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Frontispiece

On November .11, 1974, Brookhaven
National Laboratory and the Massa-
chusetts Institute of Technology jointly
announced the discovery of a new par-
ticle, designated they particle by Prof.
Samuel C.C. Ting of MIT, who led the
experimental team. The particle had a
mass of 3.1 GeV (about 3Vi times the
mass of the proton), it was neutral, it
was observed to decay into an electron
and a positron, and its lifetime was
of the order of 10~20 seconds, some
thousand times longer than the life-
time associated with normal resonances
that decay by strong interactions. The
discovery was announced simultane-
ously by a group at the Stanford Linear
Accelerator Center, and promptly con-
firmed by a group at Frascati (Rome).

The spectacular impact of this discovery
on high-energy physicists is due to its
totally unpredicted appearance, cou-
pled with its unusual properties. At
Brookhaven the 30-GeV proton beam
was extracted from the machine and
struck a beryllium target. In the photo-
graph this target is out of view at the
bottom. The photograph shows die two
70-ft-long arms of an extremely sophis-
ticated double-arm spectrometer sys-
tem that measures the energy of the
electron and positron from the J?pax^
licle decay. Each spectrometer arm
has three magnets, Cerenkov counters,
and position detectors to allow precise
identification of the electrons and posi-
trons and measure their energies. Dur-
ing operation the equipment shown
in the photograph is surrounded by
nearly 10,000 tons of steel and concrete
shi- -ding.

The group at SLAC has shown that the
Jparticle decays into hadrons as well as
leptons. The significance of this discov-
ery, and its place in the overall picture

PARTICLE
POSITION
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of particles, has not yet been clarified. The MIT-BNL experiment was ap-
Experiments continue at Brookhaven, proved in May 1972, and construction
SLAC, and practically every high- started shortly thereafter. Data-taking
energy accelerator in thi; world. commenced in April 1974.



Introduction

In the period under review in this issue of lltoaklmvrn Highlights, from
July I, l*>72, through June 30,1971, the downward trend in Labora-
tory population, which hud been MI obvious in previous years, was
checked and in fact a gain was achieved

in accordance with our p. nctpal original purpose - to make unique
facilities available to qualified scientists - the high-energy physics pro-
gram centered on the Alternating Gradient Synchrotron has nourished.
In addition, a design for a new major facility, an intersecting storage
accelerator using superconducting iragnets, designated is,\nuu.E, has
been developed and brought to the stage of a construction proposal.
The nuclear physics programs based on the Double Tandem Van de
Graaff and the various research efforts at the High Flux Beam Reactor
have produced important results.

Although the high-energy program accounts for the largest single part
of the budget, basic research in solid .state physics, chemistry, and the
life sciences scored significant gains. In line with the trend in national
policy, there has been a considerable shift in emphasis toward applied
research, much of it supported by agencies other than the Atomic
Energy Commission.

In view of the increasing awareness of energy problems in the nation,
and in fact the world, and in anticipation of the splitting of the AEC
into a nuclear energy regulatory body and an energy research and de-
velopment agency, most of the newer programs arc energy related.
They range from soctoeconnmic studies of energy systems, to studies
of the factors that influence the selection of onshore .iitcs for power re-
actors, to construction of a demonstration section of superconducting
transmission line. We took forward to increased support of energy-
related programs, both for those in progress and for new ones yet to be
established.

Naturally, it would be impossible to describe even briefly the entire
research program of the Laboratory in a report of manageable size.
Here we have attempted to give an overall view, concentrating on the
highlights. More details are available from the Department Chairmen.



MAJOR

FACILITIES

ACCELERATOR DEPARTMENT

nptiE operation, maintenance, and improvement
-I of the Alternating Gradient Synchrotron (AGS)

constitute the chief responsibility of the. Accelera-
tor Department. Other major departmental func-
tions arc the design, fabrication, and operation of
equipment required for the experimental program,
including detectors such as bubble chambers. The
Department is also responsible for a large com-
puter complex used in the experimental program,
the On-Line Data Facility (OLDF). In addition,
research on new accelerator designs and their de-
velopment are important aspects of the Depart-
ment's activities.

^-.. —

iFigure 1. Aerial view of the AGS;)



Figure 2. Image of beam spot on beryllium oxide screen
viewed by a remote TV monitor at the production target
position. A grid of 0.25-mm-diam tungsten wires with
1-mm spacing adjacent to the screen provides the scale.

AGS DIVISION

Over the past ten years the AGS has been con-
tinuously improved and gradually transformed
into a high-intensity proton facility with two fast
external beam systems and a slow beam extraction
system that supplies protons to three or more ex-
ternal targets simultaneously. A peak beam inten-
sity of 9.7 X1012 protons/pulse has now been ob-
tained and the accelerator runs routinely with
beam intensities of s 6 x 1012 protons/pulse. The
Facility is capable of handling, simultaneously, a
large number of high-energy physics experiments.
The use of on-line computers is rapidly being
implemented for more sophisticated and efficient
operation.

LINEAR ACCELERATOR INJECTOR

The 200-MeV proton linear accelerator (linac)
performs as an injector for the AGS and as an iso-
tope production facility. Modifications were made
to further improve performance parameters, and
the linac now operates well within the design
specifications with regard to beam emittance and
momentum spread. Extensive beam diagnostic
monitors in the 750-keV beam line, the linac, and
its 200-MeV end are interfaced with the linac
control satellite computer. Completely unattended
operation of the 200-MeV linac was achieved
recently by interfacing all linac control and moni-
toring systems via the local PDP-8 computer to the

Figure 3. Pulsed output of a current transformer in the
external beam channel of the North Experimental Area
for full-extraction mode of the bunched AGS beam. Hor-
izontal sweep speed=0.5 psec/div.

central operational computer. A computer pro-
gram now monitors all linac component parameters
every ten minutes and notifies the operator if any
errors are detected. Ion source developments for
the linear accelerator are continuing and are di-
rected toward the development of an operational,
high-intensity H~ ion source to explore charge-ex-
change injection in the AGS.

In addition to serving as an injector for the AGS,
the linac serves three satellite programs using the
Brookhaven Linac Isotope Producer and the
Chemistry Linac Irradiation Facility. Neutron-
rich isotopes are being studied with use of both
primary proton and secondary neutron bombard-
ment schemes. Nose cone targets have continued
to be irradiated for a contractor to the U.S. Air
Force. Radioisotopcs sire produced on a regular
weekly basis for use in clinical studies in various
research hospitals.

ACCELERATOR MODIFICATIONS

Beam matching in the 200-MeV transfer system
to the AGS was improved significantly by comple-
tion of automatic beam emitlancc measurement
equipment and the associated data iink to the cen-
tral control computer. This greatly improved the
optimum beam "stacking" adj ustment for the AGS.
Ir< conjunction with the development and imple-
mentation of a low-field orbit correction program,
the use of the operational computer has made pos-
sible exploration of the combined mode of vertical-
horizontal multkurn stacking.



During the latter part of 1972 ten new rf accel-
erating cavities were installed in the synchrotron.
This completed the installation of a totally new rf
system designed to handle the higher beam inten-
sities at the increased pulse rates; The new accel-
erating stations supply more rf power from fewer
accelerating cavities arid are designed to be more
resistant to radiation damage.

With high AGS beam intensities, various beam
instabilities were observed. These were studied in
detail and the rf system was modified to compensate
for the effects of beam loading. Simple damping
networks were incorporated in the AGS vacuum
envelope to eliminate spurious electrical resonances.

EXTERNAL BEAMS

Recently a new fast beam extraction system de-
veloped at BNL has been commissioned, together
with its associated external beam channel. Since
November 1973 it has been utilized for neutrino
physics experiments with the 7-ft bubble chamber
and counter-spark-chamber arrays in the new
North Experimental Area complex. Extraction is
accomplished by deflecting the AGS beam rapidly
across a thin (0.25 mm) septum magnet, which in
turn deflects the "shaved" beam fraction into the
aperture of a thin (2.25 mm) septum ejection mag-
net. Rapid beam displacement at the azimuth of
the thin septum is accomplished by a new, full-
aperture, ferrite kicker magnet that has a peak
current capacity of 8000 A anda0.5-fisec rise time.

The extraction system was operated in the full-
extraction mode for neutrino experiments with an
observed extraction efficiency of S95% and an ex-
traction duration of ~ 3 fisec. In addition to high
efficiency, the other design criteria for the beam,
i.e., small spot size at the neutrino production tar-
get and low losses in the 285-m-Iong, 10-cm-diam
transport system from the AGS to the target, were
achieved. A beam spot 7Zl mm in diameter was
observed on a scintillating screen at the position of
the production target. Beam losses in the transport
system, which give rise to objectionable back-
ground events, were reduced to < 1% by using a
system of correction magnets to provide optimum
alignment anti deployment of extensive instrumen-
tation in the beam line.

The instrumentation consists of scintillating
screens, current transformers, beam position moni-
tors, beam profile monitors, and ionization cham-
bers. The electronic instrumentation is read out by
remote multiplex switching of signals into ana-

logue-to-digital converters, with subsequent digital
transmission of data to a PDP-8E peripheral com-
puter interfaced to the AGS PDP-10 computer.
The beam diagnostic information is displayed
graphically arid numerically in the main control
room of the AGS.

The new extraction system was also tested suc-
cessfully for extraction of a fraction of the internal
beam at a downstream straight section to serve the
80-in. bubble chamber.

Development work on the slow extracted beam
(SEB) was directed at improved utilization of the
facility for the experimental program. A beam-
splitting system for simultaneous bombardment of
targets at stations B and C was commissioned and
successfully operated. The system consists of a 0.5-
mm copper septum splitter magnet followed by a
conventional C magnet septum. A system utiliz-
ing similar components is under test to provide an
additional split between station C and a new tar-
get station A and thus permit simultaneous irradi-
ation of three external targets.

The internal SEB extraction septa were modified
to extend the duty cycle and duration of the spill.
An increase in septum thickness of the F10 ejection
magnet from 0.95 to 1.3 cm has made possible im-
proved cooling and hence a longer duty cycle for
this component. A spill duration of 1.7 sec was
achieved. Bunched extraction (instead of the usual
debunched extraction mode) of the SEB with I-sec
spill duration was also accomplished to meet: the
requirements of a future time-of-flight experiment.

COMPUTER CONTROL OF THE AGS

In expanding the use of the PDP-10 time-shared
computer for control of AGS operations to include
the fast extracted beam to the North Area, a mod-
ular system of electronic components, peripheral
mini-computers, and serial data links was con-
structed. Extension of the system now requires
duplication of existing system components rather
than development of new designs. The system is
capable of controlling devices ranging from indi-
vidual power supplies to major subsystems of the
accelerator.

Software development has continued under the
manufacturer's time-sharing system, which proved
to be a significant aid in the development of appli-
cation programs and control systems. The ability
to develop and test programs while other AGS op-
erations continue makes a qualitative difference in
the organization of the system. In the data acquisi-



don and control system, the role of the PDP-8's
was reduced to synchronization with the AGS
pulse and control of the actual input/output oper-
ation. Selection by the PDP-10 of operations and
the time at which they are to be performed has re-
stored to the nme-sharing operation in the PDP-
10 the activities previously predetermined by inac-
cessible system coding in the PDP-8. Efforts are
now concentrated on development of higii-level
procedures to operate areas of the machine collec-
tively. This is a development of existing techniques
but will be systematized via a file-oriented scheme
to make initiation of subsystem operations possible
for accelerator specialists and operators. The ob-
jectives are to provide rapid and predictable ad-
justment of machine conditions, including start-up
and shutdown, and convenient diagnosis of ma-
chine operation.

HIGH-INTENSITY NEGATIVE ION BEAMS

The interest in production of intense negative
hydrogen beams arose from possible applications
in high-energy accelerators and fusion reactors.
For accelerators and storage rings negative ions
(using the multiturn charge-exchange injection
scheme) offer an alternative to the present proton
injection scheme that could result in a higher
phase-space density of the injected beam. The re-
quired beam currents would be several tens of
miliiamperes. For some fusion devices, e.g., toroidal
Tokamaks, intense negative beams may be used
for neutral beam production and subsequent
plasma heating. This may require beam currents
as high as several tens of amperes.

Early in 1973 a program was started at BNL for
development of an operating source of negative
hydrogen ions to replace the present proton source
in the AGS preinjector. Some time later a grant
was received to begin work on high-intensity
sources for applications in fusion devices. Proto-
types of two different sources were built - a hollow
discharge duoplasmatron and a magnetron source.
Best results were obtained when sources were op-
erated with a mixture of hydrogen gas and cesium
vapor. Cu/rents up to 20 mA were obtained from
the duoplasmatron source and above 100 mA from
the magnetron source. While an improved version
of the duoplasmatron will satisfy the requirements
for injection into the AGS, the emphasis will be on
the further development of magnetron sources,
which are more likely to yield beam currents of
neg?tive ions adequate for fusion applications.

EXPERIMENTAL PLANNING
AND SUPPORT DIVISION

The experimental planning involved in operat-
ing a high-energy physics program at the AGS re-
quires an efficient program for bringing the accel-
erated protons to a number of primary beam tar-
gets. The secondary particles produced therein by
high-energy collisions must then be transported to
the various experimental setups in such a way as
to satisfy simultaneously the requirements of a
large number of experiments. The diversity of
these requirements is reflected in the different
types of secondary beams delivered to experiment-
ers. These include charged-particle and uncharged
(neutral) beams, high-resolution beams in which
the momentum is precisely established, and "sepa-
rated" or, more accurately, "purified" beams in
which one type of secondary particle normally
present in relatively small numbers is made to pre-
dominate. In addition, the time duration of the
delivery of secondary particles to the experimenter
can vary from microseconds for experiments in
which data are taken photographically in a limited
sensitive time (e.g., bubble-chamber and optical
spark-chamber experiments) to one second for ex-
periments that detect particles by electronic means.
The latter experiments generally operate most ef-
ficiently when the events to be studied occur at a
uniform rate close to the minimum time resolu-
tion of the detectors, typically scintillation count-
ers, spark chambers, or multiwire proportional
chambers.

As experiments are concluded and new ones
proposed, the configuration of beams and experi-
ments is a dynamic one and the floor plan is con-
tinuously changing.

The support given experiments involves con-
struction and operation of the components of the
beam transport, experimental targets (frequently
liquid hydrogen and deuterium), and provision of
analyzing magnets, modular electronic logic, and
floor space, including house trailers for operation
of the required electronics. Services include survey,
electrical power, cooling water, vacuum, and in-
stallation of large components of the experiment
requiring professional rigging.

EXPERIMENTAL AREA LAYOUT

Two years ago experiments were carried out
simultaneously from the internal target in the AGS
aperture, in either the A or the C branch of the



slow extracted external proton beam (SEB) and in
the 80-in. bubble chamber.

At that time the B target station and a beam
splitter to permit simultaneous transport of pro-
tons to the B and C targets were under construc-
tion. Since then the first experiments have been
completed in the high-energy charged beam and
the neutral beam installed at the B station. A
medium-energy separated beam has aiso been
constructed, and experiments are under way in
both branches. A large, solid-angle muUipar'icle

Figure 4. Experimental area at the AGS. The multipnr-
ticle spectrometer (MPS) is at the upper left. The electro-
magnetic lens system guides a beam of panicles from a
production source (bciow bottom of photograph) to the
detectors. Beams 10 other experiments go off to the right.
The trailer on the Seft contains fast electronics for the
MPS.

spectrometer is being set up in the B2 branch for
use by experimenters (see Figure 4).

In addition, the SEB was split again and a new
A target station was constructed that can operate
at thesametime as th> 3?and?C branches, the in-
ternal target, and the beam to the 80-in. bubble
chamber. A 15 -branch- of thf extracted beam,
which will alternate with the A line, is under con-
struction. Initially the A and D branches will serve
two experiments utilizing primary protons rather
than secondary particles.

The neutrino physics area was put into opera-
tion in 1974. Protons extracted from the AGS for
several microseconds during each AGS cycle are
focused on a production target in the North Ex-
perimental Area. Neutrinos resulting from the de-
cay of pions produced in the target are then stud-
ied through their interactions in the 7-ft bubble



chamber and in the optical spark chambers of an
experiment located behind the bubble chamber.
The small probability (=:10-15) that a neutrino
wili interact while passing through the several tons
of matter of the experimental detectors permits
this tandem operation. A pair of superconducting
bending magnets is incorporated in the primary
proton transport to the production target. They
are the first large-scale magnets of this type to
transport charged-particle beams of about 6 x 1012

particles/pulse, and their performance bodes well
for the future of this nsw, energy-saving technol-
ogy in high-energy physics. A more detailed de-
scription of the magnets, their performance, and
significance is given below.

