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PREFACE

This volume contains the Proceedings of the Workshop on "Photon and Neutral-

Meson.Physics at Intermediate Energies," held at Los Alamos, New Mexico, January 7-9,

1987. The purpose of this workshop was to bring together scientists working in the areas

of electromagnetic, heavy-ion, and light hadron physics to discuss both the physics that

could be addressed and potential capabilities of new, large intermediate-energy photon

detectors.

Based on the papers contained in these proceedings, it appears clear that there are a

number of important areas that could be addressed with a much higher resolution neutral

meson detector. It is also clear that the technical capability for building a neutral meson

detector for energies up to 4 GeV with solid angle of approximately 10 mrs and resolution

of a few hundred keV now exists. It also appears entirely reasonable to construct such

a detector to be easily transportable so that it would become a national facility, available

for use at a number of different laboratories. From the many interesting papers presented

and from the broad representation of physicists from laboratories in Asia, Canada, Europe,

Japan, and the United States, there appears to be a strong case for proceeding with the

construction of such a detector.

We are grateful to Gerry Garvey, Don Hagerman, and James Bradbury for their sup-

port and advice. Special thanks go to Maxinc Joppa and Roberta Marinuzzi for attending

to all the workshop arrangements. We wish to add a special thanks to Karen Poelakker

for her assistance in the preparation of these proceedings. The cost of the Workshop not

covered by registration fees was borne by the LAMPF Laboratory.

Helmut Baer

Hall Crannell

R. J. Peterson

Editors
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ABSTRACT

Proceedings of the LAMPF Workshop on Photon and Neutral Meson
Physics at Intermediate Energies, held at Los Alamos during the period
January 7-9, 1987, are reported. The physics justification and detector
technologies for building a new high-resolution, large-solid-angle neutral
meson detector are presented.



NEUTRAL MESON DETECTOR WORK 'HOP

INTRODUCTION AND GOALS OF THE WORKSHOP

BRIEF HISTORY

This workshop on neutral meson physics and detection was held

in January^ 1987, at a very appropriate time and place. It was 39

years ago this month that a paper by Lewis, Oppenheimer, and

Wouthuysen [H. W. Lewis, J. R. Oppenheimer, and S. A. Wouthuysen,

Phys. Rev. 7_3» 127 (1948)] was published in which they first

suggested the existence of a neutral, strongly interacting meson.

Their considerations were based on data which showed that cosmic-

ray showers contained both significant strongly-interacting and

electromagnetic components. They postulated that the electromag-

netic portion of the cosmic ray shower could be understood if a

copiously produced neutral mesons decayed by two gamma emission.

And of course no place is more strongly associated with Robert

Oppenheimer than the site of this workshop, Los Alamos.

The suggestion of a neutral meson was confirmed three years

latter when Panfofsky, Aamodt, and Hadley [W. K. H. Panofsky, R.

L8 Aamodt, and J. Hadley, Phys. Rev. jU, 565 (1951)] reported the

detection of the JT0 and determined that its mass was 5.4 +_ 1.0 MeV

heavier than the negative pion. (This result is in excellent

agreement with the currently accepted value of 4.604 + 0.004 MeV.
[Particle Data group, Phys. Lett. 170B, 1 (1986)]) Since the

decays rapidly ( t w 2 = 8 x 10 sec) it must be observed in-

directly, as it was in this original experiment, by detecting the

decay gammas. The detector consisted of a converter in front of a

wedged shaped magnet used to determine the momentum of the

electron-positron pair. Proportional counters were used to

measure the position of the particles, and coincidences (-30/

hour) were recorded on a rotating drum pen recorder.

This original experiment demonstrated the problems that have

continued to make the detection of neutral pions difficult. In



order to determine the energy of the photon accurately, one must

use a thin converter to reduce energy straggling and multiple

scattering in the converter, while to maintain high efficiency one

must use as thick a converter as possible. In general the

technique used by Panofsky, et al. cannot be used in nuclear

physics experiments because the requirements for good resolution

reduce the detection efficiency to only a few percent for each

photon, making almost any experiment unrealistically long.

Fortunately, the kinematics of the 1° decay allows one to

determine the energy of the pion if one can measure the geometri-

cal parameters of the decay gammas to sufficient accuracy. This

technique has been used in a number of experiments, and has been

most successfully applied with the detector in operation here at

LAMPP [H. W. Baer, e_t a_l., Nucl. Instrum. and Methods JjW, 445

(1981)]. It now appears possible to build a new detector, based

on the principles employed in the present LAMPF detector and using

the best current detector technology, which will have large solid

angle and an enargy resolution of a few hundred keV. This would

open up for the first time the possibility of developing a

systematic program of nuclear structure studies using neutral

pions. The principles governing this detector are described in

much greater detail in the contribution to this workshop by David

Bowman.

In spite of the difficulties of detecting neutral pions, it

is interesting to note that almost every laboratory with suffic-

ient energy to make neutral pions has built some sort of a neutral

pion detector. It was this realization, along with the fact that

the construction of a high resolution, large solid angle detector

would require considerable resources, that inspired the idea that

it might be possible to make this new detector movable, or

portable, so that it could be used at a variety of laboratories.

If it is possible, it would conserve valuable resources and at the

same time allow investigators at each laboratory to have access to

the finest possible instrumentation. It was part of the job of

this workshop to examine the restrictions put on such a detector



by each of the different laboratories to determine if a single

instru; ant can be built which will be suitable for such a large

variety of experimental considerations.

The construction of such a detector will not be simple

undertaking. The total cost of the instrument is likely to exceed

$2,000,000. The expenditure of these resources, in the face of

ail the other needs of the field, can only be justified in terms

of the gain to be expected. The instrument must be capable of

addressing many interesting questions, and these proceedings

contain a number of contributions describing areas that will be

very fruitful area of investigation.

THE FUTURE

If we assume the results of this workshop are positive, and a

new detector is what we feel should be developed, there are

several steps that must then be followed:

1. Identify the participants who will be builders and those

who will be users. These sets will not be exclusive but they

need not be inclusive. For the near term it will be most

important for this workshop to identify those who want to

commit real manpower and material resources to the building

of the detector during the next few years.

2. Prepare a proposal for the funding of the construction of

the detector. This proposal must present in the best

possible manner the physics to be addressed with the detec-

tor, and the proceedings of this work shop will be the bases

of the justification for the funding of the proposal. The

proposal must also present a reasonable technical and

management plan for the construction, and for this reason it

will be important to identify the participants and their

responsibilities, as mentioned in point 1.

3. We must develop a reasonable plan for the management of

3



this Mobile Photon Detector Facility (MPDF). Clearly,

coordination is required in order to share equipment between

laboratories.

A new era of triple jeopardy faces the experimenter. The

experimenter will have to obtain funding and get time from a PAC,

as is now the case, but in addition will have to get the instru-

ment assigned from the MPDF PAC, one more layer of administration.

Funding could be handled through any of a number of laboratories

or universities. A technical support staff would have to be

available to move with the facility, but no facility will be in

use all the time so that the staff can be based at the home

institution. The MPDF PAC should have members from the labora-

tories that will use the instrument to assist in developing a

reasonable schedule. I believe there are no unsurmountable

problems associated with the concept of a MPDF.
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CONCEPTUAL DESIGN OF A HIGH-RESOLUTION
TT° SPECTROMETER

J. David Bowman
Los Alamos National Laboratory

I will discuss the design of a high-resolution n° spectrometer based on accurate mea-
surements of the opening angle between the two 7 rays from ir° decay. The first ir°
spectrometer of this type was built at LAMPF and first operated in 1978. It has an en-
ergy resolution of 2 MeV and solid angle of about 1 msr. The design and performance of
the LAMPF TT° spectrometer, as well as the physical principles of the opening angle n°
spectrometer, are discussed in Ref. 1.

During the last 10 years a considerable body of work studying the 7r-nucleus and TT-
nucleon charge-exchange reaction has been carried out. Many experiments that are being
proposed and considered require a more capable instrument.

During the same period there has been substantial improvement in the technologies
of photon calorimetry and charged particle vertex resolution. These improvements make
possible a ten-fold improvement in the energy resolution of a n° spectrometer. It is also
possible to achieve large improvements in solid-angle and rate capabilities. I will review and
develop the physical principles involved in the design of an opening angle n° spectrometer.
I will show that these principles, combined with the goals of good energy resolution, large-
solid angle, and high-rate capability, constrain the design of a practical instrument.

To establish the basis for discussion of solid-angle, energy resolution, and rate, it is
necessary to consider beams, targets, cross sections, and experiments. To be specific, the
LEP channel at LAMPF2 provides charged pion beams with Ap/p as small as 10~3 and
fluxes as large as 1097r+s/sec. Cross sections for nuclear IT charge-exchange reactions on
nuclear targets range downward from 1 mb/sr. For a real experiment, the beam and tar-
get as well as the detector contribute to the energy resolution. Consider the situation
where the beam target and spectrometer all give the same contribution to the energy res-
olution. For a momentum bite Ap/p = 10~3 at TK = 150, the beam energy resolution
is 0.22 MeV (FWHM), and the flux is 1.5 x 1077r+/sec. A 13C target of 0.6 gm/cm2

contributes 0.22 MeV of ionization energy-loss straggling.3 I will show below that a spec-
trometer contribution of 0.22 MeV is feasible. The overall energy resolution is then

0.22 x v
/ 3 = 0.38 MeV .



For a 0.22-MeV energy resolution a 2 msr solid angle is attainable. The yield is then

75 counts/day for a 1 fib/sr cross section. The above spectrometer characteristics would

make possible an extensive program of study of pion charge-exchange reactions leading

to discrete final states. Isobaric-analog states could be studied to momentum transfers

corresponding to the third diffraction maximum. Weaker states could be studied out to

the second diffraction maximum. This would allow the experimental characterization of

the rr-nucleus isovector optical potential and the quantitative use of the n charge-exchange

reaction for the study nuciear structure. The large solid angle would allow experiments to

be performed in a few days time.

There are several design goals for a TT° spectrometer, some of which conflict. These

include:

(1) Minimum cost,

(2) Good energy resolution,

(3) Large solid angle,

(4) High rate capability, and

(5) Highly selective trigger.

in addition it is necessary that the ratio of data-taking time to calibration and servicing

time be large. I will discuss how these design goals and available detector technology

constrain the design of a TT° spectrometer. Conversely, I will show that a spectrometer is

feasible which achieves a system resolution of 0.4 MeV at a solid angle of 2 msr. A solid

angle as large as 5 msr and a spectrometer resolution as small as 0.05 MeV are possible.

The cost is of the order of $2.5 x 106 and cannot be drastically reduced.

The spectrometer design I will discuss is based on measuring the direction and energies

of the two 7's from the decay TT° —> 77. Figure 1 shows some relationships in the kinematics

of 7T° decay. There are two independent ways of determining the TT° energy from laboratory

quantities.

(1)

(2)(1 -COSt])(l -X2)
I

where

^ ^ . (3)

The laboratory opening angle 77 is a minimum for events where the two 7 energies are

the same. For these events x = 0, 9* = ir/2, and the phase space (sin 0*d9*d<j>*) is a
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Fig. 1. The symbols have their conventional definitions: m, w, /?, and 7
are the mass, total energy, velocity, and energy-to-mass ratio of the n° in
the laboratory frame. In the n° rest frame the Z axis is taken along the
laboratory momentum. The decay 7's lie along or against the directions
specified by the polar angle 0* and azimuthal angle 4>*. The 7's each have
energy m/2. In the laboratory frame the two 7's have energies E\ and E2,
opening angle 77, and azimuthal angles fa = <£J, fa = <$>\.

maximum. Equation (2) gives a much more accurate determination of u; than Eq. (1). The

comparison of u>i and u>2 on an event.-by-event basis can serve to eliminate background.

The 7T° direction can be accurately determined from the direction of the momentum sum

of the two 7's.

Figure 2 shows conceptually how the energies and directions of the two 7's are mea-

sured. Each of the 7's is converted into an e+e~ pair in a pair of active converters. The

e+e~ vertex is reconstructed by a tracking chamber behind the converter (there may be



Calorimeter Nal

Chambers

Fig. 2. Shows how 77, E\, and E2 are measured.

more than one converter per arm). The e+e~ pair develops an electromagnetic shower.

The total shower energy is determined by adding the signal from calorimetric detectors,

which absorb the shower energy, to the energy deposited in the active converters.

The first round of questions that arises is:

(1) How does the 7-ray energy resolution enter into the ir° energy resolution?

(2) What is the most cost effective material for the calorimeter?

(3) How does the opening-angle resolution enter into the TT° energy resolution?

(4) What is the most cost effective material for the converter?

The measured 7 energies enter the expression for the TT° energy as follows.1 Expanding

UJ (u> = u>2) as a function of x about x = XQ yields

dtjJ,=u/+ fc(x- (4a)



w(x) = u»(l + xQ(x - x0) + -{x - x0)
2) + . . . (4b)

for XQ = 0. The term linear in x — x0 vanishes. This is the reason it is possible to obtain

good TT° energy resolution in the first place. For symmetric decays (a: = 0) the TT° energy

only depends on the opening angle r) and not on x. In order to obtain the spread in u>,

Au;, it is necessary to keep the term quadratic in (a: — XQ). If AEy is the fractional 7-ray

energy resolution at Ey = u>/2, then for x = 0 the TT0 energy resolution is

for Nal at 140 MeV (TTo = 140 MeV). AE^ ~ 1.7%, so

= 30 keV .

This extremely small value of the n° energy resolution only holds when an extremely

narrow range of x near x = 0 is accepted. In fact, the distribution of reconstructed ir°

energies u> is highly non-Gaussian in this situation and the full-width, half-max resolution

is about the same as the root-mean-squared resolution. The opening-angle resolution

contribution can be made arbitrarily small by making the target-to-detector distance R

large. Using a Nal calorimeter and very restrictive x acceptance it is possible to obtain a

spectrometer resolution of 30 keV!

In a practical situation, a finite range of x, say from — y to +y, must be accepted in

order to obtain a large acceptance. In this case the linear term in (Eq. (4b)) contributes

and
Aw 1
- =

The 7-ray energy resolution is still extremely important. For fixed Au> the value of

determines the range of x that can be accepted. Recall that x ranges from —/? to +/?. For

y » AJE^ the u? distribution is approximately Gaussian. If Aw = 0.14 MeV FWHM is

desired, then the fractional a; acceptance at TTo = 100 MeV is

Now we are ready to select a calorimeter material. Table I summarizes some of the

properties of commercially available candidate calorimeter materials. The depth of the

calorimeter must be 16 to 20 radiation lengths deep to contain a 1-GeV electromagnetic



Table I. Properties of detector materials. The energy resolution is
for modular detectors and does not represent the best that can be
obtained with a monolithic detector.

Detector AE/E Radiation
Material at 100 MeV Cost/cm3 Length

Pb Glass
Nal

BGO

30%

4%

4%

$0.5
$2

$20

2-4 cm
2.5 cm

1.1 cm

shower so the relevant cost figure is cost (cm2 x radiation length). From the point of
view of energy resolution, both Nal and BGO are much better than lead glass. Figure 3
compares the energy resolution of Nal and BGO detectors. From the point of view of cost,
Nal is much better than BGO. Therefore, Nal is the material of choice for the calorimeter.
Nal and BGO have comparable energy resolution at high energies.

Now consider the influence of opening angle resolution on the ir° energy resolution.

- = m 7 - c o s - (6)

for 7 = 2, 7V0 = 140 MeV, r? = 60°.

for Aw = 0.140 keV (FWHM), AT) = 6 x 10"4 Rad (FWHM). Take a target to detector
distance of 1 m. Then

where AV is the vertex resolution, so

AV = 0,24 mm RMS

is required! I will argue that it is possible to obtain this vertex resolution.

10
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Fig. 3. Compares the energy resolution of Nal and BGO.

When a 7 ray having an energy greater than a few MeV interacts with matter, it pro-

duces an electromagnetic shower through successive pair production and bremsstrahlung

processes.4 The characteristic length for a 7 ray to produce a pair or for an electron to

emit a hard 7 is called the radiation length XQ. This same characteristic length governs

the multiple scattering of charged particles, which is expressed by the relation5

15 MeV
pv

(7)

Here <7$ is the RMS scattering angle projected on one coordinate, X is the thickness of

material through which the charged particle passes, v is the particle velocity and p is the

particle momentum. The same characteristic length XQ applies to the three processes—

pair production, bremsstrahlung, and multiple scattering—because they all result from

11



the interaction of the projectile with the screened Coulomb field of the target or medium

nuclei.

The requirements of high conversion efficiency and good vertex resolution are contra-

dictory. For I < I o the conversion probability Pc is proportional to X/XQ

PC~X/XO . (8)

The vertex resolution AV is proportional to X times the RMS scattering angle <T$

pv V -*o Vv \Xo/

For AV small, we want X/Xo small; for Pc large, we want X/XQ large. For fixed conversion

probability, the vertex resolution is minimized by choosing a material with a small Xo. The

material of choice is BGO, which has a 2.3 times smaller radiation length than Nal. Since

the 7-ray energy resolution of BGO is comparable to that of Nal and only «. small fraction

of the energy is deposited in the BGO, the overall 7-ray energy resolution can be expected

to be 4% at 100 MeV.

I showed above that a vertex resolution of 0.24 mm RMS was required. How can such

a small vertex resolution be obtained? E. B. Hughes and Y. C. Lin6 of Stanford University

have made a Monte Carlo study of this problem using the computer code EGS.7 Dan Sober

of Catholic University has also tackled this problem and his results, which are similar to

those of Hughes and Lin, are reported in these proceedings. I will report the results of the

Hughes and Lin work.

Consider a slab of BGO having thickness X. As X is increased, the shower develops

more before the shower products emerge from the back of the slab. Figure 4 shows the

number of charged-particle tracks emerging from the back of a converter slab as a function

of the slab thickness for a 150-MeV incident 7 ray. For small thicknesses (~0.5 Xo), two-

prong events dominate as expected. At large thicknesses (~2.0 XQ), the probability of

one or more charged prongs to emerge begins to saturate as the shower becomes highly

developed.

What is the best algorithm with which to reconstruct the interaction vertex? First

consider a one-prong event. Let y and 0y be the y coordinate and y projected angle of the

particle as it emerges from the connector. These, as well as other quantities, are shown in

Figure 5. The most general vertex estimator, which is linear in 0, can be written as

y' = y-Wy . (10)
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Fig. 4. Shows the probability of difFerent numbers of prongs emerging from
the back of a BGO slab as a function of the slab thickness. The zero-prong
events are from photons that interact in the slab but for which no charged
particles emerge.
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Fig. 5. Illustrates the vertex reconstruction algorithm for one- and two-prong
events.
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The y coordinate of the origin of the track is obtained by projecting the track to a depth

£ in the slab. The RMS deviation of this estimator from the true vertex y coordinate is

shown in Fig. 6 as a function of tjX. If more than one prong is present, then a reasonable

algorithm is obtained by forming a weighted average of the individual estimate for each

prong

with

The weighting factor is proportional to the inverse of the space angle squared. This weight-

ing emphasizes the forward-going prongs that are likely to have high energies and to have

suffered less multiple scattering than those prongs observed to have large angles. The

vertex resolution is plotted versus tjX for one-, two-, and three-prong events for 0.5, and

1.0 thick converters. In Fig. 6 the optimum £/X has been determined for each class of

event (number of prongs) and the optimized vertex resolution is plotted versus X3^2 in

Fig. 7. The vertex resolution is seen to increase somewhat faster than the X3^2 predicted

by Eq. (9) as a result of the increase in shower complexity as X increases. A vertex resolu-

tion of 0.24 mm can be obtained for a converter thickness of 0.5 A'o- The rapid increase of

the vertex resolution with X makes the use of a thicker converter impossible. According

to Fig. 4 the conversion probability is 28% for a 0.5 XQ thick converter.

Next consider the problem of choosing a tracking detector, Two types of tracking

chambers are available: drift chambers and multiwire proportional chambers. The latter

are excluded by their inherently poor positive resolution, 0.6 mm RMS for 2-mm wire

spacing. Drift chambers employing drift distances of 1 cm obtain a position resolution of

0.1 mm RMS. The cost of commercial readout is approximately $200/wire. The Lecroy

"pipe line TDC" provides a pulse pair resolution of ~2 mm, so that hits separated by more

than this separation can be resolved. For converters 0.5 radiation lengths or thicker, the

drift-chamber resolution of 0.1 mm is small compared to the theoretical vertex resolution

from the algorithm and will not significantly degrade the theoretical vertex resolution.

The designing and configuration of the drift chambers must balance the following

requirements:

(1) One-, two-, and three-prong events must be processed.

(2) The drift chamber package must be thin along the 7 propagation direction since

the solid angle depends on the distance to the back of the calorimeter to the third

power (see below).
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(3) For fast on- and off-line analysis, a simple geometry is desirable.
(4) The reconstruction algorithm should handle missing and overlapping hits.
I have studied a detector configuration, shown in Fig. 8, that may satisfy the above

criteria. The configuration consists of three sets of three planes. Each plane is 1 cm
thick for a total thickness of 11 cm/converter, 9 cm chamber + 1 cm converter + 1 cm
scintillator. The planes are at angles of 120° with respect to one another and arranged in
an r,s,t,r,3,t, r,5,t pattern. A typical two-prong event with an opening angle of 4° is
shown on the figure. The tracks are separated by 7 mm at the ninth plane. There are four
degrees of freedom for each track. The five-fold overdetermination of e?ich track allows the
elimination of left-right ambiguities for 99% of the tracks if the third plane in each set is
displaced by 1/2 of the field to sense wire spacing.

This configuration allows a hierarchal approach to the track finding problem. The
three planes in each of the r, s, and t sets are analyzed separately to give a slope and
an origin. The three sets of slopes and origins are tested for compatibility, combined to
give two slopes and two origins in an orthogonal coordinate system. A straightforward but
tedious calculation shows that the error in che projected vertex is nearly the same as the
resolution of each plane.

If there is one missing hit (9% probability for 99% efficient chambers), then the two sets
that have three hits still give sufficient information to reconstruct the track with two-fold
overdetermination. The hits in the incomplete plane provide two more consistency checks.
As shown in Fig. 7, the typical two-prong event has a separation of 7 mm at the ninth plane
and a smaller separation in the forward planes. This problem is not fatal. Suppose the two
tracks were not separated at all but appeared as one track. The reconstructed origin would
coincide with the origin constructed from the two tracks separately ucing the algorithm of
Eq. (11). It should be possible to develop a good algorithm which combines unresolved
hit information in the forward chambers and resolved or unresolved hit information in the
back chambers to accurately reconstruct the projected track origin.

The conclusion after considering the problems of vertex detection and reconstruction
are:

(1) The optimum converter material is BGO.
(2) The optimum converter thickness is about 0.5 radiation lengths, which gives

0.24 mm resolution with 28% detection efficiency.
(3) Drift chambers can provide the needed accuracy and redundancy to reconstruct

one-, two-, and three-prong events.
Now we consider the problems of the efficiency of n° detection. Among the factors

considered are:
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(1) Calorimeter size and shape,

(2) Number of converters.

The solid angle 17 for TT° detection may be denned as the detector efficiency averaged over

the spectrometer acceptance. According to this definition, the probability of detecting an

isotropically emitted TT° is fl/4n. Note that the acceptance may extend over a solid angle

as large as 1 sr, but the detector efficiency is small so that the product is of the order of a

few xlO"3 sr.

Consider a pair of 7 detectors deployed as shown in Fig. 2. An approximate formula

for the solid angle is
y

Here PConv is the probability that a 7 is converted into charged particles that are detected,

L is the detector size in the azimuthal direction, H is the detector size in the opening-angle

direction, R is the source-to-detector distance, 77 is the opening angle, and y is the range

of energy-sharing parameter x accepted. The factor (PConv)2 gives the probability that

both 7's are detected, LH/R2 is the solid angle of one 7 detector, g 2ir»tan/12co«i>/2 ' s a n

azimuthal acceptance factor, and (y/0) is the fractional acceptance of z. One immediately

notes that the solid angle behaves like jfi and not jfa. This behavior places a premium on

making the distance from the source to the back of the calorimeter small.

It is desirable that all calorimeter modules have the same size for reasons of economy.

The modules should be large enough that the outer modules can guard the inner fiducial

modules from shower leakage. Identical modules aliow selection of those having poor

resolution to be used as guards. The modules should be large enough so as to completely

contain a few MeV 7 so that they can be individually calibrated using radioactive sources.

The module size chosen should be compatible with the sizes of commercially available

photomultipiier tubes. It is important to consider that a larger module size will require

a smaller number of data channels. The size of the modules should be small enough that

showers can be localized to a cluster of modules. In this way, pile-up problems can be

reduced. Monte Carlo studies carried out by Hughes and Liu6 indicate that an array of

30 cm x 30 cm of Nal is necessary to contain an electromagnetic shower of a few hundred

MeV. A simple array that satisfies the above criteria is a 3 x 3 array of 10 cm x 10 cm

square crystals fitted with 3-inch diameter photo tubes. The module with the highest

pulse height is almost always the hit module and a 3 x 3 array centered on the high-pulse
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height crystal contains the transverse shower development. A crude position value can be

obtained as an energy-weighted average of module renters

,

The FWHM resolution of such a position estimator is somewhat less than half a module

size.

The distance to the back of the calorimeter, R, would be smaller for a BGO calorimeter

than for a Nal calorimeter. Thus, for a BGO calorimeter the area LH could be about 25%

smaller so that the relative calorimeter costs for BGO and Nal would be $250/$80. The

conclusion is still that Nal is more cost effective than BGO for the calorimeter.

How thick should the calorimeter be? The answer depends on how high energy TT°'S

we wish to detect. One-GeV TTO'S produce 600 MeV 7's. Figure 9 shows the FWHM

light responses due to shower leakage as a function of calorimeter thickness calculated by

Hughes and Lin. A calorimeter thickness of 16 radiation lengths seems to be a reasonable

compromise. This was the thickness used for the SLAC crystal ball.

Since the solid angle depends on L2H, a rectangular array has a larger solid angle

than a square array. Table II compares the TT° solid angles and other characteristics of

different arrays of 10 cm x 10 cm Nal modules. A 6 x 10 array is a reasonable choice.

A smaller array would give much less solid angle per unit cost, and a larger array would

become mechanically unwieldy.

The next question to decide is how many converters per arm to use. According to

Eq. (12), the solid angle, £2, will increase as the number of conversion planes, n is increased

because (.Pconv)2 increases. On the other hand, as n increases, R also increases and 17

decreases since the back of the calorimeter moves further away from the source. Figure 10

shows the dependence of fi and PCOnv on n for a representative geometry. There is a

dramatic increase in fi as n increases from 1 to 2, but ffc increases less rapidly after that.

The cost, $100,000/plane, and complexity of the converters is large and so their number

should be increased unless there is a clear advantage to be gained. The best choice for n

is therefore 2.
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Fig. 9. Shows the contribution of shower leakage to the 7 energy resolution as
a function of the Nal calorimeter thickness in radiation lengths. The incident
7 energy is 600 MeV.

I have modeled a spectrometer having the characteristics outlined above using the
Monte Carlo code developed to describe the LAMPF TT° spectrometer. This code is not
sufficiently refined to completely describe the proposed new spectrometer, but it does in-
clude such things as finite target thickness, ionization energy loss of the incident pious,
ionization energy loss straggling in the Gaussian approximation, beam momentum spread,
vertex resolution, 7 energy resolution, and finite detector geometry. The Monte Carlo cal-
culation is the basis of the rate and energy resolution estimates given at the beginning
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Array
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6 x 1 0

Table II. Comparison of
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Blocks

3
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32
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9
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fi/$

3.0
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21.3

• .5

Number of Converter Planes

Fig. 10. Shows the probability of 7 conversion and solid angle in arbitrary
units as a function of the number of converter planes.

23



of this paper. It is possible to obtain: 0.4-MeV system energy resolution at Ap/p •-•= 10 3

and 0.6 gm/cm2 13C target at 150 MeV pion kinetic energy. An estimated ir° solid angle

of 2 msr gives a count rate of 75 counts/day for a 1 /xb/sr cross section.

Finally, in Table III the estimated costs of a new IT0 spectrometer are given. The total

cost is about $2.5 x 106 which is dominated by the $1.2 x 106 cost of the Nal.

Table III. Estimated costs for major capital items.

7tem Price ($ xlO8)

Nal 6 x 105 cm3 at $2/cc

BGO 104 cm3 at $20/cc

Drift Chamber Readout, 1600 Anode Wires
at $200/wire

Nal Enclosure

Support Hardware

Alignment System

Photo Tubes, Bases, 200 at $300

Electronix

Total

1.20

0.25

0.32

0.20

0.15

0.05

0.06

0.25

2.48

I have argued that it is possible to build a n° spectrometer that can have a working

resolution of 0.4 MeV and a solid angle of 2 msr. This instrument would be able to take

data at a rate that would make possible the systematic study of isovector excitation in

nuclei as well as a wide variety of reaction-mechanism and particle-physics experiments. I

have argued that the current state of technology makes the instrument feasible, but there

is not much room to maneuver. A serious compromise in the size or quality in any of the

subsystems would yield a much inferior instrument.
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Abstract

The possibility of studying in the future simple and basic nuclear structure properties in

pion single charge-exchange reactions is examined. The need for good energy resolution

experiments is stressed.
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I. Introduction

In the last decade pion nuchus physics has made remarkable progress. This applies to

both the experimental area as well as to theoretical research. Experimental techniques have

been greatly improved and very fine spectrometers (such as the EPICS,*0 etc.) have been

used with great success. On the other hand, theoretical approaches for pion-nucleus interac-

tion were developed and applied. The Glauber theory^ DWBA (2) the frozen scatterer

approximation^) the A-hole approach^), coupled channels^) a^j recently also the extended

coupled channels approach^) were, and are, used each with certain degree of success to

describe the pion-nucleus interaction. These experimental and theoretical studies have lead to

the observation and understanding of important nuclear structure phenomena. (It is not the

purpose of this talk to present the achievements of the past. Rather we will concentrate on

the future). However, it is only now through the experience an progress that was achieved in

pion studies that this field is "ripe" to produce an abundance of interesting, high quality

nuclear structure information. Most of this information will probably relate to basic nuclear

structure, something one would call today nuclear structure described "in terms of nucleon

degrees of freedom." One should however keep in mind that systematic and precise studies

of various nuclear structure phenomena may prove to be instrumental in deciding whether

"new physics" is needed, whether one indeed needs the introduction of non-nucleonic deg-

rees of freedom in the description of measured phenomena. A most striking example of this

are the recent studies of the pion double charge-exchange reaction. The relatively large

(jr+,jr~) cross-section observed^) in the forward direction for low pion energies (TT= 30-50

MeV) and for T=l nuclei was attributed by some as evidence for the formation of six-quark

clusters in nuclei.™) Systematic, experimental studies involving the measurements^") of the

(jr+,5r~) reactions for nuclei with T > 1 (Ca isotopes and isotones) have demonstrated that the

explanation involving 6q bags is in doubt. The more recent theoretical work has shown that
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correlations of the shell model type can explain in a consistent way a large body of (ir+,n~)

data that was taken at LAMPF and TRIUMF.

It is of course v^ry difficult to discuss in the framework of this talk all the kind of nuc-

lear structure one can learn from pions ineracting with nuclei. We will concentrate thus on

several examples which relate to pion single charge-exchange reactions (T*,* 0 ) and to rather

simple aspects of nuclear structure. We will try to emphasize and point to the kind of in-

formation that requires improved resolution experiments.

First however, let me list briefly the special features of the pion as a probe of basic nuc-

lear structure.

Special features of the pion "probe".

A. The irN interaction is relatively simple in the A33 region (TT = 180 MeV).

B. In the forward direction spin excitations are supressed. (One selectively excites non

spin-flip resonances, as opposed to nucleons at intermediate energies).

C. The pion around at Tff =180 MeV is strongly absorbed. It is possible, thus, to study the

outside region of the nuclear density.

D. There is the possibility to modulate the probe by changing the energy of the pion. [As

the energy of the v is lowered or highered the nuclear medium becomes more transparent to

the pion and one can probe different regions of the nuclear density by changing the energy

of the pion].

E. In the A33 region the TTN interaction is such that

cr(ir" n) /o(ir~ p) - a(ir+ p) /o(ic+ n) » 9. When applying to pion nucleus scattering one can

probe the proton-neutron content of a nuclear state.

F. The simplest and very advantageous feature of IT as a probe is the posibility of having

both charge-exchange channels (TT+ ,T°) and (ff~,ir°). One can study simultaneously under

similar kinematic conditions the two charge-exchange components of an isovector excitation,
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(T-1,ATZ- ±1).

E. One has the possibility to study double charge-exchange (**,**) transitions in nuclei.

II. Studies of the isovector part of the nuclear density

We will now discuss the application of Or*,*0) reaction to the study of both densities and

transition densities.

The density matrix can be expressed in general as p.-(r,r')=p.r. (r,r') + p.~ (r,r') where

superscript (o) denotes a scalar in isospin space and (1) an isovector. We will deal here

mostly with the diagonal part in space i.e., r * r' and denote in this case p(r,r) s p(r). Also

we will deal mostly with spin independent densities, although in Section V we discuss also

the excitation of spin degrees of freedom of nuclear targets in Or*,^0).

It was pointed out several times in the past(12»13) that pion scattering for a pion energy

near the (3,3) resonance is quite sensitive to the proton-neutron density composition of the

nuclear surface, and thus we could study pjj (r) for both the g.s. (i=j*0) and transition

densities to excited states |n>, (i=0, j=n). An excellent illustration of the application of

(T + ,T°) to study POA are the g.s. to g.s. transitions 4 1Ca -+ 41Sc and ^9K -» ^9Ca. (The

index A denotes here the isobaric analog state |A> which in the case of A-41 or A»39

means simply the g.s.)

Two different models for the isovector transition density p 0 ^ can be written in the

framework of a HF model for the ^ C a , ^ S c nuclei/14) In one, the transition density is

given by:

N Z
2 V " , , 2PoA " Pn " Pp 3

y«l -̂-1

(1)
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where pn , and pp are the g.s. neutron and proton densities of 4*Ca and <j>v, <̂ T are the s.p.

neutron and proton wave functions . In the second model, which we believe to be the more

correct one, we have:

PoA L
v-Z

(2)

In the case of 4 1Ca, p e x c . The difference in the two transition densities

!\M
J T - 1

(3)

is due to the Coulomb polariztion of the N=Z core. The Coulomb force pushes the protons

out so that for example in 4*Ca there are about 0.4 more core protons than neutrons in the

surface (see Fig. 1). Therefore there are only about 0.6 neutrons in the 4^Ca surface

when eq.(l) is used rather than 1 as in eq. (2). The Or+,ff°) reaction takes place on a neu-

tron ( T + + n -»ir° + p) and if the pions are stronly absorbed and "see" only the surface as it

is the case for 160 MeV pions then we will expect a factor of four in the cross section

depending of whether eq. (1) or eq. (2) are used. A more detailed calculation^4*^) shows

that the ratio in the cross section is actually 10 in 4 1Ca - 4 1 Sc and 14 for the pair 3 9 K -

^9Ca in favor of P O A - Pexc • A s o n e 8oes to isotopes with a larger neutron excess the

effect of course diminishes.

This is an excellent example of how one can utilize the pion charge-exchange reaction to

study some fundamental properties of the nuclear mean field. Much of the experimental
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studies of the meanfield description of nuclei was concentrated on the isoscalar density and

utilized elastic scattering. The (a*,*0) reactions provide a unique opportunity to study the

mean field of the nucleus in the AT^ - ±1 directions and to understand better the proton-

neutron composition of ground and low-lying states of nuclei in the peripheral region. Of

course in order to achieve this one has to choose carefully targets and beam energies and

have good resolution apparatus.

III. Isovector Giant Resonances.

The study of giant resonances of the lp- lh kind teaches us really a lot about the most

basic properties of the nucleus. The giant resonances represent oscillations of the nucleus

around its ground states and therefore are related in a direct way to the ground state pro-

perties of the nucleus. The self-consistent RPA theory^) j n which the HF states and pot-

entials provide the basis, is indeed the proper theory to describe the giant resonances. The

charge-exchange version of the HF-RPA theory^7'1**) ^ a suitabie framework for describ-

ing the isovector giant resonances. The study of Or*,*0) reactions in the past has proved to

be successful in establishing the various properties of the electric isovector d ipole^) and

established the existence of the electric isovector monopole.(20,21) j ^ e energies and

widths of such resonances provide important nuclear structure information such as the value

of the symmetry energy, the mechanism of damping of oscillatory motion in nuclei and of

course, the measurements of the cross-sections yield information about isovector transition

densities.

A. Transition densities

In the (jr+,ir°) and (ir",ir°) reactions one is able under similar kinematic conditions to

excite the two ATz - ±1 components of an isovector resonance. A comparison of the two

cross-sections may tell us quite a lot about the proton - neutron composition of the isovec-
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tor transition densities.

Again, as an illustration let us consider the excitation of the two ATz, • ±1 components

of the dipole resonance in (ir* ,ir°) on ^Ca. Charge-exchange HF-RPA-DWIA calcula-

3) predict that for Tff - 160 MeV the (JT.JT0) cross-section to the ATz - + 1

dipole will exceed the (jr+,ir°) one to the ATz "-1 component by about 20%. This is so

because of the fact that, as already discussed, in the surface of 40Ca there are slightly more

protons than neutrons due to the Coulomb repulsion among the protons. The difference in

the HF-RPA transition densities for the ATz * +1 and ATz = -1 components of the dipole

is shown in Fig. 3. As seen there is an excess of the ATz « +1 transition density at the

surface giving rise to a larger (r~,ir°) cross-section over the Or+,jr°) one. The same applies

also to the L«0 and L«2 transition densities as seen in Fig. 3.

The explanation of this effect in 40Ca can be phrased the following was. If one integ-

rates the pp -pn density from the node outwards (see the shaded area in Fig. 2) one obtains

about 0.4. This means that in the surface where the pion of 160 MeV interacts there are

0.4 more protons than neutrons. This is only 1% of all the nucleons in 4^Ca. However,

the 160 MeV pion does not see all the nucleons,it sees only the surface. If we integrate as

before the pjsj (nucleon density) from the node to infinity we obtain 2. Thus the pion sees

only 2 nucleons and out of these 0.4 more protons than neutrons which is a 20% effect.

This example manifests how a precise determination of (T+,«-°) versus (ff",jr°) cross-sections

of well resolved states may give detailed information about the neutron-proton composition

of nuclear states.

As one increases the number of excess neutrons the number of active neutrons that can

form the ATz ""* component of the giant resonances increases, and at the same time some

of the proton particle-neutron hole configurations are forbidden due to the Pauli exclusion

principle. Thus the (ir+,jr°) cross-section should increase compared to the (?r~,jr0) cross-sec-

tion for the dipole (or other giant resonances) as one goes to heavier isotopes.
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This can be stated in a somewhat different way. We have derived in the past energy

weighted and non-energy weighted sum-rules involving the two charge-exchange compo-

nents of an isovector transition.^)

For an isovector operator of the form:

Z ^ "(i) ; *'±lt0

and for the total strength

S !L ) - > KnJQJ1 ' |0>|2 (5)

one has the following relation

s (L) _ s (L) m i ( N ( f L 2 ( r ) > n . Z(fL2(r))p) (6)

and for the corresponding radial parts of transition densities:

= 2fL(r) [pn(r) - pp(r)] (7)

As the neutron distribution increases so does the strength and correspondingly the (jr+,jr°)

over the (*~,T°) cross-section. This is illustrated in Fig. 4, where a comparison between the

(ir+,x°) and (ff~,jr0) cross-sections is made for the Ca isotopes, for both the dipole and iso-

33



vector monopole.(23) The parameter IJL is proportional to the difference in the (u4,*0) and

(ir~,ir°) cross-sections. The differences due to the different distortions of the JT+ and JT",

and due to the Q-value have been removed from this quantity. The parameter J?L» there-

fore, expresses the changes in the structure of the nuclei. An experimental verification of

such a behaviour will certainly add to our knowledge of the nuclear densities.

One can use the pion charge-exhange reactions and the varying transparency of nuclear

matter to pions as a function of their energy, to check models of transitions densities to var-

ious nuclear states. As an example we mention here the isovector monopole state and its

transition density. The typical shape of this transition density is shown in Fig. 5. One of

the the significant characteristics of this shape is the positiion of the node/2 4 '2 5) In the

case of the isovector monopole the position of the node is important, for example for the

study of polarization contributions to the Coulomb displacement energies^25) and for other

Coulomb effects. By comparing the (a*,*0) cross-sections for the dipole and monopole

and taking the ratios we should expect the ratio to drop once the pion wave penetrates

beyond the node and sees both the negative and positive contributions of py[. In table 1 we

show a model calculation^) for these ratios estimated using the eikonal approximation and

collective (Tassie) transition densities for various pion energies and A=60. The cross-sec-

tions for the monopole and dipole are both normalized quite arbitrarily to one for the

energy of TT » 100 MeV. We see (Fig. 6) that while the dipole cross-section increases

continuously with energy the cross-section for the monopole actually starts to decrease for

TT s 450 MeV. This is indeed the energy at which the pion cross-section permits the

pions to penetrate beyond the node which is located close to r - 4fm. It is of considerable

interest to excite the isoscalar monopole in (T*,** ' ) reactions for varying pion energies and

apply a similar analysis also in this case so as to map out the monopole transition density.

Calculations predict^) a large 9 -0° cross-section for exciting the isoscalar monopole, of

about 10 mb/sr in ^Zx for 160 MeV pions. There has been a recent controversy^2**)

whether the states observed in ty&) are as claimed the isoscalar monopole or the dipole.
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Pion inelastic scattering performed as a function of Tr could settle this point.

Table 1

Dip/MonTT(MeV)

100

150

200

250

300

350

400

450

500

1

2.4

4.3

7.2

12.3

19.5

25.7

30.3

33.9

Dipole

1

1.9

3.1

4.9

6.8

7.2

6.3

5.3

4.7

Monopole

1

1.26

1.39

1.47

1.81

2.71

4.08

5.72

7.20

B. Splittings of Giant Isovector Resonances.

Isospin Splittings

In fine resolution (w*,*0) experiments one may try and map out the distributions of

strength for the various multipole resonances. A comparison between the OT+,T°), (ff~,5r°)

and ( T X ) measurements will enable one to separate the centroids of the various isospin com-

ponents of an isovector excitation. In Fig. 7, we show the expected isospin scheme in the

three isospin components of an isovector excitation in nuclei with a large neutron excess.

The values of the isospin splittings yield some interesting nuclear structure information.

First of all they tell something about the symmetry energy in nuclei. The size of the split-

ting is a direct function of the symmetry potential. In first approximation the splittings are

given by:
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AE+ m E(T+1) - E(T) s ~

and (8)

Vi
AE_ s E(T) - E(T-l) s! - ^ T

For single-particle (non-collective) states Vj should be equal to the optical-model symmetry

potential of about 100 MeV. It was shown in the past that collective effects of the RPA

type lead to modifications of these formulae/18,29) First, because the lower T components

(the T-l in the ATjr «-l case, and the T in the AT^ = 0 case) are more collective than the

other ones they are shifted upwards more than the high T components, effectively leading to

a reduced V[. This is not a small effect^it cuts Vj by almost 40%. Moreover, isotensor

correlations lead also to departures from the kind of expressions given above for AE+,AE_

in eq.(8). In some papers it is emphasized that the departure

AE+ AE_
5 = 1M " ~ T ~ ( 9 )

is a measure of isotensor contributions to the energies of giant resonancesPO)

Resolving the various isospin splittings of an isovector transition may yield information

about the degree of collectivity of giant resonances and may provide a clue about the

importance of isovector correlation,an area not very well explored up to now. The pion

data will have to be supplemented by data from other charge-exchange reactions such as

(p,n), (n,p) in order to make such analysis possible.

Splittings of Giant Resonances in Deformed Nuclei:

In nuclei with a deformed shape the vibrational states should be split into several com-

ponents. In an axially symmetric nucleus for example one expects the dipole to be split

into two components corresponding to oscillations along the symmetry axis of the nucleus

and axis perpendicular to it. The splitting is proportional to the deformation parameter 5 of

the g.s. Indeed such splittings have been observed.^) For the isoscalar quadrupole the
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splittings are too small compared to the widths so that the effect of the deformation is to

further broaden the resonance. Even the monopole is predicted to be split into two compo-

nents in deformed nuclei. The nuclear radius in a deformed nucleus is:

(10)

where the first term corresponds to a static deformation and the sum to quadrupole oscilla-

tions. When one expands the nuclear density p(r) around Ro we obtain a term Y_ * Y^

which for IM*0 gives a monopole state. This state may mix with the giant monopole to pro-

duce a spotting in the monopole strength. Again the splitting is proportional to the defor-

mation parameter of the g.s.

It is certainly of interest to observe the deformation splittings in the dipole and possible in

other isovector states such as the IVMR in the charge exchange components, ATz = ±1.

Obviously good resolution is needed in order to observe this effect in (X+,JT°) and Or",*0)

reactions.

Intermediate (or "finer") Structure of Giant Resonances

RPA calculations^ 6,18) oft e n predict considerable fragmentation of strength of GRs into

several components. Some of this is accidental a result of the approximations used in the

calculation, such as the neglect of the spreading width or some "pathologies" of the forces

used in the calculation of the lp-lh basis. In certain cases however this fragmentation is

physical and might be detected in experiments in which good energy resolution is present.

The most trivial example is the isobaric analog resonance IAR and the giant isovector mono-

pole (IVMR) in the ATz = " ' direction. Both the IAR and IVMR are J=0+, T=l reso-

nances and in a microscopic HF-RPA approach are constructed in the space of proton parti-
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cle - neutron hole lp-lh configurations and treated on the same footing. A result of such

calculation are two separate resonances one carrying most of the strength of the operator

Q . = / r_(i) and the other Q . = / r- r-(i)- O n e o f course is the IAR the

i i

other the IVMR and the separation between the two is about 2tkw. The IAR is a result of

vibrational motion of the excess neutrons turning into protons and staying in approximately

the same shell model orbits while the IVMR results from vibrations of core neutrons turning

into protons in which the protons occupy higher shell-model orbits. This is of course, as

mentioned a trivial example of the type of splitting we have in mind here. However, there

are other examples. Some RPA calculations indicate that as one probes the various frag-

ments of a giant resonance one finds that some of the components have significantly dif-

ferent transition densities. For example, some are surface peaked, as opposed to other

fragments which have transition densities centered in the interior of the nucleus. It is not

impossible that this can be observed in fine resolution pion experiments in which the energy

of the pions is varied. The splitting due to deformations in the GDR, GQR or even GMR

discussed above is another example of the substructure of GRs. For small deformation par-

ameters S, the splitting will not be large.

The recently discovered in (e,e') "scissors" mode in deformed nuclei is an example of the

splitting of the Ml strength. It is still an open question at least experimentally whether this

is an isoscalar or isovector type of state. A charge exchange reaction should clarify the sit-

uation. If the analog of the state could be observed in say (p,n) or Or*,*0) then we will

conclude that it is mainly an isovector excitation.

IV. The pr*,*0) Reactions and the Shell-Model

As already mentioned the pion double charge-exchange reaction (x+,flT) turned out to be

a very interesting new probe of the shell-model and shell model correlations. Apart from
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the two-body interaction in the nuclear Hamiltonian the two-body operator entering the

(jr+,jr) reaction is (probably) the first operator of this type to be applied to nuclear struc-

ture. Also in the case of the one-body operators entering the (?r+,7r ) reaction one can

make quite model independent predictions relating to simple shell model configurations such

as j n in the seniority scheme and in the generalized seniority scheme.

(it+,n°) for a pure j n configuration. Analog transitions

The case of n-even; v»0.

In this case the ground state has J=0+ and the reduced matrix element entering the

(ir+,7r°) amplitude is:

J-0|| E f ^ | | j n v=0 J»0> = n ̂ l ^ l l f r (11)

where fW is an irreducible tensor of rank 0. The cross section is obtained by taking the

square of this expression and dividing it by the normalization square of the IAR i.e., by _n_.

The (ff+,7r°) cross section is:

<?= fcKJ2,v=0) (12)

where oifi-, v=0) is the cross-section for the case of T=l i.e., two neutrons in the j orbit.

This is of course a very familiar result.

The case of n-odd and seniority v*l.

The case of jn(v=l, J=j) is more complicated and so far not enough explored experimen-

tally. The reduced matrix element entering the (?r+,7r0) cross-section is:
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jn,v-l,j) - <pv>l J-j || Vf<k>(i) || j n v - l J-j (13)

where fCO denotes a spherical reduced tensor of rank k. Simple expressions can be written

when one distinguishes between the cases k=0, k - odd and k>0 even.

For k=0:

A(o)(jn,v=l,j) = n<j ||f<0) II j> 0 4 )

for even k>0:

(15)

and for k - odd:

(16)

In principle the scattering amplitude will contain the sum of these three amplitudes. After

taking into account the normalization of the IAR wave function one can write the (ff+,5r°)

cross-section as:

o(jn,v=l,j)= ^na+^±^^2 (17)

where a,/3, 1 depend on energy, scattering angle and other variables but do not of course

depend on n.
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The above formula is new. In the past(33) only a few charge-exchange reactions on an

odd-even nucleus were studied. The case of ' Li was considered and L-2 in addition to

the L-0 angular momentum transfer. (The case of ^ C requires only L-0 transfer). The

study of a series of odd-even nuclei described by a j n configuration and of the relations

among the cross-sections as given in the above equation (17) was not performed.

Let us illustrate the use of eq. (17) by considering the odd Ca isotopes. The (40+n)

Ca(3r+,7r°) (40+n) ^ (n.0(jd) cross-sections will be:

Table 2.

Nucleus cross-section

To check experimentally these relations one needs a resolution of the order of several hun-

dred keV because in the final Sc nuclei the separation between the low-lying levels is of this

order. Of course, variations in Q values, Coulomb and other distortion effects have been

neglected in these expressions.

(n+,ir°) for a pure j n configuration. Non-Analog transitions.



It is clear from the studies^-1 ' ) of pion double charge-exchange that transitions to

non-analog states are very important (especially for low-pion energies) intermediate steps in

the excitation of double isobaric analog resonances (see next section).

We will presently write down some relations among charge-exchange cross- sections for

non-analog transitions between the g.s. of a j n configuration and states of the same j n con-

figuration but differing in total spin and seniority. For a transition amplitude from a state

with seniority v-2 to a state with seniority v and maximum isospin the relevant matrix ele-

ment can be written as:

(i) II jnv-2 J> - P ^ j I v " ) " " ^ <JVv J'
i-7

We distinguish between the odd-n case (v»3) and even-n case (v»2). The cross-sections are

obtained by squaring the matrix element and multiplying by the normalization factor - .

For the transitions between the ground states of the Ca isotopes and the seniority v=2,

and v=3,T-max states in Sc we obtain the following relations among the cross-sections:

for (44Ca - 44SC) = | (42Ca - 42SC)

for (46Ca - 4 6s c ) = * (42Ca - 42SC) (19)

for (45Ca - 45SC) = I (43Ca - 43SC)

Again the variations in distortions and other dynamical ingrediants have been neglected. In
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order to measure these non-analog transitions between say the g.s. of ^Ca (or 4 4Ca) and

the even-J states in 4 2sc (44Sc) again a resolution of a few hundred keV is needed.

Many of these relations apply also to the case when there is strong configuration mixing

and several orbits j contribute but the scheme of generalized seniority is applicableP4,35)

In this case one defines operators:

S+ - EajSj+ , S_ - (S+)+ (20)

where the quasi-spin operations for a given j are

m>o

(In the case that all |a;| - 1 the limit of quasi-spin is achieved and everything can be

applied as for a single j-orbit).

In this scheme the ground state of n-nucleons outside the closed shell are given by:

(22)

where NT* is a normalization factor. This is a generalized seniority state. If this is a good

description of the nuclei under consideration then some of the relations among the matrix

elements and cross-sections written above will hold. The Ni isotopes are a very good

example of nuclei where, in spite of strong mixing among the various configurations made

of Pj/2» P3/2 and *5/2> ^ generalized seniority scheme holds.(35) Experiments of pion

single and double charge-exchange for the Ni isotopes are of great interest.
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V. Sudying the Intermediate States for Qr+,ar~)

One of the important lessons we learned from the Or+,jr") reaction to the DIAR is that

the analog route i.e. the scattering through the intermediate state which is the single analog

is not the only important one. In nuclei with T-l the importance of some non-analog routes

is great. The pion single-charge exchange reaction should help to determine which of the

individual non-analog intermediate states are of importance in two-step processes, such as

the (ir+,ir~). (In the previous section we discussed some of such non-analog transitions in

the j n configuration). In the calculation of two-step processes the Green's function involv-

ing the intermediate state |m> enters. This Green function can be decomposed into the on-

shell part involving a 5(E-Em) (where E m is the energyh of the intermediate state) and the

principal value part. It is the 6-part of this Green's function that one will be able to study

directly in Or*,*0) reactions.

There is the intriguing possibility that the (T+,JT~) or (T~,JT+) reactions will excite special

classes of 2p-2h states, which can be considered as two phonon states. In other words 2p-

2h states created by building a collective state on an another collective state. For example

one could think of the charge-exchange component of the dipole built on a charge exchange

dipole to give a 2-phonon state with

ATZ = -2, i.e. | l~ ,T"l ,Tz»-l>0| l" ,T-l ,Tz—1>. Another possibility is a charge

exchange dipole built on the IAR, |A> ® |l~,T»l,Tz—1>. (See Fig. 8). These studies fit

into the framework of the presently popular subject of giant resonances at finite nuclear

temperatures. The 2p-2h states we mention here are of low-tempeature limit of these. Of

course, here we deal with a new class of such excitation which have ATz * -2.

The pion single charge-exchange reaction is needed to select the important intermediate

states and determine the transition strength in the intermediate steps.
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VI. Spin Excitations in Nuclei and the Or*,*"0) Reaction.

Althouth the pions has no spin there is a component in the ?r-N t-matrix that depends on

the spin of the nucleon. It is written as:

''"ir)o-n sin0 (23)

If V I f ' - * —>

where n • .5 £, and k, k' are incoming and outgoing momenta of the pion. In pion

charge exchange we are interested in the isovector term proportional to G. In a single-

scattering process this term will couple to the isovector, spin-flip nuclear transition density:

(24)

In a multipole decomposition the spin-isospin part of the transition density has the form (for

a transition from Jjs 0 to Jfs J):

(25)

where J = L-1,L,L+1 .

The contribution of the spin-flip term is weak and the pion in general is not an effective

probe of spin excitation in nuclei. Nevertheless, in some cases it might be of use to try

and excite spin-modes in nuclei with pions. A proper choice of angle and energy of the

pion should be explored so as to minimize the contributions of the non-spin flip transitions

and maximize the spin-flip ones in the (ff±,5r°) reactions.
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Experimentally the charge, exchange (T+,7T0) spin-flip transition was studied in the

past(33) using the radioactive method in the reaction '^B(7r+,7r°)^Be. In this case, one

goes from the J=3+ ground state of 10B to two final states J=0+ and J=2+ in 10Be. The

angle integrated cross-sections turned out to be a factor of about 5 smaller than the non

spin-flip transitions in this region. Model calculations at that time of spin-flip integrated

cross-sections have also shown that there is a factor of 5 in the angle integrated cross-sec-

tions.

In table 3, we show some calculation performed at that time(36) using the impulse

approximation. The Fermi transition (non-flip) 65/2 -+ d5/2 in 17OOr+,7r°)17F is com-

pared to the spin-flip, Gamow-Teller transition (J5/2 -* di/2 for 17O(jr+,!r°)17F. Also

analogous transitions are shown for 57Ni(ff+,x°)57Cu for p , ^ -» P3/2 and P3/2 -• Pi/2-

Table 3

TT(MeV) 80 100 120 140 160 180 200

46

spin indep.

(mb)

s p j n

(mb)

spin indep.

P3/2-*P3/2

(mb)

Spin f l i p

P3/S-P1/3

(mb)

0A

2-5 3-4

I-7 2-3

°2

4-5

3.0

5-2

1 0

3.4

0.3

4-9 4-4

3.1 2.7

0.3 0.2



The absorption of course cuts all these cross sections considerable, by more than a factor of

10. The spin-flip cross-section is small in the forward direction and peaks at larger

angles. Experiments should be designed to measure (*-*,*-) reactions at larger angles.

Recently some very preliminary and simplified calculations of the (ic+,r°) reaction for

the GT and other spin dependent giant resonances were performed in the DWIA for 90 Zr.

In the 0r+,ff°) reaction for energies Tff = 160 MeV the main GT peak has its maxiumum at 9

= 13° in the differential cross-section and the value is about 15 /*b/sr. This should be

compared with the cross-section to the analog state which for this angle is about IS /xb/sr as

well. For smaller angles of course, the analog transition dominates by more than an order

of magnitude.

In the (5T~,>r0) reaction to unnatural parity (spin-flip resonances) J • 1+(L « 0, S » 1),

J « 2"(L - 1, S = I) the cross-section peaks around $ - 20° is about 20 pmb/sr. For com-

parison the electric dipole J - 1"(L - 1, S • 0) has at these angles a cross-section of about

300 /ib/sr. It is clear that the pion charge exchange reaction is not a very convenient probe

to study giant resonances of unnatural parity for TT sa 180 MeV.

