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Pion-y angular correlations have been measured both in and out of the reaction plane for the re-
action '’C(m,7')12C*(2*, 4.44 MeV), ?C* - '2C(g.s.)+y. Data are presented at a pion momentum
transfer of ¢ =0.47 fm~! for incident pion energies of 116, 140, 162, 180, and 226 MeV and at
g =0.85 fm~! for energies of 116, 162, and 226 MeV. A detailed description of the experimental
setup together with the applied test procedures and of the data analysis is given. The data are com-
pared to predictions of the A-hole model and its static limit.

I. INTRODUCTION

Because of the dominance of A excitation in pion-
nucleon scattering at intermediate energies, pion-nucleus
scattering provides an excellent tool with which to inves-
tigate to what extent the behavior of the A resonance ex-
cited in the nucleus is influenced by the nuclear medium.
For the theoretical description of the resonance dominat-
ed pion-nucleus scattering the so-called A-hole model has
been developed">**3 and apéalied first to pion-nucleus
elastic scattering. Lenz et al.® used this approach to de-
scribe pion-nucleus inelastic scattering retaining the phe-
nomenological parameters from fits to the elastic scatter-
ing data.

In the A-hole formalism A-hole states are introduced
explicitly and are allowed to propagate leading to a non-
local transition operator. Binding and Pauli corrections
are calculated microscopically, while more complex A-
nucleus interactions like those arising from pion absorp-
tion in nonmesonic channels are treated phenomenologi-
cally through a A-nucleus spreading potential.

To get a reference point for the dynamical phenomena
treated in the A-hole model, the static limit of this for-
malism can be considered, in which the A-nucleus dy-
namics is eliminated completely.® Thus medium correc-
tions and A propagation are neglected in this limit.

In inelastic pion scattering reactions to discrete final
states of a nucleus, the A-hole model often yields a
description of the differential cross sections nearly
equivalent to that from calculations in the static limit.
For these reactions the consideration of the magnetic
substate population of the excited state is of particular in-
terest. On the one hand the transition amplitudes for the
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different magnetic substates are expected to be more sen-
sitive to medium effects than the more inclusive
differential cross section; on the other hand, symmetry
considerations within the A-hole model show that
different excitation mechanisms populate the individual
substates differently. Therefore, observables sensitive to
the magnetic-substate populations are particularly suited
to test the validity of the A-hole model.

Pion-gamma angular correlation data are sensitive to
the magnetic substate population of pion scattering to a
discrete final state with subsequent gamma decay. A first
(m,7'y) experiment in the A-resonance region has been
performed at the Swiss Institute for Nuclear Research
(SIN) at a pion energy of 162 MeV on the 2*, 4.4 MeV)
state in '2C.7 In this experiment no energy resolution was
available for the scattered pions, and the angular correla-
tion data were taken only in the reaction plane at a single
incident energy. Already from these rather modest data
there were indications that the A-nucleus dynamics was
important for the description of the pion-nucleus interac-
tion.

In a recent letter® we reported on a new (7,7'y) angu-
lar correlation experiment with considerably improved
accuracy and range. Data for the angular correlation
function were presented for measurements at a momen-
tum transfer g=0.47 fm~! and for five incident energies
between 116 and 226 MeV. The purpose of this paper is
to give a detailed description of the experimental setup
together with the applied test procedures and monitoring
systems, data analysis and discussion of statistical and
systematic errors. We furthermore present additional
data for a momentum transfer of g=0.85 fm~' taken at
incident energies of 116, 162, and 226 MeV. From the
angular correlation data the coefficients and phases of the
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angular correlation function as derived in Sec. II have
been extracted and the results are discussed in detail by
comparing them to the predictions of the A-hole model
and the static limit of Ref. 6.

II. ANGULAR CORRELATION FORMALISM

The formalism of particle-y angular correlations of the
general type A4(a,b)B(y)C has been presented in Ref. 9.
In this work we apply that formalism to a 4 (77') reac-
tion leading to an excited state with definite spin and par-
ity, which then decays with the emission of a single y ray.
We choose the quantization (z) axis to point in the direc-
tion of k; Xk, and the x axis in the direction of k;, where
k; and k, denote the momenta of the incident and scat-
tered pion, respectively. The definition of the reference
frame, as well as the convention of angles referring to it
and used in the text are illustrated in Fig. 1.