The floor plan of the AGS complex with the
various beam lines is displayed in Figure 5.

EXPERIMENTAL PROGRAM

The neutrino experiments in progress are sched-
uled to use the entire AGS proton beam in order

to maximize the occurrence of the relatively rare
neutrino events. Present interest in the description
of weak interactions in terms of neutral, as well as
charged, leptonic currents* has resulted in an in-
tensive search for neutral current events, i.e., those
in which there is no change in leptonic charge. For
example,

vp —» hadrons 4- v ,

as opposed to charged current events such as

vp-* hadrons + ft~ .

Several thousand charged current events have
been identified to date in the current AGS
experiments.

Electronic experiments conducted in the past
two years are listed in Table 1 to indicate the scope
of the high-energy physics program at the AGS.
In addition to the experiments listed, two test
beams, 6B and 7A, were available to experi-
menters for testing and calibration of detectors.

•Weakly interacting particles such as muons (± ) , electrons
(±), and neutrinos are called leptons. Particles that can interact
through the strong nuclear forces (protons, pions, hyperons, etc.)
arc referred to as hadrons

-'X
Figure 5- E.* ^-jimental area layout at the AGS.. v

during I'II; first half of calendar 1974 _
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Table 1

High-Energy Physics Experiments at the AGS, July 1972 June 1974

Internal Target at GlO

Beam 5, I to 3-GeV/r Electrostatically Separated Beam
Rutgers
BNL-Rutgers-Indiana
MIT-Brown-Bari
Yale-BNL

Yale-BNL-CMU

Beam 6, Neutral Beam
Columbia-CERN-NYU
Columbia-CERN-NYU
Columbia-CERN-NYU
Columbia-CERN-BNL
Rochester-BNL
Rochester-BNL*

Beam 7, Neutral Beam
BNL-Yale

A1, High-Energy Charged Beam
BNL-CCNY
Rochester-CMU

A2, High-EnerEfy Proton Beam
BNL-VPI
Princeton-k'avia

Boson resonances, 2.8 to 4.3 GeV/r.
Search for structure in A» and p regions.
pp annihilations into neutral nonstrange mesons.
Asymmetry and differential cross sections in K+p backward elastic scattering from a

polarized proton target.
Spin- dependent effects in w +/»—«r+ + ii~ + n in p region.

CP violation parameters in K° decay.
KL —»(i+/i~ branching ratio.
Charge asymmetry in KL—»"/".
KL —* M+(*~ branching ratio.
A"*(890) production.
A'i, radiative decays.

Charge asymmetry in KL° decays.

Strange and nonstrange bosons decaying into KK and Kir.
Diffractive and Coulomb dissociation ofp-tp+v0-

Multiparticle production in pp collisions.
Isobar production and decay in the 1200 to 2350-MeV/V2 region in pp collisions.

External Targets in the Slow Extracted Beam

A, Primary Proton Beam
MIT

D, Primary Proton Beam Channel
Stanford-NYU*

w+n™, K+K~, e+e~,pp mass spectra in the 1.5 to 5-GeV/<r2 region.

Measurement of Lamb sliift in ITJI atoms.

B Target Station

Bl, High-Energy Charged Beam
U. Penn.
U. Penn.

Momentum spectra in high-energy collisions.
Cross sections in projectile fragmentation region.

B2/B4, Medium-Energy- Separated Beam, 2 to 6-GcV/c K, 2 to 9-GeV/cp
Multiparticle spectrometer facility
BNL-CCNY*
Carleton-NRC-McGill-BNL*

B5, Neutral Beam
Princeton-Mass.

6-GeV/c Muon Beam
Columbia-Rochester-Harvard-Rockefeller-NAL
Rochester
Columbia-Rochester-Harvard-Rockefeller-NAL
Columbia-Rockefeller-NAL- Rochester-Harvard

C3, Hypeion Beam, 23-GeV/e S~, S~, fl-
Yale-BNL-NAL
Yale-NAL-BNL
Yale-NAL-BNL
Pitt.-BNL-Mas3.*

C2/C4, Low-Energy Separated Beam, 0.5 to 1.1 GeV/c
VPI-CMU-W&M-BNL-NYL

BNL
Columbia-Yale

VPI-W&M-Wyoming-CMU*

Princeton*

Production and decay of boson resonances.
Missing mass measurement of strange meson spectrum in the mass range 1 to 2 GeV/c2.

Branching ratio for Ki

C Target Station

ftp scattering at large momentum transfer.
Missing mass search for heavy muons.
Deep inelastic muon nuclear scattering.
Inelastic muon scattering in deuterium.

Production and deca/ of 2~, i~, fl~, X~\ S~ and S~ leptonic decays, weak form factors.
Production of JJ- andr" - .
2~p, Z~p differential cross collisions.
T*~ resonances in 2-/) collisions.

X-ray spectra from K~ and p stopping in matter; 2~ and p magnetic moments; A"-, 2~,
and/i interaction with nuclei.

Total cross sections in A"*, •n±, and p collisions with protons and deuterons.
X rays from K~ and p stopping in matter; p and 2 ~ magnetic moment; K ~ nuclear

interaction; K~p mass.
X rays from exotic atoms: K~, 2~, and p masses; 2 - and p magnetic moments; inter-

action with nuclei.
S21 beta decay, weak form factor: test of AS=A() rule.

•Experiment still in progress as of June 30,1974.



Figure 6. 8° Superconducting bending magnet
in North Experimental Area.

The radiofrequency separated beam and the 80-
in. bubble chamber were also operated for a series
of experiments.

COMPUTER CONTROL

Computer control of the AGS secondary beam
line magnets is proceeding on schedule. At present,
of the 180 or more power supplies in use, ~20%
have been changed from the cumbersome manual
control system to the computerized system. The
software for the PDP-11 computer has been writ-
ten and tested, with on-line operation to begin at
target station B during July 1974. The system has
been successfully used with some elements in the
fast extracted beam (FEB) in the North Experi-
mental Area. On-line operation for the FEB,
requiring some new hardware, is now being
investigated.

In addition, work is proceeding on computer
control of the 8° superconducting magnet as well
as the superconducting dipoles and quadrupoles of
the high-energy unseparated beam (HEUB).

Table 2

Magnet Parameters (4°

Aperture (i.d., v/arm vacuum pipe)
Magnetic field intensity
Ampere-turns (dipole oil)
Ampere-turns (sextupole coil)
Current (dipole coil)
Current (sextupole coil)
Current density

(dipole coil conductor)
Current density

(sextupole coil conductor)
Stored energy
Inductance (dipole coil)

Module)

7.3 cm
40 kG
408,000
18,000
1200 A
300 A

3.05xl04A/cm2

XOxWA/cm2

150 kj per unit
0.2 H per unit

SUPERCONDUCTIVITY

The work on superconductive technology is being
done in close collaboration with the Department
of Applied Science and the Physics Department.

The HEUB to the multiparticle spectrometer is
being designed using superconducting dipoles and
quadrupoles. Magnet and Dewar design has been
started and procurement of cryogenic equipment
is under way.

A large, superconducting bending magnet sys-
tem (see Figure 6) is in operation in the new beam
from the AGS to the 7-ft bubbie chamber. Two
dipole modules excited to 37 kG, with a total mag-
netic length of 4 m, bend 30-GeV primary protons
by 8°. The system has operated routinely for sev-
eral months, traversed in 3 jxsec by 6 X 1012 pro-
tons with a beam power of 30 kj. The system is de-
signed for on-line operation and computer moni-
toring of parameters with closed- loop helium re-
frigeration. The magnets have been operated to 44
kG with both modules identical to computed field
predictions within an accuracy of ~ 1 X 10~4 over
the useful aperture. These are the first supercon-
ducting magnets to be used in a primary proton
beam.

The two magnets employ a rectangular "win-
dow-frame" iron core surrounding a rectangular
cross-section dipole coil package. Their overall
dimensions are 37.8 cm high X 43.5 cm wide. The
iron core, which is closely coupled around the coil,
reduces the ampere-turns required for magnetic
fields below saturation by a factor >2.

The magnet parameters for the 8° dipole, which
consists of two 4° modules, are given in Table 2.

The 8° refrigeration system utilizes a 74-W
helium refrigerator separated from the magnet by



^ 1 0 m of earth shielding and connected to the
magnet Dewars by 40 m of liquid-nitrogen-shielded
transfer lines. The magnet Dewars and refrigera-
tor comprise a closed-loop system to which auxil-
iary equipment has been added for the recovery
and storage of the helium gas. The magnet, refrig-
eration, and recovery systems are instrumented for
automatic operation.

Later versions of the 8" magnets have been de-
signed in which the field uniformity can be im-
proved substantially without affecting the con-
struction techniques for the magnet. Thus, second-
generation magnets of this type should have both
high mechanical precision and very uniform fields.
This design has also evolved toward higher fields,
with present calculations describing a very high-
quality magnet capable of excitation to 60 kO.

The 8° magnet system has also been used as the
basis for detailed studies of larger superconducting
beam transport systems requiring ~10 times the
refrigeration capacity. Such larger systems would
be cost effective in terms of capital expenditure
and would permit significant savings in power.
The 8° magnets were designed as dc devices but
are also applicable to pulsed applications when
provided with laminated cores.

A cryogenic facility has been established to sup-
port the superconducting magnet program and
other work at low temperatures. This facility has
been used extensively during the past six months
to perform both magnetic and long-term pulsing
tests on the ISABELLE model superconducting mag-
nets. Assembly, leak testing, and magnetic mea-
surements of the HEUB superconducting magnets
will be performed early in 1975. This facility has
been used since the summer of 1973 to store and
purify the dirty helium gas collected from the
closed-loop recovery systems in both the cryogenic
facility and the 8° superconducting magnet system
in the North Experimental Area. The purified he-
lium gas is liquefied and made available for use
wherever needed in the Laboratory; this consider-
ably reduces procurement costs.

PARTICLE DETECTOR DIVISION

ENERGY-RELATED RESEARCH

The expertise required in the development of
large experimental equipment for high-energy
physics research is, in general, directly applicable
to solving problems in energy-related research. In
particular, techniques developed for the design,

fabrication, and operation of large superconduct-
ing magnets, such as the 7-ft bubble-chamber
magnet, are directly applicable to the design of
large superconducting magnets for fusion power
reactors. A group has been established that is cur-
rently investigating the safety aspect, -f large EU-

for further detailed design studies of fusion mag-
nets.and TeXatedje|jiupmehtB^thvade'quate fund-
ing, activities in this area will be expanded.

Work is also in progress on the safety analysis of
high-temperature graphite reactors. In particular,
criteria are being established for conducting stud-
ies on seismic loading effects on the reactor core.
Again, the experience gained in the design of struc-
tures to withstand large cyclic loads (for example,
the 7-ft bubble chamber) is extremely valuable in
conducting this program.

8 0 - I N . BUBBLE CHAMBER

Shortly after the end of this report period, Brook-
haven reluctantly terminated the 80-in. bubble
chamber program, despite a continuing demand

Figure 7. The 80-in. bubble chamber. The technician on
the upper platform is checking the vacuum system, and
me one on the lower platform is changing a film magazine.
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Figure 8. Layout of the multiparticle spectrometer. The
700-ton C magnet, which will contain the target area as-
sembly and main detectors, is at the center, with the
beam entering from the left and additional detectors to
the right.

for pictures. This decision was forced by the sub-
stantial reduction in real purchasing power of the
Laboratory's budget for fiscal 1975.

The chamber was conceived about 15 years ago
by Ralph Shutt (now Deputy Chairman of the
Physics Department) and members of the Cloud
Chamber Croup, and design on it began just as
the 20-in. bubble chamber came into operation.
In May 1963 the 80-in. bubble chamber was first
"cooled down" and filled with liquid hydrogen.
Expansion tests followed, and on June 2, 1963,
the first bubble tracks of charged particles from
the AGS were photographed in the chamber. On
December 14 the first experiment, looking at the
interactions of 5-GeV K~ mesons with protons in
the liquid hydrogen, was begun. It was performed
by members of the Shutt group, led by Nicholas
P. Samios. By the end of January 1964 they had
taken 133,000 photographs, and about a week
later they made a momentous discovery. This was
a new particle, the omega minus (H~) hyperon,
whose existence had been predicted by a relatively
new theory of Gell-Mann and Ne'eman, who were
trying to make organizational sense out of the
numerous hyperons and mesons discovered up to
that time.

In its working lifetime the 80-in. chamber took
a total of almost 12 million pictures, of which 27%
were used by BNl. research groups and 73% by
universities. These pictures were spread over 71
separate experiments performed by staff members
of 37 United States universities and 6 foreign uni-
versities, in addition to Brookhavcrrs own research
groups. The fruits of these experiments have been
displayed in about 250 papers in various journals
and a similar number of talks presented at meet-
ings of the American Physical Society and at other
conferences, mostly international, in addition, 29

CERENKOV COUNTER HODOSCOPE -

SCIN1 ATION COUNTER HODOSCOPE •

doctoral tneses have been based on work done in
the 80-in. bubble chamber.

MULTIPARTICLE SPECTROMETER

The multiparticle spectrometer (MPS), Brook-
haven's major spectrometer facility, is nearing
completion in its initial configuration. It can be
used for a large class of counter-spark-chamber
experiments at the AGS. The system test will be-
gin during the summer of 1974 and the physics
program is scheduled to start in the fall. The
unique characteristics of the MPS are (1) a very
large aperture magnet that provides a large ac-
ceptance solid angle to detect the reaction prod-
ucts; (2) good momentum and angular resolution,
obtained by use of low-mass, high-resolution wire
spark chambers and a large magnetic field inte-
gral; and (3) the high data-handling capacity in-
herent in the electronic detectors used. The avail-
ability of enriched K and p beams from the
medium-energy separated beam (MESB) provides
exceptional possibilities for excellent experiments
with this spectrometer. The MPS is a joint project
of the Particle Detector Division of the Accelerator
Department and a research group in the Physics
Department, There also has been strong backing
and participation in the construction of the facility
by potential users.

The layout of the MPS, which is located in Hut
northwest corner of the AGS East Experintetiia!
Building Addition, is shown in Figure 0. The TOO-
ton C magnet has a pole !.U m wide by 4.6 m long
and a gap ofl.2 m. The maximum operating field
is 10 k(J at the center (Figure 9). Three cempleidy
open sides and 12 situs in the lap fjoie give easy ae-
c«ss to the field volume for panicle detection {Fig-
ure !0). The jargei and large! area ctete««r asem-
hiies can be placed either in the ittttgnei, as stews.
«r upstream «f the magnet. In eiitwr ease, «tnss»»
•Iw solid-angle coverage f«r the panicles mie?%m$,



Figure 9. Side view of the MPS main magnet. The mag-
net pole is 1.8 m wide X 4.6 m long, and the gap height
is 1.2 m. The maximum operating field is 10 kG at the
center. The large field volume of this magnet, the large
openings on three sides, and the large magnetic field inte-
gral available arc some of the unique features of the
MPS.

Figure 10. The MPS setup early in its Jest period, showing
MX spark-chamber modules, which arc inserted from the
top of the magnet, and MY spark-chamber modules,
which arc inserted from the left side. These modules arc
the main detectors for the MPS.
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from the target can be achieved while maintaining
good resolution in the measurement. The arrange-
ment of detectors in the target area will be changed
according to the requirements of each experiment.
At present two kinds of assemblies are in prepara-
tion. One is a three-sided box made of wire spark
chambers that partially surround the target. A
unique electronic trigger scheme, which utilizes
three multiwire proportional chambers, gives an
excellent selection of the kinds of events to be stud-
ied. The other is a set of cylindrical spark cham-
hers that encircle the target and thus give com-
plete detector coverage around it. The main detec-
tors, MX's and MY's, occupy the middle section
and detect mainly the forward-going particles.
They are low-mass, high-resolution wire spark
chambers with magnetostrictive readout. The
number of modules will be changed to meet the
requirements of each experiment. Spark-chamber
modules and scintillation-counter hodoscopes
downstream of the magnet detect high-momentum
forward particles with improved momentum reso-
lution, while Cerenkov-counter hodoscopes pro-
vide particle identification. The beam will provide
A"ff separation up to ~ 6 GeV/c and pir separa-
tion up to 3t9 GeV/c. From the HEUB, which is
planned for the summer of 1975, particles up to
2:30 GeV/c will also be available. To accommo-
date these two beams, which come from different

directions, the MPS magnet can be rotated through
30° on its hydraulic bearings.