In certain nuclei the p* GT transition are not blocked and it is possible to excite them in

charge-exchange reactions. Indeed in recent (n,p) the 0+ GT resonances were observed in

N-Z light nuclei and in 5 4 Fe/ 3 7 )

The observation of both components 0* of the GT transition is very important. The

problem ot missing GT strength is stated in terms of the non-energy weighted sum rule

given by:

Sj_ - S ^ =* 3(N-Z) (26)

where S^- and S^+ are the GT strength in the /9" and p* direction. It was pointed out that

2p-2h components in the wave function introduce additional GT strength of equal amount



in the 0" and 0+ direction, so that the above sum rule is satisfied. In order really to check

the degree of violation of this sum it is not enough to have S^- but one must complement

the measurement of /8" strength with measurements of the /9+ one. Also, by measureing

both Sp- and S^- one can assess the amount of quenching of strength that results from RPA

correlations in nuclei in which S«+ is non-zero.

As indicated above the GT strength could in certain cases, for certain energies and large

angles be observed in (JT+ ,T°) and more favorably in the (X~,JT°) where the Fermi transition

is absent. As an example we might consider the excitation of the J - l + GT state in the

reaction 54Fe(ir-,*°) 54Mn or in 60Ni(jr,ic°) ^ C o ^ - 1+ at 0.74 MeV).

Model calculations of (ir+,ir°) and (ir~,ir°) reactions should be performed in which the

excitation of the IAR and GTR are calculated as function of scattering angle and pion

energy. It is possible that for larger angles and low-energies one will be able to resolve the

GT peak. These calculations would suggest which angles and energies should be used in

such experiments in which a resolution of several hundred is achieved. The problem of

spin excitations in pion charge-exchange reactions certainly requires more theoretical and

experimental work.

We have emphasized through this work the "conventional" aspects of nuclear physics. It

is not out of question, however, that pion scattering on nuclei may have some direct impact

on the issue of the importance of quark degrees of freedom in nuclei, expecially with res-

pect to the problem of the quark sea. (See for example the work in ref. (38)).

There is of course the unexpected. It is "difficult" to make predicition about unexpected

phenomena or properties. The only thing one can probably say is that one should expect the

unexpected as it is often the case with any interesting and rich field of research.
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I. Introduction

In this talk, I would like to discuss several nuclear reactions induced by photons with

energies between 200 to 450 MeV. At these energies the photon - nucleon interaction is dominated

by excitation of the A-resonance. This can be seen in Fig. la, which shows the total

photoabsorption cross section for a free nucleon. Consequently, photonuclear reactions at

intermediate energies provide us with a tool to study the behavior of the A-resonance inside nuclei.

Since also the elementary pion - nucleon reaction is dominated by A-excitation, investigations

using photons and pions are closely connected and can complement each other. An important

difference between reactions induced by these two probes results from the size of the elementary

cross sections. The nucleon photoabsorption cross section in Fig. 1 peaks around 0.5 mb, in

contrast to the total jtN cross section of about 200 mb. Therefore, pion -nucleus interactions are

mainly taking place in the nuclear surface, while photon reactions will sample the entire nuclear

volume.There exist not yet much data on photonuclear reactions at intermediate energies. However,

such experiments are underway or being planned at several laboratories and will provide us with

independent information on the A - nucleus interaction in the nuclear interior.

We show in Fig. 2 the total photoabsorption cross section for ! 2C. The incoherent sum

of cross sections for A free nucleons, A a ^ , does not describe the data very well. Clearly simple

kinematical effects, such as the Fermi motion of the nucleons, are in part responsible for the

difference. As we know from n-nucleus reactions, also more complicated dynamical modifications

of A-propagation inside the nucleus play an important role. One example is the coupling to the pion

absorption channel through processes such as AN «-» NN. A theoretical framework, which allows

one to include such effects consistently in a theoretical description of photonuclear processes is the

A-hole formalism. It has been applied extensively to intermediate energy pion nucleus scattering.

This approach is shown schematically in Fig. 3 for three nuclear reactions: elastic pion scattering,

elastic Compton scattering and coherent ji° photoproduction. The first step in each reaction is the
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excitation of a nuclcon to a A, leading to a nuclear A-holc state, the so called 'doorway state'. The

further development of the reactions to their final state is then governed by the same A-nucleus

Greens function. However, different matrix elements of the A - hole propagator, G4h, are

involved involved since the pion and photon entrance channel doorways are different. First, the

elementary 7NA - coupling is transverse, while the pion couples longitudinally, leading to different

A-hole configurations in the doorway state. Second, the pion can excite A-hole states of only

unnatural parity, while the photon also can excite natural parity states. These differences lead to a

different sensitivity to details of the A - nucleus dynamics contained in the common A-hole

propagator in photon- and pion -nucleus reactions.

Conform with the topic of this workshop, I will discuss only the two photonuclcar

reactions shown in Fig. 3, Compton scattering and TC° photoproduction. The optical theorem allows

us to also include the total nuclear photoabsorption cross section in the discussion of elastic

Compton scattering. I will focus on the dominant resonant reaction mechanism only and not

discuss the background contribution explicitly. Most of the material used in this talk has been taken

from Refs. 3-5, where a more details and references to other articles can be found. The elastic and

inelastic scattering of polarized photons from nuclei is discussed in the recent article by Vesper ct

al. 6>.

II Compton scattering and pion production on the free nucleon

We start with a brief discussion of Cornpton scattering on a single nucleon proceeding

through A-excitation. The scattering operator can be written as
1

where the resonance denominator, D(E), has the Breit Wigner form

D(E) = E - E R + _ F(E). (2)

The width, F(E), accounts for the decay of the A into a pion and a nucleon. Excitation and

de-excitation of the A through a photon with momentum k and polarization vector e is described by

the 7N -»A vertex

) • k x S T3, (3)

which has the familiar magnetic dipole form. S and T are spin- and isospin-transition operators,

respectively, which transform the nucleon (J = 1/2, T = 1/2) into a A (J = 3/2, T = 3/2). The

imaginary part of TA
W is through the optical theorem related to the total cross section for pion

photoproduction. In the isobar model we have
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The nN -> A vertex is

a (5)

where a labels the isospin of the pion and v(q) is a (model dependent) vertex formfactor. In

contrast to the transverse operator F ^ , Eq. 3, the excitation of the A through a pion is mediated

by the longitudinal operator FK N A ~S-q. As mentioned in the Introduction, this leads to a different

structure of the entrance channel doorways excited by photons and pions.

The isospin structure of Eq. 4 implies that A-excitation is strongest in K° photo-

production. Since there is also no strong nonresonant production mechanism (see Fig. lb), the

nuclear photoproduction of neutral pions is an important tool to study the behavior of the

A-resonance inside nuclei.

There is a large body of experimental information on pion photoproduction. Accurate

decompositions of the amplitude into the electric and magnetic multipoles, further separated into the

three isospin components, are available. The situation for Compton scattering is quite different.

Only proton data have been taken, essentially all by detecting the recoiling proton. This has limited

the angular range to typically 6CM = 60° -120 °. While the quality of the available data is sufficient

to allow some tests of theoretica! models, there is clearly a need for an extended and more accurate

data base to study models in detail. One important open question, for example, is a possible

E2-cxcitation of the A, which would be due to a deformation of the quark bag. To extract this kind

of information from the photoproduction data (the relevant quantity is the small E1+(3/2) multipole)

one has to know precisely how much of the observed production is due to non-resonant processes.

Furthermore, also the off-shell behavior of this background production has to be known. Since the

real part of the Compton amplitude depends on the off-shell propagation of the intermediate pion

and nucleon, accurate data - if possible also decomposed into partial waves - would provide an

important constraint for theoretical models for resonant and non-resonant mechanisms ^.

HI The elastic photon-nucleus amplitude in the A-hole approach

For this discussion of the elastic Compton amplitude we again neglect the non-resonant

contribution. In analogy to the single nucleon amplitude, Eq. 1, the nuclear amplitude is

M n = ^ . k ' l F * ^ G A h FYNA|O,k>. (6)

The vertex operator, F^,A, by acting on the ground stare, |0>, of a (closed shell) nucleus, generates

the doorway state, ID^. This state is a coherent superposition of A-h states
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- I |AhxAh|FMyJA|O;k>. (7)
Ah

The propagator, G(E) « DOE)1, in Eq. 1 is now replaced by the nuclear A-h Green function, GAh.

This many body Green function has been studied extensively in pior-nucleus scattering and various

photonuclear reactions. We discuss now the structure of GAh.

The argument of the free resonance denominator, D(E), is the two body center of mass

energy. For a nuclear reaction, we have to modify the propagator by using D(E - HA), where the

one body A-Hamiltonian, HA, is given by

H A - T A + VA + HA.1. (8)

TA is the kinetic energy operator of the A-isobar, VA an average binding potential and HA.j the

Hamiltonian of the residual nucleus. Through TA the effect of the Fermi motion of the target

nucleons is taken into account.

The modified resonance denominator, D(E - HA), describes the free A-piopagation at the

appropriate energy, coupled to the A -» nN decay channel. Inside the nucleus, the decay phase

space is reduced, since Pauli blocking forbids the decay into a nucleon state already occupied by the

remaining A - 1 nucleons. We therefore include a Pauli-blocking operator 5W, which reduces the

width from its free space value. The blocking also yields a repulsive shift, i.e. effectively shifts the

resonance position to a higher energy.

With the terms discussed so far, the propagator [D(E - HA) - 8W]'1 describes the

propagation of the A inside the nucleus, modified by binding corrections, Fermi motion of the

nucleons and Pauli blocking. In the Compton-amplitude, Eq. 6, this means that we have included

the intermediate coupling to the quasi-free pion photoproduction channel. Another important

contribution to the Ah Green function is provided by intermediate propagation of ft0 mesons in the

presence of the nuclear ground state. The corresponding operator, Wff, has the form

and accounts for coupling to the coherent Ji° photoproduction channel. (For example, in the

amplitude for pion elastic scattering, shown in Fig. 3, this term corresponds to elastic multiple

scattering, which leaves the nucleus in its ground state.) This operator contributes only in A-hole

excitations with unnatural parity.

All the terms of GAh discussed so far can be evaluated easily in the A-nucleon hole

subspace. However, we must also include in GAh reaction mechanisms proceeding through more
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complicated intermediate channels involving more than one hole line. We will follow here the
earlier work on pion-nucleus scattering 8) and lump these more complicated effects into a
phenomenological spreading potential, V |p:

P(r)
Vsp(r) = Vc(o) + V^oJur* e " ^ 2LA.SA . (10)

P(o)

The complex parameters, Vc(o) and V ^ o ) , were fit to elastic pion nucleus scattering data. For
4He, 12C, and 16O, the parameters were found to be essentially energy independent. Typically, one
has for the central part

Im Vc(o) - - 40 MeV,

yielding a substantial broadening of the resonance. As was found in pion scattering for the light
targets mentioned above, one can interpret V as mainly describing coupling to the (pion-free)
absorption channel.

With the contributions discussed above, the A-hole Green function becomes

GAh = [D(E - HA) - SW - Wn - V$p]-1. (11)

Before applying the model outlined above to photonuclear reactions, we stress that we
use no free parameters, since V is taken over from pion scattering. In the unified approach shown
in Fig. 3, which we follow here, photonuclear reactions can serve as an independent test of the
model for the Ah-propagator. Due to the different density dependence, for example, these reactions
can help us to refine our understanding of A-propagation inside the nucleus and to investigate many
body effects, such as coupling to the absorption channel, ir different waye..

Besides yielding the elastic photon-nucleus amplitude, M , Eq. 6, can also be used to

IV Nuclear Compton scattering and photoabsorption
Besides yielding the elastic photon-nucleus amplitude, M

calculate the total photoabsorption cross section. From the optical theorem, we obtain

••), (12)

where M^k.k) is the forward scattering amplitude. An additonal test for the Green function, GAh,
is provided by the partial cross sections contributing to the total cross section. As described above,
in the model used here these channels are quasi-free pion photoproduction, coherent ;r0

photoproduction and photoabsorption into a final state with no pion (the 'pion absorption'

64



channel). We only indicate schematically how this partitioning is obtained. The matrix elements of

operators in Eq. 11 are complex. If the particles in the intermediate channels are 'on shell', i.e.

satisfying energy conservation, they will contribute an imaginary part to the resonance

denominator, i.e. modify the A-width. Displaying only these imaginary parts explicitly and

dropping angular momentum labels (the matrix elements are actually strongly L-dependent), we

write the Green function as

GAh~ • (13)
E - ER + i(T(E-HA) - r p + r^, + r$p)/2

Here F(E - HA) is the modified free width from D(E - HA), the term - Fp indicates the quenching of

the width due to Pauli blocking (5W), the coherent photoproduction term Wn yields rn 0 and the

coupling to the absorption channel, V , is represented by F |p. Using Eq. 13 in M^, Eq. 12, we

see that

°T ~
(E-

Oqf + Ort + O * . . <14>

where

Eq. 14 shows the partitioning of the cross section into the three reaction channels: the quasifree TtN

channel, o f, coherent n° channel, on 0 , and the absorption channel, oabs. Each partial cross

section is influenced by the coupling to all other channels; in the schematic derivation above this is

reflected by F(ot appearing in the denominator for all partial cross section. As discussed, for

example, in Ref. 4, the decomposition outlined above is only an approximation since the

phcnomcnological spreading potential, V , necessarily also contains some higher order

contributions from the pion quasi-free channel. However, since for the total pion-nucleus the

decomposition analogous to Eq. 14 was quite successful for light nuclei, we also use it here for the

decomposition of the total photoabsorption cross section.

Fig. 4 shows the resonant part of the total photosbsorption cross section for 12C

(obtained from an exact calculation). We see that the major part is due to quasifree pion

photoproduction. About 25 % of the peak cross section is due to the 'absorption' cross section,

where no pion is in the final state. Both a f and aIbs peak near the free resonance energy. This is

different for an0, which peaks at a much lower energy. Since the 7t° is produced coherently, the

final nucleus is in its ground state. As one goes to higher energies and larger momentum transfers

to the target are involved, the nuclear ground state form factor rapidly cuts down the cross section.
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This explanation is further corroborated by Fig. 5, where we show the resonant part of the total
photoabsorption cross section for 4He. Since the ground state formfactor for this smaller nucleus
has a slower fall-off, the coherent cross section is larger and peaks at a higher energy. Around kCM

- 250 MeV, where an0 peaks, about half of the resonant 4He cross section is due to coherent K°

photoproduction.
In Fig. 6 we compare the model calculation to the measured cross section. Non-resonant

contributions, mainly due to s-wave charged pion photoproduction, have been added. This
background yields an almost energy independent contribution, which amounts to about 20 % of the
peak cross section. The predicted total cross section is somewhat too low below the resonance.
However, the model in general correctly reproduces the broadened shape of the cross section. As is
demonstrated by the calculation without the spreading potential, V(p = 0, most of the broadening is
due to the coupling to the absorption channel.

As discussed above, not only the total photoabsorption cross section, but also the partial
cross section are a good test for the dynamics of A propagation inside a nucleus, i.e. the ingredients
into the A-h Greens function, Eq. 12. We show in Fig. 7 the predictions of the A-hole model for
inclusive rc+ and rc° production. While the n+ measurements 9) are reproduced very well, the fit to
the rc° data 10) is rather poor. In the next section, we will discuss the results for the coherent n°

photoproduction cross section in detail and compare to the available data.

So far, we have only dealt with the imaginary part of the elastic photon nucleus
amplitude. We now show results for the cross section for elastic Compton scattering. Since the
square of the amplitude is involved, the many body effects will be more important than in
photoabsorption. Furthermore, we can study the size of the medium effects at various momentum
transfers for a given energy. Fig. 8 shows the differential cross section for I2C at resonance. We
see that the spreading potential leads to a reduction of the cross section at all angles. Since the
scattering amplitude is mainly imaginary, the decrease in the forward directions is directly related to
the suppression of the total photoabsorption cross section. The curve labelled 'HA' corresponds to
the calculation with the resonant Green function GAh = D(E - HA)~1. It shows that he additional
many body effects, contained in the full calculation, are important especially at large scattering
angles. Unfortunately, the elastic cross section in the backward hemisphere is very small and will
be very difficult to measure. Fig. 9, which shows the differential cross section at k = 200 MeV is
another example of the size of the medium effects. Particularly interesting is the result without the
coherent rc° channel, which is very important at this energy (see Fig. 4). Such a multistep process
through intermediate n° propagation, which divides up the momentum transfer to the target, yields
a large contribution for backward scattering angles.

At present, no measurements of elastic Compton scattering in the resonance region have
been carried out. However, as will be discussed in another talk at this conference, such a program
is now under way.

66



V Coherent and incoherent 7t° photoproduction

As indicated in Fig. 3, another process closely related to elastic photon scattering is

coherent Jt° photoproduction. In this process the target stays in its ground state and all nucleons can

contribute. We have seen in the last section that for light nuclei coherent n° photoproduction is an

important contribution to the total photonuclear cross section at low energies.

In the A-hole approach, the resonant nuclear (y,n°) amplitude is

>n0 = <0,q|F+
RNA GAh F7NA|O,k>. (16)

To contrast this way of calculating the photoproduction amplitude with the commonly

used distorted wave approximation, we re-arrange Eq. 16 to

where y ^ is the wave function of the outgoing pion calculated in the A-hole approach 3). The

operator inside the expectation value in Eq. 17 is the many body production operator in the nuclear

medium. It should be stressed that medium effects due to Vsp, HA and 5W are contained in both

this operator and in the pion wave function in a consistent fashion. In the standard impulse

approximation calculations the production operator

F + F

is used; medium effects, besides nuclear recoil in the vertices and the propagator, are absent.

Furher, in many calculations the denominator is approximated by using a suitably defined 'closure'

value, D(EC), i.e. the free single nucleon amplitude evaluated at Ec is used. Explicit calculations

have shown that the medium effects contained in the production operator in Eq. 17 tend to damp the

7t° production amplitude substantially; examples will be given below.

Fig. 10 shows the calculated differential cross section for the process 12C(Y,Jt°)12C at kL

= 235 MeV. Non-resonant production has been included. The calculation agrees quite well with the

data in the forward direction. The medium effects included in this calculation are large, as is shown

by the result where the spreading potential was omitted. Good agreement with the data is also

found for coherent production on 4He at kL = 290 MeV, Fig. 11. There are older data 13>14) for
4He(Y,ji°)4He in the resonance region, which were obtained by observing the recoiling nucleus.

These measurements for large production angles are not reproduced by the calculations; an example

is shown in Fig. 12.

For 12C, we can understand the disagreement between theory and experiment at larger

angles 5). Since the large angle measurements were carried out with a finite energy resolution, also
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excited states of the residual nucleus could contribute. As shown in Fig. 13, the combined

contributions of coherent and incoherent production to the 2 \ 3' and 0+2 state fit the data very well.

The size of e.g. the 2+ contribution is surprisingly large when one compares to the

analogous pion reaction, inelastic scattering to the 2+ state. In that case the peak of the inelastic

differential cross section is about two orders of magnitude smaller than the clastic. This large

difference is easily seen to be due to the different excitation mechanisms of photon and pion 5*. The

elementary yN -» rcN amplitude, Eq. 4, has the structure

TyN - S + q e k x S

= 2 / 3 e k x q - i / 3 a q x ( e x k ) (19)

This yields a spin independent term proportional to E'k x q « sin 6™, which suppresses forward

production. Therefore, TC° production is favored at larger angles, where however, the elastic

formfactor is smaller; at the same time, the sin6_ dependence enhances the inelastic cross section,

since the inelastic form factor grows with increasing production angle. For pion scattering, the

structure of the elementary 7tN -»nN amplitude

T n n - S+-q' S q = 2/3 q'-q - i/3 O-(q'x q) (20)

shows that the spin independent part is proportional to cosB^,. This enhances forward scattering,

where the elastic form factor is largest and reduces scattering around 8 l tb = 65°, where the inelastic

form factor peaks.

The above considerations show that coherent (y,n°) measurements must be carried out

with sufficient accuracy to rule out the rather large inelastic contributions at larger angles.

However, also a separate measurement of the inelastic n° production cross section would be

important. We show in Fig. 14 the differential cross section for 12C(y,7i°)12C(2+; 4.44 MeV). All

curves were calculated with the same pion wave function and therefore demonstrate the rather large

medium modifications of the production mechanism inside the nucleus. The dashed line

corresponds to an impulse approximation calculation, where only the term D(E - HA) in the

production operator, Eq. 17, is used. It includes recoil effects, nucleon Fermi motion and binding

effects. The long dashed line corresponds to using the many body production operator in Eq. 17.

The dash-dotted curve is obtained by also allowing for first coherent n° production, followed then

by excitation of the final nuclear state through inelastic 7t° scattering. Two further new mechanisms

are possible for inelastic production, which involve excitation of the nucleus through a A-N

interaction; examples are shown in Fig. 15. The parameters for the A-N interaction were taken over

from n-nucleus inelastic s-itttering 15). Inclusion of this mechanism leads to the result indicated by

the solid line. In total, we see that the many body effects reduce the impulse approximation result
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by about a factor two. For more peripheral excitations, as for example the 3' state, this decrease

will be smaller. Therefore a measurement of the production to the 2+ state would be very

interesting.

VI Summary

We have studied nuclear Compton scattering, total photoabsorption, and rc°

photoproduction at intermediate energies. At these energies, A-excitation is the dominant reaction

mechanism and we have therefore focussed on this resonant mechanism only. The A-dominance

closely connects photonuclear reactions to pion induced reactions, which also proceed through

A-excitation. A consistent and unifying theoretical framework to describe both pion- and

photon-induced reactions is the A-hole approach. We saw that the same medium modifications

found in the analysis of pion-nucleus scattering were also very important in the photonuclear

reactions. Due to the different elementary excitation mechanism of the A, pions and photons

provide us with an independent and complementary tool to further investigate these medium effects.

A particularly important and interesting feature that needs to be further understood is the coupling to

the pion absorption channel, which is responsible for a strong damping of A-propagation inside the

nucleus. Here the different sensitivity of pions - mainly probing the surface - and photons, which

reach the entire nuclear volume, can be very important.

At present, only very few measurements of the photoreactions discussed here have been

carried out. These experiments, which require, for example, monochromatic photon beams, JI°~

and photon detection with good resolution, are quite difficult. However, with the new electron

accelerators and improved detection facilities, we can expect more measurements, allowing us to

further test and expand our understanding of the dynamics of A-propagation inside the nuclear

medium.
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Figure captions

Figure l(a) Average single nucleon cross section, o ^ = ( a _ + ( 0 / 2 . Dash-dotted curve:

resonant M1+(3/2) multipole.

(b) Cross section for 7p -> rc°p; dashed: resonant M1+(3/2) contribution. Cross

sections obtained from multipoles of Ref. 1.

Figure 2 Total photoabsorption cross section for 12C. Dash-dotted curve: incoherent sum of

single nucleon cross sections, A o ^ . Data from Ref. 2.

Fgiure 3 Schematic representation of elastic pion scattering, Compton scattering and coherent

%° photoproduction in the A-hole approach.

Partitioning of the resonant part of the total photoabsorption cross section on 12C.

Same as Fig. 4 for 4He.

The total photoabsorption cross section for 12C. Solid curve: full calculation;

dashed: calculation without spreading potential.

Inclusive n+ cross section; data from Ref. 9.

Inclusive n° photoprodution cross section; data from Ref. 10. Dash-dotted curve:

calculated coherent it0 cross section; dashed: quasi-free production; solid: sum of

coherent and quasi-free results.

Differential cross section for elastic Compton scattering on 12C at k ^ = 325 MeV.

Differential cross section for elastic Compton scattering on l2C at kCM = 200 MeV.

Coherent n° photoproduction on 12C at kL= 235 MeV on 12C. Data from Ref. 10

(dots) and Ref. 11 (triangles). Dash-dotted: calculation without spreading potential.

Coherent 7C° photoproduction on 4He at kL = 290 MeV. Data from Ref. 12.

Excitation function for 4He(Y>n°)4He. Data from Ref. 13.

As in Fig. 10, but also the calculated cross section for incoherent production are

shown. Dashed line: 2+ (4.44 MeV) state; dash-dotted: 3" (9.64 MeV) state; dotted:

0+ (7.65 MeV); solid: coherent cross section.

Sum of cross sections shown in (a).

Differential cross section for 7t° photoproduction to the 2+ state in 12C at kL = 295

MeV. Only the A-contribution is included in the production mechanism. Curves

explained in the text.

Figure 15 Examples for incoherent 7C° photoproduction mediated by the AN interaction.

Figure

Figure

Figure

4
5

6

Figure 7(a)

Figure

Figure

Figure

Figure

Figure

Figure

Figure

(b)

8
9

10

11

12

13(a)

(b)
14

71



b o
o
m

O
O
cv

O
O

2

o

o
o

\

>
2

8
in

8 8

72



•

tO
O

o
o
CO

E
b

Csl

o
o
CM

73



i n

Q O
CM

74



8

>

t
b

00

6 o

-

\

-

—«

s~ ' 1

1 t i

O -1

- o

oo

O
O

(q uu)
\D

VD

75



. 7 T ' ) X

200 300 400 500
hi iMeV)

Fig. 7b

I2C ( /,/ ) *c

kCM -- 325 MeV

CM

Fig. 8



J5^>

o

o

•i r°
s

o i

77



I.

c i

r
E

CM
•-4

at

"-"• . . .8

p t

blc;

ooo

o
00

o
CD

o

78



•

79



80



Workshop on Photon and Neutral Meson Physics
January 7-9, 19B7, Los Alamos <NM, USA)

Pi-zero Production
With Monochromatic Photons

Near Threshold

H. Stroeher
II. Physikalisches Institut

Justus Liebig Universitaet Giessen
West Germany

(1) INTRODUCTION

Experiments to study neutral pion photoproduction near threshold
off nucleons and nuclei have already been performed for some
decades. Only recently after a new generation of electron
accelerators has started operation in combination with the
tagging technique to produce monochromatic photons it has become
possible to achieve a significant new development in this field.

The main motivations for the continuing interest in near
threshold neutral pion photoproduction off the nucleon are well
established:
- the threshold value of the E()+<P*0)-amplitude for the photo-
production of neutral pionst off the proton ( the n( y , n>*°)
reaction is not accesible) in the S-state constitutes a good
test of low- energy theorems (LET) for soft photons and pions
and the hypothesis of a partial conservation of the axial
current of hadrons (PCAC) (Ref.l).

- the mass difference between neutral and charged pions as well
as neutron and proton produce an anomaly in the energy
dependence of E Q + < P * ° ) (the so called Wigner CuspHRef.2) which
is due to the coupling of the pn° and n i+ channels and which
would be very interesting to observe experimentally.

Neutral pion photoproduction off complex nuclei on the other hand
also raises some interesting and fundamental aspects:

- For complex nuclei on has to transform the elementary operator
from the pion-nucleon cm-frame to the pion-nucleus cm-frame
,which implies numerical complications (Ref.3). Alternatively
on can use the elementary operator in a general frame but in
this case the A has to be added in a phenomenological way
(Ref.2). In any case there is no generally accepted
theoretical concept how the elementary operator has to be
changed when the photoproduction happens inside the nuclear
medium.

- Near threshold the reaction is dominated by coherent *°-produc-
tion which leaves the nucleus in it's ground state. The non
spin-flip production amplitudes en all nucleons (neutrons and
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protons) add up coherently providing a large enhancement of the
cross Motion. This opens up the possibility to study the mass
form factor of the nucleus (Ref.4).

- By measuring the rr°-photoproduotion near threshold on few body
systems it is possible to put some constraints on the threshold
amplitude EQ+(n*°) which cannot be measured directly. In
addition one expects to learn more about the production
mechanism in nuclei, especially in the case of deuterium and
helium-3 where large contributions of rascattering terms
dominate the one-body amplitude (Ref.S).

- For even-even nuclei only p-wave production can take place in
coherent n°-production, since 0+ —-* 0+ electromagnetic
transitions with real photons are strictly forbidden.
Therefore the (y,n°) reaction on spin-0 nuclei is the eleanast
way to study A -excitations in nuclei.

- One also expects to obtain information about the propagation of
low energy neutral pions and A'l in the nuclear medium. For
example this is an important ingredient in the interpretation
of experiments to study "subthreshold neutral pion production"
in heavy ion fusion reactions (Ref.6).

- One can try to use neutral pion production to investigate
nuclear structure aspects by studying incoherent *o-production
to discrete final states <Ref.7>.

- Finally all near threshold neutral pion production results con-
stitute strong tests of theoretical calculations and the
underlying assumptions.

This contribution presents a status report of the experiments on
neutral pion photoproduction near threshold that we have
performed recently at Mainz. The second part contains a
description of our apparatus. In the third part I will describe
our analysis procedures and discuss first results <which in most
cases are still preliminary) as well as compare them to results
that have been obtained at other laboratories (e.g. Saclay).
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(2) MAINZ FACILITIES

The equipment that we have available at Mainz to investigati
photoproduction of neutral pions near threshold are :

<a) the Mainz Microtron <MAMI A),
<b) the Glasgow Tagger, and
(c) a T" spectrometer.

the

Figure 1 shows a plan of the experimental areas at Mainz.

Figure 1:

Glasgow Tagger

n° -Spectrometer

Mainz Microtron

<a) Mainz Microtron

MAMI A (Ref.6) is a combination of a Van de Graaff
preaccelerator and two cascaded race track microtrons which
are operated at room temperature. Electrons of 2.1 MeV from
the Van de Graaff are injected into the first stage microtron
which increases the energy by 0.6 MeV per pass. After 20
passes (14 MeV) the electrons are injected into the second
stage (51 passes, 3.2 MeV/ pass) and accelerated to an energy
of about 180 MeV. The energy of the extracted electrons is
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variable in discrete steps by means of a kicker magnet in the
seoond miorotron. Th« maximum energy that has been obtained
up to now was 19Z MeV. The duty factor of the machine is
100*. Beams of up to 30uA at 183 MeV have been used for
experiments. (For oux tagging experiments we need of course
much l*ss current! »10nA). The energy spread of the
electron beam is about 30 keV.

(b) Glasgow Tagger

The Glasgow Tagger <Ref.9> is a QDD-spectrometer to tag
bremsstrahlung photons which are produced by electrons in a
thin radiator of typically 10"u to 10'5 radiation
lengths. There are 4 different settings of the spectrometer
elements corresponding to the following tagging ranges: # 1
EK» 80-130 MeV, #2 Ey* 130-155 MeV, #3 Ey* 155-167.5 MeV and
*4 Er= 167.5-173.75 MeV. Since the focal plane contains 96

r

plastic scintillators
resolutions are: AE

the corresponding photon energy
520 keV, #2 AEy* 260 keV, #3
k V T i l t i ffii

y y y
130 keV ,and #4 AEy 65 keV. Typical tagging efficiencies
(ratio of detected photons and detected electrons) are * 70S
for a beam spot of 4cm diameter at the nuclear target 4m away
from the bremstarget. Since the countrate over the whole
focal plane can be as high as 5xlO7 Hz, one has a few times
107 tagged photons per second available for experiments.

(c) n -Spectrometer

The *°-spectrometer consists of 176 lead glass elements(SF5)
arranged in two blocks of 8 x 11 detectors each. The size of
an individual element is 64 64 x 300 mm3

schematically shows a side view of the set-up.
Figure 2

Figure 2:

• Lead Glas (SF5)

• 176 = 2x(8xll) Detectors
* Detector size: 64x64x300 mm3

* Plastic Veto Detectors:
2x(600x800) mm2



The deteator tower can be rotated around the target position
as a whole in order to measure angular distributions (angle
relative to the photon beam direction is variable between -10
and 140° ). It is possible to vary the distance between
target and detector front face as well as the distance
between the two detectors. Finally the opening angle between
the two blocks is variable between 0 and 180°. For a typical
experimental arrangement <distance target - detector 50 cm)
th« solid angle is approximately 3sr for both blocks. Each
of the two detector blocks has an active shield (plastic
scintillators) which covers the whole front area to veto
charged particles. In order to minimize the electronics each
analog signal is split and then summed in
"column"- fan in's.

"row"- and

We have investigated the response to monochromatic photons
between 30 and 120 MeV of an array of 12 lead glass detectors
of the type which are used in the n°-spectrometer. Figure 3
shows the response of the central detector for Ey* 120 MeV.
The energy resolutions are 43*, 38* and 39* FWHM for no
condition, for requiring that only the central detector has
fired, and for summing the signals from neighbouring
detectors, respectively.

Figure 3:
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It turns out that the peak position varies linearly as a
function of photon energy. The energy resolution (FWHM /Ep
) as a function of Ey is obtained asi

(12.9 ± 0.9) H / SQRTM E<GeV) )

which is near the expectation for lead glass of this sizet

(10 - 12) X / SQRT( E(OeV) ) (Ref.10).

For the above energy resolution and a spatial resolution of
rx- r y • 50mm (which has been estimated froc the results of
our test measurements) we have done a number of Monte-Carlo
simulations to investigate the properties of our n°
-spectrometer for realistic experimental situations! we
found out that the reconstruction of the opening angle
between the two decay-photons can be performed with a
resolution of a 8° (FWHM). A lower limit of *5° is
determined by the large beam spot and the target dimensions
that we have to use. This implies that we can determine the
pion emission angle to » 9° <FHHM) (=5° at best).
In order to demonstrate the relative importance of energy-
and spatial resolution, we have calculated the invariant
mass resolution according to (Ref.ll):

for the above mentioned values. In figure 4 it is assumed
i
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Obviously the oontribution due to r\<Pyy is negligible as
compared to the r | Ep -part for our energy rang* ( Ey * Eno
& 200 MeV). Therefore, it wouldn't help to improve the

position resolution. On the other hand there is no way to
improvs much on the energy resolution of th« lead glass
detectors. Such a bad invariant mass resolution might seem
discouraging, because it gets even worse when not using the
minimum opening angle, but since we know the energy of the
incoming photon the situation is not that bad - at least for
heavier nuclei (A £ 12).
In order to illustrate this I have plotted in figure 5 in a
two- dimensional plot the opening angl* between the two
decay-photons of a neutral pion versus the two photon
energies for photons of 150 MeV that have produced this pion
off ^2C

Figuri

Kinematics
of

12C(Y,Tt°)'2C

150 18C

The shaded band corresponds to the maximum pion energy
difference due to the different reccil directions of the
carbon nucleus for emission angles of 0° and 1B00

,respectively (assuming only coherent ^-production). It
turns out that the uncertainty in photon energies is only
marginal and consequently can be neglected. If one plots
the experimentally determined energies and opening angles
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for eacjti of the events for a given photon enerory in this
graph one obtaines a broad distribution as indicated in
figure 5. However, one can make a "kinematical fit" for
each event to obtain much more precisa energies. This means
that the pion emission angle caa_ bes determined for all
opening angles (not only
accuracy.

YY • <DYY ) with an improved

Finally I want to demonstrate that we have a very efficient
way to eliminate background from non neutral pion-cvents in
our spectrometer.

Figure 6:

o

UJ

174

172

170

16B-

166

164-

162-

160-

158:

40,Cn(Y,TC°)
= 0°

0 20 40 60 80 100 120 140 i60 180

CO

c
o
o

neutral
pions

background

80 100 120 140 160 180

Figure 6a shows a two-dimensional cluster plot of
reconstructed opening angles versus the energy of the
incident photon, fig.Sb is a projection onto the <t>yy -axis.
These data have been obtained in a measurement of the
T°-angular distribution produced off Calcium-40 with the
T°-spectron»eter placed at 0° relative to the photon beam
direction.
There are two distinct components of events: (i) those that
start at minimum opening angles of about 55° independent of
energy, and <ii> a distibution of events with a maximum at
opening angles of about 115° for which the minimum angle
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varies as a function of photon energy. Clearly events of
class (i) are background events (probably due to e+- e'pairs
that have been detected in the spectrometer in spite of the
veto detectors): the minimum <Vyy of 55°corresponds to the
smallest angle that can be detected from geometrical
considerations for the given spectrometer setting. Events
of class (ii> are neutral pion decays which is nicely
demonstrated by the energy dependence of the minimum opening
angle on ths photon energy which is to a good approximation
proportional to the pion energy (see above).
The reason for the good discr? -ni nation of course is that we
create pions with low energies and consequently with large
opening angles for the decay photons.

In conclusion I hope to have demonstrated that we operate a
n° -spectrometer that is very well suited for our purposes
i.e.: measurement of absolute cross sections and angular
distributions of neutral pions produced by monochromatic
photons of Ej, - 180 MeV.
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(3) ANALYSIS, RESULTS

Doing a (y,i°)-experiment we usually require the following hardware
trigger: a three-fold coincidence between an electron in one of the
focal plane detectors of the tagging spectrometer ,and a high energy
event in each of the two blocks of the n°- spectrometer as well as an
ant'i-coincidence with the two veto- detectors. Our raw-data then
include the following information:

(a) number of detector in focal plane of the tagging spectrometer
(photon energy),

(b) time between electron and each of the two events in the lead
glass blocks,

(c) detector numbers in the lead glass blocks, and
<d) pulse height of each of the events in the blocks.

In the first step of the analysis (after correcting the relative time
shifts for each detector of the tagging- and *°-spectrometer) we
exploit the information of a) and b): as a result figure 7a shows a
two-dimensional contour-plot of the timing between the two blocks for
each event relative to the electron registered in the tagger, figure
7b is a projection onto one of the axis.

Figure 7:
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The peak at tl = t2 = 0 ns corresponds to true triple coincidences
which should include the events we are interested in, namely: neutral
pions produced by photons of known energy. There are two types of
background below this peaks (i) accidental coincidences between a
true coincidence in the ^-spectrometer and an uncorrelated event in
the tagger (diagonal ridge in fig.7a) and (ii) chance coincidences
between the two blocks of the n° -spectrometer <this should produce a
background assumed to be constant over the whole coincidence time
window). After background subtraction for each energy bin separately
one obtains the number of true coincidences, which - if there is no
additional effect that could simulate neutral pion events
corresponds to the number of neutral pions produced at this energy.
In order to calculate the total photopion cross section, one has to
evaluate:

Jyn° 'e €t ' Hj

' • • total cross section
^ • • • number of true coincidences
Ne ... number of electrons in the tagger
NT ... number of target nuclei
e t ... tagging efficiency
eno ••« total n° -detection efficiency.

Here every quantity is known except the total detection efficiency of
the T°-spectrometer. This has to be calculated in a Monte-Carlo
simulation. It should be stressed that tno depends on the assumed
angular distribution for the neutral pions. The Monte-Carlo
simulation, however, shows that the absolute efficiency does not
change by more than 1.5X , which means that the relative uncertainty
does not exeed 10% even for extreme assumptions.
As an example we show in figure 8 the total cross section for the
production of neutral pions with monochromatic photons off Carbon-12
for energies between 133 and 157 MeV. Fig. 8a is on a linear scale
while in fig. 8b the same data are plotted on a logarithmic scale.
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Figure 8 shows that the experimental cross section below threshold
(Ey= 135. S MeV) is almost consistent with zero while for energies above
threshold the cross section increases smoothly as a function of
energy. This demonstrates that the true coincidences are indeed
almost entirely due to neutral pion decays. For comparison the
results of a recent measurement of 12C(y,7r°) of the Saclay group
(Ref.12) and of Glavanakov et al. (Ref.13) are plotted. A good
overall agreement can be stated, although the Saclay-data are
systematically larger than our cross sections. It should be noted
tha', their data have been shifted by (0.7 + 0.2) MeV after a fit
with (Ey - Ej.|1)

x , requiring that the cross section is zero below
threshold while our data are plotted according to the absolute energy
calibration that we obtained experimentally. The results of Ref.13
have been obtained with bremsstrahlung, so in order to obtain cross
sections they had to unfold their reaction yields.
In fig.8b the expectation for a pure p-vave production off a spin-0
nucleus is plotted, namely (E^ - E t h )

3 / * . As one sees, there is a
very good agreement with this curve almost down to threshold. This
shows that neutral pion production is a, very clean way to study
-i-excitations in nuclei.
A comparison of our results with available theoretical calculations
(Ref.3,14) (see figure 9) shows that the PWIA-results clearly
underpredict the data for energies larger than 150 MeV. This proves
that final state interactions are important already very close to
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threshold. The DWIA- calculations of Boffi and Mirando (Ref.3) which
have been performed for two different optical potentials agree almost
perfectly with our data while the calculation of Eramzhyan using the
full Blomqvist- Laget elementary operator slightly overestimates our
experimental cross sections for energies very close to threshold.

Figure 9:
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We have also measured absolute cross sections of neutral pions
produced off hydrogen, calcium-40 and lead-208 in the same energy
ranqe but these data are still being analyzed.

In a second series of experiments we have measured the angular
distribution of neutral pions produced off calcium-40 with
monochromatic photons between 160 and 170 MeV.
The analysis of the data proceeds in the following steps:

(a) we use the timing information of the tagging spectrometer
focal plane detectors and the lead glass counters to identify
neutral pions and background events, respectively (see
fig.7).

(b) we exploit the spatial information of the T°-spectron>eter to
determine the opening angle between the two decay photons for
each event. The opening angle distribution is used to
further remove background events and to find out (in a first
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generation analysis) events with equal photon energies (they
are identified by <t>yy =d»^ymin). For those events we can
easily calculate the pion amiasion angle.

After including in the other relevant experimental quantities and
calculating the spectrometer acceptance in a Monte-Carlo simulation we
obtain the angular distribution of the neutral pions. Figure 10 shows
as an example the PRELIMINARY differential cross section dcr/dft that
we get f or40Ca( y, 7i°) for photon ei?*?rgies between 160 and 170 M«V.

Figure 10:
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Also plotted is a theoretical calculation in DWIA for E 160 MeV.
While the differential cress section is well reproduced at forward
angles it significantly underpredicts the data at backward angles.
This might be an indication for incoherent n° -product!on, but before
drawing final conclusions this has to be further investigated
experimentally. In this experiment we plan to identify incoherent
^-production directly by observing the y -decay of excited nuclear
states in coincidence with neutral pions.
It should be mentioned that we have also measured the angular
distribution for neutral pions produced off carbon-12, but in this
case the analysis has not reached the stage to show differential cross
sections yet.
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<4) CONCLUSIONS, OUTLOOK

In this contribution I have described a new experimental set-up at the
Mainz-Microtron which we use in connection with the Glasgow-Tagger to
investigate neutral pion production with monochromatic photons near
threshold. First experimental results although still preliminary have
shown that it is now possible to obtain much better data than with any
previous experimental arrangement.

Our plans for the near future are to investigate in a next generation
experiment the INCOHERENT ^-production to discrete final states in
the nucleus with monochromatic photons. Our approach will be to use
an additional y-detector to detect the nuclear decay photon in
coincidence with the two gamma-rays from the 7r°-decay and the post
bremsstrahlung electron.
We plan to perform such an experiment on carbon-12 and calcium-40 in
the first half of 1987. However, this will probably be the last
experiment on neutral pion photopr- duction at Mainz for a period of at
least two years, since MAMI A will be shut down in the middle of 1987
for an upgrade (MAMI B, E = 840 MeV>. After that we hope to continue
our investigations on neutral pion photoproduction with photon
energies up to 800 MeV with an improved experimental set-up.

The experiments that I have described have been performed in a
collaboration of the following people:

G.Breitbach, G.Koch, V.Metag, H.Stroeher, S.Tschesche
(II.Physikal. Institut, Universitaet Giesten)
R.Beck, U.Dittmayer, R.Gothe, B.Sehoch, J.Vogt

<Inst. f. Kernphysik, Universitaet Mainz)
and

C.McGeorge, R.Owens
{Kelvin Lab., University of Glasgow).

This work has been supported by 'Deutsche Forschungsgemeinschaft' and
SFB 201.
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Photoproduction of 7r B in the Delta Resonance Region

R.P. Redwine

Bates Linear Accelerator Center, Laboratory for
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I. Introduction

The photoproduction of neutral pions is an especially important reaction for

the study of pion-nucleus interactions in the region of the A (1232) resonance. For

(-7,7T°) reactions which leave the nucleus in its ground state (elastic production),

photoproduction can provide rather clean and direct information on the creation

and propagation of deltas in nuclei,1 Because the initial and final nuclear states

are the same, the photoproduction process can occur coherently on any of the nu-

cleons. This leads in general to larger cross sections (compared to charged pion

photoproduction) and to theoretical simplicities.1'3 In fact, there is a close con-

nection between elastic photoproduction and two other medium-energy reactions,

nuclear Compton scattering and pion elastic scattering. This is demonstrated in Fig.

1, where the first-order A-hole model1'3 diagrams for the three related processes

are shown. In this picture the same A-hole propagator should describe all three

processes. At this conference Koch3 will present a much more complete discussion

of the theoretical aspects of neutral pion photoproduction.

In practice the only really large set of data that exists is for pion elastic scat-

tering. Measurements3 of nuclear Compton scattering are only now beginning. In

this talk I shall discuss the status of measurements of TT° photoproduction, both

existing and anticipated. General experimental considerations will be presented,

especially the relevant aspects of photon beams which may not be familiar to many

in this audience. Finally, I shall discuss prospects for the future, including expected

developments in electron accelerators and the possible role of a next generation TT°

spectrometer.
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The emphasis of the discussion will be on elastic ir° photoproduction, as opposed

to reactions where the nucleus is left in an excited state. Not that the latter reactions

are uninteresting, but the elastic reaction is of special interest in medium energy

physics, as described above. Also, elastic photoproduction is likely to present the

most demanding requirements for a future n° spectrometer.

II. Data Presently Available

While it has long been known that the elastic photoproduction of neutral pi-

ons on nuclei is an important reaction to study, there are actually rather few data

presently available. The reason for this is, of course, the difficulty of the experi-

ments. This difficulty involves the incident beam, where one does not usually have

a high flux of "monoenergetic" photons, and the necessity to know that the nucleus

is left in its ground state. In fact, some experiments on a few nuclei have been

performed. A list of those which have been performed in the last decade or so is

shown in Table I.

Two types of incident photon beams have been used. Both methods use

bremsstrahlung from an electron beam with well-defined energy, but in one method

the photon energy is "tagged" by measuring the energy of the electron fol-

lowing bremsstrahlung. In the other method the endpoint region only of the

bremsstrahlung spectrum is used to obtain the cross section for elastic photopro-

duction. The advantages of the former method are that a range of photon energies

can be used simultaneously and that both ground state and excited state transitions

cap. be measured. The advantage of the latter method is that much higher event

rates can be obtained. We shall return to this point in a later section.

To assure that the nucleus is left in its ground state two techniques have been

employed. The most direct is to detect the ir° with sufficient energy resolution to

isolate the elastic events. The other technique involves detecting, for s 4He target,

the recoil a particle. In some cases (Refs. 4,5,8) the experiment did not have suffi-

cient 7T° energy resolution to assure that the residual nucleus was left in its ground

state, but rather depended on the expectation that most of the photoproduction

cross section at forward angles would be elastic.



i n . A Look at One Experiment in Detail

To help in understanding the limitations in present experimental techniques and

possibilities for future improvements, it is useful to look at one experiment in some

detail. My (somewhat prejudiced) opinion is that the most advanced experiment so

far completed is that of Ref. 10, a Boston U.-MIT collaborative effort performed at

the Bates Linear Accelerator Center, and we shall look in detail at this experiment.

The 7T° spectrometer used for these studies is the same in principle as that

which has been in use at LAMPF11 for several years now. The ir° decay photons

were detected in two independent photon detectors. Each detector consisted of

a sandwich of Pb-glass converters, multiwire proportional chambers, and plastic

scintillators (for optimal timing), followed by total absorption Pb-glass blocks. The

emphasis was on a precise measurement of the opening angle of the decay photons,

while maintaining at least modest photon energy resolution. For events where the

photons had roughly equal energies, the TT° energy was determined primarily by the

opening angle.

Fig. 2 shows a side view of the Bates ir° spectrometer. The stand was designed so

that it was possible to adjust independently the scattering angle, opening angle, and

solid angle of the spectrometer. A typical n° energy resolution for this spectrometer

is 6 MeV FWHM. For a 4He target (~ 20 MeV between the ground state and any

other states) the energy resolution was thus easily sufficient to isolate the elastic

photoproduction events.

However, the photon beam employed was not, of course, monoenergetic. To

extract a cross section for the elastic photoproduction one had to understand the

shape of the n° energy yield in the region of the endpoint, where real events could

come only from elastic photoproduction. In Fig. 3 is shown a typical measured ir°

energy spectrum for one angle and endpoint energy on 4He. The general shape is

given by the convolution of the bremsstrahlung shape and the acceptance of the ir°

spectrometer. The acceptance was roughly triangular in shape, with the peak at sa

3C0 MeV. The acceptance cutoff is sharp on the low energy side, whil« it extends in

principle to infinity on the high energy side. The events above 300 MeV are non-
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physical and, in fact, correspond to accidental coincidences between the two photon

arms. There are clearly accidental events below 300 MeV as well; these were in

general subtracted by fitting the acceptance shape to the non-physical region above

300 MeV.

Since the extraction of a cross section is not as "direct" as we are accustomed in

nuclear physics, it would obviously be reassuring to measure a known cross section

correctly. The result of such a procedure is shown in Fig. 4. In this case a liquid

hydrogen target was used, since -7 + p —> TT° + p cross sections have been measured

previously using detection of the recoil protons. The data are similar to those in Fig.

3, but with accidentals subtracted. The solid line is the expected yield obtained

by convolving the calculated spectrometer acceptance, bremsstrahlung shape, and

energy-dependent cross sections.12 In general the agreement is excellent in both

shape and magnitude.

The results10 of the cross section measurements on 4He are shown in Fig. 5,

along with data from the previous experiments13'14 which used the recoil a tech-

nique. As might be expected, these earlier experiments could measure only fairly

backward w° angles because of the necessity to have an a-particle of high enough en-

ergy to be detectable. The solid line shown in Fig. 5 is a A-hole model calculation1

of this cross section. The calculation takes parameters for the A-hole propagator

from fits to pion elastic scattering data. The good agreement of the calculation

with the 4He('7,7r°)4He data is thus an important success for the A-hole model.

What are the limitations in present experiments? The most important limitation

for the elastic photoproduction studies is the rate at which data can be taken. In the

Bates experiment this rate was limited by the singles rates in the photon detector

arms. These singles rates produced two effects which limited the event rate at about

the same level: accidental coincidences between the two photon arms, as discussed

above; and multiple hits in the multiwire proportional chambers. It was possible to

shield the photon radiator and beam dump sufficiently that most of the singles rate

was associated with the photon beam striking the target. Thus there was little to be

gained from additional shielding and the limiting event rate was then associated with
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the product of peak current times target thickness. In this experiment the target

thickness was 0.55 g/cm2 and the limiting peak current was < 0.5 mA, depending

on angle. This peak current corresponded to « 2xlO8 "y's/sec instantaneous in the

top 15 MeV of the bremsstrahiung spectrum. It is useful to note that the average

current of < 5 fiA is far less than the Bates accelerator can deliver. What would

greatly improve the situation is, of course, a duty factor significantly higher than

the present 1%.

IV. Prospects for Future Improvements

It is clear that improvements can come from three general directions: a better

«° spectrometer; a duty factor of the electron beam closer to 100% than to 1%; and

a good source of "monoenergetic" photons. We shall discuss each of these in turn.

The 7T° spectrometer presently at Bates is, of course, inferior in some ways

even to the one currently in operation at LAMPF, much less to a significantly

improved design. However, given the present necessity to use the bremsstrahiung

tip method to measure cross sections to specific nuclear states (with 1% duty factor

accelerators the use of "monoenergetic" photons and a v0 spectrometer with good

resolution and thus fairly small solid angle leads to unacceptably small event rates)

a ir° spectrometer with resolution a lot better than several MeV would in a sense be

overkill. With better photon beams an improved spectrometer will be very helpful,

as discussed below.

An increase in the duty factor will provide a direct increase in the event rate

with present techniques. In fact, given the small peak currents presently in use and

the possibility of less collimation for the photon beam, up to a factor of 100 can

be gained. Fig. 6 demonstrates the physics such an improvement would yield. In

this figure are shown results from two experiments on the 12C(7, JT°)12C reaction at

E7 w 240 MeV. The Bonn experiment4 actually was not able to distinguish elastic

events from those in which the nucleus was left in an excited state, and one expects

the elastic cross section to become less dominant as the production angle increases.

The preliminary data from a Bates experiment9 are in good agreement with the

Bonn data at forward angles and with the A-hole model calculation at all angles.

101



102

It should be noted that the agreement of the calculation with data in the region of

the first maximum, similar to the case of 4He in Fig. 5, really provides a test only

of the magnitude of the cross section, as the shape is almost model independent.

That is, elastic photoproduction of a pseudocalar meson from a spin-0 nucleus must

vanish at 0° and the nuclear form factor will cause ^ to drop at backward angles.

However, there is information on the dynamics of the process contained in the

second maximum. Clearly an increase of even a factor of 10 in data rate would

allow experiments to probe this region.

There axe four methods discussed as ways to produce "monoenergetic" photons:

1) Tagged 7's, where one measures the energy of the electron after

bremsstrahlung and thus deduces the energy of the emitted photon.

2) Positron annihilation, where positrons of known energy are allowed to

annihilate with atomic electrons. Photons emitted at a given angle then

have known energy.

3) Backscattering of laser light from a high-energy electron beam. This

technique should be of considerable importance in the future.

4) The (e,e;7r°) reaction will, of course, provide monoenergetic virtual pho-

tons, but it is not likely, even with high-duty factor beams, to be as useful

as (is71"0) measurements.

We shall look in more detail at propects for tagged photon beams, as this will

illustrate what should be possible with future monoenergetic photons. The most

important parameter to keep in mind is that the ultimate rate of tagged photons

that can be used is a few times 1077?s/sec instantaneous for all "usable" energies.

This limit comes from the probability that a 7 different from the tagged one caused

the event seen in the ir° detector. Given this limit it is obvious that high duty factor

is crucial for reasonable average photon rates. As an example of an experiment using

such a beam, consider the following parameters:

5 x 106 7's/sec in a 30 MeV bin

1 g/cm2 12C target



Afl = 5 mar

These parameters would lead to an event rate of 1/minute, which is sm&ll but

not unreasonable. However, a tagged photon beam would not be useful to measure

cross sections in the second maximum region.

Fortunately we do expect that high duty factor electron facilities will become

available in the next several years. Therefore, there are indeed good prospects

for improved experiments of two types. The first type would entail measurements

of elastic photoprcduction, especially at low cross sections, using bremsstrahlung

endpoints. The second type would consist of tagged photon (or laser backscattering)

measurements of a number of bound state cross sections of reasonable magnitude.

In each case an improved ir° spectrometer will be highly desirable.

V. General Requirements for a New TT° Spectrometer

I assume that such a spectrometer may be constructed for use on different beam

lines at different accelerators. The necessity for portability is then clear. In what

follows I concentrate on aspects which apply especially to (7,7r°) experiments. The

three general requirements are the following:

1) Energy resolution of < 1 MeV. Certainly resolution better than this is

being contemplated by some at this conference. For (7, IT0) experiments

it seems that 1 MeV would be sufficient for a first-class program.

2) Large solid angle. This is necessary to make the event rate as large as

possible and may require considerable segmentation.

3) Large energy acceptance. This wi'l be true especially for tagged photon

experiments.

While these requirements may differ from those for a high-resolution (JT, n°)

experiment, it is not at all clear that the same spectrometer could not be used. For

example, one might sacrifice energy resolution while gaining solid angle and energy
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acceptance by moving the photon arms closer to the target.

VI. Conclusions

Photoproduction of neutral pions from nuclei can provide important informa-

tion for studies of pion and delta interactions in nuclei. Initial studies of elastic

photoproduction have already played an important role. With the development of

high duty factor electron accelerators these experiments will be much faster and of

much higher quality. A new ir° spectrometer for use on such facilities is crucial to

the full exploitation of these opportunities.

Several helpful conversations with D. R. Tieger are gratefully acknowledged.

This work was supported in part through funds provided by the U.S. Department

of Energy under Contract No. DE-AC02-76ERO3069.
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Table I
Recent ( K , T ° ) Experiments

Experiment Data Technique

Arends et al.4'5 (Bonn)

Anan'ine* a/.6 (Tomsk)

Arakelyan et al.7 (Yerevan)

Bellinghausen et al.6 (Bonn)

Comuzzi,9 Tieger10 et al. (Bates)

12C("K,7r°) angular distributions
(-1,*°)ftotai, Be to Pb

4He(7,7r°)4He angular distributions

ototal

("I,'*0) on light nuclei at
very forward angles

4He, 12C(-7,Tr°)4He, 12C
angular distributions

Tagged 7's, poor resolution
large-ft ir° detector

Bremsstrahlung beam, He streamer
chamber, one *y detector

Tagged ^ 's , poor resolution
large-fl TT° detector

Bresstrahlung beam,
poor resolution TT° detector

Bremsstrahlung beam,
good resolution TT° detector



Figure Captions

1 Delta-hole model1'2 diagrams for pion elastic scattering, nuclear Compton scat-
tering, and elastic n° photoproduction.

2. Side view of the Bates TT° spectrometer.

3. Observed TT° energy spectrum10 for 6wo = 60° and a bremsstrahlung endpoint of
298 MeV. The events are plotted vs. the equivalent photon energy, where this
energy is derived from the -7+4He —+ 4He +n° reaction kinematics.

4. 7T° energy spectrum10 from photoproduotion on hydrogen, compared to that
expected from knowledge of the bremsstrahlung shape, n° spectrometer accep-
tance, and previously measured cross sections.12

5. Data and calculations for the 4He('y,7r0)4He reaction. The circles are from Ref.
10, the squares from Ref. 13, and the triangles from Ref. 14. The line is a
A-hole model calculation from Ref. 1.