The double differential cross section for scattering a
pion in the direction ks, while a y ray is emitted along k,
and its polarization is not detected, can be written as

d20' _ W(¢ﬂ;9y’¢y) do
dQ,da, ~ 4r da_ -

(1)

The normalization of the angular correlation function
W(¢,0,.¢,) is found by integrating over the solid angle

Y
[ w(4,:6,.6,d0, =47 . )

Using the statistical tensors p%Q as defined in Ref. 9 the
angular correlation function takes the form

T
W(b:6,6,)= 3 TR (1)
K,Q Poo
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The factors Rg(y) depend only on the parameters of the
v transition. In case of pure multipole radiation they
consist only of vector coupling coefficients.!” The statisti-
cal tensors p,@Q are related to the density matrix elements

Pmm bY
J
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FIG. 1. The definition of the coordinate system.

pro= 3 (=1 "MUIM—M'| KQ)pypr “)
M,M’

with the density matrix itself given by
P =TTy (5)

where T, is the transition amplitude for the considered
state with angular momentum J and projection M.

With the proper normalization of the transition ampli-
tude the differential cross section is given by the in-
coherent sum over the magnetic substates

do
T M

In deriving the following relations we restrict ourselves to
the investigated reaction '*C(m,7')'?)C2+)(y)'2C, i.e., a
0*—2*—0% spin sequence. The particular choice of
the coordinate system establishes reflection symmetry
with respect to the reaction plane. This allows the appli-
cation of Bohr’s theorem!! which in turn leads to the re-
quirement

T =(—1)MT,, (7)

Therefore only substates with even M, i.e., M =—2,0, 42
can be populated

With this result the angular correlation function writ-
ten in terms of the density matrix elements is given by

W(¢ﬂ';0}”¢}')= [%(p22+p_2_2)+ %( 1 —pzz—p_z_z)coszoy—i—%(6—5p22—5p_2_2)005497

do

—3V'6 | pyo+po_2 | cos?0,sin’0,cos[2(¢, + o)1 — 3 | p;_; | sin467,c05{4(¢,,+¢2)}/ 40, ®8)

where the phases ¢ and ¢, are defined by

i2¢
P+Po—2= | Po+po_2le °,

i4
Pr2=1|py_,le 2.

For the case 97=9O°, the so-called “in-plane” geometry,

9)

the angular correlation function W takes the well-known
form

W(y:0,=90"6,)=A +Csin’[2$,+¢)] . (10)

According to Eq. (3) the coefficients 4 and C are given by
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do
A=[3pp+pr_2)—3 P22l ]/EQ_ )

do
C=5le_z|/§Q— :

Since quadrupole radiation with M =0 does not emit in
directions perpendicular to the axis of quantization all
contributions containing the transition amplitude T,
vanish in the in-plane correlation function. A complete
determination of the angular correlation function thus re-
quires the detection of y rays out of the scattering plane.
In the present work y detectors have been placed at an
angle of 45° below the reaction plane. We will refer to
this choice of angles as to the “out-of-plane” geometry.
In this case, i.e., 07,=45°, and 135° another oscillatory
term enters the angular correlation function

(11)

W($,;0,=90°145,¢ )= A'+C’sin?(2(¢,+4,)}
+D sin*{¢, + ¢} - (12)

The new coefficient D now depends on the transition am-
plitude T,,

D:(%‘/_6|P20+Po_z| )/:TU , (13)

whereas the coefficients A’ and C’ are related to the
coefficients 4, C, and D by

A'=L4(15-64—4C—4D),
(14)
C'=C/4.

This representation of the angular correlation function
has been chosen for the presentation of our results. The
coefficients 4, C, and D and the phases ¢, and ¢, have
been determined in the experiment. This is equivalent to
a determination of the modulus of the transition ampli-
tudes T,_,, T,y, and T,, and of two of their relative
phases.

In the nonlocality expansion of Ref. 6 the pion couples
to a number of nuclear densities of increasing complexity.
Neglecting terms of second and higher order one obtains
four nuclear structure terms, the transition density (sca-
lar), the spin density (vector), the convention current
(vector) and the spin flux tensor. These modes of excita-
tion can be taken into account by defining “even” (Tj},)
and “odd” (T, ) pieces in the transition amplitude T,,,
where T}, corresponds to scalar/tensor excitations and
T'jj to vector excitations.

In the coordinate system of Fig. 1, Tji, and T ,,
differ only by a complex phase factor.

7, 2iM

TF y=+(—1) T, . (15)

Here ¢, denotes the angle between the transferred
momentum q and the incident pion momentum k,

¢, =1(¢,—180") . (16)

In terms of these amplitudes the in-plane angular correla-
tion function can be written as'?