At present, four experiments (1200 hours) have
been approved for the first period of running and
there are six requests for experiments with time
totaling 3200 hours. The MPS is expected to pro-
vide many users of the AGS with anexcellent and
unique tool for investigations of the physics of
strong, weak, and electromagnetic interactions. It
is also anticipated that the MPS will evolve, with
appropriate additions and modifications, and pro-
vide users with state-of-the-art detectors.

7-FT BUBBLE CHAMBER

The 7-ft bubble chamber is now complete and is
located in the H10 area neutrino beam. The first
test of the modified chamber, completed in June
1973, had as its purpose the trial of the modified
hydrogen chamber, the hydrogen refrigerator, the
chamber temperature control systems, and the hy-
draulic expansion system. Overall, the test was
successful; the chamber showed little boiling, uni-
form sensitivity, very low distortions, and great
flexibility under varying operating conditions.

Following installation of the superconducting
magnet, the complete system was tested in Novem-
ber 1973. During December 37,000 triad pictures
for experimental use were taken in the neutrino
beam, with hydrogen as the chamber fluid.

Figure 11. (o) Photograph and (b) diagram of a "standard" 3-prong neutrino event. The neu-
trino (c) interacts with a proton, becoming a p.- meson and producing a proton ( p) and a it+
meson. Note that the weakly interacting n~ meson goes right through all four stainless steel
plates. A strongly interacting ir meson or proton will almost always interact in the plates (as the
p does here), which allows a distinction to be made between a ji- and a n—. This will be the
primary means of distinguishing between an "ordinary" neutrino event like v+/»—»p- +p+ir+
and a "neutral current" event like v+p—*ir-+p+v+v+.
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During January and February 1974 the cham-
ber was open for inspection and for installation of
four 5-cm-thick stainless steel plates, positioned to
allow photographs to be taken, with two of the
three cameras, in the chamber volume between
them. These plates serve as a w-meson//i-meson
discriminator; i.e., particles can be identified on
the basis of their interaction or noninteraction
with the material in the plates.

In March, the chamber was run again in the
neutrino beam, with hydrogen as the chamber
fluid. About 100,000 triad pictures were taken.
Figure 11 shows a neutrino event taken during this
run. The chamber was cooled again at the end of
April and filled with deuterium. Only 27,000 pic-
tures had been taken when the run was interrupted
by a leak into the insulating vacuum. It is planned
to run the chamber for neutrino physics about 12
weeks per year, divided into separate runs of about
3 weeks each.

ON-LINE DATA FACILITY

The On-Line Data Facility (OLDF) has con-
tinued to play an important role in providing AGS
users with die advanced on-line computer support
that is vital to their counter-spark-chamber ex-
periments. The recent trend in high-energy parti-
cle physics experiments requires increasingly com-
plex experimental setups and high accuracy of
measurement. To ensure that this complex setup is
functioning properly and that the experiment is
progressing as planned, the experimenters in-
creasingly rely upon real-time analysis of the data
by an on-line computer. During the last two years
16 major experiments have received this real-time
support from OLDF. In addition, eight experi-
ments have used OLDF support in an off-line
mode to improve utilization of the AGS beam time.

To provide this support, two PDP-10 computers
are used, both operating in the time-shared mode
using the basic DEC multiprogramming monitor
software so that the facility can accommodate the
needs of several users simultaneously. At present,
208,000 words of core memory are available with
the two computers. Additional memory locations
are provided by a fixed head disk or a disk pack
system attached to each computer operating in the
swapping mode. As many as five users can connect
their data acquisition devices to the computer, on
line, via a real-time data link. The data thus sent
to the computer are analyzed by a program writ-
ten by users for their particular experiments. The

results either are stored in the form of histograms
for later use after certain statistics have been ac-
cumulated, or are sent back to the user in the form
of an oscilloscope display or a Teletype output for
immediate use. Off-line use of the computer is gen •
erally forprogrampreparation and quick turn-
aroundanalysis of the data to prepare for thesub-
sequehtrun. Aconversationalmode of operation
available with the PDP-10 system is a useful tool
for program preparation and for quick analysis of
data if frequent changes in the program and/or
parameters are needed.

The major improvements in the OLDF com-
puter system in the past two years are (1) replace-
ment of the old PDP-6 processor with a more
modern and efficient PDP-10 processor, (2) addi-
tion of a 5-million-word disk pack system to one of
the PDP-10's, (3) expansion of an alphanumeric
display system, and (4) continuing improvement
in programs for improved efficiency of operation of
the system.

ADVANCED ACCELERATOR
DEVELOPMENT DIVISION

ADVANCED ACCELERATOR DEVELOPMENT

The Accelerator Department supports a long-
range program of substantial improvement of the
AGS and the addition of new facilities. In partic-
ular, design studies for a proton accelerator of very
high energy have been in progress for some years.
These studies are coordinated with a continuing
research effort in superconductivity to overcome
the economic and technical limitations of conven-
tional accelerator designs. During 1970-72, these
efforts focused on colliding beam accelerators in
the energy range 100 to 300 GeV and culminated
in a preliminary design for a 266-GeV colliding
beam facility using superconducting magnets,
termed the Intersecting Storage Accelerator (ISA),
or ISABELLE. Colliding beam machines can gener-
ate high center-of-mass energies with relatively
modest laboratory energies. They do not produce
secondary beams effectively but they do provide
an unparalleled opportunity for studying the re-
actions of primary particles at the highest possible
energies. Two colliding proton beams, each at 200
GeV, would yield a centcr-of-mass energy of 400
GeV, equivalent to protons of 86,000 GeV striking
protons at rest.

In the past two years substantial advances have
been made in the field of superconducting magnet
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technology, and the ISA design has reached the
stage where the principal machine parameters are
well denned and detailed engineering has been
initiated. This accelerator would extend the pres-
ent center-of-mass energy range by almost a factor
often and, equally significant, provide luminosi-
ties* two orders of magnitude higher than those
currently available. A number of challenging prob-
lems have emerged from recent theoretical and ex-
perimental investigations in this country and
abroad. Theories unifying forces underlying the
weak interaction (responsible for radioactive decay
and neutrino interactions) and the classical elec-
tromagnetic interaction postulate the existence of
a particle known as the intermediate vector boson,
with a rest mass well within the ISA energy range.
Moreover, the unexpectedly copious production of
w mesons with high transverse momentum, seen in
recent experiments, may signify a point structure
inside the proton. Other crucial questions that the
ISA could explore concern the rise in total proton-
proton cross section at the highest presently avail-
able energies, again at variance with current the-
ories, and the prediction of heavy new particles
such as quarks, magnetic monopoles, and massive
photons. These problems are at the very forefront
of basic science, and their elucidation may deeply
affect our understanding of nature.

200-GEV INTERSECTING STORAGE ACCELERATORS

As a consequence of continuing collaboration
between Brookhaven staff members and university
colleagues, the preliminary ISA design has been
revised, most of the important machine param-
eters have been better defined, and considerable
detailed engineering work has been carried out
This work has resulted in the submission of a con-
struction proposal to the AEC.

The ISA desigi? is bas«-d on separate supercon-
ducting bending and focusing magnets distributed
around two ring structures, one above the other, in
a fourfold symmetric pattern. l's configuration Is
that of a circle expanded by four 250-m-long ex-
perimental straight sections, whore the two proton
beams intersect, and four 110-m-mng service sec-
tions for injection, acceleration s;.stems, etc. The
rings have a circumference of 2690 m (3W turns
that of the AGS) and arc electrically and magnet-
ic ally separate 10 permit operation with unequal

*t.umtmsily determine* llir rstir .11 which a particular tr;ir-
linn l.itc* pl.ii t-. liir r.Hr Ix-ing ilie prntlur; »rtlimtiit»ilv ami lltr
irifc so linn fur ihr rrai linn in (|uMtun.

proton energies and to accommodate future op-
tional proton-antiproton experiments. The maxi-
mum circulating current is expected to be aboul
10 A. This value and various other accelerator pa-
rameters (such as tolerable beam-beam tune shifts
and AGS emittance) determine the design lumi-
nosity of1033 cm"2 sec"1.

A number of experiments have been designed
conceptually and constraints on the experimental
insertions established, with flexibility achieved by
incorporating certain variable parameters in the
basic machine design. Most experiments can be
performed in four identical general-purpose ex-
perimental straight sections of modest betatron
amplitude function (beta) and with adjustable
optical parameters. Later, more specialized experi-
mental insertions can be introduced as needed; for
example, insertions of very low beta to achieve the
highest possible luminosity.

The method of transferring protons from the
AGS to the ISA is the same as that used at the
CERN ISR: successive pulses of 28.5-GeV protons
will be captured, decelerated, and debunched in
each ring. This cycle is repeated about 250 times
for each ring until 10 A of circulating current is
attained; the stacked beams are then rebunched
and slowly accelerated to full energy over a 2-min
interval. Peak rf accelerating voltage is 40 kV, and
the energy gain per revolution, 12.5 keV.

The long acceleration cycle and "flat top" as-
sociated with this machine make it attractive for
superconducting magnet applications. During the
past few years superconducting magnet technology
has advanced to the point where the performance
of magnets can be predicted with considerable
confidence. The Department's extensive supercon-
ducting magnet development program has cul-
minated in magp"ts exhibiting excellent stability
and having a configuration that meets the severe
ISA requirements on field precision, reproducibil-
ky, and reliability. Experience gained with super-
conducting beam transport magnets has shown
that radiation damage to magnet components is
not as serious as had been thought. The refrigera-
tion system for the ISA consists of a central com-
pressor station and eight refrigerator cold boxes,
one for each octant of the machine. Systems of the
required capacity (20 kVV) have demonstrated re-
liable operation in commercial use.

The ISA 10-kG magnet design is ha»cd on com-
mercially available, inultiiilamcntiiry, Nb'i'i super-
conducting wire. Prospects for commercial quan-
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titles of filamentary conductors of new and su-
perior materials,'particularly NbaSn and VaGa,
are very encouraging, as a result of research efforts
at BNL (Departn ent of Applied Science) and else-
where. These materials would permit operation at
considerably higher temperatures (8 to 9 K, a;
contrast to 4 to 5 K for Nb-Ti) with greatly reduced
power consumption, and peak fields of 60 kG or
higher. Final decision on the type, of conductor to
be used will haw,- little effect on the magnet design
and can be delayed for some time after approval of
the project.

Several future options that would enhance the
versatility of the ISA facility are possible. Acceler-
ation of electrons in a separate ring inside or out-
side the ISA tunnel, or possibly in one of the two
main rings, would permit electron-proton experi-
ments. The addition of a modest bypass to one ring
would allow proton-antiproton experiments to be
carried out. Moreover, acceleration of deuterons
in one or both rings would be relatively straight-
forward; this suggests the possibility of neutron-
proton and neutron-neutron scattering.

ISA PROTOTYPE MAGNETS

The superconducting accelerator magnet devel-
opment program, for which the main initial im-
petus was provided by the availability of intrinsi-
cally stable low-loss superconductors in 1968, has
proceeded in several overlapping stages, culminat-
ing in the construction of a series of large ISA pro-
totype dipoles during 1973-1974. Originally the
program concentrated on the development of suit-
able high-current conductors in the form of fully
transposed braids containing several hundred
multifilamentary Nb-Ti composite wires. Methods
for "potting" or impregnating them in magnet coils
were also studied, since even magnets wound from
intrinsically stable wire can suffer "degradation"*
and "training"+ if the coils are allowed to move
under the influence of Lorentz forces. An impor-
tant advance made in 1969 was the discovery of
the exceptionally stable magnet performance real-
ized by bonding the individual twisted multifila-
mentary wires in a braid or cable with a secondary

'Failure to reach the current or field expected from tests IHI
short sr.mplcs of the conductor.

'Diminishing degradation (or improvement in characteristics)
after each successive transition to the normal or "quench" state.
A quench occurs when the temperature of the superconductor
exceeds the critical value and llic material exhibits a normal re-
sistance. In this case (lie energy siurfil in the magnetic field must
be dissipated safely or severe damage will occur.

matrix of a soft metal, such as indium, in a series
of metallurgical steps.

As the development of a satisfactory conductor
proetrr ,,sM, construction was initiated of a series of
vr.jii, 3^-cm-long, pulsed model dipoles, designed
to produce 40 kG over a 5-cm aperture. Eight of
these, incorporating either insulated or metal-
impregnated conductors, were assembled to ex-
plore various approaches to potting. They were of
the cos# or sector type, consisting of a single layer
of wide braided conductors distributed on a circle
in discrete groups and graded into a current distri-
bution varying azimuthally as the cosine of the
angle from the median plane. This was done by
interleaving a spacer braid of stainless steel wires.
In these magnets, a closely coupled concentric
iron shield contributes about 40% to the field, re-
duces the external field, and, if properly positioned,
acts as a mechanical constraint against the mag-
netic forces. The wide transposed ribbon conduc-
tor ensures efficient cooling in the helium bath.
Moreover, since the "inert" spacer turns are ex-
tended around the magnet ends, the current den-
sity is graded axially as well as azimuthally, which
minimizes the final end-shaping necessary to elim-
inate unwanted axial field harmonics. This ap-
proach is thought to be well suited for accelerator
dipoles and quadrupoles, since it can be readily
adapted, with a high degree of accuracy, to mass
production techniques. The design is also easily
extended to several conductor layers for dipoles of
substantially higher field.

Storage ring magnets differ from rapidly cycling
synchrotron magnets in that their power losses are
relatively unimportant, but tolerances on field uni-
formity are much more severe because of the long
lifetimes of the stored beams. During 1973-1974
two larger "identical" model magnets, designed
specifically to meet the requirements of the ISA,
have been completed and tested. Termed ISA I
and ISA II, these dipoles are 90 cm long, have an
3-cm-diam bore, and are designed to produce a
central field of 40 kG. (The ISA currently calls for
4.25-m magnets with an aperture of 12 cm.) They
were intended to verify the expected field precision
and to examine the rcproducibility from magnet
to magnet. By subjecting them to continuous
pulsing in a common cryostat for an extended in-
terval, their long-term reliability could be deter-
mined and cryogenic experience gained with a
closed-cycle refrigeration system. The coil config-
uration is of the cos0 type outlined above. It con-
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sists of 24 conductor blocks containing 2-cm-wide
braid, positioned so as to minimize the lowest
Fourier harmonics in the field distribution and as-
sembled in a precision mold by a technique read-
ily adapted to mass production. The coils are
mounted in a laminated iron shield by a method
ensuring that they are clamped firmly at all tem-
peratures. The conductor is braided from 186
twisted composite wires, each 0.2 mm in diameter
and containing 400 Nb-Ti filaments of 7-[i size, and
is filled with an In-Tl alloy to ensure the highest
degree of stability. Small correction windings are
incorporated in the design to correct for undesir-
able sextupole and decapole harmonics introduced
by superconductor magnetization at low fields and
iron saturation effects at high fields.

Preliminary tests were made on each magnet
mounted in an open vertical Dewar. The perform-
ance of both magnets exceeded expectations in
diat they reached the design current (3500 A) with
no difficulty and exhibited rerrarkably little train-
ing. At this current the overall current density in
the windings is 30 kA/cm2. Extensive harmonic
field measurements were carried %ut over the full
field range during dc and pulsed Operation, with
use of a set of measuring coils designed to detect
specific Fourier components. At low rates of field
change these measurements are in good agreement
with calculated field distribution;, (the calculations
take into account both superconductor magnetiza-
tion and iron saturation effects) and consistent
with estimated constructional tolerances. At faster
field changes the harmonics are altered somewhat
by currents induced between the wires in the
metal-stabilized braid.

