route was also seen to be important.
The peculiar angular distribution of the 7.42-MeV 2% appears to arise from des-
tructive interference between the 1d5/2-1d5/2, 1d5/2-2s1/2, and 2s1/2-1d5/2
amplitudes in the shell-model calculations.

For strong transitions, DWIA using a collective transition density fits the data
very well and gives results that agree with other probes. While DWIA does some-
times work for weaker transitions, this is not always the case. Two-step routes,
even when they are much weaker than the direct route, can have a dramatic effect
on the extracted transition matrix element, M, ,. Stronger two-step routes can
change the shape of the angular distribution, moving maxima and minima enough
that one might deduce an incorrect ! transfer. For the 8.71-MeV 17 the data were
unable to distinguish between the direct and two-step routes. When one or more
two-step routes dominate, very anomalous and misleading angular distributions
can result. Also important for weaker peaks are microscopic effects. Cancellations
between shell-model amplitudes can give very anomalous angular distributions
which in regions where the density of states is high might lead one to incorrectly

deduce the peak is a doublet.



Appendix 1. High Excitation Peaks

Above 8 MeV there are states in ?Ne which are not a part of any rotational
band. They will be discussed in this section, except for peaks which require /=1
transitions to explain the angular distributions. There are several K™=0* bands
in 2%Ne not discussed in Chapter 5 given in the compilation (AJ-87). They are gen-
eraily at much higher excitation and unambiguous identification of their states is
not possible. No peaks observed in the current experiment appear to correspond to
states in those bands. There are no other negative-parity bands identified in °Ne.
States needing some /=1 component to explain their angular distributions have
been discussed in Chapter 5.

Figures Al-1 through Al-21 show angular distributions and DWIA fits for 24
peaks between 8.71 MeV and 17.13 MeV in excitation. All of the fits were done
requiring M=M_,=M,,, and varying M to fit the 180-MeV w* and 7~ data. The
extracted values of M are given in Table Al-1. In many cases, particulariy where
large ! transfers are indicated, the choice of ! transfer is ambiguous. All {'s which
give reasonable fits have been shown. The [ transfer extracted with DWIA may

have little relation to the actual J™ of the state because of two-step contributions,
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and because the transition density may have a very non-collective shape due to
microscopic effecta.

Nine peaks are fitted with ! transfers greater than 5. Because /=4 is the larg-
est [transfer possible in the sd shell, =35 if one particle is allowed to excite into the
fp-shell, these states probably have significant two-step contributions to their cross
sections. The peak at 12.03 MeV might correspond to the 87 member of the
K"==0;" band at 12.14 MeV (AJ-87). The 6" member of the K"=0," band has
been postulated to be either the state at 12.585 MeV or 13.105 MeV (AJ-87) and
may correspond to the peak at 12.58 or 13.08 MeV.

Figures A1-22 through A1-36 show 14 peaks which could not be fitted reason-
ably with one [ transfer assuming M,=M,. Nine of these peaks can only be fitted
with the incoherent sum of 2 ['s, implying that these peaks are doublets. The
extracted transition strengths are included in Table Al-1.

The first T=1 state in °Ne occurs at 10.27 MeV. There are 12 known T=1
states in ?°Ne, 3 possible T=1 states, and 22 states with no isospin information in
the compilation (AJ-87). Shell-model calculations of the structure of these states
have been done using both model spaces described in Chapter 3. The isovector
effective charge is believed to be one in the sd shell (BR-82,AL-85). The isovector
effective charge, e, is the difference between the neutron and proton effective

charges, e, and e,. Writing the neutron and proton effective charges as
ep=(1+3,)e and e,;=(0+3,)e,

it is obvious that the statement e;=1 is equivalent to the statement that 3,=35,,
i.e. the change in charge is the same for neutrons and protons. Several peaks seen
above 10 MeV could correspond to T=1 states in 2°Ne. They are listed in Table

A1-2. Assuming the T=1 state is the only state contributing significantly to the
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peak, then the isovector effective charge can be extracted using the computer codes
PIPIT (EI-76b) and HL (LE-80b) to calculate the angular distributions. For the
ZBM calculation it was assumed that the first shell-model state of a given J™
corresponded to the first experimental state of the same J", the second to the
second and 3o on. The states in ?°F with predominantly (sd)‘ structure are known,
(CR-74), and their analogs in 2°Ne are also known, (AJ-87). The extracted isovec-
tor effective charges are given in Table A1-2. If other states contribute to the cross
section then the extracted effective charges are upper limits.