W(,:6,=90°4,)

5

= o /dn. | Tc0s2(d,—¢,)

+iTsin’2(¢, —¢,) | * . a7

Obviously the coefficients A4, C, and D and the phases ¢,
and ¢, determined in our experiment can also be ex-
pressed in terms of 75, and T5;. In contrast to the ampli-
tudes T,y and T,4, of Eq. (5), these amplitudes are
directly related to the even and odd excitation modes.

III. EXPERIMENTAL PROCEDURE

The experiments were performed at the 7M1 channel
of the Schweizerisches Institut fiir Nuklearforschung.
The SUSI pion spectrometer facility was used to detect
scattered pions while an array of six Nal crystals detect-
ed the coincident ¥ rays. Details of the beamline and the
spectrometer are given in Refs. 13 and 14. A schematic
view of the detector arrangement is given in Fig. 2.

The target used was graphite with an areal density of
1.61 g/cm?®. The achieved energy resolution in the excita-
tion spectra was about 1.4 MeV FWHM. The measure-
ments used a pion flux of typically 5X 10° 7+ /sec. The
proton contamination was chiefly reduced by an electro-
static separator. The momentum of the incident pions
was measured at the intermediate dispersive focal plane
of the beamline with a hodoscope S1 consisting of 16
scintillators, each with a thickness of 1.2 mm. It covered
a momentum acceptance of 8p /py=1.5%.

A plastic scintillator S2 of 1 mm thickness was mount-
ed 10 cm upstream of the scattering target to count the
incident particles. It also served to discriminate against
remaining protons by setting an upper threshold S2” on
its pulse height. A beam event was then defined by a
coincidence S2-S27-Rf, where Rf denotes the cyclotron
frequency signal.
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FIG. 2. Schematic diagram of the experimental setup.
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Pions scattered from the carbon target were momen-
tum analyzed by the SUSI spectrometer. The spectrome-
ter is a vertically bending quadrupole-double dipole mag-
net system. The entrance quadrupole focuses in the hor-
izontal plane. Two multiwire proportional chambers
(MWPC) C4 and CS are placed on either side of the quad-
rupole to define the trajectory of particles entering the
system. The MWPC’s C6 and C7 are mounted at the exit
of the spectrometer crossing its focal plane. They allow
for the determination of the trajectories of the exiting
particles, and together with the information from C4 and
CS5 for the determination of the particle positions in the
focal plane. The spectrometer field was set to keep the
4.4 MeV excitation region in the middle of the focal
plane. Two scintillation counters S3 and S4 are mounted
behind C5 and C7, respectively. The coincidence S3-S4
gives a trigger signal for the system and defines a spec-
trometer event. The solid angle of the spectrometer is ap-
proximately 16 msr with angular acceptance of +3° in the
vertical and *+5° in the horizontal direction.

The deexcitation y rays were detected with six Nal
counters of cylindrical shape. Four of them had a size of
12.7-cm diameter X 12.7-cm height, the remaining two of
7.6-cm diameter X 7.6-cm height. The six counters were
arranged in three pairs of equal size with one detector
placed in the reaction plane (6,,=90°) and the other one
mounted at an angle of 45° below the scattering plane
(6,=135°). All three y arms were mounted to the pivot
axis of the pion spectrometer. Taking into account the
periodicity of the angular correlation function the range
of y angles achieved was 35° < ¢, <140°.

Since instabilities of photomultipliers with large
cathode surfaces are a well-known problem, extra steps
were taken to monitor and record the gain of the Nal
detectors. A 3 mm thin layer of uv lucite was inserted
between the Nal crystal itself and the photomultiplier. It
served as a lightguide for feeding the light from a green
light-emitting diode (LED) into the phototube. The LED
signals were used to monitor the gains of the detectors.
This task was performed by an intelligent multichannel
analyzer (MCA) based on a Z-80 microcomputer in con-
nection with the high-level real time language PEARL.!®
The MCA accumulated LED spectra for each Nal detec-
tor once per minute. It determined the position of the
LED peak and handed this result to the PDP 11/45 data
acquisition computer. This information was used in the
off-line analysis to correct the analog-to-digital converter
(ADC) spectra of the Nal detectors for possible gain vari-
ations, which turned out to be of the order £5% at most.
A detailed description of the hardware and software of
the MCA system together with its application in the
present work is given in Ref. 16.

