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1. FACILITY

When completed, the Laser Electron Gamma Source (LEGS) will provide

intense beams of monochromatic and polarized (circular or linear) gamma rays

with energies up to 500 MeV. The layout of this facility with its experi-

mental areas is shown In Fig. 1. The gamma-ray beams will be produced toy

Compton backseattering UV laser light from the electrons circulating in the
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Figure 1: Layout of the LEGS facility now under construction.



2.5-3.0 GeV "X-RAV" storage ring of the National Synchrotron Light Source

(NSLS) at BNL. The beans will be tagged by detecting the scattered electrons

in a spectrometer Incorporated into the storage ring. The gamma-ray beam

production is described in detail in ref. 1 and 2.

2. PROGRESS WITH INSTALLATION

The first stages of the installation of LEGS began in Dacember of 1985

with the modifications to the shielding walls of the x-ray ring, providing

access to the dipole magnet immediately following the Interaction straight

section, and a separate enclosure for the focal plane of the tagging spectrom-

eter. This was completed in June, 1986. There will be three colinear target

areas for basic medium-energy nuclear physics reserach at LEGS, one In the

existing NSLS building, and two in a new addition. The construction of this

new building addition began in January of 1986, is presently on schedule, and

should be completed by October, 1986. The new building Includes a 32 ft.

diameter goniometer area which will accommodate a planned magnetic spectrom-

eter, a 12 ft. diameter target area, a remote shielded beam dump, computer and

data acquisition rooms, overhead craues, and the usual amenities. The third

target area inside the original NSr-5 building accommodates equipment within a

circle of approximately 10 ft. diameter.

The installation of the first laser (Ar-Ioa) on the experimental floor of

the NSLS has just begun. For high luminosity it will be necessary to ensure

that the laser and electron beams are colinear. To achieve this, the laser

system has been completely computer controlled and can now position its beam

to an accuracy of 10 micrometers and 10 microradians. For comparison, the

electron bean reaches a waist (2 sigma) of 800 x 52 micrometers in the center

of the interaction straight section, with horizontal .and vertical divergences



of 243 and 78 mlcroradians, respectively.

The tagging spectrometer for LEGS is a 3DQD system, the first eleaent of

which is one of the ring dipoles. The crucial components of this system are

shown In Fig. 2, The first magnetic element associated with the spectrometer

will be Installed at the end of August, 1986. This is a beam line sextupole

that has been modified to provide a large gap betwen the poles and the return

yoke (SO in Fig. 2). The tagging electrons will pass through this gap on

their way to the focal plane. The installation of the main tagging-

spectrometer components awaits a major shutdown of the ring in which the

vacuum chambers can be changed. Thie had been scheduled for 1985, but was

postponed by the NSLS because of problems encountered in commissioning the

storage ring. The X-ftay ring is now operating in a user mode and no further
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delays are expected. The shutdown to install the LEGS vacuum chambers and

tagging spectrometer components, along with equipment in four o.L-.er straight

sections of the ring, will begin in January, 1987. We will begin to look at

the first gamma-ray beams from LEGS while the ring is being recommissioned Che

following summer. Regular operation is expected by the fall of 1987.

3. TESTS Of TAGGING SPECTROMETER COMPONENTS

Cancellation of the tagging spectrometer's leakage fields at the position

of the electron bean is critical for operation of the storage ring. To

maintain this cancellation at high fields, the two dipoles D2 and S3 in Fig. 2

are septum magnets made of HyperC0-50/Vanadium Permendue, a 49% Iron - 492

Cobolt - 255 Vanadium alloy that maintains very high permeability at high

fields. The design of the septa are quite unconventional, In that they haw

been taken outside the magnet gap and increased in height to about six times

the gap. The height of the septum has fesen chosen to cancel the quadrupole

component of the residual leakage field at the position of the stored beam*

The first septum magnet (D2 in Fig. 2) has a gradient of 300 gauss per

centimeter while the second {03} has flat poles. D2 was tested this March,

and achieved 22 kilogauss peak field in the gap with a leakage field that is

never more than 7 gauss anywhere outside the magnet and falls to only 2 gauss

at 3 cm from the front face—the expected position of the stored electron

beam. This sets a new record for DC septum magnets. A set of trim coils has

been constructed to further Improve residual field cancellation, but aay prove

unnecessary. The second septum magnet, D3, is being assembled and should be

testad by the end of the summer. A second set of pole tipo for D3 will also

be constructed and will provide a 200 gauss per centimeter gradient. This

will allow the tagging spectrometer to be operated in an energy-loss node with



a future tune of the ring. A large bore, low gradient magnet quadrupole, and

a modest field conventional dipole {neither are shovn in Fig. 2) complete the

tagging systen.

