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imply its endorsement, recommendation, or favoring by the United States
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ABSTRACT

This proposal requests support for the fabrication and
operation of a modest facility that would provide relatively intense
beams of monochromatic and polarized photons with energies in the

range of several hundreds of MeV. These Y rays would be produced by

. Compton backscattering laser light from the electrons circulating in

the 2.5-3.0 GeV "X-RAY" storage ring of the National Synchrotron Light
Source (NSLS) at Brookhaven National Laboratory. The excellent
emittance, phase space, and high current of this state-of-the-art
storage ring will allow the production of 2x107 Y rays per second.
These photons would be tagged by detecting the scattered electrons,
thereby determining the energy to 2.7 MeV for all Y-ray energies. The
efficiency of this tagging procedure is 100% and the Y-ray beam would
be essentially background free. Tagging will a1§o allow the
flexibility of operating with a dynamic range as large as 200 MeV in
photon energy while still preserving high resolution and polarization.
These beams will permit a fruitful study of important questions in
medium-energy nuclear physics. The initial goals of this program are
to reach reliable operation with photon energies up to 300 MeV and to
develop Y-ray beams with energies up to about 500 MeV. To demonstrate
reliable operation, a modest physics program is planned that, for the
most part, utilizes existing magnets and detector systems but
nonetheless addresses several important outstanding problems. Gamma
ray beams of the versatility, intensity, energy, and resolution that
can be achieved at this facility are not currently available at any

other world facility either existing or under construction.




Furthermore, the proposed program would produce the first intense
source of medium-energy <Y rays that are polarized. Because of the
difficulties in producing such polarized beams, it- is very unlikely
that viable alternate sources can be developed in the near future; at

present, no others are planned.
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I. Introduction

The proposed facility would be capable of producing fluxes of
2x107 polarized (linearly or circularly) and monochromatic y rays per
second in the energy range of 100 to 500 MeV. The technical
considerations involved in producing these y rays by backscattering
laser light from high energy electrons are discussed 1in Sections II
and III. Thé different modes of operation that can produce these ¥y
ray fluxes are discussed in Section III, and the initial Medium Energy
physics program demonstrating the versatility of these y ray beams is
outlined in Section IV. Capital and operating costs, along with the
time schedule for construction, are given in Section V, The general
motivation for and phases in the development of this Y ray facility

are now summarized below. The scientific personnel involved 1in the

development of the facility are listed at the end of this section.

I.1 General Scientific Justification

During the past few years there have been several studies and
* .
many conferences devoted exclusively to outlining the important

questions that should be addressed in electro- and photo-nuclear

*
See, for example:

1) Proc. of the "Symposium on Perspectives in Electro- and
Photo-Nuclear Physics", Saclay (1980); available as Nucl. Phys.
A358 (1981).

2) Proc. of the Workshop on "Intermediate Energy Nuclear Physics
with Monochromatic and Polarized Photons", Frascati (1980);
available from Frascati National Laboratories.

3) Report of the Workshop on "Future Directions in Electromagnetic
Nuclear Physics" (1981); available from the Physics - department
at the Massachusetts Institute of Technology.




physics over the next one or two decades. A conclusion common to all
of these studies is that a very high-energy, high-duty factor electron
accelerator would provide the maximum versatility for research in this
field. A large subset of these important problems can be studied with
real photons, and in fact éll conceptual designs of this new electron
fécility include a bremsstrahlung monochromator for producing high
resolution y-ray beams. This is in part because of a general desire
to have complementary measurements with both real and virtual photons,
but is also because there is a large class of problems for which the
real photon is in fact a better probe. Studies in this class make use
of the fact thaf the form factor for photon interactions is
significantly different from that for electron interactiohs. (For
example, in the term dominating the electron scattering form factor,
the matrix elements are multiplied by esey, where e 1is the electron
charge and ey is the charge of a nuclear constituent. When summed
over i, the contributions from negative and positive virtual pions
nearly cancel. In contrast, the matrix elements in the dominant term
of high-energy photon scattering are multiplied by e? so that the
effects of negative and positive pions add.) This difference between
photons and electrons, combined with the simplicity of the
electromagnetic probe, proves advantageous in a number of areas. For
example:

(1) Recent calculations (Bo81) have suggested that about
one-half of the Gamow-Teller sum rule strength, which
appears to be missing from the low-lying giant
resonance, may be absorbed in a giant collective

nuclear-delta excitation. In reaction channels, a
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(2)

(3)

broad peak in the region of the delta is always
expected from purely single-nucleon excitations, and
collective enhancements would be extremely difficult to
disentangle. However, the form factor for elastic
photon scattering is quite sensitive to collective
effects, and the cross sections at large angles can
change by up to two orders of magnitude if a "giant"
component is present in the region of the delta (Le81).
In the region below the delta (EY~200 MeV), meson
exchange currents are expected to enhance elastic
photon scattering by more than a factor of ten (Ch80).
This is principally due to the cumulative effect of
scattering from the virtual pions. (Large meson
effects have already been observed in photon scattering

208py, (Le81) below 100

from deuterium (De81) and from
MeV.) Very high electron energies (several GeV) and
coincidence measurements requiring high-duty-factor
would be required to obtain a comparable sensitivity to
meson currents.

Because real photon interactions are so strongly
affected by the pion field, photo-induced reactions,
particularly (Y,ﬁ+). have been suggested as the ideal
method of searching for critical opalescence, the
precursor of pion condensation (Jd80). An enhancement
of the virtual pion field from such a phenomenon would,

for example, increase the 12C(Y.TT+) 90° differential

cross section, for EY between 200 and 300 MeV, by more
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1)

(5)

than a - factor of 10. Such effects are most
dramatically studied with 1linearly polarized photons
since backgrounds from competing processes can be made
very small. (In particular, the seagull diagram, that
containing a single N vertex, could interfere with
the opalescence effect. However, it cannot contribute
when the charged pion is emitted perpendicular to the
polarization vector of the incident y ray.)

The (7,7m°) reaction has been used recently to uncover
the first candidate for a giant-isovector-monopole
resonance (Bo82), a collective mode in which neutrons
and protons undergo separate density oscillations that
are out of phase. In addition to the large backgrounds
)

encountered in these experiments, the = and

+ 0 . o .
,m) cross sections, leading to the same residual

(m
nuclei, show unexpected differences. Furthermore, the
isovector quadrupole resonance, which should be as
strongly excited as the T=1 monopole, 1is completely
absent from these data. The same AT=1 modes should be
strongly excited in (y ,m) reactions, and with photons
the non-resonant backgrounds may be very much reduced.
Furthermore, the (Y,W+) and (y,T ) reactions may be
used to separately excite the proton and neutron
density distributiohs, with a mechanism that is much
easier to model theoretically.

The ‘mass and lifetime of excited baryons such as the

delta are strongly altered by the presence of the
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(6)

nuclear medium. These alterations are caﬁsed by a
number of effects which generally are difficult to
isolate and study independently. However, one of these
effects, rescattering, which completely dominates
pion-induced reactions, can be dramatically reduced
with real transverse photons (0s79). The treatment of
the remaining effects within a A-hole model calculation
is then quite sensitive to photon induced reactions.
Only a very small amount of data, having very large
uncertainties, has been  accumulated on total
photoabsorption and on the coherent (Y,ﬂo) process in
the region of the A, Nonetheless, the data suggest
several serious discrepancies wi;h the A-hole model.
In addition to putting these questions on a much firmer
experimental footing, new measurements with polarized
photons could provide direct information on the
strength of the A-hole force.

Several QCD calculations have independently concluded
that the delta itself must be deformed and must have a
sizeable (30%-50%) d-state component in itswavefunction
(Br81). Electron scattering experiments on hydrogen,
H(e,e!' )N, have been proposed to measure this
deformation by determining the E2/M1 ratio in the
region of the delta (Se81), and similar measurements
with polariied photon beams have also been considered
(Ga82). A recent analysis of existing data (Ga82) pﬁts

the average value of this ratio at 0.014%0.016. All of




(7)

(8)

the new proposed experiments would be potentially very
difficult to interpret, due to an uncertainty in
calculating a recoil correction. The latter arises
‘because, following the decay of the A, the moving
charged pion creates an effective E2 moment that
is of the same order as the moment expected from the
deformation. Although  the recoil correction is
difficult to calculate, it may be possible to
drastically reduce its contribution by transferring the
minimum amount of momentum; i.e., by using elastic
photon scattering (¥,Y).

QCD calculations also predict that 6-quark states
should exist. Many of these states are expected to be

of high spin and are most accessible through

polarization measurements. There are several
candidates for such dibaryons, but all are
controversial. A recent dibaryon candidate of

unprecedented narrowness (40 MeV) was reported in the
disintegration of deﬁterium with unpolarized photons
(Ar81). Measurements with polarized Y rays are needed
to explore this structure and determine its spin before
comparisons can be made with QCD. If this structure
does indeed prove to be consistent with a dibaryon,
then several otﬁer such resonances should exist and a
search over a larger energy range could prove fruitful.
Photon scattering from virtual electron-positron pairs,

Delbrlick scattering, is represented in QED as
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(9)

scattering from the vacuum polari;ation cloud
associated with the charged nucleus. The Feynman
graphs for this process form é unique set of third
order diagrams. Measurements at forward angles, where
the Delbrlck amplitudes peak, show systematic
deviations from QED calculations (Pa75). A key
experimental difficulty involves the . separation of
Delbrlick scattering from other processes. However, the
Delbrtck amplitudes are very sensiti#e to the
polarization of the incident photon. Small angle
measurements with a polarized beam over a large range
of energies would provide a unique opportunity to
investigate this problem.

In the Weinberg-Salam-Glashow (WSG) theory, any

electromagnetic process described by the exchange of a

virtual photon is accompanied by an identical diagram

in which a ZO is exchanged. The interference of this
weak-neutral-current with the electromagnetic
interaction is of great interest. In the absence of
this interference, bremsstrahlung is completely

° and plane polarized off axis. A

unpolarized at O
recent measurement of the circular polarization of 0°
bremsstrahlung generated by 300 MeV electrons, has
reported a component that is two orders of magnitude
larger than the WSG prediction (Zi82). Pair production

by circularly polarized y rays provides an independent

yet related mechanism for studying these effects.




Measurements of the polarization asymmetry in pair
production could test the WSG theory in a way that
would be less sensitive to spurious asymmetry-producing
sources., If the enhancements in bremsstrahlung over
the WSG predictions are correct, the effect upon pair
production should be quite dramatic.

The above problems, as well as many others that would be
complementary to future studies with the high-energy high-duty-factor
electron accelerator when it becomes available, could be addressed in
the very immediate future with the proposed facility. High resolution
in a flexible dynamic range would be achieved by tagging the 100 to
500 MeV <y rays produced by laser backscattering against electrons.
The production ﬁechanism permits this tagging to be 100% efficient so
that, very unlike conventional tagged-bremsstrahlung, no background Yy
rays of unknown energy would accompany the tagged beam. The beams
from the proposed facility would be greater than 90% polarized, either
linearly or circularly depending upon the requirements of the
experiment, and would have a flux that is comparable to if not greater
than what might be achievable with a bremsstrahlung monochromator at a
high duty factor electron facility. The costs involved in
constructing the proposed backscattering facility are extremely
minimal because the first essential part, a state-of—thé-art electron
storage ring, already exists, and because the other essential
ingredients, the laser system and the optical cavity, are ¢trivial
compared.with the cost of an accelerator.

From the above considerations it is clear that there would be a

strong motivation to proceed with this facility even if the envisioned




high-energy high-duty-factor electron accelerator, together with a
, *

100-500 MeV unpolarized bremsstrahlung monochromator , existed today.

In the absence of such an electron accelerator, the motivation is

overwhelming.

*

A co%ponent of plane-polarized y rays is present in bremsstrahlung
(9Y>0 ), but only with several orders of magnitude lower intensity
than the primary beam.




I.2 Stages of Development

The development and utilization of the backscattered y-ray beam
is planned to occur in three distinct phases.
PHASE I: An existing high-powered CW Ar-Ion Laser would be
used in the visible region at 5145 R and’in the UV at 3511 .
These photons would collide with the 2.5 GeV electrons in the
injection-straight-section of the NSLS X-RAY ring, producing up
to 300 MeV Y rays. These Y rays would be tagged by detecting
the electrons that interacted with the 1laser 1light. The
tagging spectrometer consists of the existing 22.5o dipole
magnet that follows the straight section and a set of septum
magnets with a net dynamic range extending from 175 MeV to 300
MeV in photon energy. This system will provide a resolution of
about 2.7 MeV for all Y ray energies. The polarization of the
beam would be greater than 90%. The storage ring would operate
in the standard (OPTICS) tune, and the tagged flux will be

about 1x107

photons per second. The decrease in the 1lifetime
of the stored beam due to the laser-electron collisions
represents only a small perturbation on the expected beam
lifetime, so that the Y ray production operates simply as
one of many passive uses of the National Synchtotron Light
Source, The y-ray beam would be studied with detectors located
within the existing building at a distance of about 20 meters
from the laser-electron interaction region. The development of
PHASE I is expected to occupy the first year of the project '

with the first tagged y-ray beam scheduled for the end of that

year.
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The energy range achieved in this phase encompasses the region
of the nuclear delta resonance. The initial physics program thus
concentrates on searching for giant delta resonances in elastic photon
séattering, and on studying the modifications to the delta due to the
presence of the nuclear medium via total photo-absorption
measurements.

The detectors for the initial PHASE I tests and experiments are
fairly compact and can be accommodated within the existing building.
However, the curren£ly available space is far too restrictive for our
full medium-energy physics program which must utilize large solid-angle

magnetic spectrometers.

PHASE II: A modest extension would be added to the existing
NSLS building to provide adequate space for large
'spectrometers, electronics,and data-acquisition equipment. The
construction of this 'v-ray lab' is planned for the first half
of the second year. Part of the PHASE I experimental program
would continue during this period. During the final stages of
construction, a new ultra-high-power Ar-Ion laser would be
installed which would more than double the flux of Yy rays up to
300 MeV in energy. A = spectrometer and m° detectors will be
installed in the new Yray lab with the nuclear target now
located about 35 meters from the laser-electron collision

region.

The physics program in PHASE II will expand to include a number

of néw experiments, the first being the coherent (?,ﬂo) reaction which
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tests in some detail the ability of the delta-hole model to account
for modifications to the properties of the delta in nuclear matter.
The second is a search for critical opalescence in coherent (?,v+).
If the data suggest that such a phenomenon is indeed present, then
further (?,no) measurements will be necessary to properly separate the
effect of the delta. Measurements of forward angle Delbrtck
scattering would also be undertaken during this phase, along with an

attempt to detect the effect of neutral-Zo-currents in (?,e*e-).

PHASE III: To obtain higher energy Y-ray beams, the Free
Electron Laser, mounted on the VUV Ring, will be tuned down in
wavelength, initially to 2500 3, and ultimately to about 2000
X. These laser photons will be transported to the
injection-straight section of the X-RAY Ring and will collide
with 2.5 GeV electrons to produce 400 MeV and about 500 MeV Y
rays, repectively. This technique is possible only at the NSLS
because of the proximity of the two storage rings, and because
both rings can be run from the same Rf oscillator and can thus
be synchronized in time. (This mode of operation could extend
the Y-ray beam energy up to about 700 MeV when the X-RAY Ring
achieves 3 GeV.) Tﬂe Y-ray flux obtained in PHASE 1III depends
critically on the gain of the Free electron Laser. Present

best estimates put the expected flux above 107

tagged photons
per second. The construction of the optical transport system
necessary to couple the two storage rings is scheduled for the
latter part of the second year of the program. The first beam

tests would take place at the end of that year. The physics

program could utilize this beam during the third year.
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The PHASE III beam will be wused to extend the absorption

measurements to 500 MeV, and to search for and study Dibaryon

resonances in the 2H(?,pn_)p reaction. The latter experiment requires
a liquid deuterium target. The installation of this would be

completed early in the third year of the project.
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I.3 Personnel

The scientific personnel who have been involved in the design of
this gamma ray facility and the planned medium-energy physics program

are listed below.

PRINCIPAL INVESTIGATORS

Physics Department - BNL: A.M. Sandorfi
M.J. LeVine
C.E. Thorn

INFN -~ Frascati: G. Giordano
G. Matone

Additional personnel committed to an involvement in the
development of this facility are:
Univ. of Rome: C. Schaerf

Univ. of Illinois: A.M. Nathan

We are indebted to several staff members of the National
Synchrotron Light Source at BNL, particularly S. Krinsky, A. Luccio,
C. Pellegrini and A. van Steenbergen, for their technical support
during the design of this project. We acknowledge, in advance, their
necessary and very valuable support during the development of PHASES
I and II of this gamma ray facility. We 1look forward to their
participation as collaborators in the development of the PHASE III y
ray beam which wutilizes both VUV and X-RAY storage rings,

simultaneously.




We are indebted to several members of the BNL physics department,
particularly C. Dover and J. Weneser for many valuable suggestions
toward the medium-energy physics program, and to A.Z. Schwarzschild
for his enthusiastic support as Chairman of the Department. We
gratefully acknowledge the coptinued interest of J. McTague, Head of
the National Synchrotron Light Source Division, in this unique

application of the NSLS electron rings.
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II. High Energy Y Ray Production
by Laser Backscattering from Relativistic Electrons

Collisions between relativistic electrons and visible photons
from starlight had been considered as a likely source of the high
energy gamma-ray components in cosmic rays as early as 1948 (FeHS).
In 1963, Milburn (Mi63), and Arutyunian and Tumanian (Ar63), pointed
out that the same mechanism of backward Compton scattering applied to
collisions between 1laser light and a high-energy electron beam might

produce useful yields of nearly monochromatic polarized photons.