The position of the LED peak was also used for the en-
ergy calibration of the ADC spectra of the Nal counters.
Before and after each measurement the LED line and
Nal counters were energy calibrated with standard y-ray
sources such as ®Co, 8Y, and others. The light intensity
of the LED was adjusted to give a peak position corre-
sponding to 5.5 MeV. The LED peak was therefore well
separated from the region covered by 4.4 MeV v rays of
the 12C deexcitation.
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Since the effective solid angles of the Nal detectors de-
pend on their distances to the target spot, and on the size
of the target spot, the beam profile and position were
scanned at the beginning and end of each measurement
using a 0.2 mm wide scintillator mounted on a step motor
drive 5 cm downstream of the scattering target. This
scintillator was removed from the beam path during the
actual measurements. The information obtained from
these scans was included in the determination of the
product of efficiency and solid angle €,d (2, as described
in Sec. IV.

Two different types of events were defined in the
hardware trigger. The first type were so-called correla-
tion events for which a coincidence between a beam
event, a spectrometer event and an event in one of the six
y-detectors was required:

(S2-82P-Rf)-(S3:S4)-(G1VG2V -+ VG6) .

The second type of events defined were “free’ scattering
events, which only required a coincidence between a
beam event and the spectrometer: (S2-S2°-Rf)-(S3-S4).
Because of the small solid angle covered by Nal detectors
the rate of scattering events was about a factor of 10°
higher than the rate of correlation events. Therefore only
a well defined fraction of scattering events was recorded
to tape.

It should be pointed out that the simultaneous mea-
surement of the yield of coincident 7-y-events and of the
yield of inelastic scattering is advantageous for the data
analysis. In the determination of the values of the angu-
lar correlation function the uncertainties connected with
the use of the pion spectrometer, i.e., solid angle, accep-
tance or pion decay, cancel out. This leads to a consider-
ably improved accuracy of the data as compared to previ-
ous measurements.” !’

IV. DATA REDUCTION AND ANALYSIS

The values of the angular correlation function
/4 ¢ﬂ;97,¢},) can be evaluated in two independent ways.
Both methods have been applied to the data to check the
consistency of the results.

The first method is derived from Eq. (1) by writing the
angular correlation function W as ratio of the double
differential cross section d%c/dQ.d Q, and the
differential cross section do /d(},. Inserting the experi-
mentally determined quantities and recalling the fact that
the yield for (7,7'y) events and the yield (7,7') events
was measured simultaneously, the angular correlation
function is simply given by

N(n’,fr"y) 41

W:
N(ﬂ',fr’) 6yd‘()"y(l_l(abs)

(18)

N4,y is the yield of coincident 7 and y events stemming
from the excitation of the (2%, 4.4 MeV) state. N, ., is
the yield of scattered pions leading to this excited state.
€,d (1, is the product of efficiency and solid angle of the ¥
detectors and K, accounts for self-absorption of the y
rays in the graphite target.

The yield N, ., was obtained by integrating the peak
of the (2%, 4.4 MeV) state in the excitation energy spec-



tra of the correlation events. Two different types of back-
ground contribute to these spectra and were removed in
the course of data reduction.

The first type comes from muons and electrons from
the decay of scattered pions in the spectrometer and any
other events which are caused by scattered pions not
passing directly through the spectrometer (i.e., pions
which scatter from the pole faces). This background is
removed by a trajectory analysis of each event. The angle
of the pions exiting the spectrometer is calculated from
its coordinate in C4 and C5 and from its momentum and
then compared to the angle measured by C6 and C7.
This comparison allows one to reduce this background to
about 3% of the events in the excitation spectra.'*

The second type of background in the spectra of the
correlation events was due to accidental coincidences
caused by the significant background rate in the Nal
detectors. This background could be reduced to a negli-
gible amount by putting a tight cut on the time-of-flight
(TOF) measured between the Nal detectors and the scin-
tillator S2, and on the energy of the ¥ rays. An example
of a TOF spectrum obtained with one of the 12.7-cm Nal
detectors is shown in Fig. 3. The flat distribution of ac-
cidental coincidences is limited by the time window in the
trigger electronics. The width of the peak of the prompt
events is determined by the time resolution and was typi-
cally 3.5 nsec for the 12.7-cm detectors and 2.0 nsec for
the 7.6-cm detectors. The mean u and variance o were
determined by assuming a gaussian peak shape. Events
with a TOF value outside of a window of +3¢ around the
mean p were rejected from further analysis.

