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ANALYZING POWER MEASUREMENTS FOR THE
(n\ n) REACTION ON A POLARIZED 13C TARGET

by

Johann Josef Gorgen

ABSTRACT

The analyzing powers (left-right asymmetries) Av and differential cross sections

for the reaction 13C(7r+,7r°)13N have been measured for forward scattering

angles at an incident pion kinetic energy of Tw+ = 163 MeV by using a transversely

polarized target. Analyzing powers and reaction cross-sections impose stringent con-

straints on nuclear reaction models and can be used to test the present understanding

of nuclear structure for lp-shell nuclei. The resulting Av are compared to the pre-

dictions of first-order Distorted Wave Impulse Approximation (DWIA) calculations,

which reproduce well the differential cross sections. Although there is qualitative

agreement at forward angles, the quantitative agreement is poor, especially at scat-

tering angles larger than 50°. Since the DWIA calculations do not appear to be

strongly sensitive to the assumed nuclear structure model, the discrepancy in describ-

ing the analyzing powers suggests that the reaction mechanism may not yet be well

understood and higher order corrections may be important.

Also measured were the analyzing powers for the elementary charge exchange

reaction TT~P —* •n°n over the same angular range and at an incident pion kinetic

energy of Tw- = 161 MeV. The results are compared to the most recents phase shift

predictions. Within the experimental uncertainties, phase shift calculations agree

with the measured Ay and no changes in the nN phase shifts near the P33 resonance

are needed to describe the data.

XIII



I. INTRODUCTION

Most physicists currently believe that all the phenomena we observe in nature

can be explained in terms of three distinct basic interactions. In everyday life we are

mostly concerned with the gravitational interaction (which acts attractively between

all forms of matter and energy) and the electroweak interaction (which, among others,

is believed to be responsible for all chemical and biological processes). There is now

overwhelming evidence that the nucleons (neutron and proton) are composed of three

quarks which are bound together by the color interaction.

The electroweak and color interactions can be understood in terms of local gauge

field theories, in which a global symmetry property of the quantum mechanical state

vector is extended to satisfy a local transformation symmetry, which leads to the

introduction of so-called gauge fields. The prime example for this procedure is, of

course, quantum electrodynamics, where the requirement of local phase invariance

leads inescapably to the introduction of a massless vector field A*1, the photon. This

concept of a quantized gauge field transmitting the interaction is fundamental to

modern physics.

The three quarks that make up the nucleons are held together through the con-

tinuous exchange of eight massless spin-one quanta called gluons. Nucleons make up

the nuclei of atoms. These nucleons are held together by the strong force through the

continuous exchange of mesons, i.e., quark-antiquark pairs. In this way the strong

nuclear force can be understood as a secondary interaction which has its basis in the

color interaction between quarks.

The strong interaction will couple to all mesons, although at low (nuclear) energies

the lowest-mass mesons will dominate. The least massive meson is the pion. It plays



a very special role in nuclear physics and also in high-energy particle physics. The

small pion mass is a direct measure of how well chiral symmetry is realized and makes

it possible to calculate low-energy pion-nucleon observables from first principles. The

pion-nucleon interaction in the presence of nuclear matter is of fundamental impor-

tance to our understanding of nuclear structure. The charged pions decay via the

electroweak interaction and are thus stable on the nuclear time scale. It is therefore

possible to create beams of charged pions and to study the pion-nucleus interaction

in great detail and under very controlled experimental conditions.

This thesis is a detailed report on the measurement of analyzing powers from the

reaction 13C(7r+, 7r°)13N with a transversely polarized target in the energy region of the

A(1232) resonance. The measurement is part of an experimental program whose goal

is to examine the spin dependence of the pion-nucleon interaction within the nuclear

medium. As the pion single-charge-exchange (SCX) process is mainly sensitive to the

isovector part of the pion-nucleon interaction, the primary focus of the experiment

described here is to test our current understanding of the isovector spin-dependent

part of the pion-nucleon interaction and its modifications by the nuclear medium.



II. THEORY

A. Pion-Nucleus Physics

The pion is the lightest hadron and is described by the quantum numbers

IG(JPC) = l~(0~+). The masses of the charged and uncharged pions are m^i = 139.6

MeV and mnn =135.0 MeV. The mass difference between charged and uncharged pi-

ons is believed to be due to the electromagnetic field energy. The pions are considered

"stable" hadrons, meaning that they do not decay via the strong interaction. The

neutral pion decays electromagnetically with a mean lifetime of 8.4 x 10~17s and the

charged pions decay weakly with a lifetime of 2.6 x 10~8s. Historically, the existence

of the pion was predicted by Hideki Yukawa1 who attempted to explain the strong

interaction between nucleons on the basis of an analogy with the then recently discov-

ered theory of quantum electrodynamics. Charged pions were subsequently detected

in cosmic-ray events in 19472'3 and the neutral pion was found in 1949 through the

detection of the decay4-5 TT° —» 77. This chapter will provide an introduction into the

basics of contemporary pion-nucleus physics.

In terms of contemporary language the basic features of a pseudovector exchange

potential can be derived in the following way:6 Assuming that the strong force is

due to the continuous exchange of K pseudoscalar isovector meson of zero spin, i.e.,

I(JP) — l(0~), then the simplest Lagrangian density that decribes such a meson field

as produced by a nucleon is given by

£ = £0 + £int? (1)

where the free-field Lagrangian is given by

£0 = 1/2 O ^ r - " ) 2 + (V<A(i))2 + mj^W 2] (2)



and the interaction between the pion field and the source nucleon at position i*i is

contained in the interaction Lagrangian

Cint = —£-fff V(n • #x))«(x - rx). (3)

Here the nucleon is assumed to act as a point-like source with S\ being the nucleon

spin operator. The pion-field ^(x) is a three-component vector, the index i referring

to the three isospin components of the pion field which are defined in terms of the

charged pion states

* S ( 1 ) ( a ) (4)

(5)

Tj is the tth component of the nucleon isospin operator r. The pseudovector pion-

nucleon coupling constant / is known from experiment to have the value8
 /2 /4TT %

0.08.

Solving the Euler-Lagrange equations for the field <f> then yields the equation of

motion

i W 1 ^ - r,) = j«(x). ? (6)

In the static limit this equation has the solution

^ ) ( x ) . f ? g l . v ( e x P ( - m , | x - r , | )
4*771,, |x-ri|

Equation (7) returns the pion field <f>^(x) as a function of the pion-nucleon separation

|x — rj |. The internucleon potential generated by pion exchange between two nucleons,

the "one pion exchange potential" (OPEP), is then obtained by substituting the pion

field generated by a nucleon at position r2 into the interaction Lagragian density,

Eq. (3):



Integration of Eq. (8) then yields the interaction energy between nucleons 1 and 2

VOPEF = - I Cnd'z =
J

Finally, carrying out the differentiations and rearranging terms yields the OPEP in

terms of the central and tensor parts of the interaction:

f2m
VOPEP = -T^—Ti • T2{dx • B7VC{T) + S12vt(r)) (10)

in which

with

r = rj - r2. (14)

Equation (10) exhibits the fundamental properties of the long-range part of the

nucleon-nucleon interaction: spin and isospin dependence are explicitly exhibited and

the interaction is attractive. The delta function in uc(r) is usually assumed to be

not effective due to the short-range repulsion between nucleons. Therefore tjc(r) is

usually replaced by the non-singular term vc = [exp(—mrr)]/(7nTr). The pion mass

of about 140 MeV corresponds to an interaction range of about 1.4 fm. At smaller

distances the inclusion of scalar and vector mesons becomes increasingly important

and the foregoing OPEP has to be extended to include these contributions. The ba-

sic features of the nucleon-nucleon potential due to meson exchange are sketched in

Fig. 1.
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Figure 1: Basic features of the nucleon-nucleon potential due to meson exchange. The
curve is not quantitatively correct since it ignores the dependence on spin and isospin.

In the picture outlined above mesons act as the intermediaries between nucleons,

creating the nuclear forces. The nuclei are continuously surrounded by a cloud of

virtual meson which are absorbed by neighboring nucleons and processes of the type

n —> p + TT~ of p —• n + 7r+ are continuously taking place inside the nucleus. This is

one of the major reasons why an understanding of the basic pion-nucleon interaction

is of considerable interest in understanding nuclear forces.

B. Nuclear Medium Modifications

Inside the nucleus the source nucleon will be surrounded by other nucleons and

thus the emitted virtual pion will be continuously scattered by these neighboring

nucleons. The same applies to any real pion introduced into the nuclear medium in

a typical scattering experiment. A relativistic quantum-field theoretical treatment

of the detailed behavior of pions inside the nuclear medium is burdened with great



technical difficulties.78 The best way to include relativistic effects is to start out with

a nonrelativistic model, introduce phenomenological potentials, and then compare the

results of these approximations with experiments.9

The most direct approach to account for the scattering of pions within the nuclear

medium makes use of the idea of a pion-nucleus optical potential V^x). Neglecting

spin and isospin dependence and treating the nucleus as a homogeneous piece of

matter of density />(x), this potential has the form at low energies

V(x) = —(bp(x) - cV • p(x)V), (15)

where 6 and c are the energy dependent s- and p-wave pion-nucleon interaction

strengths.101112 The dominant part is the p-wave contribution proportional to c.

In the limit of zero pion energy the s-wave strength b vanishes13 and c has the value14

c % 0.15m~3. The effect of the nuclear medium is now embedded in the optical po-

tential and the medium-modified pion-field can be obtained by solving a modified

Eq. (6)

( - • + ml)<f>{i)(x) = i«(x) - 2m.F(x)^)(x). (16)

When considering the scattering of real pions off nuclei, the source term in Eq. (16) is

omitted since the pion is introduced externally; it is not a virtual particle. The pion

wavefunction is then distorted through the presence of other pionic sources.

C. Multiple Scattering Formalism and DWIA

There are a number of different approaches to quantitatively describe the be-

haviour of real pions inside the nuclear medium. One model that lends itself well to

an easy discussion of the physical ingredients is the so-called Distorted Wave Impulse

Approximation (DWIA). The following sections will briefly outline the general for-



malism and physical concepts of the DWIA approach to pion-nucleus scattering and

will apply these to the case of pion single charge exchange.

1. General Formalism and Notation

The DWIA can be regarded as the limit of the more general coupled channels

formalism.15'lfl In this picture the transition amplitude is given (in first order) by

where

fo6(r,r') = Wi;«rN(r»r',r0liM (18)

is the expectation value of the elementary pion-nucleon ^-matrix between nuclear

states ^ and ip£, and the pion outgoing and incoming distorted waves <f>^. and <p£,

are generated by the (first order) pion-nucleus optical potential. Generally speaking,

the pion wavefunctions are thought to become distorted through Coulomb and strong

interactions while the scattering off the A nucleons inside the nucleus takes place.

Mathematically this distortion is generated by the (partly phenomenological) pion-

nucleon optical potential. Parity and rotational invariance constrain the pion-nucleon

^-matrix <*N to be of the general form17

r N = (o0 -t- d l , • T) + (b0 + 6il» • T)B • (k x k')- (19)

Here I* and f are the pion and nucleon isospin operators, tr is the nucleon spin Pauli

operator, k and k' are initial and final pion momenta, and the quantities a, and 6,

depend on energy and scattering angle and are related to the pion-nucleon phase shifts

according to their spin- and isospin-dependence. Equation (19) explicitly separates

the spin and isospin dependent terms. Terms proportional to OQ and bo, the isoscalar



terms, govern the elastic pion-nucleon interactions, whereas terms proportional to

ai and fcj, the isovector terms, contribute to both elastic and charge-exchange pion-

nucleon scattering. The terms b0 and bt characterize the spin-flip amplitudes and are

responsible for polarization effects in the 7T-N interaction.

The use of the elementary TT-N transition operator in the scattering of pions from

a complex nucleus is an approximation that needs to be justified. Indeed, the general

multiple scattering formalism provides an expression for the pion-nucleus transition

operator T in terms of the pion-nucleon transition operator:18

t(i)gt(j)gt{k) + ..., (20)

where g = 1/(E — fcx — HN) is the Green function given in terms of the total pion

energy E, the pion kinetic energy operator &„, and the nuclear Hamiltonian H. In

practice Eq. (20) can not be summed exactly and various approximations are common,

emphasizing different reaction mechanisms.

The simplest assumption is that the nucleus will remain in its ground state config-

uration during the entire scattering process. This so called "one-step" direct reaction

mechanism can be easily treated in a first-order DWI.A. A two-step process would

involve one additional nuclear state (other than the initial and final nuclear ground

states) to be excited during each mutiple scattering sequence. Appropriate calcula-

tions can be treated in a second order DWIA and will require the use of two-body

isovector correlations.

2. Pion Single Charge Exchange

Retaining only those terms proportional to a^ and &i in Eq. (19), and keeping only

the 5- and ;>-wave contributions (which is sufficient for pion kinetic energies less than
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200 MeV) yields the charge exchange operator

t.cx = \a\'\E) + a<p)(£)k • k' + bx{E)S • k x k % • f (21)

The complex s- and p-wave amplitudes a\''(E) and Oj (E), and the spin-flip ampli-

tude bi(E) may be obtained from existing pion-nucleon data.