Pion inelastic scattering is very sensitive to differences between the neutron
and proton parts of the transition density. It can be used to find strong neutron or
proton excitations. Looking at difference spectra, i.e. a spectrum formed by sub-
tracting a normalized 7~ spectrum from a w* spectrum, has found s::veral of these
states (SE-81). If a state has good isospin it should not appear in the difference
spectrum, but if a state is primarily a neutron or protcn excitation it will show up
as a peak or dip in the difference spectrum. There is no evidence in these spectra
for any states which are primarily neutron or proton excitations in 2°Ne. One
would not expect to see any differences below the energy of the first T=1 state at
10.27 MeV, bocause a state which is a neutron or proton excitation would have
mixed isospin - while the nuclear force will produce only states of good isospin, the
Coulomb force, generally relatively weak in light nuclei, will mix states of good
isospin. It is probably not surprising that nothing is seen in the difference spectra,

because above 10 MeV the density of states is high and there are no strongly

excited peaks.
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TABLE Al-1.
Ground-state transition strengths extracted with DWIA calculations!’.
Energy # M(e fm")® B(E1)(e*fm?)
9.12 3 1.17(0.09) x 10! 1.37x 10°
9.28 2 1.0(0.5)x 10° 1.02x 10°
3 5.3(2.3)x 10° 2.86x 10"
9.45 2 2.47(0.20) x 10° 6.09x 10°
9.88 3 6.2(1.3)x 10° 3.86 x 10!
4 3.3(0.9)x 10" 1.08x 10°
10.63 2+4 1.6(0.4)x 10° ® 2.7x10°
<4.9(0.8)x10' ¥ <2.4x10°
2 1.75(0.14) x 10° 3.06x 10°
3 1.02(0.09) x 10 1.04x 102
4 5.7(0.5)x 10 3.29x10°
10.90 2 1.99(0.11)x 10° 3.95x10°
3 1.22(0.06) x 10* 1.48x 10°
4 7.1(0.4)x 10" 5.06x 10°
11.08 245 1.01(0.17)x 10° 1.02x 10°
2.0(0.4)x 10* ¥ 4.2x 10*
3 7.2(1.1)x 10° ® 5.2x 10!
4 <4.9(1.0)x10' ¥ <2.4x10°
11.64 2 7.9(1.8)x 107! 6.27x 10!
4 2.5(0.7)x 10! 6.18 x 102
6 9.4(2.2)x 10? 8.80% 10°
1183 3 4.4(1.5)x10° 1.90x 10
4 2.3(0.8)x 10' ¥ 5.22x 10?
12.03 8 1.93(0.17)x 108 3.72x10°
7 1.38(0.11)x 10* 1.91x 10"
8 1.14(0.09)x 10* 1.30x 10'°
1222  2+4 2.0(0.2)x10° ® 4.10x10°
9.5(0.5)x 10! 9.31x10%
3 5.8(0.2)x 10° ¥ 3.3x 10"
4 3.33(0.13)x 10 ¥ 1.11x10°
12.38 6 1.3(0.2)x 10° 1.67 x 108
7 9.5(1.7)x 10° 9.07 <107
8 8.2(1.5)x 10* 6.64 x 10°
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TABLE Al-1.
Ground-state transition strengths extracted with DWIA calculations?).
Energy # M(e fm')®) B(E!1)(e*fm?)
12.58 6 1.08(0.20)x 10* 1.17 x 10°
9 8.0(1.0)x 10° 6.36 x 10!
12.85 2 3.78(0.07)x 10° 1.43x 10!
13.08 5 1.8(0.3)x 10? 3.34x10*
6 1.13(0.17)x 10° 1.27x 108
13.43 6 1.53(0.12)x 10° 2.35x 108
7 1.08(0.09)x 10* 1.16 x 10*
13.57 2 1.60(0.16)x 10° 2.55x% 10°
13.94 2 2.75(0.08) x 10° 7.58x10°
14.14 2 1.42(0.14)x 10° 2.02x10°
14.34 5 1.5(0.4)x 10? 2.16 x 10*
6 9.(3.)x 10? 8.68x 10°
7 7.(2.)%10° 4.33x 107
14.44 5 1.8(0.5)x 10? 3.19x 10*
8 10.(3.)x 10? 9.63x10°
14.64  2+4 2.39(C.14)x 10° ® 5.73% 10°
4.3(0.6)x 10' ® 1.8x10°
2 2.59(0.13)x 10° 8 6.73% 10°
15.13  2+4 2.3(0.4)x 10° ® 5.3x10°
<3.8(0.6)x 10! ¥ 1.5x10°
2 2.4(0.4)x 10°® 5.8x 10°
15.36 2+4 2.08(0.19)x 10° ¥ 4.33x 10°
3.9(0.6)x 10! ® 1.5% 10°
2 2.29(0.14)x 10° ¥ 5.24 % 10°
15.74 244 1.1(0.3)x 10° 8 1.13x 10°
1.9(1.1)x 10* ® 3.8x10?
2 1.2(0.3)x 10° ® 1.33x 10°
3 5.9(1.5)x 10° ® 3.5x 10"
15.91 2 1.57(0.13)x 10° 2.46 x 10°
3 7.9(0.7)x 10° 6.21x 10’
16.13 3 1.14(0.05) x 10 1.31x10?
16.35 245 1.2(0.3)x10°® 1.5%10°