II.1 Production Mechanism

The scattering process is shown schematically in Fig. 1. The
laser photon and the electron approach each other at some small
relative angle b. After backscattering, the y ray emerges at a small
angle 6 relative to the electron beam direction. The Lorentz
transformations for arbitrary ¢ and 6 are outlined in Fig. 2. In the
frame in which the electron is initially at rest, the laser photon is
boosted up in energy by a factor of about 2y, where Y:Ee/mcz. At the
same time, any angular divergences 1in the initialllaser beam or
electron beam (represented by ¢) are collapsed. In this frame the
photon, now an x-ray, Compton scatters from the stationary electron.
After backscattering, the x-ray is boosted up in energy by another
factor of about 2y when viewed in the laboratory. At the same time,
the angular spread of the outgoing y ray again experiences a collapse
in transforming to the laboratory. The dependence of the final y-ray
energy upon angle comes chiefly from the Compton scatterihg process

2

itself. For a laser of energy €y and an electron -beam of energy ymc ,

the y-ray energy is given by
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FIG. 1: Definition of the angles in the backscattering of laser photoné of
momenta ki from glectrons of momenta ke. The resulting vy ray carries
away a momentum kg. (Angles are shown greatly magnified.)
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v2 el(l+8cos¢)(l+8cosg')

Ye
1 +-EE% (1+Bcos¢) (1+cos(d'+8")) (1.1)

The relation between ¢',8', and the corresponding laboratory angles is
given 1in Fig. 2. Because of the sequential angular ccmpressions from
the Lorentz transformations, the final Y-ray energy 1is completely
unaffected by the initial finite divergences, in the laser and
electron beams, that contribute to ¢. To an excellent approximation,

Eq. (1.1) may be rewritten as

2
E - 4v° gy
1.2
1+ M5 4 9242 (1.2)
mc

The highest energy v rays are traveling at 6=0° relative to the
electron direction. The resolution of this y ray beam could thus be
determined by collimation. However, in any practical situation the
scattering angle cannot be defined to better than the electron beam
divergence (ee), and thus for electrons with energy resolution AEe,

the resolution attainable with a collimator (whose half-angle 1is Gc)

is
AE 2AE 2 4 1/2
Y g[( e> + (va9) , (2.1)
E E ’
Y e
h
where 1/2
49 = [92 + 92} : (2.2)
e C

These vy rays also retain the polarization of the incident laser light.
For relativistic electrons, helicity is a good quantum number, and the
electron spin flip amplitude is negligible if 8 is small. Thus if a
laser i1s used with Brewster windows so that the incident 1light 1is
plane polarized, the eherging Yy rays will also be linearly polarized

£o the degree




P =1 - (ABY)2, (3)

although this expression only holds for small angles.*

As an example of the above equations, if 3.0 eV laser light
backscatters from 2.5 GeV electrons having an angular divergence (ee)
of 4x10_5 radians, then ~255 MeV Y rays are produced. When collimated
so that ec<<ee, these Y rays have an energy resolution of 3.5% and a
pblarization of about 96%. The general dependence of the gamma ray
energy upon the incident electron beam (upon Y in Eq. 1) is shown by

the solid curves in Fig. 3 for different high-power lasers.

II.2 Previous Successes

Over the past 18 years there have been several attempts to
produce Y ray beams by laser backscattering. At the Lebedev
Institute, 1.78 eV light from a ruby laser was used with 600 MeV
electrons to produce 7 MeV Yy rays (KU64). At the Harvard-MIT
Synchrotrqn the same laser line was later used wit 6 GeV electrons to
produce 400 MeV y rays (Beb65). Both of these early attempts produced
extremely low fluxes and could not be used for either nuclear or
particle physics research. The first experiment to actually use
laser-backscattered photons as a beam in a physics measurement was
conducted at SLAC (Ba69). Here, a massive hydrogen bubble chamber,
acting as both target and detector, compensated for the very low

fluxes (300 3-1) of 5 GeV Y rays that were produced.

#
The polarization is discussed in detail in Section III.1.
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To achieve flux levels iq the yY-ray beam that are wuseful for
nuclear physics research, very high electron currents are required -
on the order of one ampere. Because of the enormous power levels
implied by such a relativistic electron beam (1 GeVx1 Ampere = 1000 M
Watts), these currents can only be achieved in storage rings where the

6 contributions to the charge passing

same circulating electron makes10
a fixed point iﬁ one second. As a further constraint on the storage
ring, a straight electron-laser interaction region, 1in which the
angular divergence of the stored beam is s;all. is required to achieve
high luminosity, the y-ray flux being directly proportional to the
length of this region.*

The first real vy-ray "beam" for nuclear physics research was
developed at the 1.5 GeV ADONE storage ring at Frascati National
Laboratories (Ma7T7). Their experimental layout is shown in Fig. 4,
The 2.41 eV light from an external Argon-Ion laser, pulsed to provide
photon bunches at the same frequency as the storage ring, is arranged
in time to pass through a straight section between electron pulées,
bounce back from a kmirror, and then collide with the next electron
bunch in the middle of the straight section. The angular divergence
of the Adone electron beam is about 1x10-u radians, and this defines
the minimum collimation angle. Af the same time, the diameter of the
collimator cannot be smaller than the physical size of the electron
beam (~3mm), and should in fact be several times larger so that the
source approximates a point. This dimension and angular acceptaﬁce
puts the collimator at several tens of meters away from the

%

"See Section III.3
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interaction region. In the arrangement of Fig. 4, the final
angle-defining, and hence energy-defining, collimator is located 50
meters from the laser-electron collision region. A typical spectrum
of the Y rays emerging from this collimator is shown in Fig. 5. (The
long low-energy tail is due mainly to the angular spread of the
electron beam in the region of overlap with the laser.) This LADON*-I
facility has delivered up to 5x104 sec"1 polarized Y rays variable in
energy up to 80 MeV, and has been used in a recently published study
of meson exchange effects in the photodisintegration of deuterium
(DE81).

A second phase of the Frascati project 1is currently under
development. In the first phase described above, C.W. Argon-Ion
laser, giving the highest power commercially available in this
wavelength'region, was pulsed with an optical cavity dumper to provide
20 W pulses; 15 ns in length, which were then arranged to collide with
electron pulses. A laser can be regarded as being made up of two
cémponents: a plasma tube and an optical cavity. The internal laser
power, the 1light intensity outside the plasma tube but inside the
optical cavity, is approximately 10 times larger than the external
power output. In the LADON-II setup, the optical cavity of the Argon
laser has been stretched to 17.5 meters to encompass the straight
section and the entrance and exit dipole magnets. The electron beam
can now enter the optical cavity and collide with the internal laser
po&er. The laser must still be pulsed so that the collisions with the

electrons take place only in the straight section and not in regions

*LADON = Laser on ADONE
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The quasimonochromatic photon beam obtained at Frascati by
collimating the laser-backscattered radiation is shown here
(solid lines). The dashed lines are the results of a Monte
Carlo calculation that takes into account the finite electron
beam dimensions and divergences.

80




11-11

6f quadrupoles or dipoles where the angular divergence 1s worse and
where the beam direction is not aligned with the y-ray collimator. To
do this at a high repetition rate while maintaining the high internal
laser power, the laser must be mode-locked with an acousto-optic
crystal inserted into the cavity. Such a mode;locked Ar-Ion laser,
with a 17.5 meter cavity, has Dbeen successfully bench ,tésted at
Frascati and provides 200 W pulses, 15 ns in length. The laser cavity
has recently been installed on the ADONE ring, and is currently
undergoing festing. The factor of 10 increase 1in peak laser power
Wwill result in a LADON-II y-ray flux of about 5x10° s .

The 1.5 GeV 1limit on the ADONE ring restricts the LADON
facility to the region well below pion threshold. This limitation has
prompted members of the Frascati group to join this proposed venture
at BNL. The world's supply of high-current electron storage rings,
either already operating or soon to come on line, is indicated by the
dashed lines in Fig. 3. (The SRS machine at Daresbury is not included
here, since it has no straight sections. The SPEAR ring at Stanford
and DORIS at Hamburg are also excluded since their stored beams do not
have the low emittance over a long straight section that is necessary
for high y ray flux and duty factor, and are limited in current to
less than 100 mA.) The "X-RAY" ring of the National Synchrotron Light
Source at BNL is presently the only machine capable of producing large
fluxes of laser-backscattered y rays, several hundreds of MeV in
energy. The X-RAY ring is a state of the art storage ring with up to
a factor of 3 better emittance that ADONE, and with a factor of 5
higher electron current that can be compressed 1in the straight

sections into an area which is smaller than that of ADONE by more than
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a factor of 10. The flux levels and y-ray beam characteristics that
we expect to achieve by backscattering laser light from the electrons

of this ring are discussed in detail in the next section.
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III. High Energy y Ray Beams from the NSLS

III.1 Cross Sections for Backscattering

In the frame in which the electron 1is initially at rest
(designated as primed), the Compton scattering cross section for

linearly polarized photons is given by

2 2
r ' ' ' -
ég__:_z_(fi_'_) [§7+—§T—2+4coszg],

aq’ 4 € (4.1)

where z is the angle between the initial and final polarization
vectors, and rs is the classical radius of the electron, 2.818 fm
(BJ6LY) ., Here ¢' and E' are the photon energies before and after
backscattering, measured in the electron's frame. These energies are

related by

E' 1
2ye2

1+ 5 (1 + cos8")
mc

(4.2)

where € is the laser energy in the labandec2 is the electron beam
energy. The scattering angle is defined in Figs. 1 and 2. As
mentioned in Section II.1, the dependence upon an initial angle
between the incoming laser and electron beams is unmeasurably small,

and has been dropped from the above equations. As shown in Fig. 2,

the relation between ©' and the corresponding lab angle is
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v(cos8-R)
[sin20 + y2(cos6-8)?]

(4.3)

' =
cosé 1/2
The angle & in Eq. (4.1) is a function of the polar and
azimuthal angles 6 and ¢ of the outgoing photon. The c¢ross section
for scattering into © and ¢ with a polarization vector parallel to

' *
that of the incoming laser light is

2
dg, To E' E' g' 2 2 . 2t 2
—_— = = [EF-+-ET + 2 -4s5in“8'cos*d | (1-sin<6'cos<d),

(5.1)

while the total cross section, without regard for the final

polarization, is

9TOTAL ro2 E' E' ¢
= - [——-+-E7 -ZsinZG'coszé].

™

(5.2)

The integration of Eq. (5.2) over ¢ results in the Klein-Nishina

formula (KL29):
T do r 2

2
1 TOTAL E' E' g .
2 a4 (_5—'> [?— TE -sng'] |

o

(5.3)
The laboratory cross sections for backscattering are then

simply obtained by multiplying Eq. 5 by the Jacobian:

. _
If (s] is measured relative to the direction of the Lorentz

transformation, then ¢'=6%.
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do _ do  _4Q'
d -TYR 1) ’

O?AB LAB (6.1)

where

_dq! _ [sin%8 + cos8(cos6-R)] .
an L 2 21372 .

LAB [sin“8 + y“(cos6-B)“]

(6.2)

The effect of the Lorentz transformations is to compress all of the

cross section into a narrow region about Olab=0°. The extent of this
compression increases roughly as the square of the electron energy.
This is evident in Fig. 6 where the dependence of the 1lab cross
section [Eq. (5.3) multiplied by the Jacobian of Eq. (6.2)] upon angle
is plotted for 3.0 eV 1laser light incident upon 0.7 GeV electrons
(dashed curve) and upon 2.5 GeV electrons (solid curve). The
dependence of the backscattered y-ray energy, determined from Eq. (1),
is also shown with its scale on the right (dot-dashed and open-circled
curves, respectively). If the vy-rays are collimated to an angle equal
to the minimum divergence of the electrons in the NSLS x-ray ring

(zmo‘5

radians, indicated by the dashed vertical line in Fig. 6), the
energy variation in the transmitted vy-ray beam 1is relatively small,
about 3.5% at 255 MeV.

As mentioned in Section II.1, the y-ray beam retains most of

the linear polarization of the laser light. The parallel component of
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FIG. 6: The cross section for Y ray production by laser

backscattering is shown as a function of lab angle
relative to the electron beam direction (scale on
the left). The corresponding energy variation of
the y rays is also shown (open circled and dot-

dashed curves) with their scale-on—the right——The
dashed vertical line indicates the minimum diver-

gence of the X-RAY ring electrons.
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‘the cross section is compared to the total in Fig. 7. The ratio of

these two, the polarization, is shown at the bottom of the figure.

For angles © 1less than 1x10~%

radians, the polarization can be
approximated by the expression in Eq. 3.

Both total and parallel cross sections peak strongly at 6 =0.

lab
However, this is somewhat misleading since the transmitted Y-ray flux
is proportional to the cross section integrated over .the angular
acceptance of the collimator. This is shown in Fig. 8 for both Ttotal
(solid curve) and o, (dashed curve), assuming a circular collimator.
The sin@ factor in the integration kills the cross section as 8
approaches =zero. The integrated cross section rises very rapidly as
the collimation angle is increased, but the transmitted vy-ray energy
range (open circles with their scale on the right of Fig. 8) also
changes quite rapidly with increasing 6. The total <y-ray spectrum
produced by 3.0 eV 1laser 1light incident upon 2.5 GeV electrons is
plotted in Fig. 9. The corresponding angles at which these Y rays
emerge are shown by the scale at the top of this figure. Ail of the Y
rays capable of producing nuclear reactions are contained within 10"'3
radians of the electron beam direction. (This spectrum produced by
backscattering is almost flat compared with other methods of producing
Y rays, such as electron Bremsstrahlung where the Y-ray intensity
decreases as roughly 1/Ey.) If a portion of this spectrum is selected
by a ‘circular collimator, then only the highest energy vy rays remain
completely polarized. As © increases, EY decreases and the degree of
polarization drops (bottom of Fig. 7). However, this need not be the

case for an asymmetric rectangular collimator. This 1is 1illustrated

schematically in Fig. 10. If the electron beam direction defines the
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The cross section for producing y rays with
linear polarization parallel to the laser
polarization is shown by the dashed curve.

The total backscattering cross section with-
out regard to polarization (parallel + per-
pendicular) is shown in the top part of the
figure as the solid curve. The ratio of these
two cross sections, the y ray beam polariza-
tion, is shown at the bottom.
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FIG. 8: The behavior of the parallel and total (par-

allel + perpendicular) cross sections for Y
ray production by backscattering, integrated
over a circular collimator of half-angle 8qnr1.,
are shown as the dashed and solid curves, re-
spectively. The variation in Y-ray energy
across the collimator is also shown as the
open-circled curve with its scale on the right.
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The yY-ray energy spectrum obtained by backscattering

3.0 eV laser light from 2.5 GeV electrons. (This is

effectively the solid curve of Fig. 6, per unit solid
angle, plotted against the open-circled curve of Fig.
6.) The angles at which these y rays emerge relative
to the electron beam axis is indicated at the top of

the figure.
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FIG. 10 : Schematic representation of a collimator used to increase the
polarization of the transmitted y-ray beam. The electrons are
to be considered travelllng along Z and the laser along -2
with polarizat ion Pz along x. The Yy rays backscatter through
the collimator defined by the angles au (parallel to Pz) and
o (perpendicular to Pl)
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z axis and the polarization Py of the initial laser light defines the
x axis, then y rays emerging in the <y-z> plane are completely
polarized parallel to 32. The contamination of the beam with y rays
polarized perpendicular to ﬁl comes from scattering into azimuthal
angles near 0 or 7. The collimator shown in Fig. 10 restricts this
contamination when it is narrow in the direction ;z. For the example
shown in Figs. 7-9, the upper tﬁq—thirds of the energy spectrum of
Fig. 9 is transmitted through a circular collimator with a half angle
of 3x10'u radians. However, most of these Yy rays are only 75%
polarized. If, instead, a collimator such as shown in Fig. 10 is used

-4 radians, then the

with opening angles <y,=3x10’5 radians and o,=3x10
backscattering cross Section integrated over this collimator 1is
reduced by a factor of 3,but the polarization of the transmitted v
rays is greater than 94% throughout the entire dynamic range (88 to

257 MeV).

III.2 Tagging
The angle n of the scattered electron, Fig. 11(A), that gave up
(Ee-Ee,) of its energy to produce the high-energy y ray is related to

the y-ray energy and angle by

< E.Y >
n-= - e .
BBy (7)

Thus, for Y rays up to 257 MeV produced by backscattering from 2.5 GeV

electrons, the cone of scattered electrons is collapsed a factor of 10
smaller than the already narrow y-ray cone (n£10°19). In fact, the
electrons which produced the upper two-thirds of the y-ray spectrum of

Fig. 9 are diverging from the interaction at angles less than twice
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a)

(8)

FIG. 11: (A) Definition of the angles of the back-
scattered y ray (6) and of the electron that
gave up some of its energy to produce the ¥y
ray (n).

(B) As shown here schematically, the Compton-
scattered electrons have a lower momentum and
are separated from the stored beam by the ring
dipole following the laser-electron interac-
tion straight.
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the intrinsic divergence of the béam in the storage ring. The
storage-ring dipéle magnet immediately following the straight
interaction section momentum analyzes these scattered electrons, as
shown schematically in Fig. 11(B). The Y -ray spectrum of Fig. 9
extends down to zero energy, and the corresponding scattered electrons
become indistinguishable from the primary beam. However, all of the
electrons associated with a high energy portion of the full
backscattered spectrum can easily be separated from the primary beam
and transported to a focal plane of the dipole magnet. The energy of
the Y ray reaching the nuclear targét is then defined by the position
of its tagging electron on this focal plane. Because of the extremely
small divergence of the scattered electrons, the efficiency of this
tagging procedure is 100%, wiﬁhin the dynamic range of the tagging
spectrometer. For the spectrometer described in section III.4, all Y
rays greater than 175 MeV are tagged in the standard mode of
operafion. (If necessary, this 1limit can be 1lowered, but this
requires a dedicated operation of the storage ring.) Thus, the energy
of almost ally rays and, in particular, all of the highest energy y
rays reaching the nuclear target is known. This is very different
from tagged-Bremsstrahlung beams which are always accompanied by very
large numbers of untagged vy rays of unknown energy, which can
contribute large random components to nuclear measurements.
There are at least four significant benefits of tagging the
backscattered y-ray beam:
1 The y-ray collimation angle may be opened up, resulting
in a large increase 1in backscattering cross section

(Fig. 8) and hence in Y-ray flux. These Y rays are




(2)

(3)
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spread over a range of energies. However, Since no
narrow structures are expected at hundreds of MeV of
excitation, it is useful and evendesirable to average
excitation functions over some reasonable range of

photon bombarding energy (~10 MeV). (In general, this

cannot be done by simply using a poor resolution Y ray

beam since, for many experiments, it 1is important to
separate different final states. This separation must
be done with high resolution before yields can be added
to obtain an average cross section.) Thus, despite the
large energy spread, the increased flux leads to
substantial reductions in running time.

Data may be accumulatedﬁover a large or small range of
Y-ray energies, with appropriate choice of collimator.
The tagging system described in Section ITI.4 can
accept more than half (upper half) of the spectrum of
Fig. 9, and is always 100% efficient within this
interval. Thus almost any desired range of photon
energies can be covered by appropriate choices of
different 1lasers (see Fig. 3), without changing the
energy of the electron beam in the storage ring. In
this mode, the y-ray backscattering facility can
operate as simply another passive user and does not
require dedicated use of the ring.