After completion of these measurements, the
two dipoles were mounted in series electrically in a
common horizontal cryostat for extensive magnetic
and thermal cycling. The bore was at room tem-
perature to allow for more precise field compari-
sons, using a pair of computer-controlled harmonic
coils and a nuclear magnetic resonance system.
The field distributions appear to be identical to
within a few parts in 105. The dipoles then under-
went a 3-month test program during which they
were subjected to 2:5500 pulses, each current
pulse of rise and fall duration characteristic of the
ISA but with a very short "flat top." This simulated
the expected lifetime of a ^rage accelerator in a
fairly short time. Durinr this sequence, field mea-
surements were repeated periodically, and the mag-
nets were also cycled to room temperature and ivere

deliberately quenched a number of times. These •'
procedures produced no significant change in
magnet performance, nor could any change in the
field distributions be detected within the accuracy
of the measurements (about 10~5/cm2 in the case
of the sextupole field component).

A third 90-cm-lbng modeldipole (ISA HI) is
ready for testing and a fourth (ISA IV) is being
assembled. In ISA III a conductor braided from
organically insulated wire is used, and in ISA IV
the wires are insulated by a surface layer of cop-
per-nickel. The main purpose of these magnets is
to eliminate the dynamic effects associated with
die conductor used in ISA I and II without im-
pairing its excellent stability. In addition, design
has been completed for four dipoles and four
quadrupoles, of the same sector type but with 20-
cm warm bore aperture, for the projected HEUB.
Finally, construction has been initiated of a 1-m-
long dipole with a conductor braided from multi-
filamentary Nb3Sn developed at BNL. This mag-
net should be available in 1975.

N E W SUPERCONDUCTOR DEVELOPMENT

Modern high-field superconducting magnets
utilize intrinsically stable conductors in the form
of fine twisted superconducting filaments in a high-
conductivity normal metal matrix. These conduc-
tors, which offer excellent stability and low losses
under pulsed conditions, have been commercially
available in increasingly sophisticated form for die
past few years. At present the superconductor is re-
stricted to the ductile alloy Nb-Ti. Various brittle
materials classified as A-15 compounds, particu-
larly NbaSn and VaGa, have higher critical tem-
peratures, magnetic fields, and current densities
but, because of their lack of ductility, are difficult
to manufacture in multifilamentary form. How-
ever, recent developments at BNL and elsewhere
now point to the feasibility of producing filamen-
tary A-15 wires. The low ductility is circumvented
by delaying the formation of the superconducting
compound until all extrusion and drawing steps
have been completed. Billets of pure niobium or
vanadium rods embedded in a copper-tin or cop-
per-gallium bronze matrix are drawn down in
much the same way as conventional Nb-Ti in a cop-
per billet. After drawing to final size the wire is ax-
ially twisted and UIC.I heat-treated; during treat-
ment tin or gallium from the bronze matrix diffuses
into the core material to form filaments oFNbaSn or
V3Ga. One difficulty encountered is that the rapid
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work hardening of these bronzes necessitates fre-
quent annealing during the drawing process. In a
new process developed at BNL to overcome this
problem, niobium or vanadium is first drawn down
in a pure copper matrix; this composite wire is
coated with a layer of tin or gallium by a dipping
technique, and then is heat-treated in several steps
to form the bronze matrix and compound, respec-
tively, by diffusion.

A-15 composite samples have been produced
with critical current densities comparable with or
superior to those of commercial tape conductors.
This work, which has clear ramifications for con-
trolled thermal reactor programs and possibly for
the projected ISA facility, has now advanced to
the point where sufficient Nb3$n conductor, in a
fully transposed braid configuration, should be
available shortly for construction of a 1-m-long
model dipole magnet.

The work on superconductors has involved close
collaboration with the Department of Applied
Science.

ULTRAHIGH VACUUM SYSTEMS

FOR STORAGE ACCELERATORS

To achieve and maintain the required circulat-
ing current in storage rings, a vacuum system op-
erating in the 10"10 Torr range (3 X106 molecules,
cm3) in the curved quadrants of the rings and 10"ll

Torr in the experimental regions is required.
The most serious current limitation comes from

the beam-induced pressure rise caused by ionized
gas molecules being driven electrostatically into
the vacuum chamber walls. These liberate ad-
sorbed molecules in a process that can eventually
lead to avalanche-like beam destruction. The high
desorption coefficients expected from a vacuum
chamber operating at liquid helium temperature
have indicated the desirability of a room-tem-
perature chamber. This type of vacuum system re-
quires very clean, baked surfaces and high gas con-
ductance and pumping speeds. The present ISA
vacuum system design calls for an all-welded alu-
minum chamber with superinsulation and with
pumping provided by a combination of Ti-subli-
mation and ion-sputter pumps. It is, however,
based on several assumptions and extrapolations
whose justifications are being scrutinized in ex-
periments intended to yield information on cryo-
sorption, the use of aluminum in high vacuum sys-
tems, and gas desorption rates. A commercial
molecular sieve is used to measure adsorption and

pumping speeds of helium and hydrogen below
10" u Torr and between 3 and 5 K. These mea-
surements are also made in the presence of an
AGS external beam. Spectrometric studies of out-
gassing in potential vacuum chamber materials
are conductedasja function of surface, preparation,
including polishing, bake-out, outgassing, and
cleaning.

An experiment is in progress in which ionized
molecules from an isotope separator are used to
bombard surfaces subjected to various treatments
and the resulting gas desorption is measured by a
rapid scanning mass spectrometer.

UNDERGROUND POWER TRANSMISSION

BY SUPERCONDUCTING CABLES

Initial funding from the National Science Foun-
dation for this project commenced in 1972. Addi-
tional funds were made available the following
year from the newly created Division of Applied
Technology within the Atomic Energy Commis-
sion, although the major portion of the support
through 1974 has continued to come from the Na-
tional Science Foundation.

The approach taken is to apply superconduct-
ing technology to an extension of the conventional
high-pressure oil-filled (HPOF) practice, in the
form of flexible superconducting cables pulled
through a thermally insulated low-temperature
envelope, with helium gas replacing the oil. Be-
cause of t^e high cost of conversion equipment,
direct cui.ent cables have advantages only over
long distances. It appears that the initial super-
conducting application will be to alternating cur-
rent systems for relatively short runs and where
cables are required to be underground, with the
load exceeding the conventional capability.

Primary emphasis has been placed on develop-
ing a conductor with acceptable losses at power
frequencies. Previous work has shown that niobium
conductors have low losses, although their low crit-
ical temperature results in poor efficiency. The
BNL design favors a flexible coaxial cable of
NbaSn tape because of its superior critical temper-
ature and critical current Hensity. The very high
losses observed in many commercial samples of
NbaSn now appear to be due to losses arising in
the solder and cladding used in manufacturing
these tapes, which mask the intrinsic superconduc-
tor loss. Once these effects are removed and certain
conditions are imposed on grain size and surface
quality, the losses in Nb3Sn can be reduced sub-
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stantially. A method has been developed for pro-
ducing a conductor exhibiting losses lower than
those associated with the best commercially avail-
able tapes. At present there is some sacrifice in
current-carrying capacity. The theory of losses,
based on simple models, has been extended to in-
clude temperature dependence and is in good
agreement with measurements.

An extensive program is under way to investi-
gate mechanical and electrical properties of vari-
ous insulating tape materials at low temperatures.
A high-voltage test facility is also available. Of all
the components in a superconducting transmission
line the cryostat appears to be much the most ex-
pensive. Studies have been carried out of several
suitable flexible Dewars, with the aid of a super-
critical helium refrigerator, and of conceptual
large-capacity refrigeration systems. In this con-
nection a subcontract has been awarded to the
National Bureau of Standards for studying modes
of instability in supercritical helium.

A complete systems engineering analysis has
been carried out jointly by BNL and the Long Is-
land Lighting Company. A cost analysis of a 65-
km, 4800-MVA transmission circuit for LILCO
appears encouraging. It indicates that supercon-
ducting designs are significantly less expensive than
a conventional HPOF underground system and, in
die best case, are only a factor of two more expen-
sive than a 345-kV overhead system. Longer
(15-m) model cryostats and cables are in prepara-
tion, with the final goal an 800-m-long three-phase
cable incorporated in the power feeder system at
die Laboratory.

RF SUPERCONDUCTING CAVITIES

This program is directed at developing super-
conducting microwave cavities that have low sur-
face losses and are capable of sustaining high

magnetic and electric fields. Superconducting
cavities are essential to the construction of long-
pulse rf beam separators in electronic-counter
physics experiments; they could be used in linear
accelerators and have a number of other applica-
tions in telecommunication systems or measuring
equipment. Superconducting cayities derive dieir
advantage from their high quality factors, or low
surface losses, which are better by a factor of five
than those of room-temperature copper cavities.
The full potential of superconducting cavities can
be realized only through specialized fabrication
techniques and careful surface treatments, and
much effort has been spent on developing these
techniques.

The techniques developed at BNL have been
applied to the construction of a model of an X-
band (8.7 GHz) deflecting cavity for the Fermi
National Accelerator Laboratory (FNAL). The
results of tests performed on this model cavity
were encouraging and indicated that deflecting
fields of up to 7 MV/m are obtainable. This work
has been used as the basis for a realistic design
study of a separated beam at FNAL in the 100-
GeV/c momentum region.

Studies are in progress on the nature of the peak
field limitations and methods to increase the ob-
tainable field levels. A coaxial cavity with the cen-
ter conductor designed as a removable sample has
been constructed for evaluation of metallurgical
factors influencing breakdown fields. The roles of
solute oxygen and nitrogen in premature break-
down and residual losses have also been investi-
gated by exposing several niobium cavities to these
gases, at pressures up to 10~5 Torr, during high-
temperature heat treatments. It was found that
oxygen exposure increases the residual losses and,
in high bulk concentration, reduces the break-
down field substantially.

REACTOR DIVISION

Among the Laboratory's major facilities are die
High Flux Beam Reactor, designed to make avail-
able large quantities of slow neutrons, and die
Brookhaven Medical Research Reactor, which is
particularly useful for irradiating large animals.
In this section the operation of these reactors, the

operational difficulties encountered, and the im-
provements made are discussed. The research and
experimentation done by the scientific departments
is described in the appropriate sections of diis report

HIGH FLUX BEAM REACTOR

The High Flux Beam Reactor (HFBR) was op-
erated routinely during the past two years with a
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minimum of unscheduled reactor shutdowns. Re-
pairs to the primary system pipes, discussed in the
previous report, were completed early in the
period. In July 197- "ne HFBR experienced its
most extended period of unscheduled downtime,
7 days and 15 hr, when two bars of the aniicritical
grid broke. Previously, in February 1973, the re-
actor had been shut down for 2V4 days for investi-
gation of reactivity effects and unexpected boiling
in an irradiation thimble. In January 1974, five
days were required to grind the galled walls of the
H-9 shutter cavity, a strictly mechanical opera-
tion in a high radiation field. The failure of a
thermocouple well caused a delay of 214 days in
April 1974 The remainder of the unscheduled

delays ranged from 18 min to 2% hr on five
occasions.

For economic considerations, scheduled shut-
downs took place during certain holiday periods
involving long weekends and for a single extended
period during August 1973. Tne operating and
shutdown times of the HFBR are sumi arized
below.

Operation at full power, % of total time 73.6
Unscheduled downtime, hr 493
Scheduled downtime

for economic reasons, hr 1883

A total of 280 fuel elements were charged into
the reactor to provide fuel for 18 operating cycles.
The experience with fuel elements continues to be

Table 1

Distribution of HFBR Support From Scientific Programs

Physics
(Neutron Physics)

30%

Physics
(Neutron Physics)

27%

Physics Department
Neutron Physics
Solid State Physics

Biology Department
Biological Research

Chemistry Department
Nuclear, Structural,

and Inorganic Chemistry

Total

Use charges, fiscal 1974

Amount, S

357,480
476,640

158,880

331,000

1,324,000

% of usage

27
36

12

25

100

Use charges, fiscal

Amount, $

364,800
437,760

109,440

304,000

1,216,000

1973

% of usage

30
36

9

25

100
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Table 2

Irradiations

HFBR,
Fiscal

BMRR,
Fiscal

1974 1973 1974 1973

BRQOKHAVEN
Accelerator Department - 9 1
Department of Applied Science 20 21 42 86
Biology Department - - 8 -
Chemistry Department 132 177 56 115
Health Physics
and Safety Division - - 18 16

Instrumentation Division 1 1 2
Medical Department 13 19 47 64
Physics Department 8 13 36 20
Reactor Division 4 7 !0 4
HFBR material

surveillance program 22 24

OL-TSIDE ORGANIZATIONS

Total

40 39 27 21

240 300 254 329

excellent. A total of 18 sp»nt fuel shipments com-
prising 252 fuel elements were completed on
schedule and without incident and were sent to
the AEC's Savannah River Plant for reprocessing.
Plans are under way to modify the shipping casks
in compliance with the more stringent shipping
regulations issued recently by various government
agencies.

The tritium concentration of the primary cool-
ing heavy water system has increased from S 3 to
4 Ci/liter during this period because of neutron
interaction with the deuterium. To keep possible
tritium releases at as low a level as practical, plans
have been formulated and approved for a pro-
gram of annual DgO replacement that will result
in an average tritium concentration of ~ 1.4 Ci/
liter.

As part of the continuing material surveillance
program, in February 1974, after five full-power
years of reactor operation, one main control-rod
blade was discharged from the reactor and re-
placed with a spare. Following an extended period
of decay, this highly radioactive rod will be metal-
Iurgically examined.

TECHNICAL SPECIFICATIONS

The Reactor Division prepared a document,
High Flux Beam Reactor Technical Specifica-
tions, dated December 1973, which has been ap-

proved by the AEC. These technical specifications
supersede the previous AEC operating limits and
define in detail the boundaries for safe operation
of the reactor.

REACTOR IMPROVEMENTS

A study of the HFBR plant protection system
(PPS) was made in accordance with RDT Stan-
dard C16-1T, Supplementary Criteria and Re-
quirements for RDT Reactor Plant Protection
Systems. Although the study revealed no serious
deficiencies, it uncovered a number of areas in
which modifications would result in increased
levels of confidence. Modifications initiated to im-
prove the plant protection systems are outlined
below.

1. Analyze and improve PPS wiring(in progress).
2. Improve syphon break valve monitoring for

position and helium supply (completed).
3. Isolate PPS and non-PPS systems power

(modification review in progress).
4. Separate primary cover gas pressure control

from cover gas pressure safety channel (completed).
5. Modify manual trip No. 1 to provide addi-

tional method for breaking rod clutch current
(completed).

6. Replace core inlet temperature channels
to improve readout and trip point accuracy
(completed).

7. Revise setback system to provide manual re-
set of core inlet temperature and fuel cladding fail-
ure systems (completed).

8. Modify primary flow scram channels to moni-
tor pump motor current (completed).

9. Replace two core IP channels with improved
detectors and readout equipment (completed).

OPERATING SUPPORT

Except for minor income from service irradia-
tions for external organizations, the support of the
reactor is derived from the scientific departments.
Table 1 indicates the source and distribution of
these funds, which are adjusted to meet the direct
operating costs of the reactor. An increase in the
cost of electrical power was a major factor in in-
creasing costs in the past six months and is ex-
pected to be a significant problem in the future.

BROOKHAVEN MEDICAL RESEARCH REACTOR

The Brookhaven Medical Research Reactor
(BMRR) continues to be run on a demand basis
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for short periods each week. During the period, 396
start-ups were completed on 217 operating days
and 919.99 MWh of energy were accumulated.
The total energy accumulated since initial start-
up is 9808.777 MWh.

No significant changes were made in the reactor
during the past two years.

This reactor continues to be a convenient, and
inexpensive source of sample irradiations where-
ever fluxes in the range of 1013 or less are required
for short periods of time. Table 2 summarizes the
irradiations made in 1973 and 1974 at both the
HFBR and the BMRR for Brookhaven depart-
ments and outside organizations.

TANDEM VAN DE GRAAFF FACILITY

The central questions of nuclear physics put
strict requirements on the experimental facilities
that serve it. Not oniy must intense particle beams
of many species of nuclei be produced, but they
must be produced with excellent energy definition
and with a capability for easy and quick changes b
both beam species and energy. Such range and ver-
satility requirements are met by electrostatic ma-
chines known as Tandem Van de Graaff accelerators.