6. Data and calculations for the 12C(-7,7r°)12C reaction. The circles are from Ref.
9 and the crosses are from Ref. 4. The line is a A-hole model calculation from
Ref. 1.
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PHOTOPRODUCTION OF r? MESONS

Frank Tabakin ^

Department of Physics and Astronomy

University of Pittsburgh

Pittsburgh, PA. 15260.

Abstract

The present status of the process 7 + p — • f? + p is reviewed, with emphasis on

the role of N* isobars and their SU(3) x 0(3) six quark state classification. It

is suggested that the basic photoproduction operator be updated and that the

r?-nucleon interaction recently extracted from studies of the ir, rj reaction be

used to estimate the cross section for n photoproduction on nuclear targets.

I. Introduction

Recent experimental [1] and theoretical [2] results at LANL on the production of

r) mesons using incident pions on proton and nuclear targets have stimulated renewed

interest in the n meson. Measurement of the antiproton-proton — r? + x process

at LEAR will also focus attention on the r\ [3). The solitary r? now has some

friends and might no longer be lonely. However, the depth of that friendship will

be determined by the extent to which we will be able to learn something new from its

interactions. At this stage, the quality of the r\ photoproduction data does not

provide restrictive information about the electromagnetic excitation
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of the N . However, with the development of precision neutral meson detectors,

the observation of the rj in n,r} and 7,»? reactions will provide an incentive to

intensify the study of isobar dynamics [4]. One major goal is to use the

photoproduction of v mesons, in conjunction with studies of the related x,v

7,7T n,n and %K+ etc. reactions, to extract the electromagnetic and

strong N decay properties and to confront that information with quark model

predictions. Another important goal is to understand the special features of

the n meson as a nuclear probe [2,5].

Motivated by such developments, which are discussed at this workshop [I], an

experiment has been approved at Bates [6] to photoproduce the rj meson

(T + p—» »? + p ) at energies just above the production threshold of k7
lab = 709.3 MeV c .

That threshold occurs at a total cm. energy of W = -is = kcm
7+ Ecm

p = 1.487 GeV.

In my talk, I will discuss the 7 + p — r\ + p process, review the present

knowledge of the associated dynamics, speculate about what we can learn from the

photoproduction of rj mesons, and delineate the need for further research. First,

the basic kinematics will be presented, then the role of the I = \ N* resonances

will be illustrated by examining the last comprehensive study of the p(7,rj)p

amplitudes. That study by Hicks et. al. [7] is now 13 years old and it is time to

upgrade that fine work by incorporating knowledge of the baryon spectrum acquired

since 1973 by various measurements of meson-nucleon reactions [4,8].

The classification of the isobars according to the SU(6) x O(3) quark model is

then presented to see how the I,TJ process, and future precision measurements,

might play a significant role in determining the spectrum of three quark states,

which is of fundamental importance. Suggestions for improving our understanding
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of the basic dynamics are made later, where not only the role of the N

resonances, but also the need for t-channel exchanges are discussed.

The study of eta photoproduction [9] separates into three basic regions : (])

the region of the isobar resonances below k7
lab = 2 GeV; (2) the higher energy region

above say 3 Gev, where the t-channel exchanges and their representation by Regge

exchange dominates; and (3) the intermediate region where s and t channel exchanges

compete, i.e. where one needs to consider both N and p meson exchange diagrams

of Fig. 1. At higher energies and forward angles one needs to also consider the

Primakoff effect (see Fig. 1 ) which involves the r? —» 7 7 vertex.

Finally, once the basic photoproduction process is improved, information about

the r] - nucleon interaction at low energy that was recently gleaned from a

coupled-channels isobar model of the 7rN—• ir N, n N —• r? N, and v N —» r; N ,

t-matrices by L.C. Liu et. al. [2] could be used to estimate the 7,r? cross section

for a C1 2 target, using a DWIA approach [10]. We hope this is a step toward

*

studying N properties in the nuclear medium and toward developing another

selective nuclear probe. See references 2, 4 and 5 for DWIA studies of ff,r? and

7,r? reactions with nuclear targets.

II. Kinematics and Couplings

The r) meson is a pseudoscalar meson of considerable mass ( M =548.4 MeV ).

comparable in mass to the kaon (497.7 MeV), the w (783 MeV) and the p (770 MeV)

mesons. Its attributes are given in Table I. The isospin zero nature of the rj

means that it can couple to the I = ^ nucleon excited states (N ' s ) and not to the

I = I , A isobars. It therefore provides a highly advantageous isospin selectivity.
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Unfortunately, that benefit is balanced by the fact that its coupling to the

nucleon, although strong, is small compared to the pion-nucleon coupling. The

coupling between the nucleon (ip) and the V (<t> ) fields is of familiar

pseudovector form

which is the same interaction as for pions, except for the 1=0 isospin aspect and

the comparatively small coupling constant given by

G 2

4TT ~ V m + / 4TT

The SU(3) value of —j- 2 - , where ryo refers to the pure SU(3) octet eta meson,

is related to the pion coupling constant by

G 2 9 r- 2
78 (3 -4a ) G

T_
47T ~ 3 47T •

A typical value of apv=D/(D+F) is 0.59, which Nagels [II] obtained by

analysis of A p and E* p data. Here D and F are the strengths for the two

types of SU(3) octet meson - baryon couplings [8]. Other determinations of the ??

coupling constant use hyperon decays, or the reactions 7Tp—rjn , jr"p-*ir°n,

or TT'p—»r?A , 7r"p-»7r°A , as discussed recently by J.C. Peng [1]. The

G 2

resultant values of -£- range from about 0.6 to 1.7.

The octet eta meson v& and the pseudoscalar singlet rj mix due to SU(3)

symmetry breaking to form the physical rX548.8) and T?\958) mesons; consequently,

the r; and rf meson coupling constants also mix as given in Table I. The SU(3)

mixing angle is 9 = -10 ( -23 ) degrees based on the quadratic ( linear )

Gell-Mann-Okubo mass formula. Finally , isospin violating interactions cause the n

and TT° to mix, which might be observable in 7Tp charge exchange around the i

threshold region [1).
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The r? meson coupling has also been used in one boson exchange models of the

nucleon-nucleon interaction. Typical OBEP values, obtained in the process of

actually fitting N N data [12], are

G^/MTT = 3.68 , G^/to = 4.23 ,

which yield not only a small effect in the N N problem, but also a small

contribution to nuclear binding at normal nuclear densities [13], see Fig. 2. The

above rj coupling constant should be compared to the corresponding pion value of

[12] G//47T =14.11 .

In view of the range of values found for the r\ coupling, it is important that

understanding of the f] and r( coupling constants be refined. Since these

interactions enter the photoproduction process in forming the final v N state (see

Fig 1.), it is expected that the process p(7,??)p will help in fixing their values.

The electromagnetic coupling to the isobars and to t-channel exchange mesons

also seen in Fig. 1, will be discussed when the photoproduction amplitude is

examined Now let us consider some other features of the basic kinematics.

The large mass of the r? implies that considerable total cm. energy of W =

1486. MeV (k'rlab = 709.2966 MeV) is needed to produce an r? meson from a

proton target. The eta threshold as well as that for the pion, kaon, omega, and rho

mesons is illustrated in Fig. 3, where their cm. momentum is plotted versus W.

The photon's cm. momentum for each W is also shown. Later, this figure will be

useful for spotting the relevant isobars for each meson. Note that the

photoproduction of each meson (eads to both s-channel and t-channel information.

For example, from neutral X photoproduction the A and N* (s-channel) and the w

exchange (t-channel) processes contribute; whereas, for r? photoproduction the N*

and the t-channel p exchange occur. For kaon photoproduction, we can learn about

the Y [A ,£ ] s-channel hyperon excitations and the t-channel K.* and K** exchanges .
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Each meson production process has something important to contribute to the full

SU(3) spectrum dynamics.

Another feature offered by the r? meson is the sizeable momentum transfer to the

proton ( or equivalently the i-t) momentum transfer Q = ]"q-k| ), which is

illustrated in Fig. 4. In Fig. 4, the three-momentum transfer Q in the cm. frame

is plotted versus the laboratory kinetic energy of the produced rj meson for various

cm. ri angles; also shown are the curves of fixed k7
lab or, equivalently, fixed

values of the total energy W. At forward angles, the momentum transfer decreases

with increasing rj meson energy, as is the case for the photoproduction of other

heavy mesons. If measurements can be made over a range of angles, then momentum

transfers as large as say 600 iMeV/c (for k \ b = 900 MeV, W= 1600 GeV and

&cm < 90° ) can be studied. This corresponds to probing distances of

about Q"1 ~ 0.31 Fm . For the case of a C12 target, the threshold

for the production is lowered to k7
lab = 562.3 MeV and the associated kinematics is

also illustrated in Fig. 4. The momentum transfer now ranges from 0.2 to 1.4 Gev/c

for the case of k7
lab = 860. MeV, as one varies the cm. i angle from 0 to

180 degrees. That momentum transfer requires knowledge of the C12 elastic

form factor and the associated density p (r) in the r = 1 to 0.14 fermis range.

An important aspect of the C12 target case is that the r? production

threshold is lowered so that the r) strikes the constituent nucleons at an invariant

energy which is now 56 MeV below the PI 1(1440 MeV) Roper resonance, which has a

width of 200 MeV. Li contrast, for a proton target the threshold is just 46 MeV

above the Roper resonance , which might still contribute via virtual or off-shell

effects.

The tole of the various N isobar resonances, which are displayed in Fig. 5.

will now be addressed.
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III. The Photoproduction Amplitude.

A. General Features.

The amplitude for the transition from an initial 7 N state to a final V N

state is < ~q , ma' I T I k A , m8 > , where the photon, nucleon, and 17 variables

are shown in Fig. 6. For a real and hence transverse photon, the photon

polarization A has only two values A = ±1 . The initial nucleon's spin projection along

the z axis can take on two values, mg = ± | . Since the final ms' is fixed

by conservation of angular momentum, we have just 2 x 2 = 4 complex amplitudes for

the process 7 + N —• rj + N' ; therefore, seven independent measurements at

each energy and angle ( or equivalently at each W and Q ) are required to completely

specify the basic amplitude [14]. The overall phase is naturally not needed.

In the case of electroproduction, the virtual photon, 7V , also has a

longitudinal component A = 0 and the number of amplitudes escalates to 3 x 2 = 6,

whereby eleven independent measurements are required. The seven (7,77) or eleven

{\,v) measurements entail observing various spin dependent effects with

polarized targets, polarized photons, and polarized recoil nucleons [14J. It is an

awesome task to make such complete measurements, especially in the electroproduction

case. For electroproduction one not only has to cope with the increased number of

amplitudes, but also the small virtual photon flux factor, and the need for e\r)

coincidence measurements.

Although many ( 7 or 11 ) experiments at each energy and angle are needed to

specify the amplitude [14], it is possible to extract useful information even with

fewer measurements by using information gained from a family of related rj and 7r

reactions. For example, progress in understanding electroproduction requires

120



important input information from the photoproduction case as stressed here. Even

the photoproduction experiment requires input information obtained from related

reactions to bridge the gap between the number of possible and the number of

required experiments. For example, the nature of the isobar resonances can be

extracted from the photoproduction of TT, p and w mesons and from n N

scattering. With such input information, the measurement of just the eta

photoproduction cross section and polarization might isolate the N resonances

sufficiently to yield information about the radiative decays N —» 7 + N, which

serve as a crucial challenge to the quark model [9]. Of course measurement of the

other spin observables, such as for polarized photons, would refine the

confrontation with theory. To extract such new detailed information from eta

photoproduction will thus be a difficult, but by using information from related

reactions, a potentially fruitful process.

The above amplitude for the photoproduction of the r? may be expressed in the

Lorentz covariant CGLN [15] form

4

< q , A , mg > = M = £ Aj u(p',rris') .V̂  u(p,ms) ,

where the only independent forms consistent with Lorentz and gauge invariance are

expressed in terms of the associated four vectors by

^1 = 75 K f- ; v/2 - 2 5̂ ( eP k.p'-e.p' k.p )

M3 = -y5 ( i k.p -K e.p ) ; •% = 2 75 ( t k.p' - Jt e.p' ) .
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The dependence on the photon polarization A is contained in the photon polarization

vector e , where its subscript A has been suppressed. Of course, this is the same

form used for the pion case except in the f? production case we have a total isospin

of ^ , whereas the pion amplitude has both ^ and ^ isospin terms.

Expressing the Dirac spinors u(p,m.l in terms of the Pauli spinors, allows us

to specify the four p(T,f/)p amplitudes in terms of Pauli spin operators and i ,

1 , and nucleon three vectors as

4

< "q , m,' | T | k A , mB > = £ Fj Fr

where the four operators are

Z 7 ! = ~s ."(• ; F2 = \ ~o .Z\ ~o . I x k ; F3 = ~c . k q . e ; F 4 = I r . q q . I

The cross section a(6) and recoil polarization P(0) are bilinear

combinations of the Aj( or, equivalently, of the Fi (see Table II.j; the A;

can be expressed in terms of the F;. The A; are functions of the Mandelstam

\ariables s, t, u and the F; are functions of energy and scattering angle. These

amplitudes are subject to general crossing symmetry, unitarity and hence dispersion

relation constraints.

The amplitudes F; can be expanded in terms of eigenstates of the total

1 L n
angular momentum J = L ± ^ and of p a r i t y - ( - l ) n in a mult ipole decomposi t ion
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f
L=0

oo

x = f [ L M L + + E L + ] P ' ( / i) + [ ( L + I ) M L _ + EL_ ] P ' ( M )
L=0 L + 1 L"1

F, = £ [ (L+l) ML+ + L ML. ] P 00
L=l u

= f ( E L + - M L + ) PL"+1(/0 + ( E L . + M
L .

L=2
ML+ - EL+ - ML. - EL.

Here, L = L labels the f?-N orbital angular momentum, and the electric and

magnetic nature of the absorbed photon is specified. The + and - labels on these

multipoles denote not the parity, but rather che angular momentum addition J =

Ln ± \. The angular momentum and parity selection rules and the

definition of the associated electric and magnetic multipoles are summarized in

Fig. 6 and Table III. This decomposition is particularly convenient when few

resonances occur, since the N* resonances are eigenstates of parity , total

angular momentum, total orbital angular momentum and isospin. The N states are

denoted as L2I+1^J + 1 , and are presented in Fig. 5.

The cross section and polarization of the final nucleon are expressed in terms

of the above CGLN amplitudes in Table II. In addition, the relationship between

the above decomposition and the helicity amplitudes [16] are also specified in

Tables IV & V. The description in terms of nucleon helicity spinors leads to the

helicity amplitudes, Hj.
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The subsequent decomposition into eigenstates of total angular momentum entails

using states that are not eigenstates of parity. Such a helicity basis does

provide a simple helicity flip description and are especially useful at higher

energies, where many t-channel exchanges as described by Regge models dominate the

process (see Fig. 1). The expressions for the cross-section, the recoil nucleon

polarization, the polarized photon asymmetry, and the target nucleon polarization

asymmetry are quite simple in terms of the helicity amplitudes [14] as shown in

Table V. If the direction perpendicular to the scattering plane is used to define

the helicity state, then one has the so called transversity states, which are

specified in Table IV [16].

For our purpose of examining the role of the N resonances, we will use the

electric and magnetic multipole description. As the energy increases beyond the

s-channel resonance region, then the helicity amplitudes become the preferable

basis. The general situation is that there are clusters of overlapping resonances

up to about W = 2 GeV, then vector meson exchange enters and when many such

t-channel exchanges can occur, a Regge description (with no s-channel resonances)

would seem to be appropriate.

Let us look into a specific study of the lower N resonance dominated region.

124



B. The Hicks Amplitudes

To gain insight into the basic dynamics of the i,r) process, let us examine

the model of Hicks et. al. [7] in some detail. In that resonance or isobar model,

the electric and magnetic multipole amplitudes are expressed in terms of various

N resonances plus a smooth background. The resonances are described by energy

dependent Breit-Wigner forms. The background arises mainly from the nucleon pole

diagrams, and possibly at higher energies from t-channel vector meson exchange

processes (see Fig. I); however, since the eta coupling is not very strong those

diagrams can be simulated by a weak and smooth background term (see later).

The multipoles are specified as shown in Table VI, where the total and partial

widths are also shown with appropriate threshold behavior incorporated. Note that

the barrier penetration factors, vL , involve the rj N orbital angular momentum L

= L and the photon-N orbital angular momentum L , which equals L except for

EL _ multipoles for which L = L -2 .

The background parametrization consists of the Eo+ and Mj. terms

given in Table VI. The parameters ( Fr, -)£, 'fA, and <f> ) were adjusted to

fit the extant -7, n data; the value of R was set to 1 fermi and the momentum

p was taken to be the cm. pion momentum for the strong N* —• TT + N decay..

The strong decay branching ratios of the Su(i55O) was taken to be 60% to »?N

and 40% to TTN; other decay channels were ignored. For the other isobars, the

widths Fr , and in all cases the energies Wr , were input from tabulations

based on other meson reaction information , and subject to proper threshold

penetration factors (see Table VI). Information from the x~ p —> 77 N reaction

was used to
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constrain the partial width products F E ^ of Table VI. In addition, maximum

r r
reasonable values of ( ^ m>)T .were deduced from the N(ff,jr)N and N(if,jr)N literature.

The states D16{1670], and F16[1688] were judged to play a minimal role

in r) photoproduction, whereas the states Su[1550], Pu[1750] were the

most significant. Several fitting scenarios were adopted by Hicks et. al. [7],

involving the use of 90 degree polarization data and the fore-aft %r) cross

section as constraints, and in some cases allowing variations in the Wr and Tr

values. However, the dominant variable parameters were the set shown in Tables VI

and VII.

As ? case study, consider the parameter set C2 in Table VII developed by Hicks

et. al. to fit the pre-1973 i,ri data below 2.2 GeV. This case involved using

some "stray baryonic states", which play a role in the reactions 7p—»r?p and

7p—•K+A, but not in ifp—»7rp or 7rp—nrp. It is the specification of such

states that represents a special feature of rj and K.4" photoproduction.

The N* spectrum used in 1973 by Hicks et. al. [7], including these strays,

is illustrated in Fig. 7 and should be compared to that given in the 1986

compilation (Fig. 5). In addition to the total widths, Tr , illustrated by the

thickness of the bars in Figs. 5 and 7, the partial widths for N decay to the

final T) + N times that for the radiative process 7 + N —• N need to be

specified. The Hicks values for the product of these partial widths are given in

Table VII; current values are available in [8].

It is of considerable interest to use 17 photoproduction, in conjunction with

other reactions, p(T,»?)p, to extract the partial widths for the separate N

radiative and strong decays. Gathering that information entails precision

measurements and careful analysis; it might someday test detailed ideas of quark

dynamics. At this stage, as in 1973, we have only a general idea of the detailed

1,ri dynamics and the role of the isobars.
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C. Role of The Isobars

Having presented the features of the Hicks amplitudes, let us examine the

resultant cross section and recoil nucleon polarization. These quantities are shown

in Fig. 8, where the cross section is seen to grow rapidly as one rises above the

threshold W of 1.487 GeV. The cross section is quite flat, as expected from fhe

dominance of the first S u resonance, then decreases at higher values of W

where the structure is due to the higher N resonances and their mutual

interference. The recoil nucleon polarization of the Hicks model shows a simple

behavior near threshold with an interesting variation with O^ developing at

higher W. These surface plots are essentially equivalent to viewing the pre-1973

data base that was fit by Hicks with a x2/N value of 1.3 for the C2 case.

Another version of this overview of the Hicks model is presented in Fig. 9. The

cross-sections seen in these three-dimensional "stacked" plots reveal the highly

isotropic nature of the cross section near and above threshold, where the S n

appears to dominate. If any contribution from the subthreshold P n were to be

seen, it would manifest itself in a p-wave term and hence in a deviation from the

degree of isotropy seen so far. That nonisotropic feature, albeit small, might be a

quite interesting result of the forthcoming Bates experiment [6]; it would show the

effects of S u and P n interference. The stacked version of the recoil nucleon

polarization shows the positive polarization at low W followed by a sign changing

polarization in the W -1.7 GeV region due to the inteference of the Sll and PI I

resonances. See the figure caption for additional observations about the behavior

of a{6) and P(ff) as W increases.
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The role of the dominant resonances is illustrated in Fig. 10. The contribution

of each resonance is turned off one at a time and the resultant cross section and

recoil nucleon polarization are shown and discussed in the figure caption. Each

resonance interferes with the other resonances and with the smooth background, which

is also displayed in Fig. 10. The phase angles 4> of Tables VI and VII play a

crucial role in that delicate interference mechanism.

For the C2 fit examined here, and probably for the other cases also, the N

spectrum used by Hicks does not agree with the recent values (see Fig. 7) and hence

it seems necessary to update that work in order to provide a reliable basis for the

extraction of strong and electromagnetic decay widths, for quark studies, and for

the application to nuclear targets.
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IV. Quark Classification.

The photoproduction of r) mesons could play as essential role in achieving the

long term goal of understanding the three quark spectrum. Of course, that lofty

goal requires input information from an array of strong and electromagnetic

interactions, but the rj does separate the N effects and participates in several

reactions that tie in with other meson dynamics. What are the allowed three quark

baryonic states and how do the isobar resonances fit in with the ideas of quarks?

The classification of three quark states is summarized in Table VIII. The

starting point is to recognize the makeup of the A and N isobars in terms of the

up quark (u) [ isospin 1/2 , 1, 2; charge 2/3 ] and down quark (d) [ isospin 1/2

, - l / 2 ; charge -1/3 ], which nicely accounts for the range of charges on these

isobars. Next, the color singlet nature of the three quark state incorporates the

proper fermionic antisymmetry requirement and hence the remaining space, spin and

flavor space needs to be in a symmetric state. The spin [SU(2) for spin up and

down] and the flavor [SU(3) for u,d,&s flavors], o m b i n e to form the SU(6) single

quark states. The six states are denoted by q , m5, where q = u, q? = d

q = s, and m = ± \ .

Building the three quark states therefore involves a product of three of the

above single quark SU(6) states and of the total three quark orbital angular

momentum eigenstate as descriped by the usual three dimensional rotation group

0(3) . Thus we need to consider the product 6®6®6=56s-&~0M-ECO^ZO^.

and its combination with the various orbital states as described in Table VIM.

We arrive at the SL'(6)20O) classification of states and their present

relationship with the nucleon, and with some of the A and N states. Of course.
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additional three quark states are obtained by including strange quarks, which leads

to the excited Y*[A, E] hyperons, which play a role in K+ photoproduction .

Radial excitations of the relative quark wavefunctions lead to higher states in the

baryon spectrum. The present status of the three quark state assignments is shown

in Fig. 11 and Table VIII.

The hope that the quark model will explain the various radiative decays

N -• 7 N and the strong decays and their branching ratios N*—•rjN, TTN, K+A, etc.

The quark model then might provide a common basis for that family of strong and

electromagnetic processes. At this stage, the quark model predictions are nicely

reviewed in [ 9 & 17].
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V. Nuclear Targets.

Studies of T) production from nuclear targets have been revitalized by recent

events [1-4]. The K,T) and the 7,r? reactions on nuclei have already been studied

using the DWIA approach [2,4] and additional efforts are underway [5]. The major

task now is to refine the basic v photoproduction operator, use the TT,TJ

information to extract some idea about the r?-nucleus optical potential and use the

DWIA method [10] to calculate the cross sections. As a first step, it is of

interest to examine the CGLN operator strengths F; that are obtained using the C2

Hicks fit. These strengths, which are exhibited in Fig. 12, characterize the 7,r?

process as a nuclear probe. It is clear that near threshold the spin flip o.e

operator is dominant, with F3 and its associated operator ~o.kq.e

also contributing at W = 1.5 GeV. At W = 1.8 GeV all four operators contribute and

vary considerably with angle (Fig. 12). Therefore, the DWIA calculations will need

to include the above operator dependence on W and 6. As the field develops, it

will be necessary to include many other aspects of DWIA studies, such as medium

effects, inclusion of the proper phases according to the Watson theorem and momentum

dependence and nonlocalities of the basic operator. There is much to do.
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VI. Conclusions.

Clearly, the goal of achieving an understanding of radiative and strong decays

of isobars is an arduous, but worthy task. Knowledge that we can glean from

processes involving the r? meson will play an important role in that effort. The

use of the r? meson as a nuclear probe will provide another selective nuclear probe

which could facilitate studies of nuclear states and of isobar propagation.

t The research work was supported in part by the U. S. National Science

Foundation under grant No. PHY-8653993.
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Table I. THE ETA MESON

MASS(Mev) lG J p c WlDTH(KeV) DECAYS

548.8 1.0 5+.15 70i>±.6% (neutrals)

7 1 (385%)

3*° (31.9%)

29.1±0.6% (charged)

TT-TT-TT0 ( 2 3 . 7 % )

7T+7T--7 (431%)

K

> = J I uu + dd -2ss >

1 T

J L
cos^ -sine

I J Lsin^

The T) and r;' meson coupling constants also mix as

i
T

ose if
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TABLE II. AMPLITUDES AND OBSERVABLES - CGLN

T =« F ; a.1 + F, i a4 cr.exk + F s ok q.e + F4 a j \

CROSS SECTION

F,|2 + |FJ2-2 x Re ( F,' F? ) + | ( 1 - x2

+ |F4|
2 + 2 Re ( Fjf F4 ) + 2 Re ( F," F3) + 2 x Re ( F3* F4) } ]

RECOIL NUCLEON ASYMMETRY

[-2 Fj" F, - F / F3 + F2* F4 + ( 1-x2 ) F3"Nl-x" Im

+ x ( F,* F3 - F,' F3 ) ]

POLARIZED PHOTON ASYMMETRY

2(0) = ^-^3
1. II

TARGET NUCLEON POLARIZATION ASYMMETRY

r°i

OTHER SPIN OBSERVABLES

x = cos
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FINAL STATE

Tl N

J = L • \

Table 111. QUANTUM NUMBERS AND STATES FOR PHOTOPRODUCTION

INITIAL STATE

y N

AMPLITUDE

MAGNETIC

J = L. + • 5 = ELECTRIC E,

J = I. 1
2 ELECTRIC EL

J - L
i " 2 2 = MAGNETIC

J . I , . A ( J . J y . |

A I J y . . y . 1 )

= Ly (MAGNETIC)
= Ly ± I (ELECTRIC)

PARITY = -(-l)Lr i = - ( - I ) 4

Ly = Ln except f or EL .then LT = Ln - 2

N O T L T H A T S I N t l . Eo • E r A R E U N P H Y S I C A L



TABLE IV. AMPLITUDES AND OBSERVABLES - HELICITY

^

<-q A2 | T | k \ ,

A, = A7 - A, A

XM <q A2 | T |k Â  , Aj > d ,

= - A2.

= H
2 4

The above four amplitudes Ht are the helicity amplitudes.

L >

A(L + 1)-

B
(L+l)- __

1
~ 2

-L+2

0

2

^ 0

L

0

-2

0

0

-L

0

2

0

L+2

0

2
M (L+l)- _

The above four amplitudes are parity conserving partial wave helicity amplitudes.[ 16

and the ± refer to J= L ± ^
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TABLE V. AMPLITUDES AND OBSERVABLES - HELICITY

CROSS SECTION

o(8) = ± [ IH,|2 • IH2|
2 • IH3|

2 + IH4|2]

R e l H ^ ' H> - " 3

TARGET NUCLEON POLARIZATION ASYMMETRY

T(9) = j ^ I m [ H2* H, • H 4 ' H

OTHER SPIN OBSERVABLES

N

* 1 M "

RECOIL NUCLEON POLARIZATION

PC9) - - . _fal Imj H, H, + H4 H-, 5 ^~^^->^» |yj

7 ? * t

POLARIZED PHOTON ASYMMETRY ^ 77

<X2=±l|TJ|\y=l,X,=-^> = t <X:=4lTJ|Xy=-I.X,=l> = H u L > 1

The above four amplitudes H, are the helicity amplitudes.
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TABLE VI. THE HICKS ET.AL. AMPLITUDES

ELECTRIC MULTIPOLE RESONANCES MAGNETIC MULTIPOLE RESONANCES

(-ie* FE) _ He'* FM )
t , + - p— |V | _

I w R - w -i J I L- I w R - w -i [ I

PARTIAL WIDTH PRODUCT F =
q k J^ (J^ + 1 )

PENETRATION FACTORS AND PARTIAL WIDTHS

r - / ^ = 7 E U kK vL^( kR ) | [ 2 q R

T " r = 7
 M

12 kR vL ( kR X | 2 qR vL (qR)

TOTAL WIDTH

p R
r = r f * L * 1

r I Pr R vr(p
r R)J

FOR THE S u (15S0)THE TOTAL UIDTH IS TAKEN TO BE

r = r K, + r_x, + r . « r » , + r . , - f o 61 r?N i + o 4 i -
nN l rN other * nN TN I " • " ' O ' 'n

BACKGROUND

E b
0 + = I a + i b

i b'
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TABLE V I I . THE HICKS ET.AL. PARAMETER SET C2

STATE |Wr]

Su|1551]

Su[1699|

P u | 15801

Pu|1728|

P13115851

P13| 18331

D13| 15281

D13|20 90 |

D 1 5 | — - |

F15| 16131

F17[ 19701

G17|220 8|

Tr(McV)

134

195

168

20 3

82

250

110

224

.__

90

30 0

195

-fXMeV)

L24

0.53

0 39

0.00

0.0 3

0.12

0.17

0.04

0 53

7™ (MeV)

1.0 9

-0 38

0.00

-0.0 2

-0.28

-0.11

.-_

0 53

0.40

flue

90

-48

-21

-7

-112

118

152

-61

-- -

42

31

48

BACKGROUND Eo+ : S u ; a = 1923 v 10 3 b = -0 S7\ 10 3 MeV

Mj. : P n : a" = -450 v 10 "3 b" = -lOJOx 10 "3 MeV
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TABLE VIII. THREE QUARK STATES AND ISOBARS

THE N* I = \ STATES: N + = u u d ; N = u d d .

THE A I = | STATES: A + + = u u u ; A + = u u d ; A ° = u d d ; A " = d d

SU(3) singlet

i
|B> = |qqq>A = |color >A | space , spin , flavor >s.

r\/->\ C I I , /> r flavor = u d s SU(3
O(3) SU(6) ( s p i n = T | s u ^

FOR F L A V O R : SU(3) 3 ® 3 ® 3 = 10s © ^ © ^ ® IA

F O R SPIN X FLAVOR : SU(6)

6 ® 6 ® 6 = 5 6 S © 7 ^ © 70,^, © 2 0A

56S = 410 © 28 [40 + 16 = 56]

7% = 210 © 48 © H © 21 [20 + 32 + 16 + 2 = 70 )

70M = 210 © 48 © 28 © 21 [20 + 32 + 16 + 2 = 70 ]

20A = 28 © 41 [16 + 4 = 20]

[ 56 + 70 + 70 + 20 = 216 = 6x6x6]

NOTE SUPERSCRIPT LABELS ARE 2S+1
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TABLE VIII. THREE QUARK STATES AND ISOBARS (continued)

FOR SPACE X SPIN X FLAVOR : SU(6) ® O(3)

MULTIPLETS LABELED BY : [ SU(6) , L* ] AND 2S+1Dj

L & S are total quark orbital and spin angular momenta; x is the parity.

MULTIPLET

[56, 0+]

2S+1D, STATE

4{10)3
2

- (8) ,

'{8)3
2

4{8)5_
2

4{8>3

10)3
2

PI 1(940)

P33( 1230)

SI 1(1535) & SI 1(1700)

D13(1520)

D!5(!650)

Dl 3(1690)

SI 1(1535) & SI 1(1700)

D33(165O)

S3l( 1630)

NUCLEON

DELTA

MIXED

MIXED
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N,N

v r

Fig. 1. (a) The contact, s-channel nucleon exchange, and N resonance diagrams for

the photoproduction process 7 + p — n + p.

(b) Additional diagrams with; vector meson(V) t-channel exchange (which

involve the p o r u -•'7,7 radiative decays); the vector dominance model diagrams,

(wherein the photon couples directly to qQ states, which form the p o r w vector

mesons, e.g. 7 -> [qq] J = 1 — P) The last diagram is the Primakoff

effect, which has the additional electromagnetic 7—77 vertex and interferes at

small angles with the strong interaction terms. There is an important discrepancy

between the Primakoff and direct measurement of i/-»77 [8].
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Fig. 2. The total binding energy per nucleon of nuclear matter for the Bryan-Scott

NN potential [13]. The value of -£- is 2.6. The curve marked "all" includes the full

interaction, i.e. all mesons (»\'?,<71,cr0,p, & w) and associated cut-offs. The other

curves are labelled by the missing meson; for example, the y curve includes all

mesons except for the V- The 0.2w curve is for a 20% reduction of the u>-meson's

potential strength. Note the small effect of turning off the rj.
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Fig. 3. The cm. momentum of the photon, T, r;, K, p and w mesons versus the

invariant energy W. The thresholds, the total cm. eta energy E^ , and the

s-channel and t-channel exchanges associated with the production of each meson are

also shown.
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Fig. 4. The cm. momentum transfer, Q • |"q - ~k| , in inverse fermis versus

the »7 meson's laboratory kinetic energy for various n meson cm . angles. Curves

for fixed values of the incident photon laboratory momenta are also shown; of

course, for each k,ab there is a fixed value of W and of kcm, and

q . (a) This case is for 17 photoproduction from a proton target, (b) Same
cm

as (a), except for the photoproduction from a Cn target.



ISOBAR SPECTRUM FOR I - 3/2
ISOBAR SPECTRUM FOR I • 1/2

vt- vt+ a/t* a/a- vt-
aa- t/t- •/*• wt*

m PSS DM DM ns nr

Fig. 5. The isobar spectrum for (a) 1-3/2 A and (b) 1-1/2 N isobars [8]. The

states are labelled on the lower axis using the convention L J I + ^ J + I and on

the top axis by the notation J(Parity), where the parity of the isobar is

(-1) +1. The energy of each isobar is specified by its W or mass, and the

threshold values of the invariant energy for the production of *°, p, w, and 1

mesons are shown by the horizontal dashed Until. Note that the total widths of each

isobar is represented by the width of each bar, with the scale set by the width of

the A(I232) Va H5 MeV), and for I=»l/2 by the width of the Roper resonance

Pll[1440] (r=» 200 MeV). The nucleon is a Pll[938] state of zero width. The first

resonance region includes the A()232], the second region has W in the 1.5 to 1.7

range, and the third range are the states above 1.9 GeV. All of the isobars shown

here have a rating of three or four stars (8] ; the PI3(1540] state is not shown

since it has a one star rating [8]. The N* states with the largest branching

ratios to r?,N are: Sll[1535] 45-55^ Pll[17101 25<K* D13(17OO] 49k, see [8].
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Fig. 6. The s- channel N production diagram with the initial, intermediate, and

final state quantum numbers shown. Here J is the total angular momentum, J is

the photon's total angular momentum, which arises from ihe photon's spin of one

added to the photon's orbital angular momentum L7 . The initial state parity is

L
-(-1) 7 , i.e. the parity of the associated B field, while the final stcte parity is

L
-(-!) . Note the common negative intrinsic parity of the eta and of the photon. The

total angular momentum is obtained by adding the nucleon spin of 1/2 to the photon

J., for . j initial state and to the tfs L^ for the final state. The coupling

constant Glt(ti' controls the radiative decay width for N '—TN, while the coupling

constant G ^ * determines the strong interaction decay N*— r/N.

152



ISOBAR SPECTRUM FOR I = 1/2
SPECTRUM FOR HICKS ISOBAR SPECTRUM FOR I = 1/2

1/2-
J (PARITY)

1/2+ 3/2+ 3/2- 5/2- 6/2+ 7/2+
1 I i

J (PARITY)
1/2- 1/2+ 3/2+ 3/2- 6/2- 6/2+ 7/2+

S?
1

8
*

• 5
O
$

oe
<•

10
0

i
019 D15 F16 F17

S11 P11 P13 D13 D16

Fig. 7. The N isobar spectrum used by Hicks et. al. [7] for the C2 parameter set

of Table VII. Also see the caption for Fig. 5. Note the significant differences

between this spectrum and the 1986 case shown in Fig. 6a, which is presented again

here. The major differences are that in the Hick's C2 case: the lowest Pll state is

not a subthreshold resonance (the Roper), but is about 80 MeV above threshold; a

lowest P13 state is used which is only a one star resonance in the 1986 tabulation;

and the DI3 (three star) and D15 (four star) states at about 1.68 GeV are missing.
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ETA PHOT0PR0DUCTION-HICK8 AMPLITUDE

ETA PH0T0PR0DUCTI0N-HICK8 AMPUTUDE

Fig. 8. The cross section 0(6) and recoil nucleon polarization P(0) for the C2

parameter set of Hicks et. ai. [7] versus the rfs cm. angle, 9, and the invariant

total energy W in GeV. These plots display the fits to the 1973 data set. Note the

isotropic nature of the cross section in the lower W region, followed by W dependent

structure in the region of the higher resonances. The P(0) similarly displays a

W-dependent structure determined by the underlying resonances of Fig. 7.
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Fig. 9. The cross section o(<f) and recoil nucleon polarization P(0) for the C2

parameter set of Hicks et. aJ. [7] versus the rfs cm. angle, 9, and the invariant

total energy W in GeV. These stacked versions clearly show the W-dependence, with

o(8) being isotropic just above threshold, then backward peaked for W near 1.6 GeV

and forward peaked with developing structure above W of 1.7 GeV. The recoil

polarization is positive with a maximum at 90° of about 40%, a zero appears at

80° for W=1.6 GeV and thereafter the polarization is sizeable, with structure.

The cross section obtained from the background alone (see Tables V and VTI) is also

shown here.
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ETA PHOTOPRODUCTION-BACKGROUND
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Fig. 10. The cross section 0(8) and recoil nucleon polarization P(0) for the C2

parameter set of Hicks et. al. [7] versus the rfs cm. angle, 0, and the invariant

total energy W in GeV. The o(ff) and P(0) for the C2 parameter set are shown with

the SI 1, Pll and P13 resonances turned off in order to see the role of these

particular isobars. The Sll is clearly dominant for the lower region cross section

and serves to attenuate the polarization. The P13 is clearly essential for the

nodal point in the polarization and for enhancing back-angle cross sections. The

Pll is seen to be the main cause of the positive polarization and with its

interference causes the nodal point in
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ETTA PHOTOPRODUCTION-HICKS AMPLITUDE
ALL RESONANCES
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ETA PHOTOPRODUCTION-HICKS AMPLITUDE

Sll[1551] TURNED OFF

CTA PHOTOPRODUCTION-HICKS AMPLITUDE

S11[1551] TURNED OFF
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ETA PHOTOPRODUCTION-HICKS AMPLITUDE

P11[158OJ TURNED OFF

ETA PHOTOPRODUCTION-HICKS AMPLITUDE

Pll[1580] TURNED OFF
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ETA PHOTOPRODUCTION-HICKS AMPLITUDE

P13[1586J TURNED OFF

ETA PHOTOPRODUCTION-HICKS AMPLITUDE

P13[1585J TURNED OFF
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ISOBAR SPECTRUM FOR I = 1/2

J (PARITY)
1/2- 1/2+ 3/2+ 3/2- 5/2- 5/2+ 7/2+

i i i i

P11 P13 D13 D15 F15 F17

Fig. II. The isobar spectrum of Fig. 5 with their presumed three quark state

assignments [9] ; see Table VH for the notation.
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Coherent Nuclear Photon Scattering near A Resonance Energies

J. P. Miller
Department of Physics
Boston University
Boston, MA 02215

Several years ago, we began studying the various means by which we might be able
to measure nuclear photon scattering in the A resonance region and also to measure kaon
radiative capture rates on the proton.

I will mention some of the motivation for the photon scattering experiments, describe
existing data, discuss detector options, and give a description of the experiments that we
have recently made or plan to make. A more detailed discussion of the radiative capture
experiments is given in Robert's talk at this conference.

At A-resonance energies, around 300 MeV, the dominant process in complex nuclei
for the three reactions, elastic photon scattering, x° photoproduction, and elastic pion
scattering is expected1'2 to be the formation of A-hole intermediate states. The same
isobar-hole model should describe the intermediate state processes, regardless of whether
the in- or out- going particle is a photon or a pion. The pion or photon vertex coupling
would be taken from the corresponding free nucleon reaction data, with appropriate off-
shell corrections and medium modifications. In the work by Koch, Moniz and Ohtsuka1,
the phenomenological spreading potential, which describes the excitation of intermediate
states more complicated than 1 particle- 1 hole, has been adjusted to provide a good fit to
the the large body of available elastic pion scattering data and no free parameters remain in
the model. Oset and Weise, in their treatment, have attempted a microscopic calculation
of the spreading potential2.

The theoretical comparison to *° photoproduction data and photon scattering data will
thus test the predictive power of the A-hole models, which were quite successful describing
pion elastic scattering.

Compared to the other two reactions, there are several unique aspects to elastic photon
scattering:

1) For spin 0 nuclei, only unnatural parity states are allowed for the cases when there
is an ingoing or outgoing pion, while for photon scattering, both natural and unnatural
states are allowed.

2) Due to the strength of the interaction at these energies between the pion and the nu-
cleus, (less than 1 Fm interaction length), (*, *•) and (i, it0} reactions are especially sensitive
to interactions near the surface of the nucleus. The photon interacts far more weakly with
nuclear matter, so that contributions to photon scattering from deep inside the nucleus
can be important.

3) ir° propagation is a very important piece of the isobar model for elastic pion scat-
tering, and leads to a substantial broadening in the resonance peak of the cross-section as
a function of energy. The corresponding process for elastic photon scattering, intermedi-
ate coherent *° propagation in the nucleus, is suppressed significantly due to the angular
mismatch between the longitudinal xNA and the transverse 7JVA vertices. As a result,
the effects of other aspects of the model, such as Pauli blocking, Fermi motion, and the
spreading potential, are enhanced to the point where they can be studied in much greater
detail.

Also, because of 1) and 3), it is clear that quite a different set of intermediate states
will be important for photon scattering as compared to pion scattering.

4) Finally, there is the important and essentially model independent connection be-
tween coherent photon scattering and the total photoabsorption cross-sections provided by
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dispersion relations an"' the optical theorem, which at the very least provides a stringent
consistency check between two independent sets of data.

To illustrate the sensitivity of photon scattering to the details of the A-hole model,
we can look at some of the calculations from Ref. 1. Shown in Figure 1 are plots of
the differential cross sections for *He at 200 and 300 MeV for elastic photon scattering.
When the phe'nomenological spreading potential is set to zero, we see a large increase in
the cross-section at forward angles and an even larger increase at back angles. Photon
helicity non-flip dominates at forward angles which at resonance involves a cum of natural
and unnatural parity states, while helicity flip, which involves the difference of the parity
states, dominates at back angles. It turns out that the helicity-flip process is especially
sensitive to the spin-orbit potential strength in the spreading potential, which explains the
large effect at back angles.

When the coherent x° propagation is turned off, as shown in Figure 2 for l2C at 200
MeV, there is a very large suppression of the cross-section at back angles. This observed
sensitivity may partially explain the source of the discrepancy between our data at 180
MeV on *He and theory, which I will discuss later.

The calculated J = | , / = | contribution to the total photoabsorption cross-section for
*He is shown in Figure 3 divided into its various components. Quasi-free pion production
dominates at the peak of the resonance, with significant contributions from coherent *°
photoproduction and absorption (no pions in the final state). The coherent *° contribution
reaches its maximum (and dominates) well below the resonance, since at higher energies
there is suppression by the nuclear form factor. Around 200 MeV, then, one expects an
especially strong connection between the »° absorption cross-sections and elastic photon
scattering. Any credible model of these reactions should be able to correctly describe
these partial cross-sections, emphasizing the need for quality data on photoproduction
and elastic photon scattering to match that available for pion scattering.

Looking now at the experimental situation, if we assume, for simplicity, that the JT°'S
are produced isotropieally, 2 % FWHM resolution in the detected photon, and that *°
photoproduction is 50 times more probable than elastic photon scattering, then Figure
4 represents a simulation of the detected photon spectrum for monochromatic incident
photons (300 MeV) when the final nucleus is in the ground state. There is a peak corre-
sponding to elastically scattered photons, and a box corresponding to the photons from -he
decay of photproduced *-°'s. To measure elastic scattering, one has to resolve the elastic
peak. The energy interval is given by

AE varies from 25 to 12 MeV in going from 200 to 400 MeV. The small effect of nuclear
recoil on the energy interval is neglected. Clearly, good resolution in the energy of the
detected photon is required, and good acceptance is highly desirable because of the small
cross sections.

Until recently, detectors for such a measurement have not been available. Therefore,
existing data for elastic photon scattering in this energy region have come from recoil
nucleus measurements. For the proton, recoil energies are large enough to make measure-
ments as far forward as 40° near the A resonance. *He, on the other hand, is a marginal
nucleus for all but the thinnest targets at back angles, and energies above the A peak.
Because of this, there is a fairly complete set of photon scattering data for the proton,
with very forward angles conspicuously missing, but there is almost no data on complex
nuclei. There is a small amount of deuteron data at large scattering angles from many
years ago(5), but improved quality data are needed. The deuteron is a good candidate
for recoil measurements, since recoil energies are adequate, and other approaches are very
difficult due to the possibility of breakup at only 2.2 MeV.

Returning to the p(*i, ~t)p reaction there have been several theoretical treatments using
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dispersion relations and pion photoproduction data to arrive at the photon scattering cross
sections for the proton. The most recent is shown in Figure 5, where the authors4 compare
their calculation with photon scattering data at 90° spanning energies through the peak of
the A resonance. The solid line is the full calculation, while the dot-dashed is the unitary
lower bound. At the resonance peak, the data falls well below the full calculation and even
below the unitary limit, although errors on some of the data points are large. Comparison
is not very satisfactory at other energies and angles, either. At energies below 240 MeV,
the cross section becomes very small, the recoil technique becomes rapidly more difficult,
and the data become more sparse. The comparison between the dispersion calculations
and the data is particularly poor at these lower energies.

If we look at a sample of the angular distributions at several energies (figure 6), the
comparison between dispersion relation predictions and data is fair, but in view of the
mediocrity of the fits, quality forward and backward angle data at all energies and data at
all angles at the lower energies are badly needed. Detailed quark-model based calculations
are needed to understand the cross-sections from a more fundamental point of view. Some
work using the Cloudy Bag Model is already under way5.

If one examines the data base for p(i, x°)p differential cross sections, it is clear that
data at forward angles are also, for the most part, missing. A reasonable goal would then
be to try to measure both p{i, x°)p and (7,7) cross sections simultaneously, the former with
a two-arm spectrometer, the latter with one of the arms which has good intrinsic energy
resolution. Presumeably some of the systematics can be eliminated in the ratio of the two
cross-sections, and this ratio will provide a very stringent test of the theories as well as help
sort out the source of the discrepancies noted above between the data and the dispersion
relation calculations.

Improving the data base for the proton at forward angles and for complex nuclei at all
energies and angles will require detecting the scattered photon directly. What, then, are
some of the experimental problems to be faced in a photon scattering experiment?

1) For complex nuclei, one needs to separate inelastic contributions, where the final
nucleus is in an excited state, from the elastic events. For *He the 20 MeV interval to the
first excited state means that 10-15 Mev resolution is adequate. 13C,lfl O,201 Pb, to name a
few other candidate nuclei, will require resolutions of better than a few MeV. In the absence
of sufficient resolution, one could subtract inelastic contributions according to theoretical
estimates for the first few excited states, or at forward angles one could rely on the likely
circumstance that the inelastic contributions will be small compared to elastic scattering
as shown in the calculations of Refs. 6 and 7.

2) One also must resolve against the substantial decay photon background from pho-
toproduced JT°'S, which at 300 MeV incident photon energy begin about 16 MeV below the
elastic scattered photon and are distributed in energy fairly evenly down to 16 MeV. At
200 MeV, the energy interval widens to 25 MeV so that they are less of a problem at lower
energies. These photons can also be a source of high energy pileup.

3) Atomic Compton scattering of the incident beam from target electrons, which has a
sharply forward-peaked cross section, produces a large number of low energy (less than 10
MeV) photons at lab angles of 30° or larger. This causes low energy pileup in the photon
detector and limits the maximum beam intensity. This is an especially serious problem at
forward angles, and on low duty factor machines. Low atomic number absorbers can be
used to suppress these low energy photons relative to the high energy photons of interest.

4) a) Wide-angle pair production in the target can be substantial, but it is easily
eliminated by a sweep magnet or charged particle veto counters between the target and
the detector, b) Cosmic rays are eliminated with a veto shield, c) Delbruck scattering is
negligible except at scattering angles of a few degrees or less for heavy target nuclei.

At Mainz, Hayward and Ziegler* have measured photon scattering at 0 = 155° from
140 to 380 MeV on 12C and aOiP6. They obtained their cross sections by summing over the
top 10% of the bremsstrahlung spectrum. They compared their data to the curve obtained
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by multiplying ^ ( 6 = 0°) by l^l3, where F is the elastic electron form factor, and by the
dipole angular distribution, |(l + co«3e), as shown in Figure 7. Clearly the data are far
above the curve. However, with their 10 % energy resolution, there must be a substantial
inelastic contribution to their data at these back angles.

Two published calculations(Ref. 6 and 7) have been done to determine the inelastic
contributions, and the one shown in Fig. 8 is a complete A-hole calculation for l 3C The
data are compared with a calculation of the elastic scattering cross section (solid line) and
also in the impulse approximation. When inelastic contributions up to 20 or 30 MeV are
included much improved agreement with the data is obtained.

Using a small (30 cm8) Nal detector array borrowed from Columbia University, we have
measured photon scattering cross sections from *Hc at Bates at an average energy of 180
MeV using bremsstrahlung at Bates.10 This energy was well below the A-resonance peak
at 300 MeV, however, at higher energies, the resolution would have been so much poorer
due to shower leakage that we would not have been able to resolve elastically scattered
photons from n° decay photons.

Our published results are shown in Fig. 9 compared to a A-hole calculation1 (solid
line). The data at forward angles is below theory by a factor of two and there is the
suggestion of a peak at back angles. At back angles, data are well above that predicted
by the elastic electron form factor, as was the case in the corresponding comparison with
the Hayward and Ziegler data mentioned previously. It should be pointed out, however,
that the calculation in Ref. 1 is not expected to be as reliable this far below the resonance
peak. Background terms, which were treated approximately, are small at resonance, but
are expected to be very important at 180 MeV. The calculation included only background
terms leading to pion intermediate states, but did not include, for example, the seagull
term. In addition, the experimental data on the p{i,i)p reaction in this region, which
is needed for the calculations for complex nuclei, is of very poor quality. Finally, as we
noted earlier, coherent *r° propagation at this energy is expected to dominate. If this were
incorrectly handled by the theory, then of course this would contribute to the discrepancy.
It would be very helpful in this connection if quality *r° photoproduction data were available
at this energy.

This, then, represents the extent of data for photon scattering near the A. When the
energy approaches 300 MeV, the interval between the bremsstrahlung endpoint and the
onset of *° decay photons decreases from 27 to 16 MeV, while the resolution of our 30 cm*
Nal detector, as determined from an electromagnetic shower code simulation, degrades
from 10 to 30 MeV FWHM due to excessive electromagnetic shower leakage from the
crystal. The response function of a Nal detector to monochromatic photons typically
has a fairly sharp high energy edge with a long tail on the low energy side that can be
attributed to shower leakage. It is possible to obtain an effective resolution approaching
that of the high energy edge by restricting data summing to between the bremsstrahlung
endpoint down to where either inelastic events or *° decay photons begin. However, if
shower leakage is substantial, acceptance of the detector will suffer severely. Therefore,
this detector is not adequate for elastic scattering measurements near the A because of
poor acceptance. A pair spectrometer would provide excellent energy resolution, but it is
clumsy to move, has low acceptance, and is expensive. Our group decided to pursue the
development of a Nal detector, spurred on by recent advances in the production of Nal
detectors to be used in the 20-50 MeV range especially by A. Sandorfi and collaborators* at
Brookhaven. At our higher energies, a much larger crystal was required. Based on Monte
Carlo simulations of the electromagnetic shower, one can approach 1.2 % resolution at 300
MeV with a 48 cm diameter x 56 cm crystal. With crystal imperfections and photoelectron
statistics folded in, one can aim for a resolution of better than 2 %.

If we assume 2 % detector energy resolution, then the detected photon spectrum for
bremsstrahlung incident photons on *He at 30° should appear as simulated in Fig. 10(com-
pare Fig. 4). A 50 to 1 *° photoproduction to elastic scattering ratio was assumed. It is
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clear that there is no problem resolving the elastic photons.
In the development of our detector, we used the following design considerations:
a) Monte Carlo shower simulations (EGS) indicated that with collimation to 12 cm,

a 48 cm diameter x 56 cm diameter crystal was the proper compromise between cost and
energy resolution. Shower leakage couid be expected to produce a contribution to the
overall resolution (about 1.2% near 300 MeV) comparable to contributions from physical
nonunit'ormities in the crystal, which are discussed below.

b) Volume no :i-uniformities in light production or collection can be partially compen-
sated by adjusting reflection properties at the surface of the crystal. In practice, this is
accomplished by measuring the pulse height response to a collimated source at many points
over the surface of the crystal. It is necessary to use a source which is capable of sampling
most of the active volume of the crystal. The highest energy photons conveniently available
are the 6.1 MeV gamma rays from o(18C,180*)r». The absorption length is long enough to
sample a fairly large fraction of the volume, for diameters no larger than about 25 cm.

c) The maximum length Nal ingot was determined by the size of available furnaces,
which was from 14-16 inches. A 22 inch long crystal had to be produced from two crystals
glued together.

d) For a smaller volume crystal, it is easier to get a very high quality crystal (good
uniformity, no cracks, etc.), and surface compensation is more effective.

e) Crystal segmentation gives some information on shower geometry, allowing cuts on
those events likely to have the most shower leakage, and also providing information on
cosmic rays.

f) Excessive segmentation has, in the past, resulted in resolution degradation, probably
due to non-uniformities in the non-cylindrical elements, to difficulties in gain-matching the
crystals> and to absorption in the material between crystals or energy loss through the
cracks.

g) Segmentation means more elements to compensate and more surfaces to machine.
With the above factors taken into consideration, we settled on a detector with a central

core 26 cm diameter x 56 cm long, surrounded by an Nal annulus consisting of four
segments, producing a cylinder of 48 cm diameter x 56 cm long (Fig. 11). Each optically
isolated element consisted of two crystals glued together, 35 cm from the radiation entrance
window. By far the greatest care was taken in selecting the front part of the central crystal,
where most of the energy of a shower would be deposited.

We took delivery of the new detector at Bates in June 1986. Using the parasite electron
beam at Bates, we have measured the resolution at 330 MeV to be 1.6% (FWHM), and at
Brookhaven, using the photons from p{*°,i)p, we obtained 1.6% at 129.4 MeV. These are
preliminary numbers and analysis is still under way. We completed data taking at Bates
in December 1986 with the new crystal, on *He(i,t)*He, (30° at 270 MeV, 330 MeV (A
resonance peak) at 24°, 30°, 45°, 60°, and 370 MeV at 22°), and results should be available
in a few months.

The detector is now at the AGS at Brookhaven for the study of radiative kaon capture
(stopped kaoas in liquid hydrogen) K~ + p -* A + 7 and K~ •+• p —• E° + 7, and of the weak
radiative decays A -» n + 7 and E+ -• p + 7.

In the summer, we will be moving the detector to the 300 MeV 100 % duty factor
electron accelerator at Saskatoon to perform a more complete set of measurements on *Hc.
The measurements will include further data at energies well below the resonance where our
previous data at 180 MeV has shown an unexpectedly large cross section at back angles,
as previously mentioned. We will also measure hydrogen at forward angles where there
is no previous data, particularly at energies below the resonance. We have also proposed
measurements on 12C and 3O8J>6, however, in order to unfold the elastic cross sections it
will be necessary to have a good calculation of the inelastic contributions from the first
few excited states.

What about the future for elastic photon scattering?
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1) The study of giant resonances will be difficult due to the presence of the x° decay
photons starting 12 - 20 MeV below the elastic photons. The problem can be overcome
with a large acceptance *° veto counter at 180° to detect the low-energy backward ir° decay
photon.

2) It would be very useful to get the ratio of (T,*0) to (7,7) at each energy and angle,
since the two Teactions are closely related in but involve complementary aspects of the
models. It would be feasible in many cases to measure both reactions at the same time.
To some extent, this could be done in a singles measurement with a single high resolution
photon detector, but unfolding the *° photoproduction cross sections would depend on
some knowledge of the energy and angle dependence of the cross section. The best solution
would be to construct a high resolution, high acceptance T° spectrometer as proposed at
this conference, with at least one of the arms designed to have superior photon energy
resolution.

3) The study of incoherent scattering, e.g. where the final nucleus is in an excited
state, la also of considerable interest, in terms of its implications for the A-hole models
(see Refs. 6 and 7).