The position of the tagging electron on the spectrometer focal plane

determines the corresponding gamma-ray energy, provided that th> energy of the

primary stored beam is known to sufficient accuracy. However, this is rarely

the case with synchrotron light sources. LEGS will use a second laser back-

scattering process, a CO2 laser mounted near the center of the straight

section, to calibrate the ring energy. The CO2 light colliding with the

stored beaa at 145° will produce 1 MeV gamma rays at Q" which are simple to

detect with high re&olution. This laser has been purchased and tested, and

its associated optics and computer controls are being fabricated.

4. A SECOND LASER FOR HIGHER ENERGY OPERATION

The laBer now being installed at LEGS has an Argon-Ion cavity tuned to

the 351.1 nm wavelength line. This vill produce a maximum y-ray energy of 300

MeV with the X-Ray storage ring running at 2,5 GeV and 420 MeV when the X-Ray

ring reaches 3.0 GeV. A planned second phase of LEGS originally called for

the construction of a higher-powered Ar-Ion laser to increase the "pray flux,

while relying for high energies on a Free-Electron Laser (F£L) which was being

constructed on the VUV ring. Since the FEL project has come to a standstill,

the goal of this second phase has been diverted to achieving higher yray

energies. Since the X-Ray ring energy cannot be substantially increased,

higher y-ray energies must come from shorter laser wavelengths. However, at

present there are no commercially available sources of UV laser light capable

of providing the required intensity of a few watts* Second harmonic genera-

tion (SHG) in non-linear crystals has traditionally been recognized as a



technique that can reach very short wavelengths, but the very poor conversion

efficiency of the available crystals has made this method impractical. How-

ever, during the past few years there has been a substantial improvement in

growing good quality and larger size crystals, and this method has now become

much more attractive.

For the particular application of achieving higher photon energies at

LEGS, we are studying a scheme that will quadruple the Infrared line of a

Nd-YAG laser (X - 1.06 ua) to the OT-line of X - 266 nai by using two different

crystals: one for the transition in •*• green and another for the transition

Green •* UV. 3 This would increase the energy of gamma-ray beams to 380 MeV at

2.5 GeV and 530 MeV at 3.0 GeV ring energy.

A joint research project with a major manufacturer of Nd-YAG lasers began

in March of 1986 to test the efficiency and stability of new frequency doub-

ling crystals. Baring as yet unforeseen complications, this new laser could

be constructed, tested, and Installed on LEGS by 1988.

5. EXPECTED BEAM PARAMETERS

The X-ray ring is presently operating at 2.5 GeV with injected currents

of about 150 mA and lifetimes of about 3 hours. Higher energies at lower

currents, and higher currents at lower energies, are both attainable, but

achieving high current operation at higher energies requires changing the

power supplies for the sextupoles in the ring. This will be completed during

the 1987 shutdown, after which the ring should be able to reach 2.8 GeV with

an injected current of about 250 mA. The timescales for reaching either 3.0

GeV or the design current of 500 nA are still uncertain.

The maximum LEGS gamma-ray energies are shown In Table 1 for the present,

expected, and ultimate energies of the X-Ray ring. Although the gamma-ray



Table 1; Maximum LEGS gamma-ray energies
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spectrum extends down to zero energy, there is a lower limit of about 175 MeV

on the energy that can be tagged, this limit being imposed by restrictions on

the proximity of the first septum magnet (02 in Fig. 2} to the stored beam.

The spectrometer will tag all photons in the range from this limit to the

maximum gamma-ray energy with no more Chan 3 different magnetic field

settings, depending upon the dynamic range required.

Since the gamma-ray flux can often be limited, not by laser power, but by

the perturbation made to the ring lifetime, the maximum tagged flux-per-MeV

can be obtained by not letting the gamma-ray energy exceed the dynamic range

that is required. This would be accomplished by using a laser line which will

produce a maximum backscattered energy as near as possible to the energy of

interest in a given experiment. For this purpose, the laser control system is

being designed to allow switching between the various laser lines of Table 1

in a straightforward and routine fashion. At 2.3 GeV with 250 mA In the ring,

the full tagged backscattered flux will be between 1-5x10 photons/sec,

depending upon the laser used and upon the tune of the storage ring.