The distorted waves of the incoming and outgoing pion can be combined and

expressed in a form that is composed of terms which operate on the nuclear states

and transform like tensors und^r rotation.19 By using Eq. (21), Eq. (17) then can be

expressed as20

^ir)(YK x a)Jtl)MJ«Ma)}. (22)
JK

Here 9 is the scattering angle and the notation of Ref. 21 has been adopted in labeling

the various components as J( KS), J being the total angular momentum change of the

pion-nucleus system, K is the orbital angular momentum transfer to the constituents

of the nucleus, and S (=0 or 1) corresponds to spin-independent and spin-dependent

components of the transition operator. In Eq. (22) the nuclear structure and reaction-

mechanism aspects are clearly separated. The dependence on the nuclear structure

enters the calculation in the form of the reduced matrix elements (^Pifll^o) ai*d

(V'blKVjr x oO./IIV'a) for the spin-independent and spin-dependent terms, respectively.

The functions <*>(#;r) and tjfCfi(9;r) depend on the reaction mechanism and the

pion's interaction with the other nucleons. Separating reaction mechanism from nu-

clear structure is important in order to interpret the experimental results.

For certain nuclei the nuclear structure is believed to be sufficiently well under-

stood so that information about the pion-nucleus interaction can be gained. For 13C
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these nuclear matrix elements have been evaluated by various authors21'22'23 on the

basis of spectroscopic data. For spin-1/2 nuclei, scattering to the IAS is usually rela-

tively simple to describe because only the J — 0 and J = 1 terms enter in Eq. (22),

since Ja = Jf, = ~. Writing the scattering amplitude for scattering of spin-zero from

spin-1/2 objects in its general form as

ha = f{6) + ig(B){k x k') • <r, (23)

where a operates on the nucleus, further clarifies the discussion. The non-spinflip

amplitude }(9) contains only the monopole spin independent element J(KS) = 0(00),

and the spin-flip term contains the terms 1(01) and 1(21). Hence only three nuclear

transition amplitudes are required to provide the nuclear structure information in this

case.

For an initial polarization along n = -jpp- the differential cross section is given by

*L{0) = \W) + igWl1 (24)

(25)

where Eqs. (24) and (25) refer to the beam left or the beam right scattering cross

sections, respectively. The left-right asymmetry, or analyzing power, is then defined

through

2Im(/g-)

~ |/|2 + |?|*

and can therefore give information about the relative magnitude and phases of the

two amplitudes. It is important to note from Eq. (26) that the analyzing power Ay

is very sensitive to the important phase relationship between f{6) and g{9). The

experiment described here provides information on the isovector terms of that phase

in the nuclear medium for the first time.
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Elastic pion scattering is primarily sensitive to the isoscalar terms, and analyzing-

powers for ir* elastic scattering at energies near the P33 resonance from polarized

protons24 and polarized nuclei in the lp shell25 have recently been reported. Although

the asymmetries from the elementary pion-nucleon process are sizable, those for spin-

1/2 nuclear targets were found to be small.2Sl26 The interpretation of these results is

not yet clear.

There is currently very little information on the isovector part of g(9) since pion

single-charge-exchange (SCX) cross-sections at forward angles are dominated by the

isovector part of f(0). Transitions for reactions of the type 13C(7r,IT') which are

mainly due to the spin-flip term g{9) in Eq. (23) with AS = 1 have been identified

by Seestrom-Morris et al. in Ref. 27. They measured the inelastic pion excitation

functions and made use of the fact, that in the region of the P33 resonance Eq. (23)

can be written in the form28

tba = a(k)(2 cos 6+ ia-n sin 0), (27)

and that at momentum transfer q ~ qo, i.e., near the maximum of the differential

cross section, the pion-nucleus scattering cross section can be expressed as

a(0) = r(E)[4M?(q0)cos2 9 + S1(q0)sm2 6}. (28)

Here E is the pion kinetic energy, 9 is the center-of-mass pion-nucleus scattering

angle, T(E) contains the energy dependence of the pion-nucleus amplitudes, and

M2(q0) and S2(q0) describe the non-spinflip and spinflip amplitudes, respectively.

Since the scattering angle 9 is a function of the incident energy or wave number

A; via 9 = 2sin-1 (q/2k), and T(E) is a slowly varrying function of E due to the

width of the P33 resonance, transitions due to the spinflip and non-spinflip terms can
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be distinguished due to the difference between the sin2# and cos20 behavior of the

corresponding amplitudes. Following this scheme five transitions in 13C were found

to be dominated by the AS = 1 spinflip amplitude 5. Such methods enable the

identification of specific transitions which are dominated either by the spinfiip or

non-spinflip amplitudes, but they do not yield quantitative results as to their relative

strength. Most importantly, it is not possible to extract the relative phase between

these amplitudes.

However, SCX reactions on targets with spin create new possibilities. The 13C

spin-parity of 1/2" keeps the number of spin-dependent observables to a minimum

and therefore represents a sound starting point for exploring pion-nucleus spin physics.

The isobaric-analogue-state (IAS) transition to the ground state of 13N has minimal

background due to a reaction Q-value of 2.89 MeV, and the 13C(7r+,7r°) unpolarized

cross sections have been previously measured at 165 MeV.29



III. EXPERIMENT AND DATA ACQUISITION

The measurement was carried out at the Clinton P. Anderson Meson Physics

Facility (LAMPF) in Los Alamos, New Mexico, in the spring of 1989. Specifically, the

experiment was done at the Low Energy Pion (LEP) channel at which charged pions

in the energy range from 10 to 300 MeV can be usefully extracted. The experimental

setup is sketched in Fig. 2 in which the major hardware components are shown.

These are the polarized 13C target system, the two arms of the TT° spectrometer

(conventionally called J and K arm), and the split ion chamber which served as a

beam monitor.

The operational definition of the analyzing power Ay is given by

(e) _ <TL{9) - **{«) ( ,

where <TL and <TR are the differential cross sections for scattering to the left and to

the right of the direction defined by the beam incident on the target, respectively,

and a target polarization of 100% has been assumed. The 13C target was polarized

perpendicular to the scattering plane. Instead of moving the detector from the left-

hand side to the right-hand side in order to measure Ay(0), the target polarization

is reversed while leaving the detector at a fixed scattering angle. The spin-up -

spin-down asymmetry obtained in this way is equivalent to the left-right asymmetry

defined by Eq. (29). In order to keep the experimental conditions for spin-up and

spin-down runs as identical as possible, the target polarization was reversed every few

hours and the pion beam conditions were closely monitored.
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Figure 2: Layout and geometrical arrangement of the experimental setup for the 25°
spectrometer setting. Indicated are the two arms of the TT° spectrometer, J and K, the
split ion chamber (SIC), the polarization cryostat and the polarization magnet. The
charged pion beam is bent by the magnetic field used to polarize the target through
an angle of 72.8°. Also indicated is the radiation shielding arrangement.
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A. Pion Beams

The charged pion beams are created by bombarding the pion production target

with a high intensity (up to 1 mA) proton beam of 800 MeV. This proton beam is

delivered by the three stage LAMPF linear accelerator (linac).

An H+ ion source which is pulsed at 120 Hz with a pulse lenght of 0.57 ms together

with a conventional Cockcroft-Walton accelerator comprises the first of those stages,

called the injector. The (macro) duty cycle of this system is 6.8%. The second

stage consists of a 62-meter-long Alvarez-type drift tube linac operating at 201.25

MHz which accelerates the protons from 0.75 MeV to 100 MeV. The 201 MHz radio-

frequency leads to a beam microstructure such that each of the 0.57 ms long macro

pulses is subdivided into micropulses with a width of 0.25 ns and occuring every 5

ns. A side-coupled cavity waveguide linac operating at 805 MHz provides the final

acceleration stage to 800 MeV. A layout of the complete facility as of October 1984 is

sketched in Fig. 3a; Fig. 3b provides a closeup of the various experimental areas that

can be served by the primary proton beam.

The pions used in the LEP channel are created in large numbers when the 800

MeV proton beam impinges on the Al production target.30 The production target is

a 3-cm-thick rotating and water-cooled carbon wheel.

The pions are then collimated through mechanical horizontal and vertical slits and

enter the LEP channel. The design details of the LEP channel are outlined in Refs. 31

and 32. Figure 4 shows a side view of the channel. The total pion flux is determined

by the opening solid angle which is a function of the opening separation of the first two

slits. The pion beam is then momentum selected in the usual fashion through the use

of four dipole magnets of variable magnetic field strength. To maintain collimation
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Figure 3: The Clinton P. Anderson Meson Physics Facility (LAMPF). (a) shows the
complete layout of the facility as of October 1984. (b) provides a close-up of the
experimental areas and shows various beam lines. This experiment took place at the
Low Energy Pion channel (LEP) in Area A. Both figures are from Ref. 36.
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Figure 4: Side view of the Low Energy Pion channel. The illustration is taken from
Ref. 31.

during the process of momentum selection the channel also contains four quadrupole

magnets.

A selection slit is located at the center of the channel and provides a variable pion

beam momentum bite Ap/p. For this experiment a momentum bite of Ap/p = 0.5%

full width at half maximum (FWHM) was selected which provides an adequate ir+

flux of about 2 x 107 s"1 and a good energy resolution.

The removal of protons from the positive pion beam is accomplished by differential

absorption, i.e., by passing the beam through a slab of matter (in this case polyethy-

lene) of well known thickness which separates the initially monochromatic beam of

pions and protons due to the different energy losses of the two particle types. This

proton degrader is located immediately downstream of the momentum-bite selection

slit.

The channel was tuned by running a TRANSPORT beam optics program which
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determined the magnetic field values for a nominal beam energy of T* = 165 MeV,

corresponding to a beam momentum of p* = 271 MeV/c. The program SHUNT

then translated the magnetic field values into magnet shunt settings. During data

acquisition all of the magnet shunt settings were logged and verified at intervals of

four hours to ensure stable beam conditions.

One additional dipole magnet and two additional quadrupole magnets (not shown

in Fig. 4) located at the channel exit were introduced during this experiment. The

purpose of the dipole magnet was to provide an offset of 3.7° in the pion beam direction

corresponding to an offset distance of 8.9 cm at the location where the beam enters

the magnetic field of the polarization magnet. This offset assured that the charged

pion beam hit the target at the center of the magnet at a 0° angle with respect to the

target normal (cf. Fig. 2) and was calculated with the help of a RAYTRACE code by

using the magnetic field map of the magnet.

The angle between the target normal and the incident pion beam is important

for determining the true TT° scattering angles. The accuracy of the RAYTRACE

calculations was therefore checked with the help of polaroid film which imaged the

pion beam at the exact polarized target location inside the magnetic field. Such

beam pictures were taken at regular intervals in a highly reproducible fashion and

insured that the beam position and spot size did not change during the course of the

experiment.

The cryostat nose piece containing the target cell was irradiated with a diffuse

charged pion beam while being exposed to a polariod film during the setup phase of

the experiment in order to determine the exact position of the target cell inside the

nose piece. By providing the equivalent of an X-ray picture (but with pions replacing

the gamma rays), this procedure allowed an exact alignment of the beam spot with
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the center of the target.

Several additional independent beam monitors where used to continuously mon-

itored beam flux and possible beam drift during the experiment. The total charge

delivered by the primary proton beam was monitored by a toroid loop around the

beam and an ion chamber following the toroid loop. Assuming that the experimental

conditions in the secondary channel remain constant, the proton beam monitors can

be used to determine the relative pion flux.

Fluctuations in the steering of the charged pion beam with respect to the nominal

target position were monitored with the help of a split ion chamber located down-

stream of the target. The ion chamber was horizontally and vertically split into four

segment chambers so that horizontal and vertical beam spot movement could be de-

tected, and the beam charge passing through each of these chambers was continuously

monitored. Four current digitizers converted the ionization currents of each of the

four chamber segments into signal pulses which were read by counters. These counters

were read by the data aquisitions computer in interrvals of ten seconds and, a warning

was issued by the computer when the beam spot movement exceeded a preset limit

as determined by an imbalance in counting rates from the segments. The data from

the ion chamber was written to tape and was available to the analyzer during data

replay. By adding the output of all four of the ion chamber segments the split ion

chamber also provided a direct monitor of the relative flux of the charged pion beam.

The measured analyzing powers are only sensitive to the relative number of inci-

dent pions (the fraction of pions incident with target spin up vs. target spin down).

Cross sections, however, are proportional to the absolute pion flux. An absolute

normalization of the beam monitors was obtained through the so-called "activation

technique" in which a thin plastic scintillator with a diameter large enough to in-
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elude the entire beam spot is placed at the exact target position and irradiated for a

few minutes by the pion beam. The irradiation causes production of n C nuclei via

12C(7r±, A')nC. These reaction cross sections are well-known.34 Since the produced

n C nuclei beta-decay with a half-live of 20.4 minutes35 the total number of n C nuclei

can be determined which is then used to calculate the absolute pion flux incident

on the irradiated scintillator. Special "activation runs" were regularly scheduled to

acquire these data and the resulting absolute pion flux values with the associated

uncertainties for each spectrometer setting are given in Table 1. The sudden rise of

Pions/SIC at the 55° spectrometer setting is due to the fact that the split ion chamber

was moved closer the the target at that setting.

Table 1: Ratio of incident pion number per Split Ion Chamber (SIC) count. The ion
chamber was the most reliable relative beam current monitor. The sudden rise in the
ratio at the 55° setting is due to the ion chamber being moved closer to the target
and a reckling of the current digitizers that read the ionization current.