4) At higher energies, into the region where the hadronic structure of the photon
becomes important, the JT° decay photon background begins too close in energy to the
elastic scattered photon to be easily resolved. It becomes necessary to have a second
photon detector at 180° to the first, with large solid angle, to detect with high efficiency
the second photon from the *-°'s. In the veto mode, one would get the photon cross
sections, while in the coincidence mode, one would obtain the x° cross sections. This is
a geometry that might be worth considering for the resonance region measurements, as
well. Perhaps, on a somewhat speculative note, a large solid angle, high resolution Nal
or BGO detector might be used at a high duty factor electron accelerator, such as Mainz
or CEBAF, together with a photon tagging system and possibly recoil measurements, to
sort out photons from Compton scattering, single and double x°, and maybe even nuclear
deexcitation gamma rays.
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Figures

1. Calculated elastic (coherent) photon scattering differential cross-sections for *He at
200 and 300 MeV from Ref. 1. Short and long dashes: photon helicity flip and non-flip
contributions. Dash-dot: calculation without the spreading potential.

2. Same as Figure 1 for iaC. Also, effect of removing coherent *° term from the
calculation.
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3. Calculated resonance contribution to ^he total photoabsorption cross section on *Hc,
partitioned into various components: quasifree pion production, coherent r° contribution,
and absorption (no pions in the final state).

4. Simulated Nal detector spectrum for 300 MeV photons incident on 4He at 30°,
assuming 2% detector resolution and that the ratio of «•" photoproduction to elastic photon
scattering is 50.

5. 90° p(i,i)p data compared to theory, from Ref 4.
6. Angular distribution for ^(7,7)? at energies near the A-resonance, from Ref. 4.
7. Experimental results for photon scattering at 115° on 13C and 308Pfc from Ref. 9.
8. Full A-hole calculation of the coherent (solid line), coherent plus incoherent (long

dashes), and plane wave aproximat ion (short dashes), photon scattering cross sections at
115°, Kef. 7, compared to data in Ref. 9.

9. Photon elastic scattering differential cross sections on *He at 180 MeV, from Ref.
10. Bremsstrahlung endpoint=190 MeV, solid line: full isobar-hole calculation following
Ref. 1, dashed line,

, where F is the elastic electron form factor.
10. Simulated detector response to incident bremsstrahlung (Eo=300 MeV), assuming

energy independent (7,5r°) and (7,7) cross sections, otherwise as in Figure 4. Solid line: r°
decay photons + elastic photons, dotted line *° decay photons only.

11. View of the new BU Nal detector from the phototube end.
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A it0 SPECTROMETER FOR LOW-ENERGY HEAVY-ION REACTIONS*

G. R. Young
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, U.S.A.

ABSTRACT

A spectrometer composed of SF5 and F2 lead-glass blocks has
been constructed for detection of neutral pi mesons emitted in low
energy heavy-ion reactions. A geometric acceptance of nearly 10%
of 4n is possible; the %® detection efficiency varies between this
value at Tu = 0 MeV and 27. for Tu ~100 MeV. Integrated cross sec-
tions as low as 300 pb have been measured. A few comments on the
spectra observed are presented. In particular, evidence is seen
for pion reabsorption. The total yields are apparently too large
to interpret in single nucleon collision or statistical models.

The work described in the following results from the collaborative

efforts of a group from SUNY-Stony Brook and ORNL. The collaborators

are (Stony Brook) P. Braun-Munzinger, R. Freifelder, P. Paul, L. Ricken,

S. Sen, J. Stachel, P. DeYoung, and P. H. Zhang and (ORNL) T. C. Awes, R. L.

Ferguson, F. E. Obenshain, F. Plasil, and G. R. Young. The motivation for

the work reported here is our desire to study production of neutral pi

mesons using heavy-ion beams at energies per nucleon well below the value

required for free nucleons to interact and produce a pion. Six experiments

have been carried out: two using a 25-MeV/nucieon *60 beam from the ORNL

Holifield complex to bombard 1 9 7Au, n a tNi, and 27A1 targets; one using a

22-MeV/nucleon 3 2S beam from Holifield to bombard 27A1 and natNi targets;

and the others using a 35-MeV/nucleon lifN beam from the MSU K = 500 super-

conducting cyclotron to bombard 2 7A1, n a tNi, and natty targets. Due to

levels of cosmic-ray background and magnitude of cross section (0.3-160 nb),

only the latter experiments yield a pi-meson signal easily observed above

background; special steps to produce an identifiable pion signal in the

lower energy experiments will be mentioned. The purpose of the experiments

was, after establishing a nonzero value for the pion-production cross sec-

tion at such low bombarding energies, to obtain energy distribution, angular

distribution, and target mass-dependence data which might allow one to learn

184



what mechanism is responsible for concentrating so much of the kinetic

energy of the projectile into creation and ejection of one outgoing par-

ticle. Part of the fascination of such measurements for a physicist

accustomed to low—energy heavy-ion reactions is the concentration of over

half of the center-of-mass energy to produce a pion; e.g., at least 54% to

produce a stopped pion for 25-MeV/nucleon 1 60 + 2 7A1. Certainly, the

emission of very energetic nucleons is familiar from observation of nucleons

in the high-energy region of evaporation spectra from compound or composite

systems of nuclei, but the particles emitted were present in the entrance

channel. If emission of a quark-antiquark pair (i.e., meson, here a p^on)

requires large momentum transfer in the scattering of the constituents, one

wishes to inquire as to what constitutes such scattering, or who the parti-

cipants are, in such low-energy experiments.

The experimental method used consists of detecting the two energetic

photons, emitted in the decay of a Tt°, in an array of Cerenkov detectors.

A 7t° decays 98.8% of the time into two equal energy (in the n° rest frame)

photons with a lifetime of 8.3 x 10~17 seconds. The remainder of the decay

goes priucxpally by the Dalitz decay %° •*• ye+e~; we do not try to identify

this mode. The photons emitted in the decay have energies of the order of

70 MeV or larger, increasing with increasing it0 kinetic energy. The photons

tend to cluster about a laboratory opening angle ®\2 *° ?• cos"1 (Pn)> where

Pn = vTt/c» This occurs merely due to "piling up" of the spherical phase-

space distribution of the photons, in the %° rest frame, in the transforma-

tion to laboratory coordinates. As the orientation of the photons in the ir°

rest frame is uncorrelated with the it0 's laboratory velocity, the observed

opening angle for a given energy it0 will be greater than or equal to

Stopped n°'s are particularly easy to detect, as their photons propa-

gate in opposite directions. The experiment thus has an advantage over

those measuring charged pions in magnetic spectrometers or range tele-

scopes, as there is no efficiency falloff at low pion kinetic energies (Tn <

40 MeV). For charged pions with Tn < 10 MeV, this effect is usually severe

due to the charged pion lifetime of 26 ns; detection methods relying on

observation of a charged pion itself thus must employ very short flight

paths « 1 meter) for 1n < 10 MeV.
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Lead-glass Cerenkov shower counters were used to detect the decay pho-

tons. Cerenkov light emitted by electrons and positrons as they pass

thfough the glass is detected with photoraultiplier tubes glued to the glass

blocks. Only the blue and longer wavelength light can be seen as the blocks

strongly absorb blue and UV light below 3400 A.

The detectors used are arranged as twenty pairs of detectors, with each

pair, or telescope, placed in a plane about the target at 15° intervals, as

shown in Fig. 1. The beam pipe occupies the 0° and 180° positions. The

front, or converter, block of each telescope is a 10 cm x 10 cm x 5 cm thick

block of F2-type glass1 viewed on a side edge (10 cm x 5 cm) by a fast 5-cm,

14-stage phototube. The rear, or absorber, block of each telescope is a

15 cm x 15 cm x 34 cm thick block of SF5 glass2 viewed from the rear 15 cm x

15 cm face by a 12.5-cm, 10-stage phototube. We have used fast linear

focussed phototubes in all cases. For the large blocks, we use a Hammamatsu

R1250 5" flat-face phototube. Properties of the blocks are listed in

Table I.

Fig. 1. Experimental setup to measure n°
production In heavy-Ion collisions. The plon
decays In two high-energy y rays while still in
the target; these are detected In a setup of
lead-glass Cerenkov detector telescopes. The
thick arrow narks the beam axis. This is the
planar geometry used at MSU. For details and
dimensions, see the text.

A typical target thickness is chosen so that the beam looses 10% of its

energy traversing the target. For example, a 41-mg/cm2 27A1 target was used

for the 160 experiments at E/A = 25 MeV. Beam currents of 2-20 particle nA

with 100% macroduty factor are used.
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Table I. Lead-glass properties

Type
F2

(converters)
SF5

(absorbers)

Radiation length, Xo

Critical energy
Transmittance

(4000 A, 10 Xo)
Refractive index

(X - 5876 A) = n
Density (g/cm3)
(v/c) threshold = p-p

Electron kinetic
energy at Px

3.05 cm
18.2 MeV
0.797

1.6200

3.61
0.6173

138.5 keV

2.38 cm
15.5 MeV
0.629

U6727

4.08
0.5978

126.5 keV

No. photons/cm = — P T 2

9C =

P2Y2

500 sin29c/cm (visible)

frequency

Fast electronics are used to record all events, including two or

more good telescopes, where a good telescope requires a fast (tr ~ 30 ns)

coincidence between converter and absorber. Pulse heights and time of arri-

val relative to the cyclotron RF for all good events are recorded on mag-

netic tape and analyzed off line. Off-line time cuts were typically 2 ns

between absorbers of different telescopes and 3 ns between absorber and con-

verter of one telescope.

The blocks can all be placed in one plane, yielding a geometric accep-

tance of 5%, or placed on two conical surfaces at ±11° to horizontal,

yielding a geometrical acceptance of 9.6%.

A Monte Carlo code was written to simulate it0 decay in the laboratory

for kinetic energies between 0 and 110 MeV and for all emission angles

(polar and azimuthal angle). The geometric acceptance of the completely

planar detector array is 5% and decreases with increasing n° kinetic energy

to a value of 1% at T^ ~ 100 MeV. The detection efficiency of the conver-

ters was estimated by using the EGS electromagnetic shower computer code of
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Ford and Nelson (SLAC, 1978, unpublished). As these blocks are 1.62 radia-

tion lengths thick, an efficiency due to shower conversion alone of <80% is

expected; light collection effects decrease this to ~50% to 70%.

We have made measurements of converter efficiency as a function of pho-

ton energy, using 20- to 120-MeV tagged photons at the Mainz electron accel-

erator. The converter efficiency rises with photon energy roughly linearly

up to 50 MeV, and then more slowly reaches an asymptotic value of 62% above

120 MeV. The same measurements also yielded resolution and linearity infor-

mation for the converter and absorber blocks. We find the absorbers are

linear down to Ey = 11 MeV at which point we see no light. The resolution

can be well described by a = 0.04//Evis, where B v l s = Ey - 0.011 [GeV],

The response is quite well described by a Poisson shape over at least three

orders of magnitude, meaning the resolution is dominated by photoelectron

statistics, as expected at these low photon energies.

Neutral pions are tagged by calculating the invariant mass of a

detected photon pair and searching for events where this is clustered about

135.6 MeV, the n° rest mass. This procedure takes advantage of the fact

that 0^2 = E^2 - |PTC|2 is a Lorentz invariant, where \ = T^ + 1% is the
->

pion total energy and p^ is the pion momentum. In the decay, due to conser-

vation of energy and momentum, E^ = Ey + Ey and p^ = py + Pvo# Using

\py\ = Ey/c, one easily finds that
A

rn^c2 = 2(EYl EY2)1/
2 sin -if , (1)

where 9j2 Is the opening angle between the photons. By then producing a

scatter plot of invariant mass vs. detector pair opening angle, a distinct

cluster of events is found near 135 MeV and for 9i2 > 90°, as seen in

Fig. 1, taken from our first experiment of 35-MeV/nucleon 1J|N + "^Ni. A

projaction onto the invariant mass axis is given in Fig. 2, which also shows

a dashed line which is the calculated m£nv resolution from our Monte Carlo

code.

As the pulse-height resolution of such Cerenkov counters is so poor,

as already noted, calculating 1% from Ey + Ey - i%c2 introduces a large

uncertainty in the energy spectrum. A preferred procedure is to use the
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Fig. 2. (a) (Top) Scatter plot of twofold coincidence events observed In the ll|N + 27AJ
reaction In the plane of Invariant mass and Y~ray opening angle, (Bottom) The projections on
the mass axis of events with • < 90° and Q > 90° demonstrate Chat it0 events are clearly resolved
from the background, (b) Pion Invariant mass spectrum measured for 35-MeV/nucleon 11(N + Ni.
The Intensity is in arbitrary units; the Integral corresponds to a cross section of 115 nb or
about 900 events. Also shown by the dashed line is the result of a Monte Carlo simulation.

opening angle information by recasting the invariant raas_ equation in the

form

—
- cos912)(l - X

2)

(2)

where X = (Eyi - E^J/CE^ + E ^ ) .

There are two principal sources of background in these experiments.

The first is y rays from deexcitation of nuclear levels, e.g., compound

nuclear decays. For example, if we assume the geometric cross section of

1.9 barns for ll+N + 58Ni leads to an average gamma multiplicity of 10, and

take the ratio of u° decay photons (on total
 = ^ 5 nb, v^ = 2) to nuclear

decay photons, we find 1.2 x 10~° of the photons present arise from it"

decay. These are suppressed by the following measures: (1) Only electrons

with Te > 130 keV can produce any Cerenkov light, which eliminates all

triggering due to X rays and slow Compton- and photo- electrons. (2) The

Cerenkov light output increases as sin2 [cos"1-( l/f3n) ] , which strongly discri-

minates against slow (|3 < 0.9) electrons. (3) A four-fold coincidence is
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the basic trigger: since a nuclear y ray will only fire one counter, a

four-fold, instead of two-fold, random event is required. (4) Geometrical

cuts on 912
 vs* Tn reduce randora events with incorrect geometry; see the

invariant mass vs. 912 plot for 912 < 90°. (5) The critical energy in the

absorber glass is >15 MeV; this is the energy below which electrons lose

most of their energy by dE/dx processes instead of shower production,

meaning only E > 15 MeV photons can cause efficient conversion of their

energy to a pt oortional output of Cerenkov light. These measures reduced

the nuclear background to a level of nearly zero.

The difficult background arises from penetrating cosmic-ray muons and

products of cosmic-ray hadron showers. These particles have energies of

several GeV and higher, easily penetrate entire absorber blocks, and a' e

well above Cerenkov threshold. Showers are produced in the target roo. J

1-meter-thick concrete roof and penetrate vertically. Since energetic muons

do not interact (except by electroweak processes, which have very small

cross sections) in the glass, they penetrate the array in a more or less

straight line, and thus tend to be concentirited near the horizontal plane.

In this way, they produce much more Cerenkov light than a 100-MeV photon

shower, and can thus be discriminated on the basis of pulse height. Showers

and muons are further suppressed by the invariant mass cut, a prompt cut on

the event time relative to the beam RF timing, and by requiring a multipli-

city of exactly four hit counters. This last requirement was checked to

cause only a ~1% loss in real it0 events (due to, for example, random coin-

cidences between a n° and beam-related y background).

Even with these precautions, for 9i2 ~ 90° and smaller, a 20% contami-

nation of cosmic rays in the invariant mass spectrum is found. This

contamination is zero for 912 * 150° and ~5% for 9^2 * 120°. Accordingly,

2.5-cm-thick plastic paddles3 are placed in front of telescopes to veto

charged particles — cosmic rays — hitting the arrays by detecting their

Cerenkov light. As this plastic has a 48-cm radiation length, only <4% of

the photons will pair convert in the paddle, resulting in a small efficiency

loss but a very large reduction in cosmic-ray background, especially for

912 < 90°. This is the range of opening angles for energetic pions, T^ >

56 MeV. This background reduction is essential at lower bombarding energies
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such as 25 MeV/nucleon, where the total n° cross section is of the same

order as the apparent cross section due to cosmic-ray background.

The resulting pion production cross sections for ^ 0 + ^ Al are shown

as a function of it̂  kinetic energy in Fig. 3a, a function of transverse

momentum p^ in Fig. 3b, and a function of n0 polar angle in Fig. 3c. The

kinetic energy spectra exhibit a peak near T^ « 10 MeV with an exponential

falloff towards higher energies.
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Fig. 3. (a) Laboratory kinetic energy distribution, (b) transverse momentum distribution,
and (c) angular distribution for neutral pions observed in the reaction E^ab/A ~ 25 MeV
l s0 + Al •» it0 + K. The dashed line in (a) is the prediction of Ref. 8 multiplied by a factor of
50. The solid line in (b) is a fit using Eq. (3) and yields T - 11.6 teV. The solid lines in
(a) and (c) are predictions of the simple thermal model discussed in the text with T » 11,6 MeV
and source speeds p 8 - 0.083, 0.17, and 0.23. The legend at the top of (a) is the fraction of
the c m . energy required to produce a n° traveling at 0° in the laboratory.

The spectra shown in Fig. 3 can be examined further to determine

whether they are consistent with emission from a common source, as would be

expected in present thermal models. For a single thermal source, Hagedorn7

has derived an expression for dcr/dp r̂ which only depends on the temperature

of the moving source and is not distorted by source motion along the beam

axis. The expression is (for bosons)
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da f dpz
- const. • Pi • / — — . (3)dp, / 2 2 2 l/2

L JO e xP % + Pi + PZ /T 1

The constant in this expression can be estimated with a thermal model for

the pion production dynamics, such as the models described in Refs. 8-11.

For the present discussion, we are interested in the spectral shape implied

by Eq. (1). The solid curve in Fig. 2b is the best fit result using this

expression with a temperature of T = 11.6 ± 0.8 MeV (the error corresponds

to a 10% increase in x 2)* Since Eq. (1) implies isotropic emission with

d3a/dp3 <* e~^TC *n tne frame *n which the source is at rest, the value of

d3o/dTll<KJ in the laboratory frame can be computed for various values of the

source velocity, |3g> and the results integrated and compared to the measured

da/dTu and da/dQn spectra. The solid curves drawn in Figs. 2a and 2c corre-

spond to emission from the center-of-momentum frame, p 8 * 0.083, emission

from a frame having the average rapidity of the observed pions, p s =• 0.17,

and emission from the projectile frame, p s = 0.23, all for T =* 11.6 MeV.

The calculated values have been normalized to give the measured total cross

section. The results for da/dTn do not discriminate strongly among the

choices for (3S. The situation is different for the calculated angular

distribution, which indicates that values f3s > 0.15 are clearly favored.

Although thase results indicate that the data are not incompatible with

isotropic emission by a single "source," they are at variance with the pre-

dictions of the models in Refs. 8-11, which predict p 8 < 0.11. From the

shape of the angular distribution at forward angles, it appears that reab-

sorption of the pions in the surrounding nuclear matter may be an important

consideration. As the above moving source prescription should be normalized

to the total cross section prior to the inclusion of reabsorption effects,

and the angular distribution prior to reabsorption may be more forward

peaked (in the laboratory frame), an even larger value of j3g could result.

Figures 3 and 4 also indicate the degree to which the measured total

cross sections are underpredicted by the models of Refs. 8—11. The dashed

line in Fig. 2a represents the prediction of the cooperative model of Ref. 9,

multiplied by a factor of 50. This model thus severely underestimates

both the magnitude and the slope of the measured kinetic energy spectrum.
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100

Pig. A. Inclusive cross section for n° pro-
duction divided by (Ap

2/3 A T
2 / 3 ) , where A_ and

A-p are the projectile and target aasa numbers,
respectively, as a function of laboratory bom-
barding energy. (Open circles, Ref. 12; open
triangles, Ref. 13; open squares, Ref. 4; closed
diamond, Ref. 5. The theoretical rirves are
from Ref. 14 (dotted line), Ref. 8 (long dashed
line), Ref. 10 (dash-dot line), and Ref. 11
(solid line).

Similar conclusions are obtained when comparing the predictions of the ther-

mal model of Ref. 11 to the data for Integrated and differential cross sec-

tions.

In the following we discuss how far the data could be influenced by

pion reabsorption effects. Experimental data for plon absorption cross sec-

tions are available15 for u + and it" induced reactions, but only for kinetic

energies T% > 37 MeV and, of course, only for ground-state nuclear matter.

Most of the pions we see are at lower kinetic energies. To cover this pion

kinetic energy range, we, therefore, will use for the present discussion

pion absorption mean free paths ^abs(
Tn) a s resulting f.om the optical model

calculation of Hlifner and Thies16 (raj,s = 120 MeV), which reproduce reason-

ably well the experimental n absorption data for T^ > 37 MeV. In the energy

range of interest here such calculations typically yield a maximum mean free

path of \ a b s « 3.6 fm around Tu - 25 MeV. The \at,s values decrease smoothly

towards higher and lower kinetic energies to Xabs =• 3.0 and 1.7 fm at 10 and



100 MeV, respectively. Similar but slightly smaller values are obtained in

a recent relativistic calculation.17 Comparing such mean free paths to the

dimensions of the systems studied here, it is obvious that pion reabsorption

cannot be neglected; the combined 1I+N + Ni system, e.g., has a radius of

~7 fm at 50% density overlap.

To study effects of pion reabsorption, we performed Monte Carlo simula-

tions based on ^abs^Tt) of Ref. 16. In these calculations a pion source of

one nucleon mass (938 MeV) is assumed to move with kinetic energies between

1 and 20 MeV corresponding to p - 0.5-0.20 along the beam direction. It

emits pions isotropically in its rest frame with a Maxwell-Boltzmann kinetic

energy distribution and a temperature varying between 5 and 20 MeV. This

source is moving through cold nuclear matter, for instance through the com-

bined N + Ni system with A = 72, at different impact parameters b ranging

from central to grazing collisions for the combined system. We investigated

different impact parameters and source locations Z (for a precise definition

see below) because (i) a nonzero average impact parameter would originate

for a pion source smaller than the combined projectile plus target system

after integration over all impact parameters, (ii) Stopping of the projec-

tile before traversing the whole target nucleus (which is well conceivable

but not proven at the beam energies discussed here) would lead to pion

source location with Z < 0. Here, and in the following, we use a coordinate

system with the Z axis along the beam direction and Z • 0 at the center of

the combined projectile plus target system. In our simulations we always

studied samples of 105 primary pions and obtained secondary (after reabsoi.p-

tion) distributions da/dTn, da/dQ, da/dp^, da/dy, and ainv(y,px) as a func-

tion of the source velocity and location. Note that while the initial

position of the source is varied, we assume its lifetime x to be so short

that fix « 1 fm, i.e., x « 10~22 s which seems reasonable for thermal

models (see below). The temperature was chosen from a thermal model fit,

following the prescription of Ref. 7, to the experimentally observed pion

perpendicular momentum spectra. For comparison we also studied the larger

system of li4N + 1 9 4Pt, but in the following we will mostly concentrate on

the Il+N + Ni system, for which the most detailed experimental information is

available. The results are the following:
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(i) For a pion source located at Z - 0, b » 0, i.e., in Che center of

the A =• 72 system, about 80% of the plons are absorbed; for a distance of

R • (Z2 + b 2 ) 1 / 2 » 4 fm from the center, this number goas down to 65%. This

implies that the primary experimental cross section could be a factor 3-5

larger then what is observed.

(ii) Due to the fact that for T^ > 30 MeV the pion mean free path is

decreasing with increasing T^, pion absorption effects decrease the slope

constant Eo of the experimentally observed pion kinetic energy spectra.

This effect strongly depends on the size of the system and the relative

location of the source. A primary slope constant EQ »« 25 MeV decreases due

to reabsorption to 16 MeV for a source in the center of the 1<+N + Pt system,

and to 23 MeV if the source is R » 3 fm off the center. For the smaller

11+N + Ni system, the corresponding secondary slope constants are 23 and

24 MeV for a source at R =• 0 and R • 3 fm.

100 •

40 80 120 160 200

Fig. 5. The effect of pion reabsorption on
the measured pion angular distribution (in the
laboratory frame) for different source locations.
The curves shown here result from Monte Carlo
simulations and correspond to isotroplc distri-
butions In the rest frame of a source moving
with g - 0.20 and located at Z - 0, b - 0, i.e.,
in the center of the J1*N + Ni combined system
(middle), at Z - +4 fm, b - 0 (top), and at Z -
-it fm, b • 0 (bottom) All three distributions
are normalized to give the same integrated cross
section.
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(ill) The pion angular distribution in the laboratory is strongly

dependent on the source locations as is shown in Fig. 5 for a source velo-

city of p » 0.20. The undisturbed distribution (middle of Fig. 5) corre-

sponding to a pion source in the center of the combined A » 72 system

(Z » 0, b =• 0) displays just the forward peaking due to the Lorentz trans-

formation of an isotropic (in a frame moving with f3 • 0.20) distribution

into the laboratory system. The drastic effect on angular distributions of

a source located at Z = ±4, b = 0 fm is visible in the top and bottom there;

pions going forward (top) and backward (bottom) can escape unhindered,

whereas there is maximum absorption in the opposite direction. All distri-

butions are normalized to yield the same integrated cross section. Of

course, the exact shape of the measured angular distribution is determined

by the interplay of primary angular distribution, source location, and the

source velocity; and for lower velocities and backward source location, a

distinct backward rise in da/dQ can result. As the pion mean free path is

changing with Tn, so is the secondary angular distribution; in particular,

an increasing backward pion yield with increasing 1^ is expected and found

in the simulations for a backward located (Z < 0) pion source. The gradual

shape change of da/dQ as a function of T% depends, however, critically on

the precise dependence of Xa^s on Tn.

(iv) We find that the shape of the calculated transverse momentum

distribution da/dpi is nearly not affected by pion reabsorption effects,

which means that, within the thermal model of Ref. 7, the source temperature

can be determined independently of other variables such as source location

and velocity.

(v) The pion rapidity distribution, as expected, depends sensitively on

the pion source velocity and its location. Our studies indicate that it is

advantageous to analyze the shape of da/dy rather than that of da/dQ in order

to get information on both source velocity and location. We find, in par-

ticular, that with decreasing source velocity the centroid of da/dy is

decreasing and approaching zero; as the pion source is moved backward with

respect to the beam direction (Z < 0), again the centroid in da/dy is

decreasing (and can become even negative), but in this case the distribution

is also becoming increasingly asymmetric. As displayed in Fig. 6, an
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300 •

-1.2 -0.8 -0.4 00 04 08 12

Fig. 6. Experimental plon rapidity distri-
bution histogram for 35-MeV/nucleon l"U H Ni
together with results of Monte Carlo simulations
that Include plon reabaorptlon and display the
sensitivity ot the experimental data to the pri-
mary source velocity. The curves correspond to
P - 0.U (dashed curve), p - 0.09 (solid curve),
and P - 0.05 (dotted curve). For the other
paraneters, see the text.

analysis of the centroid of the rapidity distribution together with higher

moments (skewness or kurtosis) allows a determination of both source velo-

city and location (always assuming the simple picture of one source

emitting pions thermally). The best agreement of the simulations with the

35-MeV/nucleon ^ N + Ni data is found for 0 = 0.09 ± 0.03 and Z - -2.5 ±

0.5 fm. This reproduces rather well the experimentally observed da/dy

distributions and explains the shift toward negative values of y of the

centroid of da/dy and its increase in width with increasing perpendicular

motion (see Fig. 7). Such a location of the pion source is in accordance

with recent simulations18 of the collision dynamics of 25-MeV/nucleon

16Q + 1 2C, according to which stopping of the projectile should occur in the

overall center-of-mass system.

The conclusions regarding reabsorption for the present experimental

data are the following: Measured15 and calculated16*17 mean free paths of

pion absorption as well as the negative centroid of the experimental

rapidity distribution, its asymmetry, the overall forward-backward symmetry

of the pion angular distribution in the laboratory frame, and its backward
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rise at high kinetic energies observed in the present 14N + Ni experimental

data show the relevance of pion reabsorption for the experiments discussed

here.

300

200

100

Px=O-25OMeV/c

Fig. 7. Experimental plon rapidity d i s t r i -
butions for 35-MeV/nucleon 1'*N + Nl Integrated
over al l values of the perpendicular plon aonen-
tum (top) and for three different p^ bins. The
dashed line corresponds to the experimental
centroid for the top spectrun and Is shown to
visualize the asynaetry of the data about this
centroid and the systematic downshift of the
centroid with Increasing p^.

We conclude that production of neutral pions in heavy-ion collisions

has been observed at beam energies as low as 25 and 35 MeV/nucleon. In all

cases the pions are identified by a clear peak around their invariant mass

of 135 MeV. Detector response and data analysis have been modeled with

Monte Carlo simulations; the agreement between simulated and experimental

distributions is good. We made a special effort to understand and suppress
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both beam-correlated and cosmic-ray backgrounds. In spite of the small

measured cross sections, the background subtraction from the differential

pion distributions is less than 20% at an average and <50% even in the tails

of the distributions. We find experimental evidence that the data are

affected by pion reabsorption effects. Schematic Monte Carlo simulations,

performed to model these effects, show which observables are altered and

indicate the size of the effect. They also allow the extraction of informa-

tion about the reaction dynamics from the data; in particular, we find a net

backward location of the apparent pion source with respect to the projectile-

target combined system implying full stopping in the overall center-of-mass

system.

The experimental cross sections are surprisingly large and, in par-

ticular, the kinetic energy spectra extend to quite large energies. We

observed pion production up to the kineraatical limit, where the total center-

of-mass energy is transformed into the production of one energetic pion and

find that, toward this phase-space limit, all kinetic energy spectra merge

if plotted as a function of the energy available in the center-of-mass

system. Single nucleon-nucleon collision models and also models that invoke

the cooperative sharing of the beam energy of several projectile nucleons or

statistical models fail at the low beam energies discussed here. The data,

especially at the high pion kinetic energies, rather call for a coherent

mechanism for pion production.

Results of the experiments using this array have been published in

Refs. 4-6.
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ETA MESON PRODUCTION EXPERIMENTS*

J. C. Peng

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract

The subject of r\ meson production in nuclei is just beginning to be

explored. In this paper we review the current status of eta meson pro-

duction experiments using hadron beams. In particular, the ( ,̂77) exper-

iments performed at LAMPF are discussed in some detail. The physics

issues concerning the (?r, 77) reactions and some preliminary results froLi

the (?r, r?) experiments are presented. It is concluded that the TT° — / /

spectrometer, discussed in this workshop, is crucial for further progress in

the field of eta meson physics.

t Invited paper presented at the LAMPF Workshop on Photon and Neutral Meson De-
tection at Intermediate Energies, January 7-9, 1987.
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I. INTRODUCTION

In this talk, I will discuss some eta meson production experiments using hadron beams.

This, complements the talk by Frank Tabakin,1 who considered some theoretical aspects

on photo-eta production. I will first mention some proton-induced eta meson production

experiments. Then, the pion-induced eta meson production experiments will be discussed

in greater detail. Some aspects of eta meson production in nuclei have been reviewed in

Ref. 2.

In a certain sense, the eta meson can be considered as a heavy 7r° meson. It is in-

structive to compare the 17 meson with the TT° meson and the -q' meson. Some properties

of the 7T°, r), and rf' mesons are listed in Table I.3 These three mesons, as members of the

pseudoscalar meson nonet, have identical spin, parity and C-parity. A major difference

between the 77, rf' mesons and the 7r° meson is in their isospin. The TJ, rf' mesons, being

isoscalar particles, can have 55 and cc, in addition to the uu and dd, as their quark contents.

Table I lists the pure SU(3) quark wave functions for these mesons. The relatively large

mass of 77, T]' reflects the strange quark ss components in them. Similar to the ir° meson,

which decays predominantly into two photons, the 77 meson also decays into two photon

with a large fraction. Indeed, detections of 77 and r\' mesons are usually made through the

measurement of the photon pair. The TT° spectrometer being considered in this workshop

is entirely adequate to measure not only the TT0 but also the r? and r\' mesons.

II. PROTON INDUCED ETA MESON PRODUCTION

Figure 1 shows the integrated cross sections4 of the pp —* ppn° and the pp —>• ppr\

reactions as a function of beam momentum. The cross section for 77 production is roughly

a factor of 20 smaller than n° production. These reactions presumably proceed via boson-

exchange mechanism, and the small 77 production cross section reflects the relatively weak

coupling between 77 and nucleon.

202



The situation is quite different for inclusive n° and 77 production. As shown in Fig. 2,

the T}/n0 ratio5 grows from a very small value at low PT to a value of ~ 0.5 at high PT-

It turns out that the T?/T° ratio at high PT provides information on the quark contents

of 77 meson. The mechanism for inclusive meson production at high PT is described in

the hard-scattering model,6 shown schematically in Fig. 3, as an elastic scattering between

the constituent quarks in the projectile (A) and target (B). In the case of proton-proton

interaction, the constituent quarks participating in the hard-scattering are the up and

down quarks. These quarks can hadronize into uu, dd objects (by picking up a u or d

quark), but not into an .sS object. The quark wave functions for TT° and 77 can be written

as
TT° = (uu -

77 = cos8(ss) -+- sinO(uu -j-

Since the 55 component does not contribute in the high P-£ production of 77 mesons in the

pp reaction, it is evident that the rj/n0 ration is equal to sin26. The observed value of

Tj/n° = 0.5 gives 0 = 45° . This means that 77 has approximately 50% ss contents and 50%

uu, dd contents. This result is in good agreement with our current knowledge3 on the 778,

771 mixing angle of 12°.

There exist very few data on the proton-induced 77 meson production in nuclear targets.

Most of these data7 concerns inclusive 77 meson production. However, the p + d — » 3He + 77

reaction has been studied8'9 at back angles by detecting the recoiled 3He. Figure 4 shows

the p + d —> 3He + 7/ cross sections at several beam energies near the threshold. The

d + d —* 4He + 77 reaction has been observed10 recently at 1.95 GeV. This reaction is of

interest since the isospin-violating d + d —> 4He + 7r° reaction could proceed through a

mixing between 7T° and 77.

III. PION-INDUCED ETA MESON PRODUCTION

We now come to the main focus of this talk—eta meson production with pion beam.

During the last two years, a considerable amount of effort has been devoted at LAMPF on
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this subject.11 At the first glance, the pion beam available at LAMPF appears inadequate

for producing the relatively heavy eta mesons. Indeed, the LAMPF n~ flux at 700 MeV/c,

near the n~p —> rjn threshold, is only ~ 5 x 104/s. Fortunately, the n~p —• rjn cross

section,12 as shown in Fig. 5, peaks at an energy very close to the threshold. Furthermore,

the threshold is significantly lowered for (TT,^) reaction on nuclear target and intense TT*

beams are available at these energies.

At the time we proposed to measure the (ft,r)) reaction at LAMPF, there existed, not

surprisingly, very few experimental data on the (TT,77) reaction on nuclear targets. These

data13 were obtained with very high energy pion beam and only inclusive r? spectra were

measured due to relatively poor energy resolution. Our LAMPF experiments14 explore

the (TT,?/) reaction at energies near or even below the free threshold. Furthermore, we

proposed not only to measure the inclusive r} spectra but also to look for any discrete

states excited in the (TT,^) reaction. Clearly, adequate energy resolution is required for

identifying discrete states.

In the following, we will first discuss some physics motivations for studying the (^,r))

reaction on nuclei. Then, the experimental techniques and the results will be presented.

IV. PHYSICS ISSUES ON («-, ry) REACTION IN NUCLEI

We will now present some of the physics issues concerning the [it, rj) reaction on nuclear

targets.

a. (7r±,77) as a charge-exchange reaction

The (TT^, 77) can be regarded as exotic charge-exchange reactions. It is interesting to

compare the (TT*,*?) with the more conventional and extensively studied (TT*,^0) charge-

exchange reaction. Figure 6 shows the two quark diagrams contributing to the (7r~,7r°)

and (n~ ,rj) reactions. The first diagram involves quark exchange and leads to the uu

component of the TT0, 77 wave functions. The second diagram shows that annihilation and
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creation of qq pairs are responsible for producing the dd component. It is important to

note that there is no quark diagram which can lead to the ss component in 77.

Since the •n*-,n° belong to the same isospin multiplet, the (n^1,^0) charge-exchange

reactions are closely related to n± elastic scattering. In fact, the (ir±,ir0) reactions reflect

the isospin dependence of the ?r-nucleus interaction. The {ir±,rf) reactions, on the other

hand, involves a pair of particles having different isospins. Therefore, the (TT^,??) reactions

reveal the reactive content of the 7r-nucleus interaction.

It should also be mentioned that in the ( ,̂77) reaction the momentum transfer, ^250

MeV/c at 0°, is large compared with the (7r,7r°) reaction. While (W±,TT°) reactions are

suitable for exciting low spin states such as Isobaric Analog States (IAS),15 the (TT*,77)

reactions are expected to excite more favorably high spin states.

b . N* resonances

While the TTN system can couple to both A* and N* resonances, the rjN system can

only couple to N* resonances. Table II shows that the N*(l440)Pn, N*(1535)Sn and

N*(17l0)Pn resonances have large branching ratios to the 77N channel The N*(1535)Sn

resonance is known to play a dominant role16 in the n~p —> rjN reaction at threshold en-

ergies. The coupling between the N*(1440) Roper resonance to the 77 N channel is less well

established. Since the N*(1440) Roper resonance lies below the 77N threshold, one expects

that subthreshold 77 production on nuclear targets could be sensitive to the Roper reso-

nance. A similar situation occurs in the K~ N system, where subthreshold Y* resonances

greatly influence the K~N interaction at threshold energies.

c. 77-nucleus interaction

Since the 77 rneson is too short-lived to be used as a beam, there exists very little

information on 77-nucleon and 77-nucleus interactions. Production of 77 mesons inside a

nucleus allows us to deduce these interactions.
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In the SU(3) model, the ^N coupling constant G^yy is related to the irN coupling

constant GKNN by the relation17

GVNN = GKNN(3 — 4a)/v3 .

where a = D/(D + F), and D,F are the strength of coupling in SU(3). The hyperon decay

experiments give 0.60 < a < 0.66, therefore SU(3) predicts G^NN/G\NN to be between

0.043 and 0.12. This shows that the i]N interaction is expected to be much weaker than

the wN interaction. One could understand qualitatively this situation by realizing that

the ss component in r) does not contribute to the r)N interaction.

The G^NN can also be deduced from the description of NN force by One-Boson-

Exchange Model. It is generally believed that the effect of 77-meson exchange is small and

the deduced value18 of G^NN/G^NN is 0.29 in the most recent tabulation.

Another quantity relevant to the r)N interaction at low energy is the scattering length.

In a K-matrix analysis of the n~p —> rjN reaction, Tuan19 deduced the rfN scattering

length to be 0.83+t'0.05/m. More recently, Bhalerao and Liu20 use isobar model to analyse

a more complete set of w~p —»• T]N data and obtain a value of 0.28 + t'0.19/m. Although

these two analyses give different magnitude of the scattering length, they both predict

that the real part of the rjN interaction is attractive. This led to the prediction2'21 that

77-nucleus bound states could exist. Since an T? in nucleus can undergo strong interactions

such as nN —• /TiV, rjN -+ TTTTN, and r/N -+ TTTTTTJV, it is not clear2 that the widths of

jj-nucleus states are sufficiently narrow to be observed experimentally. As will be shown

later, the total TyiV cross sections can be deduced from the mass dependence of the (TT, 7̂)

inclusive cross section.

V. (7r,r?) EXPERIMENTS AT LAMPF

During the last two years, there have been several (n,rj) experiments carried out at

LAMPF. Table III lists these experiments. A number of different apparatus, including

neutron detectors, charged particle spectrometer and photon spectrometers, have been
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used in these experiments. We will now discuss the set-ups and some preliminary results

from these experiments.

a. p(n~,r])n reaction

In order to study the feasibility of detecting r\ mesons at LAMPF, a relatively simple

experiment was performed to detect the ir~ + p —> r? + n reaction. The experimental set-up

is shown schematically in Fig. 7. The neutrons were detected by four plastic scintillation

counters placed at 4 meters from the target. Four BGO counters were utilized to detect the

photon pairs emitted from the rj —> 27 decays. Since only neutral particles were detected

in this experiment, the CH2 target was surrounded by a number of scintillators to veto

events producing charged particles.

The Time-of-Flight (TOF) spectrum obtained from the neutron counters is shown in

Fig. 8. Four peaks are clearly visible in the spectra. The two peaks with shorter TOF

correspond to the photons (TT° —*• 27) and neutrons from the n~p —• n°n reaction. The

other two peaks correspond to neutrons, emitted in the forward and backward cm. angles,

from the ir~p —* rjn reaction. About 1300 r} events were detected with ~8 hrs of beam

time.

The r] —+ 27 decays from the n~p —>• rjn reaction was clearly observed in the BGO

detectors. These decays have a clean signature of two high energy (~ 300MeV) photons

hitting two BGO detectors. More details on this measurement can be found in Ref. 2.

b . 3He(ft~,t)rj reaction

Having detected the ir~p —> rjn reaction, we proceeded to measure the (7r, rj) reaction on

nuclear target. The 3He target is of interest since the 3He(-K~,ri)t reaction can be identified

by detecting either the 77 mesons or the recoiled tritons. Furthermore, the structure of 3He

and triton are relatively simple so that theoretical analysis of this reaction is less subjected

to uncertainties in nuclear structure. Finally, the zHe(7r~,n°)t charge-exchange reaction
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has been studied in great detail both theoretically22 and experimentally.23 This allows us

to compare the 3He(n~,rf)t reaction with the 3He(ir~ ,n°)t reaction.

The experiment was performed with 680 MeV/c ir~ beam incident on a cryogenic

3He target.24 The outgoing tritons were detected with a Large Acceptance Spectrometer

(LAS).25 The TOF and momentum measurements provided unambiguous triton identifi-

cation. Figure 9 shows the triton spectra at 0/ab = 5° and 10°. A peak is clearly observed

at an energy expected for the binary reaction 3He(n~ ,t)rj. In addition to this peak, one

observes a continuum background which are believed to come from the 3He(ir~ ,t)nir and

3He(n~, t)7T7T7r multi-pion production reactions.

Figure 10 shows the measured cross sections for the 3He(n~ ,r})t reaction at backward

angles. It is remarkable that the observed cross sections are rather sizable despite the

large momentum transfer (~ 800MeV/c) and the fact that the beam momentum is already

below the P(n~,r))n threshold (686 MeV/c). A comparison with Fig. 4 also shows that

the p + d —> 3He + r\ cross sections are more than three orders of magnitude lower than

those of the TT~ + 3He —• rj + t reaction. The back-angle (0c.m. — 140°) cross section for

the 3He(n~,ir°)t reaction measured23 at 406 MeV/c is about a factor of 10 larger than

the 3He(ir~,r))t cross sections. One would expect this factor to be significantly larger,

since the p(7r~,7r°)n cross section at 406 MeV/c is ~ 20mb while the Fermi-averaged

p(n~,T))n cross section at 680 MeV/c is ~ lmb. Furthermore, the momentum mismatch

in the 3He(n~,r))t reaction is more severe than in the 3ffe(7r~,7r°)t reaction. Therefore, it

appears that the observed 3He(ir,ri)t cros,, sections are larger than expected from simple

considerations.

Theoretical studies on the 3He{ir, r))t reaction have been carried out using Distorted

Wave Impulse Approximation (DWIA). The TTJV —> r\N and r]N —>• r}N amplitudes used in

the DWIA calculations were obtained from an off-shell model (OSM)20 in which reactions

proceed by the formation of N* isobars. The parameters in this model were determined

from the nN phase shift alone and the existing n~p —» r)N cross sections near threshold
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energies were well described by this model. The nuclear form factors of 3He and triton

were taken from electron scattering experiments. Results of the DWIA calculation is

shown as the solid curve in Fig. 10. The DWIA predicts a diffractive shape for the angular

distribution which has a minimum near 0 =: 80°. The observed cross sections at the

backward angles are greater than the prediction by a factor of 2-4.

To make a more detailed comparison between the data and theory, it is clearly desirable

to measure the 3He(n,r/)t cross sections at forward angles. This requires detecting r\

mesons directly and is the next subject we will discuss.

c. Subthreshold product ion of the 3He(ir, r})t reaction

The LAMPF n° spectrometer,26 designed to measure IT0 mesons with reasonably good

energy resolution and solid angle acceptance, was used in this experiment to detect the

r) —• 27 decays. In order to understand the characteristics of this spectrometer, we first

measured the ir~p —» r\n reaction. Figure 11 (a) shows the histogram of the invariant mass

calculated with the expression m = 2(EiE2)1^2sin(if>f2), where E\, Ei are the measure

energies of the two photons and 0 is the opening angle between them. The 77 peak shows

up very clearly in the invariant mass plot. The FWHM of the 77 mass is about 80 MeV,

attributed mainly to the energy resolution of the lead-glass detectors. By selecting the 77

events from the invariant mass spectrum, the 77 kinetic energy can be calculated. Figure

ll(b) shows that the 77 energy resolution is ~ lOMeF, which is mainly due to the beam

(Af? = 7MeV) and the target size (1 in. thick CH2). The observed cross section for

the p(w~,r))n reaction at 705 MeV/c is 83.7 ± 8Anb/sr, in good agreement with previous

measurements.27 This shows that the effective solid angle of the spectrometer, simulated

by a Monte-Carlo program,26 is well understood.

The invariant mass plots for the 7r~ + 3He reaction at 680 MeV/c and 590 MeV/c are

shown in Fig. 12. Once again, the 77 events are well identified in the mass plot. Figure

13 shows the excitation energy spectra of the BHe(7r~,Tj) reaction measured at three pion
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beam momenta. At 680 MeV, which is near the free P{K~,r))n threshold, the 3He[n,ri)t

reaction appears as a shoulder of the quasi-free 3He(ir, tj) reaction. As the beam momen-

tum is lowered to 620 MeV/c, the separation between the ground state transition and

the quasi-free continuum improves greatly. At 590 MeV/c pion momentum, which is just

above the absolute threshold of the 3He(ir,r))t reaction and below the threshold of any

other 3He(ir,T)) channels, the 3He{n,rj)t reaction is unambiguously detected. It is intrigu-

ing that the subthreshold (n, q) reaction has such an appreciable cross sections. Several

efforts28"30 to calculate the (?r,r/) cross section on nuclei are underway. In particular,

a DWIA calculation29 by Liu describes the shape of the zHe{x, r})t angular distribution

rather well, but underestimates the magnitude by a factor of ~ 5.

d. {ir+,rj) inclusive cross sections

Figure 14 shows the energy-integrated (fl"+,ff) inclusive cross sections on a number

of nuclei measured at three pion momenta. In an attempt to understand the observed

mass dependence of the (ir+,Tf) inclusive cross sections, we use a version of the Glauber

theory developed by Kolbig and Margolis.31 In this model, the inclusive cross section is

proportional to the effective nucleon number Ne/f. The ingredients for calculating Neff

are the nucleon density distribution, the hadron-nucleon total cross sections for the incident

and the outgoing particles. The only unknown input in this calculation is the total cross

section for r}N. The various curves on Fig. 14 correspond to calculations using values of

o(r)N). A good description of the mass dependence at all beam momenta is obtained with

o(rjN) = 15m6. The extracted r)N total cross section is rather small compared to the

irN total cross section of 34 mb at this energy. This is in qualitative agreement with the

theoretical expectation17 that T]N interaction is weaker than the wN interaction.

It is interesting to note that in the additive quark model,32 the qN total cross section

is related to the irN and KN total cross section as

1 1
3 p p n 6
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Figure 15 shows that the prediction of the additive quark model is in rather good agreement

with the data, most of which were obtained at much higher energies. For the sake of

comparison, aK^ is a l s o shown in Fig. 15. The r}N total cross sections are clearly lower

than the irN total cross sections over a wide energy range.

Very recently, we have made more measurements on the (TT,^) reaction using the eta-

spectrometer. The eta-spectrometer is very similar to the LAMPF 7r°-spectrometer. How-

ever, BGO and Nal crystals, rather than lead glass, were used for the converters and shower

detectors. More details on the characteristics and performance of the eta-spectrometer are

discussed in the talk of Leitch.33 The data obtained with the eta-spectrometer are currently

being analysed.

VI. CONCLUSION

The subject of »7-meson production in nuclei is just beginning to be explored. This

new field is a natural extension of the field of 7r-nucleus physics which has been most

actively pursued in the last decade. Indeed, for any reactions concerning the TT° detection

((7r,7r°), (7,7T°), (p, 7T°) etc.), one could consider the corresponding reactions involving 77

detection. We believe that the r/ production experiments will not only provide interesting

information on the mechanism of 77 production, interaction between r\ and nucleus, but

also shed more light on the ?r-nucleus physics. At this time, only the (TT, r?) reactions in

nuclei have been studied. However, experiments on the (i,r))34 and (p, J7)35 reaction have

been proposed. Clearly, the r?-meson production experiments are somewhat more difficult

than the 7r°-meson production experiments, since they require higher energy beam and

the cross sections are usually smaller. Based on our experience of using the LAMPF

7r°-spectrometer for the (w,ri) experiments, it is evident that a good 7r°-spectrometer is

also a good r;-spectrometer. The large acceptance n° — II spectrometer, discussed in this

workshop, can therefore greatly benefit the 77-meson production experiments.
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TABLE I. Properties of 7r°,rj and rjf mesons

TT° r, r,'

0 - + 0 - + 0~ +

(/,/3) (1,0) (0,0) (0,0)

Quark w.f. (uu - dd)/y/2 (uu + dd - 2ss)/y/& (uu + dd + as

Mass 134.9 MeV 548.8 MeV 957.6 MeV

Mean life 0.83 x 10~16sec 0.75 x Kr18sec 0.28 x 10-20sec

2^ decay fraction 98.8% 39% 2%

TABLE n . Coupling between N* and

Resonance Jp
 LIIIJ r)N Branching

iV*(1440)

N*{1710)

Pll

Su

Pn

8- 18%

45 - 55%

~25%
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TABLE III.
Summary of 77-meson production measurements at LAMPF

Date

Sept. '84

June '85

Oct. '85

Reactions

CyK , TfJ

7Li{K+,ri)7Be
(n+,r)) inclusive

Apparatus

neutron detectors
BGO (tj -*• 27 detection)

LAS spectrometer
(triton detection)

7r°-spectrometer (Pb glass)
(rj —> 27 detection)

Oct. '86
(TT±,T)) inclusive

r?-spectrometer (Nal + BGO)
(77 •-»• 27 detection)
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Nuclear Structure Studies with (n,n°) Reactions
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I. Introduction

Better (much better) resolution is needed before (7r,7r°) reactions will make

truly useful and general contributions to nuclear physics studies. Improved resolution

buys access to exponentially more nuclear transitions, and since so much nuclear spec-

troscopy already exits, each transition is a new view of the coupled questions of nuclear

structure and pion reaction mechanism.

The advantages of better resolution have been shown many times in traditional

light-ion nuclear reaction studies, and a fine example is found in (p,n) experiments, long

the reaction with worst resolution. It was important at one time for Coulomb energy

studies to find the centroid of the broad isobaric analog peak in the 208Pb(p,n)208Bi

reaction, and several groups made the measurement. The results did not agree, in spite

of careful calibrations, background subtractions and peak fitting. With better resolu-

tion, as hinted at in the spectrum of Fig. 1, it was clear that two peaks were present

- a sharper GT 1 + transition and a broader IAS 0 + bump. It was then realized that

the extreme energy dependence of the driving interactions, YVT and V r , respectively,

would give differing weights to the (p,n) transitions at different beam energies, causing

the disagreements.

The consequence of this improvement in resolution was the very active program

in higher energy (p,n) studies, using this energy dependence to select cleanly the very

important GT mode, with the energy dependent interaction ratio seen in Fig. 2.

This is only one example among many where the sharper vision of good energy

resolution has allowed insight into new and important nuclear modes. A rich array

of nuclear spectroscopy and structure has been provided by many years of effort, and

an important advantage of better TT° resolution will be the ability to use this body of

wisdom.

Although completely new features are certain to be revealed by high-resolution
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(7r, 7r°) studies, most of the examples that can be given are based on our present knowl-

edge. Further new insights using charge exchange reactions will be provided by the (p,n)

and (n,p) measurements to be carried out in the upgraded NPL. Better n° resolution

will clearly complement that work.

II. Spin Excitations

A. General features

Of greatest interest, because of the total lack of data, are pion charge exchange

reactions requiring nuclear spin excitations. These can be readily isolated with any

spin-zero target for states of unnatural parity. Because of the low mass of the pion,

it is the transitions of low multipolarity that are most readily studied. These are the

transitions for which there has been recent excitement about the role of nucleonic (delta)

excitations. Pions, with their unique and direct coupling to the delta, are certain to

be important for this picture. In less dramatic terms, these transitions will allow us to

map out the dynamic behavior of deltas in complex nuclei.

B. 1+ states in A=12

The experiments of choice are (ir, TT°) excitation functions from 100 to 300

MeV, to specific and resolved final states. As an example, consider the comparison of

(7r+,7T+ ) and (7r+,7r°) to the first 1+ T = l state in mass 12. The excitation function in

pion scattering required the good resolution of EPICS to measure the spectra seen in

Fig. 3 [Co87]. Since T=0 and T = l 1 + states are available, a simple ratio measurement

is of the greatest interest, with the peak cross sections seen in Fig. 4 [Pe80, Mo82j.

The T=0 data are compared to the simple impulse approximation expectation of sin2©

[Si8l], which seems fine. This is not found for the T = l transition, and the ratio of

strengths is far from the expected value of four. Interactions of the intermediate delta

can influence this ratio, as shown by the two curves in the ratio section of Fig. 4,

calculated with two different potentials for the delta in [Hi83]. Except for 6Li [Ki84],
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these are the only isovector 1 + scattering measurements for pions. A much richer array

of transitions, including higher multipolarities, is accessible to charge exchange. Figure

5 shows a (p,n) spectrum leading to 12N, where the strong 2 + and 1 + peaks must be

resolved from the weaker 2~ peak.

Pion excitations of unnatural parity states from spin-zero targets couple only

to the convection current, simply because of the zero spin of the projectile. These am-

plitudes have been shown to be particularly sensitive to the relativistic dynamics of

the nuclear structure [Sh86], and the momentum-space convection form factor would be

very valuable. Electron scattering also includes intrinsic spin amplitudes, so an awk-

ward separation would be needed. Inelastic pion scattering offers data for the isoscalar

currents as well, making possible matched experiments.

For the world's prime transitions, to the 1 + state in 1 2C, pion scattering is

unable to measure large-q points to the 15.1 MeV T = l state because of the increasing

background, as seen in Fig. 3. Charge exchange proceeds to the ground state of 12N

and has no such background problem. Mapping out the second maximum in the pion

scattering would have as important an effect on our understanding of transverse, con-

vection current excitations as was the case for electron scattering. Years of effort were

dedicated to getting the data straight and to understanding the meaning [Ph78].

The dynamic theory of pion scattering from a relativistic system is messy be-

cause the resonance implies strong nonlocalities [Mc86]. Because of this, the spin-zero

meson of greatest current theoretical interest is the K+ [Ch86]. On the other hand,

data for pion excitation by charge exchange to simple and well-known spin states may

provide just the basis for a more complete theory. It is again the angular distributions

and excitation functions that would be the desired experiments.

C. Other spin multipolarities and spin collective modes

Proton charge exchange has isolated Gamow-Teller 1 + AT=1 strength in a
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very systematic fashion, as for instance in the spectra of Fig. 5 [An83]. In spite of an

impressive number of counts for 48Ca, only about 50% of the expected strength is found

throughout the periodic table. Because of the spin of the projectiles, the interaction is

quite messy. The spin-zero pion yields a much simpler theory, and it would be valuable

for one test case to carry out a GT analysis of the entire spectrum. The resolution must

be good enough to resolve the single 0 + IAS peak, as in the case of Fig. 6.

In light deformed nuclei, even at normal density, the strong a • r correlations

are expected to give rise to isovector collective states [Lo84]. Their properties depend

upon their shapes, relative to the symmetry axis. Many candidate 2~ states are known

and accessible to the improved n° spectrometer. Longitudinal isovector excitations will

have projections K=0,l , while the transverse excitations have K=l,2. Pion and nucleon

charge exchange may then be compared to determine (except for K=l) this quantum

number. Theoretical spectra of such 2~~ states in 12C are shown in Fig. 7, showing how

the distribution of projections K is influenced by the Landau-Migdal coupling constant

g'. The large peak has K=2, and is just the state observed in pion inelastic scattering

[Co87] and radiative capture [Ba83]. The scattering response is confused by extensive

isospin mixing. The nuclear deformation splits the magnetic response into eigenmodes,

and pion reactions are specific only to a particular subset of these.

The collectivity of 2~ isovector transitions was shown in the 14C(7r~,7)14B

reaction [Ba83, Gm82], even with a resolution of 0.9 MeV. A single state exhausted

one-fifth of the shell model summed transition strength. The present TT° spectrome-

ter could not resolve the relevant peak, but with a better instrument we could study

the 14C(7r~,7r°)14B reaction over a range of energies, angles and momentum transfers,

rather than under the unique kinematical situation for radiative capture.

It would be particularly valuable to track the systematics of the collective isovec-

tor M2 strength as the target structure varies. In Fig. 8 the (TT~,7) spectra are shown
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for these three targets [Gm82], showing that it is the second 2 state that is collective.

D. Zero Degrees

Because a pion has zero spin, its reactions follow some very simple rules inde-

pendent of the reaction mechanism. These rules have been presented for alpha scattering

[B166], but evidently need to be redemonstrated once every generation.

Consider scattering a spin-zero projectile from a spin-zero target, leading to

an outgoing spin-zero ejectile and a final state of unnatural parity. Such states are

commonly treated as spin modes, but this model dependence is not needed. Take the

quantization axis to be that along the Z' direction, that of the recoiling nucleus. Since

the projectile has spin zero, the scattering amplitude T must be proportional to a

spherical harmonic with the quantum numbers of the recoiling system along the V axis.

Only this form is invariant under refiection through the reaction plane. By time reversal

invariance,

with n the parity change of the nucleus. For unnatural parity

n(-l)L = - 1 .