The energy resolution in the tagged ganua-ray beam is entirely limited by

the energy spread of the electrons in the storage ring. With the standard

tune of ring that is now in use at 2.5 GeV, this will result in a resolution

of 5.1 MeV that is essentially independent of gamaa-ray energy. This energy



spread will Increase, with the square of the stored electron momentum, to 6.4

MeV when the ring operates at 2.8 GeV. These will be the limiting resolutions

for at least the first year of operation at LEGS. However, the tagging spec-

trometer has been designed to accommodate operation in an energy loss mode.

Depending upon the momentum dispersion that can be achieved in the interaction

straight section of the ring, the gamma-ray resolution could be reduced to

about 2 MeV. This will require a detailed study of various possible storage

ring tunes, which we hope to begin after the LEGS installation has been

completed.

Since the spin-flip amplitude in backward Compton scattering is so small

at these energies, the gamma-ray beam can be highly polarized.2 Circular or

linear polarizations as high as 90% will be possible and changing directions

of polarizations will involve only simple adjustments of the laser.

The size of the gamma-ray beam will be determined by the divergence of

the electron beam in the straight section. With the present tune of the ring,

the photon beam would be a flat ribbon about 10 ma high and 30 mm wide at the

second target area of Fig. 1. He expect this beam to be essentially

background free.

6. EXPERIMENTAL EQUIPMENT FOR FLAMED RESEARCH

a. Photodlseintegratlon of deuterium

i. Review of existing data with polarized beams

The first experiment planned for LEGS will measure the photodls-

integration of deuterium. In preparation for this we have reviewed all

existing data. The asymmetry in this reaction, which in just the ratio

between the linear polarization-sensitive and -insensitive parts of the cross
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Figure 3: Published measurements of the photon asymmetry in d(7,p)»

section, is shown in Fig. 3 for a proton detected at 90°. Many of the

published measurements have been done only at this angle, and this plot

includes all available data below 1 GeV.

The short-dashed, long-dashed and dot-dashed curves are calculations by

Laget5 in which the reaction amplitude is expanded into leading eleaentary

diagrams, each of which is explicitly calculated. The solid curve is a

coupled-channel calculation by Leidenann and Arenhovel6 using a perturbatlve

expansion including one-pion exchange, and two-body aeson exchange currents



and delta isobar currents. Within the accuracy of the available data, both

this calculation and Laget's long-dashed curve are adequate here below 350

MeV. The agreement appears not to be as good at other angles, but it is

difficult to tell because the data are very sparce. Measurements with much

higher statistics, better energy resolution, and many more angles are needed

before the details of these calculations can be compared in a critical way.

The regime above 350 MeV, where all of the calculations are vastly dif-

ferent from the data, is the region in which a number of possible dibaryon

resonances have been reported. Among the best candidates are features with

T(J*) - 1(3" or 2~) at 423 MeV and KJ11) - 0(3+ or 1+) at 572 MeV extrac-

ted by the Tokyo group from proton polarization data. Their description in

terms of dibaryons has since been shown to be at least incomplete by some

rather difficult photodisintegration measurements extending to very forward

angles.8 On the other hand, one could have come to this sane conclusion by

simply comparing the predictions from the Tokyr model with the photon asymmet-

ry. This Is shown as the dotted durve in Fig. 3 and clearly bears no resemb-

lance to the data. This exercise illustrates the sensitivity of polarization

data to the presence of high-spin dibaryons.

There are other bibaryon candidates that have been observed in y+d

reactions, such as a 40 MeV wide peak reported by the Saclay group in the

d(Y»p)X cross section at 2.23 GeV (Ey " 390 MeV},9 and the recent observa-

tion from Bonn of a very narrow « 5 MeV) peak in the pp invariant mass distri-

bution from d(y,pp}iT at 2.01 GeV.10 (If the latter were formed as an inter-

mediate state in photodisintegration, it would appear at a photon energy of

143 MeV.) However, the available asymmetry data (Fig. 3) are far too sparce

and of too poor resolution to see effects due to either of these narrow

features.



All of these considerations have assumed linearly-polarized photons.

However, for high-spin dibaryons, probably the most striking reaction will be

forward angle deuteron disintegration with circularly-polarized gamma rays.