Brookhaven's Tandem Van de Graaff Facility is
built around two of the largest such accelerators
yet put into operation, the so-called Emperor or
MP machines. They are aligned, as shown in Fig-
ure 1, so that nuclei accelerated by the first ma-
chine can be injected into the second for further ac-
celeration to much higher energies. In this way the
species and energy variability and the energy reso-
lution are retained, while the energy range is

Figure 1. General view of the 300-ft-long accelerator
room from the high-energy end of the second accelerator,
MP-7 (foreground). The first accelerator. MP-6 (distant
background), is installed in line with the second so that
particles can be injected into the second machine from the
first in a three-stage mode of operation. The cagelike
stricture between the two accelerators contains ion

sources and power supplies that are used for two-stage op-
eration of MP-7. The large pressure vessel is filled with a
mixture of N2, CO2, and SF6 at 225 psi, or 15 atmospheres,
to provide suitable insulation for voltages inside the ma-
chine as high as 12 MV. The steel walls in the central
portion of the machine are 2 in. thick.



Figure 2. View from inside the high-energy end of the ac-
celerator, looking toward the high-voltage terminal, which
operates at voltages as high as 12 MV. Under inspection
are the parallel bar region (rear), which is the actual high-
voltage terminal region, and the circular ring section, the
region of the support column that contains the accelerator
tubes inside the ring structure. The entire column struc-
ture, 80 ft long, is supported from both ends of the ma-
chine; support in the central region is impossible because
the only known material that can withstand the 12 MV
in the terminal region is the high-pressure insulating gas
used inside the machine when it is in operation.

Figure 3. View similar to that of Figure 2, but photo-
graphed outside the accelerator pressure vessel through a
high-pressure window during operation. Because of a
malfunction, the high voltage is not under control but is
breaking down to the outer walls of the pressure vessel
through the high-pressure insulating gas, as evidenced by
the lightning bolts. These high-voltage discharges consist
of short current pulses in the million-ampere range which
can cause various kinds of damage to the internal compo-
nents of the accelerator.

. 1 •.-*—rrr-r
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greatly extended. When the highest energies are
not required the two machines can be operated
independently so that two experiments can go on
simultaneously.

Since completion of the facility in 1970, a many-
faceted research program based on these capabil-
ities has been developed. The laboratory is oper-
ated as a user facility and outside users have equal
shares of the available research titne. In order to
match the increasing requirements of the com-
bined inside- and outside-research programs, the
accelerators themselves, the auxiliary facilities,
and the operations are constantly undergoing
improvement.

One of the most obvious needs is that of increas-
ing the electrostatic potential or voltage on the
high-voltage terminals of the accelerators. Higher
voltage will directly increase the energy of accel-
erated nuclei or ions. To undergo a nuclear reaction
with a target nucleus, an accelerated particle must
have sufficient energy to penetrate the repulsive
Coulomb interaction, which is higher for heavier
nuclear species. Consequently, extending the volt-
age capability of the accelerators extends the range
of nuclear species that can be studied.

The insulated ring structure inside the accelera-
tor pressure vessel, shown in Figure 2, encloses die
main insulated support structure and the accelera-
tion tubes, which are the heart of the machines.
Figure 3 is a similar view, showing several typical
lightning-bolt discharges inside the machine. The
acceleration tubes provide the vacuum housing in
which the beams move, uniformly distribute the
millions of volts between the high-voltage terminal
and ground, and withstand the voltage breakdowns
and surges. The energy dissipated in the high-volt-
age discharges (Figure 3) gradually results in glass
insulator failure in the acceleration tubes.

The acceleration tubes first provided by the
manufacturer did not permit reliable operation
much above 9 MV after two years of operation.
At this time the manufacturer developed a new
design of acceleration tube comparable in physical
size to the original set, but with a differently con-
figured internal structure and metal parts of stain-
less steel instead of aluminum. These new tubes,
along with improvements in other components and
in insulating gas characteristics, formed a so-called
upgrade kit that was guaranteed to provide reli-
able operation of the accelerator at 13 MV. Un-
fortunately, funds for these new tubes were not
available.

To meet the research requirement of reliable
operation above 10 M V at a cost considerably lower
than that of the upgrade kit, an ingenious solution
was devised. A much smaller research tandem ac-
celerator, called an EN tandem, uses a stainless
steel acceleration tube only 8 in. in diameter, in
contrast to the 13-in.-diam aluminum tubes used
in the MP machines at Brookhaven. These smaller
tubes seem to have the internal structure to satisfy
most of the operating characteristics of the larger
tubes offered in the upgrade kit. Their cost is only
about half that of the larger tubes, and discussions
with the manufacturer indicated that they could
be used in place of the larger ones; however, per-
formance guaranties would not be comparable
with those offered with the large tubes. The inter-
nal structures of the upgrade kit tubes and the al-
ternative EN tubes were examined. After computer
analysis of how these internal structures suppress
electrons and perturb the beam particles as they
are accelerated through the tubes, an improved
arrangement of the internal electrodes was speci-
fied for the design of the new, smaller tubes for the
Brookhaven accelerator.

ACCELERATOR MP-6

10 MV

ACCELERATOR MP-7

HIGH-VOLTAGE TERMINAL 12 MV

THE NEGATIVE HEAVY IONS START HERE
AND ARE REPELLED OR ACCELERATED TO
GROUND POTENTIAL BY THE NEGATIVE
10-MV POTENTIAL OF THE HIGH-VOLTAGE
TERMINAL.

THE 10-MeV NEGATIVE IONS ARE ATTRACTED
OR ACCELERATED BY THE POSITIVE 12-MV
POTENTIAL AND PASS AT 1 0 + 1 2 = 2 2 MeV
ENERGY THROUGH THE TERMINAL FOIL
STRIPPER, WHERE MANY ELECTRONS ARE
LOST, TO FORM POSITIVE SULFUR IONS WITH
CHARGE 10+.

SULFUR IONS WITH FINAL ENERGY OF
5 2 + ( 9 X l 2 ) = 1 6 0 MeV AND CHARGE
12+ ARE TRANSPORTED TO THE EXPERI-
MENTAL STATIONS.

THE 22-MeV, CHARGE 10+ SULFUR IONS
ARE ACCELERATED WITH 3 MV MORE
POTENTIAL TO AN ENERGY OF 2 2 +
(3X1O)=52 MeV AND PASS THROUGH
A SECOND FOIL STRIPPER, WHICH RE-
MOVES MORE ELECTRONS TO FORM
SULFUR IONS OF CHARGE 12+.

Figure 4. Three-stage dual stripper operation of the Tandem Van de Graaff Facility.



These new lubes I; '— provided reliable opera-
lion above 10 MV and. m fact, ail appreciable
amount of operation at voltages as high its !"i MV'.
They arc currently being operated at about ! I J>
M V. In principle, the smaller tubes, should allow
as high an operating voltage as the larger tttbc&
however, comparable performance has t*ni twwt
obtained because of the insulator damage thai de-
velops inside the smaller tube. The "ideal" i«be
has not ye! been found, bus these new small hibrtt
have kept the BXL resrartii program at the fore-
front.

The energy gained by an tan under acceleration
is increased if its net charge is increased: tin*
means that it is desirable so strip away mare elec-
trons. This is especially true f«r heavy ions, which
form the greatest part of tlroaknavrij's nuclear
physics research program. Therefore* to enlarge the
heavy ton capability an additional foil-stripper sys-
tem was designed and installed downstream fr«sn
the stripper system in the high-voltage terminal

Figure 4 is a diagram showing hew the negative
ions of 32S are accelerated into the high-vtiUastr
terminal, where they are stripped f a a moderately
high charge state such as 8* or 0* and tistt are ac-
celerated out of the high-energy terminal «f the
machine. Further on in the accelerator, the sulfur
ions encounter a second foil stripper. At this point
the ions have increased in energy to about 25 or
HO MeV, and because of their higher velocity are
stripped to higher charge states such as 1:5* or H*.
Ions with higher charge states can then take better
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adjr^nt optimtsr, /?,\̂ .v, where /?v is the projection
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inner prothicj based «m the correlation matrix of
the iim.*? proem in the data. Finally, certain wdl-
fciuHvn jtcraiivtj algofitiitsis for recousirtiction, de-
veiaped ciscwhyfc, were examined and shown to
to csitciusaJiy cqwivalcnt to special cases of stan-
dard iterative sthejiies for matrix inversion.

Because of the diversity of the fields in which
the rmmsmiciion problem arises and of the jour-
nab in which results have been published, conski-



crablc duplication of effort has occurred. Some de-
gree of unification across disciplinary tines there-
fore seemed desirable, and 10 this end the BNL
Applied Mathematics Department, with support
from a National Science .Foundation grant, has
organized art international interdisciplinary work-
shop that in July 1974 will bring together some
fifty leading researchers with a common interest in
the topic.

PAD* AmoxiMANTS

The Padc approsimant method is a procedure
for approximate analytic continuation of a func-
tion from the knowledge of a finite number of the
Taylor scries coefficients. Substantial progress has
been made in the convergence theory for this
method. A general theorem has been proved that
gives necessary and sufficient conditions on the dis-
tribution of the poles and zeros of a sequence of
Padc approximants to ensure convergence. Previ-
ously there were two unanswered general questions
about the convergence of diagonal sequences of
Padc approximants. First, what are the necessary
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Figure 1. Plot of the Pade approximants computed from
the first few terms of the perturbation series expansion
and. for comparison, the partial sums of the perturbation
series. In this example, the range of convergence has been
extended from 0 < .r < 0.5 to 0 < x < x, and the rate
increased.

and sufficient conditions on a general sequence of
Pade approximants to ensure point-by-point con-
vergence as distinguished from convergence in
measure, which has been previously treated? Sec-
ond, do such sequences exist? Our theorem an-
swers the first question; the second remains. As a
special case the famous disk problem was treated.
Here one is given a function meromorphic in the
unit disk and a sequence of Pade approximants
that are free of extraneous poles or zeros. The
problem is to prove that the Pade approximants
converge. Over the past eight years the region of
proved convergence has grown from | z | < 0.3
through (V2— 1) to 1/y/3 and now, with our re-
sult, to | z | < 1. The relationship of the Pade ap-
proximation to the solution of linear functional
equations of the Fredholm type has also been in-
vestigated. It has been found, in very general cir-
cumstances, that if the kernel is projected into the
Cini-Fubini subspaces, the inner product of the
solution of this truncated problem with a fixed
vector is a Pade approximant to the function given
by the inner product of this same vector with the
solution of the untruncated equation. With certain
small restrictions we prove that at least a subse-
quence of Pade approximants converges if the
kernel is compact. With additional restrictions, in-
cluding a trace-class kernel, we prove that the
numerator and denominator of the Pade approxi-
mants separately converge. We apply these gen-
eral results to prove convergence of Pade approxi-
mants to a wide class of meromorphic functions.
We also prove the convergence, for decent poten-
tials, of Pade approximants to the scattering
amplitudes for nonrelativistic quantum mechani-
cal scattering.

WAVE PROPAGATION IN A WAVE GUIDE

The study of wave propagation in a wave guide
with discontinuities is important in many branches
of physics, such as microwave physics and acoustics.
Furthermore, this problem is fundamental in the
design of accelerators and microwave circuits. In
research conducted at Brookhaven the effect of
various kinds of wave-guide discontinuities on rele-
vant physical quantities was examined.

Many mathematical results of a qualitative
nature were obtained concerning the wave and
scattering operators and the S matrix. In particu-
lar, results previously obtained here on the unitar-
ity and meromorphic continuation of the S matrix,
as well as the properties of its poles, were general-
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ized and extended to a larger class of wave-guide
discontinuities. In addition, quantitative results
were obtained, in collaboration with the Accelera-
tor Department, relevant to Brookhaven's rf parti-
cle separator. An algorithm was developed and a
program written for computing dispersion curves.
The results were in^closf'agreement.with'experi-
ments conducted at Brookhaven. Furthermore, the
method is readily adaptable to more complicated
physical structures. Such an extension of the
method is now under way.

STATISTICAL MECHANICS PHASE TRANSITIONS

A mathematical investigation was made of
physical systems and models of physical systems in
which a large number of degrees of freedom play
an essential role. It is this feature that makes these
problems so challenging. Until fairly recently there
has been no generally reliable way of reducing the
complexity of this type of problem to a few vari-
ables, nor have efforts to develop closed form solu-
tions been successful, except in a few special cases.
Only within the last couple of years has significant
analytic progress been made in developing tech-
niques to reduce the mathematics to tractable
form. The physical systems to which this work is
germane include magnets, liquids and gases, and
various order-disorder models. Experimentally
these systems are studied adequately by neutron-
scattering techniques. An important recent devel-
opment is the investigation of the idea of defining
on the space of Hamiltonians for spin systems, op-
erations that have fixed point solutions. The
tfiermodynamic behavior of the solution is to be
the same as that of the original Hamiltonian beinp
treated. This approach, called the renormalization
group method, leads after several approximations
to a nonlinear integral recursion relation for the
spin Vz Ising model in a space of D dimensions. A
Brookhaven contribution has been to show that
these approximations are exactly satisfied for a
nontranslationally invariant Ising model - a spin
oo Ising model with a hierarchy of spin groupings
for which the interaction potential satisfies exacdy
the scaling hypothesis that group-group interac-
tions involve only mean group spin. The calcula-
tion of the important critical exponents for this
model has been done exactly. The spin-spin corre-
lation function has been investigated, and the re-
sults obtained for systems of large but finite size
show clearly the interplay between the Bragg-
Williams type of classical behavior found to occur

for dimension > 4 and the mode of behavior char-
acteristic of the famous Onsager solution so the
two-dimensional Ising model.

COMPUTER SCIENCE RESEARCH

Computer science research at Brookhaven Ls
concerned withthe most efficient/and effective use
of computers and hierarchies of computers. Prime
goals are the development of concepts, approaches,
techniques, methods, and procedures applicable to
the translation of advanced problems into a form
usable by computers sharing of computer re-
sources, and greater exchangeability of computer
programs. Particular emphasis is placed on high-
capacity computer networks and the human-to-
computer interface. The development of advanced
software that is not being developed by industry,
new computer applications, and improved com-
munications is also a continuing concern.

A significant part of the research has been the
development of the concept of the "closely coupled"
computer complex, in which many computers are
integrated into a single system but retain a clearly-
defined separateness that makes possible more
complex relationships between computers than is
feasible with die network concept. Examples of the
work in this and other areas in computer science
are given below.

DYNAMIC SHARING OF AAASS STORAGE

A major feature of the Brookhaven "close cou-
pling" concept is the ability to dynamically share
mass storage devices. The technique developed to
allow such sharing in full generality with minimum
overhead involves breaking each storage device
into a number of individually allocated units. The
master copy of the unit allocation map is kept on
the storage device itself. The key to efficient access
is then developing a hierarchical series of pools of
allocation units in each computer in more and
more readily accessible locations. A set of three
such pools in each machine has been determined
to be sufficient. The highest level is the map re-
corded on the device. The next level is a large pool
held in central memory and managed by a module
that controls the size of this pool by moving allo-
cation units both upward and downward in the
hierarchy. The third and lowest pool in the hier-
archy is directly accessed by the modules respon-
sible for disk input-output. In a normal production
environment, overhead was so low as to be diffi-



cull to measure, typically ranging from I to '£%
degradation.

INHIMACHINE eOWMJNKAllON

Another component .ofelose coupling «f ««>»•
puters is the nature uf the cois)n»miwuitins be-
tween them. Work in this area .resulted in the de-
sign and implementation of a generalised com-
puter-io-eamputer communication facility, This
facility provides for load balancing between two
computers and access to catalog files resident on
nonsltared devices, it has also been used to ranirol
the routing of jobs requiring special facilities pres-
ent on only one machine. Tints & computer user
can regard the entire complex of computers as a
single entity. Even if he uses specialized facilities
actually present on only one computer, he can
submit his job without regard to the computer
system being used for job input. The load balanc-
ing facilities have reduced by :s:io"/c the mean
turn-around time for jobs run.

CATALOG FILING SVSTEM

A third component of close coupling is a filing
system that is equally accessible from all comput-
ers in the complex but docs not depend for its op-
eration on the functioning of any one computer.
Such a system was developed with use of the facili-
ties for dynamic sharing of mass storage. However,
since the amount of data to be stored in such a sys-
tem greatly exceeds the available mass storage,
another design criterion was the ability to use pri-
vate mass storage as well as magnetic tape as ex-
tensions of the total storage facility. The system
developed uses a single master catalog (which re-
sides on shared mass storage) and also uses the
shared mass storage as the preferred storage device
for these files. This results in negligible overhead
for access to files held on shared mass storage de-
vices. The use of magnetic tape as an integral part
of this system allows the creation of tape images of
these files and their automatic loading to mass
storage if they are not currently resident; this re-
quires no special action by the user. An important
aspect of this work is the development of algorithms
for file migration and tape imaging. For example,
whenever a particular type of disk (e.g., remov-
able pack, private device, shared device) has little
or no storage free, then files that have an existing
tape image but have not been recently referenced
are evicted from the disk storage to make more
storage available. Upon the next attachment of

these Sties they are aittitinaiitaHy reloaded tit mass
storage before use. If files resident on a private de-
%'tcc on UKC coHJjmter are accessed! frtiin another
computer, they are irausmim-tl via the imunna-
fliiiie comimiisifaituit lattistk-a to the requiting
wsmputer.