Nominal Spectrometer Setting

(deg)

25.0

38.0

55.0

Pion Charge

7T+

7T~

7T+

7T~

7T +

7T~

Pions/SIC

3246
3140

2946

2860

14888
13056

±
±
±
±
±
±

138
251

124

213

540

1175
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Figure 5 shows the ratio of monitor counts vs. run number. The beam monitor

ratios typically stayed constant to within 2-4% from one run to the next.
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Figure 5: Beam flux monitor counts vs. run number. Shown are the ratios of the
primary proton beam toroid counts vs. the split ion chamber counts (solid line seg-
ments) that monitors the (secondary) pion beam. Also shown is the ratio of the
primary proton beam toroid counts vs. the primary proton beam ion chamber counts
(dashed line segments). The three segments for both lines correspond to the three
spectrometer angle settings. A thicker pion production target was installed between
the 38° and the 55° setting, resulting in a change in the primary beam monitor count
ratios.
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B. The Polarized 13C Target System

Although the feasability of performing intermediate energy nuclear physics exper-

iments with polarized hydrogen and deuterium targets has been established for many

years, only recently has it become possible to achieve substantial polarization values

for a limited number of heavier nuclei. Among these is the carbon isotope 13C. The

basic ideas and their physical implementations will be discussed in the following sec-

tion. The main components of the polarization apparatus are also discussed. These

are the magnet, the 3He system, the 4He system, the cryostat, the thermometry sys-

tem, the microwave electronics, the nuclear magnetic resonance (NMR) system, and

the target itself. A more extensive description can be found in the LAMPF polarized

proton target handbook.36

1. Dynamic Polarization of 13C

The 99% 13C enriched ethanediol (OH-(CH2)2-OH) target material contained three

distinct spin-1/2 systems:

i) Unpaired electrons introduced by doping the target material with 6 x 1019

molecules/ml of the paramagnetic complex sodium bis(2-ethyl-2-hydroxybuty-

rato)oxochromate(V) monohydrate,37'38

ii) protons, due to the hydrogen atoms present in the ethanediol, and

iii) 13C nuclei, introduced by an isotope enrichment process, replacing the

naturally occuring 12C nuclei.

The nucleus 13C has an intrinsic spin angular momentum of |ft and an associated

magnetic moment of /xc = 2.2143 x 10~14 MeV T"1. A homogeneous magnetic field
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lifts the degeneracy of the nucleus with respect to the magnetic substates by introduc-

ing a preferred direction, namely that of the magnetic field, B. The magnetic field

interacts with the 13C magnetic moment and introduces two discrete energy levels

corresponding to the two possible spin orientations.

A conventional iron-core C magnet with a field of B = 2.5 T was used to split the

13C levels: E+ = —pcB and E" = + ficB, where the change in energy of a magnetic

dipole located in a magnetic fields is given by AE = ~\L • B. Boltzmann statistics

then predicts these two levels to be populated according to

m (30)

Here (f) ((I)) denotes the spin orientation parallel (antiparallel) to the B-field, k is the

Boltzmann constant (k= 8.617 x 10~" MeV K"1), and T is the absolute temperature

in Kelvin. Thus with B = 2.5 T and at a temperature of 0.5 K the thermal equilibrium

(TE) polarization is given by

|jj HI = t*nh{ptCB/kT) = 0.13% (31)

However, due to its much larger dipole magnetic moment magnitude

(fie = —5.7951 x 10~n MeV T"1) the electron polarization under the same conditions

is 99.8%. To enhance the 13C polarization a technique called Dynamic Nuclear Po-

larization (DNP) is used; while subjected to a magnetic field of 2.5 T and at a tem-

perature of 0.5 K, the target is irradiated with microwaves of a specific frequency:

hv = ( 2/ie ± 2np )B -» i/ = (69.225 ± 0.106)GHz, (32)

where fip — 8.804 x 10~14 MeV T"1 is the proton magnetic moment. The basic

assumption is that the proton and I3C spin systems are strongly coupled and therefore
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assume a common spin temperature Ts. For these spin-1/2 nuclei the DNP enhanced

polarization can then be expressed39 as

P = tanh( fxB/kTs ). (33)

Enhancing the proton spin polarization is therefore tantamount to enhancing the 13C

spin polarization.

The energy levels of the proton-electron pair are depicted in Fig. 6. In thermal

le.p) = M)
| t . T )

M>

CM

02

(a) (b)

Figure 6: Energy levels and transitions of an isolated electron-proton system in a
strong magnetic field, (a) Energy levels of an isolated electron-proton pair in a strong
magnetic field, (b) Transitions induced by the microwaves of the resonant frequencies

equilibrium the lowest levels |e,p) = | IT) or | U) will be almost equally and exclu-

sively populated. Due to the dipole-dipole coupling between the electron and proton

spin magnetic moments, application of microwaves of frequency v = (69.225 + 0.106)

GHz ox v - (69.225 - 0.106) GHz will then give rise to the transitions (cf. Fig. 6)
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111)—» | T T) °r | i T) —> I Tl)? respectively. If polarization of the protons (13C) parallel

to B is desired, the target is irradiated with microwaves of frequency (69.225 — 0.106)

GHz. This induces the transition | [[) —> | TT)- Due to the fact that the electron-

lattice relaxation time is much shorter than the | TT) ~* I i i ) relaxation rate, the

electron spin can quickly realign from up to down to form a | J.|) state. The electron

can then combine with another spin-down proton in a | {[) state and in this manner

one electron can be used to flip many proton spins in the desired direction. Thus a

high proton polarization comparable to the electron polarization can be achieved. The

strong dipole-dipole coupling between the proton and 13C spin states then translates

the enhanced proton spin polarization into an enhanced 13C spin polarization.

The transition | If) —• | ff) is out of the microwave frequency resonance region

and thus does not occur. In order to enhance the antiparallel proton (13C) spin state,

the target is irradiated with microwaves of frequency (69.225 + 0.106) GHz. Since

the exact frequency values depend on the strengh of the B field provided by the

electromagnet, field constancy over the entire region of the target is an important

condition for homogeneous polarization. The magnet used in this experiment had the

tolerance AB/B = 0.01% over the target volume.

For technical reasons the actual microwave pumping frequency used during the

experiment was the first harmonic of u — (2fipB)/h = 106 MHz, i.e., the actual

microwave pumping frequency i/exp was

vnv = (2fie± 4fip )B/h = (69.225 ± 0.212)GHz. (34)

2. The Polarized Target Components

The 3He system provides a bath of liquid 3He at a temperature of about 0.5 K to

cool the target materials. Since 3He is expensive it is circulated in a closed loop, being
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liquified through thermal contact with 4He. The 4He system is designed to provide a

bath of liquid 4He in the evaporator at a temperature of about 2 K and to liquify the

3He. The latent heat of liquid 4He is about 5 J/mole and it takes an additional 400

J/mole to warm the cold gas to room temperature. This additional cooling power of

the cold 4He gas is used to precool the 3He g£;s prior to liquefaction and to cool two

heat shields. Consumption of liquid 4He was about 2 1/hr for our conditions.

The main function of the cryostat system is to provide insulation from room

temperature. To this purpose the vacuum jacket needs to be at a pressure below

10~6 torr. This pressure is provided through cryopumping. The thermometry system

monitors the performance of the cryostat and provides an absolute calibration of the

NMR system via the thermal equilibrium measurements. Three types of thermometers

where employed: a) vapor pressure of 3He and 4He, b) thermocouples , and c) carbon

resistance thermometers.

The microwave system provides microwaves of about 70 GHz in order to transfer

the spin of the electrons to the protons and the 13C nuclei. Changing the microwave

frequency by about 425 MHz reverses the polarization orientation. The cooling for

the entire cryostat is derived from the liquid 4He stored in a dewar.

A Nuclear Magnetic Resonance (NMR) system was used to monitor and measure

the polarization of the target material. Proton and 13C magnetic substates are split

into two discrete levels with associated energies of ±/JpB and ±/JcB, respectively.

Subjecting the target to photons with frequency v — 2{ipB/h = 106 MHz for the

protons and v = 2}icB/h — 26.2 MHz for the 13C induces transitions between these

levels. In the case that the population of each level is equal (i.e., zero polarization),

the number of transitions up equals the number of transitions down and no net power

is dissipated from the RF field. In the case that the lower level has a larger population
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than the upper level, transitions to the upper levels will be induced by the RF field,

thus dissipating power from the RF field and leading to a "dip" in the RF power

signal (see Fig. 7). transitions from the upper to the lower levels will emphasize the

(a) (b)

Figure 7: Typical NMR power absorption curves, (a) RF power absorption due to
positive polarization of the target, (b) RF signal enhancement due to negative average
target polarization

RF signal, leading to a "hump" in the RF power spectrum. The area under the RF

power signal is a direct measure of the magnitude and sign of the target polarization.

To obtain a normalized measurement, the system is calibrated with reference to

the Thermal Equilibrium (TE) signal, i.e., a measurement of the area for a known

polarization. This measurement is carried out at 1 K in order to reduce the spin

lattice relaxation time and thus ensure thermal equilibrium conditions. The proton

and 13C polarization values can then be calculated according to

P = tanh(nB/kT) (35)

yielding a TE proton polarization of 0.26% and a 13C polarization of 0.065%. The
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basic difficulty in determining the TE NMR signal area is the smallness of the signal

due to the very low polarization values. This is the limiting factor in determining

the polarization values with NMR measurements. In order to see the NMR signal

at all, the gain of the NMR amplification is increased by a factor of 20, from 50 to

1000. A typical TE NMR signal is shown if Fig. 8. The TE signal area is obtained

after subtracting the baseline (dashed curve). This baseline is obtained by varying the

target magnetic field in order to move the nuclear resonance outside the RF frequency

range of sweep.

Figure 8 also shows a typical enhanced (i.e., microwave system on) NMR signal.

The extraction of the signal area is far less problematic in this case due to the more

favorable signal-to-noise ratio. After including uncertainties due to baseline subtrac-

tion, the nonlinearity of the NMR electronics, and the determination of the absolute

TE temperature, the total systematic uncertainty in the measurement of the target

polarization is estimated to be about 4%. During the experiment the 13C and JH

polarization values were measured every five minutes, and the TE calibrations were

performed every few days.

Figure 9 shows the final 13C polarization values as a function of run number over

the course of this experiment and Table 2 gives the average *H and 13C polarization

values for each setting and spin orientation.

The 13C and JH polarizations determined by the NMR method were compared to

the values expected for an equal spin temperature (EST). Assuming that Ts is equal

for both *H and 13C nuclei, Eq. (33) can be used to calculate the 13C polarization

given the 'H polarization. Since the 'H NMR signal has a much larger signal-to-noise

ratio than the 13C signal, the 13C polarization values were computed on the basis of

EST and the Ml NMR polarization values. The calculated 13C polarization values
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Figure 8: Typical NMR polarization signal curves, (a) shows the enhanced signal for
a 1E polarization of 80%, (b) shows a typical JH thermal equilibrium signal.
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agreed to within experimental uncertainties with those directly determined through

NMR measurements and thus provided an independent cross-check on the accuracy

of the 13C polarization values and the validity of the EST assumption.

The target consisted of 2.5 cm3 of frozen beads, about 1.5 mm in diameter, com-

posed of ethanediol OH-(CH2)2-OH, and doped with 6 x 1019 molecules/ml of the

paramagnetic complex sodium bis(2-ethy]-2-hydroxybutyrato)oxochromate(V) mono-

hydrate.37'38 The doping provides a homogeneous distribution of unpaired electrons

for the electron spin-nuclear spin coupling necessary for the polarization mechanism.

The carbon was enriched to 99% 13C. The beads were contained in a teflon basket

which was placed in a "̂ He bath inside a target cavity within the 3He evaporation

refrigerator. The general layout of the cryogenic system is depicted in Fig. 10.

Any experiment using a cryotarget has to deal with contaminations arising from

the cryostat materials that surround the target. A listing of these contributions for

this experiment is given in Table 3. There were two Mylar windows of 8 mil (=0.20

mm) thickness each, two windows of Copper with a thickness of 0.15 mm each and

about 2.3 cm of 3He with a packing fraction of 0.3. The unwanted (TT*,^0) events

arising from these contributions have to be subtracted from the good events due to

the scattering on 13C. Separate background runs where performed by using an exact

replica of the cryotarget, with water replacing the ethanediol beads.

Table 4 provides a detailed breakdown of the compounds listed in Table 3. The

ethanediol was prepared in the form of glassy beads of 1.5 mm diameter40 to facili-

tate heat exchange with the 3He bath. Heat gradients in the target would lead to a

nonhomogeneous polarization resulting in false NMR polarization readouts. The two

possible sources that could introduce such thermal gradients are the microwaves ap-

plied to enhance the polarization and to a lesser extend the "beam heating" introduced
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Figure 9: 13C polarization values vs. run number. The error bars include statistical
and systematic uncertainties in the NMR polarization determination.
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Table 2: Average spin polarization values for 'H and 13C. The values were obtained by
taking the time-averaged spin polarization value for each individual run and weight-
ing it with the number of good 7r° events obtained during that run. The overall
polarization uncertainty is 4%.

Nominal Setting Material
J3p III

spin up spin down spin up spin down

(deg.) polar. (%) polar. (%) polar. (%) polar. (%)

25.0 28.3 26.3 79.0 78.2
38.0 27.3 26.4 78.3 77.9

55.0 27.6 23.5 77.8 77.5

by the pion beam transversing the target. Table 5 lists the chemical composition of

the beads.
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Figure 10: Main components of the polarized target apparatus.
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Table 3: Cryostat materials in the pion beam.