The resolution attainable with tagging is significantly
better than can be achieved by collimation. The

1imit is in fact not the tagging spectrometer, but the
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intrinsic resolution of the stored beam, which is 0.1%
for the NSLS x-ray ring. This translates to a
tagged-v-ray resolution of about 2.7 MeV that is nearly
independent of y-ray energy.

(4) fhe tagged +y-ray beam is much less sensitive to the
tune of the storage ring, to small changes in electron
beam phase space and)position, and is almost completely
insensitive to the electron divergence. This
eliminates low energy tails, such as the one evident in
Fig. 5, and leads to a much more efficient use of beam

time.

There remains a single limitation on the flux of tagged y-rays.
The tagging that follows 1laser backscattering is 100% efficient so
that if two vy rays,in the energy range defined by the collimator and
above the minimun acceptance of the tagging spectrometer (175 MeV),
are produced within a single electron pulse, then two counters on the
tagging focal plane wiil fire. Any resulting nuclear évent must be
discarded since the energy of the incident photon that caused this
event 1is ambiguous. These events cannot be resolved in time since,
regardless of the location of the backward Compton scattering within
the straight section, all Yy rays created within a single electron
pulse reach the nuclear target together and, similarly, the asociated
electrons reach the focal plane of the tagging spectrometer at the
same time. In the standard mode, the ring is operated at the
repetition rate of the Rf cavity (va=52.88 MHz), and electron pulses

are separated by 18.9 nsec. If the 1laser power 1is sufficient to
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produce an average of N vy rays that can be tagged (EY>175 MeV) per
electron pulse, then the probability that K counters of the tagging
focal plane will fire is given by a Poisson distribution,

AR

< - (8)

P(I&) = e

P(1) is a maximum when N=1, or when the total tagged rate is 5.288x107

sec'1. Under these conditions P(1)=0.37, so that the maximum useful
tagged flux is 5.3x107x0.37 = 2.0x107 sec'1. For the discussions in
the following sections, a useful tagged flux of 2x107 sec-1 is taken
as an upper limit. (This limit can be increased if the kinematics of
the nuclear reaction under study can make at least gross distinctions
between different possible incident y ray energies. The number of vy
rays-per-MeV of bombarding energy can also be increased by raising the
laser power and maintaining the same effective flux within a smaller
dynamic range of the tagging spectrometer. However, this is also

limited by the requirement that the number of active focal plane

counters must not become too small.)

III.3 Expectedy —-ray Fluxes and Modes of Operation Below 300 MeV

In the interaction of a pulse of laser light with a pulse of

relativistic electrons, the number of backscattered photons is given

by

e
Y L'LA, . Te (9)
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where NL and Ne are fh; number of laser. photons and electrons,
respectively. The geometrical efficiencies fL and fe depend on the
cross sectional shapes of the interacting laser and electron pulses:
fL is the fraction of photons in the laser bunch that can collide with
an electron, and similarly, fe is the fraction of electrons that can
collide with a laser photon. Ae is the cross sectional area of the
electron bunch, and o is the 1laboratory cross section for
backscattering, integrated over the solid angle of the y-beam defining
collimator. The factor of 2 (actually‘1+ cosO with the angle defined
as in Figs. 1 and 2) arises from the transformation of the number of

backscattered photons per unit time, from the frame in which the

electron was initially at rest, to the laboratory (Mi63). Using Eq.

(9), the expected y-ray flux may be written, in practical units, as

- (sec") . (2.6O)Ie(amps)PL(Wdtts)o(mb)LL(cm) (10)
e, (eV) A(cm?) ’

where PL is the peak laser power during the light pulse. €L is the
energy of a laser photon, Ie is the circulating electron current, and
LL is the length of the laser pulse. The area A is Ae/(fL-fe). In
the simple case where the electron beam is entirely contained within
the laser area over the full interaction length LL’ A is just AL’ the
cross sectional area of the 1laser pulse. More generally, 1if the
electron beam has a Gaﬁssian distribution in space characterized by
half widths 9y and oy, and if the cylindrical 1laser beam has a
Gaussian power distribution which falls.off radia;ly with half width

GL’ then




\ \
2 2 2 2
A=2T \/GL + Oy '\/GL +oy . (11)

By way of example, the Ar-Ion laser used in the LADON-I
facility at Frascati delivered 20 Watts peak power in each 450 cm long
laser pulse made up of 2.41 eV photons. The 1laser pulse was

cylindriecal with a radius 0L=0.71 mm. The electron beam was roughly

" rectangular, with cx=2.7 mm and 0y=1.1 mm, and the stored current was

75 mA. The <y-ray beam was collimated by a circular aperture with a

5

hal f-angle of 9x10 ° radians, and at Ee = 1.2 GeV the backscattering

cross section integrated over this collimator is 38 mb. With these

parameters, Eq. (10) predicts a flux of 1.2 x 105 sec'1. The observed

=1 (Ma77).

flux was 5x10u sec

The number of Y rays backscattered through the beam-defining
collimator depends not only upon the areas of the electron and laser
beams, but also upon how these areas vary with position along the
interaction region, and upon how the angular divergence of the
electrons varies along the interaction length. The effects of these
variations are not included in Egs. (10) and (11), and result in a
reduction of observed flux from the estimate of Eq. (10).* The region
of a straight section in the NSLS X-RAY ring is shown in Fig. 12. The
straight length between dipole magnets is 11.3 meters, and the central
length free of optical elements is 4.5 meters. (There are 8 such
straight sections in this storage ring.) The divergence, size, and
shape of the beam in the straight sections is a function of the "tune"
in the storage ring (i.e., of the choice for the wvarious sextu-

pole and quadrupole fields necessary to maintain the radiating

* .
For the LADON-I facility, these effects reduce the observed flux by a

factor of 2.4.
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stored beam in equilibrium with‘the Rf cavity). The horizontal and
vertical divergences of thé electrons in a straight section are shown
in Fig. 13 for two tunes of the NSLS-X-RAY ring. The horizontal and
vertical dimensions* of the beam in these two tunes are plotted in
Fig. 14, The solid curves are for a tune which is known in the
literature . (va8b) as the "OPTICS" sSlution. Here the beam is
compressed to a very small flat ribbon with a horizontal divergence of
2;4x10-u radians in the central 4.5 m of the straight section. The
vertical divergence is a factor of 5 smaller over the same region.
This tune will be used for the standard operation of the X-RAY ring.
For comparison, the dashed curves in Figs. 13 and 14 represent an
alternate solution called the "high-8" tune. In this tune the beam
size is considerably larger, but the horizontal divergence in the
central region is much less.

Wé have performed Monte-Carlo calculations to simulate the
effects of varying electron beam size and angular divergence.
Collisions with the laser light were assumed to occur throughout thé
11.3 meter straight section, although with the'OPTICS'" solution (solid
lines of Fig. 14) the largest contribution to the y ray flux comes
from the central 4.5 meter section where the electron beam is
smallest. (There is no necessity of avoiding the regions of 1large
divergence near the quadrupoles, as was the case in Frascati, since
here the resolution of the y rays will be determined, not by
collimation, but by tagging.) The predicted spectrum of ¥y raysi
transmitted through a collimator with a half-angle of 4x10-u radians
*The beam is assumed to have a Gaussian distribution in space, and the
half-width values are plotted in Fig. 14, Similarly, the angular

divergence is assumed to follow a Gaussian distribution, and it is the
corresponding half-width values that are plotted in Fig. 13.
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FIG. 13: The horizontal and vertical divergences of

the electrons in a straight section of the
NSLS X-RAY ring for two tunes of this storage
ring: solid curvesZOPTICS tune; dashed curves
=HIGH-B tune. The divergences follow Gaussian
distributions and it is the half-width values
that are plotted here.
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FIG. 14: The horizontal and vertical dimensions of the electrons in
a straight section of the NSLS X-RAY ring. (See caption to
Fig. 13.)




I1I-22

is shown in Fig. 15(a). The calculation has been performed for an
Ar-Ion laser operatiné at 3511 R with a beam-radius half-width 0L=0.3
mm, and 2.5 GeV electrons stored in the "OPTICS" tune. The y spectrum
extends from 298 MeV down to 68 MeV, the photon energy that results
from scattering through 4x10-u radians, and tails off below this
point. If the collimation angle is reduced to 2.ux10'u radians, the
minimum horizontal divergence of the "OPTICS™ solution (Fig. 13), thén
the spectrum shown in Fig. 15(b) is obtained. The photon energy (135
MeV) corresponding to a scattering angle of 2.th10-u radians is
indicated by the arrow, and the spectrum tails considerably below this
point. If the electron beam—-spot size were negligible at the
interaction point, and if all electrons were diverging from this point
with the same angle, then the photon scattering éngle could still not
be defined by collimation to better than this angular divergence (Eq.
2.2). With the Gaussian distributions of vertical and horizontal
divergence shown by the solid linés in Fig. 13 (OPTICS tune), the
fraction of +y rays transmitted by a circular collimator changes with
collimation angle. For example, when the collimation is reduced from
the case of Fig. 15(a) to that of Fig. 15(b), the transmitted flux
drops by 48%. Proportionately more of the lower energy photons are
removed by the smaller collimator. The fraction of tagged y rays
transmitted by the collimator differs by only 35% between the cases of
Figs. 15(a) and 15(b). This fraction is shown as a function of
collimator half-angle in Fig. 16. The untagged Y rays are always

lower in energy and can be logically removed from the spectrum by an

electron-veto counter in the tagging spectrometer (see section III.4).

The tagged Y -ray flux transmitted by the collimator of Fig. 15(b) is
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FIG. 15: Monte-Carlo calculations of the y ray spectrum

transmitted by 2 different collimators. The

calculations include effects from the variation
of the electron beam size and angular divergence
along the interaction region. The tagged region
of the spectrum is denoted by the hatched area.
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FIG. 16: The results of Monte-Carlo calculations for the
fraction of tagged Y rays transmitted by a cir-
cular collimator. (See caption to Fig. 15.)
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almost a factor of 2 lower than what would be predicted from Eq. (10)
neglecting finite beam sizes and divergences.

Unlike the flux, the polarization of the ¥y rays 1is not
appreciably affected by the finite divergences of the electron beam.
This is simply becapse, for a given collimator geometry, the
polarization is determined by the scattering angle. The partition of
this scattering angle, between the angle from the Y ray direction to
the axis of the straight section and the angle with which the incident
electrons diverge from this axis, is irrelevant. Thus, Y rays of a
specific energy defined by a tagging window are associated with a
specific scattering angle and, for a given collimation, have a
predictable polarization. The linear polarization of the tagged flux
of Fig. 15(a) is shown in Fig. 17(a). The results of this Monte Carlo
simulation are indistinguishable from the analytical éalculation of
Fig. 7. The beam is greater than 75% polarized at all tagged Y-ray
energies. The polarization can be further increased by replacing the
circular beam-defining collimator with a rectangular aperture which is
narrow in the direction of the electric vector of the initial laser
light. This geometry is shown schematically in Fig. 10. 1In the
calculation shown in Fig. 17(b) the vertical aperture has been reduced
to the level of the vertical divergence of the electrons in the OPTICS
tune. Although this costs a factor of about 2.5 in flux, the Yy rays
are now more than 90% polarized.

There are two modes of operation that will achieve, or nearly
achieve, the maximum useful y-ray flux that can be properly tagged

(2x107 sec™'). 1In both modes, the OPTICS -tune is used at full
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The results of Monte-Carlo calculations for
the linear polarization of the tagged y rays
emerging from 2 different collimators.

(See caption to Fig.l5.)
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current (0.5 amps) and maximum pulse rate (52.88 MHz),and the electron
beam energy is fixed at 2.5 GeV (or 3.0 GeV in a later stage of the
NSLS). The laser-backscattering facility operates as just another

passive user of the storage ring.

PRIMARY MODE: The CW light from an Ar-Ion laser external to
the storage ring is made to traverse the full 1length of the
injection-straight section in the X-Ray ring. With 3 watts of
CW power in the UV at 3511 2 (PHASE I), the total flux of
tagged Yy rays between 175 and 300 MeV will be 1.8x107 sec._1.
The average number of tagged Y rays per eleétron pulse is then
E=0.3u, and the probability that there will be exactly one
tagged Y ray per electron pulse is, from Eq. (8), equal to
0.24, The flux of useful tagged v rays 1is thus

(0.24)x(5.288x107) = 1.28x107 sec'1. If these Yy rays are

collimated to ux1o‘“ rad, then the fraction of these
transmitted to the nuclear target is 0.78 (Fig. 16), which

leads to a useful tagged flux on target of 1.0x107 sec_1. In

this case, the to%al number of electrons removed from the beam
is 4.3x107 sec-1, which implies a lifetime of 13 hours for the

12

2x10 stored electrons of +the X-RAY ring. This 1is

significantly longer than the expected lifetime of the ring due
to other effects and will not seriously affect other users of
the NSLS. 1In PHASE II, a 7 watt UV laser will be installed to
bring the useful tagged flux up to its maximum value of 2x107
per second. For planned experiments requiring 200 MeV vy rays,

the same Ar-Ion laser operating in thg visible around 5100 X,
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can provide more than enough power (up to 20 watts CW) to

produce the maximum useful tagged flux between 175 and 211 MeV.

In certain. cases, an experiment may require a very high flux of
Y rays (per MeV of bombarding energy) over a relatively narrow dynamic
range. This could be accomplished by restricting the active range of
the tagging spectrometer, and increasing the laser power to bring the

tagged flux back hp to its maximum value.

SECONDARY MODE: The Ar-Ion laser is again operated CW, but the
optical cavity ié stretched to 1include the entire straight
section. The electrons then collide with the internal laser
power which is at 1least a factor of 10 higher than that
external to the cavity. Although the 1laser cavity is quite
long, this is not expected to pose any serious problems,
particularly since reliable operation of just such a laser with
a 17.5 meter optical cavity has already been demonstrated at
Frasecati. The incfeased laser power in this mode of operation
would lead to a reduction in the lifetime of the stored beam to
about 1 to 2 hours, and thus may conflict with other wusers of

the NSLS.

For the experimental medium-energy physics program outlined in

section IV, only the primary mode of operation is planned.
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III.4 Gamma Ray Facility

A, Beam Line

A general layout of the National Synchrotron Light Source is
shown in Fig. 18. The 2.5 GeV "X-RAY" storage ring has a total of 8
straight sections. Although the 1laser backscattering facility
requires one of these, the only thing which would actually occupy the
straight section is a laser beam. Thus, the injection straight, which
is unusable for either wigglers or undulators, can be utilized for
high-energy <y-ray production. The Y rays would emerge from a Oo port
on experimental line X5, pass through a vacuum window, be transported
through the building within a pipe holding a rough vacuum, pass
through a hole in the exterior wall, and be stopped in a shielded dump
outside. The floor space within the existing building which is
allocated to this beam line is shown by the hatched area in Fig. 18.
Because the y-ray:beam is extremely well focussed by the Lorentz
transformations and because the total flux, although large compared to
other medium-energy sources, 1is still only a milliCurie, the
radiation level outside of this hatched area will be extremely small
and will not hamper other wusers of the NSLS. 1In particular, the
ad jacent 10°-X6 synchrotron radiation line may still be wutilized, 1if
desired. (Gamma and neutron radiation monitors will be connected in
series with the lasek power supply and would interrupt the beam if
high radiation levels were produced.)

A closeup of the straight section is shown in Fig. 12. Zero
degree vacuum ports would be installed on the magnets at either end of

the straight. The 0° port on the dipole farthest from the laser,
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essential in the SECONDARY MODE of operation (section III.3), is still
necessary in the PRIMARY MODE for aligmment and for monitoring the
laser power and spot size. Brewster windows, oriented to allow
plane-polarized 1light to pass through with less than 0.7% absorption,
would be used on these ports to separate the ultra high vacuum of the
machine from the rough vacuum of the y-ray line. The light from the
laser, mounted on an optical bench outside the shielding wall, would
be deflected by front-surfaced mirrors down the length of the straight
section. The resulting ‘backscattered vy rays would pass through the

optical elements and continue to the nuclear target area.

B. Optical Transport

A detailed layout of the optical elements is shown at the
bottom of Fig. 19. Two lenses, labeled with their focal lengths f1
and f2, are positioned to minimize the laser spot size within the
straight-interaction section. In Phase I, a Spectra Physics 171
Ar-Ion laser would be used. The laser beam would be cylindrically
symmetric, and its power would fall off radially as a Gaussian. The
calculated half-width of this distribution (cL) is shown at the top of
Fig. 19 as a function of path length, Z=0 marking the center of the
straight section. (If necessary, this optical traﬁsport system can
also be used in the SECONDARY MODE of operation by replacing the front
}mirror of the laser with another mirror located at Z=+9.5 meters, thus
forming a 29.1 meter opticalAcavity.)

The aligungnt of this optical system is relatively

straight forward. The alignment points on the optical bench (Fig.

19-bottom) must be located along the axis of the straight section and
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the 00 ports of the dipole magnets. Once this has been done, x-y
position sensitive diodes may be mounted on top of these points, ahd
the laser beam can be centered on this axis by adjusting the two
mirrors at the end of the optical bench. With the aligmment diodes
removed, a power density monitor can be centered on axis at the
opposite end of the straight section (Z=+9.5m). The two 1lenses can
then be inserted on the optical bench. Tﬁe tilt of these lenses must
be adjusted to keep the beam centered at the positions of 4the
aligmment diodes as well as at the power monitor (Z=9.5m). To
facilitate this procedure, the mirrors and lenses will be mounted on
computer-servo-controlled precision goniometers, capable of rotating
in two planes. With the readouts from the alignment diodes and power
monitors fed back to a microprocessor, the optical system can be
tuned automatically. The line defined by this laser beam determines
the direction of the y rays and the position of the nuclear target.
Thus, the normal mode of operation will be to fix the orientations of
the optical elements at their pre-optimized values, and move the
electron beam with correcting coils to peak the y ray flux on target.
Such adjustments are expected to be very small and will not alter the

synchrotron source positions at other points in the ring.