0IGHAI DlSIGN AUTOMAHQN

Walk in design automation produced computer
codes capable of geiitntoiig, analyzing, and docu-
iiif nttng digital circuit draksiss with minimal com-
puter intervention. The system is centered around
a circuit description data base funm:l:ited i > a
special language catted Mitutu- A synthesis task
generates MOUKI. circuit descriptions from antiitu-r
language, called I.INUA. which .specifics behaviur.
Output »i;i) consist of a circuit description, a set
o! oscillograph traces, and/or a logic diagram, de-
pending on the .specific problem and the tasks
invoked.

Generalizations of these automated design tech-
niques to the areas of software, linear systems, and
beyond arc being developed with use of the for-
malism and theoretical basis of categorical algebra.

DIGITAL COMMUNICATIONS NETWORK — Brooknet

The fourth phase of development of BROOKNET

was completed. The IIKOOKNET system already had
data rates 100 times as great as those of any com-
mercially available communication system. How-
ever, Brookhaven's projected research require-
ments require even higher sustained data trans-
mission rates, exceeding those available from mass
storage devices on large-scale computer systems. A
technique was devised and implemented to allow
direct transmission of data from an executing pro-
gram in one computing system to an executing
program in another. This scheme allows sustained
data rates close to the burst data rate capacity of
BROOKNET, which is 12 million bits/sec. The scheme
has already been put to use in support of the fly-
ing imagf- digitizer in the bubble-chamber research
program.

CENTRAL SCIENTIFIC COMPUTING FACILITY

The Central Scientific Computing Facility
(CSCF) of the Laboratory is operated by the Ap-
plied Mathematics Department and is housed in a
specially designed computer wing. The facility
provides large-scale, general-purpose computa-
tional support to the Laboratory's research pro-
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Figure 2. The Central Scientific Computing Facility, early in 1974.

gram and performs the bulk of BNL's scientific
-*~«a processing. Universities and other outside
organizations engaged in federally supported re-
search also utilize the CSCF.

CURRENT HARDWARE CONFIGURATION

The CSCF is currently equipped with two Con-
trol Data Corporation (CDC) 6600 computers,
which share a million words of extended core stor-
age, and a CDC 3200 computer. The CDC 6600's
provide general-purpose batch processing, and the
CDC 3200 is used in an interactive file manipula-
tion and remote job entry system called FOCUS,
which is accessed from remote keyboard terminals
over the dial telephone system. Focus enables users
to remotely (a) set up and submit jobs to the 6600's,
(b) debug programs on line, (c) enter and perma-
nently store programs and data files for use in 6600
processing, (d) edit and modify permanent files, (e)
store input and output files for subsequent proc-
essing, and (f) receive results of 6600 processing.

BROOKNET, a 12-million-bit/sec digital com-
munication system, interconnects 17 remote on-
site computers to the CDC 6600's. This computer-
to-computer digital communications network en-

ables the remotely located satellite computers,
which hai die data acquisition, graphical display,
preprocessing, and other functions, to utilize on
line the greater computational capability of the
CSCF computers. This system also allows remote
computers access to the central data storage sys-
tem and to the central input-output job queues.

The OX (operator extension) subsystem, using
a PDP-8 computer and six Teletypes, automates
various operator communication and logging pro-
cedures. It allows posting of tape mounting re-
quests in the magnetic tape area and acceptance
of tape drive assignments from this area, as well as
logging certain error conditions. It also allows user
inquiries concerning the status of a job, backlog of
work to be done, availability of library routines,
etc.

FUTURE HARDWARE SYSTEM

In the fall of 1974, a very large-scale CDC 7600
system will be added to the CSCF configuration.
The two CDC 6600's and the CDC 7600 will then
be integrated into a system in which the 6600
computers will not only perform independent
processing but will handle the input/output oper-



ations for the speedier, more co nputationally
capable CDC 7G00. The new equipment is ex-
pected to increase the overall thfoughpurcapabil-
ity of thetSCF/bV atleast a^ctoTM i. With the
7600 will eoitw^rnew reithotebatch ^bb^entry
capability utilizing remote on>»tc batch process-
ing terminals operating over dedicated lines and
the ability to handle this type of terminal over tin;
dial telephone system. Oflf-site users will then be

able to access the CSCF with such terminals. In
addition, tin-site and off-site interactive processing
via keyboard terminals will be provided over the
dial telephone system; the FOCUS system will be
phased out when the interactive work load has
moved over to the new. more capable interactive
system. BKOOKNET will be continued as before, and
the OX system will be upgraded to include the
7600.

DEPARTMENT OF APPLIED SCIENCE

The programs of the Department of Applied
Science span a wide variety of topics involving ap-
plications of science and engineering and having
as a common basic goal the identification, under-
standing, and solution of technical problems of
vital concern to man for which the unique facili-
ties of the Laboratory or the special talents of its
staff are particularly well suited. Most of the work
is multidisciplinary, involving collaboration be-
tween groups both within and outside the Depart-
ment and combining disciplines as disparate as
chemistry, medicine, meteorology, and computer
science. Most of the problems studied relate to en-
ergy and/or the environment, while the remain-
der are too varied or complex to be categorized
simply. Space permits description of only a few
representative areas.

ENERGY

The Department's efforts to develop improved
sources of energy fall generally into five categories:
the production and storage of hydrogen, the devel-
opment and characterization of superconducting
materials, the engineering aspects of fusion reac-
tors, the ultimate storage of radioactive wastes
from nuclear reactors, and the evaluation and
analysis not only of specific types of reactors but of
entire regional and national energy systems.

HYDROGEN UTILIZATION

Devices that can store electric energy are of
great interest to the electric utility companies be-
cause of the cyclic nature of the electric load that
results from variations in the demand for electrical
energy with time of day and season of the year.

The need for storage devices will grow as more nu-
clear reactors are used to generate electricity, since
nuclear systems function best at constant load.

The production and storage of hydrogen and its
reconversion to electricity during periods of peak
demand are being examined. The hydrogen would
be produced electrolytically from off-peak electric-
ity and stored as an iron titanium hydride, FeTirfe.

Hydrogen can be retrieved from the storage sys-
tem by adding waste heat, to decompose the hy-
dride. It can be reconverted to electricity in a fuel
cell or high-temperature turbine, or used for many
direct combustion applications. Hydrogen storage
has been proposed for use in a hydrogen-gas-elec-
tricity conversion system that would ultimately
link electric and gas utilities. An artist's concept of
such a system is shown in Figure 1.

The largest hydride bed (or hydrogen reservoir)
built thus far is shown in Figure 2. The tubes (fore-
ground) extend into the bed in the shape of a U
and carry water for cooling it during hydride for-
mation (charging) or for heating it during hydride
decomposition (discharging). An advantap • of
using FeTiH2 is that readily available water m-
peratures can be used, e.g., 16 to 21 ° C (60 to" ' F)
during charging or 38 to 49°C (100 to 120°F) ur-
ing hydrogen recovery. A nominal discharge rate
of hydrogen of 2.5 lb/hr can be achieved with a
water flow rate of 5 gal/min. This reservoir (Fig-
ure 2) was built for the Public Service Electric and
Gas Company of New Jersey for use in a small-scale
experimental facility of the type shown in Figure 1.

SUPERCONDUCTING MATERIALS

Applications of superconducting materials to
energy conversion and transmission and to high-
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HVDRIDt BEDS

ELECTROLYZERS

Figure 1. Artist's conception of a system to "store" elec-
tricity by storing hydrogen. Electricty is used in the elec-
trolyzers to produce hydrogen, which is stored in the hy-
dride beds and reconverted to electricity in the fuel cells.

Figure 2. Compact hydrogen reservoir. The hydride bed
(horizontal cylinder in center) can store 13 lb of hydro-
gen, an amount equivalent to that in the 13 high-pressure
cylinders Hanking the reservoir. The 6.5-ft-Iong vessel is
made from 12-in. pipe and contains 894 lb of granular
FeTiH2, retained by a group of porous-metal filter tubes
connected to the gas line at the far end of the vessel.
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energy particle accelerators are being seriously con-
sidered. Prototypes of magnets using niobium-tita-
nium (Nb-Ti) alloys have been successfully made,
arid?pure'ni6bium?has; been used i n a prototype
transmission line. However, realization of the full
potehtiaibfsupercohductingmaterials in these ap-
plications appears to depend on the successful devel-
opment of conductors such as niobium-tin (Nb3Sn)
and vanadium-gallium (VaGa) compounds, which
have critical properties superior to those of Nb or
Nb-Ti. Unfortunately, these superconductors are
brittle and difficult to prepare in a useful form.

By a processing method recently developed in
collaboration with the Accelerator Department,
these brittle compounds can be formed into tapes
and fine multifilamentary composites with fila-
ments only a few micrometers in diameter; several
hundred of them constitute a 0.25-mm wire com-
posite. This process takes advantage of the fact
that a compound such as Nb3Sn can be formed at
the interface between Nb and a copper-tin alloy.
Thus a composite consisting of Nb in a Cu-Sn al-
loy matrix can be cold-worked into a desired con-
ductor configuration before heat-treating to form
the brittle compound.

Notable recent developments include the suc-
cessful fabrication of Nb3Sn multifilamentary
composite conductors capable of carrying ex-
tremely high current densities (Jc) and of Nb3Sn
composite tapes having extremely low losses at 60
Hz, the frequency usually used in ac power trans-
mission. Jc is the maximum current density that a
superconductor can carry without detectable re-
sistivity, and die measured value of Jc for the most
recently prepared wire was s 2 X 106 A/cm2 (at
40 kG applied magnetic field), twice that of any
commercial superconductor. This increase in Jc

means that a given magnetic field can be pro-
duced with less superconducting material and at
lower cost. Moreover, since the ac loss of a super-
conductor is one of the most important properties
determining the feasibility of using the material in
ac power transmission lines, it now seems reason-
able to assume that an economical superconduct-
ing transmission line can be made with a low-loss
material such as the Nb3Sn composite tape.

A possible energy source for the future is the
controlled thermonuclear reactor (CTR), in which
high-energy neutrons are generated in the fusion
reaction. Because of the high operating tempera-
tures of this reaction the reacting plasma must be
contained by very strong magnetic fields. Ir. most

CTR designs these He' J will be produced by su-
perconducting mag1 ,̂ b surrounding the plasma.
The magnets will be subjected to a radiation en-
vironment, arid the effectsi of this environment on
the superconducting properties of the magnet ma-
terialmiist be determined.

Nb3Sn, Nb3Ga, Nb3Al, and V3Ga, the super-
conducting materials most commonly used for
producing very high magnetic fields (100 to 150
kG), have the A-15 type of crystal structure. To
determine the effects of high-energy neutrons on
their superconducting properties, these materials
have been subjected to high-energy ( £ > 1 MeV)
neutron fluences up to 5 X1019 n/cm2.

In all cases studied, irradiation greatly depresses
the critical* temperature, 7"c, critical fields, Hc,
and critical currents, Ic. Tc is reduced by as much
as 85% of the unirradiated values, and drastic re-
ductions in He and Ic are also observed for high
exposures. The superconducting properties may
be restored by annealing at elevated temperatures
(75O°C) for various periods of time.

These large depressions in superconducting
properties are produced by the disorder induced
in the crystal lattice through atomic displacement
collisions caused by the incident high-energy neu-
trons. This disorder causes rearrangement of the
atoms in the unit cell, which weakens the super-
conducting mechanisms.

By measuring the positions of the atoms in the
unit cell, one can determine quantitatively how
this disorder is correlated with the superconduc-
tivity of these materials. In fact, neutron-induced
disorder has proved to be a powerful tool in study-
ing the origins of superconductivity in the techno-
logically important materials.

The data generated in this research will be use-
ful to the designers of the CTR magnets that will
contain the plasma. Knowing the exposures that
cause serious damage, the designers will be able to
incorporate sufficient neutron shielding to prevent
excessive irradiation.

The work on superconductivity is a close collab-
oration of the Physics and Accelerator Depart-
ments and the Department of Applied Science.

FUSION REACTOR TECHNOLOGY

Favorable results in recent plasma physics ex-
periments have led to a greatly accelerated pro-

"The "critical" parameters (temperature, magnetic field, and
current) represent limits that cannot be exceeded without having
the material "go normal" and lose its superconductivity.
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gram in fusion reactor technology in the United
States, and the timetable for fusion power includes
operation of several large experimental power
reactors in the 1980's. Akey component of a fusion
reactor will he the blanket in which the kinetic
energy of 14-MeV nei from deuterium-
tritium (D-T) reactions is converted to heat and
tritium is regenerated by neutron reactions with
lithium. The heat is removed by a fluid and used
to generate electricity by some type of power con-
version cycle, while the regenerated tritium is re-
moved and cycled to the plasma to replace that
consumed in the D-T reactions.

Brookhaven has developed a new type of fusion
reactor blanket with several important advantages
over previous concepts. First, the lithium in the
blanket is present as a soiid, high-temperature
compound (LiAl, LiAlO2, etc.), instead of liquid
lithium metal or salts; second, all components of
the blanket are made from material with practi-
cally zero residual radioactivity. The structural
material, for example, is a high-temperature alu-
minum alloy. This concept eliminates corrosion
problems associated with liquid lithium and al-
lows the use of proved high-temperature gas-
cooled reactor technology. Further, residual radio-
activity in the blanket can be reduced to zrlOOO
Ci in a 1000 MW(e) reactor (about one-millionth
of the activity in previous fusion reactor designs
and an even smaller fraction of the activity in fis-
sion reactors). In this way waste-disposal prob-
lems are virtually eliminated and hazards and
maintenance problems are greatly reduced.

Experiments at Brookhaven have demonstrated
that tritium can be easily extracted from the solid
lithium compound by diffusion into the blanket
coolant (helium) stream, from which it can be re-
covered by trapping. For example, granuluar LiAl
was irradiated with thermal neutrons to produce
trace amounts of tritium (~5 (iCi/g) uniformly
distributed throughout the sample. The material
was then exposed to flowing helium at a controlled
temperature in the range 400 to 650 °C, and the
tritium activity in the downstream gas was con-
stantly monitored to determine the fraction of
total tritium removed as a function of time.

Fusion energy is virtually inexhaustible and un-
limited in amount, barring thermal pollution re-
strictions. To date, it has been considered primar-
ily for electrical generation. However, Brookhaven
studies of the energy economy indicate that fusion
reactors, by providing as much as 2.1 million

MW(t) and utilizing only air and water, can meet
virtually all U.S. energy needs after 2000 A.D. by
producing synthetic fuels such as gaseous or liquid
hydrogen and metlianol at costs competitive with
those of fossil and fossil-derived fuels and thus
eliminate the need for fossil fuel. Other materials
such as ammonia, cement, iron, and aluminum
could be manufactured by fusion power, with less
impact on the environment than at present. Syn-
thetic fuel production results in economies of scale
dirough larger fusion reactor unit ratings [e.g.,
10,000 instead of 1000 MW(e) for electricity pro-
duction] and greatly simplifies the plasma physics
aspects of fusion reactors through better plasma
confinement, reduced sensitivity to plasma impu-
rities, lower magnetic field requirements, etc.

STORAGE OF RADIOACTIVE WASTES

The estimated rapid growth of commercial nu-
clear power plants will impose a serious problem
on radioactive waste management. The ultimate
storage of high- and intermediate-level radioactive
wastes from the reprocessing of fuel from various
types of reactors will become increasingly com-
plex. Protection of the environment requires con-
trol of these wastes to prevent any significant
quantity from entering the biosphere.