2.1(0.4)x 10% 5 4.28 % 10*
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TABLE Al-1.

Ground-state transition strengths extracted with DWIA calculations'’.

Energy & M(e fm’)? B(E/t)(e*fm?)

16.57 2+4 1.5(0.2)x 10° & 2.20x 10°
6.2(0.5)x 10! ¥ 3.90x10°

2+5 1.8(0.2)x 10° ® 3.1x10°

3.5(0.3)x10? ® 1.19x 108

16.82 2 1.45(0.13)x 10° 2.09x 10°

16.98 3 7.1(1.4)x 10° 5.06 x 10"

17.13 5 2.3(0.3) x 10? 5.31x10*

DTable V-2 includes states in the compilation, (AJ-87), which may correspond to
the peaks listed here.

2 is the angular momentum transfer used to fit the data. If more than one ! is
listed then severa] I's were used to fit the data separately and the M listed is for
each fit. If [;+/, is listed then 2 I's were added incoherently to fit the data and the
first M listed is for /;, the second M, on the next line, is for I,.

J)Except where noted all M’s were obtained by fitting 180 MeV w* and =~ data
simultaneously, with the constraint M=M,=M,. Results for peaks with =0 or 1
contributions are in Table V-5. The number in parentheses is the statistical error
of the fit.

)M was obtained by taking the maximum from either the 180 MeV 7 * or ™ data.
The number in parentheses is the statistical error of the fit taken.

5)M was obtained by averaging the values for 180 MeV 7+ and w~. The number in

parentheses is the statistical error of the fit.
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Possible isovector transitions in **Ne(w,7').

Energy
10.90
11.08
11.22

11.64
12.22

13.57
13.72

13.94
14.14

14.88

UData from AJ-87.

{

3
4
1

N N = N W NN

E.}

10.88
11.09
11.26
11.27
11.60
12.22
12.26
13.59
13.74
13.88
14.08
14.13
14.15
14.70
14.78

?Extracted for the ZBM model space.

3Extracted for the (sd)* model space.

JuT
3*:1
471

(1%)
(17)

4.54
2.9
6.7Y
1.3
2.1Y
2.9
3.0

2.6

el‘”
3.94
3.8
3.24

4.7

3.8

YFor unnatural parity states the square root of N is listed, where

[0 4

N=—2E

Ttheo



- 183 -

_——
5
5.116 KeV¥
} 10~} 1=3 101
£ -2 -2
10 10
S 103 103
el
~
5 100 100
ol
10-! 10-1
10-2 10~-2
1073 103
104 10~4 ~
0 20 40 60 80 100 0 20 40 60 80 100

® (Degrees)

Figure Al-1.
Angular distributions for peaks between 8.71 and 11.22 MeV in excitation
which could be fit with a single /. All of the graphs in both columns are 180-
MeV n*. The curves are DWIA calculations using a collective transition den-

sity.
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Figure A1-2.
Same as Figure Al-1 except the graphs are 180-MeV 7~ data.
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Figure Al1-3.
Same as Figure Al-1 except the graphs are 120-MeV 7 * data.
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Figure Al-4.
Same as Figure Al-1 but for states between 11.64 and 12.03 MeV in excita-
tion.
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Figure Al-5.
Same as Figure Al-4 except the graphs are 180-MeV =~ data.
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Figure A1-6.