C. Tagging Spectrometer

The "front-end" region of the proposed laser-backscattering
line, together with the tagging-spectrometer magnets, are shown in
Fig. 20. (The 10°-X6 synchrotron radiation line is not shown here.
It could emerge from magnet D1, the dipole immediately following the

injection straight section.) There are two collimators that restrict
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the angle of the emerging Y rays to those that have a high enough
energy to be tagged. The first of these is shown in Fig. 20, Jjust
inside the existing shielding wall, and is followed by a magnet which
serves to clear away charged particles created by showers in the
collimator. The Brewster window separating the ultra-high and the
rough vacuum regions is located immediately before the ;ollimator.
Pumping stations are positioned just before this window and at the
exit of dipole 1. A high-vacuum and a fast-acting valve would also be
located at this 0° port.

Electrons that lose energy by producing high-energy v rays
would be displaced from the primary stored beam at the exit of the
existing dipole_ .. magnet (D1 in Fig. 20). This dipole maintains
a field of 12.13 KG over its 2.7 m length, and produces a dispersion
of 0.65 om/% at 0.35 m from its exit face. This dispersion is large
enough to allow a second dipole (D2 in Fig. 20), with a thin (4 mm)
current-sheet septum, to be 1located just outside the existing ring
vacuum chamber. This second magnet would then accept all
Compton-scattered electrons with momenta of 2.32 GeV/c or less. These
electrons would then be further deflected in the fields of the magnets
labeled D2,D3, and D4 and transported to the focal plane of the
"spectrometer", defined by magnets 1 through 4 of Fig. 20. The drift
section between D4 and the focal plane would simply be a piece of pipe
with a thin Al or Ti window ending just in front of the focal plane
detector. This entire line would be maintained at the wultra-high
vacuum of the ring. A high vacuum valve and pumping station after
magnet 4 would allow, whenever necessary, easy decoupling of this pipe

that crosses the access corridor between the shielding walls. A
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second high vacuum valve and pumping station, together with a fast
acting valve, would be located just after D3, and would permit the
removal of magnet DU, together with the drift section, if access for
large pieces of equipment were needed. (Magnet 4 would be positioned
with locating pins mounted in the floor.)

The region of the second dipole D2 is shown, enlarged, in Fig.
21. The vacuum chamber splits around the septum, forming a "crotch"
which separates the ring chamber from the tagging line. The field in
the 0.7 cm gap of D2 is 10.0kG, and the high permeability of the polé
steel at this operating point, combined with the small gap, results in
very small fringe fields from this magnet. However, because of its
proximity to the primary beam, several precautions will be taken to
reduce the residual field at the circulating beam to very 1low levels
(/B+d1<10 gauss'meters). First, a special pole tip design will be
used to generate a more rapid fall of the fringe field than is
obtained with conventional flat poles. This floating pole design
(Th81) will reduce the fringe field at the circulating beam by at
least a factor of 2 (to about 300 gauss). Then, the current-sheet
septum will further cancel the field (to <100 gauss). Finally,
multiple trimming coils will be 1located above and below the ring
vacuum chamber. These coils will be arranged so as to allow the
remaining field and its gradient to be cancelled at the circulating
beam by adjusting the currents in the individual coils. Calculations
of the magnetic fields for D2 have been performed with the code TRiM
(CoT4). 1In Fig. 22 the calculated field in the magnetic mid-plane is
plotted as a function of transverse distance, to-show the contribution

of the various elements. Measurements made for a magnet with a
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FIG. 22: Magnetic fiéld in the midplane of D2 as a function of

transverse distance. Calculations are shown for solid
and floating pole geometries (short- and long-dashed
lines); scaled measurements for these two poles are
shown by open and solid circles, respectively. Calcu-
lations for the magnet with floating poles plus a cur-
rent sheet septum, are shown as the dot-dashed curve.
The behavior of the complete D2 assembly with floating
poles, septum and trim coil is shown by the solid curve.

The edge of the magnet and the position of the stored
electronsare indicated at the bottom of the figure.
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similar gap (1.1 cm) to that of D2 are also indicated in the figure.
The field produced by the complete D2 assembly is shown by the solid
line. The location of the stored electron beam is indicated by the
arrow along the horizontal axis. A cross sectional view of D2 is
shown in Fig. 23. fhis magnet and the auxiliary trimming coils will
be built as an integral unit so that the entire System can be
adjusted, before installation, to produce the desired field
cancellation along the path of the circulating beam.

The only element of the existing ring-transport system that
must be modified for thé tagging spectrometer is the first sextupole
following D2. The scattered beam passes through a gap in this element
that already exists in the ring-plane. However, to extend the dynamic
range up to the maximum energy Y rays (300 MeV), or equivalently down
to the minimum scattered electron energy (2.2 GeV), it will be
necessary to push the return yoke of the sextapole out further from
its center, while leaving the pole-tips in thé same positions. This
will be done in a symmetric way so as to retain a pure sextupole
field in the vicinity of the stqred beam. In any case, this element
provides only a second-order correction to the ring transport and this
medification will have no effect on other NSLS users.

After passing through the sextapole, the Compton-scattered
electrons are then further deflected and dispersed by the 17kG dipole
D3. This magnet would be constructed with a septum wound inside its
1.0 cm gap at the outer edge. With this septum design, and with the
greater distance of D3 to the circulating beam, adequate field
cancellation can be achieved with magnetic shielding between this

dipole and the ring. The scatbered electrons are then further
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dispersed by the final dipole D4, which is a conventional "C"-type
magnet operating at 17kG with a gap of 1.0 cm.

The mechanical and electrical properties of D2, D3 and D4 are
summarized in Table I, and Fig. 24 presents the excitation curves for
these three magnets. As indicated in Fig. 24, at 10kG, D2 is well
below the "knee" in the magnetization curve of the steel, and the
resulting large permeability of the yoke and poles (about 1800) helps
to keep the fringe fields 1low. For the same reason the power
consumption of this magnet is 1less than 1 kW. Dipoles D3 and D4
operate at a lower efficiency (above the knee in the magnetization
curve) resulting in increased fringing and power consumption.
However, as mentioned above, fringing is not a serious problem for
these dipoles because of their greater distance from the circulating
beam.

None of the magnetic elements D2, D3, or D4 would be any closer
to the stored beam than the outside wall of the existing vacuum
chamber. This design preserves the *4 cm "stay-clear" aperture
necessary for high current injection (NS82), and insures no
interference with other NSLS users. All of these magnets would be
powered by stabilized DC supplies. They would be at zero field during
injection and would only be energized after the stored beam had
reached 2.5 GeV.

The additional fields provided by magnets D2, D3, and D4
significantly improve the resolution of the spectrometer, and allows
the Compton-scattered beam to clear the existing ring-line quadrupole.
The drift that follows D4 then significantly increases the dispersion.

Calculations of the optical properties of this tagging line have been
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TABLE I

Specifications of NSLS Photon Tagging Line Dipoles

Parameter D2 D3 . D4
B(kG) 10 17 17
Length (cm) 48 60 95
Depth (cm) 35 50 62
Height (cm) 38 52 64
Gap (cm) 0.7 1.0 1.0
Turns” 96 144 144
Resistance*(ﬂ) 0.138 0.277 0.404
Ampere-~Turns 5830 22,600 18,300
Current (A) v 61 157 127
Voltage (V) 8.4 43.5 51
Power (kW) - 0.51 " 6.8 6.5

*
Assuming 1/4" square conductor, 50% area for cooling and insulation,

and 2x10“6 Q-cm resistivity.
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FIG. 24:

Calculated excitation curves for the tagging spectrometer
dipole magnets D2, D3 and D4.
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made with the code TRANSPORT (Br70). Input phase space ellipses we;e
taken from SYNCH calculations (NS82) for the circulating beam stored
in the NSLS X-RAY ring. The computed spot size, dispersion, and
momentum resolution of the Compton-scattered electrons are listed in
Table II for the OPTICS and HIGH-B tunes of Figs. 13 and 14, The
focal plane is 28 cem long, with an image size of about 4.8 mm
(horizontal) x 0.5 mm (vertical). Estimates of second order
aberrations indicate that they are negligibly small, principally
because of the small divergence of the source. The optimum resolution
of this spectrometer is about 1.9 MeV. 1Including the expected 0.08%
resolution of the primary beam in the OPTICS tune (va80),Athe net
electron (and hence tagged-y) resolution will be 2.7 MeV, and this is
almost constant throughout the acceptance range of the spectrometer.

The detector of the Compton-scattered electrons that reach the
focal plane will be a lead-glass hodoscope consisting of two
48-element arrays, each element of which is 6 mm thick. The second
array will be positioned behind the first and offset 3 mm. The
signals from the photomultiplier tubes viewing the Pb-glass elements
will be passed to fast-discriminators and then input to four 24-bit
coincidence latches. These 1latches will be strobed by a signal
indicating the detection of a nuclear-reaction evené in fast
coincidence with a common "OR" from the hodoscope. This strobe will
subsequently cause the bit-patterns from the latches to be read by the
computer. Logical coincidences between two detectors, one from each
of the two 48-element arrays, will be used to reconstruct a net 3 mm
position sensitivity. The bit-pattérns will also be examined to

determine the number of such 3 mm bins that contained an electron.




TABLE II

' Tagging-Spectrometer Performance

III-45

Tune AXFWHM AYFWHM D AEZE
(mm) (mm) (cm/%) (%)

OPTICS 4.77 0.51 4.902 0.097

HIGH-B 4,21 0.83 4.902 0.086
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Such Compton electron + nuclear reaction events in coincidence will be
relatively rare so that the dead-time associated with reading the
latched words will be negligible. Furthermore, since the latch bits
can only be set after receiving a nuclear strobe, until such an event
occurs the latches are always alive. The use of Pb-glass, which not
only produces extremely fast signals but is also very insensitive to
electron energies less than about 80_MeV, insures very low background
levels in the hodoscope. In addition, the requirement that an
electron pass through one detector in the first 48-element array, and
then through a specific detector in the second array, ensures that the
electrons which are detected have actually come through ﬁhe‘ tagging
spectrometer, and not from some other point in the ring.

It should be possible to logically remove the untagged portion
of the y-ray spectrum reaching the nuclear target (low energy regions
of Fig. 15) by detecting the presence of the associated electrons that
are below the acceptance window of the spectrometer (Ee>2.32 GeV).
These electrons will pass through the inner edge of the storage-ring
vacuum envelope and can fire a thin Pb-glass strip placed outside the
aluminum pipe. Such a detector is shown in the region of the crotch
of D2 in Fig. 21. When this is used in anticoincidence with the

nuclear strobe, essentially every Y ray reaching the nuclear target

will either be tagged or rejected.

D. Nuclear Target Area
The PHASE I experimental area is shown in Fig. 25, together
with that portion of the X-RAY ring used in the laser backscattering.

A second collimator, slightly smaller than the first, would be housed
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in a shielded area located immediately after the optical bench. Laser
optics controls, a small computer, and minimum nuclear electronics,
can be accommodated next to this area. The nuclear target would also
be shielded and the remaining floor space, still within th;
heavy-dashed lines in Fig. 25, is just sufficient for either the
absorption or one of the y-ray detectors necessary for the PHASE I
tests and experiments. These detectors can be maneuvered to this X5
floor area along the outer "equipment access corridor". A Y-beam line
valve located immediately before this corridor would allow the rapid
removal of the pipe that extended to the dump whenever access across
this region was necessary.

The equipment necessary to detect the reaction products of
medium-energy vy rays, pions for example, cannot be accommodated in the
PHASE I experimental area. Furthermore, the NSLS does not have an
overhead crane and the outer access corridor is simply too narrow to
be used for moving large magnets. The lack of space is so severe that
an extension to the building is absolutely essential.

The preliminary design of an extension to the existing NSLS
building is shown in Fig. 26. The second beam-defining collimator and
clearing magnet would now be located at the entrance corner of this
y-ray lab. This extension would provide room for a small target area
for y-ray scattering and absorption detectors, followed by a second
larger target area that could accommodate two magnetic spectrometers.
Once again, the beam would ultimately penetrate the exterior wall and
be stopped in a shielded dump outside. A loading door and platfbrm on
the outside wall of this extension would allow access for large pieces

of equipment. A separately shielded area would house the electronics
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and data acquisition computer, and access to the main NSLS building
would be through this aréa. The construction of this external y-ray

lab is planned for PHASE II of this project.




TTT=5%

III.5 Extension to 500 MeV with the Free Electron Laser
Coupling both VUV and X-Ray Storage Rings

The 300 MeV limit on the y-ray energy during the phases of
operation discussed in the previous sections arises from a lower limit
of 3500 % on the wavelength of the laser light used for backscattering
at 2.5 GeV. (The corresponding limit for 3.0 GeV operation of the
X-RAY ring is 420 MeV.) Lower wavelengths are commercially available
by frequency-doﬁbling Ion lasers or Ion-pumped Dye lasers. However,
such devices can operate with high duty-cycles only at power 1levels
that are about 103 times smaller than the Ar-Ion laser. The
corresponding reductions in y-ray flux would result in a beam of
limited usefulness.

The only way to decrease the 1laser wavelength, and thus
increase the y-ray energy, while maintaining a power ievel sufficient
to produce a high y-ray flux, is to use a Free Electron Laser. A Free

Electron Laser (FEL) 1is a rather new device (E176) in which photons

and electrons together traverse a periodically varying magnetic field.
The presence of the electrons inside this undulating field stimulates
the emission of more photons of the same wavelength. This arrangement
is shown schematically in Fig. 27. The electron beam enters the
straight region from the left and produces synchrotron radiation in
the undulator. The elecérons are then swept away by a dipole magnet
while the synchrotron photons pass through a o° port on this magnet
and are reflected back by a mirror. These photons travel back through
the undulator region and are ultimately reflected by a second mirror.
If the next electron bunch is timed to coincide with these photons

when both are traversing the undulator in the same direction, then
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there will be a net gain in the photon intensity and, after enough
passes, the 1linewidth of the radiation will collapse. This will be
accompanied by a decrease in the average energy of the electrons
leaving the region of the undulator. For a simple dgscription of how
energy is transferred from the eleétrons to the radiation field it is
convenient to consider their interaction in the rest frame of the
«electron. Here the undulating magnetic field becomes a crossed
electric and magnetic field approaching the electron. This
eiectromagnetic wave can then backscatter from the electron, and the
resulting scattered wave can be enhanced or stimulated by the incoming

photons that, in the lab,.are traveling in the same direction as the

electrons. More detailed descriptions of the theory of an FEL are
available in the literature (JMa73; JMaT4; Re78; Re79; Pe80).

The wavelength of the photons emerging from an FEL is related

to the periodicity Aj of the magnetic field in the wundulator and to

the energy of the electron beam'ymc2 by

_ _)o (1+K2),' (12a)
A= 2v2

where the parameter K is related to the r.m.s. magnetic field by

elo <B>

K= 2mme

r.m.s. (12b)
The power output of such a laser is an exponential function of the

single-pass gain G, and this is related to the peak electron current

Ip and electron-beam cross-sectional area f by (Re78;Lu81)

1/2
G = (constants) - (AOAB) __EEﬁi___.ER (13)

z
(1+K2)3/2
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where N is the number of periods in the undulator. The gain in an FEL
can be much higher than in a conventional laser. The first Free
Electron Laser, developed on a linac, reported a gain of 7% for a peak
current of 70 mA (E176). If the FEL is part of a storage ring where
the peak currents can be as large as 100 Amps, the single pass gain
could in principle be huge. However, the bunches that stimulate the
laser emission during successive pulses would then be made up of the
Same eleétrons. Thus, the FEL can have a significant effect upon the
stored beam. Detailed discussions of the interaction between an FEL
and a storage ring are reported in refs. Re78, Kr79, Pe80, and LK 81.

The construction of an FEL on the U5 straight section of the
VUV ring at the NSLS is presently nearing completion. The undulator
is made up of permanent Rare-Earth-Cobalt magnets and contains N=39
periods, with a periodicity A0=6.5 em (B181;Lu81). (This is the
arrangement shown schematically in Fig. 27.) The undulator gap is
adjustable, allowing K (Eq. 12) to vary from about 1.4 to 3.1. With
these parameters, it should be possible to obtain wavelengths as low
as 2000 % with electron energies of 300 to 600 MeV in this storage
ring. The expected average FEL-output-power levels are shown for
different wavelengths in Fig. 28 with the scale on the left. The
VUV-FEL will be operated with two photon bunches in the optical cavity
and with three 0.5 ns electron bunches in the ring, each separated by
56.7 ns (17 meters). (To obtain this with a 52:88 MHz-Rf oscillator,
only every third potential bunch is filled with electrons.) This time
structure implies that the peak power during the laser pulse will be
113 times larger than the average level, and this is indicated by the

scale on the right side of Fig. 28.
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One might imagine such an FEL mounted on the X-RAY ring with
the resulting laser light arranged to backscatter from the 2.5GeV
electrons to produce ultra-high energy Y rays. However, the factor Y
in Eq. (12a) would then be 4900 and, since it is difficult to realize
fields that would produce values of K much greater than about 3, 1low
FEL wavelengths (2000 & - 3000 %) could only be produced with a A =1
meter periodicity undulator. Such an undulator would require N=36 to
40 periods to obtain a gain (Eq. 13) comparable to the VUV-FEL. This
length of straight section, free from optical elemgnts, i; certainly
not available anywhere in the world. Furthermore, it would be
virtually impossible to construct such an ~30 meter straight region,
throughout which the electron beam area (I in Eq. 13) was small. The
solution to this problem is unique to the NSLS at Brookhaven. Becausé
of the proximity of the low-energy and high-energy storage rings, and
because both rings can be run from the same Rf oscillator and thus
synchronized in time, the light from the FEL on the VUV ring can be
transported to the injection straight of the X-RAY ring and there,
backscattered. The 87.5 meter optical path coupling the two storage
rings is indicated in Fig. 29. The relative -phase between the
FEL-photon and X-RAY-electron bunches can be adjusted by simply
translating a mirror, which then varies the optical path length.

Because of the time structure of the FEL, only every third
X-RAY electron bunch will collide with a photon bunch in the middle of
the straight section where the electron beam is smallest (Fig. 14).
Nonetheless, taking this into account the 2000 1 power levels of Fig.
28 imply a total tagged y-ray flux of 2x107 sec'1, extending.from 280

MeV up to about 500 MeV. (When the X-RAY ring achieves 3.0 GeV
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operation, this tagged spectrum would be shifted up to almost 700
MeV!) This coupling of the two storage rings is planned for the third

stage of our program.

III.6 Expected Low-Background Levels

There are only two potential sources of high-energy <y-ray
backgrounds: small angle scéttering in the beam-defining collimators
and bremsstrahlung of the electron beam in the residual gas of the
straight section.