The fixation of existing aqueous and solid radio-
active wastes by incorporation into concrete or
concrete-polymer composites to form monolithic
blocks is being studied. Primary emphasis has
been on the immobilization of aqueous 25-yr-old
sodium nitrate waste. Such waste containing as
much as 70 wt % NaNO3 has been mixed with
cement and the resulting solid impregnated with
polystyrene. These composites have increased
strength and durability and decreased leachability
as compared with currently used waste forms.
They can withstand 60Co gamma radiation doses
of 1010 rads without noticeable chemical or physi-
cal effects. The solidification of other waste forms
such as dry nitrate waste, solid calcined waste, and
reactor and laboratory wastes is also being investi-
gated. Cooperative programs are under way with
the AEC's Savannah River Laboratory and Al-
lied-Gulf Nuclear Services for applications to their
specific waste problems.

Techniques for fixation of tritiated water in
stable solid forms are also being investigated. In
one method, tritiated water is combined stoichi-
ometrically with silicates and aluminates in hy-
draulic cement to form hydrates, and the resulting
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solid is impregnated with a monomer that is sub-
sequently polymerized in place to seal the open
pore structure and thus reduce the teachability of
tritium. In another technique, tritiated water is
reacted with calcium carbide to form gaseous triti-
ated acetylene, which can be polymerized by radi-
ation or chemical catalysts to form cuprene, an
insoluble solid material that is thermally stable to

EVALUATION AND ANALYSIS

Assistance io the Atomic Energy Commission
was provided in the form of a series ofassessments
of the impacts of new technologies on the future
development of the U.S. energy system. The pur-
pose of these assessments was to guide the budget-
ing of funds for the five-year, SlO-billion, energy
research and development plan. The Reference
Energy System, shown in Figure 3, and the Brook-
haven Energy System Optimization Model were
employed in this effort. Studies are also under way
to determine the role of intensive electrification by
the use of coal in electric power plants in reducing

Figure 3. Chart of Reference Energy System network (1985
base case projection), showing the various pathways taken
by five forms of natural resource fuel before arriving at
ten categories of end use. Flows are in 108 joules.

dependence upon imported oil. Additionally, a
study of energy utilization in the New York City
region was made under the sponsorship of the Na-
tional Science Foundation to assist planners in
evaluating the social, economic, and environmen-
tal effects of various policy options in energy use.
These studies permit the assessment of cost and
energy losses incurred throughout the energy net-
work, starting from the point of resource extrac-
tion and progressing through the refining, central-
conversion (where applicable), and end-use steps.
The environmental consequences of the various
pathways are also collated.

Technical assistance was provided to the Regu-
latory Staff of the AEC in ihe matter of the safety
of light water reactors, with emphasis on core phys-
ics and system transients. The first area includes
calculations of the space and time distributions of
power and temperature in fuel elements and cool-
ant for both normal and perturbed states of the
reactor. Specific problems considered include the
rod-drop transient, the effect of fuel densification,
and the determination of control-rod worths.

In the area of system transients a wide range of
off-normal operating conditions were considered
and the important temperatures and pressures in
the nuclear steam supply system (NSSS) were
monitored. One problem has been anticipated
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transients without scram, including transients such
as that initiated by a turbine trip. The transients
are calculated for specific models of the NSSS of
different vendors. Here, as in the core physics
work, much of the work has been directed toward
the development of calculational models and com-
puter codes needed for analysis oi' .nese safety-
related problems.

TECHNICAL SUPPORT FOR AEC

DIRECTORATE OF LICENSING

During fiscal 1974, BNL expanded its technical
support program for AEC regulatory activities.
These programs are coordinated by the newly
organized BNL Office of Regulatory Assistance,
which also is charged with suggesting additional
services which BNL can offer to the AEC regula-
tory directorates.

Within this program the Thermal Reactor
Safety Division conducts analytical studies on
safety-related questions pertaining to light-water-

Figurc 4. The power in a reactor as a function of radial
(R) and axial (Z) positions at different times I during a
rod-drop transient. Each plot is normalized to the same
total power. The rod moves along the core centerline at
3 ft/sec, which causes power peaking. An inherent nega-
tive feedback terminates the transient. After 1.0 sec, con-
trol rods move into the core to shut it down completely.

reactor commercial nuclear power stations, which
must be licensed by the AEC. Particular emphasis
has been placed on off-normal operating condi-
tions that could be of safety significance. Specific
power plants are modeled by computer programs,
and plant responses to anticipated or hypothetical
incidents are analyzed. These include such tran-
sient events as loss of electrical load by the plant and
ejection of control rods. An additional study has
been undertaken on the safety implications, if any,
of reactor cores containing recycled plutonium
fuels. The staff of this division has been increased
almost threefold during fiscal 1974 (from 6 to 17
scientists).

The Fast Reactor Safety Division, created in
fiscal 1974, will play a leading role in the safety
evaluation of fast reactors, including the demon-
stration liquid-sodium-cooled fast breeder reactor
(the Clinch River LMFBR), and a future gas-
cooled fast breeder reactor. A staff of about 20
scientists has been assembled and the analysis pro-
gram is under way.

In addition to providing direct day-to-day sup-
port to meet AEC regulatory needs, both reactor
safety divisions are developing new analytical pro-
cedures for reactor safety studies under the aus-
pices of the AEC Division of Reactor Safety Re-
search. The goal is to provide the tools needed to
evaluate future licensing applications.

Various other regulatory support activities have
included stress analysis studies of steam generators
and preparation of regulatory guides for the safe-
guarding of special nuclear materials.

Frequent conferences have been held between
BNL and the AEC regulatory staff to delineate new
programs through which BNL can provide a
wider range of technical assistance in nuclear
safety. A long-range goal of BNL is to assume a
leading role in providing technical support for die
Licensing, Operations, and Standards Directorates
of the AEC. Many BNL programs have the poten-
tial of providing services that will be needed in die
future, including advanced computing capability,
creation and management of data banks, coastal
meteorology, oceanography, energy systems anal-
ysis, biomedical assessments, and site environmen-
tal monitoring. BNL is in a unique position among
the national laboratories to provide such assistance
since it is no longer involved in any reactor devel-
opment programs and hence is free of the "conflict
of interest" problem that has beset the AEC regu-
latory functions.
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NUCLEAR MATERIAL SAFEGUARDS

Highly enriched uranium or piutonium might
be stolen to fabricate a nuclear weapon; piuto-
nium or other radioactive byproducts of nuclear
energy might become targets for radiological
threats to society. The Technical Support 'Organi-
zation at BNL, has provided tecKriicalassistence to
the AEC in developing improved safeguards poli-
cies and methods to combat such threats.

Continuing assignments are to assess the effec-
tiveness of safeguards programs at AEG contractor
facilities and at privately owned nuclear plants
and to review the AEC's safeguards research and
development contracts.

In 1971 a conceptual design for a comprehen-
sive and balanced national safeguards system was
drafted. This model system was tested through ap-
plication of the criteria to private fuel-processing
facilities and to AEC production facilities. In light
of this experience the conceptual design was modi-
fied and extended and contributed to the formula-
tion of new AEC regulations and requirements.
This iterative, upgrading procedure continues.

A number of tasks have been performed for the
AEC in support of the International Atomic En-
ergy Agency: studies of international safeguards
measures for reactors and for fabrication, reproc-
essing, and uranium enrichment facilities; studies
of IAEA manpower requirements and costs; as-
sistance in specifying requirements for and obtain-
ing portable measurement instruments for IAEA
inspectors, and participation in demonstrations in
the U.S. of methods and techniques that the IAEA
might adopt.

Brookhaven personnel, working with AEC in-
spectors, have instrumented two mobile inspection
laboratories in order to gain firsthand knowledge
of inspectors' needs and make their operations
more timely and effective.

The safeguards activity requires a combination
of physics, engineering, systems analysis, statisti-
cal analysis, assessment of physical security meth-
ods, and an appreciation of the relationship of nu-
clear material security to other areas being stud-
ied at BNL, such as reactor safety and future en-
ergy alternatives. Substantial use is made of BNL
resources.

THE ENVIRONMENT

The Department's environmental study is
broadly based and includes the atmosphere, the

Figure 5. View of a utility power-plant plume extending
the width of Long Island, as seen from a plane making
diffusion measurements.
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sea, the land and its groundwaters, and the meet-
ing place of all these phases, the estuarine marsh.

STACK PLUME BEHAVIOR

Brookhaven is a major center for study of the
behavior of plumes emitted into the atmosphere
from a point source, such as the tall stacks of fossil-
fuel-burning or nuclear power plants. This work
embraces both the chemical behavior of pollutants,
primarily the oxides of sulfur and nitrogen, and
the meteorological behavior of the plume as it is
dispersed in the atmosphere. Studies have dealt
with the rate of conversion of sulfur dioxide to
higher oxides of sulfur in plumes, of particular im-
portance in view of recent concern about the ef-
fects of these compounds on health. Experiments
are carried out aloft at tall-stack oil-burning and
coal-burning power plants with use of the isotope
ratio tracer (IRT) and the sulfur hexafluoride
(SFe) tracer methods, both developed at Brook-
haven. Effective measurements have been made at
distances up to 75 km from the source. A method
has been developed for the collection, separation,
and characterization of the sulfuric acid and var-
ious sulfates that are constituents of the end-
product aerosols. The relationship between NO
and NOX in plumes is being studied with real-time
airborne chemiluminescent monitoring methods
and an IRT system based on measurement of
14N/15N ratios. In an extension of the plume
chemistry studies, Brookhaven is participating in
the 5-year Regional Air Pollution Study being
carried out by the Environmental Protection
Agency (EPA) in the St. Louis area.

Meteorological studies involve the diffusion of
plumes from tall-stack sources over land and from
point sources located offshore, in line with the cur-
rent interest in floating nuclear power plants lo-
cated off the coast. Oil-fog and SFe, generated on
an anchored ship, are used as tracers. Observed
concentrations are correlated with a broad range
of meteorological measurements. Results to date
have shown that turbulence levels are significantly
lower over water than over land, because of lower
surface roughness and the stable condition result-
ing from the advection of warm air over cooler
water. Plumes are substantially more compact
than those observed over land, although this is off-
set to some degree by the generally greater wind
speeds over water. Indications are that the param-
eters used in atmospheric diffusion models will re-
quire substantial modification.

The SFe tracer method for following the move-
ment of gas masses through the atmosphere over
long distances has generated considerable interest
here and abroad. Its capabilities were demon-
strated as part of the Long-Range Transport and
Diffusion Study of the National Oceanic and At-
mospheric Administration; a cooperative experi-
ment carried out at the AEC's National Reactor
Testing Station at Idaho Falls. Applications are
being developed in Denmark, Israel, Eire, and
Japan. A technique developed in a program un-
dertaken for the EPA permits the calibration and
interlaboratory comparison of instruments used to
measure ambient levels of such atmospheric trace
contaminants as NO2 at the parts-per-billion level,
in periods of minutes to hours. It employs a volu-
metric method to determine the permeation rate
through a calibrated tube. With previous gravi-
metric methods, weeks to months were required to
complete a calibration.

AEROSOL BEHAVIOR

The chemistry and especially the mechanism of
formation of aerosols in the atmosphere are being
studied in an effort to understand their behavior.
Atmospheric aerosols are important factors in pre-
cipitation, visibility, the global radiation balance,
and the distribution and removal of many harmful
airborne pollutants. Areas of study include the
interrelationships among atmospheric ions, free
radicals, and neutral associations vis-a-vis the for-
mation of particulates from trace constituents of
air and the concomitant processes by which gas-
phase species become attached to or incorporated
in already existing particles. A recently completed
study involved the Junge layer, a persistent, glob-
ally distributed aerosol area in the lower strato-
sphere composed primarily of sulfate compounds.
Correlation of sulfur concentrations and 32S/34S
isotopic ratios of selected stratospheric and tropo-
spheric aerosol samples with well-documented
events of major pyroclastic volcanic eruptions dur-
ing the past ten years definitely established the fact
that volcanic emissions represented the principal
source of perturbation of the sulfate concentration
of the stratosphere.

OFFSHORE ECOLOGY

The possibility of offshore power plants has gen-
erated interest in the study of the coastal shelf.
Very little work has been done on the physical,
biological, or chemical characteristics of this re-
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Figure 6. Diagram of the coastal boundary layer transect
(COBOLT) experiment. Four fixed, submerged instrument
towers will be located at intervals from the south shore of
Long Island to a distance of 12 km. Measurements will be
made of speed and direction of the current, water temper-
ature, and salinity at four depths on each tower, and the
data will be telemetered back to shore. Supporting mete-
orological measurements will also be made.

gion. At the request of the AEC's Division of Bio-
medical and Environmental Research, a program
in coastal shelf oceanography was begun, and work
is in progress on coastal shelf transport and diffu-
sion processes, in collaboration with Woods Hole
Oceanographic Institute, and on fish eggs and
larvae studies, with the National Maritime Fish-
eries Administration. A program on coastal shelf
productivity will be carried out in collaboration
with Brookhaven's Biology Department. To round
out the project, programs are planned to study the
transfer of materials across the sea-air interface
and to establish valid mathematical models of all
these processes.

SEWAGE RECLAMATION

The feasibility of applying sewage to land as an
alternative to conventional biological or physico-
chemical treatment systems is being studied in two
programs. One, in collaboration with the Biology
and Plant Engineering Departments and sup-

ported by the Town of Brookhaven, is an investi-
gation of the effectiveness of forests, marshes, and
fields in removing contaminants from sewage and
returning potable water to the underlying aquifer.
This promises to be an effective low-cost treatment
for waste waters in this area. The other program,
supported by the U.S. Arm' Medical Research
and Development Command, is an evaluation of
the capacity of various commercially available ir-
rigation systems to returr sewage effluent to the
ground with minimum aerosol formation.

BIOGENIC SULFUR

A comprehensive study is being made of the
widely held hypothesis that most of the sulfur
compounds entering the atmosphere on a global
basis are biogenic in origin and that therefore, in
terms of sulfur compounds, nature is a greater pol-
luter of the atmosphere than man. As first steps in
the study, emissions of sulfur compounds from a
nearby salt marsh estuary are being measured,
and a laboratory investigation of the effect of
liquid-phase reactions on emissions from aqueous
solutions has been started.

OTHER PROGRAMS

The Department's remaining programs are in
varying degrees at least indirectly related to en-



crgy or the envi ronment , a l though the main em-
phasis of each makes inclusion in this th i rd cate-
gory more appropriate.

MEDICAL RADIONUCUDE DEVELOPMENT

T h e medical r adbmic l ide development ( M R D )
program, part of ihc Laboratory's interdepart-
mental program in nuclear medicine, utilizes
unique facilities to develop new and improved
radioisotupes and radiapharmaccuticals for diag-
nosis and therapy.

One highlight of the MRD program was the at-
tainment of routine operation of the ttrookhavc::
Linac Isotope Producer; the first off-site shipment
of a radioisotopc made in the BLIP took place on
October 16,1973. Dedicated exclusively to the nu-
clear medicine program, this facility is used to ex-
plore the potential of the 200-MeV proton linear
accelerator (linac) for preparing a wide variety of
radionuclidcs through simultaneous irradiation of
several targets in which spallation reactions are in-
duced with the 200- to 50-MeV protons and con-
ventional nuclear reactions are induced with the
lower energy protons. This concept was success-
fully demonstrated with the satisfactory operation
of the BLIP equipment, which involves semiauto-
matic irradiation of precisely assembled targets in
a helium atmosphere under 32 ft of shielding water
(see Figure 7).

Significant quantities of 52Fe, I23I, and I2TXe
are being prepared in the BLIP and supplied to
collaborating groups within and outside the Labo-
ratory. All three radionuclides possess nuclear
properties that will increase the amount and ac-
curacy of diagnostic information while decreasing
the radiation dose to the patient as compared with
the radionuclides heretofore available. Uses to be
evaluated include determination of the distribu-
tion of functioning bone marrow in various dis-
eased states (52Fe), perfusion and ventilation of
the lungs and cerebral and cardiac blood flow
(127Xe), and a wide variety of procedures with
iodine-labeled radiopharmaceuticals (123I).