Hence, the only surviving scattering amplitudes must have M' / 0. However, for any

L, YLM'{® = 0° or 180°) = 0 unless the projection M'=0. Note that 0~ cross sections

are forbidden at all angles.

Therefore, for any reaction mechanism, the zero and 180° cross sections for a

spin zero projectile to a state of unnatural parity must vanish. Reactions from a 1 +

ground state, as for 14N, to a final 0 + states also follow this zero degree rule, by time

reversal invariance.
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In charge exchange reactions, only the pion can take advantage of this rule,

since even heavy ion reactions change the spin of the ejectile. Since the IAS data have

been of greatest interest with low resolution pion charge exchange, we can be grateful

for this rule since the large zero-degree IAS bump is uncontaminated by unresolved

states of unnatural parity. In 14C, a widely studied example [U186], two 1 + states could

elsewise have been disastrous to a simple analysis.

How can we use this rule? About half of all transitions to a doubly-odd nucleus

are turned off by this, so the zero-degree spectra are certainly going to be cleaned up.

Natural-parity excitation functions at zero degrees then probe delta-nucleus dynamics

in the non-spin isovector channel. There is evidence of an interesting excitation function

for pion scattering to the 12C 16.1 MeV 2+;l state [Co87], accessible at zero degrees by

inelastic pion scattering. Charge exchange is going to be much cleaner. The spectrum

in Fig. 5 shows how useful it would be to turn off unnatural parity states to study the

0.97 MeV 2+ analog of the 16.1 MeV state.

E. Spin and Orbital Ml Transitions

Isovector Ml transitions, whether or not coupled to deltas, are still of great

interest. Furthermore, pion reactions emphasize low-multipolarity transitions to form

a natural match to 1 + states. Both spin and orbital magnetic effects can be present.

Inelastic electron scattering (not strictly isovector) couples to both spin and orbital

currents, while (p,n) reactions involve a rich array of interactions to coupie to both.

Pion charge exchange couples in a yet different fashion.

The various effects of probe-nucleus coupling have been examined using modern

wave-functions in the s-d shell, and the calculated yields do indeed give the expected

sensitivity [Kn83], with especially large orbital current contributions for isovector 1 +

transitions in 20Ne, as in Fig. 9. Unfortunately, the 1+ states in 20F or 20Na are

probably not resolvable, and examples will have to be chosen for other s-d shell targets.
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Inelastic pion scattering to 1 + states on N^Z targets [De84j do not pick out a

single isospin transfer and only pion SCX to the analogs can be compared to electron

scattering. Among T=0 targets (in addition to 12C), only 32S has been studied by pion

scattering to unravel the 1 + reaction mechanism [P186]. This is the target requiring the

least resolution to dig 1 + peak areas out of the spectra, but it is questionable even in

this case how this will succeed.

At 300 keV resolution, pion SCX can yield isovector data to at least one 1 + peak

in A=28, 30 (the ground state) and A=26. This should be a good range for studying

the structure effects on the spin and current contributions.

F. Polarized Targets

Although we cannot spin-polarize the pion beam, recent technical advances offer

access to polarized complex targets. It is convenient that 1 3C, with well-known structure

and much exposure to pion SCX, is one of the technically favorable cases. Being of spin

l /2~ , it is as simple as possible. Also, a light target is desired since spin-dependent

effects are suppressed by I/A in elastic scattering. The analyzing power measurements

can provide new and unique information on the phase between spin-independent and

spin-dependent terms of the effective pion-nucleon interaction in a complex nucleus. A

proposal, E1023 [C086] has been submitted for preliminary studies with the present n°

spectrometer at 165 MeV.

Although the nearest competing level in 13N is at 2.4 MeV, the good resolution

of an improved spectrometer is going to be needed to maintain a good signal-to-noise

ratio, since the surroundings of the target will need to be subtracted. The interesting

asymmetries are expected at the diffraction minima in the differential cross sections.

Figure 10 shows computed cross sections and analyzing powers at 165 MeV from pro-

posal E1023 [Co86]. It is clear, even without naming the models that give the curves,

that the data will be deeply informative, especially if available at larger angles with
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small cross sections, and at the minima where good angular resolution will also be

required.

G. £-Forbidden GT Transitions

The Gamow-Teller (GT) selection rule is generally understood to be simply

AJ=1, A7r=no. However, the further selection rule AL=0 is implicit. Transitions satis-

fying the first rule but not the second are called £-forbidden. A particularly interesting

example is the transition between the 3/2+ ground state and the l / 2 + first excited state

in A=39. These are considered to be very good d$/2 and Sj/2 hole-states, respectively,

and the Gamow-Teller and Ml transitions between them are consequently £-forbidden.

The states in 39Ca are separated by 2.47 MeV, and only a 2.80 MeV 7/2~

state must be resolved from the l /2 + level. Charge exchange studies [Ra84] find, as

expected, a weak peak at the 2.47 MeV excitation, as in Fig. 11 near a neutron energy

of 109 MeV. The anaiogous and equally £-forbidden electron scattering on 39K has also

been measured in both transverse and longitudinal modes [de85]. With the new n°

spectrometer, the transverse isovector component of this transition may be isolated.

In the usual non-relativistic formulation of G-T and Ml transsitions, the am-

plitudes for these single-hole states are identically zero. In a relativistic formulation,

however, where the matrix element of the full weak or electromagnetic operator is taken,

small but non-zero amplitudes appear. Consider the G-T amplitude:

MGT = *f l 75 * . = * /

Single-particle wavefunctions which are solutions of a Dirac equation containing central

scalar and time-like vector potentials may be written as [Sh84]

/ u(r) \
\iw(f)J '

in which case

MGT = {«/ | o I «») +
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It is only the first term of this equation which vanishes for £-forbidden G-T transitions;

the second is "allowed". This is because u(f) has the same j as u(f) but opposite parity.

Therefore the second term of Eq. 3 looks Jike

(Wf\S\ Wi) - <P1/2 I 3 | P3/2) ,

which is clearly not £-forbidden. This "lower-to-lower" term is particularly interesting

because modern relativistic theories of nuclear physics imply a strong enhancement of

lower components compared to standard non-relativistic approaches where the free-

space relation between upper and lowtr components is implicit in the reduction of

the relativistic operators. Thus, £-forbidden GT amplitudes are expected to be quite

sensitive to relativistic nuclear dynamics [SJ186].

In spite of the complications in the reaction mechanisms presented by the reso-

nance [Mc86], the pion beam has the advantage of a purely transverse interaction for the

GT transition. The competing quadrupole component is determined by a zero-degree

pion SCX measurement. It is in these weaker, but well-understood, transitions that we

may find entirely new physics. If delta effects are somehow important, the suppression

of the standard amplitudes will make these stand out. A pion SCX excitation function,

with explicit delta effects, would be the experiment to study.

III. Non spin Modes

A. Giant states

The familiar isovector giant dipole state is found as a broad bump, largely

because its high excitation leads to a strong coupling to the neutron continuum. It

is made up of a multitude of unseparable single-particle states, as in Fig. 12. The

transition strength B (El) is found in separate pieces in this RPA calculation, and the

distribution would certainly be deeply informative as to the microscopic makeup of a

collective mode. In the (7r"",7ro) reaction, the Coulomb energies in heavy nuclei are such
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that this GDR mode is brought low in excitation, such that it is much less unbound. The

components may thus be made visible with good resolution. Existing spectra find the

GDR peak clearly [Ba82], but are not capable of detecting fine structure. A spectrum

for 60Ni is shown as Fig. 13 [Er86], with intriguing hints of fine structure.

The (n,p) reaction, which is to be a main part of the upgraded NPL program,

also has been used to populate the GDR in this direction. A spectrum for 60Ni, after

subtraction of a large continuum, is shown in Fig. 14 [U184]. Bars show RPA predictions

[Ng79] and the curves are from (7,p) data through the GDR [Mi73]. These charge

exchange data, with a resolution of 1 MeV and inadequate statistical strength, represent

the best that can now be done.

A full study of the GDR (and other modes) by (w,iro) over a range of targets

will certainly shed new light on this important mode.

B. Isovector deformations

Comparisons of ir~ and ?r+ inelastic scattering have been used to extract both

isoscalar and isovector matrix elements for low-lying collective states [Se82].These are

valuable numbers, but the only independent check has been by using gamma transitions

between mirror states [A185]. Although fair agreement is found in s-d shell nuclei, we

must remember that different states are, in fact, being compared.

Pion charge exchange to the mirrors of collective 2+ levels could determine

the isovector quadrupole matrix element, directly connecting the two nuclei without

assuming a strict mirror symmetry. The relations among mirror scattering and charge

exchange and scattering alone then give a redundant and therefore testable means to

extract these matrix elements for heavier nuclei where the mirror gamma decays are

not available.

The analogs of the first 2+ states of doubly-even nuclei have been seen rea-

sonably well in light-ion reactions. They are collective, which complicates the light
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ion mechanism, requiring careful coupled-channel methods [Br86]. A (p,n) spectrum

is shown as Fig. 16. With pions, the smaller coupling constant means Jess important

coupled channel effects, and the smaller momentum will diminish the continuum. It

should be easy to match the quality of the (p,n) spectra by (7r+,7r°).

Neutron and proton scattering and (p,n) charge exchange have been compared

to provide a redundant check of the isoscalar and isovector matrix elements for a number

of prominent 2 + states, but the resolution available to the neutron scattering restricts

the experiments to low beam energies, where nondirect scattering is important [Ba78 .

This makes such comparisons very dangerous. Pion scattering with both charge states

and (TT+, n°) to the 2 + analogs would form a more valid redundant test of the method

of extracting the desired isoscalar and isovector matrix elements. Note that this need

not be an extensive mass survey. If the n~,n+ method is verified by (7r+,7r°) for even

one case, we can proceed with a clean method.

For odd-mass targets, a richer array of higher multipole EIAS are available, but

the present 7r° spectra treat only the IAS, and that not without fear cf contamination.

In 1 3C, comparisons of pion scattering, 3He and 4He scattering and (3He,t) charge

exchange gave remarkably equivalent ratios of isovector and isoscalar amplitudes [Pe81].

If we indeed know what we are doing, pion charge exchange to these same states should

be fully predictable from scattering data. This certainly forms a definitive test of the

consistency of isospin decompositions by pion scattering. The resolution required may

be judged from the 13C(p,n)13N spectra of Fig. 17.

C. Anti-Analog States

Antianalog states (AAS) are 0 + final states excited in charge exchange but

having the same isospin as the target. These are orthogonal to the familiar IAS. Light-

ion charge exchange reactions on spin zero targets have found these states to exhibit

angular distributions out of phase with the expected AL=0 shape [Hi7Oj. Because of the
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spin of the 3He or proton projectiles, the great simplicity of the 0 + transition is diluted.

Charge exchange by spin-zero pions would be a very clean probe of the structure of

the'se interesting transitions, known for a good range of targets and accessible with 0.3

MeV resolution, for instance as in Fig. 18.

Although not formally an AAS, the 0 + states made by charge exchange on a

T=0 target also exhibit an interesting orthogonality. For instance, the Fermi beta decay

is forbidden between these states. As was found for AAS, light ion charge exchange

reactions give unusual angular distributions for the rather weak transitions. For a 12C

target, the 0 + final state is shown in the spectrum of Fig. 5, while the (3He,t) angular

distribution is shown in Fig. 19 [Ce76]. The Bessel function curve is not the expected

| J0(x) |2 , but the form expected from interfering Jo amplitudes.

Non-analog pion DCX angular distributions also show this sort of angular be-

havior [B183]. Single charge exchange could be very informative here. The (3He,t) and

(p,n) angular distributions do not completely vanish at zero degrees. What will be the

case for spin zero projectiles? Considerations of the Pauli principle for the target sys-

tem require these charge exchange cross sections to vanish at zero degrees [Pe87]. Since

delta-rescattering effects influence the pion DCX [Gi85], we should use this interesting

transition to probe the dynamics of the SCX reaction mechanism.

D. Nuclear Transparency and the Optical Model

At low beam energies, the 3-3 resonance weakens and the p-wave attraction in

increasingly canceled by the s-wave repulsion. Near 50 MeV, a plane-wave approxima-

tion achieves a high success in the 14C(7r+,7r°)14N (IAS) transition, as in Fig. 20 [U186].

The excitation function at zero degrees shows a sharp minimum near this energy, as

in Fig. 21. Unfortunately, the resolution was not sufficient to guarantee the absence

of nearby 1 + states, and since the IAS and 1 + transitions vanish at small angles, the

contamination of the data is hard to estimate. Figure 21 shows the n° spectrum that
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determines the minimum cross section. A more careful examination of this IAS transi-

ton at low energies is of great importance, since here for the first time we seem to have

good access to the nuclear interior. The angular distribution in Fig. 20 already shows

that the nuclear medium has weakened the p-wave interaction relative to the s-wave.

Data better than shown by the spectrum of Fig. 22 will be required to capitalize on

this sensitivity.

This analysis used the s-p interference in the nonspin channel to probe the

nuclear interior. This is certain to an exquisitely sensitive method, and it would be

valuable to extend it to the spin channel. The only isovector-spin data we now have at

low energies is the single data point at 50 MeV for the 15.1 MeV 1 + transition in 12C

[Es86]. This cross section became very weak at low energies and was very hard to pick

out from the continuum. Clean charge exchange spectra are going to be the only way

to see the spin-isospin features of the nuclear interior.

Even one more Gamow-Teller excitation function would be of extreme value,

especially for a target of well-known structure. The second 1 + state in 14N receives the

GT strength in (p,n) reactions, and is 1.2 MeV away from any competing peak. A 0"

state is nearer, but parity-forbidden. A calculated angular distribution [Si86] for charge

exchange on the valence Pj/2 nucleons is shown as Fig. 23, showing the magnitude of

the cross sections we need to measure.

Competition from stronger IAS peaks is a greater problem at higher energies,

setting more stringent limits on resolution. Figure 24 shows peak differential cross

sections for this same example of 14C [Si86]. If a long tail on the 2.31 IAS peak is

present, this will cause problems in extracting the 3.95 MeV GT peak area.

Pion elastic (and double-charge exchange) data may be combined with SCX

results to form a consistent optical model [Jo83]. Some of the many-body effects have

been determined from such analyses, but the most reliable data for the isovector effects
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will be from the SCS to the simple IAS. Reliable data need good resolution. We have

no data for any even target that can be guaranteed to excite only the IAS, so even the

zero degree cross sections may be tainted. In order to be sure of our isovector optical

model, data showing the expected angular distribution must also be provided, going out

in angle through the secondary maximum.

It should also be noted that the limited data available at low beam energies do

not uniquely indicate that we have long pion mean free path. That is only one way to

match the IAS data for 14C. A black disk model, antithecal to the transparency picture,

with s and p wave amplitudes aB and ap, with different disk radii Rs and Rp, can also

match the data. The IAS cross section is then given by Fraunhofer amplitudes [B166].

da/dU =\aaJ0 {KRS@) - ap Jo {KRPQ) |2 ,

with a minus sign for s-p destructive interference. At zero degrees

da/dn (G = 0°) = | as -a
 |2

•p I »

which vanishes near 50 MeV [U186], indicating equal s- and p-wave amplitudes. At that

energy, the angular distribution becomes

do/dn{bOMeV) ~ (ARO)2 | J^KR®) |2 .

This is the shape shown in Fig. 20 as the dotted curve, which is not in bad agree-

ment with the data. The most certain way to distinguish this black model from the

transparent model is to measure angular distributions for other multipolarities.

E. Reactions above the Resonance

The LEP channel provides a maximum pion beam energy of 300 MeV, per-

mitting a thorough set of experiments across the 3-3 resonance. Such a study for the

14C(7T+,7r°)14N IAS reaction has been completed [U186]. A recent {K+ ,7T°) experiment
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at the P 3 beam line has measured IAS cross sections for a number of targets at ener-

gies up to 550 MeV, almost doubling the energy range of pion-nuclear reaction studies

(Ro87j. Sample spectra are shown as Fig. 25, showing that the IAS peak is observable

at zero degrees even through a 13 MeV resolution (at 500 MeV). The limited angular

distribution obtained at one n° angle setting confirms the assignment.

This is a prime case of using a well-known nuclear transition to investigate the

pion reaction mechanism in a new situation. The zero degree cross sections for targets

with a single valence nucleon are compared to those for pion charge exchange on a free

nucleon in Fig. 26. While the free cross section drops from 300 MeV to 500 MeV, the

data rise. This reflects the greater transparency to the reaction as the beam energy

rises above the resonance, where very strong absorption occurs. A Glauber model is

able to reproduce the trends of these charge exchange data at higher energies, whereas

no such simple effect was found at lower energies.

With better resolution, this same study could have been carried out much more

rapidly, since the IAS peak would have stood out better from the background. True

angular distributions could also have been obtained, to verify the expected L=0 pattern.

The angular distributions will be of particular value in establishing the role of higher

partial waves in pion reactions. The current codes include only s- and p- waves, and

more are surely needed at higher beam energies.

IV. Conclusion

So far, pion charge exchange studies have been limited mainly to one transition,

the IAS, with a few brief looks at isovector giant states. Even these spectra contain

an unknown number of unresolved contaminant peaks of unknown magnitude. The

great value of such pion reactions has been made apparent in spite of the handicap of

poor resolution. These studies have found a new collective mode (the IVGMR), have

compared both charge aspects of the IVGDR and have told us much about the pion
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reaction mechanism by use of the IAS. When so much has been revealed by utilizing only

three peaks, it is clear that when higher resolution permits us to have an unobserved

view of the spectra of complex nuclei, we will be able to use the unique features of the

pion for further important advances in reaction mechanism and structure.
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1. Spectra of neutrons from 45 MeV protons on 208Pb [Ga80|. The zero degree
spectrum shows a sharp GT peak atop a broader IAS bump.
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2. The ratio of volume integrals for the nucleon-nucleon charge exchange interac

tion for spin and nonspin terms [Za86].
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13. Double-differential cross sections for the (n , 7r°) reaction on 60Ni. The dashed
lines show the fitted background component. The dotted lines show the fits to
IVM (left-hand peak) and GDR (right-hand peak) and the solid line represents
the fit to the sum. From [Er86].
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contribution from the background continuum and the 8.06 MeV state in 14N.

From [U186] .
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23. Predicted GT pion SCX cross sections at 50 MeV for the mass 14 transition

[Si86].
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24. Predicted IAS and GT maximum differential cross sections [Si86].
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25. Spectra of (n+,r,°) reactions at a beam energy of 500 MeV are shown for two

angular bins. The known position of the IAS is shown, and the rapid drop of

cross section with angle is easily noted. From [Ro87j.
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26. Zero-degree center-of-mass cross sections for (7r+,7r°) reactions are shown for

targets with one excess neutron. The energy dependence above the 3-3 res-

onance differs from that shcM/n for the free pion-nucleon zero-degree charge

exchange.
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Introduction

The main purpose of this talk is to describe what I believe to be an attractive direction

of research in pion physics for the near future. As a result of the studies of pion scattering

that have taken place over the last decade, we have a pretty good idea about how to

characterize the pion-nucleus interaction phenomenologically. However, the microscopic

origin of the medium modifications to the pion-nucleus scattering amplitude still remains

rather obscure. One could make progress in understanding these medium modifications by

bringing more closely together the theory of pion scattering with nuclear structure theory.

Mano Singham and I have recently explored a general theoretical approach within which

this might occur,1 and I would like to describe this to you and indicate the role of a high

resolution n° spectrometer in our thinking.

To motivate the subject, let me begin by making a few general remarks about what we

are learning from the pion scattering data that already exist. These findings raise a new

set of questions which one must ksep in mind in planning for new experimental facilities,

especially the high resolution n° spectrometer. To adequately digest the new data and
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make the best use of those which already exist, we should expand the scope of the theory

in certain well-defined directions that I will specify.

Past Accomplishments

What have we learned over the past decade about how pions scatter from nuclei?

The main effort has been to determine the validity of the simple picture of pion-nucleus

scattering as a succession of elementary, free, pion-nucleon scatterings from the nucleons

of the nucleus. Many people have contributed to the understaxiding that we now have. I

will confine my examples to the region of the A33 resonance, i.e., to the region of pion

kinetic energy Tw

100 MeV < 7V < 300 MeV , (1)

where the nucleus is rather opaque to pions.

There is now general agreement that the simple picture of pion scattering fails, but the

failure is not as spectacular as some might like. Much of the systematics of the data can

be understood qualitatively as though the simple picture holds. Consider, for example, the

^-dependence of pion single (SCX) and double (DCX) charge exchange to isobaric analog

states. The simple picture gives, for the excitation of analog states

o)=gi{N - Z)/A4/3 (2)

°) = 92(N - Z)(N - Z - 1)/A1O/3 (3)

These results, which follow from the eikonal theory,2 reproduce the data surprisingly well,

as seen in Figs. 1 and 2. For DCX, it is assumed that the scattering is sequential SCX

through the isobaric analog state.

Where does the simple picture faiP. The magnitude of the cross section cannot be

understood from the simple theory. Consider the values of gi and g? in Eqs. (2) and (3)

determined by fitting the data. The results5 are shown in Table I. One sees that there is

a large discrepancy at 165 MeV, suggesting that processes in addition to sequential SCX
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are occurring. A second significant failure is in the inability of the theory to reproduce the

shape of the angular distribution in DCX. This is shown in Fig. 3.

An important activity over the last decade has been to quantify in a meaningfvil way

the deviations from the simple picture. For elastic scattering, this has been carried out

phenomenologically in the isobar-hole model7 and in optical models. In the latter category

one has obtained results both in coordinate space8'9 and momentum space10'11 approaches.

These various approaches all require the inclusion of medium modifications of the pion-

nucleon scattering amplitude. Extensions of the optical model to include charge exchange

has been made in Refs. 9-11.

As an example of an optical model analysis I choose one9 that I know best, which is

a simultaneous study of pion elastic, and single and double charge exchange to isobaric

analog states. The theory is essentially an extension of the Striker, McManus, and Carr8

theory to describe SCX and DCX. The optical potential U depends on the pion isospin ^

and the nuclear isospin T as

U = UQ + u1£-T + u2(£-T)2 . (4)

Th<= optical potential is imagined to be expanded as power series in density. The lowest

order piece is determined semi-theoretically. It is proportional to the experimental pion-

nucleon scattering amplitude, evaluated at a shifted energy AE. Theoretical estimates14

give AE ~ 25 MeV. The second order potential is closely related to the nNN scattering

amplitude. In this theory it is characterized by three complex numbers for a given Tff: an

isoscalar Ao , isovector Aj , and isotensor Aj strength. Thus three numbers plus AE

characterize, respectively, all the elastic, SCX, and DCX cross sections throughout the

periodic table. The theory gives a simple representation of lots of data from low energy*

through 300 MeV.

* However, the ,4-dependence seen in recent low energy DCX data does not seem to be
well described by this theory.
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One of the lessons learned from studies of pion scattering is that one should use

nuclear wave functions with realistic tails. This is particularly true in charge exchange,

where neutron and proton densities often fall off at different rates in the nuclear surface.

Thus, it is not possible to infer the shape of neutron densities from knowledge of proton

densities obtained from electron scattering.2 In the optical model calculations discussed

below, wave functions were obtained from the Skyrme III Hartree-Fock theory.

The phenomenology is a very important link between the cross section data an i

the theoretical models of nNN scattering. The latter is not well known, and 7r-nucleus

scattering offers the possibility of learning it in all spin-isospin channels. The diagram

in Fig. 4 illustrates the way we have been approaching the analysis. Elastic scattering

determines AE and \0 . Forward scattering SCX and DCX cross sections determine X\

and A2 . The results of a phenomenological analysis are given in Table II. The 162 MeV

results are from Ref. 9(a) and the others from Ref. 15. The resulting fit for elastic scattering

is shown in Fig. 5, for SCX in Fig. 6, and for DCX in Fig. 7. The angular distribution

for DCX is then predicted as the solid curve in Fig. 3. The fact that the minima move to

smaller angles consistent with the data is an important result that has been difficult to

obtain in phenomenological analyses that use alternative representations of the medium

modifications.

Where do we go from here? One of the most interesting directions is to determine the
f21 12^ (2^

microscopic origin of Ao , Xx , and X2 in the TTNN interaction. We have some theoretical

understanding of this, which I will comment on shortly. But we should also learn whether

additional experiments can help make this determination. Consideration of this problem

leads naturally to a discussion of the high resolution n° spectrometer and the theoretical

approach that Singham and I are working out.

The optical potential in Eq. (2) bears a precise connection to the underlying Hamil-

tonian as specified by the many-body theory of Green's functions.20'21 We imagine that

the Hamiltonian describes the coupling of mesons, nucleons, and the A33. A few of the
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various contributions to the scattering through second order (in the number of nucleons

participating) are shown in Figs. 8 and 9.

Figure 8(a) shows the pion scattering sequentially from two nucleons through the

pion-nucleon scattering amplitude. Short-range nucleon-nucleon correlations tend to keep

the nucleons apart. Figure 8(c) shows the same process occurring through the lowest order

optical potential U^K Because the solution of the Klein-Gordon equation incorporates

Fig. 8(c) automatically, U^ must contain only the difference between Fig. 8(a) and 8(c).

Fig. 8(b) is the exchange of Fig. 8(a) and gives rise to a Pauli correction responsible

for narrowing the A33 resonance. Figure 8(d) is a different time ordering of Fig. 8(a),

corresponding to three pions present at the same time. Because we are using Feynman

propagators and the Klein-Gordon equation, a special term for Fig. 8(d) in U^ is not

required.

Figure 9 illustrates additional terms of £/(2) that are perhaps more interesting. Fig-

ure 9(a) shows the pion reflecting between two nucleons. This includes a piece of the true

absorption process through the pole term in the pion-nucleon scattering amplitude; it is

responsible for broadening the A33 in the medium. Figure 9(b) depicts the A33 interacting

with the medium, and this term has been demonstrated to be an important correction22

to pion double-charge exchange through the exchange of a p meson. Figures 9(c) and (d)

show the pion interacting with A33 mixtures in the nuclear wave function. It was thought

at one time that these terms would lead to large effects in double-charge exchange, but we

believe now that this is not the case.22

The various pieces that build up U^ may be calculated and compared to the ex-

perimental results in Table II in order to try to come to an understanding of the nNN

amplitude. The fact that the isoscalar, isovector, and isotensor interactions are separated

in Ao , Aa , and Aj means that we have three independent sources of information to help

make this identification. As an example, consider the Pauli correction in Fig. 8(b). The

isospin and energy-dependence of this was calculated in Ref. 23. The results are shown
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(21

in Fig. 10. One sees that the \0 are about the same s'ze as the Pauli correction in the

isoscalar and isovector channels. The agreement is not perfect, and we should not expect

it to be, because the physics of U^ surely involves more than the Pauli correction. True

absorption and multiple quasielastic knockout is known to play an important role in Ao .

It seems quite remarkable that the theory and experiment follow each other so closely in

the isovector channel. In the isotensor channel, the experimental result is much greater

than the theory, suggesting that an important piece remains to be identified here. The

origin of the isotensor interaction remains one of the outstanding puzzles in pion physics.

What could we learn with a high-resolution n° spectrometer?

Next, let us consider how a high resolution TT0 spectrometer could help identify the

pieces that make up the irNN amplitude. I would like to mention two important contri-

butions that this instrument could make.

1. Consider a double-charge-exchange reaction from the ground state of target nucleus

(N, Z) to its double-isobaric-analog state in nucleus (N — 2, Z + 2). A high-resolution n0

spectrometer could help determine the microscopic origin of the phenomenological strength

A2 that characterizes this transition. To see how, I first want to distinguish two sources of

(2)

Aj . One is the nonanalog sequential routes to DCX, corresponding to two sequential pion

single-charge exchanges through low-lying nonanalog states in nucleus (N — 1, Z + 1). An

example of this is shown in Fig. 11. The remainder of Aj is the nonanalog nonsequential

contribution. This corresponds to all other reaction steps such as those shown in Fig. 9.

The analog sequential route shown in Fig. 11 is calculated [as a result of the isovector

optical potential acting twice (Fig. 8(c))] in the theory of Ref. 9 and is therefore not part

of \2 in Table II. With the current n° spectrometer we can measure SCX to the isobaric

analog state and compare this to the calculation as described in the previous section. In

this way we gain confidence that the theory describes the analog route to DCX properly.
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Because of lack of energy resolution it is not possible to measure SCX to any of the

nonanalog states in nucleus (jV - 1, Z -f 1) with the current spectrometer. The main point

is now that by using the high-resolution IT0 spectrometer one would be able to measure

nonanalog SCX transitions to the nucleus (N — l,Z + 1) and use this information to

eliminate the nonanalog sequential pieces of X2 . To do this, one would have to extend the

theory of Ref. 9 so that the routes to DCX proceeding through nonanalog states in nucleus

(N — 1, Z + 1) can be calculated explicitly and compared to the SCX measurements with

the new spectrometer. Determining the nonanalog nonsequential contributions to X2 is

an important step in identifying pieces of the dynamics of the nNN system such as those

shown in Fig. 9.

2. The second use of the n° spectrometer would be to pin down further the medium

modifications in the spin-isospin channels. It is useful to quantify these, because each

diagrammatic contribution to the TTNN interaction has its own characteristic signature

in the various channels of spin and isospin: isoscalar, isovector, isotensor, isoscalar spin

flip, isovector spin flip, and isotensor spin flip. The n° spectrometer is the tool required

for obtaining the isovector and isovector spin flip amplitudes. With the high resolution

7T° spectrometer, one might see transitions of the latter type, and detect a variety of use-

ful transitions of the former category. By varying the energy and exciting states whose

transition densities are well-known, one would be able to examine the density depen-

dence of the optical potential. An important state in the isovector spin-flip category is

the Gamow-Teller resonance. Its structure is well known from measurements of nucleon-

nucleus scattering. Here the capability of measuring large angle scattering is especially

important.

As always, the experimental study of states in charge exchange is much easier than it is

in inelastic scattering, because the backgrounds are greatly suppressed in charge exchange

scattering.



In order to carry out a systematic study of the reaction mechanism along either of the

lines I have indicated, one needs an appropriate theory. It is necessary to use a generalized

optical potential including many coupled spin-isospin channels. At the same time, a theory

of such coupled channel scattering is needed, in order to specify unambiguously how to

define meaningful calculations and to interpret the results. Let me now turn to the thoughts

that Mano and I have on such an approach.

Toward a theory of the shell model and reactions.

We need to be able to study and critically assess the interplay between nuclear struc-

ture, e.g., the shell model, on the one hand and pion reaction dynamics, e.g., the irNN

reaction, on the other. Mano and I were unable to find a multiple scattering theory that

brings together the shell model and scattering theory in a fashion that we believe is ade-

quate for our purposes, and our study eventually led to the work in Ref. 1.

What would we like the theory to accomplish? We want, first of all, for the theory

to bring the shell model and scattering into closer contact at a formal level. Secondly, we

want to apply the theory to simultaneously examine the following: (1) elastic scattering—

this can be used to determine the pion attenuation; (2) nuclear structure—this determines

where the interaction is localized in nuclei and serves as a spin/isospin filter; (3) single

charge exchange and inelastic scattering—this can be used to study the medium mod-

ifications of the isoscalar and isovector interaction; (4) double charge exchange—this is

determined by the isotensor interaction, which is a direct measure of the TTNN dynamics.

I have discussed the application, so let me now turn to the formal problem, for which

we set ourselves the following goal: to derive from an underlying Hamiltonian

H = T + K + VN + VP , (5)

the following: (1) the shell model Hamiltonian Ho and the residual interaction H\\ (2) the

corresponding optical potential £(£") and transition interactions A£(i£). We have so far



only considered1 the case of a distinguishable projectile, and we have taken all interactions

to be potentials. In Eq. (5) T is the kinetic energy of the nucleons, K the kinetic energy

of the projectile, V)v the interaction among the nucleons, and Vp the interaction between

the projectile and the nucleons.

I will next sketch the main ideas. A basic concept underlying the shell model as well

as our theory is that of the model space, which is defined in terms of an unperturbed

Hamiltonian Ho
A A

Ho = Y,(*i + "•) = ! ] hoi =T + UN • (6)

Since we have added the potential £/jv, the perturbation Hi must be taken as

H1 = V-UN . (7)

Now, the model space is defined in terms of a subspace of eigenstates of Ho. Consider the

eigensolutions of ho,

h0 | aj) = eai | a,) . (8)

The spectrum of h0 is illustrated in Fig. 12. The model space is defined to be the space

spanned by states | $,) of n valence particles occupying TV active orbitals.

The object of the theory is now to map solutions | #) in the complete space,

E | * ) (9)

onto solutions | ty) of the effective interaction in the model space

^ *) = E\ *) , (10)

where | <ff) is defined in the full Hilbert space of the nucleus plus projectile, and | ^ ) is

defined in the truncated model space of the nucleus ® full Hilbert space of projectile. The

mapping preserves the properties of a subset of exact solutions of H, in the following sense:



(1) The eigenvalues of (//0 + H\) \ i/\) ~ E, I </',) a r e t n e same as a subset of the

eigenvalues of (Ho + Hi) \ 4\) = E, | i/\);

(2) The 5-matrix elements for transitions among this subset of eigenstates of H is the

same as the 5-matrix elements for transitions among the corresponding states in the

model space; and

(3) The observable properties (e.g., magnetic moments) of the corresponding states are

the same. To enforce this equality it is necessary to introduce effective operators.24

In constructing our mapping, we want to preserve the following two properties. (1) The

identification of T*(E) as the optical potential, which can be obtained as the proper self-

energy of the pion Green's function, in the absence of valence particles; and (2) The

identification of H with the shell model potential in the limit of N valence particles but

no projectile.24 The new aspect of the theory occurs in considering a projectile plus TV

valence nucleons. In this case we have to show how to construct AS(E') diagrammatically

such that the desired 5-matrix elements can be calculated from it.

Once AS is constructed, we can obtain the scattering amplitude by solving a set

of coupled equations. These are found by projecting Eq. (10) onto the basis states of

where S t = (?/', | £ i V'i)i subject to the boundary condition that

(r | *) - | 0o)e'k-r + ]T "— | 4>})Fl} . (12)

Here k is the incident wave number of the projectile, k' is the wave number of the projectile

in outgoing channel j , and F{j is the scattering amplitude.

Related work in scattering theory can be found in the literature.25'26 Our theory differs

from these and has the following properties:



(1) Hi has the form assumed in the phenonieiiological shell model, i.e., it is energy

independent and Hermitian. AS(E) is energy dejxndent.

(2) H!, 2, and AS are expanded systematically in the basis provided by Ho.

(3) The desired theory can be derived as an extension of the folded diagram approach oi

Ref. 24.

We finally obtain a diagrammatic expansion of AS. To derive this, we look at diagrams

of the S-matrix

<$;k' |T(+oo,-oo) | * i ,k ) (13)

where T(t', t) is (up to a phase) the time evolution operator corresponding to H = Ho •+

Hi + K + Vp. We map the diagrams of T onto those of the S-matrix elements in the mode;

space

(*jk'\T(+oo,-oo)\*uk) (14)

where T(t', t) is the time evolution operator generated from H = Ho + Hi + K 4- S + AE

The manner in which this mapping is accomplished is technical, and I will not go into it

here; details are found in Ref. 1. Suffice it to say that Hi, S, and AS are all given by a

linked cluster expansion.

How do we apply this theory? Applications are easier than you might first expect. This

is because the shell model interaction and eigenstates | Tpt) can be calculated independently.

The scattering calculation in Eqs. (11) and (12) may be carried out as the second step.

Although our theory defines H\ in terms of the underlying Hamiltonian H, one might

want to begin by taking this from the phenomenological ".hell model. From existing shell

mode1 potentials one may obtain the quantities
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and

{£,} (17)

As shown in Ref. 1, these quantities are needed to calculate AS. Once S and AS are

obtained, Eq. (11) may be integrated. Existing programs such as CHOPIN27 are being

adapted to the task. We are currently expanding the number of coupled channels that

it can accommodate, allowing for the capability to calculate with microscopic transition

densities, and generalizing it to handle spin flip.

Summary

We have indicated a promising direction for pion physics. This would entail the

development of a high-resolution 7r° spectrometer to study:

(1) irNN dynamics in carefully selected nuclear transitions.

(2) Nonanalog sequential route contributions to pion double charge exchange.

The interpretation of the new data would be aided by the development of coupled channel

technology which would bring together the shell model and scattering. A theory developed

along the lines suggested here would unify elastic, inelastic, single charge exchange, double

charge exchange, and the shell model in a fashion parallel to the theory of Ref. 9, which

has demonstrated the feasibility of such an approach with a more limited objective.
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Figure Captions

1. ^-dependence of single charge exchange cross sections for various energies. The lines

correspond to A~a, where a is given on the figure. The data are from Ref. 3.

2. ,4-dependence tf double charge exchange cross sections for two energies. The lines

correspond to ,4~10/3. The data are from Ref. 4.

3. Angular distribution for DCX to the double isobaric analog state. The dashed line

corresponds to the simple theory, which is the result of sequential SCX through the

isobaric analog state. The solid line is a prediction based on a phenomenological

optical model analysis of SCX and DXC cross sections at 0°.

4. Illustrating how theory and experiment are being compared.

5. Comparison of theoretical TT+ and TT~ elastic scattering cross sections. The data are

from Ref. 16 (16O), Ref. 17 (28Si), and Ref. 16 (40Ca).

6. Comparison of theoretical single charge exchange dcr/dfl (0°) to data at 2V =

165 MeV. The x represent data and the solid squares represent the theoretical re-

sult. The data are from Ref. 18.

7. Comparison of theoretical double charge exchange dcr/dfl (5°) to data at Tn =

164 MeV. The x represent data and the solid square represents the theoretical re-

sult. For the experimental papers, see Ref. 19.

8. Examples of sequential processes contributing to the second order optical potential.

9. Examples of nonsequential processes contributing to the second order optical potential.

10. Calculation of the Pauli correction in Fig. 8(c). The results of diffraction theory are

compared to the phenomenological results that are given in Table II. The solid circles

are the real part of the A*2) from Table II and the solid square is the imaginary part.

The imaginary part of A2 at Tv = 162 MeV is too large (9.9 fm3) to fit on the scale.

11. Illustrating the nonanalog sequential and analog sequential routes to double-charge

exchange. The intermediate analog state is the one with the same space-spin structure

as the ground state and the double isobaric analog state.
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12. The spectrum of HQ. The model space is spanned by the set of states obtained from

n valence particles in N active orbitals.
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Table I. The magnitude of g\ and g2 obtained from the data compared to the
theoretical values.5

Tn (MeV) 9l (mb/sr) g2 (mb/sr) g2/gx (EXP) (THE)

165

230

292

49

26

18

5.5

12.

12.

0.11

0.44

0.68

0.5

0.5

0.5

Table II. Energy dependence of optical potential.

7V (MeV)

162

230

292

AE33 (MeV)

35 + 0.3i

20 4- 9.7*

19 + 4.9i

ISOSCALAR

A<a) (fai3)

0.8 + 3. li

3.1 +0.8i

1.7 + 2.4i

7SO VECTOR

M2) (fm3)

7.7 + 16*

-1.0-1- 6t

-2.8 - 0.6t

ISOTENSOR*

A^2) (fin»)

4.59 + 9.87i

-1.6 +5.84i

-3.3 +1.3i

(2 )'Full isotensor coefficient including correction \4 , assiuning T = 1. See Ref. 9.
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ABSTRACT

The L3 experiment is now in the final stage of constructing the first half-barrel of its

12000 crystal BGO electromagnetic calorimeter. This report reviews the design and construction

of the calorimeter. Test beam and laboratory results on crystal properties, radiation damage and

recovery, calibration methods, energy and position resolution and electron/pion separation are
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1 . Introduction.

1.1 A Brief History of BGO in High-Energy Physics.

In 1973 Weber and Monchamp'1) discovered the luminescence properties of Bismuth

Germanate, Bi4Ge301 2 . In the period 1975 to 1978 BGO came into common use in x-ray CT

instruments, but it was not until 1980 that crystals of sizes appropriate to high-energy physics

became available. By 1982 many groups were proposing its use in calorimeters and the

International Workshop on Bismuth Germanatet2) in November 1982 brought together a large

body of BGO proponents with many different applications.

BGO was attractive for two main reasons, its high stopping power, or short radiation

length, and its low afterglow. Calorimeters a factor of two more compact than Nal were possible

and together with its non-hygroscopic properties BGO was an obvious alternative for large scale

detectors. The costs were high and BGO crystals of more than a few cm3 were often cloudy and

non-uniform, but the protagonists were undeterred and BGO detectors have been used at CESR,

DESY, CERN and SLAC in the intervening years.

1.2 A Description of the L3-BGO Calorimeter.

In 1982 the L3 collaboration proposed the construction of a 4rc BGO electromagnetic

calorimeter for LEP*3'4-5). Physics interests dictated the requirement of the best possible

electron and photon energy resolution from about 100 MeV to 100 GeV. The calorimeter was to

operate in a 5 kGauss magnetic field and to be buried within a hadron calorimter and muon

chamber system. A tracking and vertex chamber of low mass surrounded the interaction region

inside the electromagnetic calorimeter. The short radiation length of BGO was crucial in keeping

the cost of the outer detectors reasonable and the use of a high quality electromagnetic calorimeter

close to the interaction region without interposing coils gave the ope of crystal-ball like

performance, but over a much larger energy range.

The calorimeter is shown in figure 1.2.1, it consists of approximately 12000 BGO

crystals each of length 24 cm, the cross-section of the crystals in the barrel is 2 x 2 cm at the

entrance face and 3 x 3 cm at the exit face. The endcap geometry is essentially the same such that

the input area of each crystal is approximately constant, but the number of crystals in each phi

ring (around the beam direction) is a function of the theta angle (measured from the beam axis) of

the crystal. The crystals are held in place by a carbon-fiber structure (6) with a single cell for

each crystal, the carbon fiber walls have a thickness of 200 u.m. By means of a fixation device

mounted on the structure, the carbon fiber is held in tension with the crystal in longtidudinal

compression, as in figure 1.2.2. The crystals are arranged such that each crystal axis is tangent

to a circle of radius 5mm centered on the interaction point, this is to avoid the phi carbon-fiber

walls pointing towards the interaction region. ( The pointing of the theta wails is not a problem
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Half-Barrel

e" »»
1«ssSSx«ft»\i|| Iff\HH(((/wi^S^\ Endcap

= = = = Chamber-

•PL
Fitiura 1.2.1

Cut through a phi plane of the BGO calorimeter, the Forward Calorimeters and Luminosity

Monitors are not shown.

due to the finite bunch length that spreads the interaction point for a few cms along the beam

direction.) The calorimeter is split into 4 component parts, two half-barrels split at the Theta =

90° plane and extending to Theta = ±42°, and two endcaps W from Theta - 42° down to Theta =

12°. A small-angle forward calorimeter, also of BGO, covers the region from Theta =12° to

Theta - 5° and a BGO Luminosity Monitor completes the electromagnetic calorimeter coverage

down to Theta » 1.3° (23mrad).

Two Photodiodes are fixed to the rear face of each crystal and they are connected, in

parallel with each other, to an FET input preamplifier. The amplified photodiode signals are than

transported about 3 meters via coaxial-cable to an amplifier ard ADC card. There the signals are

integrated and held between beam-crossings, pending a trigger. If a trigger has been generated the

signals are digitized and passed to the data acquisition system.

Carbon fiber composite
honeycomb structure (200 urn of C between crystals)

Two Photodiodes

Capsule

Two light
fibers

Fixation Device.

Expanded View
showing Capsule,
Photodiodes and

Light Fibers.

Figure 1.2.2.

Schematic of a crystal withir its carbon-fiber shell.
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1.3 The Construction Status of the L3-BGO Calorimeter.

The first half-barrel is now in construction, most of the crystals are already shipped, the

carbon fiber structure, photodiodes and electronics are being manufactured. Loading of this

half-barrel will take place in February/May 1987 and testing and intecalibration will be

performed in the CERN X3 electron beam in the summer of 1987.

The second half-barrel will follow on a similar schedule in 1988 ready for installation in

the L3 interaction region at LEP by the end of 1988. The Luminosity Monitor will also be

installed at that time. The endcaps will probably be installed after the first year of LEP running.

2. Properties of BGO.

2.1 Spectra, Timing etc.

The emission spectrum of BGO is peaked in the blue-green at 480 nm. This makes it ideal for

readout with photodiodes which have high quantum efficiencies in the visible spectrum. The

excitation, or absorption, spectrum is peaked in the ultra violet at about 280 nm and there is no

overlap between the two spectra <2>8>. This large Stokes Shift (2.0 eV) is of course vital for a

successful scintillating material. The L3 group has made detaifed studies ^ of these spectra for

many different BGO crystals in an attempt to understand the mechanisms of radiation damage in

BGO.

TABLE 2.1.1

Properties of BGO

Molecular Formula: Bi4Ge3012

Density: 7.13 g/cm3

Hardness: 5 Mho

Melting Point: 1050°C

Non- Hygroscopic.

Nuclear Interaction Length 22 cm

Radiation Length 1.12 cm

Moliere Radius 2.7cm

dE/dX (min. ionizing) 9.2 MeV/cm

Refractive Index at 486nm 2.149

Temperature Gradient of Light Output -1 % / °C (at 20 °C)

Light Output Decay Constant 300ns

Temperature Gradient of Decay Time -6.4 nsec / °C (at 20 °C)
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BGO has a fast signal rise-time of less than 5 ns and a decay time of 300 ns. The

requirement of good energy resolution with small signals, necessitates the use of preamplifiers

having a long time constant { approx. 1 jiS ). Since the cycle time at LEP in 4 x 4 bunch mode is

11U.S we have not attempted to pursue the timing resolution question, except that in 1982, Dietl

et al. (1°) made a test which showed that a timing resolution for electrons at 212 MeV/c of 640pS

FWHM was acheivable using photomultipliers. Photodiodes are generally slower, but Lorenz <6)

has obtained a timing resolution of 94 nsec FWHM for 30 MeV signals, for larger signals the

timing resolution is expected to improve further.

2.2 Light Yteld and Crystal Uniformity.

We have used a cosmic ray apparatus to study the uniformity of response and the light

yield of various BGO crystals The apparatus consists of a cosmic ray telescope equipped with

triggering scintillators and MWPC's. The apparatus allows the simultaneous measurement of up to

10 BGO crystals, after suitable fiducial cuts a data rate of >5000 events/crystal/day can be

acheived. A polished trapezoidal BGO crystal, being read out at the large end, has a very

non-uniform light output. The focussing effect of the multiple internal reflections and the small

critical angle for collection of light, causes the tight produced far from the photodiode to be

preferentially collected with respect to light produced close to the photodiode (Figure 2.2.1). This

difference is approximately a factor of two for our best quality crystals. Up to November 1986 we

had been roughening the surface on two side-faces of the crystal to compensate for this effect. In

November we discovered that a previously rejected method for increasing the light output was in

fact an improvement on this technique and simultaneously achieved the correction of most of the

non-uniformity.

*c
3

8
z

16

14

12

10

8

6

4

2

Poiistwd

NE560 Paint

Two sides depoKshed

Figure 2.2.1.

Typical signal in a crystal as a

function of the longtidudinal

position of the light production

in the BGO.

24 20 16 12 8 4 0

Distance to Photodiode [cms.]

The new method of correcting the non-uniformity of the light output is by painting the crystal

with a very white paint (Nuclear Enterprises NE560). This had been rejected on the assumption

that the total internal reflection properties of the crystal would be destroyed, however our tests
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show that even if this is the case, there is a substantial improvement due presumably to the

enhanced specular reflectivity. The light yield of the crystal is increased by 40 ± 10%. (40).

We define a measure of the light uniformity, R, where R=[s(21)-s(3)]/ s(3), in which

s(3) is the amount of light collected for a point source 3 cms from the photodiode, and s(21) is

the amount of light collected from an identical point source 3 cms from the front of the crystal

(the small end). Once compensated the signal varies approximately linearly with position. Since

the longtidudinal depth of the shower maximum varies linearly with ln(E), a positive uniformity

factor introduces a negative second order non-linearity in the energy response, as the light output

at the front of the crystal is enhanced. We have studied Monte Carlo results to determine the value

of R which yields the best energy resolutions over our energy range of interest. The results

showing the variation in the resolution as a function of the value of R, are shown in figure 2.2.2.

The best results are obtained when the light from the rear of the shower is slightly enhanced with

respect to the light from the front of the shower, this effect partially compensates for the leakage

of energy through the back face of the crystal.

We are now studying the best prescription for obtaining the R-value desired (-10% < R <

5% ) using the white paint compensation method. This method will be used for the calorimeter,

however the remainder of the results presented here were taken not with the white paint, but with

an aluminised mylar wrapping. All results dependent on the signal/noise ratio will be improved by

the factor of 1.4 in light yield. For example the energy resolution below 1 GeV, and the

susceptibility to fake triggers due to the uranium background radiation from the hadron

calorimeter, interacting in the photodiodes.
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Figure 2.2.2.
Variation in the expected energy

resolution as a function of the

crystal non-uniformity, R.
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3. Radiation Damage.

3.1 Experimental Measurements.

The L3 Luminosity Monitor group has studied (12"14) radiation damage of BGO crystals

using Hospital Co60 therapy units originally, and, more recently, experience at PEP and CESR.

They have concluded that a dose of 100 rad lowers the light output of the crystal by 10% to 20%,

and can be mainly ascribed to a change in the optical absorption length of the crystal, rather than

to a change in the basic luminescence process. They have also observed saturation of the radiation

damage for a light yield reduction to 50-80% of the undamaged light yield, for doses in excess of a

few hundred rads. A heavy, but possible, radiation dose of 5 Rad/hour gives a reduction in the light

yield that plateaus at about 92% of the original light yield.

Importantly, they have observed that even heavy radiation damage recovers spontaneously

at room temperature with time constants up to a few days. Also, curing the crystals at the slightly

elevated temperature of 60 °C is sufficient to remove the radiation damage in the crystals with

time constants of less than one day.

The radiation damage is similar in initial magnitude to that induced in Nal, but a large

fraction of the damage in Nal does not recover spontaneously.

3.2 Calculations of Radiation Dose at LEP.

We have used the GEANT (15) Monte Carlo program to study the expected radiation dose in

the BGO calorimeter and the Luminosity Monitor (16>17). Beam losses under various conditions

(injection,beam dump, standard running...) have been studied using tracking programs for the

LEP ring. The simulation included the BGO, the other L3 detectors and support elements, the beam

pipe with valves, flanges etc., and the beam line elements. During injection the Luminosity

Monitor is retracted behind shielding to protect it from most of the injection losses. In all cases a

LEP cycle of 10 machine fills per day was assumed. The conditions studied were:

• Standard Data taking.

Synchrotron radiation and beam gas was found to be negligible compared to the

loss of beam on the nearby collimators (18). The LEP tracking program

predicts such beam losses at about 8 kHz. In the detector simulation 50 GeV

positrons hit the front edge of the collimator at an angle of 1 mrad.

Injection.

The worst case was considered to be the the complete filling of the vacumn

chamber at the injection point, in which case 109 positrons per fill are

expected to hit the vacumn chamber 14 m upstream of the L3 detector. In the

simulation 20 GeV positrons hit the beamtube with an angle of 1 mrad. At
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injection the collimator is open but the superconducting quadrupole is off.

Beam Dumping.

The worst case beam dump procedure would be the turning off of the RF with

all collimators left in their nominal positions. In this case 4 x109 positrons

are expected to hit the upstream collimator. In this case the Luminosity

Monitor is presumed to be in its standard data taking position, ie. not

retracted.

Accidents.

A realistic type of accident might be the injection of positron pulses with the

vacumn valve upstream of the detector closed. To simulate this, positrons of

20 GeV were sent onto the valve with the expected phase space distribution.

The Luminosity Monitor is assumed to be close to the beam. The most severe

type of accident would be the dumping of the full beam (1.6 x1012 electrons )

onto an accidentally closed collimator during data taking. To simulate this, 50

GeV particles were sent onto the closed collimator.

The results of the study are summarized in Table 3.2.1.

TABLE 3.2.1

Radiation dose map. (Rad/Day)

Source of Radiation Barrel

Standard data taking <.1

Standard Injection <.1

Beam Dumping <.1

Injection onto closed valve <.1

Full Beam loss on Coll. 0.1

In all but the Luminosity Monitor the radiation doses are never severe, they can be

minimized in the Luminosity Monitor by withdrawing it before beam dumping and/or using a more

sophisticated beam dump method. In the case of the most severe accident the Luminosity Monitor

would have to be removed for curing. Radiation damage does not appear to be a significant problem

for the main calorimeter, Barrel and Endcap, only in the Luminosity Monitor is it likely to cause

occasional problems. The Luminosity Monitor has the advantage of easy access and removability.

Endcap

<.1

<.1

0.1

0.1

12

Forward

0.2

0.2

12

4

240

Luminosity

1.2

<.1

70

10

2800
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3.3 Monitoring of Radiation Damage.

As discussed in section 5 we have a number of methods to track radiation damage and/or

long term stability of the BGO system. Since radiation damage must be tracked rapidly, the most

applicable methods will be the Monitoring by light pulses and the use of cosmic rays. A complete

light pulse calibration can be performed easily between fills, the cosmic ray scan of the complete

detector takes of order two days to complete. As noted in section 3.1, the major effect of radiation

damage is to reduce the optical attenuation length of the BGO, which can be easily monitored by the

light pulses. In addition we plan to install an RFQ accelerator (section 5.3) to give an intense

source of low energy monoenergetic gamma rays of about 18 MeV for calibration. The response of

the calorimeter to these gamma rays is especially sensitive to any radiation damage close to the

front end of the crystal.

The Luminosity Monitor is likely to be the only detector to suffer occasional serious

damage, as mentioned above it can be withdrawn for curing. In addition it can be monitored by the

Bhabha events which will give a rapid recalibration of the detector, unfortunately the Bhabha rate

in the rest of the detector is too small to be useful.

4. Readout.

4 .2 Photocfiodes.

Two Photodiodes are affixed to the rear face of each crystal. A custom device manufactured

by Hamamatsu Corporation has been selected . Table 4.2.1 summarizes the properties of that

device.

TABLE 4.2.1

Specifications of Photodiode.

Type: Hamamatsu S2662

Active Area: 1.5 cm2

Package Dimensions 10 x 24 mm

Capacitance at Vg=» -15V: 115 pF

Dark Current at V B = -15V: 5nA Max

Early photodiodes from Hamamatsu and other manufacturers displayed a serious increase

in their leakage currents after a continuous period of operation. This happened in time periods of a

few weeks of operation. Hamamatsu Corporation and others concluded that this leakage was due to
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contamination of the silicon by ionic compounds in the epoxy used as a window to the diode. The

above diodes are manufactured with a special epoxy developed in conjunction with Hamamatsu

which does not appear to have this problem. In addition all diodes undergo burn-in for 100 hours

at 80 °C and -15V bias before shipment to detect any likely to fail. We have been testing about 50

of this type of diode for 18 months continuously with absolutely no failures or increases in leakage

current. After correction for temperature variations the leakage currents are found to be constant

within 0.1 nA.

The diodes are fixed into a capsule which holds the two diodes in place and has a mounting

for the two fibers carrying the light pulses for monitoring, it also has space for the fixation of a

temperature monitoring device. The capsule is made from a reflective material, it is fixed in

place on the rear of the crystal in a gluing jig and any remaining bare BGO surface is painted white

to increase the light yield.

4.2 Low-Noise Preamplifiers.

The preamplifier is a hybrid circuit ^Q>20), the block diagram of the circuit is shown in

figure 4.2.1. It is a charge sensitive amplifier whose output step signal it equal to q/Cf, where q

is the charge collected from the photodiode and Cf is the feedback capacitance. The rise time of the

pulse is determied by the the luminescence lifetime of the BGO which is approximately 0.3 u.sec,

and the decay time is determined by the product RfCf. The value of Rf is chosen to be large so that

the noise it introduces is small. Finally the FET, a Toshiba 2SK147, was chosen because of its high

g m (50 mA/V for l(j=5mA) which minimizes its noise contribution (proportional to 1/ gm), and

its low capacitance (90pF) which is small compared to the combined photodiode capacitances and

so minimizes its noise contribution. The series noise due to the FET g m is still the dominant

contribution to the noise sum.

Figure 4.2.1.
Block diagram
preamplifier.

of the
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The preamplifier has been tested extensively during the past two years. With the chosen

values of Cf (3.9 pF) it has a gain of approximately 39 p.V/1000 e, (the BGO light yield is about

900 electrons / MeV, into our particular photodiode arrangement and for our crystal geometry,

this will be increased by the factor of 1.4 discussed at the end of section 2.2). Under these

conditions we measure an intrinsic noise of the Photodiode + Preamplifier + Amplifier (as

described in section 4.3) of 1 MeV (0.7 MeV with paint). The actual electronic noise in the SPS

environment and without correction for the correlated components, is approximately 1.5 MeV

(1.1 MeV with paint). Most of the correlated noise appears to enter via the photodiode, and tests

show it may be reduced by the use of improved shielding around the photodiode which we shall

install on the calorimeter.

The value of Rf is chosen to minimize its noise contribution and is 200 MQ for the Barrel

electronics which gives a decay time constant for the output of about 800 u.S. For the Luminosity

Monitor we have decreased Rf to 40 MQ as the rate of beam energy particles in the Luminosity

Monitor is much higher than in the Barrel, we therefore have reduced the time constant in order

to avoid "pile-up" problems.