As shown in Figs. 25 and 26, a magnet located immediately after
each collimator serves to sweep away any éharged shower particles
produced by the y beam striking the edge of one of these apertures.
The first collimator cuts out most of the unwanted large—-angle flux.
The small size and divergence of the Y-ray beam makes it possible to
locate the second collimator sufficiently far from the first to ensure
that Y rays which scatter from the edge of the first collimator
through more than about 10_3 radians cannot reach the nuclear target
area. Whenever it is important to ensure that all vy rays reaching the
nuclear target are either tagged or logically removed, a second
collimator made out of Pb-glass can be used in anticoincidence,
together with the Pb-glass veto counter shown in Fig. 21.

Bremmstrahlung of the electron beam in the residual gas of the
vacuum pipe in the X-RAY ring injection straight can produce Yy rays up
-to 2.5 GeV in energy, some of which will pass tbrough the collimators
ﬁo the nuclear target area. The energy integrated bremsstrahlung

cross section is given by (Jab62)
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FIG. 30: The total cross section for electron

bremsstrahlung in the residual gas of the
interaction straight, integrated over a
circular collimator of half-angle Oqgr71,,
is shown by the solid line. TIn contrast,
the angular dependence of the laser-back-
scattered radiation is also shown here as
the dashed curve (solid line of Fig. 8).
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The integration of Eq. (14) over the angular acceptance of the <y-ray
beam-defining collimator is shown by the solid line in Fig. 30 for
EMIN = 7 MeV, the minimum energy needed to produce a nuclear reaction.
(For comparison, the corresponding cross section for laser
backscattering-—solid 1line in Fig. 8--is replotted as the dashed line
in Fig. 30.) For a collimator half-angle of 4 x 10—& radians, a total
electron current of 0.5 amps, and a vacuum of 1 x 10-10 torr in the
11.3-meter straight sectibn, the expected rate of bremsstrahlung v

rays between 7 MeV and 2499.5 MeV is 1800 5'1. This is completely

7

negligible compared with the 10 tagged backscattered rate.
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ITI.7 Comparisons with Other Medium-Energy Photon Sources

The recent review by Beil and Bergere (Be80) discusses most of
the available techniques for producing high-energy y-ray beams. The
characteristics of medium-energy beams (EY > 200 MeV) produced by the
various possible methods is summarized in TABLE III.

The difference between bremsstrahlung spectra obtained at two

electron energies E1 and E, produces a peak in the effective photon

2

spectrum between E, -0.5 MeV and 52 -0.5 MeV. To obtain reliable

1
estimates of the magnitude and shape of this difference spectrum, E1
‘and E2 must be separated by several MeV. Thus, although this
teéhnique produces a large effective photon flux, the resolution is
poor and the associated nuclear measurements must be sensitive to
small differences between two large numbers.

The flux of "3 x 105 sec-1 quoted for tagged-e -bremsstrahlung
is available at the Bonn synchrotron, which is currently the only
facility in the world where such high-energy moderate-resolution beams
are available, fhis number could in principle be increased to about
107 sec-1 by utilizing a high duty-factor electron accelerator, if
such a machine existed.

Positron annihilation-in-flight has been used extensively to
produce photons, chiefly below 100 MeV. When utilizing such a beam, a
second measurement must always be made to subtract out the effects of
the accompanying bremsstrahlung. At energies above 100 MeV the
bremsstrahlung contribution becomes very large, and this subtraction
becomes much more difficult (Be80).

The bremsstrahlung background to et annihilation-in-flight can

be removed by detecting the second annihilation photon. However,
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kinematics and practical considerations necessitate using only those
photons emitted at angles away from 0°. This greatly reduces the
effective flux, and the resolution degrades because of the dependence
of the angular definition upon the electron beam divergence (Be80).

A review of pﬁoton production by coherent e -bremsstrahlung in
crystals such as diamond is givén in ref. (Pa68). This technique can
produce a single 10% resolution polarized Y-ray line, with relatively
little background, for energies greater than about 5 GeV. However,
below 1 GeV several strong lines are produced, and the resulting
spectrum is no longer even quasimonochromatic.

In addition to the parameters listed in TABLE III, the physical
size of the photon beam is also an important consideration. of
course, this can always be reduced by collimation, but not without a
dramatic cost in intensity. For the conditions necessary to obtain
the flux levels quoted in TABLE III, the proposed laser-backscattered
beam is by far the smallest. The beams from the proposed facility

would certainly be the most versatile.
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IV. Medium-Energy Research Program

A representative set of experiments, which illustrates the
versatility of the proposed facility in addressing diverse questions
in medium-energy research, is outlined within the following
subsections. This program is presented in an order that is roughly
consistent with the phases of development of the Y ray facility. | The
motivation for this set of experiments 1is discussed in the next
section, An outline of specific measurements and count rate estimates
is given in Section IV.2. The major pieces of equipment necessary for
these experiments, most of which already exist at BNL, are 1listed in

Section IV.3.

Iv.1 Scientific Motivation

A. Search for Giant-Delta Resonances in (7,Y)

One of the most extensively studied collective excitations ;n
nuclear physics is the giant dipole resonance (GDR). In a microscopic
picture a large number of particle-hole states, which in the absence
of collectivity would produce a distribution spread out over 5 to 10
MeV, coherently add to concentrate their strength in a narrow region a
few MeV wide. The GDR has been observed in the 1low energy
(801&“1/3 MeV) photoabsorption cross sections of most nuclei. At much
higher photon energies, the internal degrees of freedom of the
individual nucleons can be excited. High energy absorption cross
sections are dominated by the production of the delta, the first
nucleon-excited state at Ex:300 MeV, This situation is illustrated in
the top of Fig. 31. The integrated absorption strength over the
region of the A is in fact much larger than in the low energy dipole

resonance peak.
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FIG. 31: (a) Photoabsorption for 208pp, extrapolated up to

the region of the delta.

(b) Elastic photon scattering from 208pp with (dashed)

and without (solid) a collective enhancement (Ledl).
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When a neutron or proton is transformed into a A, it leaves
behind a nucleon hole and, in direct analogy with the low energy GDR,
this suggests the possible existence of highly-collective
"giant-delta" resonances made up of a coherent superposition of a
large number of A-hole states. Recent indirect evidence of such
unusual objects has come from (p,n) experiments which have observed
spin-flip giant Gamow=Teller (GT) resonances near the GDR in a number
of nuclei (see, for example, Ba80). About half of the GT sum rule
strength appears to be missing from these measurements. The M1
operator for GT transitions can not only act on a nucleon to change
its spin, but can also flip the spin of a quark within a nucleon to
make a A. The missing GT strength may be contained in a coherent
excitation in which the nucleons are excited from the N to the A
without changing their radial or orbital angular momentum quantum
numbers. A calculation for the resulting GT strength distribution in
EPSPb is shown in_Fig. 32 (from Bo81) where a giant A-resonance robs
about 60% of the strength from the low-lying GT states. A more
detailed calculation including exchange terms suggests that the
depletion of the low-lying strength may not be quite this large, only
20 to 30% (Sp82). Nonetheless, a collective enhancement in the region
of the A is still expected.

The signature of a collective GT-delta resonance 1is more
elusive than that of the GDR. Since the A in free decay is 115 MeV
wide, a broad peak in the photoabsofption cross section (GYA ) near
the region of the A is always expected, and the modifications of this
peak due to collectivity will be extremely difficult to disentangle.

The optical theorem and a dispersion relation uniquely

=0°) photon scattering from the total

determine forward elastic (GY
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photoabsorption cross section, providing GY is known at all energies.
Such simple constraints do not exist at other angles. The 1lowest
order diagrams contributing to elastic photon scattering from a
nucleon are shown in Fig. 33(a). (These diagrams also appear 1in
electron scattering, but only as second-ordervdispersion:corrections.)
The contributions to nuclear elastic scattering are shown
schematically in Fig. 33(b).. The first term contains all of the
diagrams from Fig. 33(a), summed over the nuclear constituents. The
second term, resulting from internucleon couplings, is formally
similar except that the final nucleon that emits the Y ray is
different from the one that absorbed it. In the region near EY = 300
MeV where the delta resonance dominates, the matrix elements from the

first term in Fig. 33(b) have the form

—i(k <k.) T, _
Ll lios. @s)

M_ =<0 | :
I . (E,-E )+ir/2
b ( h| A)

Since variations in the nucleon energies Ej due to Fermi motion are
small compared to the energy and width of the delta, the denominator
in Eq. (15) may be taken outside the sum. What remains is essentially
the form factor for elastic electron scattering, which will be very
small at backward angles.

The contributions of the second term in Fig. 33(b) depend
critically on the range of the internucleon correlations. If the
correlations are very short range, then this term essentially reduces
to the first. On the other hand, if the correlations are long range,
as would be expected in a highly collective excitation, then this term

will dominate the large angle scattering with a form factor of order

unity.
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The absorption cross section for 208Pb (Le81), shown in Fig.

31(a), has been extrapolated up to the region of the delta using the

elementary nucleon cross sections (82 GY + 126 Gyn ). In Fig. 31(b)

P
elastic p?oton scattering at ey= 60° and 150° is plotted under two

extreme conditions. In each of these calculations, O, was used, with

Y
the optical tbeorem and a dispersion relation, to calculate the
forward scattering E%Q (EY'6Y=OO)' This cross section was then
multiplied by the dipole angular distribution factor (1+00326Y)/2 and
by a squared form factor ]F(q)|2 to obtain the scattering at ey. In
the elastic scattering of photons with energy Ey’ the momentum
transfer q is entirely determined by the angle ey:
q= 252." sin (8, /2) . (16)

The solid lines of Fig. 31(b) result from using the charge form factor
from electron scattering. These are the results expected for purely
one-body interactions. Even at ey=60°, the cross section is so much
reduced by the form factor that there is no hint of A excitations.
The dashed curves are obtained by setting F(q) = 1, and result in
peaks at large angles. Thus, scattering cross sections,
characteristic of highly collective excitations, should exhibit some
iarge angle enhancement. Even when most of the absorption cross
section GY arises from single nucleon degrees of freedom, collective
enhancemenﬁs should still manifest themselves in the elastic
scat?ering of photons at large angles (large q) where the one-body
contributions are negligible.

Iﬁ is evident in Fig. 31 that elastic photon scattering is an

extremely sensitive method of 1looking for giant collective delta
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resonances. For the two extreme cases shown, the cross sections in
the region of the delta differ by two orders of magnitude! In
addition, there should be a fairly strong A dependence to this
phenomenon since the Y ray can only sample those collective
internucleon correlations which extend over a distance that is
comparable to the photon wavelength. This distaﬁce, A=4.1 fm for a
300-MeV Yy ray, 1is on the order of the nuclear diameter in s-d shell
nuclei, but is significantly smaller than the diameter of heavy
nuclei.

For these measurements, low-background, high-resolution beams
are required to distinguish the scattered photons from the chief
target-related background, namely, high energy gammas from m° decay
which have a maximum energy only ~10% less than the elastic photons.
Furthermore, if such a "giant delta" structure were observed, its spin
could not be determined without a polarized photon beam. With plane
polarized Y rays, the multipole content can be studied through the
azimuthal dependence of the scattering at a fixed GY (and hence, fixed
Q). The gamma ray beams attainable in PHASES I and II will meet the

needs of these scattering experiments.

B. Modifications to the A(1232) in Nuclear Matter, Studied
through Total Photoabsorption

The first excited state of the nucleon, the J=3/2 T=3/2

A(1232), is well known to have an excitation energy of 300 MeV and a

width of 115 MeV, 1in free space. However, its mass and width are

strongly affected when it is introduced into the nuclear medium. To

understand how the A interacts with nuclear matter is a challgnging

problem facing medium-energy physiecs.
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Since the A decays primarily to a pion plus a nucleon, it is

readily excited in m -induced reactions. Fig. 34(A) shows the total

16O. The solid curve is A times the

cross section for pions on
isospin-averaged elementary cross section for A production. The data
(CL74) is almost a factor of 3 lower than this estimate. Furthermore,
the peak is shifted to lower energies and is substantially broadened.
A number of effects are believed to contribute to such alterations of
the A in nuclei (0S79):

(1) Rescattering, in which the A decays into a ™ (and sometimes
a p) which then subsequently excites a A in another
nucleon, tends to lower the peak and broaden its width.

(2) Fermi broadening, due to the momentum distributions of the
bound nucleons, mainly increases the width.

(3) Pauli blocking, in which the phase space .for the A >~ T4\
decay is reduced since many of the states available for the
nucleon are already occupied, tends to increase the
A-lifetime and can lead to significant reductions of the
peak width and slight shifts to higher energies.

(4) Damping into two-body non-mesonic decay channels
(AN + NN) tends to increase the peak width.

There is a good deal of cancellation between tﬁese effects, which
makes the study of any one of these mechanisms somewhat problematic.
However, calculations of pion-induced reactions indicate that the
largest modifications made by the nuclear medium are due to
rescattering (0ST9,WE81). These calculations are able to obtain a
fair representation of the data (d;Shed lines in Fig. 34(A)).

Photon induced reactions in the region of the A seem to present

quite a different picture. In Fig. 34(B), ~charged particle
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FIG. 34: Comparison of total absorption cross sections for
pions (A) and photons (B) on 160. Solid curves
are the scaled nucleon cross sections. Dashed
curves are the results of delta-hole model calcu-
lations (We81).
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photoproduction data from Bonn (ME79), measured over a limited
particle energy range (solid points), have been extrapolated to
estimate the total y-absorption cross section (open circles). There
appears to be little reduction in the cross section from the Ao (YN)
estimate. This phenomenon is roughly explained by the fact that the
pion interacts primarily with the nuclear surface, causing the dTr A

cross section to increase with A2/3

and approach n(R+X)2. while the
weakly interacting photon samples the entire nuclear volume, causing
the GY A cross section to approach AG(YN). This simple picture may be
adequate for light nuclei, but must break down when the nuclear radius
becomes substantiallly larger than the A and T mean free paths. A
deeper understanding of this effect is sought in the A-hole model
(Hi77,K079,0581,8a81). Here the pion or photon converts a nucleon
below the Fermi 1level into a A, thereby creating a A-hole state
[(Ah)J",T=1>, which then propagates through the nucleus. All of the
A-modifying effects discussed above are céntained in the transition
operators describing the propagation of A-hole states. The
rescattering mechanism which dominated the calculations of OHA appears
to be almost negligible in OYA' at least in light nuclei. The méin
contributions to the calculation of Fig. 34(B) (dashed line) come from
Pauli blocking and from damping into non-mesonic channels. Both
effects are individually 1large, but the absorptive broadening
overcompensates the Pauli narfowing. WhetherA or not these effects
continue to play a dominant role in photoabsorption on heavier nuclei

is an open question since there is no data in the region of the A for

16O. Even for 16O the A-hole model does not seems

nuclei heavier than
to reproduce all of the data in Fig. 34(B). Non-resonant amplitudes

and quasi-deuteron disintegration must be added to raise the level of
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the calculation in the region between 200 and 300 MeV (WE81). On the
other hand, there are large uncertainties involved in the
extrapolation from the 1limited data (solid points) to the open
cireles.

Two other methods have been used to obtain total
photngsorption cross sections. One 1is to directly measure the
fraction of y rays removed from the beam due to the presence of the
target. Here, measurements with and without a target must be
sensitive to small differences between two very 1large numbers, A
calculated atomic absorption is wusually subtracted from this total
absorption to obtain the photonuclear cross section. This method has
been used extensively at Mainz to study the region of the giant dipole
resonance in 1light nuclei (A<40). However, a recent measurement of
16O absorption near the A using this technique has yielded cross
sections that are 60% lower than those of Fig. 34(B) near the peak at
EY ~ 320 MeV (Sc82). This discrepancy has yet to be resolved. The
other experimental technique used to determine GYA is to measure all
the neutrons produced by reactions and correct for detector
efficiencies and neutron multiplicities (Le81). These corrections are
quite complicated, and this technique has never been applied in the
region of the delta. This method has been developed recently at
Saclay (Ca82) and the resulting photoabsorption cross sections, all
below pion threshold, exhibit strong energy dependent discrepancies
when compared to the Mainz data (Ah75). Furthermore, these
differences persist even when the cross sections are corrected for
purely charged-particle producing photoreactions (Be82). The Saclay
results have been compared to the Bonn data at only one energy, EY=140

MeV, and agree quite well there (Ca82). The Saclay results suggest
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that the Mainz data is too high, while other data from Mainz suggest
that the Bonn measurements are too high. There does not seem to be a
way of making these 3 sets of measurements consistent.

In summary, a better theoretical understanding of the A in
nuclear matter desperately requires reliable experimental eross
sections over a range of nuclei. Only data on light nuclei isl
currently available, and these are in a thoroughly confused state.
The Y-ray beams from the NSLS will provide a unique new method of
measuring photoabsorption cross sections. All photons reaching the
target will either be tagged or rejected. Thus, an absorption
measurement consists of simply counting those tagged Y rays that did
not survive passage through the target. Furthermore, the small size
of the proposed Y ray beam will permit a shower, originating at the
target, to be distinguished from a Y ray that passed through the
target without interaction. Atomic absorption can thus be rejected
electronically, yielding a direct measurement of the nuclear
photoabsorption. The detector planned for these experiments is
described in APPENDIX A. These photoabsorption measurements can be
started in the very early stages of the program.

In addition to the four A-modifying effects discussed above,
the absorption cross sections near and above the delta are also

affected by the asymptotic properties of O because of the existence

YA’
of sum rules. Microscopically, this sensitivity arises from
meson-exchange effects and hadronic shadowing (We73). In particular,

below meson threshold, the Gell-Mann, Goldberger, Thirring (GGT) sum

rule gives the total cross section as (Ge54)
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th

0

where

-1
K = (s %) f[AoYN - GYAJ' dE, (17.2)

and S =~ 60 MeV-mb. The difference between the incoherently summed
absorption by A free nucleons compared to the absorption by a nucleus
composed of the same A particles [the enhancement parameter K of Eq.
(17)] arises mainly from the exchange of charged mesons. (A
generalized version of this is presented in ref. We73.) Slight

modifications of the asymptotic behavior of 0, can result in sizeable

YA
changes in K.