Same as Figure Al-4 except the graphs are 120-MeV " dats.
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Figure Al-7.
Same as Figure Al-1 but for states between 12.38 and 12.85 MeV in excita-
tion.
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Figure Al-8.
Same as Figure A1-7 except tne graphs are 180-MeV 7~ data.
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Figure Al-9.
Same as Figure A1-7 except the graphs are 120-MeV ¥ data.
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Figure Al1-10.
Same as Figure Al-1 but for states between 13.08 and 13.72 MeV in excita-
tion.
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Figure Al-11.
Same as Figure A1-10 except the graphs are 180-MeV ™ data.
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Figure A1-12.
Same as Figure A1-10 except the graphs are 120-MeV =" data.
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Figure Al1-13.
Same as Figure Al-1 but for states between 13.94 and 14.35 MeV in excita-
tion.



- 196 -

10—1

10—2

? 14

g

S Rans Aansnan

AT

IY
348 MoV

q

19-3
10—4 _%
’: 100 10-1
é 10" 2 Q? 10-3
S; 10-3 10—4¢
\E; 10-4 10~-1
go]
10-8 10-2
10-8 10-3
10-7 10~4
10-8 Lo Loy - bl L
0 20 40 80 100 0 20 40 80 80 100

80
® (Degrees)

Figure Al-14.
Same as Figure A1-13 except the graphs are 180-MeV =~ data.
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Figure Al-185.

Same as Figure A1-13 except the graphs are 120-MeV =" data.
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Figure Al-16.
Same as Figure Al-1 but for states between 14.44 and 15.59 MeV in excits-
tion.



A RARS RARS RARS 0
14.443 MeV
l=8

l=a

10—2

103

° E ]

109

do/dQ (mb/sr)

10-1
10-2

10—3

10—4
0 20 40 60 80 100

® (Degrees)

Figure Al-17.
Same as Figure A1-16 except the graphs are 180-MeV ©n~ data.
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Figure A1-18.
Same as Figure Al-16 except the graphs are 120-MeV ™ data.
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Figure Al1-19.
Same as Figure Al-1 but for states between 15.91 and 17.13 MeV in excita-
tion.
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Figure A1-20.
Same as Figure A1-19 except the graphs are 180-MeV 7~ data.
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Figure A1-21.
Same as Figure A1-19 except the graphs are 120-MeV 7 * data.
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Figure A1-22.

Angular distributions for peaks between 9.88 and 10.90 MeV in excitation
which could not be well it with a single /. All of the graphs in both columns
are 180-MeV m*. The curves are DWIA calculations using a collective transi-
tion density. For peaks fit with more than one /, the solid curve is the
incoherent sum of each ! transfer. The broken curves are the contribution of

each [
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Figure A1-23.
Same as Figure A1-22 except the graphs are 180-MeV 7~ data.
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Figure A1-24.
Same as Figure A1-22 except the graphs are 120-MeV 7" data.
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Figure A1-25.
Same as Figure A1-22 but for states between 11.08 and 11.83 MeV in excita-
tion.
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Figure A1-26.
Same as Figure A1-25 except the graphs are 130-MeV 7~ dats.
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Figure A1-27.
Same as Figure A1-25 except the graphs are 120-MeV 7~ data.
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Same as Figure A1-22 but for states between 12.22 and 14.88 MeV in excita-
tiom.
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Figure A1-29.
Same as Figure A1-28 except the graphs are 180-MeV 7~ data.
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Figure A1-30.
Same as Figure A1-28 except the graphs are 120-MeV 7™ data.