The Photodiodes are DC coupled to the preamplifier and reverse biased to -15V. A test

pulse ciruit is available for the injection of a step up to 30 mV (750 MeV equivalent) into any

preamplifier to test the complete readout circuit.

4.3 ADC systems.

This detector is required to have good energy resolution from about 100 MeV to 100 GeV.

Good energy resolution at 100 MeV implies a least count of less than 1 MeV, or a dynamic range of

105. Since crystal light outputs may vary between different crystals by up to a factor of two the

ADC must effectively be able to operate up to about 200 GeV for an average crystal.

The Preamplifiers are connected via 3 meter long cables to the amplifier and ADC boards

(called the Level-1 readout board). Each Level-1 board contains the amplifiers and ADC's for 12

preamplifier outputs. The long time constant signals from the preamplifier are passed through a

"pole-zero" circuit whose time constant is individually adjusted from channel to channel to match

that of the preamplifier. Such a circuit effectively differentiates the preamplifier output, but

exactly compensates for the long decay time of the pulse, to give a zero base-line shift.

We have designed and built a system (21"25) with two amplification channels, one for E < 2

GeV, and the other for E > 2 GeV. The block diagram of the circuit is shown in figure 4.3.1. The Low

Energy channel is equipped with a diode and transistor protection circuit which prevents it going

into saturation for large signals, and has an extra gain of x32 compared to the High Energy

channel. Both High and Low Energy amplified signals are integrated and then held on a Sample/Hold

device about 5 u.S after a LEP beam crossing. Once the signals are held a switch around the

integrator closes and they are reset ready for the next LEP crossing. If a trigger has been

generated (see section 4.4) the ADC proceeds to digitize the data.
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Block diagram of the two channel amplifier.

The ADC has been implemented by a microprocessor controlled 12 bit DAC for each readout

channel. The held signals are amplified again by four operational amplifiers, so that there are 6

signals which could be digitized by the microprocessor, they range from the unamplified output of

the high energy channel to the x16 output of the low energy channel. The microprocessor can be

commanded to digitize any given amplified output, or, in data taking mode, to digitize the output

that is closest to saturation, ie. that which has the largest usable count. In this way a 20 bit

dynamic range can be digitized with at least a 10 bit resolution, by the use of a relatively cheap

12 bit DAC. The microprocessor is able to digitize a single reading in 300p.S, at that time it

releases its trigger inhibit and is ready for further triggers. It is able to buffer 40 events locally

before it must empty that buffer to the data-acquisition system. The instantaneous maximum

trigger rate is then, 3 kHz.

The microprocessors are connected together in token passing rings, typically 60 are in

the same ring. Each ring is connected via long-cable driver/receivers to a Motorola 68010

computer (called the Level-2 processor) operating in a VME environment. Each VME crate can

contain up to 16 Level-2 processors together with an I/O controller and a Level-3 processor. The

Level-3 processor is effectively a crate controller which gathers the data from dual-ported

memories on the Level-2 processors and passes it to a Level-4 processor which is connected to

both a VAX controlling the BGO, and to a Fastbus module in the main L3 data acquisition system. The

BGO VAX can download code to levels 2,3 and 4 , The Level-1 microprocessors are mask

programmed devices whose code cannot be changed, except by replacing them. The organisation of

the upper levels of the readout is shown in figure 4.3.2.
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The Level-1 microprocessors are able to operate in a number of different modes, these

are controlled by the Level-2 processors:

Data iiode, as described above. A sparse scan mode is available,

whose threshold is downloaded at run start; in this mode the

Level-1 readout does not pass data on to the upper levels unless it

exceeds the sparse scan threshold.

Pedestal setting mode: the microprocessor controls a DC level

which can be added to the Low and High energy signals to ensure

that the pedestal of the ADC is at a preselected value.

Leakage Current mode: The microprocessor can select to digitize a

voltage which is proportional to the DC feedback current being fed

to the preamplifier, this effectively monitors the leakage current

of the photodiodes.
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Temperature mode: The microprocessor can select to digitize the

output of a temperature sensitive device. These are distributed

over the BGO and the electronics, see section 6.2.



• Test modes: A number of test modes have been implemented to

allow the Level-2 processor to test the integrity of the

Level-1 microprocessors, their ROM code, data lines etc. The

entire microprocessor code can also be uploaded to the Level-2

processor in case of problems.

Hibernate mode: The Level-1 microprocessor effectively

hibernates, if the token is passed to it, its only action is to pass it

on.

The Level-2 processors are able to control in which of the above modes the

microprocessors are operating. They also have control of a test pulse generator which can be used

to input voltage steps to the front-end of the preamplifier to test it and the ADC system. The

level-1 processors control switches so that all, or any combination of them, can be fed test pulses

at a given time. The Level-2 processors can buffer many thousand events if necessary, before

being required to empty their buffers to the upper levels. The readout time for a ring of

microprocessors depends on the number of channels in a ring with signals greater than the sparse

scan threshold. This is typically about 2ms, which determines the maximum average trigger rate

to be about 500Hz. Once a trigger has been generated and sent to the Level-1 processors, there is

no mechanism to "fast clear" that trigger.

The Level-3 and 4 processors are effectively message handlers. They disseminate the

startup instructions to the Level-2 processors and pass whatever data is generated on to the BGO

VAX and the L3 data acquisition. They could also perform preliminary sorting of the data; each

Level-3 processor has access to the data from about 1/8 of a barrel, first stage cluster finding

could be appended to the data stream.

All of the electronics described above has been prototyped and tested and is now in

production. The Test Beam results described in Section 7 were taken with this readout system.

4.3 Triggering.

Each channel has a direct ouput from the pole-zero which is converted to a current in a

multiplying DAC. The gain of the DAC can be adjusted by the microprocessor controlling each

channel to apply a calibration factor to equalise the signals from all crystals. The currents from

groups of crystals are summed to form an analog sum signal. For the barrel there are 256

different analog sums which can be processed by the L3 trigger to form Total Energy.Forward /

Backward Energy etc. They can also be combined with the TEC triggering information to trigger on

single or isolated photons for example and with the Hadron Calorimeter Trigger for Total Energy

and Energy Flow triggers. The noise sigma for the groupings of 30 crystals is expected to be

around 25 MeV
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5. Calibration and Monitoring Methods.

5.2 Introduction.

Calibration is a major concern of the L3 experiment. The BGO detector is required to have

an energy resolution of about 1% over most of the energy range. The maintenance of stable

calibration values for the 12000 crystals is formidable. The use of Photodiodes as readout

elements greatly reduces the stability problem, they have unity gain and hence do not give rise to

varying calibration constants as a function of time. The gain is instead in the preamplifiers, which

have very stable gain characteristics and which can be easily monitored with electrical pulses.

Radiation damage, as discussed in Section 3, is not a serious problem for most of the calorimeter

but we must be sensitive to small changes which could destroy the 1% resolution of the detector.

LEP does not offer a ready supply of calibrating particles, such as Bhabha scattering, for

most of the detector. The noise inherent in the photodiode/preamplifier combination is at best 0.5

MeV, and is generally closer to 1 MeV, so that simple gamma ray sources are not useful. We have

then adopted an approach in which we calibrate the detector a number of different ways, each on its

own is not sufficient to ensure long term stability, but the combination of all of them gives us

confidence that the desired performance can be realized.

5.2 High-Energy Electron Beams.

Our primary calibration is that performed in the X3 electron beam at CERN. This beam

can deliver up to 3 kHz of electrons in the energy range from 2 GeV to 50 GeV. The beam will

operate at 1 GeV, but the momentum spread is very poor there. This beam is equipped with delay

-line readout chambers to allow a measurement of Ap/p to, typically, 0.3%. We have constructed

a turning table onto which a half barrel of the detector can be mounted, together with all its

electronics. The table control is able to position any crystal in the beam. By scanning the table

position so that all crystals are illuminated by the beam we can determine a first order relative

calibration constant for each crystal ( called «j for the i'th crystal). By an iterative process the

relative calibration can be extended to the sum of 9 or 25 crystals. Leakage Monte Carlo programs

(eg. EGS (26* and GEANT (15ty show that the energy contained in a 25 crystal matrix in this energy

range is calculable, insensitive to the exact cuts of the Monte Carlo and close to 100% of the

incident energy. Using this method in the test beam we have been able to measure relative

calibration constants at a number of different energies for a 100 crystal test matrix and to obtain

good results on resolution, independent of which crystal the beam hits. (See section 7.) The

completed half-barrels and endcaps will be calibrated in this way.

5.2 Minimum Ionizing Particles.

When a minimum ionizing particle traverses a slab of BGO it deposits approximately 9

MeV/cm of pathlength with a Landau distribution of energy deposit fluctuations. Two sources of
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minimum ionizing particles are available to calibrate the BGO, a) hadrons and muons from

Physics processes at LEP and b) Cosmic ray muons. The LEP physics processes, even when

running at the Z° are not plentiful enough to allow a rapid calibration of the detector. A period of

order one year is required to obtain sufficient statistics for all crystals. However our studies ' 2 7 '

indicate that it will be possible to obtain a good check of the calibration using cosmic rays in a

period of order one day. In January 1987 we willbe mounting a test using a cosmic ray telescope

and a 100 crystal test matrix to determine the best algorithms for obtaining a calibration from

this data. In L3 we have large-area high-precision muon chambers surrounding the calorimetric

detectors. The muon momenta can be measured two iimes, and for those muons traversing the TEC

chamber, three times. Using this information we can make phase space cuts to select muons with a

minimum of multiple scattering and energy loss. The energy straggling for 10 GeV muons is about

8%, and with the expected position uncertainty from the muon tracking, we estimate that the use

of 100 muons/crystai/day will yield a 1% calibration. Over a longer time period it will be

possible to collect data samples for different longtidudinal slices of the crystal to search for any

localised radiation damage effects.

5.4. Low-Energy Photon Sources.

Since the intrinsic noise of the electronics is of order 1 MeV, and there is no provision for

self-triggering or triggering for signals of a few MeV, natural gamma ray sources are not useful.

Neither is it practicable to consider the use of a Van der Graaf Accelerator, because of the access

limitations to the BGO detector. We are however proposing to use an RFQ accelerator*28'29) with

a 1.5 MeV neutral hydrogen beam to bombard a Lithium target close to the interaction region. A

radiative capture reaction occurs giving gamma rays of 17.6 MeV well separated from the nearest

background at 14.8 MeV. Tests using such a target at the Kellogg laboratory have shown that even

with a 1 MeV noise width it is possible to obtain a precision calibration point from the midpoint of

the high energy edge of this; gamma ray signal. This technique then is able to supply an accurate

calibration of the BGO luminescence between LEP fills. It is of course a long way in energy from

the range where mosi of our data will be, but it is the only way we have to rapidly detect any

degradation in the low energy signal due to radiation damage, it will also serve as an extra tool to

track any changes in the light yield with temperature variations At the present time studies are

continuing to finalise the design of the RFQ.

5.5. Monitoring by Light Pulses.

We have equipped each crystal with two light fibers to allow us to send a light pulse into it

to track any changes in optical attenuation of the crystal. As stated in section 3.2, the result of

radiation damage can be ascribed to a reduction in the transparency of the BGO. The optical fibers

are in contact with the crystal next to the photodiode, apart from some backscattered light most of

the light muct traverse the crystal twice before reaching the photodiode , thus sampling the optical
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attenuation of the crystal. An additional task for the light pulse monitor is to assist in the

maintaining of the absolute calibration in moving from the test beam to the LEP tunnel.

The light fibers are fed by sixteen xenon lamps for the barrel. The output of each lamp is

passed through a neutral filter to adjust its intensity and then via a fiber bundle (four per lamp)

to a light mixer. The light mixer is proceeded by a spectral filter to match the xenon spectrum to

the luminescence spectrum of the BGO. Each light mixer in turn feeds the light pulse to 270

separate quartz fibers. The fibers are arranged so that the two fibers on a crystal are fed from

different xenon lamps for redundancy.

The outputs of the light mixers are monitiored in in two ways. (A) By feeding the light

pulse to a photodiode close to the BGO detector whose signal is amplified and measured, and whose

abosulute gain is monitored by the 122 keV gamma ray from a Co57 source which deposits its

energy directly into the photodiode junction. (B) By a photomultiplier tube outside the magnetic

field of the L3 detector which is calibrated by an Americium doped Nal crystal.

The system has been extensively tested during the past two years test beam operation.

During a recent period of 16 days (31^ the stability of any crystal light pulse signal with respect

to Americium reference was 0.36% RMS. The stabilty of any crystal signal with respect to the

sum of all the other crystal signals, a measure of the intercalibration stability, was 0.15% RMS.

6. Other Contributions to Resolution.

6.1 Thermal Stability and Uniformity.

The light yield from BGO is dependent upon the temperature, with a gradient of about

- 1 % / °C at 20 °C . Any non-uniformity in the temperature distribution within a crystal

introduces an effect on the resolution in the same way as that due to optical collection

non-uniformities^32), (see section 2.2 and figure 2.2.2). Also, changes in the overall

temperature of the detector introduce variations in the calibration constants. We have therefore

adopted an active heat removal scheme to remove the heat generated in the electronics, and a

system of active thermal shields to protect the BGO from temperature variations in its

environment. In both cases freon flows through the thermal screens at slightly less than

atmospheric pressure (to avoid leaks). The detector is also instrumented with temperature

measuring devices distributed over the front and back faces of the crystals. They are arranged in a

matrix of cell size approximately 25 crystals which is the approximate cluster size for a typical

electromagnetic shower.
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6.2 Radiation Background.
The BGO detector is buried within the hadron calorimeter which is of the Uranium /

gas-sampling type. A 55mm wall of stainless s'eel is between the Uranium and the BGO. The

gamma radiation from the Uranium is always of too low an energy and rate to cause any

appreciable effect in the BGO. However, a gamma ray depositing its energy partially or completely

in the junction of the photodiode can give rise to a signal which, in MeV equivalents in the BGO, is

large. We have modeled this and performed tests(32) using a 100 crystal test matrix, as described

beiow, and a hadron calorimeter test module. By randomly triggering the BGO readout we can

measure the equivalent energy spectrum with the Uranium in place and compare it with ihe same

spectrum without Uranium. This spectrum is shown in figure 6.2.1. (the gain of the crystal is

assumed to be 900 x 1.4, or 1260 electrons/MeV, as with the painted crystai solution). The effect

would be observed in the data as a single crystal with an Energy deposit of up to a few hundred

MeV, such a deposition could not be confused with a real electromagnetic shower, and since no

track would be present , it could not be confused with a minimum ionizing particle; it is then not

an important effect in the final reconstruction of data offline. It could however affect the low

energy single photon trigger rate. We do not anticipate that such a triggor would operate in this

energy range without additional triggering information from the remainder of the detector, but at

some future time such a trigger may be desirable and practicable and we have therefore measured

the magnitude of the effect. Since the expected real trigger rate at LEP is of the order of 1 Hz, any

spurious trigger rate should be

i

I
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Figure 6.2.1
Equivalent BGO energy spectrum

of the Uranium background

radiation interacting in the

photodiodes.

small compared to this. Figure 6.2.2 shows the expected trigger rate in the BGO barrel for single

depositions of energy, due to the Uranium effect, as a function of the equivalent energy in the

BGO.the effect would be significant for trigger thresholds of about 150 MeV.
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By making requirements on a single photon trigger that significant energy, hadronic or

electromagnetic, be deposited elsewhere in the detector, the Uranium background radiation will

not give rise to either trigger rate or event reconstruction problems.

I
g

100 200

Threshold Energy [MeV]
300

Figure 6.2.2

Trigger rate, as a function of

single photon energy threshold,

due to the Uranium background

radiation.

7 . Test Beam Results.

7.1 Energy Resolution and Linearity.

We have performed extensive beam tests of prototype calorimeters and electronics during

the past five years (10-33-34). Our most recently published data was taken at CERN using the X3

beamline of the SPS which supplies electrons of from 2 to 50 GeV. This beamline is equipped with

momentum dispersion measuring chambers which give a measurement of Ap/p with a precision of

0.6% at 2 Gev and 0.3% above 6 GeV. We have used a test matrix of 100 Crystals that will later

form part of the second half-barrel of the calorimeter. The crystals are mounted in a

carbon-fiber/epoxy structure^35' with wall thicknesses etc., identical to those in the final

detector . They are arranged in a 10 x 10 matrix with a central wall of stainless steel which

corresponds to the wall at 90° where the two half barrels are joined. Each crystal was equipped

with two of the final photodiodes >n 1986, and the readout was also that now under construction for

the final calorimeter.

The crystals were calibrated with a narrow (ax=3mm, oy=2mm ) 10 GeV electron beam

aligned with the crystal's central axis. This signal was used to determine the individual crystal

gains in u.V/MeV, o<j. For resolution and linearity measurements at high energy we have found it

best to use the sum, weighted by the CXJ'S, of the 25 crystals including and surrounding the crystal

with the maximum signal. About 75% of the energy in a given shower is contained within central

crystal and we apply a correction to the sum of 25 crystals determined by the light collection

uniformity of that crystal. Using the uniformity measurements determined in the cosmic ray test

stand, and simulation with the GEANT program, we have determined a simple correction, £(E,R),

322



which is quadratically dependent on the energy deposited and the value of R, the uniformity

constant. The final result is a measurement of the electron Energy, S given by:

S = Zi (E,R) Z <*jS'(E)

where, j is an index refering to the central crystal, i runs over the sum of 25 crystals, and s' is

the energy measured in crystal i. The energy resolution c?E/E of the resultant signal is determined

from the histogram of all such signals where aE= FWHM/2.36. The results are shown in figure

7.1.1.

Linearity variations from crystal to crystal influence the resolution of the detector when

combining data from many parts of the calorimeter. The finite siza of the crystals, for example,

gives rise to an energy dependent leakage of measured energy; this is however calculable and is the

same from crystal to crystal and so does not affect the detector resolution. We have compared the

measured absolute energy scale with a GEANT simulation and found excellent agreement,

futhermore, our electron calibration of the detector will be performed at three different energies

so the final reconstruction will not be particularly sensitive to these corrections. The variations

in the non-linearities of crystals arising from their different non-uniformities of light collection
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Energy resolution measured in

BGO test matrices from 100 MeV

to 50 GeV.
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will however reduce the resolution of the detector, there will be a broadening of the spectrum due

to the dispersion in the positions of the various peaks. For this reason we consider the most useful

definition of linearity to be the r.m.s dispersion in the the peak positions of the different z 2 5

possible within the test matrix, rather than, for example the average X2 of a straight line fit to

the energy values for each crystal. In figure 7.1.2 we show this dispersion as a function of energy.
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R.M.S dispersion of the peak

position for the Z ? 5 crystals
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as a function of the electron

energy.

In 1984 at LAMPF and again in 1985 at Cornell, we studied the low energy response of the

BGO and electronics with electron energies from 100 to 180 MeV (36-37).

At Cornell we used the test beam constructed for the CLEO II experiment. For these low

energies we found the best algorithm for energy resolution to be the formation of the sum of the n

crystals with the top energy depositions, where n is in the range 6 - 10. At 180 MeV this beam

was well understood and the results shown in figure 7.1.1 were consistent with the Monte Carlo

and with the results obtained by the CLEO II group. However at 100 MeV our analysis showed that

the beam was scraping somewhere and also displaced in y, so that the center of the beam spot fell

directly on a crystal boundary. Given those caveats we wera able to measure the energy resolution

for a small sample of events, which were in the tail of the beam, but were centrally incident on a

crystal. This result is also shown in figure 7.1.1, it represents an upper limit at 100 MeV for the

resolution and the error bar associated with it is dominated by systematic uncertainties.

We are at present planning to make a filial measurement of the detector performance with

an improved low energy beam in 1987.

Summarizing the energy resolution results we see that the detector will have a resolution

of 1%, or better, for E> 2 GsV, rising to 5% at 100 MeV. The results are consistent with the

GEANT and EGS Monte Carlo results as also shown in figure 7.1.1.

7.2 Position Resolution.

Position resolution is the resolution on the reconstructed point of incidence for particles

depositing energy in the BGO ^38^. For minimum ionizing particles the calorimeter is effectively

an x,y measuring device with o x y of 2 cms/ /12, or 6mm. (Actually it is somewhat better than

that due to the extra information present when a particle crosses from one crystal to another).

Electromagnetic showers deposit energy in a number of crystals, and this sharing can be used to

obtain a more precise location for the incident position. We have performed an EGS simulation and

test-beam measurements to determine the position resolution <39>. The data comparing the
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reconstructed center of gravity of the shower with the incident position measured in a beam

chamber is shown in Figure 7.2.1, also shown in this figure is a fit to the Monte Carlo simulation.
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Figure 7.2.1

BGO center of gravity plotted

versus the measured point of

incidence on the front face of a

crystal, data and Monte Carlo are

shown.

Using the Monte carlo functional form to determine the incident position from the measured center

of gravity, we obtain the results shown in figure 7.2.2. for the position resolution < o y u > ,

averaged over one crystal, together with the Monte Carlo prediction. For E > 10 Gev a position

resolution of 1 mm has been reached.

Figure 7.2.2
Position resolution of the poini

of incidence for an electron or

photon averaged over the front

face of a crystal.

10 20 30
Energy [GeV]

40 50

325



7.3 Electron / Pion Separation

The X3 beam line is equipped with two Cerenkov counters which can be used to tag electron

below 15 GeV. Above 15 GeV the beam can be operated in an " electron only" or a "pion only" mode

This is acheived by the use of, for the electrons, a strong sweeping magnet followed by a lead

converter to produce electrons from it0 decay photons, or for the pions, by the introduction of a

thick absorber to remove the electrons from the beam. By comparing the momentum of the

incoming pp-iicle with the energy measured in the BGO we can perform electron/pion

discrimination. Using a 3cr cut around the electron energy peak we have measured that

discrimination to be about 1/500 (33-38).

8.0 Conclusions.
The construction of the L3 BGO calorimeter is proceeding well, the first half-barrel will

be calibrated in August 1987. Crystal production is proceeding on schedule as is the production of

the calorimeter structure and the readout. Test calorimeters have been shown to yield excellent

energy resolution, linearity, position resolution and e/n separation. No known problems, such as

Radiation Damage etc., are expected to significantly effect the operation of the detector
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Development of Liquid Argon Detectors

Kimiaki Masuda

Saitama College of Health

519 Kamiohkubo, Urawa-shi, Saitama 338, Japan

Abs trac t

Performance of liquid rare gas detectors for photons and

neutral mesons is described. Liquid xenon detector is emphasized

as well as liquid argon detectors.

1. In troduct i on

Liquid rare gases have very good characteristics as

radiation detector media [1], Among them liquid argon

calorimeters have been developed and used for high energy

physics. Usually the calorimeter has converter plates such as

lead and iron to reduce the size of detector. However, this

leads degradation of energy resolution due to sampling

fluctuation. If a good energy resolution is required, converter

plates must be removed so that a pure liquid argon detector is

reali zed.

Liquid xenon is also a good material for detectors [2]. The

radiation length of liquid xenon is so short that the size of

detector can be reduced while the good energy resolution and

position resolution are kept.

Here, test results on a pure liquid argon calorimeter are

329



described and performance of liquid xenon detectors is discussed.

2. Pure liquid argon calorimeter

To obtain a good energy resolution, a pure liquid argon

calorimeter with multi-paral1 el-plate electrodes was constructed

and tested for electrons of 0.5-2.0 GeV [ 3 ] . It has very thin

plates as electrodes for high voltage and signal read-out, which

are made of 1.2 mm thick G-10 plates laminated to each surface

with 0.018 mm thick copper foils. Liquid argon gap is 9 mm. The

effective depth and radius of the calorimeter are 13.8 r.l. (197

cm) and 5.6 Moliere units (51 c m ) . The calorimeter and electrode

assembly are shown in fig. 1. The obtained energy resolution was

i 5

2.4 % / V E ( G e V ) (rms) after electronic noise (3.2x10 electrons)

is subtracted, where E is the energy of incident particles.

The energy resolution of multi-plate ionization chamber is

determined by sampling fluctuation CT /E [4,5] and residual

positive ion effect <T /E [ 3 ] . The former comes from

redistribution of deposited energy to active detector (liquid

argon) gaps and passive electrode plates. The latter is the

effect of different position of start and stop points of shower

particles in the detector gaps. For the present geometry, the

intrinsic energy resolution (T./E, which is a quadratic sum of the
both described above, is calculated to be 1.4 % / V E ( G e V ) ( r m s ) .

The experimental value is consistent with the calculated one

taking into account unexpected effects such as interaction of

incident electrons with the front material. Increasing the



d e t e c t o r t h i c k n e s s , (J / E g e t s b e t t e r and cj" / E b e c o m e s w o r s e .

T h e r e f o r e , a b e s t v a l u e of CT./E e x i s t s . T h e c a l c u l a t e d

r e s o l u t i o n for the p r e s e n t c a l o r i m e t e r is a l m o s t the b e s t v a l u e

for the g i v e n t h i c k n e s s of the e l e c t r o d e p l a t e .

3. P u r e l i q u i d x e n o n c a l o r i m e t e r

A n o t h e r p o s s i b i l i t y of the u s e of l i q u i d r a r e g a s is l i q u i d

x e n o n . L i q u i d x e n o n h a s a s h o r t r a d i a t i o n l e n g t h w h i c h is a l m o s t

the s a m e as that of N a l ( T l ) . T h e l o n g i t u d i n a l l e n g t h of l i q u i d

x e n o n d e t e c t o r is r e d u c e d to, s a y , 4 0 c m . A l s o the l a t e r a l

s p r e a d of e a c h s h o w e r is small and e a c h e v e n t is well l o c a l i z e d .

S o m e p r o p e r t i e s of l i q u i d x e n o n a r e l i s t e d in t a b l e 1, c o m p a r e d

w i t h t h o s e of l i q u i d a r g o n .

T h e b e s t v a l u e of c a l c u l a t e d e n e r g y r e s o l u t i o n Q". / E w i t h 1.2

mm t h i c k G - 1 0 i s 1 . 6 % / / \ / E ( G e V ) ( r m s ) f o r t h e l i q u i d x e n o n g a p o f

4.3 mm and 0.9 % / V E ( G e V ) (rms) with 0.4 mm thick G-10 for the

liquid xenon gap of 3 mm, not including e l e c t r o n i c n o i s e . T h u s ,

it is d i f f i c u l t to have a energy r e s o l u t i o n b e t t e r than

1 %/»/E(GeV) (rms) with m u l t i - p l a t e g e o m e t r y .

An a l t e r n a t e method is a use of wire e l e c t r o d e . A p o s s i b l e

a s s e m b l y is shown in fig. 2. A d v a n t a g e s of this g e o m e t r y are

almost zero thickness of e l e c t r o d e plane and very small residual

p o s i t i v e ion e f f e c t .

P r o b l e m with the use of wires is the weak e l e c t r i c field

region near cathode plane or between sense w i r e s . In this

r e g i o n , some ionized e l e c t r o n s r e c o m b i n e with ions so that signal
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a m p l i t u d e r e d u c e s and e n e r g y r e s o l u t i o n b e c o m e s p o o r . For

s o l u t i o n to this p i o b l e m , we r e c e n t l y found the p h o t o i o n i z a t i o n

e f f e c t of d o p a n t m i x e d in liquid x e n o n [63. H e c o m b i n e d e l e c t r o n -

ion p a i r s emit s c i n t i l l a t i o n p h o c o n s . T h e s e p h o t o n s can be

c o n v e r t e d to e l e c t r o n - i o n p a i r s t h r o u g h p h o t o i o n i z a t i o n e f f e c t of

d o p a n t s like triethyl a m i n e ( T E A ) and trime thy 1 a m i n e ( T M A ) .

T y p i c a l test r e s u l t s a r e s h o w n in fig. 3. A l m o s t 100 '/. of

q u a n t u m e f f i c i e n c y is r e a l i z e d with T E A or T M A in liquid x e n o n .

M e a n free p a t h for p h o t o i o n i z a t i o n is less than 1 mm. S o , the

p o s i t i o n s e n s i t i v i t y is not d e g r a d e d .

T h e p h o t o i o n i z a t i o n e f f e c t is found a l s o in liquid a r g o n

[ 7 , 8 ] . V e r y r e c e n t w o r k s h o w s that a l l e n e h a s a q u a n t u m

e f f i c i e n c y of 6 0 % as s h o w n in f i g . 4 and is the b e s t d o p a n t

a m o n g the m a t e r i a l s i n v e s t i g a t e d so f a r . F u r t h e r s t u d y of

l o o k i n g for m a t e r i a l s w i t h h i g h e r q u a n t u m e f f i c i e n c y is in

p r o g r e s s .

S i n c e s a m p l i n g f l u c t u a t i o n and r e s i d u a l p o s i t i v e ion e f f e c t

a r e n e g l i g i b l e , the e n e r g y r e s o l u t i o n of the d e t e c t o r w i t h w i r e

e l e c t r o d e is d e t e r m i n e d by e l e c t r o n i c n o i s e . T h e c a p a c i t a n c e of

e a c h w i r e is v e r y small and the e l e c t r o n i c n o i s e c o m e s from the

s t r a y c a p a c i t a n c e of r e a d - o u t s y s t e m . A l t h o u g h o v e r a l l

e l e c t r o n i c n o i s e d e p e n d s on the e l e c t r o d e d e s i g n , we can c o n s i d e r

a typical a s s e m b l y , w h i c h c o n s i s t s of c a t h o d e w i r e s of lOOumri

w i t h s p a c i n g of 2 mm and a n o d e w i r e s of 20 or 5 0 umrS w i t h the

interval of 2 cm. T h e d i s t a n c e b e t w e e n c a t h o d e and a n o d e p l a n e s

m a y be 1 cm. For such a g e o m e t r y the e l e c t r o n i c n o i s e of, 1 MeV
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(rms) may be a c h i e v e d . T h e r e f o r e , the e n e r g y r e s o l u t i o n uf O.I %

/ K ( G e V ) will be o b t a i n e d .

4. L i q u i d x e n o n g r i d d e d i o n i z a t i o n c h a m b e r

A n o t h e r type of liquid x e n o n d e t e c t o r is a g r i d d e d

i o n i z a t i o n c h a m b e r . T h i s is a mo r e b a s i c d e t e c t o r as an e n e r g y

s p e c t r o m e t e r of g a m m a rays b e c a u s e there are no e l e c t r o d e s inside

the s e n s i t i v e v o l u m e of the d e t e c t o r . S e v e r a l y e a r s a g o , we

tested a small g r i d d e d i o n i z a t i o n c h a m b e r for g a m m a rays of

e n e r g y from 0.6 MeV to 2.6 MeV [ 9 ] . N o i s e s u b t r a c t e d e n e r g y

r e s o l u t i o n was 3.2 %//^E(MeV) and b e t t e r than that of N a l ( T l ) with

the s a m e s i z e at the e n e r g y h i g h e r than 1.6 M e V .

Ty p i c a l s h a p e of the d e t e c t o r for the p r e s e n t p u r p o s e is

shown in fig. 5. I n t r i n s i c e n e r g y r e s o l u t i o n of this type ul

d e t e c t o r is d e t e r m i n e d by i o n i z a t i o n s t r a g g l i n g and e l e c t r o n i c

n o i s e . E n e r g y r e s o l u t i o n d u e to the i o n i z a t i o n s t r a g g l i n g is

e x p r e s s e d by

<T,/E = A/FW/E = 0 . 0 0 2 5 %/VE(GeV) .
i

T h i s is v e r y s m a l l a n d n e g l i g i b l e . T h e e l e c t r o n i c n o i s e c a n b e

s m a l l a s 0.1 % / E ( G e V ) .

A l a r g e m e a n f r e e p a t h f o r e l e c t r o n a t t a c h m e n t to

e l e c t r o n e g a t i v e i m p u r i t i e s is n e c e s s a r y f o r e l e c t r o n s to d r i f t a

l o n g d i s t a n c e . W e h a v e o b t a i n e d a g o o d p u r i t y o f l i q u i d x e n o n b y

u s i n g B a - T i g e t t e r a n d t h e m e a s u r e d m e a n f r e e p a t h is a b o u t 1 m

[ 1 0 ] . A l s o , c o n t i n u o u s p u r i f i c a t i o n o f x e n o n is p o s s i b l e f o r

l o n g t e r m s t a b i l i t y .
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F o r t h e m e a s u r e m e n t of t h r e e d i m e n s i o n a l p o s i t i o n , t h i s

d e t e c t o r w i l l b e o p e r a t e d a s a t i m e p r o j e c t i o n c h a m b e r . E l e c t r o n

d r i f t t i m e is m e a s u r e d f o r a c o o r d i n a t e o f t h e p o s i t i o n a n d t h e

c o l l e c t o r is d i v i d e d i n t o s t r i p s o r p a d s to m e a s u r e t h e o t h e r t w o

d i m e n t i o n a l p o s i t i o n . It s h o u l d b e n o t e d t h a t t h e m a x i m u m d r i f t

t i m e is a b o u t 9 0 u s f o r a d r i f t l e n g t h o f 2 0 c m a t t h e e l e c t r i c

f i e l d o f 3 k V / c m . T h e r e f o r e , t i m e r e s o l u t i o n o f s u c h a d e t e c t o r

is r a t h e r p o o r .

It is p o s s i b l e to r e d u c e t h e d r i f t t i m e b y a d d i n g a d o p a n t

to l i q u i d x e n o n f o r l a r g e r e l e c t r o n d r i f t v e l o c i t y [ 1 1 ] . A l s o , a

h i g h v o l t a g e to b e a p p l i e d to t h e c a t h o d e c a n b e r e d u c e d b y

m i x i n g a p h o t o s e n s i t i v e d o p a n t , a s m e n t i o n e d a b o v e .

5 . C o n c l u s i o n

F o r d e t e c t i o n o f p h o t o n s a n d n e u t r a l m e s o n s , l i q u i d r a r e

g a s d e t e c t o r s a r e c o n s i d e r e d . E n e r g y r e s o l u t i o n CTrr/E o f l i q u i d

r a r e g a s d e t e c t o r s f o r p h o t o n s is d e t e r m i n e d b y s a m p l i n g

f l u c t u a t i o n 0" / E , r e s i d u a l p o s i t i v e i o n e f f e c t <T / E , i o n i z a t i o ns p

s t r a g g l i n g <T,/E a n d e l e c t r o n i c n o i s e T / E . T . / E is v e r y s m a l l

a n d 0 . 0 2 5 % ( r m s ) e v e n f o r t h e e n e r g y o f 1 0 M e V in t h e c a s e o f

1i q ui d x e n o n .

L i q u i d a r g o n d e t e c t o r w i t h m u l t i - p l a t e g e o m e t r y h a s a g o o d

e n e r g y r e s o l u t i o n , w h i c h w a s a l r e a d y t e s t e d e x p e r i m e n t a l l y .

H o w e v e r , it is d i f f i c u l t to o b t a i n t h e r e s o l u t i o n b e t t e r t h a n 1 %

( G e V ) b y t h e m u l t i - p l a t e m e t h o d e w i t h l i q u i d a r g o n o r e v e n

w i t h l i q u i d x e n o n b e c a u s e o f t h e c o n t r i b u t i o n o f <T a n d <J~ •
s M p
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L i q u i d x e n o n has a d v a n t a g e s , e s p e c i a l l y in the s i z e of

d e t e c t o r and l o c a l i z a t i o n of e v e n t s . A liquid x e n o n d e t e c t o r

with w i r e e l e c t r o d e s is p r o p o s e d for the e n e r g y r e s o l u t i o n of

O.I % / E ( G e V ) , w h i c h is d e t e r m i n e d by e l e c t r o n i c n o i s e . T P C type

g r i d d e d i o n i z a t i o n c h a m b e r has also a g o o d p e r f o r m a n c e . In both

types of liquid x e n o n d e t e c t o r , a d d i t i o n of d o p a n t s will be

c o n s i d e r e d in o r d e r to i m p r o v e the c h a r a c t e r i s t i c s . D e t a i l s of

d e s i g n w o r k d e p e n d s on the p h y s i c s to be i n v e s t i g a t e d .
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Table 1

Properties of liquid argon and liquid xenon

Li q. Ar Liq. Xe

Atomic number 18 54

Temperature (K) 87 165

Density (g/cm3) 1.40 3.06

Dielectric constant 1.52 1.99

W value (eV) 23.6 15.6

Fano factor 0.107 0.041

Electron drift velocity

(cm/s) at 3 kV/cm 2.8xlO5 2.2xlO5

Radiation length (cm) 14.0 2.77

Nuclear interaction

length (cm) 83.7 55.2

Average energy loss

(MeV/cm) 2.11 3.79

Critical energy (MeV) 29.5 10.5

Moliere radius (cm) 10.0 5.59
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Figure captions

Fig. 1 A pure liquid argon c a l o r i m e t e r .

Fig. 2 Wire electrode assembly of a pure liquid xenon

c a l o r i m e t e r . K is the cathode wire p l a n e , P is the

potential wires and A is the anode sense w i r e s .

Fig. 3 P h o t o i o n i z a t i o n effect of TEA and TMA in liquid xenon

for alpha particle ionization.

Fig. 4 P h o t o i o n i z a t i o n effect of allene in liquid argon for

alpha particle ionization.

Fig. 5 A li-iUtd xenon gridded ionization c h a m b e r . K is the

cathode for negative high v o l t a g e , G is the grid for

shielding the residual positive ion effect and C is the

collector which is divided into strips or pads for

position m e a s u r e m e n t .
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Introduction:

The name which the collaboration chose for itself already reflects the outside features of the
detector, which is presently under construction in the collaborating laboratories, and the
emphasis on photon detection. Both aspects arise naturally, if one considers, how the inves-
tigation of conventional and unconventional meson states in antiproton - proton annihilation
can be advanced most profitably. The advent of the low energy antiproton ring LEAR at
CERN has brought to us high intensity antiproton beams of low momentum. This allowed to
use gaseous targets for annihilation at rest and hence to compare the absorption from atomic
p-levels to that from s-levels, which dominates with liquid targets. However the new genera-
tion of experiments, e. g. the "ASTERJX" - detector [1] , dealt primarily with annihilation
channels, which involve mainly charged pions (and kaons) and at most one ir°, quite similar
to the pre-LEAR bubble chamber [2] data. Two thirds of all annihilations, however, lead
to channels with no charged particl' or more than one ir°, as shown in Table 1 [3]. These
channels have never been looked at n any detail, because the missing particles cannot be un-
ambiguously assigned, as e. g. Figure 1 shows. The "Crystal Barrel" - detector [4] therefore
primarily is designed to look at th ;se channels as well as those, where 77-mesons are abound.
Since on the average 3.6 photon? are produced per annihilation, nearly complete solid angle
coverage is essential, if all photo r.s are to be correctly associated with the corresponding TT°-
or »7-decay. For complete reconstruction of a given channel one can not omit charge particle
detection altogether. The photon detector is therefore squeezed into a solenoid and its interior
is filled with track sensitive detectors.

To relate properly to the scope of this workshop, I will concentrate on the considerations
and test results, which lead to the present design. At the end I will then use the projected
figures for the resolution on JT°- and 17- momentum and mass and on the charged particle
momentum to illustrate with a few examples how our knowledge on the qq-nonets, on the
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Final State

Neutral
rr+7r-7r0

T + 3T-27r°

7r+)r-3jr0

27T + 2JT-
2T+2T-rr°
27r+27r-27r°
27r+2ir-37T°
37T + 3TT-

37r+37r-7r°

Sum

Branching
Ratio (%)
(studied)

6.9 ±0.4

6.9 ±0.6
19.6 ±0.7

2.1 ±0.2
1.9 ±0.2

37.4

Branching
Ratio (%)

(to be studied)
4.1 ±0.4

9.3 ±3.0
23.3 ±3.0
2.8 ±0.7

16.6 ± 1.0
4.2 ±1.0

60.3

Table 1: Pionic find states in pp annihilation at rest.

existence of glueballs or hybrids may benefit from such a detector.

The "Crystal Barrel" - Detector:

Figure 2 shows a cross-section through the detector. Antiprotons (100 MeV/c to 2 GeV/c)
enter the solenoidal magnetic field along its axis. By supplementing the existing "ASTERIX"
(DM1) magnet with an additional coil and more iron shielding on the outside, we can increase
the field strength to 1.5 Tesla. The arrival of an antiproton is signaled by a beam defining
scintillator. At their lowest momentum the antiprotons stop in a few centimeters of gas, a
typical intensity is 10B sec"1 and a typical spill (extraction period) length is 60 min. If a liquid
target is used, a thin two layer multiwire proportional chamber will surround the target vessel
to give a fast measure of the charged particle multiplicity for trigger purposes. The gas target
at one atmospere pressure will be encased by a thin wall drift chamber (XDC) transparent to
the 2 keV X-rays from protonium (pp) atomic transitions feeding the 2p-level. Since nearly all
antiprotons reaching this level are absorbed, an L-X-ray in coincidence with the annihilation
products fixes the orbital angular momentum of the initial state. With a liquid target the
Stark-mixing assures absorption from higher s-levels. The XDC has its anode wires running
along the beam and the ions drift radially (Figure 3). Drifttime and pulse height digitisation
with a flash ADC on each end of the anode wire yields all three coordinates: radius (r),
azimuth (p) and distance along the beam (z) of a track point as well as X-ray energy and
conversion point. The now finished "ASTERIX" - experiment made use of a chamber of this
type.

The central element for charged particle momentum measurement is the jet drift chamber
presently under construction in Berkeley. The design principle follows that of larger, existing
chambers e. g. in the "JADE" - detector [5] at DESY. Within a 52 cm diameter, 54 cm long
aluminium cylinder 30 radial cells are located with a 40 cm long and 18 cm deep (radially)
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active region containing 23 sense wires each. The anode wires run along the beam axis, the
drift direction is tangential. This leads to accurate-(r,y?) measurement, but to only moderate
z-resolution (FWHM 10 mm). The transverse momentum resolution based on a conservative
estimate of the spatial resolution (240 fim FWHM) is expected to lie near 4.5 % (FWHM) near
the most probable pion momentum of 300 to 400 MeV/c. Though we can observe charged
tracks over 99 % of the full solid angle, the optimum resolution is only reached within two
thirds of 4n\ The 23 pulse height samples will also allow to measure the energy loss (dE/dx)
on a given track and discriminate pions against kaons up to 500 MeV/c (see Figure 4). In the
full solid angle the angular resolution on charged tracks is 25 mrad (FWHM) and a charged
particle vertex can be determined to approximately 3 nun accuracy.

From the standpoint of this workshop the most interesting part of our detector is the crystal
barrel itself. The final solution found contains 1380 conical Csl -crystals of 16 radiation length
thickness, with approximately a 3 x 3 cm2 front and a 5 x 5 cm2 back face. Thirteen different
modules are needed as illustrated in Figure 5. The considerations which lead to this particular
choice will be discussed below. The barrel covers 98 % of the full solid angle, but only 95 %
are useful in the analysis, since the border modules cannot be used, because that part of the
electromagnetic shower, which is not contained in the central module, cannot be recovered.
The average angular resolution in # and *p is 70 mrad (FWHM) and the expected energy
resolution AE/E = 4.7 % E"1/4 (E in GeV), i. e. 8.4 % at 100 MeV (see Figure 6). This
estimate has been experimentally confirmed in a test run at the CERN-SC with 200 MeV/c
electrons. Using the constraint that two detected photons result from ic°- or ^-decay

M\ = 2E\ E2( 1 - cos tp), cos if> = p7lpT2 (1)

one derives a mass resolution around 20 MeV for typical ir°- or rj- momenta encountered in
pp annihilation at rest and a x°-momentum resolution comparable to that for charged pions
(Figure 7). Lastly even for completely neutral channels like pp —> 7r°7r°7r0 a reconstruction of
the primary vertex with an accuracy of 1.4 cm is possible, if fhe kinematical constraints are
used in the fit, that properly associate the six photons to three ir° emerging from the same
vertex. This feature is not only welcome, because one can eliminate annihilations in the target
vessel, but also lends hope to the idea, that secondary vertices from if°-decays can also be
discovered, if the A'° decays into ir°-mesons.

Choice of Photon Detector:

In Table 2 the properties of Nal and Csl are compared. The points in favor of Csl, higher
density, shorter radiation length, higher photon yield and better mechanical stability are offset
by the higher price and the longer decay constant. The shorter radiation length compensates
the higher price per cm3 somewhat, the final difference is only 20 %. However, the fact,
that Csl is not hygroscopic considerably faciliates the mounting and the demands on climatic
conditions for the whole detector. With the event rates encountered in our experiment the
lower rate tolerance of Csl does not pose serious problems, but calls for pile-up protection in
the electronic circuitry. The main reason for using Csl comes, however, from the fact, that the
whole detector should operate in magnetic field and needs to be read out with photodiodes
rather than with photomultipliers. Figure 9 shows the superposition of the silicon photodiode
sensitivity with the spectral distribution of the crystal light output [6,7]. Above the cut-off of
300 nm the photodiode efficiency increases linearly. Between Nal (maximum emission at 410
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Parameter
Density (g/cm3)
Radiation length (cm)
Hadronic absorption length (cm)
Average wave length (mn)
Decay constant (ns)
Photon yield/MeV
Hygroscopic ?
Mechanical stability
Price for large qantitities (Sfr/cm3) (1985)

Csl
4.53
1.86
36.4
550
900
4.5xlO4

no
very good
4.6

Nal
3.C7
2.59
41.3
510
230
4.0xl04

yes

fair
2.5

Table 2: Comparison of CsI(Tl) with Nal(Tl)

nm) and Csl (550 run) one picks up a factor of two in light yield. This is important if one
considers the contribution of the photodiode noise to the total resolution. With our crystals
we find a optimum root mean square (rms) equivalent noise contribution from the diode of
300 keV(<r). This achieved, if about 20 % of the rear surface can be covered (Figure 9) [8]. For
the reduced light output of Nal this number would increase correspondingly. For BGO and
the "L3(LEP)" - detector calorimeter a figure of about 800 keV is reported [9]. Apart from
the price (about 50 % higher than Csl) this is another reason, why we opted against BGO.
With a small Csl it is actually possible to observe the 0.66 MeV line from 137Cs , which we
failed to observe with BGO and Nal crystals of similar size [10]. A successful improvement in
performance was achieved by using wavelength shifters (WLS) [11]. With a WLS developed
by MPI - Miinchen (spectral response shown in Figure 8) better results with a smaller number
of diodes are obtained. There is a further benefit from using WLS. The diodes can now be
mounted on the side of the WLS plate instead of the crystal rear surface. This reduces the
nuclear counter effect and its influence on the photon resolution. The nuclear counter effect
refers to the sensitivity of the photodiode to direct radiation , i. e. charged particles or
neutral remnants of the shower etc. . Figure 10 shows the response of a diode to nuclear
gamma rays. The length of the crystals was determined from electromagnetic shower codes.
Figure 11 shows typical results tor various photon energies. A depth of 16 radiation length
assures, that the amount of energy leaking out of the back is below the diode noise for 100
MeV photons. In tansverse direction the shower extents to the next to nearest neighbors,
which explains why the summation over 25 modules gives a better resolution than sununing
only 9 modules for a given sb.ower cluster (Figure 6). To conclude this section and to connect
to the physics to be done with this detector, I show in Figure 12 the influence of the length
of the crystal on the performance in reconstructing a given channel. The channel chosen is
pp (at 2 GeV/c) -» 7r+#~(1900), where II u a hypothetical ^ -hyb r id [12] decaying via the
chain H~ —«• D°ir~,D° —> 6(975)ir°,6 —* rjir0 v/jth <% trigger on 6 photons and two charged
particles. With the difference in photon resolution between 14 and 16 radiation length given
the H~ signal in the Dn~-invariant mass plot deteriorates, but is still significantly better
than for the best existing detector ("MARK III" at SLAC [13]).
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Physics Program:

Our research program encompasses
- meson spectroscopy, in particular search for glueballs and exotic states, like e.g. the

hybrid of a quark-antiquark pair and a gluon mentioned above
- the general dynamics of antiproton-proton annihilation at rest into neutral states or

states with more than one neutral particle
- radiative meson decays
- in-flight creation of pp-resonances and their decay into exclusive channels
- baryonium, i. e. pp-bound states produced by monochromatic photon or x0 emission

from the pp-atom.
In our proposal [4] we presented a simulation of the expected photon spectrum for the

baryonium case, if indeed the baryonium levels were populated by radiative transitions with
branching ratios near 10~3 as suggested by the optimistic interpretation of the date of previous
inclusive experiments [14]. In these experiments the narrow lines are superimposed on the
overwhelming background from all JT° decays. We expect to fully reconstruct the channel
- Figure 13 shows the decay of the baryonium states to ir+ir~ir° - and thus only a small
background remains from the channel n-+ir~2ir° with one photon escaping undetected. In 100
hours of running time a sensitivity level in the branching ratio of 3xlO~B can be achieved. How
well we can reconstruct a given channel is shown in Table 3, also drawn from our proposal. In
first order the detection efficiency for multiphoton states should decrease as r]n, where n is the
number of photons for annihilation at rest and rj — 0.95. However a further decrease in the
single photon efficiency for n >2 comes from the fact, that a minimum angular separation («
20°) between two photons must exist in order to distinguish the two showers. The decrease in
overall efficiency at p- momentum of 2 GeV/c can be traced to reduced solid angle coverage
for both charged and neutral particles, becaus the phase space is more forward peaked. Most
important in all cases, however, is the fact, that the leakage of background channels with
undetected photons into the signal is quite small.

As an example for general dynamics questions let me refer to the annihilation into two
pseudoscalar mesons. In a liquid target the decays into TJTJ, rffl', T}'T)'\ TT°T), Tr°r)', T°JT° are strongly
suppressed, since they are forbidden from s-levels. In a gas target we can observe them, since p-
absorption dominates. The relative branching ratios depend on the pseudoscalar nonet mixing
angle [15]. Furthermore the two basic dynamical processes responsible for pp-annihilation at
the microscopic level, ^-annihilation and -rearrangement, can be distinguished, since relations
like

<r(m) = aV(jr°7r°),(r(pO7r0) = aV(wr/) (2)

etc. (neglecting phase space factors) can be established, if e. g. the gg-annihilation dominates.
The radiative meson decays, e. g. u> —> TC/ are Ml- transitions (vector to pseudoscalar)

and therefore related to the quark magnetic moments. Typically the radiative width for these
transitions is known on the 10% to 40% level. Thus there is ample room for improvement.

The isoscalar, SU(3)-singlet bound states of two or more gluons, the so-called glueballs
predicted by QCD have so far escaped unambiguous identification. Among the candidates a
pseudoscalar state near 1440 MeV (E/t), seen in 1963 in pp-annihilation [16] and 1982 in J / #
radiative decay [17], and a tensor state at 1690 MeV (0), also seen in J / * radiative decay [18],
in particular the first one could be studied in our set-up. A proper identification of a state as a
glueball requires, that it does not fit into an existing nonet. A pseudoscalar state of such high
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Channel

a-+x-2ir°

2jr+2T-2ir°

X + T - J T 0

27T+2ir-ir°

jr+ir~u;

(w ^ »°7)

P

(GeV/c)

0
2
0
2
0
2
0
2
0
2
0
2
0
2

Bran-
ching
Ratio

(%)
9.3

16.6

6.9

0.44

0.28

19.6

0.26

Effi-
ciency
total
(%)
64
24
46
15
85
41
84
62
69
34
71
32
74
43

Photon
Effi-

ciency

(%)
90
74
84
70
94
71
94
87
87
75
88
73
92
83

Background
Channel

7r+7r-37r°

27r+2ir-3rr°

ir+7r-2jr°

T+ir-27r°

2ir+2ir-2jr°

2*+2ir-2ir°

ir+JT-2ir°

Bran-
ching
Ratio

(%)
23.3

4.2

9.3

9.3

16.6

16.6

9.3

Ratio
Back-

ground
to Signal

0.009
0.032
0.032
0.019
0.0002
0.0025
0.01
0.095
<0.01
0.26

0.0002
0.0056
0.052
0.92

Table 3: Detection efficiency for various channels, single photon efficiency for a given channel,
most important background and ratio of background to signal

mass would be a radial excitation of the basic nonet and should fit into the JT' (1300), 7R(1275) ,

K' (1400) nonet. The E-meson (seen in pp) decays into KKir and T}WK, while the i (seen in
J / $ decay) was only observed in the chain i —» Sir —> KKn, but not in i —» T/TTT. Thus the
identity of these two objects is still being questioned, despite their mass and spin degeneracy.
In general the expected enhancement of the gluon - TJ coupling tends to favor annihilation into
»;-rich channels [19]. Experimentally the decay chain pp -+ E°ir+ir~, E° ~» T}V+K~,TJ -* 77 is
less easy to interpret than the neutral chain pp —* Eoiroir°, E° —• t)ir+ir~ ,T) —* 77, which we
should observe with a trigger multiplicity of six photons and two charged particles. This is
due to the smaller combinatorial background in the latter case.

Conclusion:

I like to conclude expressing the hope, that the large n° detector to be constructed here,
which at present seems to feature excellent energy resolution and only moderate solid angle,
will at a later time form the ground structure for a large solid angle and moderate energy
resolution detector for ir° and rj mesons, when LAMPF II comes into operation. A healthy,
friendly and active competition would certainly be welcome in the still exciting field of meson
spectroscopy. I would also like to express my thanks to the organizers, especially Helmut Baer
for the invitation to come here and his generous personal hospitality
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Figure 1: Top: Distribution of events in missing mass squared from the "ASTERIX" - ex-
periment at LEAR [20) with only charged pions observed (left: two pions, right: four pions).
Bottom: Deviation of the measured photon energy from the reconstructed photon energy ex-
pected in the "Crystal Barrel"-detector in the channel ir + ir~ir° with both photons detected
in addition. The w° peak in the top-left spectrum will condense into a single bin with this
resolution.
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Figure 3: Cross section through the spiral projection chamber (X-ray drift chamber (XDC))
along and perpendicular to the beam.
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Figure 4: Separation of pions and kaons via energy loss measurement in the XDC [1]
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Cs ! (TI) Crystal Barrel

0 10 20 30cm

Symmetry Axis

Figure 5: Cross section through the crystal barrel containing 1380 Csl modules. The insert
shows the shape of one module, e. g. module 5 with dimensions a = 31, b = 29, d = 34, a'
= 60, b' = 57, d' = 65 (mm), volume 680 nun3, of which 120 pieces are needed.
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Figure 6: Expected energy resolution of an array of Csl modules in function of photon energy.
The results from the shower code (EGS) simulation include the 1.5 Tesla magnetic field and
the photodiode noise contribution. The dot-dashed curve refers to "Crystal Ball" results [22]
and the dashed curve refers to results of a group at LEAR [21], both using Nal-arrays. The
insert shows results obtained with a prototype Csl-array in an electron test beam of 200
MeV/c momentum at CERN [23]. The resolution is <r(E)/E = 4.7 % compared to the EGS
prediction of 3.8 %, but includes an unknown contribution from the electron beam momentum
spread.
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(FWHM) for ir°, TJ and charged particles; vertex resolution for the channel pp —» 3»r° at 500
MeV/c p- momentum.
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Figure 8: Emission spectra for different photon detector crystals [6] compared to the response
of a photodiode [7] [top] and the C'sl emission spectrum compared to the transmission of the
wavelength shifter [11] used for the comparison shown in Figure 9.
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Figure 10: From left to right: 137Ca (662 keV) spectrum observed with a 25 mm diameter,
30 mm deep Csl-crystal (FWHM 180 keV) read out with a photodiode ; the direct response
of a photodiode to the 14.4 keV and 122 (136) keV lines of B7Co, respectively [10].
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Figure 11: Transverse (left) and longitudinal (right) energy deposition for different photon
energies, computed with an electromagnetic shower code (EGS).
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Figure 12: Influence of crystal length on the performance of the "Crystal Barrel" detector.
Top left: Energy resolution. The other three figures pertain to the simulated observation
of the decay of a hypothetical gg^-hybrid #"(1900 MeV) in the chain pp (at 2 GeV/c)
-» n + H~\H~ -> D°TT~,D0 -» 6(975)7r0,5 — r?x° with a trigger on six photons and a
7r + 7r--pair. Top right: Existing detector ("MARK III") [13]. Bottom left: 16 radiation
lengths in our detector. Bottom right: 14 radiation lengths.
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Figure 13: Simulated single photon spectrum (plotted is the mass of the recoiling system) in
the channel pp —> fX. The branching ratios, which are assumed for this simulation are 0.09,
0.06, 0.3 and 0.16 % for the states indicated with arrows, with increasing energy respectively.
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Improving Scintillation Crystals Using Muon Tomography^»*

D. H. Doweli, B. J. Fineraan, and A. M. Sandorfi

Physics Department, Brookhaven National Laboratory, Upton, New York, 11973

I. Introduction

A new high-energy yray spectrometer is being built for the Laser-

Electron-Gamma Source (LEGS) at Brookhaven . This spectrometer will measure

up to 400 MeV y rays with good energy resolution and high efficiency. The

required energy resolution is determined by the necessity to separate elastic

and inelastic photon scattering as well as coherent and incoherent neutral

pion production. This means that an energy resolution of a few MeV or approx-

imately 1% to 2% is needed. Also, since the count rates are very low (tens of

counts per hour), the detection efficiency should be no less than 50% of the

geometric solid angle, resulting in an efficiency-solid angle product of about

100 msr.

It is this desire to measure y~ray spectra with good energy resolution

and efficiency which motivates our study of Nal(Tl) detectors. Of the scin-

tillation media to choose from, Nal(Tl) is the most developed and is available

in large single ingots of high quality. However, for the most part previously

built Nal(Tl) spectrometers have been limited to resolutions from 4% to 10% in

this energy range. This poor performance of Nal(Tl) Is caused by two major

^This work has been performed under contract DE-AC01-76CH00016 with the

United States Department of Energy.