In Fig. 4 an ADC spectrum of 12.7-cm Nal detector is
shown. The spectrum contains only those events which
passed the TOF test. The photo and single escape peaks
of the 4.4 MeV y rays are clearly visible. These two
peaks were used for the energy calibration. In cases
where the statistics were not sufficient for the determina-
tion of the positions of the peaks with the required pre-
cision, the y spectra were calibrated using the peak of the
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FIG. 3. Time-of-flight spectrum of the y rays obtained with
one of the 12.7 X 12.7-cm Nal detectors.
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FIG. 4. Energy spectrum of the y rays having passed the
time-of-flight test. The events between the arrows are used in
the analysis.

LED events (not shown in Fig. 4). Events which were ac-
cepted for the final analysis had to have a y energy be-
tween 2.0 and 5.0 MeV. These two limits are marked in
Fig. 4 by arrows.

In Fig. 5 an example of an excitation energy spectrum
of the correlation events is given. This spectrum contains
only those events which passed the described tests. The
counts in the ground state region are remaining acciden-
tal events. From the number of these events the contri-
bution of accidentals to the (271, 4.4 MeV) state can be es-
timated. The result was < 1.0% in all cases. The events
in the excitation region above 15 MeV are of physical ori-
gin. Proton and neutron knockout lead to !'B and ''C as
residual nuclei. Both nuclei have excited states around
4.4 MeV which decay by y emission. Events of this type
were the major cause of uncertainty in the first (7, 7'y )
experiment,” which did not use a spectrometer.

36 T T T T
2* (L.LMeV)—
o 2C(m,m'y)"C
z
2 — -
o
) T = 116 MeV
q =0.85 fm™’
18 -

0 10 20 30
E, (MeV)

FIG. 5. Example of an energy spectrum of scattered pions in
coincidence with 4.44 MeV y rays detected in one of the Nal
detectors.
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The spectrum of scattered pions, obtained at 7,=116
MeV and ¢,=51° is shown in Fig. 6. As well as the 0"
ground state and the 27 state at 4.4 MeV, the 3~ state at
9.6 MeV is pronounced at this momentum transfer. A
least squares fit to the data was used to determine the
peak integrals, i.e, N(, ). The line shape of the peaks
was derived from the peak of the 21, 4.4 MeV) state in
the coincident spectra. The only free parameters in the
fits of the spectra of the scattered pions were then the am-
plitudes of the peaks, an overall position and the
coefficients of a quadratic background term.

The product of efficiency and solid angle €,d (), of the
Nal detectors was measured in a separate '2Cla,a'y) ex-
periment performed at the Erlangen tandem accelerator.
The method used and the results obtained are presented
in Ref. 18. The achieved accuracy for the values of
€,dQ, is 5%. The measured values of €,d(}, had to be
scaled for the detector distances in the present work,
which deviated from the calibration distances by 10% at
most. The uncertainty in the size of the beam spot and in
the energy calibration of the y-energy spectra led to an
additional uncertainty in €,d(),, which was thereby in-
creased to £6%.

The factor K, finally corrects for absorption of the
4.4 MeV y rays in the graphite target. It has been es-
timated'® to vary from 1 to 3% depending on the angles
of the Nal counters and of the target.

For the measurements at g=0.47 fm~! this method of
evaluating the angular correlation function gave results
with a rather poor accuracy. This was due to the fact
that at the small momentum transfers the determination
of the yield N, ., of the (2%, 4.4 MeV) state was ham-
pered by the dominance of the elastic scattering peak in
the spectra. The lineshape of the peaks has a long tail to-
wards higher excitation energies, which is caused by the
small fraction of background events passing the muon
test. The tail of the ground-state peak extends into the
region of the 2%, 4.4 MeV) state and at the forward

y?
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|
|
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FIG. 6. Energy spectrum of the scattered pions obtained at
T,.=116 MeV and ¢,=51° without coincidence requirement.
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scattering angles its contribution limits the accuracy in
determining the peak integral of the (2%, 4.4 MeV) state
t0 25%.

We therefore also applied a different method of
analysis to the data by normalizing the individual runs to
the elastic scattering yield N, rather than to the yield
N (.. of the (2%, 4.4 MeV) state. By doing so an overall
normalization factor F, ., is introduced, which is the ra-
tio of the elastic cross section to the cross section of the
(271, 4.4 MeV) state:

5 'y) 4
norm Ny eydﬂr( 1—K,,)

(19)

The factor F, ., can be determined by using the normali-
zation properties of the angular correlation function W as
given in Eq. (2). In practice this is done by fitting the
known analytical form [Eq. (8)] of the angular correlation
function together with the overall normalization factor
F\m» to the data. The fits were performed with the code
MINUIT (Ref. 20) using a least-squares method. The
values of F . obtained from these fits agree with the ra-
tio of previously measured cross sections?! within the ac-
curacy of our data.