100
10~1
10-2

10~3

10~3

109
10~1

10~2

do/d0 (mb/sr)

103
10—+
10~8

100

10-4 §

-213-

0 20 40 60 80 100

100
101
10-2
10~3
10-4

10—%

100
10~-1
10-2
10-3
104

10~8

10—@

Alillllllll‘

lll 2.l

® (Degrees)

Figure A1-31.

0 20 40 60 80 100

Same as Figure A1-22 but for states between 15.13 and 15.36 MeV in excita-

tion.
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Same as Figure A1-31 except the graphs are 180-MeV 7~ data.
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Figure A1-33.
Same as Figure A1-31 except the graphs are 120-MeV n™* data.
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Figure A1-34.

Same as Figure A1-22 but for states between 15.74 and 16.59 MeV in excita-
tion.
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Figure A1-35.
Same as Figure A1-34 except the graphs are 180-MeV =~ data.
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ABSTRACT

We have observed the broad 2* member of the K*=0,* band of 3°Ne with the
3ONe(w*,m*’) reaction at T,=120 MeV and 180 MeV and with 3®Ne(n~,7~") at T,=180 MeV.
We find an excitation energy of 9.00=0.18 MeV and a width of 0.8 MeV. The B(E2?) is deter-
mined to be approximately 25 to 35 e?fm*.
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The fourth K™=0" band in ?**Ne is very difficult to study experimentally. The
first two members in this band have been observed in only two reactions' - as reso-
nances in '®0(a,a) and as final states in F(*He,d). These results are given in
Table I, along with the results of our experiment, 2OI\Ie(-rr,-rr'). The states in this
band are believed to be either an (fp)* or (sd)?(fp)? excitation and they all have
large reduced widths for a decay - giving them their large natural widths, but
making them very difficult to observe. We have performed 2"I\Ie(~»'1'+,~»'1'+') at
T,.=120 MeV and 180 MeV and ONe(w~,7w") at T,=180 MeV and we see the 27
member of the band.

The data were taken at the Energetic Pion Channel and Spectrometer
(EPICS) at the Clinton P. Anderson Meson Physics Facility (LAMPF). The target
material was 2°Ne gas enriched to >99.9% purity. The target was kept in a
cylindrical steel gas cell at 138 kPa and cooled to 45K giving an eflective areal den-
sity of =100 mg/cm2 in the middle of the gas cell. Data were taken at several
angles for both w* and 7~ with an empty target to determine the contribution of
the gas ce]l to the spectra. The resolution was 180 keV full width at half max-
imura. Absolute normalizations, as a function of angle, were obtained by filling
the gas cell with H, gas, measuring w-p scattering, and comparing the yields with
cross sections calculated from the w-nucleon phase shifts of Rowe, Salomon, and
. andau®. Relative normalizations are believed to be known to within 4% and

absolute normalizations to within 10%.

Figure 1 exhibits a T,=180 MeV ?Ne(w*,7w"’) spectrum at 30°, near the
peak of a 2% angular distribution. The broad state near 9 MeV is evident, with
several narrow peaks on top of it. This spectrum was fitted using a linear back-
ground (dashed line) and constraining the peak energies at their known values for

states in 2Ne. The peak shape for the narrow states was determined by fitting the



-222-
elastic peak shape. The areas of the peaks were the only parameters allowed to
vary. The peak shape for the broad state was constrained to be a Lorentzian of
width I convoluted with the empirical elastic peak shape. The excitation energy of
this peak and its area were allowed to vary. Its energy was found to be 9.00+0.18
MeV with little variation from angle to angle.

The broad 0* and 2% states are known to have slightly different energies, and
both were populated in '°F(He,d), giving a peak whose location and shape
changed with angle. However, excited 0 states are typically very weak in pion
inelastic scattering, and we would not expect to observe the 0" state strongly
populated in our experiment. The constancy of the peak location with angle and
the angular-distribution shape (as we note below) are consistent with the absence
of appreciable 0 strength. Varying the width primarily affects the magnitude of
the background and the areas of the narrow peaks between 8.5 and 9.5 MeV in
excitation. If we make I' too small or too large, we tend to increase the back-
ground or the fitted cross section to the narrow peaks. With '=800 keV we see no
2% component in the angular distributions of the narrow states except those known
to have J®"=2", and, as several of the known narrow states are not 2%, this implies

we have approximately the correct magnitude and width for the 9.0-MeV state.