From the very limited amount of high-energy absorption data
that is currently available (Zi79), there appears to be an

"éxperimental high-energy sum-rule" that connects the region of the

dejta to the classical sum rule S:

[AOYN - UYA] dE = S . (18)

In the approximation that E = ®, Eqs. (17.2) and (18) imply that

T 9

MAX

K = A/NZ. Thus, for 'Li and “Be where Eq. (18) has been verified for

Emax = 335 MeV, the enhancement factors K would be 0.58 and 0.45,
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respectively. These values are in excellent agreeement with those
obtained from absorption data below pion threshold (Ah75) using Eq.
(17.1). This agreement relies on the rapid approach to =zero of the
difference cross section in Eq. (18) above 335 MeV, although the data
(Zi79) do not indicate such a rapid approach to the asymptotic
free-npcleon limit. Therefore, absorption data above 350 MeV is badly
needed to investigate this problem. Data on heavier targets above
pion threshold would also be illuminating since K, determined from
measurements below threshold, increases with A (to about 1.2 at uOCa)
while the value implied by Eq. (18) [A/NZ] decreases rapidly (to 0.1

at uoCa

). The extension of the absorption measurements to energies
above 350 MeV and to heavier nuclei is planned for PHASE III of the

project.

C. Tests of the Delta-Hole Model in (?:ﬂo)

Compared with the inclusive photoabsorption measurements,
studies of specific decay channels can provide even more stringent
tests of theory. Of all photoproduction reactions, coherent m°
production is by far the most strongly affected by the A. Here the
whole nucleus takes up the recoil momentum of the A and the resulting
n° decay leaves the nucleus in its ground state. The diagrams
contributing to the elementary my-production amplitudes are shown in
Fig. 35 (We81). Charged pion photoproduction - Fig. 35(A) - has
background components which are comparable in size to, and interfere
with, the A-resonant M1 amplitude. In contrast, the coherent (v, )
process of Fig. 35(B) is almost completely dominated by the M1
excitation of the A. This simplicity makes this reaction. a

particularly suitable tool for studying the A in nuclei.
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FIG. 35: Elementary pion-photoproduction amplitudes (We81).
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Several estimates for the coherent (y,np) reaction on light
nuclei have recently appeared in the literature. The sensitivity of
this reaction to the details of the A-hole model is evidenced by a
large spread in cross sections predicted by different authors, despite
the fact that each calculation is capable of producing satisfactory
agreement with pion scattering data. The calculation of Saharia and
Woloshyn (Sa81) for 160(Y,ﬂo) is shown in Fig. 36 (solid 1lines)
together with a DWIA estimate (dashed lines). The calculations of
Koch and Moniz (Ko79) and of Oset and Weise (0s81) both predict cross
sections a factor of 2 1lower than those shown here. The datum at
EY=29H MeV is from the Bonn group (Me79). (There is 6nly one other
datum available for this reaction: dg/dQ = T4%5 Ub/sr at Ey=330 MeV
for dgﬁw,§10°, again from the Bonn group (Me79),) Although there is an
apparent agreement in Fig. 36, it should be noted that these Bonn
measurements were done with bremsstrahlung under the assumption that
all observed 7°'s left the nucleus in its ground state. It is
difficult to estimate the errors associated with this procedure. In
any case, measurements atvlarger angles would certainly be a much more
sensitive test of theory.

There is a larger body of data on the 12C(Y,1r°) reaction.
Unfortunately, this proves to be more confusing than illuminating.
Until recently, the only data available was from a bremsstrahlung
measurement by Davidson (Da59) at E&:ZHZ MeV. These data are sﬁown in
Fig. 37 along with a number of calculations. (The data points have
been renormalized to the latest value of the yp »> nop cross section.
This reaction had been used to measure the efficiency of the ™
detectors - Da59.) It is clear that the A-hole model calculations have

become refined with time and have risen to meet the data, although the
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FIG. 36: Delta-hole model calculations for coherent
m%-photoproduction from 180 (Sa8l). The
data point at EY=294 MeV, 00<6<10° is from
(Me79).
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two most recent works, Sa81 and K082, still show a sizeable
discrepancy. Unfortunately, recent data has fallen far below these
two calculations. Preliminary experiments with tagged bremsstrahlung
at Bonn (RO80) report a substantial cross section for T° decays

12

leaving the C nucleus in excited states. Direct bremsstrahlung

measurements have great difficulty distinguishing this component.
Figure 38 shows the recent Bonn measurements for coherent
12C(Y,ﬂp)12C. Although the statistics are poor, these data points are
about a factor of 2 below the latest calculation (solid line). The
situation is further confused by a new measurement from a Boston
University-MIT collaboration using bremsstrahlung from the Bates linac
(Mi82). A preliminary analysis of this new data is basically in
agreement with the data of Fig. 37. Although no attempt could be made

12C-ground,and -excited final states, their total Cnﬂo)

to separate
cross section is still 30% higher than the sum of the coherent and
incoherent components measured at Bonn. A recent reanalysis of the
Bonn data has led to a significant increase in the error bars of Fig.
38, owing to uncertainties in the separation of the coherent component
with poor photon resolution (Ar82). Nonetheless; the total 1ZC(y.Tro)
cross section still remains 30% below the more recent Bates
measurement.

From the above discussion, it 1is clear that high quality
{low-background, high-resolution, moderate statistics) measurements of
the 160(7,1!’°) and 120(y,1?) reactions, with monochromatic photon beams
(so that the coherent part of the cross section can be umambiguously
extracted) would significantly advance the understanding of A -hole
interactions in nuclear matter. Measurements of this type with direct

bremsstrahlung are extremely problematic. A ™ of a particular energy
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FIG. 38: Tagged-bremsstrahlung data for coherent
m9-photoproduct ion from 12C (Ro80). The
solid-curve--is-a-delta-hole-model-calcu~

lation (Mo82).
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is detected by its decay into two Y-rays of variable energy and
opening angle - see Appendix C. This in itself would not be a problem
if coherent productionwere the only open channel. Since this is never
the case, the contin?ous bremsstrahlung spectrum makes separation of
the coherent cross section virtually impossible. Good energy
resolution in the photon beam is extremely importént.

There is another as yet unutilized approach to studying Ithe
interaction of the A with the nuclear medium. The coupling of the
Y-ray to the nucleon that gets excited to make a A is entirely M1
relative to the nucleon coordinates. Relative to the nuclear
coordinates, several multipoles contribute, all magnetic due to parity
conservation. quever, added to this "geometric" source of non-M1
stf}ngth is a contribution‘from the A-hole residual interaction which
is strongly L dependent. This A-hole interaction shifts the energies
where the contributions from different L's peak. For example, the
L™=t and 47 matrix elements of the A-hole force used by Koch and
Moniz (Ko79) peak at energies separated by more than 60 MeV. The

. . o)
partial cross sections from a calculation of  coherent T

12C (Hu80) are shown in Fig. 39. An experimental

photoproduction on
determination of the cross section in the different multipolés would
obtain direct information on the strength of the A-hole force. At
most energies in Fig. 39 significant contributions to the (y,np) cross
section come from three multipoles (even more at high energies), and
no angular distributions produced by unpolarized photons cannot
uniquely disentangle thése components. The Y-ray beams from the NSLS
will be polarized, and our planned measurements of the coherent
160(?,11'0) and 120(?,119) reactions during PHASE II operation will

provide the first opportunity to compare an experimental multipole

decomposition with A-=hole model calculations.
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FIG. 39: Angular-momentum decomposition of the coherent
mO-photoproduct ion cross section from 12¢ (Hu80).
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D. Search for Nuclear Critical Opalescence in (?,nf)

There has recently been considerable speculation about the
possible occurence at normal nuclear densities of enhancements in the
virtual pion field which are precursors to pion condensation. (A
recent review is given in ref. De81; see also Ba81, Ku82, and 3182.)
The enhancements arise from the pion self energy and are expected to
occuf at momentum transfers of 2 to 3 times the pion rest mass. The
experimental searches for this phenomena have been inconclusive at
best. It has been suggested (De81) that charged-pion photoproduction
could provide a much more sensitive method of searching for this
opalescence effect. Recent calculations of the 1200y,ﬂ*)123
differehtial cross sections are shown in Fig. 40 for 210 MeV and 280
MeV incident photons (De81). Near 90° the opaiescence is expected to
enhance the cross section by more than an order of magnitude.

The enhancements in Fig. 40 enter the calculation through the
pion-pole amplitude of Fig. 35. However, the seagull and A-production
diagrams are also present and can interfere with the amplitude of
interest. An important additional advantage can be gained here by
using linearly polarized photon beams. The contribution of the
seagull graph is drastically reduced at angles perpendicular to the
polarization vector of the incident Y ray. Thus, wifh this
polarization aligned along x, (ﬁln’) angular distributions in the
{y-z> plane contain contributions only from the A and pion-pole terms,
and the A amplitude can be isolated by measuring the G?.ﬂp) eross
section. The calculations shown in Fig. 40 assume unpolarized photons
and neglect Coulomb distortions in the exit channel. Although more
recent calculations with distorted waves suggest enhancements that are
smaller than those of Fig.‘uo (Sc82), the use of polarized photons

should substantially improve the signal for an opalescence effect.
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played by the full curves whereas the long-dashed curves represent standard lp

shell calculation. The longitudinal spin contributions have been separated as

the dot-dashed and short dashed curves. (De81l)
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These experiments are planned for PHASE II of the project. If
- an enhancement in the 90° cross section is observed, additional (?,no)
measurements can be undertaken to separate out the effects of the

delta.

E. Delbrack Scattering from the Vacuum Polarization Cloud

In addition to nuclear scattering, there are three other
processes that add coherently to elastic photon scattering: Rayleigh
Scattering from the atomic electron cloud, Thomson scattering from the
charge of the nucleus, and Delbruck scattering from virtual
electron-positron pairs created in the nuclear Coulomb field. All
three decrease rapidly with scattering angle and only Thoms;n
scattering survives at high energies. For medium energies and large
angles, all of these processes are either negligible or can be
reliably calculated. However, at high energies and forward angles,
Delbruck scattering in fact dominates.

The diagrams contributing to Delbruék scaﬁtgring are shown in
Fig. 41. They essentially represent scattering from the vacuum
polarization cloud associated with the charged nucleus.- The Delbruck
‘amplitudes are third order in «a. Although rather ,difficult to
calculate, they form a unique set of high order Feynman diagrams that
can be experimentally isolated and compared with QED. Although QED
calculations have successfully repﬁoducéd large-angle low-energy data
(Ba77), the Delbruck amplitudes are very forward peaked and, at these
forward angles, systematic differences between data and calculations
still persist (Pa75). There has been only one measurement of

small-angle Delbruck scattering at medium energies, EY = 87 MeV




FIG. 41

Diagrams for Delbrick scattering.
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(Mo60), and although the data confirmed the expected Zu dependence of
the scattering from a wide range of nuclei, calculated cross 'sections
have fallen consistently short of the measured values (Pa75).

One of the key experimental problems in detecting Delbrilck
scattering is the separation of this effect from other amplitudes,
particularly Rayleigh scattering whiéh can be significant at small
angles. However, the Delbriick amplitudes are very sensitive to the
polarization of the incoming photon. The angular dependence of the
cross section in planes parallel and perpendicular to the incident
polarization vector can be used to study these amplitudes. The beams
available in PHASE II will be extremely well defined, as well as
polarized, and this will permit sensitive measuremeﬁts of Delbriick

scattering at very small angles over a wide range of energies.

F. The Effects of NeutralAZo Exchange in (?,e+e-)

The structure of the weak-neutral-current interaction has
remained an important problem since its discovery in 1973 (Ce73).
Since then, only a small number of experiments have reported effects
due to neutral currents. The Weinberg-Salam-Glashow (WSG) model,
encompassing ﬁoth weak and electromagnetic forces, has successfully
accounted for anti-neutrino-induced reactions (Ba78) as well as
parity-violating asymmetries in polarized electron-deuteron scattering
(Pr78). However, measurements of parity-non-conservation in the
interaction of atomic electrons with nucleons in bismuth vapor
(Bai77,LeT77) have observed effects much smaller than predicted by the
WSG model, although such large discrepancies were not observed in
atomic Thallium (Co79). New measurements of the magnitude of these

parity-non-conserving effects would greatly help to resolve the nature
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of weak-neutral-current interactions. To this end there is currentlya
large effort to measure forward-backward asymmetries in the production
of lepton pairs at PETRA and PEP. The WSG theory predicts asymmetries
of (N“N" )/ M) = - (8.7%.6)% in the e*e” = p*p” reaction at
35 GeV. The JADE, TASSO, and MARK-J groups haﬁe recentiy reported
asymmetries of -(12.8*3.8)%, -(16.1%3.2)%, and -(9.8%2.3)%,
respectively (Ja82, Ta82, Ma82). These asymmetries seem to be
consistently higher than the WSG estimate, although much more data is
necessary since all of these measurements suffer from poor statistics.

Several authors have suggested electron-bremsstrahlung as a
mechanism sensitive to neutral currents (Ja76,E180). The elementary
diagrams for this process are shown in Fig. 42(a). The interference
of single pho;on- and Zo-exchange produces a small component to the
emitted radiation that is circularly polarized. In the absence of
Zo-exchange, 0° bremsstrahlung is completely unpolarized and off-axis
it is plane polarized. The circular polarization created by the
neutral currents is expected to decrease roughly with the square of
the momentum transferred to the nucleus. In a recent experiment at
Mainz, Ziegler (Zi82) has measured the component of circular
polarization in the 6Y<1 mrad bremsstrahlung of up to 400 MeVi
electrons, by using a Compton polarimeter as an absorptibn detector.
The observed transmission asymmetry, which is related to difference
between right (R) and left (L) circularly polarized components

(ch - doL)/(dcR + do,), is shown in Fig. 43. The polarimeter used in

L
these measurements relied on the spin dependence of Compton
Scattering, which is a very small part of the total absorption cross

section at these high energies. The polarimeter efficiency was thus

quite low. The asymmetry of 10-6 observed at Ee:300 MeV (Fig. 43)
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FIG. 43: The asymmetry in the transmission of bremsstrahlung
through a magnetized iron absorber used as a Compton
polarimeter (Zi82).
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corresponds to a circular polarization of 3x10-u. This is two orders

of magnitude larger than would be expected from the
Weinberg-Salam-Glashow model (Ja76,2i82). Furthermore, the
q2—dependence evident in the dashed curve of Fig. 43 is the inverse of
the WSG prediction: the polarization appears to increase with energy
rathér than decrease. Ziegler's result, if dﬁe to neutral currents,
is quite startling. On the other hand, the low datum at 365 MeV
suggests the possibility that errors in this experiment may have been
underestimated. In any case, this effect must be studied further.

An independent yet related mechanism for studying effects such
as evident in Fig. 43, is pair production by circularly polarized v
rays. The relevant diagrams for this process are shown in Fig. U42(b)
and differ from those of bremsstrahlung only in the direction of the

'elebtron. Although the pair production asymmetry
A:(doRk- doL)/(doR + doL) expected from the WSG model has yet to be
calculated for photon energies in the 300 MeV range, an extrapolation
of the work of Olsen, et al. (0180) suggests values less than 10_5.
Purely electromagnetic effects can also give rise to asymmetries, but
these have very different angular and energy dependences (0180).

The effects of neutral currents in pair production can be
studied in PHASES I and II with the pair spectrometer that forms part
of the absorption detector described in APPENDIX A. The addition of a
quarter-wave plate to the laser optical tr:nsport will produce 100%
circularly polarized 300 MeV y rays of either helicity. If Ziegler's
enhancement over the WSG estimate is indeed due to neutral -currents,
the effect upon the pair-production asymmetry should be quite

dramatic.
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G. Search for Dibaryon Resonances in 2H(?,p1$)

There have been several experimental searches for the 6-quark
"Dibaryon" states predicted by QCD. (A recent review is given in ref.
Yo80.) Many of these states are predicted to be of fairly high spin.
Several candidates have been reported, mostly in experiments where a
polarization measurement has been used to enhance the signal from high
spin resonaﬁces. Nonetheless, all of these are controversial since
most are several 100 MeV wide and occur near production thresholds.

Recently, a candidate of unprecedented narrowness (40 MeV) was
observed at Saclay in the disintegration of deuterium with unpolarized
photons (Ar81). A 7 + proton pair were detected in coincidence with
magnetic spectrometers, thus uniquely defining the kinematics of the
reaction. For small values of the recoil momentum of the unobserved
proton, the «cross sections were complgtely consistent with the
quasifree contribution (impulse approximation). However, at large
recoil momenta, a pronounced structure was observed at about EY = 410
MeV. The ratio of the Saclay data to the calculation for quasifree
scattering is plotted in Fig. 44, Since neither the beam nor the
target was polarized, the spin of this structure is not known.

Measurements with polarized y rays are needed to study the spin
of this resonant structure. Furthermore, if the enhancemenﬁ shown iﬁ
Fig. 44 is 1indeed due to a Dibaryon, then several other such
resonances should exist }in the mass range from 2.15 to 2.35 GeV
(320 < EY'S 530 MeV). A search for such structures is planned for

PHASE III of the project.
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Iv.2 Ekperimental Considerations and Sample Counting Rates

For a reaction with a cross section do/dQ, the event rate
from a target of mass number A and thickness T in a detector with an

efficiency-solid-angle product eQ is

1 T

A

Y, 9

R(sec™) = (5.97x107H§Emb/sr)calsr)(g/en )3 (sec”
when the photon flux is GY. Counting rate estimates from Eq. (19) for
the experiments discussed in Section IV.1 are given below.

A. Elastic photon scattering from the delta

Collective enhancements in the region of the delta can occur

only at large angles in (vy,y). There, backgrounds from atomic

processes are expected to be quite low, so that thick targets can be

used. In the 1limiting case of a giant-delta resonance with max imal

collectivity in 208

Pb (dashed curves of Fig. 31), the peak cross
sections at either 60° or 150° would be about 1 mb/sr. Although the
data would always be analyzed in the 2.7 MeV steps defined by thg
tagging spectrometer, binning the final results in 10.8 MeV intervals
of vy ray energy is sufficient to study this problem. In the standard
operation with 2x107 tagged photons in the full 175 MeV to 300 MeV
range, there would be 1.7x106 Y rays per second in this 10.8 MeV
interval. For a target of one radiation length - (6.3 g/cm2 for Pb),
the scattered rate into a spectrometer with an effective solid angle
of 28.6 msr (APPENDIX B) would be 1 sec-1. In the complete absence
of an "giant" component to the delta (solid curves of Fig. 31), the

prédicted cross sections are a factor of about 300 lower, This




IV-36

situation would produce about 1 count every -6 minutes, so that data
with 10% statistics could still be accumulated in 10 Thours.