This method led to an improved accuracy in determin-
ing the angular correlation values for the measurements
at g=0.47 fm~!. For ¢=0.85 fm~! both methods result-
ed in similar uncertainties. Very good agreement be-
tween the values of the angular correlation function eval-
uated with the two different methods was found for all
three energies at which data were taken for this momen-
tum transfer.'® For reasons of consistency all results
presented in this paper have been obtained with the
second method.

As a further result of the fit of the angular correlation
function to the data, the coefficients 4, C, and D, and the
phases ¢, and ¢, were obtained. An error analysis as de-
scribed in Ref. 22 was performed for the free parameters
of the fit, the coefficients, the phases, and the normaliza-
tion factor F,. .., thus, the stated uncertainties corre-
spond to a 68% confidence level including correlations
between the fit parameters.

It was necessary to include the finite solid angle of the
Nal detectors and the pion spectrometer in fitting the an-
gular correlation data. For the spectrometer only the
opening angle in the vertical direction is of importance.
Since the coefficients 4, C, and D, and the phases ¢, and
¢, are functions of the pion scattering angle ¢_, the spec-
trometer acceptance in horizontal direction merely
defines the angular bin over which these quantities were
averaged. The acceptance was restricted in the offline
analysis to *5° and found to be flat in this range. The
effect of the finite solid angles on the results for the angu-
lar correlation coefficients and phases was studied by
varying them separately. From this an additional error
for the coefficients and phases could be estimated, which
takes into account the uncertainty in the opening angles.
This error was then added in quadrature to the error ob-
tained from the code MINUIT.



V. THE RESULTS

In Figs. 7 and 8 the values of the angular correlation
function are plotted versus the y-emission angle ¢,. Fig-
ure 7 shows the results for the momentum transfer
g=0.47 fm~!, which have been published previously,?
and Fig. 8 for the momentum transfer g=0.85 fm~'. The
solid line is the result of the fit used to determine the nor-
malization factor and the coefficients and phases of the
angular correlation function. The good agreement be-
tween the data and the fits demonstrates the reliability of
the measurements. The dashed curve is the prediction of
the A-hole model. The dashed-dotted curve has been cal-
culated in the static limit.

Instead of discussing the present values of the angular
correlation function in detail, we present the extracted
values for the coefficients 4, C, and D, and the phases ¢,
and ¢,. These give a clearer and more detailed view of
the underlying physics, and enable a more detailed and
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FIG. 7. In-plane and out-of-plane angular correlation func-
tion at a momentum transfer of g=0.47 fm~' for different in-
cident kinetic energies. The solid curves are best fits according
to Eq. (8). The dashed and dashed-dotted curves represent pre-
dictions of the A-hole model and the static limit, respectively.
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FIG. 8. Same as Fig. 7 at a momentum transfer ¢=0.85

systematic comparison with the theoretical predictions.

In Fig. 9(a) the values for the phase ¢, are shown as
function of the c.m. scattering angle ¢ of the pion. The
solid line shows the relation between the phase ¢, and the
scattering angle ¢, as obtained in the adiabatic limit.?
In this approximation the excitation of the nucleus is
neglected and the differences between the initial and final
kinetic energies of the particles involved are disregarded.
The phase ¢, is then given by ¢,=(7m—¢_)/2. The data
are consistent with this simple relation. It seems there-
fore that the phase ¢, depends merely on the kinematics
of the reaction,?® and thus a discussion of the behavior of
the phase ¢, as function of the bombarding energy is ir-
relevant.

It is, however, worth mentioning that the same relation
between ¢, and ¢, as in the adibatic limit is suggested by
the A-hole model if we assume that the odd transition
amplitude is zero or negligible compared to the even part
[cf. Eq. (17)]. It should also be pointed out that because
the phase ¢, follows the adiabatic limit very closely, the
odd amplitude | T5; | is proportional to the coefficient
A, whereas the even amplitude | T3 | is proportional to
the sum (4 +C).

The values for the phase ¢, are presented in Fig. 9(b).
Given that the even coupling dominates the transition,
ie.,, |TH| > | Ty |, the A-hole model gives a relation
between ¢, and ¢, similar to the one for ¢,. It can easily
be derived that ¢o=(m—¢,)/2. If the real part of
T#/TH*e ¢ changes its sign the phase ¢, changes by
90°. This leads to a second branch for ¢, given by
¢o=m—¢,/2. Both branches are shown as solid lines in
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Fig. 9(b). Again, the data follow these relations very
closely and a transition between the two branches is actu-
ally observed (indicated by the dashed vertical line). The
behavior of the phase ¢, therefore also points to a small
odd part in the transition, that means to small values for
the parameter 4.