Description

Mylar windows
Copper container
3He cooling fluid

Teflon target cell
Steel container

Air

total

Material

CioH804

Cu
3He

CF2

Fe
4 0 N

Thickness

[cm]

0.040

0.030
0.725

0.050
0.040

100.0

Volume density

I g/cm3 ]
1.39

8.96
0.06

2.10
7.87

0.001

Areal thickness

[ g/cm2 ]

0.056

0.268

0.044

0.106

0.200

0.100

0.880

Table 4: Elements in the cryostat. The numbers indicate the areal thickness in g/cm2

Material 12C 16O aH Cu 3He 191 Fe 14 N

Mylar 0.035 0.0186 0.0024

Cu 0.200
3He 0.044

CF2 0.0254 0.0804

Fe 0.200

Air 0.0400 0.160

total 0.0600 0.0580 0.0024 0.200 0.044 0.0804 0.200 0.160
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Table 5: Target decomposition: The target container had the shape of a right-circular
cylinder with diameter 2.5 cm and thickness 2.0 cm. The packing fraction of the
ethanediol (13C,O2,1H) target beads was about 0.7. Listed are the effective areal
thicknesses after correcting for the packing fraction.

Element

i 3 C

16Q

Effective areal
thickness [ g/cm2 ]

0.650

0.805
0.151

C. The TT° Spectrometer

The instrument used to detect and analyze the n° mesons created in the reaction

13C(7r+,7T°) was the LAMPF 7r° spectrometer. The design and construction principles

of this instrument are discussed in detail in Refs. 41 and 42. Only a limited survey of

the main spectrometer features immediately relevant to this experiment is presented

here.

1. The Concept of 7r° Detection

With a mean lifetime of 8.4 x 10~17s and a kinetic energy of 165 MeV, the IT0

will decay after moving only fractions of one nanometer. Therefore its decay can be

considered as instantaneous for the purpose of this experiment. The dominant decay

mode is ir° —> 77 with a branching ratio of 98.8%.43 It is these two gamma quanta that

are detected by the two spectrometer arms which are position-sensitive, high-energy
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gamma ray detectors. Figure 11 illustrates these points. Each of the two gamma

75cm

Totol ouiorpiion
Pb-gioat blocks

Pb-gloss eop»trl»n

Figure 11: Schematic diagram of the LAMPF n° spectrometer. Each arm detects one
of the two decay photons. A time coincidence between the arms is a necessary trigger
condition.

quanta can convert into a shower of charged leptons in one of three active lead-glass

converters. Charged particles exiting the back of each converter are detected in three

planes of multi-wire proportional chambers (MWPC's). The MWPC information is

used to determine the conversion point of the gamma ray. The full charged particle

shower is absorbed in an array of 15 lead-glass blocks located behind the converter

planes. The output of Cherenkov light of the lead-glass converters and the lead-glass

blocks is directly proportional to the incident gamma-ray energy and this signal is

used to determine the energy-sharing parameter X defined by

+ £»)• (36)
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Here E7i is the laboratory energy of ~/{. This energy sharing parameter X indicates

how the total n° energy is distributed between the two decay photons in the labo-

ratory reference frame. The gamma-ray direction is defined by the line between the

conversion point and the upstream face of the target (the point where the charged

pion beam impinges on the target). This establishes the laboratory opening angle

between the two gamma-rays rj (cf. Fig. 11).

The total energy W^o and scattering angle 9n° of the pion in the lab system are

then calculated in terms of A' and rj according to the following expressions:41

and
, . + £ , , cos fl7

Hence, if .Y is small, WTn can be measured to high precision by measuring the lab-

oratory opening angle r\. The associated energy resolution AW*o will depend only

weakly on the energy resolution of the two photon calorimeters.

Each of the two spectrometer arms consists of a sandwiched array of particle

detectors. A slab of 2.5-cm-thick potyethylene is mounted in front of each arm to

stop any low-energy charged particles. Next is a veto scintillator which will detect

any high energy charged particles entering the spectrometer arms. Then follow three

active lead-glass converter planes whose purpose is to convert the incident gamma

ray into a charged lepton shower. Each converter is immediately followed by a thin

plastic scintillator whose signal tags the plane in which the conversion took place and

is also used for fast timing (cf. Section III.C.3 for a description and definition of the

event trigger). Each tagging scintillator is followed by three MWPC planes which are

used to determine the position where the conversion took place.
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The full lepton shower is then stopped in an array of lead-glass blocks which

are located behind the three converter planes. The intensity of Cherenkov radiation

generated in this process is directly proportional to the incident gamma energy and

is measured by photomultiplier tubes.

2. Energy Resolution

Since the energy and angular resolution of the spectrometer are of paramount

importance when it comes to resolving transitions to closely spaced nuclear levels, a

careful analysis of these experimental parameters had been performed prior to the

experiment. The Monte Carlo code PIANG42 was used extensively to optimize such

variables as target thickness, effective target thickness, and beam momentum bite.

The main factors limiting the overall energy resolution of the spectrometer are

the energy resolution of the total absoption photon calorimeters, the uncertainty

in reconstructing the photon conversion point which is 6 mm (FWHM), finite-size

target effects, and the contributions from the excess material surrounding the target

associated with the cryostat.

An interesting feature of the 7r° spectrometer is that one important finite-size

target effect, namely, the smearing of the measured laboratory opening angle 17, can

be compensated by approprately choosing the target thickness p. Figure 12 illustrates

this point. Since the spectrometer assumes that the detected TT° has originated from

the upstream face of the target, any 7r° created at a depth t inside the target will be

associated with an opening angle r\0 even though the true opening angle was ijj. The

7T° kinetic energy will therefore be slightly overestimated unless the incident charged

pion has lost just the right amount of energy via ionization while penetrating the

target. Hence by adjusting the energy loss per unit length of the pion in the target
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Figure 12: Target thickness and dT/drj compensation. The spectrometer assumes
that all 7T°'s are created at the upstream face of the target and will calculate the
opening angle rj accordingly. In case the creation of a ir° takes place at a depth t with
an associated true opening angle 7/1. This angle is reconstructed by the spectrometer
as T/o and will therefore lead to an overestimation of the pion energy, unless the pion
energy loss in the target compensates for this fact.

(which is tantamount to choosing the appropriate mass density p), it is possible to

operate with thick targets (and accordingly high event rates) while compensating for

the resolution-degrading finite-size target effects. Of course, the resolution will also

be degraded by straggling, which can not be compensated.

Two target materials each containing 13C were tentatively considered for use dur-

ing the experiment: ethanediol and butanol. From the results of PIANG simulations

it was decided to chose 99% 13C-enriched ethanediol (commonly called ethylene glycol)

because of its higher density. The higher density leads to a better energy resolution

because at forward scattering angles some of the resolution degrading finite-size target

effects can be compensated.

Table 6 lists the actual effective target density used in this experiment as well as

the ideal compensation target densities reqxiired to exactly offset the finite smearing
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in dT/dr}. The ideal density was calculated according the expression4

(dT/drj) AT,
_

P -

( 3 9 )dT/d{pt) ) t '

where dT/d{pt) for 99% 13C enriched ethanediol with a packing fraction of 0.7 was

calculated to be 2.115 MeV/(g/cm2), dT/dr}{deg.) = - ^ f2 0^, with 7 and 0

being the relativistic parameters of the pion, t is the target thickness, and Arj is given

by T)0 - 77! (cf. Fig. 12).

Table 6: Comparison of ideal and actual target densities for full dTjdt\ compensation.
The overall energy resolution tended to become worse with increasing scattering angle.

Spectrometer
setting

(deg.)

25

38

55

Target

distance

(cm)

150

100

100

AT,

(deg.)
0.75

1.30

1.80

Ideal
density

g/cm2

0.914

1.59

2.19 .

Actual

density

g/cm2

0.842

0.842

0.842

Since the finite beam-spot size will also tend to degrade the energy resolution,

every effort was made to to tune the channel in order to create a small and circular

beam spot. Final beam spot sizes ranged between 2-2.5 cm in diameter. Figure 13

shows a typical picture obtained by exposing a polaroid film to the charged pion

beam. Also indicated in Fig. 13 is the nominal target position.
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VI- -ooce©

Figure 13: Typical charged-pion beam spot on a polaroid film exposure. The circle
indicates the position of the polarized target, the fuzzy spot in the center is due to
charged-pions.

3. Data Acquisition Electronics and Triggers

Each of the two spectrometer arms uses 30 lead-glass elements wich are viewed by

photomultiplier tubes connected to Analog-to-Digital Converters (ADC's) for signal

readout. The ADC signals provide part of the TT° energy information by determining

the energy sharing parameter X. The initial energy calibration was done by exposing

each element to a monoenergetic electron beam of known energy. Since the ADC

pedestals (zero offsets) and photomultiplier gains tend to drift with time, these pa-

rameters where constantly monitored by using signals from small plastic scintillators
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containing sources of radioactive 207Bi, one of which is attached to each lead-glass el-

ement. Comparing the drift in time of these signals with the extrapolated radioactive

decay rate determines the drift in the gain of each photomultiplier system. The ADC

pedestals and photomultiplier gains were determined and analyzed on-line every 60

minutes during data acquisition and their current values were written to tape where

they could be read by the replay analyzer during data replay.

The event trigger consisted of the coincidence of two logic pulses, one from each

arm of the spectrometer (cf. Fig. 14). Each of these two pulses was due to the logical

Master

Trigger

Figure 14: Master trigger for TT° event. The veto scintillators for the two arms JSV
and KSV are OR'ed, as are the three tagging scintillators for each arm. The two
groups of tagging scintillators are AND'ed with the signals from the glass blocks JG
and KG, vetoed by the charged particle veto scintillators, to form the master trigger.
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condition

7 = (5i + S2 + S3) •V.'EiCi + B& (40)

i.e., at least one of the three scintillators must have fired, no veto was to be present,

and the ADC signals of converters and lead-glass blocks were summed and required

to exceed a threshold value.

The data acquisition software operates within the framework of the MQ" system44

which is a general purpose data acquisition and replay software package developed

at LAMPF. The Q-system hardware components include a high-speed modular CA-

MAC data acquisition system in connection with a microprogrammable branch driver

(MBD) interacting with a VAX microcomputer operating under the VMS operating

system.

If the condition for a master trigger (cf. Fig. 14) is satisfied by an event, the data

acquisition electronics transmits a signal to a trigger module. The trigger module then

generates a Look-at-Me (LAM) to the MBD. The MBD determineE which type of event

was triggered, and proceeds to acquire the CAMAC data for that event. This involves

reading the information from the relevant Time-to-Digital converters (TDC's), the

ADC's, the registers and sealers (counters). This data is then transmitted for on-line

analysis and possible taping to a VAX microcomputer.

In addition to triggers generated by TT° events, a number of additional triggers

are defined each of which is associated with a particular event number. For example,

triggering event number 4 will lead to all the sealers being read out by the MBD, event

number 5 is associated with the gain stabilization of the photomuliplier tubes and

event 7 is connected to the ADC pedestal determination. These events are triggered

in regular and preset intervals and serve as system control functions. Event 9 is

initiated by the master trigger outlined in Fig. 14 and corresponds the detection
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(in coincidence) of two gamma rays of appropriate energy, one in each of the two

spectrometer arms.

The timing information regarding the detection time of the two gamma quanta

was extracted from a position-corrected scintillator histogram. The scintillators for

the J arm (having a generally lower count rate than the K arm scintillators due to the

fact that the charged pion beam was bent in the direction of the K arm) where used

to start a Time-to-Digital Converter (TDC) with the gamma signal from the K arm

providing the TDC stop. The resulting spectrum gives the relative timing distibution

of potentially good events. This spectrum is then recalculated, allowing for the light

travel time through the scintillator panel, based on the position information obtained

from the MWPC's. The final position-corrected timing spectrum is used to select

events that have small time differences between the arms and thus are most probably

due to true TT° decays. .

At the 25° spectrometer setting a background of accidental coincidence events was

detected which is attributed to charged particles hitting the front of the K arm. The

effect can be seen to gradually disappear when the spectrometer is moved to larger

scattering angles and the K arm is moved farther away from the outgoing beam of

charged pions (cf. Fig.2). This background introduced an additional structure in the

timing spectrum and is not present when the magnet was switched off, as illustrated

in Fig. 15.

The accidentals where subtracted from good events according to the following

scheme: Three software gates were set in the relative timing spectrum as shown in

Fig. 15. Since the central region between gates 2 and 3 contained two accidental

"humps", one-third of the total number of events between gates 1-2 and 3-4 where

subtracted from those in the central region 2-3. The structure in the accidentals re-
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Figure 15: Relative timing distribution between gamma-coincidence events, (a) shows
a typical timing spectrum for the 25° spectrometer setting. The structure in the
accidental coincidence background is due to the halo of charged particles hitting the
front of the K-arm. (b) typical timing spectrum for the 55° degree setting. The
structure in the coincidence background is almost entirely absent, (c) Spectrum with
ZOLTAN switched off, for the reaction ir~p -• ir°n obtained with a CH2 target. The
timing resolution is 2.2 ns (FWHM).
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fleets the 5 ns microstructure of the linear accelerator and is due to the charged particle

halo of the bent pion beam hitting the face of the K-arm of the ir°-spectrometer.