Angular distributions for this broad peak are displayed in Figure 2, along
with the angular distribution of the 1.863-MeV 2,* level (not shown in figure 1).
Collective-model and microscopic calculations have been performed using the
codes NDWPI® and HL’, respectively. The parameters for the neutron and proton
ground-state densities, and for the collective transition density, were all taken to
be equal to the proton density measured in electron scattering®. The collective-
model calculations reproduce reasonably well the first maximum and minimum of

the 1.63-MeV angular distribution, but the fit is not as good for the 9.0-MeV state.
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In order to get a better fit it i3 necessary to increase the radius of the transition
density, by up to 25% over that for the 1.63-MeV state. From this procedure we
find B(E21) is between 25 and 35 e*fm* for the 9.0-MeV state and 323 e*fm* for the
1.63-MeV state. The transition between the 9.0-MeV state and the ground state
has not been seen previously. The latest compilation’ gives B(E21)=335+ 20 e’ fm*

for the transition from the ground state the 1.63-MeV state.

The larger radius of the transiticn density is consistent with the belief that
the K™==0," band involves the excitation of either two or four particles into the fp
shell. Results of calculations using microscopic transition densities are displayed in
Figure 3. We have used a 1d5/2 - 1d5/2 and a 1{7/2 - 1{7/2 transition density
and arbitrarily normalized the calculations to the data. While both calculations fit
the data, the shift in the minima between the d5/2 and {7/2 calculations is similar
to the shift between the 1.63-MeV angular distribution and the 9.0-MeV angular
distribution. Of course, the ground state of ®Ne contains very few {7/2 nucleons,
so this is not a realistic calculation. Furthermore, an (fp)* or (fp)*(sd)? 2% state
can not be reached from a predominantly (sd)* z"Ne(g.s.) by a one-body E2 opera-
tor. For this reason, the large B(E2) resulting from the collective-model analysis
may be difficult to explain. The broad 0% and 2% states are thought®* to mix with
nearby (sd)* states, but that 2* level (at 7.42 MeV) has only a weak ground state
B(E2).

Our results may imply mixing between these broad states and the first two
members of the ground state band. Let ¢, and Y, be the (sd)* configuration which
dominates the ground-state band and ¢, and ¥, be the (fp)* or (fp)*(sd)? which is

expected to dominate in the broad states. Then we can write

Do o=adg+bd, and P, ;=—bd +ad,
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for the 0% states in the bands and

WV, .03=AUg+Bl, and ‘y°'°='B‘1’g+A‘l’e
for the 2* members of the bands, where

A?+B?=1 and a’+b?=1.

For the transitions we define
< | IME2)| |6g>=u and <¥,| IM(E2)| |d,>=v

with the cross transitions zero. Finally, for the matrix elements of the potential

that causes the mixing,

Ve=<,|VIdg> and V=< [ VIy,>,
we assume V2=%Vo. With these assumptions, cur measured B(E2)’s can be

used to extract V, (or B) as a function of v/u. These are plotted in Figure 4. We
see that a large mixing matrix element, at least 1 MeV, is necessary to explain the
data. Remember that to account for the proton transfer data of references 3 and
4, it was necessary to include the 6.73-MeV 0% and 7.42-MeV 2% states in the mix-
ing. The mixing deduced here for the B(E2)’s will not reprcduce the observed
(3He,d) results. Thus, obviously any two-state model is too restrictive, but a
matrix element of the derived magnitude is not unreasonable

In summary, we have seen the 2* member of the K"=0," band of Ne in
pion inelastic scattering. We have measured its energy and width to be 9.00+0.18
MeV and 800 keV, respectively. We have also determined B(E2t) to be approxi-
mately 25 to 35 e’fm* for the transition from the ground state. Our data suggest
that the transition density for this state extends to a larger radius than for the

1.63-MeV 27 level.
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Table [ Parameters of the 0,%,2,* states in ?*Ne.
0* 2+
Reaction
E,(MeV) T'(keV) E,(MeV) [(keV)
1%0(a,a) =8.7 >800 8.8 > 800
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The curves are results of collective-model calculations discuseed in the text. The
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