Presented at "Workshop on Photon and Neutral Meson Physics", Los Alamos

National Laboratory, January 7-9, 1987



effects, detector size and non-uniform light generation and collection. We

have studied the resolution and efficiency effects due to detector size from

50 to 300 MeV and are building a detector 48.3 cm diameter by 48.3 cm long

from a single, unsegmented crystal . The second problem of uniformity is the

topic of this paper.

We will first briefly describe the currently used method of surface

compensation with low energy y-ray sources. This method cannot probe the

interior region of a Nal(Tl) crystal larger than about 20 cm to 25 cm in

diameter, since low energy sources penetrate only a shell near the surface* A

new technique is then described which uses high energy muons to probe the full

crystal volume, and reconstruct an image of the interior using Computer Aided

Tomography (CAT) methods.

II. Current Surface Compensation Techniques

At high y-ray energies the resolution of a sufficiently large Nal(TA)

crystal is limited by the nonuniformity of light collection and by variations

in the concentration of the Thallium dopant as well as crystal dislocations

and impurities. The light collection from different regions of a large

single crystal will change smoothly due to solid angle effects. (Abrupt

changes will be evident in segmented detectors at the optical joints.) On the

other hand, the Thallium and/or impurity concentration variations will produce

varying light output fc"hich is strongly dependent upon location in the

detector. Henct the same energy deposition in different portions of the

detector will produce different amounts of light. In either case, whether the

light generated varies or the light collection is not uniform, the detector

resolution is degraded.

Surface compensating attempts to remove these variations by changing the

reflectivity of the detector's surfaces to give a uniform pulse height

363



response. The procedure maps the detector by measuring the channel number of

the photopeak as a function of position on the detector's surface using a

well-collimated y-ray source. Places on the surface with large pulse heights

are then polished to remove light. The mapping is done again and the process

is then iterated until the response is made uniform at the expense of throwing

away light.

Surface compensation is usually done with a Cs (611 KeV) source. In

this case, corrections are made only for the light generated and collected

from the surface regions. Recently, higher energy 6 MeV sources ( C m + C)

have been used to probe more deeply into the crystal1,1: volume. This allown

the surface compensation to correct for more of the volume irregularities,

thereby resulting in better detector resolution . Figure I illustrates the

technique with uniformity measurements before and after surface compensating.

This uniformity map was made for the collimated source placed at one-inch

intervals along the length of the detector, and was done at both 661 KeV and 6

MeV. The data was taken by Bicron Corporation during the fabrication of a

26.7 cm x 55.9 cm long Nal(Tl) detector for Boston University4. This crystal

was made by joining two 26.7 cm diameter cylinders, one 35.6 cm long and the

other 20.3 cm long. The optical joint at 20 cm from the phototube end is

clearly seen in both the 661 KeV and 6 MeV measurements. The surface corapen-

13 7sation reduced the 5.2% Cs non-uniformity to 1.6% but only redistributed

the 6 MeV non-uniformity which remained at 2%. However, the desired result

was obtained which was to improve the detector's resolution at 6 MeV from 3.5%

to 2.6%. The Cs resolution was essentially unchanged due to the resolution

at low energies being dominated by photo-electron statistics.

The complete Boston University spectrometer consists of the above

described 26.7 cm x 55.9 cm central crystal surrounded by four Nal(Tl)
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segments to obtain a 48.3 x 55.9 cm detector. Preliminary energy resolution

measurements have obtained 2% for 330 MeV electrons and 1.6% for 130 MeV

gamma rays. The solid angle over which these data were collected was quite

small (a few msr), but, nonetheless, these results are very encouraging.

III. Mapping Large Crystals with Cosmic Ray Muons

At Brookhaven National Laboratory (BNL) we are developing a new technique

using high energy muons to probe the interior of a Nal(Tl) crystal and locate

internal defects. The muon is the ideal probe, since y rays or electrons

create electromagnetic showers which extend over a large volume. In contrast,

the heavier muon produces only a narrow well-defined ionization track, and

being weakly interacting, avoids nuclear reactions which would smear out its

energy loss. The amount of energy deposited depends only weakly upon the

incident muon energy and, to first order, is a function only of the thickness

of the Nal(Tl) through which it passes. Therefore, after correcting for

differences in Nal path length, the remaining differences in signal amplitudes

reflect the nonuniformities within the Nal crystal.

Since we want a technique which can be used to reject and accept ingots

early in the fabrication process, we are using the natural background of

cosmic ray muons for our source. This avoids the severe logistic problems in

moving large ingots of Nal back and forth hundreds of miles between the

crystal manufacturing plant and an accelerator facility. The procedure

involves measuring Nal(Tl) spectra which are coincident with detectors defin-

ing narrow trajectories through the volume of the Nal(Tl). These spectra are

then fit with Monte Carlo calculated lineshapes which include the effects of

the muon energy straggling spectrum and the shape of the Nal(Tl) detector.

From the fits we obtain the energy shift of each trajectory's experimental

lineshape from the ideal Monte Carlo Lineshape. These energy shifts can then
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be used to determine the overall uniformity of the detector, similar to the

y-ray measurements above, but they can also be used to study defects deep in

the interior. In fact, by using established CAT techniques a detailed map or

'image' of the detector can be reconstructed.

The energy loss spectra of muons in the BNL Mklll 24 cm x 36 cm Nal(Tl)

detector are presented in Fig. 2. The top frame shows the experimental

singles spectrum (solid line) and the calculated spectrum (dashed line)

produced by cosmic ray muons. The Monte Carlo calculation used the published

rauon energy spectrum at sea level, the observed cos 9 angular dependence

(where 9 is the angle away from the zenith) and the Vavilov energy loss dis-

tribution . The difference below 75 MeV is due to the 'soft' component of the

cosmic ray background coming from muons showering in the air and the building

material above the detector. This component produces a tail at lower energies

and was not included in the calculation.

The bottom frame of Fig. 2 illustrates the result of limiting the muon

trajectories to a column 6.5 cm in cross section which intersects approxi-

mately 24 cm of Nal(Tl). The data is plotted with its statistical errors and

the solid curve is the Monte Carlo calculation with all the ingredients

described above. The width of the energy loss lineshape is dominated mostly

by Landau straggling with a small contribution from the broad energy spectrum

of the incident muons. Figure 3 shows the Vavilov distributions for muons

with 2.5 GeV/c and 270 MeV/c momenta traversing 24 cm of Nal(Tl). The cosmic

ray spectrum peaks at 600 MeV/c and is asymmetric with the mean at much higher

energies* A factor of 2 improvement in the resolution of the energy loss peak

could in principle be obtained using lower energy, mono-energetic muon beams

from an accelerator. However, cosmic-ray rauons are nearly minimum ionizing,

depositing about 4.8 MeV in each era of Nal, so that a minimum muon momentum of
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350 MeV/c is necessary to fully penetrate the 48 cm of the planned large Nal.

Such low energy beams are normally accompanied by appreciable backgrounds. In

any case, the logistics involved in repeatedly transporting a large ingot,

sealed in a temporary housing to prevent hydration, large distances from the

crystal growing facility to an accelerator render this option unworkable.

Cosmic rays are almost as good and are available everywhere!

Since the hard rauon component of the cosmic ray flux is only about .008/

cm /sec/sterad, it is essential to collect data on all trajectories simultan-

eously. To achieve this we have built arrays of plastic scintillators above

and below the Nal(Tl) that define the desired muon trajectories. Figure 4 is

a photograph of the scanning array, which consists of four planes of crossed

scintillator bars, two above the detector being studied and two below. These

planes define approximately 3.8 cm x 3.8 cm areas of overlap. A similar

arrangement below defines a column of muons which traverse the volume being

studied. With 16 bars in each plane, this arrangement allows for 16 x 16 or

65,536 possible trajectories. It is necessary to have the information from a

large number of trajectories to accur<;cely perform the Fourier transforms

necessary to create the image of the crystals. The scanning array accepts

crystals that are up to 75 cm in diameter, although the goal of the present

effort is a 48 cm diameter detector. The crystals will be transported from

the furnace area on the cart shown in Fig. 4 and will slide into the area on a

rail system. The 24 cm diameter BNL-MKIII detector is pictured here entering

the array.

The data from this array is extremely complex. Let us start with some

simple analysis of the preliminary data from the BNL-MKIII Nal(Tl). Taking

trajectories lying in planes at right angle to the axis of the detector (see

Fig. 5 insert), Nal(Tl) spectra can be generated for 3.8 cm thick slices from
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one end of Che detector to the other. The muons from the various trajectories

that are contained in each slice produce a sheet of light in the detector 3.8

cm thick, whose distance can be varied from the phototube end of the Nal(Tl).

The dependence of the peak location of the Nal(Tl) spectrum upon the distance

from the phototube end is plotted in Fig. 5 (top). This is quite a different

uniformity measurement from that plotted in Fig. 1. In this case one studies

the phototube pulse height for light produced throughout each 3.8 cm thick

disk, not just from the skin of the detector as before. The results show a 2%

variation from one end to the other. The large excursion near the tube end

may be due to light being lost by total internal reflection when it is pro-

duced very close to the phototube windows. In any case, this variation is

much larger than what is indicated by map made with a collimated 6 MeV source

moved along the outside of the detector parallel to its axis. The largest and

smallest 6 MeV variations are shown in Fig. 5 (bottom). The surface compensa-

tion chosen to minimize the variation at 6 MeV is not likely to be the correct

one to perform on a high-energy detector. It is interesting to note that the

rauon and 6 MeV scans of Fig. 5 are almost anti-correlated. Since the rauon

scan here averages over an entire slice, it is much more representative of

what will be encountered by a high-energy shower that fills essentially the

whole volume of Nal(Tl).

IV. Imaging the Nal Interior

Beyond averaging over disks perpendicular to the crystal axis, as was

done to obtain Fig. 5 (top), the next step is to deconvolute the data and

obtain a two-dimensional image of the uniformity within each disk. There are

many ways to do this. We have chosen a standard known as Ramachandran's

Algorithm . If we choose an x-y coordinate system within each disk and let L

represent a muon trajectory, whose normal through the origin is of length r
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and makes an angle 6 with the positive x-axis, then each trajectory is

specified by the line L(r,9) whose equation is

r = xcos9 + ysin9. (1)

The energy loss of a rauon following this trajectory is

AE. = / — ds, (2a)

d

which, including all effects, is determined by the Monte Carlo calculation

described in the previous section. This indeed reproduces the data, as demon-

strated in fig. 2, except for shifts due to non-uniformities. An expression

similar to (2a) can be written for the actual signal amplitude A^ produced

by the muon following the trajectory L,

AL = / £^ ds. (2b)

With the photoraultiplier signals calibrated so that (2b) and (2a) have the

same scale, the deviation in the signal produced by a muon from what would be

expected of a trajectory containing perfectly uniform material is

T(L(r,9)) = A - AE = / f(x,y)ds, (3)
L L L
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where f(x,y) is the local deviation from uniformity. It Is T that 16 known

for a large number of trajectories, and f is the uniformity distribution that

we wish to deduce. It is straightforward to show that f is given by

f(x,y) = _1 j% d9 ja T(Rv9)(J>(r-R)dR,
27t °

where <J> is a function whose Fourier traasfora i:; just

<t>(o)) = I to I , for small OJ. (4b)

In this algorithm, all of the trajectories within a disk are broken up into

classes, each composed of parallel lines at a fixed 8, so that within one

class R = ka where k = 0, ±1, ±2, ... A sum over k for each class, and a sum

over all classes then replaces the integration over R. The array of Fig. 4

covers approximately 90° in 9, so that two sets of measurements are necessary

in order to complete the angle integration, the second with the detector

rotated 90° relative to the first.

The power in this method comes from the ability to introduce the weight-

ing function (j> which can be used to correct for spurious effects that arise

from using a finite rather than an infinite number of trajectories. Specific-

ally 0 we use

na

<t>(ka) = - — , k = ±i, ±2,
ua2(4k -1)
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so that <t>(r-R) peaks when r is within the 3.8 cm2 column of the trajectory at

R and has small negative tails due to neighboring trajectories. This

algorithm has been shown to yield a reconstruction of f(x,y) that is mathe-

matically exact within the region of interest (the disk of Nal in our case),

o

but oscillates infinitely outside of this volume .

We have tested this algorithm with different shaped pieces of plastic

scintillator placed at different locations within the scanning array.

Neglecting variations within the scintillators, the algorithm has correctly

located the positions, orientations, and sizes of these objects.

V. Results from a Prototype Array

The 24 cm x 36 cm BNL-MKIII is presently in the scanning array of Fig. 3

collecting data. The first preliminary analysis yielded the data shown at the

top of Fig. 5. The analysis of the full data set is underway and the results

will be presented in a future publication. However, a general flavor of what

is to be expected is already available from limited data taken with a proto-

type array.

The first three-dimensional maps of the interior nonuniformities are

shown in Fig. 6. The perspective drawing of the MK-III detector in the lower

right-hand corner indicates the locations of the three orthogonal slices

illustrated above and to the left. The slices are 1 cm thick and the plots

display the uniformity distribution function f using the grey scale to the

upper right. The darker tones indicate more negative f due to less pulse

height response (small A^) from these regions.

The slice perpendicular to the axis of the detector, shown in the upper

left, clearly indicates a poor region of the Nal(Tl). One general problem

area is near Z=6 cm and X=-7 cm, and produces deviations of roughly 3 to 4 MeV

for trajectories which traverse this section of the detector. Since the
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average energy loss of a trajectory through 25 cm of Nal is 121 MeV, this

amounts to a 3% nonuniformity when averaged along the 25 cm length of a

trajectory. However, because the CAT-scan map has localized the malformation

to be in a region only about 5 cm across, the percentage nonuniformity within

this 5 cm volume is much larger. In fact, it is roughly 25/5*3% or a 15%

reduction in response relative to the rest of the detector. This will have a

very large effect on the detector's resolution for y rays.

Figure 6 can be more fully understood by making a comparison with the top

frame of Fig. 5. The average uniformity graphed in Fig. 5 can be obtained

from the Fig. 6 map by averaging over the disks formed by 3.8 cm thick slices

perpendicular to the detector's axis. The upper right plot in Fig. 6 (4 cm <

Z < 5 cm) shows the uniformity distribution for a longitudinal slice along the

NaI(Tl)'s 35 cm length. The phototube end is at the right of the map.

Averaging over the x-dimension with bins of Ay=3.8 cm yields the same general

features of Fig. 5. That is, the response of the detector is lower (darker)

at the end opposite the phototubes and gradually increases (lightens) in

moving toward the phototubes. Whereas, the map in Fig. 6 is incomplete, there

is evidence for general darkening again less than 10 cm from the phototubes.

The most interesting aspect of CAT scan maps is that they provide the

location and values of crystal and light collection ncnunifcrmities which can

be used with an electromagnetic shower code to produce realistic predictions

of the detector's performance. This can be done by using the uniformity map

to modify the result of the Monte Carlo shower calculation at each volume

element. The advantage of this combined calculation is that the map

empirically allows the inclusion of the largest unknowns in any shower calcu-

lation, the imperfections in the crystal, and the variation in light collec-

tion. Because of the technique used, it includes all of the effects of
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detector nonuniformities discussed in the introduction. The ultimate goal of

such a calculation would be to accurately predict the detector's performance

for y~ray detection early in the fabrication process at the factory. The

economic advantages are obvious since this technique could reject or accept

ingots before undergoing the costly and lengthy surface compensation

procedure. Work is currently in progress developing this procedure.

VI. Conclusion

The cosmic-ray muon scanning array provides information on Nal(Tl)

crystalshusing some 65,536 trajectories, each measuring the Nal(Tl) response

to high energy muons. With this information it is possible to use established

computer-aided-tomography techniques to deconvolute these integrated responses

and produce a detailed picture of the detector's interior. The interesting

feature of this detailed map is that it is the first realistic measurement of

the detector's overall response to energy deposited in a localized volume of

the Nal and it is just this information of crystal nonuniformities and light

collection nonuniformities which is lacking in any fundamental calculation of

the Nal(Tl) response function to y rays. Therefore, the results of this map

could be used with an electromagnetic shower code to accurately predict the

detector's performance when detecting high energy y rays.

The system is presently being tested using the BNL MK-III 25 cm x 35 cm

Nal(Tl) and soon thereafter the apparatus will be moved to Bicron Corp. for

selecting and compensating the LEGS 48 cm x 48 cm Nal(Tl) crystal.
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FIGURE CAPTIONS

Figure 1. Uniformity measurements for the Boston University Nal(Tl) central

detector made with 137Cs (661 keV) and 21+l*Cm + 13C (6 MeV) gamma-ray sources.

The top frame shows measurements before surface compensation and the lower

frame illustrates the uniformity after surface compensation. The photopeak

channel numbers are relative and the gains have been changed between measure-

ments.

Figure 2. Comparison of Nal(Tl) spectra with Monte Carlo calculations for

singles and coincidence data. See text for details.

Figure 3. Vavilov energy loss distributions for mono-energetic muons travers-

ing 25 cm of Nal(Tl). These momenta, 2.5 GeV/c and 270 MeV/c, are at the high

and low half-heights of the cosmic-ray muon spectrum at sea level.

Figure 4. Photograph of the cosmic-ray muon CAT scanner. The Brookhaven

MK-III 25 cm x 35 cm Nal(Tl) detctor is shewn entering the scanning array.

Nal(Tl) detectors are rolled into this scanner on rails which can be attached

to the movable transfer cart shown at the lower right.

Figure 5, Top. Average uniformity of the BNL-MK III Nal(Tl) as a function of

distance from the photoraultipler tube end of the detector. The average

uniformity is the detector response to cosmic-ray rauons integrated over 3.8 cm

thick slices as a function of distance along the detector.
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Figure 5, Bottom. 6.1 MeV uniformity measurements of the BNL-MtC III detector

also taken along the length of the detector. The best and worst data are the

smallest and largest variations in puls^ height for paths along the sides of

the detector but at different positions around the detector's circumference.

Figure 6. Three-dimensional image of the response of the BNL-MK III Nal(Tl)

to minimum ionizing, cosmic-ray muons. The image was made using data from a

prototype scanning array and standard computer-aided-tomography techniques.

The locations of the three orthogonal slices, each one centimeter thick, are

indicated in the drawing at the lower right. The grey scale gives the energy

shift of the muons away from the expected energy loss as given by a Monte

Carlo calculation.
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Photon Vertex Reconstruction with a BGO Converter

Daniel I. Sober
Department of Physics

The Catholic University of America
Washington, DC 20064

I will discuss the results of calculations of the efficiency

and spatial resolution of a moderately thick (0.5 to 1.5

radiation lengths) converter plane of bismuth germanate (BGO) for

photons of energy between 75 and 300 MeV. These calculations,

performed using the SGS4 code system , are intended to supplement

the design work for a high-resolution ir° spectrometer presented

by Dave Bowman at this workshop. The goal is a converter

configuration of reasonable efficiency for which the intrinsic

uncertainty in the position of the photon vertex is comparable to

the limits (=0.2 mm) imposed by the resolution of modern-day

drift chambers.

The geometry for the calculations is shown in Figure la.

A photon from the target enters the converter, and may result in

one or more charged particles (e~ or e+) emerging into the region

containing track chambers. We shall assume that these chambers

allow us to reconstruct (with infinite precision) four numbers

for each charged-particle track: the intercepts (x. and y-) and

slopes (x1^ and y'j) in the x-z and y-z planes. Using the target

position a fifth quantity can be calculated: the angle 9.

between the track and a line from the center of the target to the

point where the track leaves the converter. This angle provides

an estimate of the "forwardness" of each track relative to the

incident photon direction, which is useful in reconstructing the

conversion vertex of multiple-track events.

Using the intercept and slope, each track is projected

backward into the converter and compared with the extrapolated

path of the incident photon (Figure lb). In order to study the

reconstruction algorithm, the deviations ^x and &y are calculated
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at each of 6 projection planes, located at distances into the

converter of between 0.05 and 0.30 times the converter thickness.

Figure 2 shows the charged-particle multiplicities emerging

from BGO converters of thickness 0.1 to 1.5 radiation lengths (1

R.L. = 1.12 cm = 7.13 g/cm2). Two-track events dominate in most

cases. For one-track events, ŷ x a n d A v a r e histogrammed

directly. For events with two or more tracks, several procedures

for calculating the conversion position have been tested. The

most satisfactory are (1) using only the most forward track (the

track with the minimum value of Q±) a nd (2) calculating a

weighted mean deviation using 1/sin2$i a s a weight. Other powers

of sin 9̂  were also tested.

Distributions of deviations for events of various

multiplicities are shown in Figure 3. The distributions are very

non-gaussian, combining a narrow peak and long tails. The

principal difficulty in the analysis was finding a useful

statistical measure of the width of this distribution. The full

width at half maximum (FWHM) contains so small a fraction of the

events as to be meaningless, while the RMS deviation proved to be

unreliable, fluctuating wildly from sample to sample as the

result of a few very-far-out events in the tails. After trying

several alternatives, I have chosen to characterize the width of

the distribution by the quantity " A X 0 < 7 5 " , the full width of the

region which contains 75% of the events (approximately the

fraction that is contained within the FWHM of a gaussian

distribution. ) Figure 3 shows the 75% limits on each

distribution.

Using A xo^5 as our measure of width, we see (Figure 4) that

the narrowest distributions are obtained by using a projection

distance of between 0.15 and 0.20 times the converter thickness,

and that the 1 /sin2 9.. -weighted average is consistently (but not

substantially) better than the most-forward-track algorithm.
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The position resolution results are summarized in Figure 5.

The position resolution of the two-track events is always better

than that of the one-track or more-than-two-track events. To

obtain resolutions below 0.2 mm, the converter thickness must be

less than 0.5 R.L. for 150 MeV photons, and considerably less at

lower photon energies. From the point of view of conversion

efficiency (Table I), 0.5 R.L. is probably the minimum acceptable

thickness, even if a double converter system is used. (Note that

for 7r° detection, the system efficiency is proportional to the

square of the single-photon conversion efficiency.)

Figure 6 shows the importance of the choice of converter

material. For converters consisting of 1 R.L. of different

materials, the efficiencies and multiplicity distributions are

indistinguishable, but the there is an immense difference in the

vertex resolution, which is proportional to the number of

centimeters per radiation length. For very high spatial

resolution at high efficiency, it is tempting to consider the use

of a passive lead or tungsten converter plane. The disadvantage

is, of course, the loss of information about the energy deposited

in the converter plane (Figure 6b), which will substantially

degrade the resolution of the photon energy as measured by the

downstream totally-absorbing shower counters whose performance I

have not considered here.

To summarize, from the standpoint of shower development in

the converter, the goal of sub-millimeter photon vertex

reconstruction with reasonable system efficiency seems attainable

with BGO, but it will not be easy to push to the 0.2 mm limit.

More detailed study of the other limitations of the complete TT °

detection system will be required before a definitive choice of

converter characteristics can be made.
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TABLE I

Detection efficiency (in percent) of one or two BGO converter
planes for one or two photons. "Double Converter" means that a
second identical converter (with its own set of track chambers)
is located downstream of the first. The "2 Photon" efficiency is
the square of the "1 Photon" efficiency.

Photon
Energy
(MeV)

75

150

300

Converter
Thickness
(R.L.)

0.5

0.7

1.0

0.5

0.7

1 .0

0.5

0.7

1 .0

1 Photon

Single Double
Converter Converter

24.2

32 .4

38.3

27.0

35.7

45.6

29.0

37.8

48.8

42. 2

53.9

60.4

46.7

58.6

69.9

49.6

61 .3

73.6

2 Photons

Single
Converter

5

10

14

7,

12,

20.

8.

14.

23.

.8

.5

.7

.3

.7

. 7

.4

3

8

Double
1 Converter

17

29

36

21 .

34.

48.

24.

37.

54.

.8

. 1

.5

, 8

.3

,9

6

6

2
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Figure 1. (a) Converter geometry.
(b) Reconstruction of conversion point in x-z plane.
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PERFORMANCE OF A BGO-Nal r? SPECTROMETER*

M. J. Leitch, J. C. Peng, M. E. Anderson, J. Kapustinsky,
T. K. Li, and J. E. Simmons

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

S. A. Dytman and K. F. VonReden

University of Pittsburgh
Pittsburgh, PA 15260

C. S. Mishra

University of South Carolina
Columbia, SC 29208

C. Smith

University of Virginia
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Abstract

A new opening-angle spectrometer similar to the LAMPF TT° spec-

trometer, but with BGO active converters and Nal total-energy counters,

has been built and used in (?r, 17) measurements at LAMPF. Its construc-

tion and preliminary results for (7r~,7r°) and (fl"",*?) measurements on

CHi are described. In initial tests a missing mass resolution of 2 | MeV

and total shower energy resolution of ~ 16% were obtained. The expected

limits on performance are also discussed.

% Talk presented at the LAMPF workshop on Photon and Neutral Meson Detection at
Intermediate Energies, January 7-9, 1987.
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I. INTRODUCTION

A new opening-angle spectrometer suitable for detection of ir°'a and 77's has been

built by P-2 at Los Alamos National Laboratory. This spectrometer, which detects the

two 7-rays resulting from 77 or TT° decay, is very similar in principle to the LAMPF 7T°

spectrometer1. Unlike the TT° spectrometer, which uses lead-glass (LF5) for its total-

energy counters and active converters, this new spectrometer (the 77 spectrometer) uses

Nal total-energy counters and BGO(5i4Ge3Oi2) active converters. It also has only one

converter in each of two arms (the n° spectrometer has three) and is smaller, 16"xl6"xl6"

compared to 30"xl8"x24". Thus it will produce better total energy and photon-conversion

point resolution but with a smaller effective solid angle.

II. PRINCIPLE OF OPERATION

The principle of operation is essentially the same as described in detail in Ref. 1 for the

7T° spectrometer. The n° and 77 have lifetimes at rest of 0.83xl0~~16 sec and O.78xlO"18 sec,

and branching ratios to 77 of 98.8% and 39.1% respectively. The 77 spectrometer measures

the directions and energies of the two 7-rays and from these reconstructs the 77 (or n°)

kinetic energy and scattering angle. The conversion point of the two 7-rays in the active

BGO converter is determined by tracking the electromagnetic shower in wire chambers

located just behind the converter. Then the opening angle is constructed assuming that

the 77 originates in the front center of the target. The kinetic energy of the 77 (71,,) is then,

where mn is the 77 rest mass, 0 is the opening angle between the two 7-rays, and

is the energy sharing between one arm (Ei) and the other [E2).

The 77 scattering angle is given by,

£1 cos0i + £2cos02 , x
COST; = . „ n = , (3)

y / E \ + E% + 2 E E c f
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where d\ and 62 are the two 7-ray angles. For Nal total-energy counters the X resolution

is in principle better than that for lead glass, and a relaxation of the usual restriction1

to small X, where X's contribution to the kinetic energy resolution is minimized, may be

possible.

From these quantities the missing mass in the residual nuclear target (or the neutron)

and the invariant mass of the detected r/ can be constructed for scattering from a given

nucleus (or the proton). The missing mass (MM) is given by,

MM = yjml + ml + m* +2mtEK± - 2Eff(Eir± + mt) + 2pn±Pr, cos 6n - m r , (4)

where mK±, mt, and mT are the masses of the incident TT*, target, and residual nucleus

(or neutron); and Ew± (pr±) and Er,(pr)) are the total energy (momentum) of the TT* and

?7 respectively. The invariant mass (IM) of the detected particle is given by,

IM = \f2EiE2(l -cosi/>). (5)

III. CONSTRUCTION AND GAIN STABILIZATION

A schematic of the r\ spectrometer is shown in Fig. 1. Each 7 detector starts with

a charged-particle veto scintillator in front, followed by a BGO converter, two pairs of

X-Y multi-wire proportional chambers (MWPC's), a fast trigger scintillator, and then 16

radiation-length-deep Nal total energy counters. The veto and trigger scintillators are

1/4" thick plastic scintillators with adiabatic light guides on one end which are attached

to CERN standard phototube/base assemblies2. These contain Amperex XP2262 12-stage

photomultiplier tubes. The BGO converters are 1 cm (l radiation length) thick and are

arranged in a 2 x 5 array with a short UVT light guide on one end of each coupled to

the same phototube/base assembly as used for the plastic scintillators. These crystals

were obtained from Rexon3, which used Crismatec4 material. Behind the converter are

two pairs of X-Y MWPC's with 2 mm wire spacing. These measure position and angle
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in both X and Y, allowing projection back into the converter to determine the conversion

point. In order to take full advantage of these thin BGO converters, drift chambers, which

provide better position resolution, are probably necessary and may be added later. The

MWPC's are read out by a custom zero-suppressing individual wire readout system which

was originally built and used for nucleon-nucleon scattering exeriments at LAMPF5. The

total energy counter is composed of a stacked 4x4 array of 4"x4"xl6" (16 radiation length)

Nal modules each in a separate container. The Nal modules are standard polyscin Harshaw

counters with 20 mil stainless steel walls. 3^" RCA 583013F 10-stage photomultipliers are

coupled through a 5/16" optical window directly onto the rear end of each crystal. The

Nal and BGO signals were integrated in charge-sensitive analog-to-digital converters using

a 300 nsec gate width. Other gate widths were investigated in bench tests with 300 nsec

being the minimum gate width for which good resolution was maintained. We are now

investigating pulse shaping of the signals to see if the gate width can be reduced further

in order to allow the highest possible rate capability.

The gains of these counter systems, particularly the Nal and BGO counters, are subject

to drifts due to temperature and other circumstances. In order to monitor the actual gain

of each counter and then adjust the MeV/channel gain in the software, we monitored

the pulse heights corresponding to certain energy lines. For the Nal counters we used

minimum-ionizing cosmic rays. By requiring at least three counters in a vertical column to

have pulse heights above a minimum value, and then incrementing a pulse height spectrum

for each of these three counters, spectra such as that shown in Fig. 2 were obtained. The

peak corresponds to vertical perpendicularly-incident minimum-ionizing cosmic rays which

deposit about 50 MeV in the 4" of Nal. The long high energy tail corresponds to non-

perpendicular rays which travel through a larger length of Nal. Since the spectrometer was

always operated with the long axis of the Nal counters horizontal, these spectra, which

were accumulated continuously between beam bursts, could be used to track the gain

drifts. Enough statistics could be obtained in about an hour for a gain analysis. Several
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other schemes were used to adjust the absolute gain values. These included using beam

particles which passed straight through the counters to adjust the initial relative gains,

using the 1.8 MeV line from a 88Y source, and adjusting an overall gain factor to produce

the correct rj and ir° invariant masses.

We had originally planned to use the 1.8 MeV 8 8 F line to stabilize the BGO converter

gains. However, we found that the low-energy room background at the LAMPF P3-channeI

was so copious that this line was difficult to observe. So we instead took advantage of the

strong 0.511 MeV line in the background. This activity, presumably from radioactive gas

generated by the proton beam (13C,15 O. and n C ) , decays by positron emission and then

annihilates to produce two 0.511 MeV 7-rays. See Fig. 3. Since the energy is so low

the resolution is poor and only a broad bump or shoulder just above the very low-energy

background results. These spectra were accumulated with a separate circuit employing an

amplifier and separate analog-to-digital converters.

Using these techniques we observed only 1-2% variations in the Nal gains, but saw huge

(±15%) drifts for the BGO. However, the large drifts for the BGO were diurnal and are

consistent with the large (~ 2%/degree) temperature variation of the BGO light output.

A number of source tests were done on the Nal and BGO counters; the results are

summarized in Table I.

Counter 1.8 MeV 8 8 y 0.662 MeV 137Cs

Nal 5-7% 6-9%

BGO 20-30% 25-40%

Table I. Resolution (fwhm) seen in source tests on the Nal and BGO counters.

The total shower energy spectra obtained with 200 MeV/c e~ incident on the Nal

array is shown in Fig. 4. As can be seen, the resolution is ~ 7% fwhm for a beam which

is focussed and hits one of the counters on center. However, for a defocused beam the

resolution gets much worse, with a substantial low energy tail. This poor resolution is
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due to the substantial (20 mil stainless steel) walls surrounding each Nal module. These

walls absorb part of the shower energy, thus destroying the resolution. The choice of using

standard Nal modules is a clear compromise but was necessary because of cost.

IV. BEAM TESTS

The first experiments using the T? spectrometer were in October and November of 1986.

These experiments measured cross sections for the inclusive (TT,^) reaction on many differ-

ent nuclei and are described by Jen-Chieh Peng in his talk. Preceding these measurements,

numerous tests of the spectrometer using the ir~p —* rjn and ir~p —• ir°n reactions were

done to debug the system and to begin to establish its performance characteristics.

The first tests done were of the -n~p —• n°n reaction for 200 MeV/c incident ir~. In

Fig. 5 are shown results from these measurements using a 1/2" CHi target, a F3-channeI

momentum bite of 1%, and a distance from target to converter(R) of 1 meter. Using an

Xcut of 0.1 (X < 0.1, see eq. 2) a kinetic energy resolution of about 2 | MeV was obtained.

This resolution is primarily due to the incident beam energy spread (~1.7 MeV) and target

thickness effects. If the Xcut is relaxed, the resolution gets substantially worse; however

there is a clear correlation between X and missing mass which has not yet been corrected

for. When this and possible improvements in the total shower energy resolution are taken

care of we should be able to relax the Xcut somewhat, gaining a corresponding amount

in acceptance. Also shown in Fig. 5 is an invariant mass spectrum which shows a 20%

fwhm resolution on the 7r° mass, consistent with the resolution seen for defocussed beam

incident on the Nal array.

Test?; were also done for the n~p —* r)n reaction at 698 MeV/c, for a 1/2" CHi target,

a channel Ap/p of 1%, and R=50 cm. Since this is just barely above the threshold for

this reaction and uses the highest energy beam available at LAMPF (which has a low flux

of ~ 5 x 104TT~/sec), the counting rate is low and statistics are poor. Fig. 6 shows the

measured missing mass resolution of 12.4 MeV, which is dominated by the channel energy
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spread (~ 8— lOMeV). Even though the converter is at a relatively small distance from the

target the minimum opening angle of the two gamma rays for these r?'s of 116° causes the

opening angle resolution to be good and therefore unimportant to the overall resolution.

Also shown is the clearly separated rj mass peak with a resolution of 16 % in the invariant

mass spectrum. Measurements of the n~p —• ft°n reaction at the same incident beam

momentum were also made. A 1" CH2 target, 1% channel momentum spread, and R=2

meters were used. The resulting missing mass and invariant mass spectra are shown in

Fig. 7. The missing mass resolution is substantially worse primarily because of the small

22° opening angle for the TT°. The invariant mass resolution is somewhat better probably

due to the lack of background to confuse the fit and the somewhat better statistics. Using

the known cross section for this reaction12, our calibrations of the incident pion flux,

and monte-carlo calculations of the geometrical solid angle of the spectrometer we have

determined an overall efficiency of about 12% (for a total shower energy of 550-650 MeV).

This efficiency represents the conversion probability in our converters as well as trigger

scintillator and MWPC efficiencies.

Some preliminary studies using a monte-carlo simulation of the r\ spectrometer indicate

that with a better incident beam a missing mass resolution of 1^ MeV should be attainable.

These studies were done for 104 MeV n~p —• 7r°n, with R= l meter, and a total shower

energy resolution of 16%. They indicate that a thin target (0.2 cm) and an incident

beam momentum spread of 0.3% is necessary. Of course, if the target can be arranged to

provide compensationA, then a somewhat thicker target can be used. This also assumes a

-y-conversion point resolution of 2 mm fwhm, which can be achieved with our 1 cm BGO

converters but will probably require replacing the MWPC's with drift chambers.

V. SUMMARY

We have built the first opening-angle 77 spectrometer composed of Nal and BGO, and

have successfully used it for measurements of the (TT,*?) and (7r,7r°) reactions at LAMPF.
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Although this spectrometer is not as ambitious as the proposed TT° spectrometer II it em-

ploys some of the new elements that would be used in this more ambitious spectrometer

and is thus, in a sense, a prototype. The total shower-energy resolution of our r\ spectrom-

eter is limited to ~16% by the individual packaging of the Nal modules with their 20 mil

walls. The Nal and BGO counter gains were stabilized using cosmic rays and the 0.511

MeV room background, respectively. In tests with the n~p —> n°n reaction a missing

mass resolution of 2\ MeV fwhm was achieved; however, with a better pion beam, thin

target, and possibly the replacement of the MWPC's with drift chambers, a resolution of

nearly 1 MeV fwhm should be reached. Thus, with this r\ spectrometer, which is of course

also a 7T° spectrometer, it is possible to consider beginning some of the studies of discreet

nuclear transitions in the (TT,^) and (fl",7r°) reactions. The former also depends on the

development of better quality high-energy pion beams at LAMPF or elsewhere.

We wish to thank the support staff at LAMPF, especially MP-8, for making the con-

struction and installation of the r\ spectrometer possible.
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ETA SPECTHOMCTER
(EXPLODED VI EM)

CHMtOED P**TICLE

VETO
BOO CONVERTERS

(2x9)

Fig. 1 Schematic view of the TJ spectrometer showing it's major components. The BGO

converters are 1 radiation length thick and the Nal counters are 16 radiation lengths

deep.
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Fig. 2 Cosmic ray pulse height spectrum for a Nal counter obtained with a trigger that

requires three counters in a vertical column to have large pulse heights. The peak

corresponds to minimum-ionizing cosmic rays incident perpendicularily on the side of

a block and passing through 4" of Nal.
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Fig. 3 Pulse height spectrum for BGO with 0.511 MeV bump from room background (ra-

dioactive gas).
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(a)

Cb)

Fig. 4 Energy spectra for 200 MeV/c e~ incident on the Nal for (a) focused beam on center

of one counter, and (b) defocused beam spraying the whole 4x4 Nal array.
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MISSING MASS (MeV)

(b)

INVARIANT MASS (MeV)

Fig. 5 Missing mass (a), and invariant mass (b), spectra obtained for 104 MeV ?r p - » n°n.
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MISSING MASS (MeV)

INVARIANT MASS (MeV)

Fig. 6 Missing mass (a), and invariant mass (b), spectra obtained for 698 MeV/c it p ^ r/n.
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MISSING MASS (MeV)

INVARIANT MASS (MeV)

Fig. 7 Missing mass (a), and invariant mass (b), spectra obtained for 698 MeV/c •n p —* n°n.
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Workshop on Photon and Neutral Meson Physics
January 7-9, 1987, Los Alamos <NM, USA)

Bariumfluoride
A Universal Particle and Photon Detector

H. Stroeher
II. Physikalisches Institut

Justus Liebig Universitaet Giessen
West Germany

(1) INTRODUCTION

Bariumfluoride (B2F2 > detectors have become very interesting for
nuclear physics applications since it has been discovered that
the scintillation light contains two components ( Aj = ZZOnm, t\
» 600ps, A g * 330nm, ?2 " 620ns) (Ref.l). They are unique in
combining excellent timing properties and photon, neutron and
charged particle discrimination (Ref.2) with good energy
resolution (Ref.3) Therefore BaF£ is considered a very suitable
material for next generation multipurpose detector systems.
In order to investigate the properties of large bariumfluoride
detectors we have performed a number of experiments to determine
the response to monochromatic photons, neutrons and charged
particles. Some of the results that we have obtained up to now
&re described in the following contribution.
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(2) PHOTON, NEUTRON AND CHARGED PARTICLE DISCRIMINATION

Large BaF. crystals (d = 100 mm, hexagonal, 1 = 140 mm) have
been used for example to measure photons, neutrons and light
charged particles produced in reactions with 44 MeV/u 40-Ar at
QANIL. Charged particles arc discriminated exploiting a
pulse-shape analysis, since the ratio of the two scintillation
light components is characteristic for photons/neutrons and
charged particles. In addition photons and neutrons are
discriminated by their different time-of-flight.

Fig.l Pulse height of fast component versus total energy
registered in the BaF2 detector. The energy scale is
based on a calibration with monochromatic photons (see (3)
below).

CO
UL
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ET (MeV)

Fig. 1 exhibits the intensity of the fast component integrated
over a time interval of 40 ns width versus the total light
output, corresponding to photon energies up to 40 MeV. Above
F-energies of 2-3 MeV charged particles can easily be separated.
In addition the short risetime of the fast light component
provides an excellent time-of-flight resolution.
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Fig.2 a) Time-of flight versus total energy in BaFg detector
positioned 60 cm away from the target,

b) same as a) with cut on charged particles as indicated
in fig. 1.

10 15 20 25 30 35

ET (MeV)

Fig.2 shows the measured time-of-flight versus energy
correlation. Prompt photons and groups of high energy charged
particles are apparent. The low energy part, however, is
contaminated by neutrons over a wide time-of-flight range. An
off-line pulse-shape analysis according to fig.l allows a clean
separation and identification of charged particles over the full
energy range as demonstrated in fig.2b. Heavier charged
particles have been absorbed unfortunately in the detector
housing.
Photon and neutron discrimination is achieved by time-of-flight:
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Fig.3 Time-of-flight distribution
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(3) PHOTON RESPONSE OF LARGE BaF2-CRYSTALS

The response of large BaF2-crystals to photons in the energy
range from 8 to 130 MeV has been measured using the tagged photon
facility <Ref.4) at the Mainz Microtron (MAMI A) as well as
a,uasimonochromatic photons from positron annihilation in flight
at .the Giessen electron LINAC (Ref.5).
The solid histogram in fig.4a shows the measured lineshape for an
incident photon energy of 83 MeV.

Fig.4 Comparison of measured and calculated line shapes for BaF
detectors at 83 MeV.
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The photon beam was collimated within a beamspot of 2 cm in
diameter at the center of the front face of the crystal. The
energy scale has been normalized that way that the peak position
corresponds to the energy of the incident photon. As shown by
the dashed histogram the experimental lineshape can be well
reproduced by the simulation code GEANT 3 (Ref.6). Therefore one
can deduce the actual energy deposited in the crystal as well as
the shower leakage out of the detector. In case of the tested
crystal the energy resolution is dominantly affected by
geometrical effects instead of photon statistics. A simulation
of the spectral shape for a homogenously illuminated detector
,where the source is positioned at a distance of GO cm, is shown
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in fig.4b. This causes an additional broadening of the response
function of about 2OH. The solid curve corresponds to an
analytical parametrisation of the lineshape.

Fig.5 Energy calibration for photons.
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In fig.5 the peak positions of the measured response functions
are plotted versus the calculated deposited photon energies
(circles: measured at Mainz, squares: measured at Giessen).
The detector obviously shows a perfect linear response over the
entire energy range. Based on a linear energy calibration the
energy deposition of cosmic ray muons has been deduced to 7.0
MeV/cm equivalent photon energy.
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(4) BaF2 DETECTOR AS CHARGED PARTICLE DETECTOR

A BaF2 detctor has been tested at the UNILAC at GSI as a charged
particle detector.
The BaF2-crystal has been irradiated with various reaction
products from a 15 MeV/u Au beam hitting a 58-Ni target. The
detector was positioned at 29° with respect to the beam at a
distance of 55 cm to the target. The time resolution of the
provided test beam ( < 1.5 ns) was sufficient to identify groups
of charged particles in the correlation of time-of-flight versus
total light output in the detector. This is shown in fig.6a.

Fig.6

0 500 1000 1500 2000

total light output (a.u)

Fig.6b shows the intensity of the fast component integrated over
a time gate of 40 ns versus the total light response. Besides
the regime of photons,neutrons and cosmic ray muons various
additional branches with different slopes are apparent as
indicated. The identifaction of the latter has been done using
suitable cuts in fig.6a.
In the case of H-isotopes and He, respectively, one observes a
gradual decrease of the relative intensity of the fast component.
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Fig.7

(0

1000 .

500 .

0 -

« IOOO
o
Q.

8 500

03

0 "

1000 -

500

.-jit**1 <

-

.I,-1*

•

• f l ' »
II'

•

.«.••

•'" Cc) •

• . •0 " - "
500 WOO 1500

total light output (au.)
2000

The response to heavier fragments <Z > Z) ,however, does not
follow the trend and an increase of the fast component is obvious
(see fig.7c) as reported in ref.7. The simultaneous observation
of the photon branch is due to background activities which are
uncorrelated to the beam pulse. The shown total light output
range corresponds to photon energies up to 100 MeV.
Further detailed tests have to be done to determine the critical
charge value below which a clean identification of charged
particles is still possible. A combination with an active heavy
ion absorber in front of the crystal would represent a very
versatile photon and charged particle telescope.
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IMPROVING THE EFFICIENCY AND RESOLUTION
OF LARGE Nal SPECTROMETERS

Michael A. Kovash
Department of Physics and Astronomy

University of Kentucky
Lexington, KY 40506

Three factors which contribute to the energy resolution and
efficiency of a large Nal spectrometer are discussed: leakage of
the electromagnetic shower, pulse pile-up, and gain stabilization.

For many years Nal spectrometers of moderate size have been used in

radiative capture studies at tandem energies. The dominant utility of this

style of spectrometer for gamma-rays in the energy range of 10-30 MeV is the

high efficiency and good resolution in both energy and time which can be

achieved.

A design for a Nal spectrometer to be used in a series of proton

radiative capture experiments at intermediate energies has been developed at

the University of Kentucky. The requirements of good efficiency and resolution

become even more compelling at the higher gamma-ray energies: separation of

individual transitions to the ground and excited states of the residual

nuclear system requires an energy resolution of 1-1/2% or better, and high

efficiency is needed to measure the small cross sections, of the order of 1

nb/sr. An additional difficulty arises from the high background counting rates

due to neutron-induced events. While the yield of the gamma-rays of interest

may be only a hundred events per hour, the background rate is typically a few

hundred thousand events per second. This high counting rate can lead to gain
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instabilities of the photomultiplier tubes due to the large dynode currents.

Additionally, the technique of discriminating against neutrons via measured

differences in times-of-flight must contend with the higher neutron velocities

at intermediate energies. Therefore, the use of longer flight paths must be

accompanied by a corresponding increase in the angular acceptance of the

detector in order to maintain an adequate detection solid angle and counting

rate.

The attainable energy resolution of a Nal spectrometer under experimental

conditions is determined by several factors: the uniformity of response of

the crystal for events initiated throughout its volume; the geometrical

efficiency for collection of the shower of electrons and photons induced by

the incident particle; the stability of the photomultiplier tubes at high

counting rates; and the pile-up of analog electronic signals caused by the

detection of two or more nearly-coincident events. The detection efficiency is

likewise determined both by the geometrical efficiency for collecting the

shower completely inside the detector volume and by the manner in which events

are handled when part of the shower is observed to escape. We report here on

the current status of our studies of some of these issues as they affect the

design of a Nal spectrometer for good resolution detection of photons in the

energy range up to 500 MeV.

A. GEOMETRICAL EFFECTS

A 200 MeV gamma-ray incident normally on a semi-infinite slab of Nal

deposits, on the average, 99.7% of its energy in the Nal. The remaining energy

is propogated backwards from the interface, giving rise to a small tail in the

low-energy side of the response function of this detector. AT the Nal volume
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is reduced to a more affordable size, the response to an incident

monochromatic beam of photons is determined quantitatively by the propogation

and escape of the shower from the active detector volume. This can be

determined by a knowledge of the gamma-ray energy, the geometry of the

detector, and the collimation imposed on the incident photon beam.

In order to reduce the low-energy tail in the response and improve the

resolution, the Nal detector is usually surrounded by an annulus of plastic

scintillator operated in anti-coincidence. Not only is the resolution improved

by rejecting shower escape events, but the active shield also eliminates the

prolific background due to cosmic rays. While the resolution of a combination

Nal-plastic spectrometer operated in the anti-coincidence mode is typically

near 2% at energies below 50 MeV, the efficiency is often considerably reduced

by the rejection procedure.

The efficiency of a specrometer of this design which uses a Nal detector

with dimensions 10 x 14 inches was recently measured'-'-) to be 17% at 300 MeV,

and the resolution was determined to be 2.7%. The use of a larger Nal crystal

would improve both the energy resolution and the efficiency by containing more

of the shower. In addition, we have found it possible to make a considerable

improvement in the overall detection efficiency by summing the measured energy

signal from the active shield with the energy deposited in the Nal core

element. We observe that this resumming procedure can lead to a significant

improvement in the efficiency, while maintaining the good energy resolution.

Thus, our design of a large Nal spectrometer incorporates both a large central

detection element, and an annulus instrumented for energy resumming.

Currently the largest single-crystal of Nal commercially available

measures 19 x 19 inches. To this central element we have added an annular
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element made of Nal with a 23 inch outside diameter extending along the full

19 inch lenqth of the core. While a cosmic-ray muon passing through the 2"

thickness of the Nal shield deposits over 20 MeV of energy, the leakage of the

shower of primary gamma-ray events from the core typically deposits at most

only a few MeV in the Nal shield, and is easily discriminated on this basis.

Thus, background cosmic-ray events can be vetoed, while the energy deposited

in the shield due to shower escape events can be recorded and digitally

resummed with the energy signal from the core. The resulting improvement in

efficiency must be evaluated quantitatively in terms of the effect this

procedure has on the energy resolution. In particular, by not vetoing escape

events and by not knowing how much energy passed through the annulus and thus

escaped detection, a potentially serious error can be made in determining the

energy of the incident photon. This error, as well as the resulting

efficiency, can be quantitatively determined by doing a Monte Carlo simulation

of the response of the complete spectrometer. This we have done using the MC

code EGS4, obtained from SLAC^2^.

The electron-photon transport code EGS4 is designed to calculate energy

deposition in an arbitrary material, and thus is most useful in determining

the geometrical effect on resolution which is due to shower leakage. The

observed response in a real detector, however, is modified by the effects of

electronic noise, by the non-uniformity of the response throughout the

detector volume, and by statistical fluctuations in the yield of

photo-electrons from the cathodes of the photomultiplier tubes. To estimate

the net result of these influences, we have randomized each "measured" energy

in the simulation according to a normal distribution using the following

prescription: at energies above 50 MeV the FWHM of the assumed gaussian
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distribution function was taken to be a constant 1%, and at particle energies

below 50 MeV the FWHM was scaled inversely as the square root of the energy.

Figure la shows the response of a model detector to an incident beam of

200 MeV gamma-rays for which no leakage has occured. The FWHM is 1% and the

peak is gaussian-shaped. Figure lb shows the simulated response of a 19 x 19

inch Nal crystal at this energy using a circular gamma-ray collimation

aperture of 8 inch diameter. The tail in the response which is due to leakage

is obvious, and the FWHM resolution is about 2%.

Surrounding this Nal core with an annulus and a front shield both made of

plastic scintillator of 4 inch thickness produces the spectrum shown in figure

2. Again, 200 MeV gamma-rays were incident through an 8 inch diameter

collimator aperture. In this case, however, events were rejected if an

accumulated energy greater than 0.25 MeV was measured in the active plastic

shield. This histogram clearly displays the suppression of the low-energy

tail, and shows a much-improved resolution of 1.5%. However, the corresponding

peak efficiency is determined to be only 45%.

The simulated response of a spectrometer designed for resumming escape

energy is shown in figure 3. In this design the 4 irch thickness of plastic

annulus is replaced by a 2 inch thickness of Nal around the 19 x 19 inch Nal

core. On the front face of the core a thin (=1/2 inch) plastic scintillator

is installed to reject cosmic rays. The events shown in histogram 3 were

sorted by summing the energy deposited in the core and the accumulated energy

deposited in the Nal annulus when that energy exceeded a threshold of 0.25

MeV. As with the Nal-plastic anti-coincidence spectrum shown in figure 2, the

resummed spectrum shows a considerably diminished tail. The FWHM resolution is

1.5%, and the peak efficiency is essentially 100%. The Nal shield can also be
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operated in anti-coincidence. The result, of course, is very similar to the

Nal-plastic anti-coincidence spectrum shown in figure 2.

For this design, an average of about 1% of the incident photon energy

(about 2 MeV, in this example) escapes detection by either the core or the Nal

annuiar element. This is divided about equally among regions which extend

beyond, beside, and in front of the core detector. Simulations indicate that a

large thickness of Nal is required to significantly reduce this leakage.

Calculations have also been done to assess the utility of a front shield made

of Nal. At these energies we find that an average of about 17% of the incident

photon energy is deposited in a 2 inch thickness of Nal located in front of

the core. In a practical spectrometer this is too much energy to resum without

adversely affecting the overall resolution. If such a system were operated in

an anti-coincidence mode the overall efficiency would, of course, be seriously

degraded.

The concept of resumming cure and annular energies and a quantitative

determination of the effect of this procedure on efficiency and resolution has

been tested on a prototype spectrometer built at the University of Kentucky. A

smaller version similar to the present design intended for intermediate energy

studies has beer, built, tested and used for radiative capture experiments at

IUCF and at the Van de Graaff Laboratory at U.K. This instrument has a

central Nal core of 8" diameter and 10" length, and is surrounded on the sides

and front by a 1.75" thickness of Nal. The annulus is segmented into 6

optically isolated elements—each instrumented with an ADC and a TDC. The

histogram in figure 4a shows the measured response of this spectrometer when

operated in the anti-coincidence mode with an incident monochromatic beam of

22 MeV gamma-rays. Figure 4b shows these same data reanalyzed with the core,
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front, and annular energies summed together. The measured peak efficiency is

improved by a factor of 110% by resumming the signals, yet the FWHM resolution

is experimentally confirmed to remain unchanged.

B, PILE-UP REJECTION

A large Nal spectrometer is quite vulnerable to high-rate backgrounds

generated in the target by an accelerated beam. At high counting rates pile-up

of low energy background pulses produces a tail on the high-energy side of the

peak of a high energy gamma ray, worsening the energy resolution. When

standard pulse-shaping techniques are used to produce unipolar analog pulses

of about 2 Msec duration, the probability for pile-up can be large. For

example, at a total instantaneous counting rate of 200,000 events/sec, about

33% of the pulses are affected by pile-up.

Two methods are used to reduce the effects of pulse pile-up. First, the

anode signals from the photomultiplier tubes are clipped to 400 nsec duration,

corresponding to about 1.5 time-constants for the decay of the scintillation

light. The resultant signal is DC-coupled to a charge-sensitive ADC with a

gated input which is matched to the 400 nsec width of the input analog pulse.

Under these conditions the pile-up probability is reduced to about 8% at 2 x

105 events/sec.

Additionally, the remaining residual pile-up is detected event-by-event

and flagged with a tag word sent to the data analysis computer. A custom-built

module is used to test for pile-up of two or more signals within the 400 nsec

gating time of the ADC. This process is schematically illustrated in figure 5.

The anode signal from the PMT is first clipped and discriminated at an energy

level commensurate v.-ith the intrinsic resolution of the spectrometer,

typically at 1% of the energy of the gamma-rays of interest. The discriminated
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signals are analyzed by the pile-up rejection unit which generates an output

whenever two inputs occur within a preset time interval—here set to 400 nsec.

The output pile-up signal is strobed into a coincidence register, indicating

to the data-sorting algorithm the occurence of a piled-up event.

By appropriately timing the output of the pile-up rejection module with the

strobe input to the coincidence register, pile-up can be detected either when

the background pulse occurs before or after the event of interest. The

practical limitation to this method is due to the required deadtime of the

discriminator. To avoid multiple-pulsing and the accompanying self-rejection

of pulses by the pile-up circuit, the time interval for pile-up detection must

be greater than about 30 nsec. For a DC beam the residual undetected pile-up

is less than 1% at a counting rate of 200,000 events/sec.

C. GAIN STABILIZATION

Several forms of stabilization of the gain of photomultiplier tubes have

been developed. Passive systems include PMT voltage dividers which incorporate

some combination of high-current resistor chains, capacitors, and zener

diodes. Active techniques include the use of transistorized HV dividers for

rapid pulsed-current stabilization, gain feedback systems to correct the gain

either by altering the HV supply or by amplification of the linear energy

signal, and digital stabilization wherein linear signals from an LED-generated

event are recorded on magnetic tape interspersed with the scintillation pulses

for later playback and digital gain correction.

Previously, we reported the design of a feedback stabilization system for

operation at high counting rates^). This system has been used succesfully

for a number of years with a Nal spectrometer at IUCF in a series of proton

radiative capture experiments below 100 MeV. In an effort to improve the
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bandwidth of that system, and to diminish the vulnerability of the feedback

loop to pile-up induced stabilization errors, we are currently developing a

prototype of a new gain stabilization system applicable to scintillation

spectrometers operated at very high counting rates.

Figure 6 schematically illustrates the major elements of the

stabilization system. While only one such circuit is shown, a separate

stabilizer segment is required for each independent element of the

spectrometer. Light from a common, stabilized reference source is fed through

fiber optic cables into each detector segment. The light signal is continuous

and is sinusoidally modulated at a frequency of 50 MHs. An electronic detector

circuit extracts the stabilization signal as measured by the photomultiplier

tubes on the Nal crystal. This is done by mixing the anode signal from the

PMTs with the 50 MHz signal used to modulate the light source. After the high

frequency component of this mixed signal is removed by filtering, a low

frequency envelope remains. The amplitude of this residual envelope is

proportional to the detector gain. This signal is sampled in a separate ADC at

the occurence of each Nal event trigger, providing a record of the

instantaneous gain of the PMTs. A gain correction is then applied digitally to

the linear Nal energy signals recorded for each event.

This system has the considerable advantage of being relatively

invulnerable to pulse pile-up, even at very high counting rates. The 50 MHz

reference light superimposed on the anode signal from the PMTs is detected

coherently using the phase-shifted reference modulation siqnal. The

scintillation pulses form an incoherent background for this detection circuit.