For simplicity we have not shown the predictions of
the A-hole model and the static model for the phases @,
and ¢, in Fig. 9. Both models give very similar results for
the phases which agree qualitatively with the data. In
particular both models produce the transition between
the two branches of the phase ¢, at about the right
scattering angle.

For the measurements with momentum transfer
g=0.85 fm~! the results for the coefficients 4, C, and D
of the angular correlation function are presented in Fig.
10 as function of the bombarding energy T,. Also in-
cluded in Fig. 10 are the predictions of the A-hole model
(solid curve) and of the static model (dashed curve).

Both models give very similar predictions for all three
coefficients (note the logarithmic scale for the coefficient
A). At this particular momentum transfer the angular
correlation function seems to be insensitive to the details
of the reaction mechanism and therefore tests the DWIA
formalism itself. The good overall agreement between
the data and the theoretical predictions proves that the
DWIA formalism is in general capable of describing an-
gular correlation observables.

FIG. 10. The results for the coefficients A4, C, and D of the
angular correlation function for the momentum transfer g=0.85
fm~'. The solid and dashed curves represent the predictions of
the A-hole model and static limit, respectively.

The coefficient A has small values over the whole mea-
sured energy range. This becomes more obvious if one
notes that 4 can only take values between O and 1.25.
The small values found are in agreement with the behav-
ior of the phases ¢, and ¢,. The large relative errors of
the coefficient 4 are mainly caused by its strong sensitivi-
ty to the uncertainties in the finite solid angles of the
detector equipment. The A-hole model gives consistently
higher values for this coefficient than the static limit and
is in slightly better agreement with the data. However,
due to the large errors no firm conclusion can be drawn
from this coefficient.

The coefficient D does not show a big variation with
energy and is quantitatively described by the predictions
of both models. The coefficient C also shows only little
dependence on the bombarding energy. Its behavior is,
however, in disagreement with the model predictions.
The models predict decreasing values for C for lower
bombarding energies. The experimental point for
T,=116 MeV clearly departs from the theoretical pre-
dictions and suggests a rising trend of the coefficient C at
low incident energies. It is therefore interesting to note
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that a detailed study of elastic and inelastic differential
cross sections at T, =100 MeV found out, that neither
the A-hole model nor the static limit can describe the an-
gular distribution for the elastic and inelastic channels
simultaneously.?* An overall description of the cross sec-
tions of the measured states could be obtained by intro-
ducing an additional repulsive s-wave potential. The
physical origin of such a potential is, however, unclear.

Figure 11 presents the results for the coefficients 4, C,
and D of the angular correlation function for the mea-
surements with momentum transfer ¢ =0.47 fm~!. The
data (solid circles) are again shown as function of the ki-
netic energy T, of the incident pion. The curves have the
same meaning as in Fig. 10.

The coefficient 4 again has small values and, for the
same reason as for g=0.85 fm~!, rather large relative er-
rors. The predictions of the A-hole model are on the
average a factor of 10 higher than the values in the static
limit. For ¢=0.85 fm~! the difference is somewhat
smaller, but also there the A-hole model produces higher
values. At this point we should recall that due to the be-
havior of the phase ¢, the coefficient A4 is directly propor-
tional to the odd transition amplitude | T, |. In the
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FIG. 11. The results of the coefficients 4, C, and D of the an-
gular correlation function for the momentum transfer g=0.47
fm~!. The meaning of the curves is the same as in Fig. 10.

static limit this amplitude is given by the coupling to the
magnetization density. In the A-hole model higher terms
also contribute, in particular a convection current term.
The predictions of the two models shown in Figs. 10 and
11 are the results of calculations where the transverse
form factor has been parametrized as pure convection
current. In the static limit the finite value of the
coefficient A therefore results from the distortions of the
pion waves only. In Ref. 25 it has, however, been shown
that a satisfactory description of the transverse form fac-
tor over the total range of the momentum transfer
covered with data® can only be obtained by using a
coherent sum of magnetization density and convection
current. Such a parametrization would imply increased
values for the coefficient A in the static limit. In the A-
hole model the magnetization density would add
coherently to the convection current, either increasing or
decreasing the values for 4. With these shortcomings of
the calculations in mind no further conclusions about the
agreement between data and theory for the parameter A
should be drawn.