In addition to this coincindence requirement, there were additional more basic

requirements for a hardware trigger, such as the beam on target (BOT) signal supplied

by the split ion chamber, a "computer not busy" signal meaning that the computer

CPU is ready to process data, and a manual switch that had to be enabled. In

summary, a TT° hardware trigger consisted of the following logical conditions:

7r°trigger = {-n • y2) • BOT • (ComputerBusy) (41)

4. Detection Efficiency

The measured cross sections depend on the geometric solid angle as well as sev-

eral efficiencies associated the the components of the 7r° spectrometer. The analyzing

powers depend only on the relative efficiencies of these components, i.e., the ratio of

the efficiencies for runs with target spin orientation up vs. runs with target spin ori-

entations down. It was therefore important to monitor closely all potentially unstable

efficiency parameters. These parameters are the so-called live-time T which is the

fraction of the time that the data acquisition computer was able to process incoming

data and the charged-particle veto scintillators were not triggered (so that ir°'s could

be detected and processed), and the MWPC detection efficiencies CMWPC-

The MWPC efficiencies were determined according to the following algorithm:

Each of the two spectrometer arms has three groups of MWPCs corresponding to

each of the three lead-glass converters. Each group consists of three chambers. Let

JV0(3) be the number of events with hits in all three chambers of group ff, 7^(2) the

number of events with hits in both other chambers (regardless of a hit in chamber i),
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then the efficiency for chamber i in group g is defined through

*gi = N ,2y (42)

After determining the individual wire chamber efficiencies in this manner, the con-

version efficiency is then calculated. Proper conversion is defined such that, for each

arm, the first wire chamber group with at least two or more chambers hit must have

hits in all three chambers.

The total spectrometer single-arm efficiency is then defined as the ratio of the

number of proper conversions to the number of proper conversions that would have

been detected with a perfect wire chamber system

(43)

where Cg and es are the number of detected conversion in group number g and the

calculated efficiency of that group, respectively.

The overall spectrometer efficiency is the product of the two single-arm efficiencies.

The on-line single-arm MWPC efficiencies during this experiment ranged from 80 to

90% resulting in a combined MWPC efficiency tMWPC between 65 and 80%. The

fluctuations in these efficiencies in illustrated in Fig. 16, where the error bars have

been assigned according to the empirical expression

ACMWPC = a ( l ~ c*fWPC) •+• 6? (44)

with a = 0.08 and b = 0.005.

It was decided during the startup phase of the experiment to relax the condition

for proper conversion, i.e., to tape events even when they did not meet the conven-

tional criterion for proper conversion as outlined above. The reason for doing so
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Figure 16: Final MWPC detection efficiency vs. run number. The efficiencies shown
are the product of the efficiencies computed during data acquisition and those com-
puted during data replay.

was that, due to the appearance of so called "hot wires" (i.e., wires that appear to

fire excessively), some potentially good events were eliminated. The standard way

of accounting for these hot wires is to regularly inspect the MWPC hit pattern and

enter all apparent hot wires in a hot wire table. These wires are then ignored by the

computer during all further analysis. However, the wire chamber efficiencies are also

lowered, since real hits on these wires are ignored as well.

The cause for the appearance of hot wires can be associated with the wire chamber

itself, with the flow of gas through that chamber or, most commonly, with the readout
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electronics. Hence the appearance of hot wires as detected by inspecting the MWPC

hit patterns is subject to random fluctuations. A wire that was classified as hot during

one run might beha;s perfectly normal during the next run. A careful analysis of these

hot wire patterns was dope during data replay rather than during the relatively busy

data acquisition phase of the experiment.

Typical wire chamber hit patterns are displayed in Fig. 17. Several features are

visible: Fig. 17(a) displays the X wire chamber of group one in the K-arm. Two hot

wires clearly stand jut. Figure 17(b) displays a typical hit pattern for the Y chambers

in arm K. The "hump" in the center of the picture is due to the fact that the pion

beam was bent by the polarization magnet towards arm K and thus all Y planes of

that arm exhibit this enhancement of hits in the center region which coincides with

the plane that the bending of the pion beam took place. In addition one hot wire is

visible around wire number 150. Figure 17(c) shows a typical featureless distribution

for the K-arm X planes.

The live-time r is computed on-line by forming the ratios of beam monitor counters

which are inhibited by the veto (computer-busy) signal to the uninhibited counter

values. Its value during the experiment ranged between 0.88 and 0.90.

In addition to these variable efficiencies, the conversion efficiency cjrjc has to be

taken into account for cross section measurements. It is the probability for both

gamma rays to convert into charged particle showers in one of the three lead-glass

converter planes of each spectrometer arm and is therefore not time dependent. In

terms of the conversion probability for a single converter plane €c> cjrjf can be ex-

pressed as

*JK = [1 - (1 - ec)3]2, (45)

where three identical conversion planes in each arm have been assumed. The numer-
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Figure 17: Wire chamber hit patterns, a) displays a chamber with two hot wires
which were ignored during data replay, b) shows the pattern for the y-chambers of
the K-arm. One hot wire is visible. The "hump" in the center is due to the magnet
bending the pion beam towards the K-arm. c) displays an ideal wire chamber hit
pattern with no hot wires present.
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ical value for ec is given by the following empirical expression:41

ec = 0.86(0.327 + 0.1 log (0.01£7)] (46)

where E*, is the photon energy in units of MeV. It is therefore almost independent

of the incident photon energy, and for E-, ss 150 MeV Eqs. (45) and (46) yield a

theoretical total conversion efficiency of €JK W 0.43.

One further time-independent efficiency parameter is the so-called ray-tracing ef-

ficiency €/ which indicates the fraction of events for which that the ir" spectrometer

software ray tracing algorithm was able to successfully reconstruct a unique gamma

conversion point on the basis of the charged particle prongs that exit the back of the

converters. Its value is computed on-line on the basis of detected good conversion

events that could not be assigned a valid conversion point. The value of ey is given

by 0.9 ± 0.05.

It is important to exclude those events whose associated charged-particle shower

is not totally included in the charged-particle calorimeter of the spectrometer. To

accomplish this correction, the gamma conversion points in the lead-glass converter

preceding the multiple wire chambers were constrained in such a way that they were

included within a pyramidal volume whose apex is located at the target and whose

base is located at a depth of 8xo within the lead-glass calorimeter. The radiation

length of the lead glass and which is xo = 4.35 cm. The specific value of 8xo was

adopted so as to maximize the resolution of the spectrometer and excluding as few

good events as possible.

The geometric solid angle for each bin (important for cross sections only) was

determined with the help of the Monte-Carlo program PIANG and ranged between

0.7-1.6 msr for fiducial areas corresponding to eight radiation-length gates.
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A small, dedicated personal computer was used during data acquisiton to continu-

ously monitor the vital functions of the 7r°-spectrometer such as gas flows through the

wire chambers, gas temperature, phototube voltages, and the MWPC voltages and

currents. Significant deviations of any of these quantities outside an allowed range

triggered an alarm and disabled any further data acquisition until the condition was

rectified.

The data were taken in a new two-post horizontal-scattering-plane configuration.

Prior to this experiment the "canonical" configurations were the one-post horizontal-

scattering-plane and the two-post vertical-scattering-plane configurations.41 Due to

the geometric constraints arising from the presence of the polarization magnet ZOLTAN,

neither of these two canonical setup modes could be implemented for the present ex-

periment. The appropriate analyzer subroutines and the Monte-Carlo code PIANG

were modified to reflect this change in the setup geometry.



IV. DATA REDUCTION

All data taken during the data acquisition phase of the experiment were written

to magnetic tape and reanalyzed during the data replay phase. There are two main

purposes for data replay: a) To determine whether the hardware and software param-

eters of the detector system remained constant over the course of the data acquisition

phase and to correct for any changes that may have occured, and b) to extract good

events by instituting appropriate software cuts that are applied to the data by the

replay analyzer.

A. Data Replay

Exept for the routines that link the software to the electronics hardware, there is

very little difference between data acquisition and data replay. Instead of being fed

from the MBD, during data replay the data buffers are fed to the analyzer from a

magnetic tape. The data testing and histogramming subsystems of Q are used in the

same way as during data acquisition, but may be extended or modified to examine

different features of the data.

A first step towards data reduction was to modify the Q testing package and to

institute software cuts that eliminated the majority of events caused through acciden-

tal coincidences. At the 25° setting, this accidental coincidence rate was particularly

high due to the fact that part of the halo of the charged pion beam was bent into the

K arm of the 7r° spectrometer.

The factor limiting the incident pion flux (% 107 s"1) was determined by the

maximum count rate at which the lead-glass counters could be driven. As a rule of

thumb this event rate had to be kept below 10s s"1 in order to avoid excessive signal

pileup and a corresponding loss of resolution.
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Eighty percent of all events written to tape during data acquisition were identified

as either being due to accidental coincidences or as having an impermissibly high X

value (cf. Eq. (36) for the definition of X). All events whose X values were larger than

0.25 were thus eliminated from any further analysis. The remaining twenty percent

of potentially good events were written to a separate set of tapes. This "filtering" of

data made possible many replays of the entire filtered set of data with a variety of

different software cuts within reasonable time periods.

As in data acquisition mode, during data replay the major task is to identify the

conversion coordinates of the gamma quanta. This task involves the determination of

the converter in which the conversion took place and the coordinates on the face of

that converter. No signal should be present from any element (scintillator, converter,

MWPC) that is located in front of the conversion plane, and all elements following

the conversion plane should generate signals. Any event that did not meet this rule

was removed. The precise conversion coordinates on the face of the converter are then

calculated by the subroutine TRACER on the basis of MWPC information. Events

that cause more MWPC hits in chambers following the converter than a preset upper

limit "MXHITS" were rejected since they are probably due to multiple scattering and

are already deflected from their original track.

The less important Y coordinate of the conversion point is the average of all

hits on the Y MWPC chamber following the conversion plane. The hits on the two

wire chambers (X and X') that determine the X coordinate are traced. The most

forward going charged-particle prong is used to extract the conversion position, i.e.,

the charged particle prong that makes the smallest angle with the line connecting the

target center with the first MWPC hit is the only one used. The event was rejected if

the smallest prong angle was larger than a maximum angle "MXSLOP". During data
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replay MXHITS was set to 5 and MXSLOP was taken to be 12°. These values have

been empirically determined from many years of experience as being satisfactory for

the analysis of the data from the TT° spectrometer.

The analyzer then transforms the detector coordinates into the laboratory frame

and uses Eqs. (37) and (38) to calculate the ir° kinetic energy and scattering angle,

respectively.

The energy-sharing parameter X was varied during different data replay passes.

It was found that X = 0.15 represented the best trade-off between detector efficiency

and resolution and this value was used in the final analysis.

B. Background Subtraction

There are two independent major sources for background events:

i) accidental coincidence events, and

ii) charge-exchange events from materials other than 13C.

The accidental coincidence events are removed by setting a narrow time gate on J-K

scintillator coincidence spectra, and subtracting a suitable fraction of events analyzed

that were outside the time gate, as described in Section III.C.3.

Charge-exchange events from materials other than 13C were taken into account by

using the data obtained with an exact replica of the production cryotarget. Table 7

provides an overview over the Q values for the various materials present in the cryostat

target assuming zero excitation energies for the residual nuclei. By combining this

information with the relative amounts of materials present, it was possible to estimate

the contribution of background events to the count yields due to the IAS reaction.

The main source of backround events in the relevant energy region is the sin-

gle charge exchange reaction 16O(7r+,7r°)16F, which takes place on the oxygen nuclei
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Table 7: Q-values for the nuclei present in the cryostat and polarized target. The
main background contribution is due to the oxygen.

Reaction
13C(7T+,7r°)13N
16O(Tr+,7r°)18F

27Al(7r+,7r0)27Si
3He(7r+,7T°)3p

66Fe(7T+,7r°)56Co
64Cu(7r+,7r°)64Zn

Q-value [MeV]

2.90

-10.29
0.31

-1.82

0.55
5.69

present in the ethanediol. The Q value for this reaction is —10.29 MeV and it is sep-

arated by about 13.18 MeV from the IAS peak, so that there is no significant overlap

between these states.

Another background contribution is due to the reaction 3He(ir+, 7r° )3p arising from

the presence of 3He refrigerant in the cryostat. This contribution could not be sub-

tracted out since the target replica did not contain 3He. The energy threshold for

this process is separated from the IAS by 4.7 MeV towards higher excitation energies.

The finite extent of the cryostat smeared the effective separation by about ±1.5 MeV

so that there is a continuum threshold starting at about 3.2 MeV above the IAS tran-

sition towards higher excitation energies. The areal thickness for 3He was only 7% of

the total 13C areal thickness for the target material. Therefore the presence of *He is

not expected to affect the analyzing powers or cross sections for the IAS transition. It

may have a small influence on the excited-state analyzing powers and cross sections,

but it is negligible in comparisson to the uncertainties arising from other sources, such
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as peakfitting uncertainties, for example.

Data were obtained with (i) water replacing the ethanediol in the target cell, and

(ii) with an empty target cell. The purpose of substituting water for the ethane-

diol target material was to extract the oxygen contribution to the spectra, and the

empty target runs were used to estimate the background contributions due the the

copper mircowave cavity and Teflon target container. For the analyzing power mea-

surements only the relative pion beam flux normalization between the spin-up runs,

the spin-down runs, and the background runs are needed. The spin-down runs and

the background runs were normalized to the spin-up runs. The spin-up to spin-down

normalization was determined by the ratio of counts from the split ion chamber beam

monitor (cf. Section HI.A.). The background normalization for the water-filled tar-

get replica was accomplished by introducing an additional normalization factor that

accounts for the different numbers of oxygen nuclei in the water-filled target cell as

compared to the 13C enriched ethanediol target material.