The accuracy with which the stabilization can be maintained is determined in

part by the noise in the scintillation pulses at a frequency of 50 MHz within
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the acceptance bandwidth of the stabilization circuit. If the noise due to the

scintillation pulses is too large for accurate stabilization, it can be

reduced by narrowing this bandwidth. However, the speed of response of the

stabilization signal will be proportionately slowed.

In order to assess the overall accuracy and response time of a

stabilization system of this design we have measured the noise spectrum in Nal

scintillation pulses under conditions similar to those encountered in an

experiment. The average counting rate of the scintillation pulses in our test

was 100,000 events/sec. The measured power spectrum at higher frequencies is

shown in figure 7. Using the measured power at 50 MHz and a design detection

bandwidth of 1 kHz, we find that the peak-to-peak voltage of the reference

light signal can be set to about 4% of the peak amplitude of the high-energy

scintillation events of interest. Under these conditions the stabilization

circuit will achieve a signal-to-noise ratio of about 0.001 with a maximum

frequency response near 6 kHz.

There are, of course, several potential problems associated with the use

of a continuous reference light source. For example, the average dynode

currents in the PMTs are increased, which could contribute to instability.

With the relatively small amplitude required of the reference light source,

this is calculated to be a small effect. Also, the reference light level will

contribute to the measured energy of the gamma-rays of interest. This

contribution is in general random, and at most amounts to a few percent. It

can assume a fixed value independent of timing considerations by adjusting the

width of the ADC input gate to an integral number of periods of the light

source. Also, the reference light signal can potentially influence the timing

and pile-up signals derived in the detector's logic circuitry. This can be



corrected most simply by incorporating a sharp notch filter to remove the 50

MHz oscillation from the anode signals entering these loqic lines.

Alternatively, a constant-fraction discriminator can be used to remove the

sinusoidal signal by appropriate choice of external shaping delay.

In summary, we have analyzed three factors which contribute to the

overall resolution and efficiency of a large Nal spectrometer: the

geometrical effects of shower leakage and the compensating energy resumming

method for improving the efficiency; the use of pile-up rejection circuitry to

reduce the losses and spectral distortions at high counting rates; and we have

proposed a design for a prototype gain stabilization system which is

specifically developed for operation with scintillation spectrometers at very

high counting rates.

We appreciate the considerable assistance of Billy Anderson-Pugh in the

analysis of the present segmented flal spectrometer, and of the electronics

engineers William Fuqua and Amir Miranda for their work on the gain

stabilizer. The assistance of the National Science Foundation is gratefully

acknowledged.
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FIGURE CAPTIONS

1. a) EGS simulation showing resolution-averaged response of infinite

detector for 200 MeV gamma-rays.

b) EGS simulation of 48 cm x 48 cm Nal detector at Ey = 200 MeV using a

20 cm<|> collimator.

2. EGS simulation of 48 cm x 48 cm Nal detector operated in

anti-coincidence with an annular plastic scintillator shield of 10 cm

thickness,

3. EGS simulation of 48 cm x 48 cm Nal detector operated in resum mode

with an annulus of Nal with 5 cm thickness.

4. a) Measured response of a 30 cm x 30 cm segmented Nal spectrommeter at

Ey = 22 MeV. The anti-coincidence spectrum is shown.

b) The measured response of the 30 cm x 30 cm spectrometer operated in the

resum mode.

5. A simple low-level pile-up rejection scheme.

6. Design of a continuous gain stabilization system.

7. Measured power spectrum of Nal scintillation pulses at high frequencies.
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S t u d y o f t h e r e a c t i o n p + p - » p + p + n

S. Stanislaus, T. Noble, M. Ahmad, D.F. Measday (University of British Coumbia);

D. Horvath (CRIP, Hungary) and M. Salomon (TRIUMF).

Introduction

The pion production reactions are important for a complete

understanding of the nucleon-nucleon interaction. The reaction pp -•• pp*° contains

information which is completely different from the other two 1-1 reactions, viz.

pp + n+d and pp •* n+pn. Although some data exist for n° production, near threshold

the quality is very poor (fig. 1).

The total cross section for

the reaction pp * ppn° is normally

abbreviated as O J J 1 ) , which is the standard

isospin decomposition for single pion

production, the subscripts standing for the

nucleon isospin in the initial and final

states. In the same notation for the charged

pion production reactions np •*• NNiir the total

cross sections are given by l/2( °oi+all^ *

There has been a long and complex history as
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to whether oQ1 is indeed non zero. In the

isobar model NN + NA > NNn, the intermediate

state can have isospin (3/2 ± 1/2). Therefore

if isospin is conserved, there can be no pion

production from an initial I"0 state in the

np reaction. Recent data on charged pion

reactions have been obtained at SIN ) and at

LAMPF3) and seem to Indicate that a01 is

relatively small. The evidence from phase

shift analysis is contradictory1* ). If a01

is very small, then the reactions np + NNif1 and pp • ppw° should be very similar

(apart from the factor of 2 in the total cross section).

The differential cross section for the pion is normally described by

Fig 1. Total cross section for

the reaction pp+ppn°. n^ax is the

maximum pion momentum in the

center of mass in units of mn0c.

(from ref.7)

da

dQ
* ~ 1/3 + b cos29

The Russian data for the pp •*• ppn° reaction6) give the value of b - 0.06 ± 0.06.
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However Cence et al.7) found b - 0.27 ± 0.04 for the same reaction at 735 MeV.

This is in sharp contrast to the reaction np + n+nn for which b ~ 0.6 (ref.2).

This seems inconsistent with the claim that 0n1 is small.

To our knowledge no previous analysing power data is available for

the reaction pp -»• ppn°. The purpose of this experiment is to measure the total

cross section o^, differential cross section and the analysing power for incident

proton energies from threshold upto 500 MeV.

To t u t <>»P

Experimental Method

The experiment was carried out using the polarised protons of beam

line IB at TRIUMF. Figure 2 shows the main features of the set up. Two large Nal

detectors (nicknamed TINA & MINA) were used as the n° spectrometer. TINA and

MINA measure 46 cm <J> x 51 cm and 36 cm $ x 36 cm respectively, and have energy

resolutions of about 7-8% in the energy

region of interest. The target was

liquid H2 contained in a 5 cm $ x 5 cm

Kapton flask of wall thickness 0.13 mm.

It was essential to use a liquid H2

target because the n° cross section on

carbon is quite large in the energies

of interest. The reaction was studied

by detecting the 2 y's from the decay of

the n®, in coincidence. This was done by

TINA and MINA which, measured their

energies as well. Two plastic

scintillators in front of the Nals

rejected all charged particles. In order

to check tha neutron background, the

time of flight of the neutral particles

was measured relative to the RF signal . .
f Proton beam

Ion ehubcr

T«to counter

(for charged particle*)

Liquid

- telescope

Fig 2. Experimental layout.
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of the cyclotron. The beam current was

monitored using a polarimeter upstream,

an argon Ion chamber down stream, as

well as a telescope at 30° consisting of 3 plastic scintillators which detected

all scattered particles. The polarimeter was also used to monitor the beam

polarisation.

The experiment was run at proton energies of 320, 350, 400, 450 and



500 MeV. The beam polarisation was around 45-502. Various combinations of angles

were used: several geometries with Nals at 180° to each other (40°-140°, 60°-120°,

80°-100°) and at symmetric angles (A0°-40°, 6O°-6O° , 7O°-7O°, 80°-80°, 90°-90°).

The data were accumulated in short runs and at the end of each full target run, an

empty target run was carried out in order to be able to subtract the background

n°a produced from the target flask.

A test run was carried out in September 1985 where TINA and a lead

glass detector were used in coincidence as the n° spectrometer, with TINA always

at a backward angle. Since the lead glass has very poor energy resolution, the

quality of the data was very low. There was some apprehension about using Nal

detectors with a proton beam, because we had never tried this before, the main

fear being the neutron background. However with the difficulties easily overcome,

the use of another Nal instead of a lead glass in the last run, showed a dramatic

improvement in the data.

Analysis

The experiment was done in September 1986 and at the present time

the data analysis is in progress. The first step in selecting the n° events is to

remove the background neutron events. This was done by imposing a cut on the time

of flight of the neutral particles to TINA and MINA. Neutrons have a longer time of

flight and also normally deposit less energy in the crystal than y-rays. With most

of the neutrons removed a two dimensional plot of energy deposited in MINA against

energy deposited in TINA (fig. 3) shows a very clear band due to the n° production.
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.is.. •

Energy In TINA (MeV)

Fig 3* Two dimensional plot of energy deposited in MINA vs. energy deposited in TINA,
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The n y-rays have to follow a hyperbola because

2

" 4 sin (*/2)

where E T - Energy deposited in TINA, E^ - Energy deposited in MINA,

4> - y ray opening angle (i.e. the angle between the detectors)

These n°*s show up as a peak in a spectrum of E-r.Ev

I 40 0

I 20 0 —

I 000 -

80 0 -

600 -

400 -

200 -

1D000 20000

( P a r t i c l e Mass)3 ( tie V )
30000

Fig 4. The spectrum of 4 EJ.EM for 500 MeV incident protons

and 90°-90° geometry.

The width of the TI° band depends on the energy resolutions and angular resolutions

of TINA and MINA. The position of the band depends on the mass of it0 and the angle

between TINA and MINA. We can therefore use the mass of n° to select the important

events. This leaves only a very small background underneath the it0 peak(or band)

which could be easily estimated.

As mentioned earlier we used two different geometries. Of these, the

symmetrical arrangement has the advantage that we can obtain the analysing power

in a clear and simple way. When a n° decays into 2 y's, conservation of energy and

momentum requires that the higher energy y has a smaller angle with respect to the

7i° than the low energy •>, . Hence the sign of EM - ET defines the direction

(left or right w.r.t. the beam) of the n°. Figure 5 shows typical E^ - ET

spectra when the spin was up and down. This clearly shows that more n°'s are going

to the right when the spin is up and to the left when the spin is down.
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Fig 5. Spectra of the energy difference between the 2 Y~rays from

the decay of n°'s when the spin of the incident proton is (a) up and

(b) down. The incident proton energy is 500 MeV and the geometry 90°-90°.

For these symmetric geometries the n° lab

angle as a function of the n° kinetic

energy can be calculated and is shown in

figure 6.

The analysing power was

calculated using the formula

P+cT

where F*" and P~ are beam polarisations

for spin up and spin down respectively,

defined according to the Madison

convention8). a+ and d~ are the

differential cross sections for the two

spin states, up and down.

The geometry with Nals at

180° to each other can be used to

50 100 150 200
PIO Lab Kinetic Energy (MeV)

250

Fig 6. n° lab angle as a function of

it0 lab kinetic energy for symmetric

geometries. 80 refers to the 80°-80°

geometry.

determine the differential cross section. This geometry has the advantage that the

direction of the it0 can be clearly defined. Except at very low it0 energies, the

n°s detected are those that move either towards TINA or MINA. The low energy n°s

do not cause a serious problem because their flux is expected to be much smaller

than the high energy n°s. The n° detection efficiency and the effective solid

angle were calculated using the Monte Carlo method. Figure 7 shows a typical y~ray
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spectrum in TINA. The y's w l t h energy > 67.5 MeV correspond to rc°s moving towards

TINA and those with energy < 67.5 MeV correspond to n°s moving towards MINA. Hence

the TI° lab and center of mass energy spectra can be deduced from the

spetftra.

200 —

- 1 OQ

l_

so ioo )so
Eneroy ( He V)

2 0 0 2 5 0

Fig 7. The y energy spectrum in TINA. Incident proton energy is

500 MeV and the geometry is 9O°-9O°.

Results

As the data analysis Is in

progress no final results are available at

the present time. But a first analysis has

shown significant analysing powers for the

reaction pp •> ppn° (figure 8). These are

the first observations of this observable

for this reaction. The analysing powers are

negative just as for the reactions pp •• pnn+

and pp •*• n+d (ref.9). Evider.ce from 13C(pn~)

reaction had suggested that the analysing

power might be opposite lr, sign10), so

I
a.

1.0-

0.5-

0.0-

-0.5-

-1.0-

i

500 MeV

\ }

i

90 Dei,

1

1 1 1

1

-

-

10 20 30 40 50 60
PK) Lab Kinetic Energy (MeV)

Fig 8. Preliminary results of the

70

there is a puzzle here. A; the present time analysing power of the reaction pp+ppit0

differential cross sett*.en data have not

been analysed. Once all the data are

analysed we hope to compare our results

with the calculations of Dubach, Kloet and

Silbar11). Recently they have explored the

at 500 MeV incident proton energy and

90° it0 lab angle. The errors shown

are statistical. There are systematic

errors of about 10Z.
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NN -» NNn reaction in detail using a unified model. Predictions have been made for

differential cross sections and spin observables which give reasonable description

of the available exclusive NN + NNn data. Though no predictions have been made for

the inclusive reaction pp -* pprc0, mainly because of the lack of experimental

information to compare with, their computer code could make predictions for this

reaction and we Intend to explore this possibility and compare our results with

them, when our analysis is complete.
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1 Theoretical Motivation

Interest in studying pion-proton bremsstrahlung is motivated by the additional infor-

mation that can be obtained about the intermediate Delta, A++(1232) beyond that

from normal ap scattering. Measurements of the process x+p—> *+P7 can provide in-

formation on the electromagnetic properties of the A + + , in particular the magnetic

dipole moment, p& and possibly the electric quadrupole moment, Q&. As the A is

a strongly unstable particle, this may be the only practical manner of measuring the

dipole moment, conventional methods of measuring dipole moments are impossible to

perform owing to the short lifetime of the A.

When one looks at pion—proton bremsstrahlung, one sees radiation from both the

intermediate A and from the external pions and protons. Because of this external

radiation, one wants to examine radiation in a geometry where the external radiation

is a minimum, thereby enhancing the effects of the internal radiation. In the case of

ir+p—* Jr+p7 this can be obtained by selecting photons which are moving backwards

relative to the outgoing pion and proton, see figure 4. Figure 5 is the result of a soft
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photon calculation for the external radiation, destructive interference is seen to occur

between the pion and proton radiation.

In order to interpret the resulting data in terms of electromagnetic moments of the

A, it is necessary to have a good theoretical understanding of the process. It is not at all

obvious how a bremsstrahlung cross-section, JQ JH"dE iS relatec^ t o t n e dipole moment

of the A. In order to correctly relate the tv/o, it is necessary to consider several partial

waves in np scattering, off shell effects and obtaining correct gauge fixing terms. The

origional work on this problem was performed in 1967 by Kondratyuk and Ponomarev 1,

but until recent MIT calculations z • s the theoretical situation was not well understood.

The work of the MIT group is a dynamically consitant gauge invariant model for

*N bremsatrahlung involving an isobar model which is fit to experimental phase shifts.

The model includes effects from the P33, S31 and P31 partial waves.

P.(P1

\

)

\

t

T

Pf{Pi)

/

\

Figure 1: Elastic Scattering via the P33 wave in the MIT theory.

Figure 2: Self energy corrections to A propagator.
lL.A. Kondratyuk and L.A. Ponomarev, Yad. Fli T, 111 (1967) and Sov. J. Nucl. Phyi. T, 32

(1968)
3L. Heller, S. Kumano, 3.C. Martinei rad E.I. Monii, Submitted to Phy«. Rev. C, (1986)

"Shumo Kumano, Nucleon Substructure and Nucleon Properties, MIT Ph.D. Thetii (1985).
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Vertex form factors for aNA interactions are given as

where h(p2) is parameterized as

The spin § propagator for the A, see figure 2, contains effects for first order self-energy

corrections. This propagator, G& is given as:

or

E —
where S4 is the self energy term. This gives the free parameters g and a for each partial

wave, and the mass of the delta, m^ from the P33 propagator. The free parameters in

Inverse Propagator

Coupling Constant

Vertex Form Factor

P33

£-mA~^-SA(E,.PA)

92

H?2)

S31

-1 - E,(£)

-9]

M*2)

P31

-1 - Ep(£)

~9l

the above table are obtained by fitting the theory to measured phase shifts.

When calculating the bremsstrahlung process, jrp ~* a-p-jr the dipole and quadrupole

moments of the A also become parameters in the theory. In principle the octupole

moment should also be included, but effects due to this term are small relative to the

other two contributions. Calculations of the cross-section jfl Stf dE &re c o m P a r e d t°

data from the UCLA experiment * • 5 • 6 in figure 6. The dipole moment is best fit

for /*A between 2.5 and 3.5 /zp, while a simple SU(6) calculations 7 predicts (i& = 2/ip

and bag model calculations 8 predict that A*A should be 17 to 21% less than the SU(6)

*D.I. Sober tt.ai., Phy». Rev. D l l , 1017 (1975)
SK.C. Leung tt.ai., Phys. Rev. D14, 698 (1976)

•B.M.K. Nefkeni et.al., Phyt. Rev. D18, 3911 (1978)
TSidn«y Coleman and Sheldon Lee Glaahow, Phy«. Rev. Lett. 6, 423 (1961)

*G.E. Brown, Mannque Rho and Vincent Vento, Phys. Lett. 97B, 423 (1980)
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prediction. Using the cross-section information it is only possible to measure JUA to

about 16% accuracy, and one has no hope of measuring the quadrupole moment.

Another important measureable is the polarisation asymmetry of the cross-section

(proton spin-up, proton spin-down). Calculations of the assymetry,

T i d*a |

' dn.dn.dE. +

indicate that a much more precise measurement can be made of the moments. Figure 7

shows the asymmetry predictions for various values of the dipole moment. A good

measurement of the asymmetry may be able to pin dowa p& to within a few percent.

Effects due to the quadrupole moment are shown in figure 8, unfortunately this quantity

is probably just beyond the sensitivity of a measurement of this sort.

One can also study the process jr~p—» r'p'y. In this system the intermediate A0 has

no charge, and the SU(6) magnetic moment is 0. A fit of the MIT theory to the UCLA

x~ data is consitant with the value of 0 magnetic moment. One also finds that the

external pion and proton radiation have constructive interference in the same geometry

as the 3T+ experiment. One then has a good system for studying off-shell effects in

pion-proton scattering °. Unfortunately, the typical n~ rates available at meson factors

are much smaller than the available x+ fluxes.

Pfipz) P.(pi) Pf(P2)

+ T
* %

/(ft)

Figure 3: Diagrams involved external radiation in *p

"Charlei Picciotto, Phy». Rev. CS1, 1036 (1985)
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2 The SIN Experiment

The SIN experiment, R-85-01-1 is designed to measure both the *p —• »p7 cross-

section and the polarization asymmetry for 300 MeV n+. The experiment is a triple

coincidence experiment detecting all three final state particles; a drawing of the appa-

ratus is shown in figure 9. Pious are detected in a magnetic spectrometer whose field

is set at 6.8KG. A pion is triggered by three arrays of plastic scintillators, while track-

ing is performed with four multiwire proportional chambers. The pion arm provides

our only traceback to the target. The solid angle of the spectrometer averaged over

accepted pion momentum is 130msr and we achieve a momentum resolution, ( ^ ) of

1%(FWHM). Protons are detected in large blocks of plastic scintillator which are able

to t:op protons with energies up to 150M«V. Th«M counters sit behind a $£ hodoccop*

counter which give us all of our position information on the proton. The energy resolu-

tion of the proton detector (^£) is 5% (FWHM) at 100 MeV. Finally the photons are

detected in a square array of 64 63.5-83.5-400. mm' Nal crystals. Charged particles

are vetoed, by a thin scintillator in front of the array and an energy resolution ( ^ ) of

about 7.5% (FWHM) at 130 MeV is expected.

A liquid hydrogen target is used for measuring the cross-section and an actively

polarized butanol target is used for the polarization measurements. The liquid hydrogen

target is a 14cm long cylinder containing l̂ Jpr of hydrogen. The polarized target

has about 21% free protons, giving it one fifth the thickness of free hydrogen as the

unpolirized target, typically polarizations of 65% are obtained. Typical rates for the

experiment are 25MHz during the unpolarized measurements and about 40MHz during

the polarized runs. These rates are determined by the particle flux in the proton counter

closest to the beam ; this counter is limited to a rate of about 1MHz because of pile-up

problems.

We measure enough information with the detectors to directly construct p r , 0r,

4>r, Ep, Op, <f>p, En, 61, and <f>n. We also performed measurements of the SIN IIE-1

beamline momentum and angular dispersion during the runs. This large amount of

information is needed if one wants to be able to separate real jrp —> a-pf events from
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the background when using the polarized target.

The typical jrp —»arp̂ r cross-section is about 1 trafficy, which when compared to

the mb cross-section for elastic processes means that ore aeeds to consider possible

background reactions that might mimic the real system. Along with *p —» *P7 from

free protons, the process can also occur from bound protons. In our polarized target

there was Carbon, (16MeV binding energy) and Oxygen (12 MeV binding energy).

These reactions should have about the same sort of cross-sections as ?rp —• *p7 and

can be eliminated by reconstructing the mass of the target and looking at 3-momentum

balance. Another reaction that can occur is *° production, jr+p—> T+jr'p. This reaction

can be eliminated by reconstructing the man of the gamma, W°'B giving a peak at 135

MeV.

Aside from these expected reactions, there are also events where a quasifree scat-

tering gets mixed with a random photon. Also with the high rates used , there is a

significant chance that there will be more than one pion in any given beam burst. This

can also generate important backgrounds by mixing uncorrelated pions and protons with

random gammas. Figure 10 shows a plot of the typical gamma time spectra obtained

when using a liquid hydrogen target. For the polarized target, there is a larger neutron

contribution, and more gammas in the adjacent beam bursts. As well as the primary

peak, there can be contributions from neutrons and michel electrons. The michel elec-

trons originate from back scattered pions that stop in our Nal detector. These electrons

give a flat background in the gamma time spectra.

In our experiment, monte-carlo calculations including resolutions of all detectors in-

dicate that the background processes can be fairly cleanly eliminated for En > ZQMeV.

As the region of interest in the polarized data runs from 40 MeV to 120 MeV, this

background loss presents no serious problems.

3 Large Photon Solid Angle

When one envisions performing this experiment, one selects some angular region for the

pion and proton, and then tries to cover as much of the photon solid angle as possible.
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In our experiment, this would necessitate moving the Nal detector and repeating the

experiment several times. We are also unable to go very far out of plane with our Nal.

A larger scale program might envision covering angles from 100° to 180° and to go as

far out of plane as possible, see figure 13. One could also consider examining several

incident pion energies.

Typical times involved for this sort of program using the SIN apparatus would be

about two and a half days per gamma angle with the unpolarized target, and about a

week per polarization with the polarized target. These sort of run times would give us

about 1000 events in the unpolarized spectrum and 500 to 600 events in each polariza-

tion. Using a larger solid angle photon detector could reduce the entire experiment to

just one of our settings.

There is also the question of desired resolution in the photon detector. Of course

one always wants things as good as possible, but given the finite nature of things we

should look at the gamma resolution versus various background cuts.lVo of the cuts

that we make are the difference between the reconstructed target mass and the proton

mass

mx — mp =

and the total three momentum balance.

\PBal\ = \Pin -Pr-Pp- Pi\

The dependece of these quantities on the Energy resolution of the gamma detector

is plotted in figures 11 and 12 with the assumption that all other detectors have the

same resolutions as those in the SIN experiment. When looking at the m j - mp cut

in figure 11, the resolution is not critical for low energy gammas, but for the highest

energy gammas there is a strong dependence. However improving the resolution beyond

7% does not gain one a great deal. The largest contribution to this error comes from

corrections made for the proton energy loss when exiting the target. We only have one

arm to generate a target traceback, so the depth of the event in the target is uncertain.

The momentum balance shown in figure 12 also shows the same behavior as the mass

cut. Although in this cut the improvement beyond a 7% resolution is even less striking.
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In this cut, one of the very critical parameters is how well one measures the angle of

the proton. In our experiment this was performed with 3cm wide plastic scintillators

in the hodoscope, about a 30% improvement could be made if one had 2mm resolution

for the proton position.

In our experiment, the gamma angles were measured to about 2° (FWHM). Improv-

ing the gamma position resolution beyond this does not gain one anything in either of

the above two cuts. In fact, if the resolution were twice as bad as we have the cuts

would be unaffected. However, with the high rates needed to perform this experiment

one can be plauged with serious pile-up problems in the gamma detector. Monitoring

the experiment online indicates that with our array we have a pile-up corection on th«

order of 5% with the polarized target. High granularity in the photon detector is th«

only way to manage this problem.

In conclusion, a large solid angle photon detector with good energy resolution from

30MeV to 150MeV and high granularity could be effectively used to carry out a system-

atic study of the xp —> *p7 process. Improvements beyond the results expected from

the SIN experiment would be realized without any larger statistics because of the larger

number of gamma angles measured. Also measurements of the x~ process are limited

by the rather poor statistics of the UCLA experiment and could be greatly improved

with such a detector at a present day meson factory.
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Figure 4: Kinematic configuration to minimize external radiation.

7T+P-+ 7T+P7 TT = 298MeV

100

£ 7 [MeV]

Figure 5: External radiation from pion and proton separetely, as well as the total

external radiation. Figure taken from reference number 4.
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Figure 6: Cross-section compared to UCLA data for several
values of dipole moment. Figure is taken from reference 3.
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Figure 7: Asymmetry calculations for several values of the dipole moment
Figure is taken from reference 3.
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Quadrupole Moment of the A
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Figure 8: Asymmetry calculations for several values of quadrupole moment. Figure is

taken from reference 3.

453



Detector with LH2 Target

ASK, AEB, QSK: Magneta
T: Target,
Mi: MWPC,
P, H, AB, AC: Scintillators
S: Shielding

AB

Figure 9: Experimental setup of the SIN experiment.
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RADIATIVE PROCESSES in KAON and HYPERON PHYSICS

B.L. Robertst
Department of Physics
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Boston, MA 02215

I. Introduction

The physics which will be discussed in this paper has a history stretching back to
the early days of low-energy kaon physics using bubble chambers. Unfortunately, much
of the existing data raise more questions than they answer. We shall consider two types
of radiative transitions: electromagnetic transitions from excited hyperon states to lov et
lying hyperon states of the same strangeness S, and weak radiative (strangeness changing)
decays where the strangeness of the residual baryon is one unit less negative. We indicate
these symbolically as

Electromagnetic

and

Weak Radiative

An example of the former is
A(1520) -

and
E + - p + 7

is an example of the latter where the final baryon B3+1 is not a hyperon.
The electromagnetic transitions are of interest because of the information which they

provide on the internal structure of the hyperons. Experimentally one measures a radiative
width or radiative capture branching ratio which can be related to a radiative width. The
study of radiative widths has ahready proved to be a powerful tool in understanding nuclear
wave-functions, especially where configuration naming is involved.

The weak radiative decays (WRD) have remained the last low q3 frontier of weak-
interaction physics for some years. Severn! measurements of the E+ decay listed above
have been carried out. Most puzzling is the decay asymmetry parameter, a,, which is
large and has the opposite sign from that expected from broken SU(i). Even though this
decay has received the most attention experimentally, only 310 suci events have been
observed over the course of 5 experiments.*

The weak radiative decays have been the subject of a number of theoretical papers,
but at present, no satisfactory picture has emerged. A number of mechanisms have been
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invoked by the different authors to explain the large negative value of a7 measured in E+

decay. Although the observed branching ratio for £+ WRD is obtained by each calculation
(or is used as input), predictions for branching ratios of the other decays sometimes differ
markedly.

The topics covered in this paper not only fit into this workshop, but also fit nicely
into topics under consideration at LAMPF II workshops. The appeal of a "kaon factory"
lies in the improved beam quality which should be available. Smaller spot size and a pion
contamination as low as 1:1 or 2:1, even at low energies, would reduce the problems one
currently encounters in such experiments at the AGS.

For the purpose of this discussion I will assume that a high flux, high purity beam
is available in addition to the proposed position-sensitive high-resolution photon detector.
This detector is expected to have a large solid angle, position resolution better than 2 mm
and energy resolution of a few percent. The detector is expected to be useful over the
photon energy rang«j of 100 to 1000 MeV. The kaon beam could be at a kaon factory, or
perhaps at the Brookhaven AGS. A new high intensity 2 GeV high flux kaon beam beam
will be available at the AGS on a timescale similar to the proposed detector. If the B~
and E° radiative decays have not been studied sufficiently well at Fermilab, then serious
thought should be given to moving it to the AGS early in its life.

In addition to the electromagnetic and weak radiative decays, radiative capture on the
deuteron will briefly be discussed as a way to search for the 5 — -1 di-baryon state which
has the quantum numbers of the A - n system.

II. Electromagnetic Radiative Transitions

The quark structure of the hadrons is a continuing problem in particle physics. Al-
thougb the basic theory of QCD is firmly in place, there is great difficulty in making detailed
predictions. Calculations of low energy properties have been limited to phenomenological
models since perturbative QCD breaks down at low energies. Static properties such as
baryon magnetic moments are predicted to no better than 10 to 15% by current models.
These static properties are very sensitive to the qu&rk wavefunctions inside the hadrons
and it is clear that additional experimental information would be very useful to theorists
in developing better wavefunctions.

In nuclear physics the study of electromagnetic transition rates and branching ratios
has been a useful spectroscopic tool, which led to the understanding of collective effects,
e.g. the giant dipole resonance, as well as providing important information on nuclear
wavefunctions such as configuration mixing.

In Fig. 1 we show possible radiative transitions between the neutral hyperons A and £.
The A (1405) which lies just below the K~p threshold remains an enigma after many years
of study. Its mass is not predicted well by either the Isgur-K&rl model1 or by bag models3

which contain two possible states which might be identified with the A(U05). Possible quark
configurations for these states are shown in Fig. 2. We note that one photon emission
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implies a single particle transition. With the configurations shown in Fig.2 the transition
A(1405) — £°(1193) is forbidden.

Radiative widths have been calculated by Darewych, et al.s using the Isgur-Karl quark
model1., and by Kaxiras et al.4 using both the Isgur-Karl model and the MIT bag model.3

The results of these calculations are given in Table 1. The MIT-bag model calculation
obtains two Bets of values depending on whether the A(1405) is described as the A(| ) at
1364, called Ai, which is the lowest mass \~ state predicted by the bag model, or the §~
state predicted at 1446 Mev called Aa.

Table 1

Calculated Radiative Widths I \ (keV)

Transition MIT Bag4 IK-SU(6)4 IK-uds4 DHK«

60
17

154 200 14)

18
2.7

72 72 91

1.3
0.2

0.3 0.3 0.3

46 98 156 96
17 56 55 74
3.6 0.03 0.07 «0

A(|~) - • A (|")7 0.1 0.5 0.7 0.2

In principle, photoproduction of mesons should also provide structure information,
but in nuclear physics this hope has not yet been realized because of uncertainties in the
final-state interaction of the meson with the nucleus. In particle physics., photoproduction
has already served as a useful constraint on wavefunctions. (See the review by Foster and
Hughes.5). Nevertheless, experimental results are only available for non-strange baryons
since one has to use nucleon or nuclear targets. The transitions which have been studied
in detail are:

Information on:
Tfn —> jr°n, 7 » —* x~ p

is indirect and thus much more sparse.
The equivalent photoproduction off strange baryons such as:

7A —• T ° A , 7A —» K~p
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are not experimentally accessible. On the other hand, the radiative capture reactions,

K~ + p - . Y + i, Y = A or E°

are possible, although difficult to observe experimentally, and should provide equivalent
information. The radiative capture reaction has the disadvantage that one cannot easily
vary the momentum transfer in a systematic way as can be done in photoproduction
experiments.

Because the A(1405) and £(1382) are below threshold in the K~p system, we cannot
produce these states in a direct fashion. The influence of the A(1405) on the low energy
K~p interaction has been known for years, both from scattering experiments and from
kaonic atoms. In Fig. 3 two diagrams which can contribute to radiative capture are
shown. The importance of the diagram involving the intermediate A(14O5) is the subject of
some dispute,8'7 but both sets of authors agree that the branching ratio is sensitive to the
radiative width of this state.

The calculation of Darewych, Koniuk and Isgur7 shows that, in the context of the
Isgur-Karl model1, the radiative capture process is dominated by the intermediate A(14O5).
They find that the branching ratio to £°(1192) and A(mo) states is primarily determined
by the electromagnetic decay widths to these states. This calculation predicts that the
rates for radiative capture to the A and E° ground states are comparable. The calculation
by Zhong et al.* using the "cloudy-bag" model reaches a similar conclusion.

As an example of the experimental difficulties one encounters in such experiments, we
consider radiative capture at rest. Both the low branching ratio and the continuum of *°
decay photons from the background reactions shown below contribute to the difficulties.

p £ ~ x + Air0 £°jr0

20% 48% 8.7% 27.3%

Secondary photons and *°'s are produced by the decays:

£° -> A + 7 100%, A -» n + x° 55.8%, £+ — p + x° 51.64%.

The radiative capture experiment with stopping kaons is currently being carried out at the
Brookhaven AGS.8

In flight radiative capture using a K ~ beam with momentum PK = 395 Mev/c to form
the A(152O) would provide information on its radiative width. Specifically, a large radiative
width for this state would imply that color hyperfine effects are important in this system.8

There have been two experiments which have studied K~p -* A7 in flight, both of which
used K~ beams of 395Af«V/e momentum. The experiment of Mast et al.10 used a bubble
chamber and the recent experiment Bertini et al.11 used a small Nal detector to try to
detect the photon directly. Conflicting results were obtained by these experiments, and an
improved experiment with good resolution and statistics must be done.

In Table 2 we list the decay channels13 of the A(l520). The decay channel Air0 is sup-
pressed by isospin conservation, however Mast et al.10 observed many of these events.
Presumably these events came from the tails of the £(166G) and £(1670). One must have
sufficient resolution to resolve n° decay photons from the radiative decay.
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Table 2

Decay Channels and Branching Ratio* for the A(l520)

Final State Branching Ratio

N R 45 ± 1 %
£ * 42 ± 1 %

kit it 10 ± 1 %
£ - * * 0.9 ±0.1%

A 7 0.8 ±0.2%

To demonstrate the need for good photon energy resolution, in Table 3 we list some
sample kinematics Tor the AT0 and A7 final states at 395 MeV/c. The energy difference
between the maximum *° decay photon energy and the radiative decay photon, A£, is
given, along with the percentage difference between the two.

Table S

e7
20°
90°
160°

Selected

E,
444.4
339.4
274.5

Kinematics for K p -*

rw. E
310.5
210.2
150.7

A7 In-flight, pK

f(maz)
435.0
331.4
268.7

= S95MeV/c

AE{MeV)
9.4
8.0
5.8

AE
2.1%
2.4%
2.1%

On the peak of the resonance, pK = S95A/eV one finds that at 90° the Doppler correction
is 1.5 MeV/degree. It is clear that such an experiment needs a photon detector with
excellent position and energy resolution and large solid angle.

In principle, it should be possible to measure radiative widths for all the transitions
shown in Fig. 1 once the new detector becomes available.

ID. Hyperon Weak Radiative Decay

Weak radiative decays are currently being studied in two experiments, E811 which
is currently running at Brookhaven* and £761 which is being constructed at Fermilab.
Branching ratios for £+ and A WRD will be measured at BNL and both a7 and branching
ratios will be measured at Fermilab for several of the charged hyperons. In table 4 we list
the experimental branching ratios (or limits) which have been measured to date for the
hyperons. (The unpublished KEK measurement is not included.*)

Much theoretical work has been carried out on the weak radiative decays.21"" This
work can be roughly divided into two classes vi*. those which use quarks and consider
quark transitions, and those which use baryon pole models in conjunction with symmetry
principles.

Gilman and Wise38 evaluated the single quark transitions shown in Fig. 4a (« -• 47)
where the other two quarks are spectators. This model predicts branching ratios to within
an overall normalization. Using E+ -• p7 to determine the normalization gives the results
shown in Table 5. The predictions for the other decays are systematically higher than the
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current upper limits. There is the additional problem that this calculation predicts a zero
asymmetry in E+ -»P7 decay which does not agree with the experiments, (see table 4) The
authors conclude that there must be additional diagrams contributing to this process.

Table 4

Existing Data on Hyperon Weak Radiative Decays

Decay Ref. # of Events Branching Ratio Asymmetry Parameter

E + — pi 1S-17 S10 (1.22 ± 0.10) x 10-*
A — n7 18 23.7 (1.02 ± 0.33) X 10"*
H° A 1920 170 (11 ± 02) x 10~8

-0.72 ±0.29
A n7 18 2 . (1.02 ± 0.33) X 10
H° -* A 7 19,20 170 (1.1 ± 0.2) x 10~8

H° - • E°7 19 1? < 7 x 10~'
E~7 19,21 9.4 (2.27 ± 1.02) X 10-*
H"7 22 <9 < 2.2 x 10~z

S-

The two-quark transition «+u-»u + d+7 which is shown in Fig. 4b has been considered
by a number of authors.3*-'7 The results are compatible with the known limits. This two-
quark diagram cannot contribute to the weak radiative decays of the (1~ or the S~ since
there is no valence u quark in the initinl state. Huah37 has also calculated the three quark
transition shown in Fig. 4c, and has found it to be negligible.

Ref.

23

24

24

25

25

32

33

34

35,36

37

29

Theoretical predictions for

E+-P7
1.24'

1.24*

1.24*

1.17*

1.17*

0.34 ± 1.25
0 05+0-a*U-"-0.14

0.82l°;JJ
0.66

A —»i»7

22

5.97

1.70

0.26

0.82

1.9 ±0.8

0.62

1.02

1.5

Table 5

weak radiative decay branching

5° -» E°7

9.1

1.48

0.23

1.4

1.1

7.2

5.87

10

5°-A7
4.0

1.80

1.36

0

0.12

3.0

2.29

15

ratios in units

H~ -» E-7

11

1.20*

1.20*

0

0.17

1 0-6 _ io-*

of 10"'

n- - E - 7
41

0.6

0.6

10-' - NT1

'used as input to determine the normalisation.

Two authors'*-'9 have considered more complex diagrams which include gluons such
as the "penguin" diagram shown in Fig. 4d. If the photon is connected to an external
quark line, then this is the same penguin diagram which is important in the A/ = | rule
for strangeness changing decays and — in neutral kaon decays.

The pole modeb have been used successfully to describe the weak hadronic decays
of the hyperons.™ The weak radiative decay A -» B~t is separated into two steps, a weak
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transition A -* B' followed by the electromagnetic transition, B1 — Bar the other case where
A -* A't is followed by A' -» B. (See Fig. 4e) These calculations*1 -»r differ in the number of
intermediate states, and how one includes decays such as S" -• E"i and fl" -» S"7 where
multiple quark processes do not contribute and there is no u quark in the initial state. (See
Fig. -4f)

Several authors8197'* have set lower limits on the branching ratios from unitarity. All
of the theoretical predictions are listed in Table 6. One can see that some of the calculations
predict branching ratios below the unitarity limits obtained by another author.

Table 6

Lower limits placed on the branching ratios by unitanty.

Ref.

31

37

38

E + - P 7
> 6.9 x 10~°
> S x 10"5

> (O.W±O.39)x 10"*

A —• »»7

>8.5

>0.83

x 10"*

x 10-*

c

>

>

!" -+£"7

1.0 x 10~*
1.3 x 10-*

fi- -

>0.8

-»B"7

xlO"8

It is clear from Tables 3-6 that improved experiments are needed to choose between the
different theoretical approaches. An informative discussion of radiative transitions among
the hyperons and weak radiative decay can be found in the review article by Goldman et
al.M.

The high resolution, position-sensitive detector might be an excellent tool to measure
neutral hyperon weak radiative decays. The most obvious one to study is

A-tfi + 7

which does not lend itself to high energy measurements.1* The branching ratio will be
measured at Brookhaven in E811, but the asymmetry parameter will require a separate
measurement. There are two possibilities for this measurement. A small polarization is
produced by stopping K~ through interference of the two amplitudes*0

K~ + p - » £ ° + ir 0-A + ir0+7

and
K~ + p ™» £• + 7 - A + x° + 7.

The polarization is expected to be large for the portion of the Dalitz plot on the real E*.
This is a small effect and involves detecting three photons in the final state, one of them
rather low in energy. Only a few such events are expected in E811, and one may need a
kaon factory for this technique to work.

An alternate approach is to produce polarized A's in flight through

K~ + p - A + *°

where the polarization will be transverse to the plane formed by the incident beam and
the T° trajectory. One would then need position sensitive good resolution photon detectors
for the x° tag and the WRD photon. The A polarization has been measured*1 in the K~
momentum range of 450 - 670 MeV/c, and this may be a promising way to measure the
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decay asymmetry. One would need to confirm the polarization measurements, but this
could be done simultaneously with the weak radiative decay experiment using either the
p*~ or n*° decays.

A second experiment which might lend itself to this new facility is to measure the
branching ratio and asymmetry parameters for

e° -• E° + 7-

The S° can be produced and tagged by

K~ + p - 5° + K°

where
K° -» K+ + *-.

The KWK decay has similar kinematics to the two photon r° decay, with a Jacobian peak.
The minimum opening angle is given by

COB

where Eo and mo are the K° (total) energy and mass and m, is the r± mass. One could
put chambers and scmtillators above and below the target and put the photon detectors
on either side. The H° polarization at low energies is not measured, but as with the A it
can be measured easily. For the weak radiative decay, the final state would be A77. With
good resolution on the photons one need not detect the A, although it would be prudent
to design the experiment to also see the p*~ decay of the A.

It also might be of interest to study the A7 WRD of the 5° but this measurement may
be done more easily at Fermilab. Certainly any experiment designed to detect the E°7
final state should see the A7 decay as well. Similarly, one could study

a- - £ - 7

but this will be done at Fermilab on a competitive time scale.

IV. The d{K-,i) Reaction

The radiative capture reactions

K~ +2H->A +n + 7

K~ + 3H - E° + n + 7

K~ + 2H - IT + p + 7

provide interesting possibilities for additional experiments. I shall focus on the A»7 final
state. There is the possibility of using this reaction to determine the A-n scattering length
just as the d(w,i)nn experiment43 was used to determine best value of the neutron-neutron
scattering length, a,,n. The shape of the photon spectrum in the endpoint region, where
the relative momenta between the A-n pair in the final state is small, is quite sensitive to
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the scattering length and to the effective range. There have been two calculations of the
d(K-,f) reaction.41-44 Gibson, et al.41 only consider the An7 final state, whereas Akhiezer,
et al.44 also consider the E~j>7 final state. Both setc of authors conclude that the shape of
the photon spectrum near the endpoint is quite sensitive to the final-state A-n interaction.
In Fig. 5 the calculated, photon spectrum from Ref. 44 is shown. However, a measurement
of akn using this technique is not model independent, since there will be both « and p wave
contributions. A preliminary measurement of the endpoint region is being carried out at
the AGS.B

The endpoint energies of the gamma rays are listed in Table 7 below.

Table 7

Photon Endpoint Energies for the S-Body final States

Final State Maximum Photon Energy

A n 7 293.31 MeV
E° n 7 225.39 MeV
£ - p 7 222.10 MeV

Background r° decay photons from

K~ +d-+A + n + x°

will cover the energy region up to 280 MeV so that only the endpoint region of reaction
(2a) will be free of substantial background without additional coincidence requirements. In
order to extend studies of these three-body decays below 280 MeV photon energy, it will
be necessary to detect the other particles in the final state.

If the background from *° decay can be adequately suppressed, then one can use the
radiative capture reaction to search for exotic states with B = 2, S = - 1 . For example, if a
strong resonant state exists above threshold in the An system, then

K~ +a H - (An) + 7

will produce a 2-body final state and thus a sharp 7 line will lie on top of the continuous
3-body spectrum. For bound states below the A-n threshold, the gamma ray will lie above
the endpoint of the 3-body spectrum and be relatively background free.

There is an indication from an early *Hc bubble chamber experiment46 which studied
the reaction

E~ + 4He -» A + n + ZH

that a resonance in the A - n system might be formed. With 03 events which could be
fit, there appeared to be an anomalous bump in the triton momentum distribution which
corresponded to a An resonance at a mass value of (2098 ± 6)MeV. These data are shown
in Fig. 6.

For a number of years there has been an indication that a 5 = -1 Ap resonance ex-
isted. At CERN Kp enhancement at MAp = 2l29MeV has been observed in the K~d-* kpx~
reaction.*6 This enhancement was first observed by Dahl, et al.4T, and by Tan4t (see Fig.
7) using stopped kaons. The situation has been reviewed by Dalitz49 One serious difficulty
with the resonance interpretation of this enhancement in the A-p system is that a threshold
cusp is expected at this energy since it lies at the EN threshold.
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This situation may have recently been clarified by Piekarz et al.60 By studying the
angular dependence of this enhancement, they observe a suppression of the threshold cusp
at large laboratoiy angles and a fairly convincing signal appears at about 2140 MeV. If
one examines Fig. 7 carefully, it is possible to interpret the large peak as the threshold
cusp and the shoulder at 2140 MeV as the Ap resonance.

If the A - n resonance discussed in ref. 45 exists, it might be the /« = - | component of
the AJV resonance which Piekarz et al.80 claim to see. On the other hand, this enhancement
may be a member of an SU(3) anti-decuplet representation (J* = l+,I = §) with 5 = - 1 ,
which contains the deuteron as the 1 = 0 non-strange member, since this resonance appears
to be a 'Si state.51

Another possible explanation of this enhancement is given by bag model calculations63

which have predicted several relatively light dihyperons, composed of 6 quarks. Specifically
predicted are an S - wave flavor singlet dihyperon (H) with J" = 0+ at 2150 MeV, and a
flavor octet with J" ~ 1+ at 2135 MeV. The / = Y = 0 member of the octet (#*) at 2335
MeV may appear as a bound state of ££ decaying strongly to AA or NB. The resonance at
2140 MeV in the Ap system could be the Y = l, / = | , /, = § member of this octet, however
all members of this octet at 2135 Mev except the / = Y - 0 member are predicted to be
unbound. More recently Mulders, et al." have studied the mass spectrum of six quarks
grouped in two clusters in a "stretched bag" and have predicted a number of these exotic
states.

This An state can also be probed by the reaction

K~ +d-*k + n + *a

as suggested by Peng54, however the presence of three strongly interacting particles in the
final state, combined with the excellent resolution required for the outgoing *° make this
an extremely difficult experiment. Calculations showed that such an experiment using
the existing LAMPF *° spectrometer would be extremely difficult because of the high *°
energy and excellent resolution which would be required.55

V. Conclusions

A range of experiments can be carried o»»t using the new detector. The radiative
widths for the A*, S°* states can be measured providing a complete set of widths to use as
theoretical input in hyperon structure calculations. One could also use this detector as a
tool to search for an exotic state with S = - 1 , B = 2 which is predicted to exist by several
bag-model calculations.

The weak radiative decays are fundamental processes which need further study. The
branching ratios and asymmetry parameters for weak radiative decays of the neutral hy-
perons can be obtained using the new detector. There are two open questions: 1) Can a
consistent (and believable) set of calculations be carried out for these decays which predict
both branching ratios and asymmetry parameters? 2) Can good experimental measure-
ments of these parameters be obtained for all the stable hyperons?

It has been pointed out that the theoretical analysis of these decays involves putting
together three components: 1) strong QCD (spontaneous chiral symmetry breaking), 2)
the four-fermion interaction (weak) and 3) the weak gauge interaction (electromagnetism).
At least one theorist believes that a similar three components will be at work above the
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weak scale if the breaking of SU(2) x U{1) is dynamical. "It is crucial to understand how
they fit together in a process that we can study in detail"58

It is a pleasure to acknowledge my collaborators in E811 for numerous discussions on
the physics of radiative decays. In particular, I wish to thank J. Lowe and D. Horvath for
reading this manuscript and offering constructive comments. I wish to thank H. Georgi
and R. Jaffe for helpful discussions on weak radiative decay and polarization respectively,
and Nathan Isgur and Roman Koniuk for useful discussions on radiative capture.
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Figure Captions

Fig. 1 Radiative transitions between the hyperons.

Fig. 2 Possible quark configurations for the states shown in Fig. 1. The strange quark
is indicated by a solid circle, u and d quarks are indicated by open circles. Note that with
these configurations the transition A(1405) —» E°7 is forbidden.

Fig. 3 Diagrams contributing to radiative capture of kaons at rest. It is the diagram
with the intermediate A(i405) which is of interest here.

Fig. 4 Diagrams contributing to weak radiative decay, a) Single quark transition, b)
Two~quark transition, c) Three-quark transition, d) Penguin daigram. e) Pole model of
radiative decay, f) Pole model of radiative decay by a tv/o-quark transition.

Fig. 5 The calculated photon spectrum for K~d~* \ni from Ref. 44 showing the threshold
cusp and the sensitivity to the A - n final state interaction.

Fig. 6 Triton momentum spectrum and effective maas distribution in the A - n system
from Ref. 45.

Fig. 7 The A - p mass distribution from stopped kaons in deuterium from ref. 48.
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Workshop Summary

Stanley S. Hanna

Department of Physics, Stanford University, Stanford, CA 94305

My overall impression is that this Workshop has admirably achieved its major goal: to

cover the topic of the Workshop and to place the need for improved facilities in proper

perspective. I have enjoyed listening to the talks since the subject matter deals with a field

of physics that has been close to my heart The new research that has opened up and

continues to evolve in this field I find especially attractive and challenging. However my

job, as I see it, is not so much to extoll the virtues of the field as to take a hard-headed look

at the prospects for continuing and enhancing the research through the building of new

facilities, in particular, a greatly improved rc° spectrometer. Thus, I want to look at the

Workshop as a proposal that is asking for major funding for the creation of a new facility

and one that I have been asked to review by a funding agency.

As I have indicated my evaluation would be at two levels. One, governed by my heart,

would say to fund it as a field of physics that has made and continues to make major

contributions to nuclear physics. However, the second, governed by my head, would need

to take a more critical view and evaluate the proposed research and developments in light of

all the other proposed physics with which it is competing for funds.

First I would like to look at the question of community support Clearly, there is a

strong and influential segment of the community interested in this project About 75 active

people attended the Workshop, among them leaders in the field. There is also a very strong

component of LAMPF physicists which would be essential for success. Other major

laborator.es, such as Bates, Saskatchewan, ORNL, and MSU, are also involved. There

appears to be substantial interest in Europe. It seems certain that construction of a major

new facility for use at LAMPF and elsewhere would be a user's project There has long

been strong support for such projects, both by the funding agencies and by the major

research laboratories themselves. This would appear to be an ideal example for a

collaboration between users and the major laboratories.

Another dominant consideration is whether the necessary technology exists for a major

upgrade of a rc° spectrometer. This is not the place for a detailed examination of this

question, but several speakers addressed the problem and there is clearly general awareness
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of new developments and consensus that the necessary technology does exist or can be

developed. It is felt here the problem will be not so much finding the needed technology as

it will be to determine and agree on the specifications and parameters for a new instrument.

A new facility of the kind being envisaged will need to serve many users in many different

applications. Versatility will be the key to success. And versatility will require careful

planning and foresight. For example, to what extent should a new facility be maximized

toward the detection of a particular kind of particle such as the K° or should some

compromises be made to make it adaptable also to detecting other radiation such as Ys or

r|'s etc. This would be the time to look at new ideas and new materials and not be bound

simply to the upgrading of old ;deas and old materials.

One of the significant and remarkable features of the "new" nuclear physics, based on

probes of all kinds, p, n, e, y, ji, n, K, etc., over a wide range of energies, is the extent to

which it has contributed to and strengthened the "conventional" picture of nuclear physics

based on the nucleonic structure of nuclei. Thus the "old" phenomena of giant resonances,

sum rules, isospin, analog states, collectivity, to name only a few of the features so well

explained by standard theory, have been explored and enriched with the new probes. It is

clear at this Workshop that the investigation and elucidation of conventional nuclear

structure will remain one of the strongest motivations for greatly improving the precision

and detection efficiency of relevant experiments.

A fine example of this research is the use of the pion charge-exchange reactions (TC*, JC°)

to investigate giant resonances. These reactions led to establishing the isovector giant

monopole resonance and many of its properties. When measured together on the same

target nucleus the Or1", JI°) and (it~, 7t°) reactions allow analogue giant resonances to be

studied in a systematic way. These studies complement (p,n), (n,p) and (7T+, y), (rc~, Y)

measurements in a basic manner. The completely pionic probes will emphasize different

multipolarities and different components of a given multipolarity. For example, the pionic

probes are especially sensitive to the surface of a nucleus and so will emphasize the surface

configurations. The pion charge-exchange reactions can also contribute to our knowledge

of the splitting of giant resonances based on isospin, deformation, or spin-flip processes.

Thus, the pion has joined the family of gammas, electrons, and hadrons as illustrious

probes of giant resonances.

But, what L the need for improved resolution and efficiency in these investigations?

The full power of the pionic charge-exchange probe cannot be realized until the quality of

detection approaches that of the electromagnetic probes, y and e, and hadronic probes such
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as (p,n), (a,oO, etc. Improved Jto detection is needed to resolve giant resonance

components a few hundred kilovotts apart. It will also be needed to perform meaningful

coincidence experiments of the type (**, n°x) where x represents the sequential decay of a

particle from a giant resonance. In these experiments the resolution must be sufficient to

resolve the states of interest in the final nucleus. The presently available facility is

inadequate for this purpose. The study of the more conventional aspects of nuclear

structure will remain a popular and very important feature of an improved spectrometer

with high efficiency, and resolution. Nevertheless we must look for new justifications that

are more on the frontier of nuclear physics. In the following we discuss some of these new

possibilities.

The pion physics of the nucleus and pion reactions were nicely covered in this

Workshop. These talks also brought out the importance and status of the delta-hole

excitations in the nucleus. The role of the A excitation in the nucleus can be investigated by

a study and comparison of the three interactions: (n, it), (y, y), and (y, x°). The strongly

interacting pions interact largely in the nuclear sui ace; the weakly interacting gammas

throughout the nuclear volume; whereas the last reaction combines both volume and surface

features. All three reactions can be mediated by the A-h interaction. Clearly, such studies

can be extended to the higher nucleonic resonances. These experiments are essential to an

understanding of resonances and medium effects in die nucleonic structure of the nucleus.

The role of the A-h model should be firmly established, since it could serve as a natural

entry into a more fundamental quark description of nuclear structure. Basic to these studies

is the development of a completely satisfactory theory of pion scattering and the JiNN

interaction. For example, are there isotensor components in the interaction? At the heart of

these considerations is the need for much better data. There are very few data on the (y, y)

and (y, Jt°) reactions in the important energy regimes. Major improvements in detector

systems for Ys and 7t°'s would be needed for these studies. We consider these potential

applications to constitute one of the strongest and most urgent justifications for building an

appropriate new detector with maximum characteristics.

We had an exciting look into the rich world of heavy meson production and the interplay

of higher nucleonic resonances with the presentations of the recent work on Tj production

and a nice review of future posibilities. These studies will give full expression to the new

degrees of freedom inside the nucleus and will emphasize the non-conventional aspects of

nuclear structure. The basic problem is of course to determine the rjN interaction and its

application within the nuclear medium. A very nice experimental start has been made on
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this research with a measurement and comparison of the related reactions, 3He(7r. rj)3H.
3Hc(7r, rc°pH and 3He(7t+, rj)3p. Clearly, bener data are needed and many more such

basic reactions need to be studied before the importance of heavy meson (r\) physics in the

nucleus can be determined. We consider these studies to be one of the strongest

justifications for constructing a new generation "TC° spectrometer". V/c emphasize the

consensus of the experts in the field that "A good rc° spectrometer is also a good rj

spectrometer".

An interesting start has been made on the Jt° production from heavy ion reactions such

as 35-MeV/nucleon 14N ions on Al, Ni and W targets. Interesting phenomena that have

emerged from these studies are subthreshold production, a high-energy excess of pions,

and ex*.; sections considerably larger than those predicted by a simple model. The work

was done with a JI° spectrometer constructed from lead-glass blocks. The angular

acceptance was *=0.4JI and K° cross sections as low as 300 pb were measured. In order to

gain more insight into the mechanism of the x° production there is a need for coincidence

studies in which neutral mesons and gammas are detected with high resolution. A neutral

meson spectrometer with maximum characteristics would be essential for these studies. It

is felt here that neutral meson proudction from heavy ion collisions may well become an

exciting topic when nuclear matter under extreme conditions is produced in truly relativistic

collisions.

There were several other very interesting papers in this Workshop which might not be

directly connected to the main topic but served to emphasize the interest in this general

field. For example, we heard talks on gamma scattering from the proton and pion-proton

bremsstrahlung and the delta magnetic moment. These talks also served to remind us that

when the basic technology in a field is improved there can be a very valuable spin-off and

stimulation of closely related areas. Another important truism that was brought up at this

Workshop was that when one continues with improved techniques one can expect the

unexpected.

In summary I would like to emphasize that a strong case has been made for the science

that would be served by a new high-performance neutral-meson spectrometer. There is a

strong, active community of users and in-house physicists who would use such a device.

Not only would it greatly enhance present researches but it would also open up new

unexplored territory. This instrument could be built as a project of involved users in close

collaboration with one of the large centers. It is felt that the strong support of LAMPF
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would be vital to success, but the instrument should be portable for use at other

laboratories. Versatility would be the key to success. It would be highly desirable if the

device could be adapted to the detection of both neutral mesons and photons. Very careful

study and planning will be necessary to select parameters which will maximize not onJy the

usefulness of the instrument but also its versatility as a multi-purpose device for use in a

variety of experiments and laboratories. It would seem to be very worthwhile to carry out a

detailed study to determine the extent to which these goals could be met.
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