The cross sections for elastic photon scattering from lighter
nuclei decrease roughly with 22. Furthermore, targets‘_of one
radiation length become impractically long because of their decreased
density. For example, for 1ZC(Y.Y) measurements, the maximum useful
target thickness is about 8 g/cm2. The scattering cross sections for
SY between 60° and 120° are expected to be about 30 nb/sr in the
- absence of any collective enhancements (Mo82). This would produce a
scattered flux of about 2 hour'-1 in a 10.8 MeV interval of Y ray
energy, requiring 50 hours of data taking to obtain 10% statistics.
Since the data woulq be collected ove; the full dynamic range from 175
MeV to 300»MeV simultaneously, such running time requirements are not
excessive. The existence of a giant-delta resonance in 12C could

enhance the cross section by up to 2 orders of magnitude, and lead to

corresponding reductions in running time.

B. Total Photoabsorption measurements

The total photonuclear absorption cross section of light

160

nuclei such as is about 6 mb (Fig. 34) in the region of the 4,

while the atomic photoabsorption is about 600 mb (Ah75). To ensure
efficient rejection of atomic events (APPENDIX A), target thicknesses
would be limited to about 0.01 radiation lengths (0.36 g/cm2 for HZO)'
In the standard mode of operation there would be an average of 4.3x105
photons in each 2.7 MeV inteval of Y-ray energy defined by the tagging
spectrometer. Since the efficiency of the absorption detector is

unity (APPENDIX A), the nuclear absorption by 16O would produce




-
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35 events-sec-1 in each 2.7 MeV interval. At the same time the
absorption detector must rcontend with a total rate of 160 KHz from
atomic processes. This is not expected to pose any problems for the
system described in APPENDIX A.

There 1is no available data in the region of the delta for

160. Nonetheless, the

cross sections should increase roughly with A so that, for 208Pb. 25

nuclear absorption by targets heavier than

mb might be reasonable near 300 MeV (Fig. 31a). However, the atomic
absorption increases only slightly slower than 22 (Ah75). This might
strain the atomic rejection system described in APPENDIX A, were it
not for the constraint to limit the target thickness to 0.01 radiation

lengths. For 208Pb this corresponds to 0.06 g/cm2 and, with the

7 tagged photons, would again produce a total

standard flux of 2x10
rate of about 160 KHz from atomic ﬁrocesses. At the same time, the
nuclear absorption rate would be 1.9 sec"1 in each 2.7 MeV interval of

photon energy.

C. Coherent 7° photoproduction

From Figs. 37 and 38, the cross section for the coherent
process 12C(Y'“o)12cg.s. at 240 MeV is about 100 pb/sr iq the region
of 9“, between 20° and 60°. Since the 7° is detected by its decay
into 2y rays, the target could be relatively thick. However, an
extended source would introduce an additional uncertainty in the
opening angle of the y rays, and hence in the resolution of the n°.
For this experiment, a tafget of about 2 g/cm2 is optimal. — For 240
MeV photons, the kinetic energy of the 7° is about 100 MeV, and thé

corresponding efficiency-solid-angle product of one of the m°
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_Spectrometers is 1.25 ‘msr (TABLE CV-APPENDIX C). The coherent
components wouldi be ,extraqted by’analyzing the data in the 2.7 MeV
steps defined by the tagging spectrometer, although the final results
could again be combined into 10.8 Mevrintervalsf The flux of 1.7x106

photons-sec'1 in eéch of these 10.8 MeV intervals during standard

operation leads to a data rate of 1.3 events per minute in each

interval. Measurements at large angles would of course take 1longer

(Figs. 37 and 38).

D. Critical Opalescence in (y,T)

The enhancement from the opalescence effect shown in Fig. 40
is strongest at about 90o where the cross section for the 12C(Y.‘""')
reaction 1is expected to be about 1 ub/sr, and the Lo energy is about
100 MeV. The efficiency-solid-angle product of the pion spectrometer
(APPENDIX D) for T"=100 MeV is 34.6 msr. The energy loss of 100 MeV
pions in carbon is 1.8 MeV/g-cm-z. The energy resolution near 90o
will be determined by the pion energy loss across the horizontal
extent of the photon beam (~1 cm). To minimize this effect, an active
target (plastic scintillator), segmented in 1 mm 1layers parallel to
the beam, can be utilized to reduce the pion energy loss contribution
to <0.2 MeV, When combined with-the 1.1 MeV intrinsic resolution of
the spectrometer and the 2.7 MeV spread of the photon beam, this leads
to a net 7w resolution of 2.9 MeV. This will allow the excitation
energy in the final 12B to be determined with a modest accuracy.
Combining the final data in 10.8 MeV intervals of excitation energy,

each containing an average of 1.7x106 photons—sec-'1 in the standard

operating mode, leads to a data rate of 21 events per hour, using a




target which is 2 g/cm2 thick to the beam. Thus, 10% statistics can
be accumulated in 5 hours. In the absence of an opalescence effects,
the 90° cross sections would be about an order of magnitude lower, and
2 days would be required to obtain a comparable accuracy. The
contribution of pions from hydrogen in the scintillator is expected to

1ZC

be very small in the region of coherent production from . [The

12C(y.n_)1uN reaction should manifest the same sensitivity to critical
opalescence, and is completely free from contributions due to
hydrogen.] If a possible opalescence effect were observed, other
reactions such as10B(Y,w—)1OC or 1uN(Y,ﬂ+)1uC for which the pion
resolution 1is sufficient to separate decays to the ground states of

the residual nuclei, could be investigated with a narrower target and

longer running times.

E. (y,y)=Delbriick scattering

The largest deviations (Mo60) between measured and calculated
values for Delbrfick scattering have been observed at medium enefgies
(~100 MeV) and very forward angles, %;mcz/EY. To minimize nuclear
scattering from the delta, these measurements would best be done at
the 1lower end of our energy range, EY~200 MeV, where mc2/EY would
correspond to 2;5 mrad. This is an order of magnitude larger than the
divergence of the photon beam. With the pair spectrometer of APPENDIX
A positioned 10 meters from the target, Y rays from Delbrtck
scattering could be measured at angles down to 1 mrad. The reduced
efficiency of a thin-radiator + pair-spectrometer as ay-ray detector
(€Q~d.1 msr) is more than compensated by the large forward angle cross

sections: ~100 b/sr from a Uranium target (Mo60). Thus, even when an
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0.01 radiation length target (0.05 g/cm2 for U) is used to reduce

shower production, the counting rate in a 10.8 MeV interval of v ray
energy during standard operation would still be ~2 sec-1. At larger
angles where the Delbrlick amplitudes are considerably smaller (ey>1°)

the high efficiency Nal-based spectrometers of APPENDIX B could be

used,

F. Asymmetry in (T,e’e ) from Neutral Currents

The addition of a quarter-wave plate to the laser optical
transport (Fig. 19) will allow production of circularly polarized ¥y
rays, although only the highest energy photons will be completely
polarized, In the standard mode of operation, the flux in the two
highest energy-resolution intervals of Y ray energy (292.6 MeV < EY <
298.0 MeV) is about 106 sec°1. Pair production cross sections can be
measured with the magnetic spectrometer of APPENDIX A. With an 0.5
radiation length target, an average of about one ete” pair will be
produced per photon. The helicity of the y ray beam can be flipped
with a polarization rotator in the laser optical system. If the
production asymmetry with right (R) and left (L) eircularly polarized

photons A:(doh-dot)/(doa+ch) is near the Weinberg-Salam-Glashow (WSG)

5 12 Yo
, then 10 events are needed for a 10% statistical

limit of ~10~
accuracy. This is accumulated in about 278 hours. Running times much
longer than this are rather impractical. However, if the two orders
of magnitude enhancement over the WSG prediction reported by Ziegler

(Fig. U43) 1is indeed due to neutral currents, the pair-production

asymmetry should become apparent very quickly.




G. Dibaryon strucﬂures in 2H(§§pw-)P

The resonance structure observed at Saclay with EyzHOO MeV is
displayed in Fig. 44 in terms of the quasi-free Y+n —> p+T  cross
section. From Ref. (Ar78), this converts to a pion production cross
section of about 25 pb/sr for the kinematic conditions of Fig. 44. 1In
these measurements, a bremsstrahlung spectrum was used, so that both
energy and angle determinations for both detected particles were
necessary éo reconstruct the energy of the photon that initiated the
decay. Two magnetic spectrometers were used in these measurements
(Ar81) with solid angles of 3.36 msr for the pions and 2.25 msr for
the protons, respectively. For the conditions of Fig. 44, the pions
carry away about 150 MeV of kinetic energy. The spectrometer of
APPENDIX D has a solid angle that is more than an order of magnitude
larger than the Saclay detector, 37.7 msr at Tu=150 MeV, Furthermore,
since the energy of the y rays from the proposed facility are known by
tagging, the proton energy will not have to be measured. To determine
the kinematics, it is sufficient to measure the proton angle. This
can be done with large area multiwire proportional counters: Ae~45°.
A¢~M0° with a net solid angle of about 425 msr.- This will allow data
over a large range of PR (the momentum of the unobserved proton) to be
collected simul taneously. The 1liquid-deuterium target is being
designed and constructed at Frascati. From previous experiences
(Ar7%), an effective target thickness of 1 g/cm2 is readily
achievable. This thickness also keéps the energy loss of the protons
and pions down to a reasonable level. With the PHASE III flux of 106
photons—sec-1 in a 10.8 MeV interval, the net coincidence counting
rate will be about 40 per hour in each interval of the dynamic range

extending up to 480 MeV.
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IV.3 Experimental Equipment

The medium-energy physics experiments outlined in the previous
sections have been designed around existing experimental hardware. No
major new pieces of equipment will be required for this initial
research program. The existing high-energy Y-ray spectrometers are
described in APPENDIX B. They would be utilized not only in photon
scattering measurements, but also as the key elements of two
independent - “o spectrometers (APPENDIX C). An existing large
acceptance dipole magnet ktransferred to BNL from the SREL facility)t
along with two 1large aperture quadrupoles (obtained from the AGS at
»BNL) would be used for the charged pion spectrometer described in
APPENDIX D. Another 1large acceptance dipole magnet (also obtained
from SREL) would be utilized in the pair spectrometer described in
APPENDIX A. The rest of the components necessary to complete an
absorption detector (APPENDIX A) will be supplied by Frascati National
Laboratories.

As outlined in Section V, the costs required to complete these
spectrometers are very minimal. Nonetheless, the designs for each of
the detector systems described in the appendices represent much more
than the premium utilization of existing hardware. In each case they
reflect a significant improvement over current detector technology.
When combined with the unique y-ray beams from the proposed facility,
they are expected to yield a diversified and very fruitful program of

medium-energy research.




APPENDIX A: Absorption Detector

Measurements of total photoabsorption cross sections with the
propoéed facility can be carried out by simply counting the number of
tagged photons reaching the target that are not transmitted through
the target. Not all of the tagged flux Qill reach the target area.
Some will lie outside the acceptance of the Y-beam defining collimator
(#2 in Fiés. 25 and 26). For a given collimation, the fraction of
tagged flux that does reach the target is dependent upon the angular
divergence of the electrons in the interaction straight. This
fraction is shown as a function of collimator half-angle in Fig. 16
for the OPTICS tune. For absorption measurements it is necessary to
reject those tagged photons that do not reach the target, and this
will be done by using a single active Pb-glass collimator at the
position of #2 in Figs. 25 and 26 (#1 will not be used here) to define
the y-ray beam. A tagged electron in anticoincidence with this active
collimator signals the arrival of a photon of known energy at the
target. An additional anticoincidence with a y ray detector after the
target signals an absorption event.

The total photoabsorption cross section is the sum of atomic
and nuclear ccmponents, cTOTz oAt+ GNu’ and it is only the nuclear
absorption oNu that is of interest here. However, the contribution

from atomic processes ‘oAt is always much larger than cNu. For

example, at Ey=300 MeV the nuclear absorption cross sections on 16O is
about 6 mb (Fig. 34), while the atomic cross section is 600 mb (AhT75).

The low background and small size of the y ray beams from the proposed

facility, accompanied by tagging signals for all vy rays that strike
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the target, will permit the electronic rejection of atomic absorption
events with an efficiency sufficient to yield a direct measurement of

o) Nu

The planned absorption detector is shown schematically in Fig.
A1. The counter labeled E-VETO consists of Pb-glass and plastic
scintillator disks with coaxial holes Jjust big enough to pass the
primary y-ray beam. A photon that has passed through the target
without interaction will trigger the Pb-glass total energy E-detector
in anticoincidence with E-VETO.

In the energy range of the proposed facility atomic absorption
in the target occurs mostly through pair production, with a small
additional contribution from Compton scattering. The angular
distribution of e*e” pairs produced by high energy y rays is extremely
forward peaked. A Monte-Carlo calculation of the e*/e” distribution
created by 100, 200, and 300 MeV photons traversing one radiation
length of 1lead is shown in Fig. A2. The mean opening angle of the
pairs decreases with increasing photon energy, from i1.2° at 100 MeV
to t0.7° at 300 MeV. A large aperture dipole magnet (0.4 m horizontal
acceptance with an .O.M m gap) immediately follows the target.
Electrons and positrons emerging within i1u° are deflected by the
magnetic field and detected in coincidence on opposite sides of the
Yy -ray beam axis with Pb-glass and plastic scintillators. At photon
energies between 100 and 500 MeV an average of one ete” pair is
created in 0.5 radiation lengths (Lo75). Thin targets, about 0.01
radiation lengths, would be used to eliminate multiple pair production
and reduce multiple scattering to an accepiable level. These target
thicknesses drastically reduce the bremsstréhlung of the ete” pairs

and effectively prevent the generation of a cascade shower.
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Atomic Compton scattering is also very forward peaked, with a
FWHM of i2.3o at 300 MeV. Although the Compton cross section is much

smaller than that of pair production, it is still comparable to or

greater than the nuclear absorption of interest and must Dbe

effectively rejected. Most of the Compton scattered y rays will
strike the E-VETO counter. Those emitted at large angles are very low
in energy (Ey<l4 MeV for 6Y>3O°) and will be detected in plastic
scintillators surrounding the target (Fig. A1). The only atomic
Compton events that cannot be rejected are those that pass through the
0° hole in the E-VETO detector. To minimize the number of such
events, one can make use of the fact that the Compton scattering
distribution is diverging from the target very much faster than the
primary photon beam. In particular, with the photon beam collimation
and the E-VETO detector aperture chosen from the minimum divergences
of the OPTICS tune (Fig. 13), O, = 2.Hx10_u rad and Gy = 5x1072 rad, -
and with the E-VETO detector located 5 meters from the target and 30
meters from the center of the laser-electron interaction region, the
unobservable Compton scattering through the E-VETO hole is Z(1.Hx10'u)
mb. This is negligible, even for targets of relatively high Z.

The true nuclear absorption events result almost entirely in
the production of protons, neutrons, and charged pions. The charged
particles will produce signals in the counters designed to reject
atomic absorption. However, they can be readily distinguished from
electrons and photons by their energy losses in plastic and Pb-glass.

The only events which will not appear in the resulting atomic-rejected

. . Nu .
nuclear absorption cross section o] are those involving nuclear

photon scattering. However, these form a very small part of Oyu




(less than 1%) and can be neglected. The signature of the various
poésible events in the detectors of Fig.A1 are sufficiently unique
that, for the most part, hardware cuts and fast electronic
coincidences will be sufficient to select out nuclear absorption. For
events not satisfying thése constraints, energy signals from all of
the detectors of Fig. A1 would be recorded for off-line gnalysis. The
rate of such ambiguous events is expected to be quite low, enabling

this absorption detector to utilize the maximum available tagged flux.




APPENDIX B: Gamma Ray Spectrometers

The Brookhaven MARK-III spectrometer represents the current
state of the art in high energy gamma ray detectors. An exploded view
of this spectrometer is shown in Fig. B1. Photons from the target are
collimated by a lead aperture onto a high resolution large volume
(24x36 cm) NaI(Tl) crystal. This detector has been fabricated by
Bicron Corp., using new techniques developed in conjunction with BNL,
The Nal is housed in a 1 cm thick 6LiH neutron shield and surrounded
by 10 ém of plastic scintillator, used in anticoincidence to reject
cosmic rays and events where part of the high energy shower produced
by a yray escapes from the NaI. The plastic shield is split 1into a
slab in front of the NaI and an array of 6 optically isolated sections
that are contained in a common thin-walled stainless steel cylinder.
Active transistor-stabilized bases on each of the seven Nal phototubes
compenSate for fluctuations in counting rate, and a monitoring system
controls the conditions under which gain corrections are automatically
applied. In addition, pulses of light from an externally stabilized
LED are distributed to each photomultiplier tube by a system of fiber
optics, and an active amplifier is used to correct for variations in
the position of this peak due to this light.

The response of this detector to isolated high energy vy rays in
the 20 to 50 MeV range is shown in Fig. B2. The indicated line width
represents an improvement of almost a factor of 2 over the previous
generation of y ray spectrometers. The stabilization electronics
maintains this resolution as well as the system gain (to 0.1%) at
extremely high counting rates (~1 MHz). The dependence of the

resolution upon y-ray energy is shown in Fig. B3. Above 15 MeV the
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resolution improves with (EY)-1/3. The line shapes of Fig. B2 are
asymmetric because the plastic anticoincidence ‘shield is not 100%
efficient. Thus some Y ray showers, in which either bremsstrahlung or
511 keV annihilation radiation escapes the NaI, are not rejected. At
lower energies (EY£12 MeV) the one-escape peak 1is resolved as a
separate line. This line merges inﬁb the primary peak at higher
energies. If the higher energy y ray lines are treated, not as single
peaks but as unresolved doublets, primary and one-escape, with the
position of the one-escape fixed at .511 MeV below the primary, and
with its area fixed at that fraction of the primary (15%) determined
from lower energy measurements where the two are resolved, then the
resolution of the primary peak decreases with (l:‘.Y)-V2 over the
measured range from 15 to 45 MeV. This indicates that the resolution
of this detector is limited entirely by photon statistiecs (contrary to
popular folklore).

Extrapolations of the curve of Fig. B3 to 300 MeV predict

=172 dependence would predict an

resolutions of about 0.8%. An (EY)
even lower value; A continuing improvement with higher energy has
been reported with the SPEAR-Crytal-Ball detectors (Ch77), that are
only slightly deeper (40 cm) than the BNL MARK-III crystal. Their

energy resolution decreases as (EY)-1/u

up to the GeV range, although
their starting point at 50 MeV is very much worse (6% FWHM).