Figure 18 shows an overlay of a spectrum with and without oxygen subtraction.

The peak due to the reaction 18O(7r+,7r°)16F shows up prominently and is separated

from the IAS by about 13.0 MeV. The pion energy loss in the water-filled dummy

target differed by 1.5 MeV from that in the production target which was taken into

account by shifting the the background spectra by an appropriate amount. The pack-

ing fraction of the 13C enriched ethanediol beads was 70(±5)% so that the background

subtraction was uncertain to this extent.

In order to test the sensitivity of the final analyzing powers for the IAS transition

with respect to background subtraction and to estimate the associated uncertainty,

the subtraction coefficient was varied, resulting is slightly varying yields for the IAS

peak. The yields and associated analyzing powers resulting from slightly varying
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Figure 18: Background subtraction spectrum at 9lab = 22.4°. The dashed line in-
dicates the uncorrected energy spectrum, the solid line results from subtracting out
non-13C events mostly due to 18O(7r+,7r°)16F.
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background subtraction coefficients are displayed in Table 8. The sensitivity of the

analyzing powers Ay to the background subtraction is reflected in the total uncertainty

<rAi stated in the final result.
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Table 8: Dependence of IAS asymmetries on variations in background subraction.
Yields where determined by constraining the centroid energies of the fitted peaks to
kinematical expectations.

( 8 W )

22.4

27.5

34.5

41.2

50.3

54.6

59.2

0.095±0.024
0.110±0.024

0.120±0.023

0.221 ±0.032

0.244±0.031

0.249±0.030

0.325±0.042

0.331±0.039

0.350±0.038

0.265±0.041

0.284±0.043
0.298±0.041

0.050±0.023
-0.002±0.022

0.010±0.021

0.060±0.022

-0.030±0.020
-0.020±0.019

-0.105±0.023
-0.185±0.021

-0.191±0.020

P+

0.2826
0.2826

0.2826

0.2826

0.2826

0.2826

0.2732

0.2732

0.2732

0.2732

0.2732

0.2732

0.2758
0.2758

0.2758

0.2758

0.2758

0.2758

0.2758
0.2758
0.2758

P~

0.2628
0.2628

0.2628

0.2628

0.2628

0.2628

0.2641

0.2641

0.2641

0.2641

0.2641

0.2641

0.2355
0.2355

0.2355

0.2355

0.2355

0.2355

0.2355

0.2355
0.2355

940.
977.

1050.

610.

663.

720.

405.

464.

490.

390.

368.

410.

987.
1037.

1108.

1102.

1267.

1331.

850.

918.
1056.

893.
920.

984.

541.

580.

629.

340.

388.

406.

338.

316.

349.

962.
1038.

1102.

1069.

1287.

1345.

897.

1010.
1165.

Background
normalization

+10%
0%

- 1 0 %

+10%

0%
-10%

+10%

0%
- 1 0 %

+10%

0%
- 1 0 %

+10%

0%
- 1 0 %

+10%

0%
- 1 0 %

+10%

0%
- 1 0 %
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C. Yield Determination

All yields for individual peaks here determined by using the sophisticated fitting

program NEWFIT,45 which uses the software package MINUIT.48 NEWFIT uses the

least-squares method (also called chi-square minimization method) to determine the

best parameters for a fit. It allows peak shapes to be described by a variety of analytic

expressions, including Gaussian shapes modified with up to three exponential tails.

Backgrounds may be described by polynomials with up to eight parameters, and the

shapes may be described point by point. The individual parameters may be fixed or

tied to other peaks.

The peak shape for the IAS was taken from the Monte Carlo code PIANG which

reproduces well the elementary n~p —* n°n line shape obtained with an incident

tr~ beam. Figure 19 illustrates this point and shows an overlay of the data for the

TT'p —• 7r°n reaction acquired with the cryotargct and the line shape generated by

the Monte Carlo code PIANG for that peak.

During an initial phase of the data analysis the physically relevant region of the

energy spectra for the 13C(Tr+,7r°) reaction was tentatively decomposed into three

parts: A linear background, the IAS peak, and the nuclear continuum. Figure 20

indicates these regions.

However, the assumption of only one peak (the IAS transition) being present in

the 13C(7T+,7r°) spectra lead to unsatisfactory fits:

l) the IAS peak centroid energy did not shift with the laboratory scattering

angle according to the kinematical calculations (see Fig. 22);

ii) the fits did not naturally reproduce the quasi-free charge-exchange thresh-
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Figure 19: Monte-Carlo generated peak shape vs. n~p —> ir°n data obtained the
polarized target, (a) The basic ir~p —> ic"n line shape (thick line) and a normal-
ized background spectrum obtained with a 1SC solid slab target (thin line), (b) A
Monte-Carlo generated line shape (solid curve) is compared with the bin-by-bin 13C
subtracted ir~p —» ir°n spectrum (histogram). The line shapes agree well. The spec-
tra have been corrected for kinematical broadening.
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Figure 20: Tentative fit to a spectrum of good charge-exchange events with X - 0.05
at 9cm = 25.5°. Counts in the physically excluded background region are mostly due
to chlrge-exchange on 14N in the air surrounding the spectrometer. Also indicated
are the IAS transition and the nuclear continuum due to quasi-free charge-exchange
on 13C. The fit does not reproduce the quasi-free charge-exchange threshold of N
and does not describe the data well, particularly in the IAS region.

hold of 13N which is at 1.95 MeV; and

iii) the goodness-of-fit parameter x2 had unsatisfactorily high values.

The assumption of only one peak being present had to be abandoned. The known

level spectrum of 13N (cf. Fig. 21) suggests that two more states could be present in

Fig. 20.

Our energy resolution (approx. 4.5 MeV) was not sufficient to separate the first

excited state of 13N at 2.37 MeV from the IAS transition. However, Dehnhard et a/,47

and Schwarz et al,A* showed that the analog of this state in 13C is only very weakly
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excited by n+ inelastic scattering. It is generally assumed that this state is not a single

particle state and thus not easily excited. Since a transition to this level must have

AL = 1, its strength is proportional to sin(0e.m.) and therefore is strongly suppressed

at forward angles. There was no indication for any considerable contribution from

this transition at larger scattering angles, which would appear to widen the IAS peak.

However, the (|~, | ) doublet state at an excitation energy of 3.6 MeV in 13C is

known to be strongly excited in (n±,ic±>) inelastic scattering,49 as is the |~ state at

an excitation energy of 7.5 MeV. These states should therefore also be of significance

in the single charge-exchange reaction 13C(Tr+,7r°)13N.

Hence two more peaks where included into the fitting routine. These peaks where

"floated" and their position in the spectrum was calculated such as to obtain a minimal

X2 for the fits. The fitting routine was thus given three possible nuclear states (with

floating positions), a constant background, and the nuclear continuum. It turned out

that the \2 values of the individual spectra where minimal when the additional two

peaks were separated from the IAS by aproximately 3.5 MeV and 7.4 MeV corre-

sponding to the location of a collectively enhanced (|~, | ) doublet state at 3.5 MeV

and an excited state near 7.4 MeV (cf. Fig. 21).

In Fig. 22 the IAS centroid energy is depicted as a function of scattering angle. As

can be seen in Fig. 22, the assumption of a single IAS peak does not lead to centroid

positions that coincide consistently with the corresponding kinematical calculation

(chain-dashed curve). However, when three peaks (the IAS plus two additional states)

where included, the IAS centroid positions do coincide well with the corresponding

kinematical curve (solid line).

A fit done under the assumption of three nuclear states is shown in Fig. 23. The
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Figure 21: Energy levels of the »N nucleus. Figure taken from Ref. 35.
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Figure 22: Centroid of the IAS peak as a function of spectrometer angle. The solid
curve indicates the expected peak locations as determined from a lunemat.cal cal-
culation for the three-peaks assumption, the chain-dashed curve corresponds to the
one-peak assumption.

fit naturally reproduces the proton separation energy of 13N and the X
2 per degree of

freedom is now of the order of one. It was also found that the kinematical energy fhifts

of the IAS peak follow closely the kinematical calculation (see Fig. 22). In addition, an

extrapolation of the kinematical behavior to zero degrees laboratory scattering angle

yields an incoming pion energy of about 163.6 MeV (see Fig. 22) if only one excited

state is assumed. The pion beam was tuned to 165 MeV and a similar extrapolation

under the assumption of two additional excited states yields a incoming pion energy
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Figure 23: Spectrum for 13C(Tr+,7r°) at 163 MeV and 25.5° with X = 0.05 under the
assumption of two additional excited states being present in the continuum tail.

of 165.4 MeV, which is closer to the expected value.

In summary, there is overwhelming evidence that pion charge-exchange to excited

nuclear levels can be extracted from the data and the reasons for including two more

excited states in the spectra are:

1. Excited states are known to exist in 13N in the region of interest.

2. Previous data for pion inelastic scattering indicate that the 2.4-MeV state should
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be weakly populated, while the (3/2~,5/2+) doublet could have substantial

yield.

3. Although the reaction mechanisms are much different and the correspondence

may not be exact, the 3.5-MeV doublet is 6een quite strongly in (p,n) reactions-

even dominating the IAS at 0° (see e.g., Ref. 69).

4. Three peaks were clearly seen in spectra extracted with the best resolution.

5. Although less clear, three peaks were also seen to be present systematically in

all spectra used for the full analysis.

6. An analysis of the spectra with the assumption of only a single IAS peak had

several deficiencies, including a continuum background that extended to excita-

tion energies below the ground state and kinematics of the centroids that did

not follow those expected for the IAS.

7. An analysis of the spectra with the assumption of three peaks gave results that

systematically had good properties, including a continuum background that

went to zero at the breakup threshold, proper kinematics, and summed cross

sections for the lowest two peaks that agreed with the single-peak analysis in

Refs. 29 and 50.

Although it proved impossible to extract reliable yield estimates for the 7.5 MeV state

due to the fact that the overlap with the nuclear continuum makes accurate peak-

fitting impossible, differential cross section and analyzing power values (albeit with

relatively large errors) for the ( | , | ) doublet state at 3.5 MeV could be extracted

from the energy histograms.
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The following pages show the relevant histograms with the final fits for the two

different spin orientations.

To ensure the accuracy of the fitting routine a number of checks were employed.

For example, the normalized empirical spectra for the spin-up and spin-down polar-

ization orientation were added bin-by-bin and compared to the sum of the fits to these

spectra. In the same fashion a difference spectrum was created through a bin-by-bin

subtraction of the normalized empirical spin-up and spin-down polarization spectra,

which was then compared to the difference of the appropriate fits. Figures 24 and

25 illustrate this procedure and show the sum and the difference spectra obtained by

a bin-by-bin subtraction of the data together with the sums and differences of the

corresponding fits for the 21.4 and the 54.6° angle bins. Excellent agreement was

found in each of these cases between the data and the fits. Figure 33 shows a

typical energy spectrum for the reaction ir~p —• ir°n, which was used as a check on

the peak shape calculated with the code PIANG.

The protons contained in the ethanediol target where polarized to about 80%

along with the 13C. This fact made it possible to measure the analyzing powers for

the elementary reaction ir~p —* ir°n under exactly the same experimental conditions

as those for the 13C(7r+,7r°) reaction. Since qualitatively reliable predictions for those

analyzing powers on the basis of phase-shift analysis extrapolations from higher en-

ergies already existed, this measurement provided a valuable test for the reliability

of our detection and polarization system. The signal for the reaction ir~p —» ir°n is

much cleaner in the sense that not as much nuclear background is present and so

makes a precise analysis much less difficult than for the 13C(*r+,iir0) case, as can be

seen from Fig. 33.

The results of the analyzing power measurements for the reaction ir~p —> ir°n
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Figure 24: Comparison between data and fits to the data for the 21.4° bin. (a)
compares the bin-by-bin sum of the normalized spin-up and spin-down runs with
the sum of the individual fits to the spin-up spin-down spectn,. (b) compares the
bin-by-bin difference of the normalized spin-up and spin-down runs with the difference
of the two fits to the individual spin-up and spin-down spectra.
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Figure 25: Comparison between data and fits to the data for the 54.6° bin. (a)
compares the bin-by-bin sum of the normalized spin-up and spin-down runs with
the sum of the individual fits to the spin-up spin-down spectra, (b) compares the
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of the two fits to the individual spin-up and spin-down spectra.
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Figure 26: Final spectra for 13C(Tr+,?ro) at 0c.m. = 22.4° and Tw+ = 163 MeV with
X = 0.15. Indicated are the IAS, the (§~, | + ) doublet state, separated from the IAS
by 3.5 MeV, and a state (possibly consisting of several discrete levels) at about 7.4
MeV.
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Figure 27: Final spectra for 13C(7r+,7r°) at 0jat = 27.5° and Tw+ = 163 MeV with
X = 0.15. Indicated are the IAS, the (§" , | + ) doublet state, separated from the IAS
by 3.5 MeV, and a state (possibly consisting of several discrete levels) at about 7.4
MeV.
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Figure 28: Final spectra for 13C(Tr+,7r°) at 9lab = 34.5° and T»+ = 163 MeV with
X = 0.15. Indicated are the IAS, the (|~, | + ) doublet state, separated from the IAS
by 3.5 MeV, and a state (possibly consisting of several discrete levels) at about 7.4
MeV.
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Figure 29: Final spectra for 13C(Tr+,7r°) at Blah = 41.2° and Tw+ = 163 MeV with
X = 0.15. Indicated are the IAS, the (§", | + ) doublet state, separated from the IAS
by 3.5 MeV, and a state (possibly consisting of several discrete levels) at about 7.4
MeV.
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Figure 30: Final spectra for 13C(Tr+,7r°) at 9lah = 50.3° and T,+ = 163 MeV with
X = 0.15. Indicated are the IAS, the (f , | + ) doublet state, separated from the IAS
by 3.5 MeV, and a state (possibly consisting of several discrete levels) at about 7 4
MeV.
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Figure 31: Final spectra for 13C(TT+ ,*-°) at 0lab = 54.6° and Tw+ = 163 MeV with
X = 0.15. Indicated are the IAS, the ( |~, §+) doublet state, separated from the IAS
by 3.5 MeV, and a state (possibly consisting of several discrete levels) at about 7.4
MeV.
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Figure 32: Final spectra for 13C(*+,7r») at 8lah = 59.2° and T,+ = 163 MeV with
X = 0.15. Indicated are the IAS, the (f", f+) doublet state, separated from the IAS
by 3.5 MeV, and a state (possibly consisting of several discrete levels) at about 7.4
MeV.
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Figure 33: Spectra for the elementary process ir p —* ir°n at Tw- = 161 MeV and
a laboratory scattering angle of 21.8°. The background is mainly due to quasifree
charge-exchange on the (polarized) 13C. The peak width has been corrected for kine-
matic broadening.
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are discussed in detail in Section V.A.