The specific helicity of the incoming photon highly polarizes the dibaryon

intermediate state, so that for positive helicity only M • 0 or 1 substates

contribute in the forward direction. As J increases, the relative polariza-

tion of a dibaryon becomes quite large, making the behavior of cross sections

drastically different from that of background processes,

ii. Progress on equipment for d(y,p) at LEGS

The experiment at LEGS will measure the d(*y,p) reaction with

polarized photons ranging in energy from 50 MeV up to 465 MeV (and 530 MeV

when available), with an accuracy sufficient to provide stringent tests for

models including meson-exchange effects, and to search, with both linearly and

circularly-polarized beams, for the effeefs of dibaryons* The d<Y»p) reaction

has a simple two body final state so that s. measurement of either the y-f.ay

energy and proton angle, or the proton energy and proton angle determines the

kinematics completely. This experiment will utilize two different detection

systems, both of which are designed to overdetermine the kinematics as much as

possible.

The first detector system is comprised of an array of 24 plastic scintll-

lator modules each subtending 4° in 6 and 12° in $. Each module is A

PHOSWITCH, consisting of a 2 mm layer of CaF followed by about 30 cm of

plastic. (The lengths vary with angle to match the proton kinematics.) The

CaF is completely insensitive to neutrons, and the comparison between its AE

signal and the £ signal in the plastic rejects other backgrounds as well as

events in which a proton suffered a nuclear reaction in the detector. The

latter effect becomes appreciable at high energies. The proton energy



resolution of each module will be between 2% and 3% at energies above 150 MeV,

but increases appreciably for lower proton energies (to about 17. at 50 MeV)..

The fabrication of most of these modules has been completed.

The second detection system Is optimized for proton energies below 150

MeV, and consists of four silicon micro-strip detectors to accurately measure

the proton angle, a 2.5 cm thick plastic AE detector and an 18 cm thick Nal E

detector. The energy resolution of this system will be about 33! for SO MeV

protons. Because of the low-energy threshold in the electron-tagging spec-

trometer of 175 MeV, the second detection system will be particularly

iraportant in extending the forward-angle measurements to lower energies. The

micro-strip array has been designed to keep the error on the angle measurement

significantly below the contribution to the error from the proton energy

measurement. The pitch of the silicon strips is designed to provide 2°

accuracy in 8p and 8° in Op. «£ present, the stripe have been delivered

and are being tested.

The target for this experiment will be a liquid cell, cooled by a recir-

culating He refrigerator. Ttie target cell is constructed out of 0.008 cm

mylar and contains 3.8 cm of liquid, which represents 0.53! of a radiation

length to the beam. The cell is wrapped with a total of 0,013 cm of

alumlnized-mylar superinsulatlon. The target eel* and cryostat have been

designed to reduce bubbles in the liquid deuterium so that the effective

thickness in the target can be maintained to at least 2S, and possibly

better. The construction of the liquid target and its safety control system

is alsost complete.

b. Progress on a high-energy gamma-ray spectrometer

Several experiments are planned for LEGS that will require the



detection of high-energy photons with good resolution and efficiency. These

include measurements of the elastic scattering form factors from a range of

nuclei, beginning with deuterium, and determination of the electric and

magnetic polarizabilitieB of the proton when free, and when bound in deuteri-

um. For experiments such as these a new Nal(TA) detector is being constructed

with performance goals of 2% resolution and 502 efficiency at 400 HeV. (Thle

detector will also be used us one arm of a planned it" spectrometer.)

The goals for this detector represent a considerable improvement over any

existing spectrometer. At LEGS energies two factors will strongly effect the

performance of this detector: the confinement of the shower produced by the y

ray, and nonuniformities in the response of the Nal crystal. The shower

produced by a 400 MeV photon fills so large a volume that it is prohibitively

expensive to make the ffaX crystal big enough to completely contain it. With a

reasonable size crystal, the resolution is then afferted by statistical fluc-

tuations in the amount of energy that escapes. If the Nal crystal is

surrounded by a plastic scintillator, events where energy leaves the Nal can

be rejected. This is the approach that we have taken. The Electromagnetic

Generating Shower (EGS) code has been used to study the optical configura-

tion. Tbe design calls for a 19-inch long x 19-inch O.D. single crystal of

Nal surrounded by a 4-inch thick annulus of plastic scintillator.