The data for the coefficient D rise slowly with increas-
ing bombarding energy. This general behavior is quite
well reproduced by both models, although the A-hole
model gives values which are a factor 3 to 4 higher than
the values in the static limit. The big errors of the data,
however, do not allow one to discriminate between the
two models. The size of the errors is mainly due to the
limitations in the accessible range of the azimuthal emis-
sion angle ¢, of the y rays. Because of the geometrical
constraints in the present experimental arrangement data
could only be taken in a region of 35°<¢, <140°. This
range covers a full period of the term C sin2[2(¢y+¢2)],
but only half a period of the term Dsin2(¢y+¢o). In
comparison to the coefficient C the accuracy of the
coefficient D is therefore rather poor.

The coefficient C has a very distinct energy behavior in
the measured energy range. It decreases steadily from
C=1.15at T,,=116 MeV to C=0.34 at T, =226 MeV.
This behavior is also seen in the A-hole model calcula-
tions, which are in quantitative agreement with the data.
The static limit, however, yields almost constant values of
about 0.2 for the coefficient C at this momentum transfer
and therefore cannot reproduce either the shape or the
size of the data.

The A-hole model and its static limit yield very similar
results for the differential cross section at a momentum
tranfer of ¢=0.85 fm—!, which corresponds to the first
diffractive maximum. At the lower momentum transfer
of ¢=0.47 fm~—!, however, there are significant
differences between the two calculations, which result
from the explicit treatment of the intermediate A reso-
nance® in the A-hole model. These differences become
smaller with increasing incident energies reflecting the
fact that the static limit represents a ‘“high-energy” ap-
proximation. For the coefficient C, which in contrast to
the cross section contains the transition amplitudes
| Ty, | and |T,_, | as a product [cf. Egs. (11) and (5)],
the differences between the predictions of the two models
are considerably intensitied, and differ quite drastically
with decreasing incident energy at g=0.47 fm .
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Because of the behavior of the phase ¢,, which follows
the adiabatic limit closely and because of the small values
measured for the coefficient 4, the coefficient C is ap-
proximately proportional to the even transition ampli-
tude |73 |. This amplitude depends strongly on the
coupling of the pion to the transition density, which is
given by the longitudinal form factor. This is the dom-
inant excitation mode of the 2+, 4.4 MeV) state. The
nuclear wave functions used are reproducing the longitu-
dinal form factor equally well in the relevant region of
momentum transfer. Thus the differences in the predic-
tions of the two models for the coefficient C cannot be ex-
plained with uncertainties in describing the nuclear struc-
ture of '2C. The agreement between the data and the pre-
dictions of the A-hole model clearly demonstrate the im-
portance of an elaborate microscopic treatment of the A
propagation in pion nucleus scattering in the energy
reigon of the A(3.3) resonance.

VI. CONCLUDING REMARKS

Our data show that at a pion energy corresponding to
the maximum of the A-resonance, A-nucleus dynamics, as
included in the A-hole model, is necessary to describe the
pion-nucleon interaction in the nuclear medium. This
follows mainly from the behavior of the amplitude C of
the angular correlation function, which appears to be
very sensitive to the reaction mechanism. At higher en-
ergies the predictions of the A-hole model and the static
limit, which ignores the propagation of the intermediate
A resonance, become similar, and both are in good agree-
ment with our data. At lower energies there is a distinct
disagreement in the correlation coefficient C between the
experiment and both model predictions at a momentum
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transfer of 0.85 fm~!, which corresponds to the first max-
imum of the cross section. Keeping in mind that impor-
tant parameters used in the present model calculations
are obtained from fits to the elastic scattering data, it
remains to be seen, whether this disagreement can be re-
moved by introducing a repulsive s-wave potential. Such
a procedure improves the simultaneous description of
elastic and inelastic cross sections in Ref. 24. On the oth-
er hand, it should be mentioned that in a recent study?’
of the A-nucleon interaction in pion-nucleus inelastic
scattering, a phenomenological s-wave A-N interaction
was used, which is consistent with the spreading potential
determined in elastic scattering. In this study no ap-
propriate parametrization for the A-N interaction could
be found, which would yield a good description of both
elastic and inelastic scattering. Furthermore, the effect of
a refined treatment of the nonresonant amplitudes at en-
ergies away from the A resonance is unclear.

In order to get further insight into medium effects in
the pion-nucleon interaction, especially at lower energies,
we plan to extend our studies by measuring the depen-
dence of the correlation function on the pion scattering
angle. In particular, the structure of the angular distribu-
tion of the coefficient C should give additional informa-
tion on the importance and details of the A-nucleus dy-
namics.
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