D. Systematic and Statistical Uncertainties

Analyzing powers Ay where measured for the elementary reaction ir~p —* ir°n

as well as for the nuclear process 13C(7T+,7r°)13N. In both cases Ay is given by the

expression

/^I < 4 7 )

where N+ and Ar~ are the relative scattering yields for the target polarized parallel or

antiparallel to the cross product of incoming and outgoing pion momenta, respectively,

normalized to beam flux, and corrected for wire chamber efficiency and computer dead

time. P+ and P~ stand for the corresponding target polarization values.

Cross section for the 13C(n-+,7r°)13N reaction where determined according to

' ( 4 8 )

where Y is the extracted peak area, $ is the integrated pion beam flux, r is the com-

puter lifetime, N( is the number of target nuclei per cm2 and ilmc « the spectrometer

solid angle as determined by the Monte-Carlo code PIANG. The total efficiency e is

a factor of three separate factors:

c = CJK -tMWPC ' « / , (49)

where tjKt^htwpc and e/ denote the joint conversion probability, the MWPC detec-

tion efficiencies and the ray tracing efficiency, respectively. The evaluation of these

efficiencies has been discussed in Section III.C.4.

The following section discusses the systematic and statistical uncertainties for both

analyzing powers measurments and cross sections separately.
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1. Uncertainties <rAt for the Reaction ir p —> n°n

The uncertainty in the value for Ay was determined by forming the quadratic

sum of the uncertainties in Eq. (47). Since Ay can be considered a function of the

independent variables P+,P~tN
+ and N~ the square of the uncertainty is to first

order given by

2 2 , / V \2_3

where

y 2 =

- ; l -I-

The statistical uncertainties in the yields (TJV+ and O-JV- are calculated by the

fitting program by evaluating the appropriate covariance matrix. The values for these

uncertainties could be well approximated by using Poisson statistics:

°AT +

N'

The systematic uncertainties in the polarization values as determined by the NMR

are identical for o>+ and <rP- with a value of 4.0%, and are mainly due to possible

errors in the calibration of the temperature for the thermal equilibrium measurements

as well as biases in estimating the background under the peak in the NMR spectra

(cf. Section III.B.).
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In the following tables and figures the polarization uncertainties o>+ and o>- are

omitted since the asymmetry values scale to a shift in polarization values.

Two independent sets of measurements were made for the 38° and 55° settings

which, in addition, were separated by a considerable time period (appr. one week) to

check the reproducibility of the data.

An estimate of the systematic uncertainty for each angle setting of the spectrom-

eter was obtained from comparisons of the analyzing powers extracted from separate

runs with the same polarization orientation. False (non-zero) asymmetries can arise

from fluctuations in the counters and sealers used to monitor the relative beam flux,

fluctuations in the steering of the beam, and statistical uncertainties associated with

the determination of the target polarization. Comparisons were also made between

various combinations of similar spin-up and spin-down runs. The weighted mean of

the fluctuations in the asymmetries about the average values, hereafter called the

monitoring uncertainty, is listed in Table 13 for each angle setting. It is a random

error and applies to all angles binned from a single spectrometer setting.

2. Uncertainties <rAf for the 13C{w+,ir°) Reaction

The analyzing powers for the reaction 13C{ir+,ir°) are given by Eq. (47) where N+

and N~ now denote the normalized yields for the 13C(w+,*r°) reaction with target spin

up or target spin down, respectively, normalized to beam flux, corrected for MWPC

efficiencies and computer dead time. P+ and P~ are the 13C polarization values for

spin up and spin down, respectively.

The statistical uncertainties associated with the analyzing powers have been cal-

culated according to Eq. (50).

The main difference between the -n'p —• n°n and 13C(Tr+,ir°) analyzing power
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uncertainties lies in the yield extraction which was much more intricate for in the

latter case due to the presence of additional excited nuclear states and the nuclear

charge-exchange continuum (cf. e.g., Fig. 23).

This is reflected in a much larger uncertainty for the 13C(Tr+,7r°) count yields N+

and N~ due to the associated peak-fitting uncertainties. These uncertainties where

estimated by systematically varying the input parameters for the fits, such as peak

postions and background shapes. For example, separate fits to the data were done (a)

by constraining the peak positions to the kinematical expectations, (b) by constraining

only the relative peak separations to 3.5 MeV and 7.4 MeV with respect to the IAS,

and (c) by not constraining the peak postions at all. The resulting asymmetries were

found to be in good quantitative agreement and a mean value for the asymmetries

averaging over methods (a), (b) and (c) was computed. The peak-fitting uncertainty

was determined by taking the standard deviation of the asymmetries as determined

by methods (a), (b), and (c) about that mean. The final peak fitting uncertainty is

quoted as ofo in Table 9.

A further test was to compare spectra of runs with identical spin orientation and to

compute the associated asymmetries. Figure 34 shows the analyzing powers extracted

from two sets of runs with identical spin orientation. As expected, the values fluctuate

about zero within the acceptable errors. The weighted mean of the fluctuations of

sets of runs with identical spin orientation about zero was treated as a systematical

error and added in quadrature to the peak-fitting and statistical yield errors. Table 9

contains a detailed listing of the magnitudes of the various uncertainties.

3. 13C(7r+,7rc) Cross Section Uncertainties

The uncertainties involved in determining the IAS sections are listed in detail
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Figure 34: 13C(7T+,7r°) analyzing powers for two sets of runs with identical polarization
orientation. The error bars are mainly due to peak-fitting uncertainties.

in Table 10. The peak-fitting uncertainty provides the largest single contribution,

especially for the 38° spectrometer setting. Statistical errors are generally negligible.

The peak-fitting uncertainties become even more pronounced for the (3/2 ,5/2+)

excited state at 3.4 MeV due its overlap with the nuclear continuum background.

This background originates from quasi-free scattering and from excited non-analog

nuclear states in S3N. These contributions were simulated by an exponential tail and

by a polynomial fit. Both of these shapes gave mutually consistent yields for the IAS



87

Table 9: 13C(ir+,7r°)13N(IAS) analyzing power uncertainties. Given are the nominal
spectrometer setting angle, the effective scattering angle 0ea, the peak-fitting uncer-
tainty <Tfit, the systematic uncertainty <7,y,, the statistical uncertainty <r,t.t and final
uncertainty <TX, for each angular bin.

Angle 0tff er&t

(deg) (deg)

25.0 22.4 0.037 0.038 0.033 0.065
27.5 0.030 0.038 0.057 0.095

38.0 34.4 0.043 0.061 0.082 0.120
41.2 0.003 0.061 0.050 0.100

55.0 50.3 0.041 0.040 0.027 0.071
54.6 0.025 0.040 0.023 0.051
59.2 0.041 0.040 0.033 0.070

transitions and the excited state at 3.5 MeV.

The data that were taken for the reaction T~p —+ ir°n under the same experimental

conditions and with the same cryogenic target allowed an independent check on the

overall detector efficiency. Above 100 MeV different phase-shift predictions of the

forward-angle ir~p —* ir°n cross sections are in good argeement with previousely

exsisting the data and can be used to determine the spectrometer efficiency and solid

angle.

Figure 35 compares the most recant phase shift predictions81 FA89 for the ir'p —»

v°n cross section with our data. The relatively large error bars are due to the uncer-

tainty in the absolute TT~ flux, which enters as an overall uncertainty for each of the
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Table 10: 13C(TT+,?T0)13N(IAS) cross section uncertainties. Given are the nominal
spectrometer setting angle, the effective scattering angle 8eff, the nominal yield, the
statistical yield uncertainty er(tat, the peak-fitting yield uncertainty <Tfit, and the re-
sulting overall yield uncertainty ay.

Angle

25.0

38.0

55.0

*eff

22.4
27.5

34.4
41.2
50.3
54.6
59.2

Yield <

4597
1873
667
969

2668
2822
2525

W [%]

2
3
4
3
2
2
2

4.5
4.0
13.0
16.0
4.0
5.2
8.1

<rr [%]

8.8
8.4
15.0
17.6
8.4
9.1
10.8

three spectrometer settings.

The cross sections are directly proportional to the overall detection efficiency,

the integrated incoming pion flux, and the effective spectrometer solid angle. The

MPWC and ray tracing efficiencies CMWPC and ef and the related uncertainties have

been discussed in Section III.C4.

The uncertainty in the integrated beam flux ranged between 10 and 12%, due

mostly to the 8% uncertainty in the activation cross section.'2 For a discussion of the

beam monitors and there stabilities see Section III.A. The spectrometer solid angle

SIMC was determined by the Monte-Carlo code PIANG for each angular bin, with an

associated uncertainty of 5%.
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Figure 35: Check on detector efficiency using the reaction ?r p-> n°n. The solid line
indicates a phase shift calculation. Good agreement between data and phase shift
predictions is obtained assuming a conversion efficiency of ec = 0.41, which agrees
with the value calculated from Eq. (45).

E. Effective Scattering Angles

The spectrometer acceptance depends strongly on the scattering angle. Thus the

number of counts obtained for each angular bin represents an acceptance-weighted

average yield, and the corresponding measured cross section (d<r/dfi) is an acceptance-

weighted average cross section. It is related to the real cross section d<r/dfl through

the acceptance function A(6) of the ir0 spectrometer according to

W, (51)

where 8\ and 02 are the angular bin limits as defined through software cuts during

data replay. The acceptance function A{8) is determined by the Monte-Carlo code
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PIANG. The effective scattering angle B& is defined as the angle that satisfies

,da, da
<«> - «<*•>• ( 5 2 )

Cross sections for the reaction ir~p —» *r°n vary slowly with scattering angle.

Therefore they may be considered as constant over the range of one angular bin

and factored out of the integral in Eq. (51). The effective scattering angle for the

ir~p —> n°n reaction was therefore obtained by averaging the acceptance function

A{9) within the angular bin limits 9\ and 92.

The 13C(?r+,7ro) cross sections are strongly dependent on the scattering angle. For

forward angles, the diffractive nature of the cross section is well described by a Bessel

function83 and is of the form

^ = N J!(qR), (53)

where q — 2k sin*(0/2) is the momentum transfer, k is the momentum of the incoming

pion and R is the effective pion-nucleus interaction radius. By combining Eqs. (51),

(52), and (53), the expression defining $& becomes

) R) = f J!(qR) A{6) d9. (54)

in which g(0eff) = 2fcsin2(0eff/2). The effective scattering angle 0eff for the 13C(*-+,*-°)

reaction was obtained for each bin by solving this equation.

Tables 11 and 12 contain the effective spectrometer settings and angle bin limits

determined through software cuts, as well as the effective scattering angle associated

with each angular bin.
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Table 11: Angular bins for the TT p —> TT0 n measurements.

Nominal Setting

(deg)
25.0

38.0

55.0

Angular Range

(deg)
12.0 - 25.0

25.1 - 38.0

27.5 - 35.0
35.1 - 39.7

39.8 - 48.5

46.5 - 52.5

52.6 - 56.5
56.6 - 65.5

Effective Angle (lab)

(deg)
21.8

27.6

32.3

37.3
42.6

50.3

54.9
59.5

Table 12: Angular bins for 13C(ir+ ,ir°) measurements.

Nominal Setting

(deg)
25.0

38.0

55.0

Angular Range

(deg)
12.5 - 25.0

25.1 - 31.0
27.0 - 38.0

38.1 - 49.0
46.0 - 52.6

52.7 - 56.5

56.6 - 65.0

Effective Angle

(deg)
22.4

27.5
34.5

41.2
50.3

54.6

59.2



V. EXPERIMENTAL RESULTS AND CONCLUSIONS

The main objective of this experiment was to obtain analyzing powers for the

transition 13C(?r+,7r0)13N leading to the isobaric analogue of the ground state of 13C

in 13N. Also extracted were differential cross sections for the 13C(?r+,7ro) reaction

leading to the IAS, differential cross sections for the 13C(7T+,7r°) reaction leading to

an excited doublet state in 13N at 3.5 MeV excitation energy, as well as analyzing

powers for the reaction ir~p—* ir"n.