To study the effects of Nal nonuniformities at high energies, and to test

if the goal of 21 resolution was really feasible, measurements were made at

the University of Mainz. Photons from tagged bremsstrahlung ranging up to

300 MeV in energy entered a 10 inch x 14 inch Nal detector having 4 inches of

plastic scintillator surrounding and behind it. The resolution of the bare

delactor at 300 MeV was measured to be 6X, and this is in excellent agreement

with our EGS calculations for this crystal. These calculations neglect
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Figure A; Response of a 10" x 14" Nal detector with (dashed) and without

(solid) rejection of escape radiation.

nonuriiformity but, for this small detector, such effects should be entirely

swamped by the statistical fluctuations in the escaping radiation. With the

plastic shield rejecting events in which energy left the Nal, the resolution

at 300 MeV was reduced to 2.72, an impressive improvement. This is shown in

Fig. 4. Of course, the efficiency was then only 172 since very few 300 MeV

Y~ray showera can be contained by such a small crystal. With such a large

fractiou of the events being rejected, the ultimate resolution of this system



now depends critically on the efficiency of the plastic veto.shield, which was

not optimized for this type of use. Given these conditions, the 2.73 resolu-

tion achieved with the 10 inch x 14 inch detector system at 300 MeV strongly

suggests that the goal of 27. resolution with a 19 inch x 19 inch detector

system at 400 MeV is indeed reasonable, provided that the new large Nal

crystal can be made as uniform as the smaller 10 inch x 14 inch detector.

There are two main sources of noauniformity in the NaX(TA) crystal

response—the reflective properties of the crystal surface, and volume

irregularities coming from impurities, crystal dislocations, and nonuniform

thallium doping.

The best crystal preparation technique, in use for the last five years,

involved scanning the surfaces with a collimated 6 MeV gamma-ray source and

treating the surface to smooth out irregularities.12 However, this is quite

inadequate for a 19-inch diameter crystal since a 6 MeV photon will only

produce light to a depth of 3 to 5 inches.

We have developed a new technique that uses cosmic-ray auons to scan the

interior of the Nal, The muon is an ideal probe, being a high-energy charged

particle, considerably heavier than an electron so as to penetrate deep into

the crystal but lose energy only by ionizatlon without electromagnetic shower

production, and weakly interacting so as to avoid nuclear reactions which

would smear out its energy loss. Host of the cosmic-ray muons are minimum

ionizing and deposit 4.8 MeV per cm of Nal. Except for the very lowest

energies, the muons will pass completely through a 19-inch diameter crystal

leaving a narrow well-defined column of light. The amount of energy deposited

depends very weakly upon the Incident muon energy and, to first order, is a

function only of the thicknesB of Nal through which the auon passed. Since

the entire crystal is bathed In this auon flux, a triple coincidence with a.



pair of small detectors located above and below the large Nal is necessary to

define a trajectory. Such a coincidence then determines Che Nal path length,

and hence the energy deposited. If this pair of small detectors is moved

about in the horizontal plane, all possible trajectories through the large

crystal can be covered. Once the trajectories hav been corrected for differ-

ences in Nal path length, the remaining differences In signal amplitudes

reflect the nonunifonnitiee within the Nal crystal. Because of the low

cosmic-ray flux, such measurements are not practical with only one pair of

snail detectors. In fact., large position-sensitive arrays are required so

that many trajectories can be measured simultaneously. When the crystal

surface is made uniformly reflective, this amounts to taking a "CAT—scan" of

the Nal volume, and techniques similar to those used in medical imaging can be

used to locate regions within the crystal volume where the light output is

above or below average. Provided such nonuniforaities are not in the center

of the Nal, the surface reflection can then be treated to compensate for these

and optimize the uniformity of the crystal response.

A 'auon-CAT-scan1 of a 10"xl4" Nal crystal is shown in Fig. 5; Darker

areas correspond to regions of lower light output. The crystal studied here

detects 50 MeV photons with 2% resolution and has a uniformity of ±0.42 when

scanned with a 6 MeV source. This is to be compared with an 8K variation

measured in this muon scan.

This new technique is an order-of-magnitude more sensitive., and will be

used first to select a high-quality ingot and then to treat its surface to

further improve its performance. The 19"xl9" detector will be the largest

single crystal of Nal. A furnace at Bicron Corp. has just been modified to

accommodate it, and the first ingot is now being grown.
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