We expect a continued shperior per formance of the BNL MARK-III
detector at high energies. To be conservative in planning the medium
energy physics program, we have assumed that its resolution does not
improve but rather remains constant at the value of 1.65% measured at

EY=45 MeV. Even at this level, the resolution is quite adequate while

the efficiency-solid-angle product, measured as 28.6 msr at 45 MeV, is




®)

(%)

AE
E

|

15

FIG.

20

B3:

25

30
Ey (MeV)

35

40

45

Resolution of the BNL-MARK III spectrometer
as a function of gamma-ray energy.




very much larger than can. be achieved with a pair spectrometer.

The BNL MARK-II detector is identical to the MARK-III except
for the Nal crystal itself. The MARK-II achieves only 3.2% resolution
at 20 MeV. This crystal will be replaced by a MARK-III-caliber
detector in PHASE 1III, thus completing two state~of - the - art

high-energy Y-ray spectrometers.
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APPENDIX C: m°-Spectrometer

16 see) into 2

The 7° decays instantaneously (T 4= 0.84x107
isotropic gammas which have a relative angle of 180o and equal energies
in the rest frame of the ™o, The Lorentz transformations
substantially modify the lab energies of the Y rays, even at very
modest pion kinetic energies. The "forward" gamma (closest to the
pion momentum‘;w) is doppler shifted up and carries most of the total
pion energy,

E, = T, + 135 MeV, | (1§

while the associated "backward" Y ray carries very little of this

energy. The photon energies are given by
il - N
E, = B (188cos0), (c2)

and their laboratory angles by

% sin®

tan 0 = 058 (c3)
where Bc is the pion velocity, Y the Lorentz factor, and ©,% are the
angles of the gamma ray in the pion rest frame and in the laboratory,
respectively, measured relative to the T direction. The extreme
values of Eq. (C2), which occur when B = 0° or 180°, are listed for a
fgw.pion energies in TABLE CI.

In the past, two different strategies have been used to detect
the ° decay gammas. The first, due to Baer (Bae81) looks at the

decay gammas which are emitted at equal angles in the laboratory. The




TABLE CI: Extreme decay gamma ray energies which occur when the

photons are emitted along Pw:

Ty Ey, (0% Ey,(180°)
™
(MeV) (hev) (Fev)
20 116 39.4
50 156 29.2
100 214 21.3
200 321 14.2

TABLE CII: Performance parameters for the

spectrometer for R=50 cm:

Baer-type (Bae81) n°

*

Tn° Qg‘Px Qeff AEﬂ°
(geometric accept- (msr) (FWHM in MeV)
ance in msr) '

50 2.4 0.53 1.5

100 2.2 0.49 1.8

200 2.2 0.49 3.3

*Px is the fraction of coincident gammas

the energy-sharing cut [x[io.l.

which satisfy
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gamma energies are measured in Pb-glass calorimeters to a prec¢ision of
~30% (FWHM). The gamma direcfions are determined by wire chambers
(MWPCs) which follow Pb-glass shower converters. The poor resolution
energy measurement is used, in this strategy, only to ensure that the

two photon energies are not very different, i.e.,

E, - E,
|x| - — I ( c4)

El + E2
The decay kinematics can be written in terms of the energy sharing, X,

and the laboratory angle between the 2 gammas, n:

2
2(m o)

2_
(Eﬂo) (1-cosn) (1-X4)

(c5)

This cut on X places all of the burden of the pion energy measurement
on an accurate measurement of the opening angle, M. In Table CII,
some of the per formance parameters -expected for a Baer-type
spectrometer are listed, for the case of R=50 cm, the distance to the
front face of each detector arm. The effective solid angle is taken
from the geometric acceptance of Fig. 9 in Ref. (Bae81), reduced to
account for converter and wire plane efficiencies following Eq. 24 of
(Bae81).

The second strategy is that of Bowles, et al. (Bol81). In this
approach, the opening angle N is constrained to the vicinity of 1800,
the forward gamma being detected by a Pb-glass calorimeter, and the
backward gamma‘ by a large Nal spectrometer. In this geometry, the
partition of energy between the Y rays is roughly that of TABLE CI and

the pion energy resolution is given by




(Cé)

Thus, the pion energy resolution 1is determined by the fractional
energy resolution of the Nal detector. The per formance
characteristics of such a spectrometer are given in Table CIII, where
a Nal spectrometer subtending a half angle of 10° (Aﬂeff=€A9=28.6msr),
and a Pb—glass'detector subtending a half angle of 10° (AQeff=95msr)
have been assumed. The resolution of the Nal for the low energy Y ray
was assumed to be 1.9%, from APPENDIX B.

We have considered several variations on these 2 strategies with
the goal of retaining a good energy resolution with a greatly
increased effective solid angle, There are two promising
alternatives. ~ The first utilizes the geometry of Bae81, but the
Pb-glass detectors are now replaced by Nal spectrometers. However,
unlike the Baer-type spectrometer, the angle n is not measured té high
precision. Rather, the pion energy is constructed from the sum of the
gamma energies. This approach has the effect of increasing the
effective solid angle dramatically with increasing energy, as shown in
Table CIV. Comparison with Table CII shows that the energy resolution
is only slightly worse with this geometry.

Our second, and preferred, alternate geometry adapts that of
Bowles, et al. (Bol81). Increasing the solid angle associated with
the fore-aft geometry results in degraded energy resolution due to the
uncertainty in opening angle n, Our solution to this problem is to
detect the forward (~0°) high-energy gamma ray with a large Nal
detector, subtending a half angle of 100, with an effective solid

angle of 28.6msr. The associated backward photon (~180°) detector




TABLE CIII:

TABLE CIV:

Performance of a Pb-glass (0°) - NaI (180°) Bowles-type
(Bo181) spectrometer:

Tre AQ AE;(NaI) AEq(angle) AETOTAL
(MeV) (msr) (MeV) (MeV) (MeV)

20 0.59 1.45 1.24 1.90

50 0.22 2.40 0.91 2.57
100 0.092 3.65 0.68 3.72
200 0.036 5.83 0.49 5.85
Performance of a symmetric angle spectrometer comprised of

2 Nal detectors.
1.6% (APPENDIX B), and the effective solid angles, Ageff’
were taken to be 28.6 msr.

Nal energy resolution was assumed to be

Tno Ey 816, AQTor AEqe
(MeV) (MeV) (deg) (msr) (MeV)
20 78 60° 0.60 1.75
50 92 47° 0.92 2.08
100 118 35° 1.55 2.67
200 168 24° 3.06 3.80




would be a thin plate of Nal (half-angle = 45°) which measures
position in a manner similar to that of an Anger camera (An67). This
arrangement is shown schematically in Fig. C1. A doppler-shift
correction would be applied to the high energy y rays, based on the
angle measurements from this low energy detector. The remaining
uncertainty in angle is limited to the 10° acceptance of the forward
detector. The performance of such a spectrometer is given in Table
cv. (The energy resolution of the "forward" Nal detector is assumed
to be 1.6% - APPENDIX B.)

The energy resolution for this proposed spectrometer is equal to,
or slightly better than, that of the design of Bae81. The solid angle
is almost an order of magnitude larger than that of either Bae81 or
Bol81. The- solid angle for this design (TABLE CV) complements our
alternate symmetric angle geometry in that it is largest at low
energies, while the so0olid angle of the spectrometer of Table CIV is
larger for high pion energy.

In view of the interest here in moderate energy pions, the second
proposed design (Table CV) is clearly the most suitable. Furthermore,
the use of the existing high—resqlution Nal spectrometers described in
APPENDIX B, makes the cost of implementing this pion spectrometer very
nominal. Only two angle measuring n180°" detectors will be required

to complete two independent ﬂp detectors.
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7° SPECTROMETER

TARGET

FIG. Cl1:

A schematic representation of the 7° spectrometer.
The 24 cm x 36 cm Nal crystal is shown without its
plastic anticoincidence annulus. The rear angle-
measuring counter is comprised of a Nal plate, light
pipe and an array of photomultipliers. The notch

in the rear assembly allows measurements at extreme
forward angles.
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TABLE CV:

Performance of a fore-aft spectrometer using a high
resolution NaI (at~0°) to measure gamma energy, and

a position-sensitive NaIl crystal (at ~180°) to measure
angle. Position determination from the latter is as-
sumed to be <<10°.

Tye Ey (forward) AQ AEpe
(MeV) (MeV) (met$ (MeV)
20 116 3.84 1.26
50 156 1.90 2.04
100 214 1.25 3.09
200 ' 321 0.48 4.92




APPENDIX D: nt Spectrometer

A design for a charged-pion spectrometer has been completed.
This design wutilizes existing large aperture magnetic elements, and
provides a momentum resolution of 0.68% at a soiid angle of 50 msr,
over a momentum range of 10%.

A layout of this QDQ spectrometer is shown in Fig. D1. The
second quadrupole, which is a current-sheet device with a 1large
rectangular aperture similar to the design of (H859).vmakes possible
the QDQ arrangement which is responsible for the 1large solid angle
achieved here. The efficiency of the device is determined by the
fraction of pions which traverse the 4 m path length from the target
to the focal plane without decay. The resulting effective solid angle
is shown in Table DI.

Calculations for this design were performed with the code
TRANSPORT (Br70). The spectrometer solid angle is determined by a
A8 = *50mr, A¢ = ¥250mr geometrical acceptance. The limiting charged
particle envelopes in the x (dispersive) and y (transverse) directions
are shown in Fig. D2. The important matrix elements relevant to this
design are listed in Table DII. The resolving power, in first order,
is determined by the ratio of the dispersion to the product of

magnification and spot size on target: D/ (MX )=205.3, for

target
xtarget=1 cm. As can be seen from Table DII, the contribution from
the second-order term (x|92) dwarfs the image size calculated in first
order, This aberration can be corrected by ray-tracing. In order to

reduce the second order term so that its contribution is equal to the

first-order spot 'size. an angular resolution at the entrance to the
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TABLE DI: Energy resolution and efficiency of the QDQ spectrometer for
several values of the pion kinetic energy.
T“(MeV) p(Mev/c) €-AQ(msT) AE(MeV)
25 87.2 22.0 0.31
50 128.3 28.6 0.59
75 163.0 32.2 0.84
100 194.7 34.6 1.08
150 253.7 37.7 1.51
250 363.7 41.1 2.31
TABLE DII: Transport matrix elements for the QDQ spectrometer. A target
spot size of 1 cm has been assumed in the last columm. Units
are cm, mr, %4.
Element Calculated Contribution to
Value Spot Size (cm)
(x|x)=M -0.226 0.226
(x[s)sD 0.464 —_—
(x]82) -4.22x107 1.06
(x|x2) -0.105 2. 6x10 2
(x]2) -2.87x107° 0.18
(x| 66) 5.78x1073 —
(v|¥) -18.56 —_
(¢|¢) -0.211 -
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spectrometer of Ae=0.3° is required. However, angles measured near
the focal plane are larger than those at the target by the inverse of

the horizontal magnification, 1/M. Thus, the angular accuracy

required at the exit /

of the spectrometer is 1.30. This will be
measured by two multiwire proportional counters (MWPC's). (Multiple
scattering in the first MWPC windows introduce errors of only O.1°).
Similarly, ray tracing to determine A¢ can be done to sufficient
acecuracy to make the (x|¢2) term vanish. As can be seen from Fig. 2,
the MWPC's required are of modest dimensions, 30 em (y) by 5 em (x),
with resolution z0.1 em (x) by 0.5 em (y), and are sufficient for the
required ray tracing assuming a 30 cm separation between planes. The
momentum resolution, resulting from this system, Ap/p=0.68%, has been
used to calculate the pion energy resolution shown in the last column
of Table DI. This resolution is limited by the spot size on target.
If necessary, the resolution can be improved by decreasing the Y-ray
beam defining apertures, although not without a reduction in flux
(Fig. 16).

The effect of path length differences through the spectrometer
(£12 cm) is negligible, yielding a contribution to the time resolution
of <2 nsec FWHM.

Some of the muons from the in-flight decays of the pions will
reach the focal plane. To reject such events, a pair of wire chambers
will be installed at the entrance to the spectrometer, allowing the
angles 6 and ¢ to be measured to <1° (FWHM). Since the muons lie
within a 10°-30° cone of the initial pion momentum, most of them can
be vetoed by comparing angles at the entrance and exit of the

Spectrometer. The multiple scattering resulting from these additional




detectors .is estimated to be'-0.15°. Taking into account the
horizontal magnification, this spread translates to ~0.75o at the
focal plane. This angular uncertainty is small compared with the 1.3°
necessary to correct the higher-order aberrations.

The dipole and quadrupole elements assumed in this design are
all available at BNL. Only the vacuum chamber, a mechanical support
for the spectrométer, and the focal plane detectors remain to be

constructed.
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V. Time Schedule and Cost Estimates

The goals of this project, as outlined in section I.2, divide
the activity into three distinct phases, each of which culminates in
specific milestones for the development of the high-energy Y-ray
facility. In PHASE I the 300-MeV tagged-y-ray beam is developed and
tested with preliminary scattering and aborption measurements. In
PHASE II the NSLS building is extended to provide a y-ray lab area,
spectrometers are erected, and medium-energy physics begins in earnest
with an ultra-high-power iaser. In PHASE III the coupling of the VUV
and X-RAY storage rings is developed to provide up to 500 MeV tagged
photons. The approximate time schedule for the various components of
these three phases is given in TABLE IV. There is some temporal
overlap, particularly between PHASES II and III when the Free Electron
Laser transport is being constructed and tested.

The capital expenditures for the different phases of this
project, including the production of the tagged Y-ray beams as well as
the instrumentation required for the medium-energy physics program,
are summarized in TABLE V.

The scientific staff members currently involved in this
project are 1listed in Section I.3, together with their affiliation.
It is our desire to attract a 1larger body of users from the
international medium-energy and photonuclear communities, and this
will undoubtedly occur as the high-energy y-ray beam becomes
available. In particular, it is expected that additional members of
the LADON collaboration in Frascati, other than those 1listed in
Section I.3, will take part in some of the medium-energy physics

experiments during the latter stages of this project.
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To maintain an effective utilization of the unique
capabilities of the proposed facility, the BNL-based staff will
increase during the second and third phases of development. The BNL
operating budgets for FY83, 84 aéd 85 are summarized in TABLE VI.
Support for the salaries and ‘travel expenses of our INFN-Frascati
collaborators is provided by an ongoing grant from the Italian

government,




*
TABLE V: CAPITAL EXPENDITURES (1982 DOLLARS)

1lst Year Costs

Laser (SP171) modificationsl $ 18K
Optical transport 46K
Microprocessor controls for optics 16K
Modifications tb X-RAY ring vacuum system 26K
Y-ray beam line and vacuum system 56K
Tagging spectrometer line and vacuum system 46K
Tagging spectrometer magnets 95K
Tagging spectrometer power supplies (magnets, septa and cooling pumps) 55K
Modifications to ring-Sextapole return yoke 18K
Microprocessor control for dipole supplies, septa and trim coils 14K
Tagging electron focal-plane counter and electronics 47K
Y-ray collimator clearing magnets and power supplies 24K
Y-ray beam dump magnet and supply 9K
Two angle-measuring (Anger-type) Nal detectors to complete m° 44K
spectrometers
Data acquisition computer with CAMAC interface 35K
CAMAC electronics 22K
$571K
2nd Year Costs
Ultra-high power laser (SP921-171 with beam combiner) $160K -
FEL optical transport and associated controls 76K
Extended beam line, scattering chambers and vacuum system 35K
Mount for T~ spectrometers3 14K
Mount for Wi spectrometer3 28K
nt spectrometer power supplies (Dipole and quadrupoles) 177K
ﬁt detectors and electronics (entrance-angle wire chambers and 68K
focal plane counters)
Computer expansion (additional memory, tape drive and hard copy units) _ 27K
$58 5K

.
Funds on the order of $300K will be requested separately for modificatioms

to the NSLS experimental area to provide for the expanded y-ray lab.




TABLE V (continued)

3rd Year Costs

Large area proton detector $ 28K
Electronics 20K
High resolution Nal crystal 42K
Cryogenic Handling system for Liquid—ZH target4 45K

' $135K

Initial Ar-Ion Laser supplied by Frascati National Laboratories is tuned for

thel§isible line at 5145A and requires a new plasma tube for UV operation at
3511A.

Tagging spectrometer magnets must be off during injection and, once the stored
beam has reached 2.5 GeV, the magnets must be ramped up with the septa and
trim coils in such a way as to maintain cancellation of the fringing fields

in the vicinity of the stored beam.

3Based on existing BNL equipment (APPENDICES B, C, AND D).

4Liquid-ZH target supplied by Frascati National Laboratories.




FY85:

FY85:

TABLE VI: OPERATING COSTS (1983 DOLLARS)
3 Scientists
1 Research Associate
1 Technician‘
Supplies and Miscellaneous
4 Scientists
1 Research Associate
1 Technician
Supplies and Miscellaneous
5 Scientists
1/2 Visiting Scientist
2 Research Associates
2 Technician

Supplies Miscellaneous

$350K

$460K

$625K







FY83:

FY84

FY85:

TABLE VI: OPERATING COSTS (1983 DOLLARS)

3

4

1/2

Scientists

Research Associate

Technician

- Supplies and Miscellaneous

Scientists

Research Associate

Technician

Supplies and Miscellaneous

Scientists
Visiting Scientist
Research Associates
Technician

Supplies Miscellaneous

$350K

$460K

$625K







TABLE VI: OPERATING COSTS (1983 DOLLARS)

FY83: 3 Scientists
1 Research Associate
1 Technician

Supplies and Miscellaneous

$350K
FY84: 4 Scientists
1 Research Associate
1 Technician
Supplies and Miscellaneous )
$460K

FY85: 5 Scientists
1/2 Visiting Scientist

2 Research Associates
2 Technician

Supplies Miscellaneous

$625K







FY83:

FY84

FY85:

TABLE VI: OPERATING COSTS (1983 DOLLARS)

3

4

5

1/2

Scientists

Research Associate

Technician

Supplies and Miscellaneous

Scientists
Research Associate
Technician

Supplies and Miscellaneous

Scientists
Visiting Scientist
Research Associates
Technician

Supplies Miscellaneous

$350K

$460K

$625K







FY83:

FY84:

FY85:

TABLE VI: OPERATING COSTS (1983 DOLLARS)

3

1/2

Scientists

Research Associate
Technician

Supplies and Miscellaneous

Scientists
Research Associate
Technician

Supplies and Miscellaneous

Scientists
Visiting Scientist
Research Associates
Technician

Supplies Miscellaneous

$350K

$460K

$625K