The results of these measurements are presented and discussed in the following

subsections.

A. Analyzing Powers for the Reaction ir~p —> n°n

The measured analyzing powers for the n~p —* ir°n reaction are listed in Table 13.

Also listed are the systematic and the statistical uncertainties (cf. Section IV.D.l

for a discussion of these). Not included is a systematic uncertainty in the target

polarization of 4%.

At the time that this measurement took place, analyzing power measurements for

the nN charge-exchange reaction had been reported only for incident pion energies

above 192 MeV,64'56 but it was expected that phase-shift calculations should be able

to accurately extrapolate to lower pion kinetic energies.

Figure 36 shows our results and compares them with the predictions obtained

from phase-shift calculations.B1>86 The FA89 set of phase shifts,'1 which has been

constrained to reproduce recent analyzing power data for irp elastic scattering from

Tw- = 98 to Tw- = 263 MeV,24 produces good agreement with the data. The results

obtained with older sets of phase shifts, including the Karlsruhe-Helsinki'7 set, are

nearly indistinguishable from those shown in Fig. 36. The goodness-of-fit parameter
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Table 13: Angular distribution of ir~p —> ir°n analyzing powers at Tn- = 161 MeV.
The errors a^y do not include the target polarization uncertainty of 4.0%.

deg

Monitor

Error deg

Statistical

Error

25

38

55

0.012

0.013

0.017

21.8
27.6
32.3
37.3

42.6
50.3
54.9

59.5

0.012
0.015
0.011
0.013

0.018
0.013
0.014

0.020

0.24±0.017
0.26±0.019
0.33±0.017

0.37±0.018

0.44±0.022
0.56±0.021
0.60±0.022

0.65±0.026

"Angular position of the spectrometer.
6Effective scattering angle.

X2 for the various sets of phase shifts ranges between 1.5 and 2.0 per degree of freedom.

A renormalization of the data by a factor of 0.97, within the overall systematic error,

yields a %2 P e r degree of freedom of about 1.0 for the FA89 set, while a renormalization

factor of 0.945 produces a minimum \2 °f 0.66. No revisions in the nN phase shifts

near the P33 resonance seem to be required by the data reported here. A self-contained

description of the foregoing n~p —> ir°n analyzing power measurement can also be

found in Ref. 58.

B. 13C(7T+,7r°) Cross Sections

The differential cross sections for the reactions 13C(fl"+,7r°)13N(IAS), and

13C(Tr+,7r°)13N(3.5 MeV) are listed in Tables 14. The differential cross sections for
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the results of a calculation with the FA89 phase-shift set. The error bus do not
include the target polarization uncertainty of 4.0%



95

Table 14: Differential cross sections for the 13C(7T+,7r°)13N(IAS) reaction and for the
transition to the (|~, | ) doublet state at 3.5 MeV excitation energy at an incident
pion energy of Tw+ = 163 MeV. The momentum transfer is denoted by q.

q Cross-Section Cross-Section
13C(Tr+,7r°)13N(IAS) 13C(7T+,7r°)13N(3.5 MeV)

deg deg fm"1 (mb/sr) (mb/sr)

25

38

55

22.4

27.3

34.5
41.2

50.3
54.6

59.2

0.53

0.64

0.80

0.95

1.15
1.24

1.34

0.241±0.022

0.105±0.008
0.039±0.007

0.052±0.008

0.049±0.004

0.050±0.004

0.043±0.004

0.214 ±0.032

0.175 ±0.034
0.062 ±0.013

0.038 ±0.009

0.029 ±0.005
0.032 ±0.006
0.025 ±0.006

"Angular position of the spectrometer.
6Effective scattering angle.

the reaction 13C(7r+,7r°)13N(IAS) had been previousely measured,29>B0 albeit with poor

statistical accuracy. Due to the statistical limitations it was not previousely possible

to separate the IAS from the excited state doublet at 3.5 MeV and Ref. 29 effectively

summed over these states. The resulting differential cross sections stated in Ref. 29 for

the 13C(7r+,7r0)13N(IAS) transition are therefore systematically larger than the ones

extracted from the present data. A comparison of the two measurements is given in

Fig. 37.

As a result of a much longer running time, 5-10 times the counts per energy bin

could be acquired than was done in the previous work.

Figure 38 shows the results of our differential cross-section measurements for the
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b

F,gure 37: Companson of the extracted »C(TT+ , TT°)»N(IAS) cross sections with those

s ^ c Z d ^ r ^ Ct 1 ThAPrCSent d a U (sqUates) *** ******** W r crosssect,on due to the fact that Doron et al, (crosses) were not able to separate the IAS
translt.on from the transition to the excited doublet state at 3.5 MeV and effectively
summed over these states. J
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13C(7T+,7r°)13N(IAS) reaction and compares them with two DWIA calculations. The

calculation by Siegel,69 which uses Cohen and Kurath (CK) wave functions21 to de-

scribe the nuclear structure, reproduces the observed IAS cross sections well. The

calculations by Mach60 with both CK and Tiator wave functions22 are systematically

worse in describing the IAS cross sections.

The CK wave functions have been obtained by fitting the fifteen two-body matrix

elements of the lp shell to the experimentally determined energy levels of the p-shell

nuclei. The resulting model wavefunctions successfully predict the magnetic dipole

moment, Gamov-Teller beta decay, and Ml gamma transition strength for the 13C

nucleus.21 However, the CK model wavefunctions have deficiencies in describing the

cross sections for the 13C(7,7r~)13N reaction.81-62'83 On the basis of these deficien-

cies (and by using input from magnetic moments, beta decay and magnetic electron

scattering), Tiator22 has shown that the 1 3C(7,TT~)1 3N cross-section data can be un-

derstood by a suppression of the Ml cross section which translates into a reduction

of the spin-flip L = 2 reduced two-body matrix element. As pointed out in Section

II.C.2., the nuclear structure input for the IAS transition is completely described by

the values of three two-body reduced matrix elements. These are the two monopole

amplitudes J(KS) = 0(00) and J{KS) = 1(01), and the L = 2 quadrupole spin-flip

amplitude J{KS) — 1(21). The main difference between the CK nuclear wavefunc-

tions and those of Tiator is the reduced J(KS) = 1(21) amplitude. Tiator assumes

approximately 1/2 the value for this amplitude than does the CK model.

Figure 39 shows the differential cross sections obtained for the transition to the

doublet state in 13N at 3.5 MeV in comparison with a DWIA calculation by Siegel.

CK wavefunctions are used for the nuclear structure. The DWIA calculation takes

into account the transition to the 3/2" state only and ignores the 5/2+ member of
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Figure 38: Differential cross sections for the 13C(*r+, 7r°)"N(IAS) reaction at
Tw+ =163 MeV. The curves are results of DWIA calculations by Siegel (solid), and
by Mach (CK wave functions, dashed; Tiator wave functions dot-dashed).
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the (3/2~,5/2+) doublet. Therefore the comparison in Fig. 39 is not fully justified.

However, the shell-model wavefunction space of the DWIA code used to obtain the

result in Fig. 39 currently includes only p-shell wavefunctions and thus can not be

used to calculate the 5/2+ transition to the 2s-ld shell.

C. 13C(7r+,7r°) Analyzing Powers

The analyzing powers and associated experimental uncertainties for the reactions

13C(7T+,7r°)13N(IAS), and 13C(7T+,7r°)13N(3.5 MeV) are listed in Tables 15 and 16.

The analyzing powers leading to the isobaric analog state in 13N are plotted in

Fig. 40 together with the theoretical predictions of two recent DWIA calculations,

one by Siegel, the other by Mach. Although the results follow the trends of the

analyzing powers at forward angles, the magnitudes are typically too large and the

structures too sharp. Discrepancies become very pronounced at angles larger that 50°.

The analyzing powers for the 13C(7r+,7r°) reaction leading to the excited (3/2~,5/2+)

doublet state at 3.5 MeV are shown in Fig. 41 together with a calculation by Siegel.

The two DWIA calculations of Siegel and Mach differ primarily in the modeling

with which the elementary pion-nucleon amplitudes are converted to the medium-

modified pion-nucleus amplitudes. Siegel's coordinate space calculation is based on

the nuclear optical potential outlined in Refs. 64 and 65 which uses the three body

approximation of the pion-nucleus optical model. The calculations of Mach are done

in momentum space, using the formalism outlined in Refs. 60 and 66.

Mach's calculations with CK and Tiator wavefuctions lead to almost identical

analyzing powers (cf. Fig. 40). Similarly, Siegel's calculations have been performed

with a variety of nuclear structure reduced matrix amplitudes without significantly

affecting the resulting analyzing powers. Therefore both sets of calculations do not
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Figure 39: Differential cross sections to the (3/2~,5/2+) doublet state in 1SN for the
13C(7T+,7r°) reaction at Tw+ = 163 MeV. The solid line represents a DWIA calculation
for the 3/2" state only, and therefore does not include the contribution to cross section
due to the transition to the 5/2+ state.
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Table 15: Angular distribution of the 13C(7r+,7r°)13N(IAS) analyzing powers at
T»- = 163 MeV. The 4% polarization uncertainty is not included in the overal error.

(0/ab.)° Monitor (&iab.)
b Peak fitting + stat. Av ± <rAf

deg Error deg Error

25 0.038

38 0.061

55 0.040

22.4
27.5

34.5
41.2
50.3

54.6
59.2

0.050
0.087

0.093
0.065
0.040

0.025
0.052

0.06 ±0.065
0.28 ±0.095

0.36 ±0.120
0.29 ±0.100
-0.03 ±0.095

-0.02 ±0.090
-0.14 ±0.094

"Angular position of the spectrometer.

^Effective scattering angle.

Table 16: Angular distribution of the 13C(Tr+,7r°)13N(3.5 MeV) analyzing powers at
Tw- = 163 MeV. The 4% polarization uncertainty is not included in the overal error.

(0/a6.)° Monitor (Qiab.)
b Peak fitting -I- stat. Ay ±

deg Error deg Error

~25 0.038

38 0.061

55 0.040

"Angular position of the spectrometer.

^Effective scattering angle.

22.4
27.5

34.5
41.2

50.3

54.6

59.2

0.060
0.061

0.264
0.181

0.076

0.075

0.078

0.47 ±0.071
0.19 ±0.072

-0.24 ±0.271
-0.50 ±0.191

-0.63 ±0.086
-0.74 ±0.085

-0.72 ±0.088
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Figure 40: Analyzing powers for the 13C(Tr+,7r°)13N(IAS) reaction at T** = 163 MeV.
The curves are results of DWIA calculations by Siegel (solid), and by Mach (CK wave
functions, dashed; Tiator wave functions dot-dashed).
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doublet at 3.5 MeV. The solid curve has the same meaning as in Fig. 40 and does not
include contributions due to the transition to the 5/2+ state.
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appear to be strongly sensitive to the assumed model of nuclear structure, at least

not to those that are limited to wave fuctions in the lp shell.

The Ml magnetic form factor for elastic electron scattering from 13C, which is

also sensitive to spin-dependent effects, appears to require nuclear structure wave

functions that go beyond the lp shell.87 Specifically, no fundamental model within the

lp nuclear shell model configuration space seems to be capable of accurately describing

the 13C(e, e') Ml form factor data obtained with a momentum transfer of up to 3 fin"1

(cf. Fig. 42). The most serious difficulty is the large relative enhancement of the Ml

form factor beyond the second diffractive maximum (q > 1.2 fin"1), as is illustrated

in Fig. 42(a), where the experimentally determined Ml form factor is compared with

the predictions of the LS coupling model, the jj coupling model, and the CK model

wavefunctions.

Although the momentum transfers of greatest sensitivity are near 2 fin'1 and thus

bit larger than those reached by the present data (about 1.3 fin"1), a satisfactory

description of the present analyzing-power data may require an extended model of

nuclear structure, including the 2s-ld shell. Attention should also be given to as

yet unknown modifications of the elementary pion-nucleon interaction by the nuclear

medium, especially its spin-dependent features.

In conclusion, the measured analyzing powers for the reaction

13C(ir+,7r°)13N(IAS) agree qualitativelty with both DWIA calculations. At scatter-

ing angles larger than about 50° the quantitative agreement is very poor, however,

suggesting that either the reaction model aspect or the nuclear structure input to the

DWIA calculations needs more theoretical work. An extension of the nuclear model

space to the 2s~\d shell may be required in order to model the analyzing powers

accurately.
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Figure 42: Ml form factor for elastic electron scattering on 13C and comparison with
p-shell interpretations. The experimental results are indicated by solid circles; open
circles indicate the results by Lapikas et a/, Ref. 68. All data have been corrected
for Coulomb distortion effects as described in Ref. 67. (a) Comparison with I S cou-
pling, jj coupling and the Cohen-Kurath (CK) model, (b) Results of attempts to fit
the data with a generalized p-shell model. HO, harmonic oscillator potential; WS,
simple Woods-Saxon potential; WSMEC, Woods-Saxon potential including one-pion
exchange contributions, (c) Phenomenological evaluation of possible core polariza-
tion contributions. WSMEC, same as in (b); H04HW, 4ftu; harmonic oscillator fit;
WS2HW, fit including 2fcw ( 2Pl/ilpJ2 )„ matrix elements using Woods-Saxon po-
tential. The Figure is from Ref. 67.
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