A simple procedure involving a single inhala-
tion of a small amount of stable normal helium gas
and using inexpensive equipment was developed
to detect chronic obstructive pulmonary disease at
an early stage. This procedure measures what is
believed to be the point in the breathing cycle at
which the small airways of the lung begin to
close - the so-called closing volume. 12rXe, which
will permit sequential imaging of the pulmonary

Figure 7, The 8-in.-diam beam pipe and the 10 target
guide tubes (3 on each side) of the BLIP irradiation
chamber, seen through 32 ft of shielding water. These
water-filled, j-shaped lubes convey water-cooled targets
clamped IO continuous cables running in each liibc from
target-handling caves (not shown) at the operating floor
level down and into the 200-McV proton beam inside the
cylindrical irradiation chamber. The pressurized helium
in the beam pipe balances the hydrostatic head of the
shielding water in the guide lubes; thus, water is kept out
of the beam pipe, proton losses are reduced, unnecessary
energy degradation is eliminated, and most of the protons
are absorbed usefully in the several targets undergoing
simultaneous irradiation. This equipment, combined with
the high current and continuous mode of operation of the
linac that provides accelerated protons to the BLIP, en-
ables the preparation of usefully large quantities of radio-
nudities, hitherto available only in amounts insufficient
for practical medical applications.

system, will also be used in continued develop-
ment of this procedure to correlate regional lung
ventilation patterns with closing volumes.

Studies are continuing on 99mTc, which was de-
veloped earlier in the MRD program and is the
radionuclide most widely used today in nuclear
medicine because of its optimum nuclear proper-
ties and widespread availability. With a greater
understanding of its chemistry, it should be possi-
ble to increase the number of radiopharmaceuti-
cals into which it can be incorporated. Recent
achievements include the development of simple,
efficient kits with which a doctor can label human
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red blood cells and human serum albumin with
asm'Tc andthus make these materials generally
available to patients.

PORPHYRINSIN BKJENERGETICS

A general study of the oxidation-reduction
mechanisms of metalloporphyrins and related
compounds is being carried out in a program in-
volving theoretical and experimental physicists,
chemists, and medical scientists at Brookhaven,
Harvard University, and the Georgia Institute of
Technology. Metalloporyphyrins function as cata-
lysts in crucial energy-converting metabolic and
photosynthetic processes. This study encompasses
two broad areas: (1) the electronic structure of
metalloporphyrins and their radicals and, hence,
their chemical properties, and (2) the biological
role of porphyrin ions in metabolism and photo-
synthesis. For example, theoretical studies guided
the synthesis of a simpler substitute for the com-
plex chlorophyll found in photosynthetic bacteria.
The properties of the model were then determined
and used as guides to predict and investigate the
biological system and thus identify primary steps
in the conversion of light to chemical energy.

MEMBRANE BEHAVIOR

The Danielli-Davson model of a cell membrane
proposes a phospholipid bilayer (~70 A thick)
sandwiched between two protein layers. In 1962,
Mueller and Rudin developed a technique for
synthesizing a variety of bilayer lipid membranes
(BLM's), and by 1969 they could state that the
characteristics of these BLM's correspond in so
many ways to those of real cell membranes that
they should be considered as something more than
interesting models.

An important aspect of BLM studies has been
the characterization of their electrical properties
with the objective of quantitatively correlating ion
transport, membrane structure, and voltage-cur-
rent data. Recent experimental work in the De-
partment employs a charge-pulse technique in
which the membrane capacitance is charged rap
idly (in < 1 /isec) to a given electric potential dif-
ference between the surfaces. This voltage dien de-
cays through the conductive mechanism of the
membrane. Analysis of the time dependence of the
voltage decay yields detailed information about
the conductive mechanism.

Results thus far indicate that this experimental
technique significantly improves the state of the
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Figure 8. Comparison of the optical spectra of a natural
tetrahydroporphyrin with those of a synthetic model com-
pound. Top, the optical spectrum of a synthetic model
compound, zinc tetraphenylbacteriochlorin (solid line)
and the spectrum upon oxidation to its cation radical
(dotted line). Bottom, the corresponding spectra of bac-
teriochlorophyll, the naturally occurring, light-harvesting
pigment of photosynthetic bacteria, and its cation radical.
In both molecules, the optical changes caused by oxida-
tion closely resemble the spectral features of the in vivo
system exposed to light and thus identify formation of a
cation radical as the primary photosynthetic step. Inserts
show the structural formulas of the compounds, and the
solvent in all cases was CH2FI2.

Figure 9. Improvement of resolution of electron spin res-
onance (ESR) spectra. Top, the second-derivative ESR
spectrum of the cation radical of bacteriochlorophyll, the
naturally occurring, light-harvesting pigment of photo-
synthetic bacteria. The lower graph indicates the improve-
ment in resolution of this spectrum made possible by a
combination of new oxidation techniques and repeated
computer scanning developed at Brookhaven. These data
help to predict the reactivity of the radical. Insert shows
the structural formula of bacteriochlorophyll.
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art. Data obtained on conductance of membranes
mediated by compounds known as macrotetralides
complement data found in the literature and, in
several cases, clarify apparent anomalies.

ELECTRONIC CONDUCTIVITY OF MOLTEN SALTS

In addition to their ionic conductivity, molten
salts possess a small electionic conductivity, unde-
tectable by ordinary means, which controls im-
portant properties, such as the efficiency of elec-
trolysis, the self-discharge rate and open circuit
voltage of batteries, and the efficiency of fuel cells,
in systems containing molten salts. Under certain
circumstances the corrosion rates of materials in
molten salts are also controlled by the electronic
conductivity.

Recently a new technique was developed in this
Department to measure small electronic conduc-
tivities in the presence of large ionic conductivities.
It involves measuring the current vs the applied
potential in specially designed cells. Systems
studied have included molten lithium chloride-
potassium chloride mi: ' ures and molten sodium
chloride. In the latter .ase, when the melt con-
tained more sodium than chloride, the electrons
were found to obey Fermi statistics. Thus, the
thennodynamic properties of dissolved sodium
metal and the electronic conductivity of sodium
chloride can be described quantitatively by quan-
tum statistics. From a knowledge of the solubility
of sodium in sodium chloride the mobility of quasi-

Figure 10. Machine for installing polymer roofbolts in
mines, which incorporates the pumpable rockbolt system
developed at Brookhaven and is being designed for com-
mercial production by the Eimco Corporation. This
method of supporting mine roofs utilizes remotely in-
stalled rockbolts formed from continuous glass-fiber rov-
ing bundles bonded into a drilled hole by a polyester resin
polymerized in place. The process was successfully dem-
onstrated by the placement of 150 bolts in the White Pine
Copper Company mine in Michigan by Brookhaven per-
sonnel, under normal working conditions. The machine
shown mounts two bolting units of the type designed and
built at Brookhaven under a three-year program with the
U.S. Bureau of Mines, completed in 1973.

free electrons was obtained. Practically, these
results should be useful in prescribing operating
conditions that will foster maximum current effi-
ciency in commercial electrolysis processes.

CONCRETE-POLYMER MATERIALS DEVELOPMENT

Concrete-polymer materials, developed at
Brookhaven, are composites that are finding wide
application as new construction materials. There
are two major types, polymer-impregnated con-
crete and polymer-concrete. In polymer-impreg-
nated concrete, the more advanced system, con-
ventional precast concrete is impregnated with a
monomer that is then polymerized in place by
either gamma radiation or conventional means.
Distribution of the polymer throughout the con-
crete results in increased (by factors of 4 to 6)
compressive and tensile strengths, virtually no
water absorption, and the ability to resist corrosive
conditions and thousands of freeze-thaw cycles
without deterioration. Information developed at
Brookhaven on monomer selection, processing
methods, fundamental properties, and practical
applications has been made available to interested
persons both here and abroad. Work in this coun-
try has emphasized highway and bridge applica-
tions, in conjunction with the Federal Highway
Administration. A bridge using impregnated curb-
ing as a less costly alternative to granite is cur-
rently under construction.

Polymer-concrete, consisting solely of an aggre-
gate and a polymer, is finding use as a structural
patching material for major arterial highways,
where high traffic densities require high strength
and wear resistance and fast set times. This was
demonstrated on the Major Deegan Expressway
in New York City, where an entire bridge deck
was repaired and reopened to traffic in one 5-hr
shift. Further work is being done on the Express-
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way, in collaboration with the New York State
Department of Transportation. An active program
is also under way to transfer this technology to
federal sand state transportationagencies. Poly-
mer-concrete is also being investigated as a con-
struction material for lining pipe and vessels de-
signed to handle hot corrosive brines in the geo-
thermal energy program. A demonstration pro-
gram, sponsored by the National Science Founda-
tion, with the city of Baltimore and an industrial
concern will utilize the technology to convert
glass bottles recovered from municipal solid waste
to corrosion-resistant glass-polymer sewer pipe.

Fundamental studies have been aimed at modi-
fying the brittle nature of polymer-impregnated
concrete, while retaining its high strength and
elastic modulus. The use of steel as aggregate or
the incorporation of a small volume of steel fibers
has resulted in composites having slow, controlled
fracture modes.

STRESS ANALYSIS

Stress analysis has been performed recently in
the following areas:

1. Liquid Metal Fuel Breeder Reactor. A paper
is being prepared summarizing the evaluation of
code case effects in piping systems and the appli-
cation of fracture mechanics to the prediction of
piping failures, and another paper will describe a
finite element piping code for use in further analy-
sis of these systems.

2. High-Temperature Graphite Reactor. Stress
analysis methods dealing with the nonlinear and
anisotropic graphite fuel elements and theoretical
formulations for core seismic response are being
used in evaluating this system.

3. Steam generator tubes. Steam generator
failure is being analyzed in terms of leaking or

severed tubes over a 40-year reactor service period,
and studies will be undertaken to identify the
principal sources of variability or uncertainty in
the service life of tubes.

4. Tailing dams. Computer methods to predict
whether,-arid where, tailing dam failure might oc-
cur combine stress and flow calculations in a single
finite element code by finding the phreatic sur-
face, calculating from this the pressures due to flow
and gravity, and using these pressures in conjunc-
tion with the Coulomb-Navier criterion.

5. High Flux Beam Reactor. The spent-fuel
shipping cask was analyzed for safety according to
specified criteria.

6. Superconducting power transmission lines.
The stress condition in coaxial cable at very low
temperatures was analyzed because of the impor-
tance of minimizing stresses on the delicate super-
conducting elements, and the presence of large
differences in thermal expansion coefficients in
various components such as copper and poly-
ethylene.

7. Controlled Thermonuclear Reactor. Com-
ponents analyzed included the blanket system,
various magnets, and the magnet support system.

TRACE ELEMENT ANALYSIS

A facility was set up to determine the concen-
trations of elements occurring in very low quanti-
ties in samples taken in studies of environmental
pollution, biological problems, and human disease.
Samples of human tissue from autopsies are being
examined in an attempt to correlate trace element
concentrations with tissue function and/or patho-
logical condition. Protons are used to excite char-
acteristic x-ray fluorescence, and the facility will
ultimately handle about 500 samples per week
inexpensively.

BIOLOGY DEPARTMENT

The aim in modern biology is to understand the
physical and chemical basis of the myriad proc-
esses that take place in living cells and organisms.
Such fundamental knowledge is essential for a
rational approach in areas of common concern
that relate to biology, such as human health, agri-
culture, and protection of the environment.

Ultimately, the determination of biological
structure and function rests in the genetic material,
that is, DNA. Considerable effort is therefore fo-
cused on the synthesis and reactions of DNA
within cells and on the mechanisms by which DNA
determines the nature of RNA and protein. The
control of gene function in the development of
multicellular organisms and the influence of en-
vironmental factors in this process constitute an
area of increasing interest in the Department.
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Structural studies of the components of living
cells at various levels of organization - from pep-
tides to protoplasts - are being carried out with
use of a variety of novel techniques. These studies
are basic to the understanding of processes ranging
from photosynthesis in plants to blood coagulation
in human beings. Communities of organisms also
have structure, and the analysis of this structure
and the interrelationship of component parts un-
derlies the ecological program of the Department.
Of particular practical interest are studies on the
effects of environmental intrusions, such as ion-
izing radiation and chemical pollutants, on indi-
vidual organisms and their communities.

Progress in these areas is documented in the fol-
lowing brief summaries of results obtained during
the past two years.

GENETICS AND BIOCHEMISTRY OF VIRUS DEVELOPMENT

Bacteriophage T7 is a small virus that infects
Esckerichia coli cells. When a virus particle comes
in contact with a cell, the T7 DNA is injected into
the ceil. The enzymes of the host cell interact with
the T7 DNA and new T7 proteins begin to be
made. Some of these new proteins act to turn off
the synthesis of host RNAs and proteins and to
convert the metabolism of the cell entirely to the
production of new virus particles. The first steps
in this process were studied by using mutants that
delete parts of the T7 DNA. The positions of the
deletions were mapped both physically and geneti-
cally, and the effect of each deletion on the syn-
thesis of T7 RNAs and proteins was determined.
In this way it was possible to physically map the
T7 RNAs and proteins specified by the leftmost
20% of T7 DNA and to study the role of these T7
proteins in normal infection.

The leftmost 20% of T7 DNA is referred to as
the early region because the RNAs and proteins
specified by this part of the T7 DNA are the first
to be made after infection. Five early messenger
RNAs are made, synthesized by the host RNA
polymerase enzyme. Purified E. coli RNA polym-
erase can also synthesize RNA from purified T7
DNA in the test tube, but, when this is done, long
RNA molecules that cover the entire early region
of T7 RNA are made instead of the five shorter
RNAs observed in the cell. Another E. coli enzyme
(RNase III) was found to cut these long RNAs at
five specific sites to generate the early messenger
RNAs normally observed after infection. This en-
zyme was purified and its properties were studied.

When T7 infects a mutant of E. coli that lacks
RNase III, the early messenger RNAs of T7 re-
main uncut and the long RNAs are found. Thus,
the first steps in the expression of T7 genetic in-
formation are sufficiently understood to be accu-
rately reproduced in the test tube with purified
components.

DNA UPTAr*: I N GENETIC TRANSFORMATION

Pneumococcal bacteria can be genetically trans-
formed by DNA taken up from outside the cells. A
number of mutant strains that had lost the ability
to be transformed were isolated. Analysis of these
mutants revealed two distinct steps in the process
of DNA uptake. In the first step DNA is bound to
the outside of the cell surface. This step, which ap-
pears to require energy, is blocked in one class of
transformation-defective mutants. The second step
involves entry of bound DNA into the cell. This
step is blocked in another class of transformation-
defective mutants. The latter mutants bind DNA
to the outside but cannot introduce the bound DNA
into the cell. Such mutants lack a particular cel-
lular enzyme, a deoxyribonuclease, that can de-
grade DNA.

The results support a mechanism for DNA en-
try in which a deoxyribonuclease sequentially de-
grades one strand of the incoming DNA while the
complementary DNA strand is brought into the
cell as a consequence of the enzymatic attack on
its partner. It was previously shown that newly in-
troduced DNA is, in fact, single stranded and that
equivalent amounts of DNA fragments appear
outside the cells. Thus, the deoxyribonuclease in-
volved in DNA entry may act as a DNA trans-
locase, an enzyme that transports DNA into the
cell.

DNA CONTENT A N D EVOLUTION IN PLANTS

Data on nuclear and genome volumes of more
than 1000 species of higher plants were examined
for possible evolutionary trends. Logarithmic fre-
quency distributions of genome volume (i.e., nu-
clear volume divided by the ploidy) or DNA con-
tent per genome within higher plant families, e.g.,
the Gramineae, show a series of peaks that indi-
cate an apparent sequence of doublings. Similar
distributions were observed in other groups, such
as fungi and bacteria. The results suggest that
evolution proceeds, in general, by means of a se-
ries of doublings of DNA from a basic ancestral
genome, a process called cryptopolyploidy.
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Figure I. DNA content of related plant species. Loga-
rithmic distribution of genome volumes (GV) and DNA
content per genome (fl.V.t/C) for 76 grasses. Arrows in-
dicate mean GV for species within each group.

CONTROL OF THE MITOTIC CYCLE I N PLANTS

The amount of nuclear DNA in cells of mature
plant root tissue was found to be biologically de-
termined in two ways. First, in some species the
mcristematic or dividing tissue is comprised of two
distinct cell populations. One produces progeny
destined to mature as cells arrested in their mitotic
cycle prior to DNA replication and, therefore,
containing a diploid complement of DNA (2C
amount). Another population produces cells that
differentiate with a 4C amount; that is, they are
arrested in their mitotic cycle after replication. In
such plant species, the 2C cells are preponderant.
Second, other plant species have in addition to the
two predestined populations a third group of cells
that can mature with either a 2C or a 4C amount
of nuclear DNA. The amount depends on a factor
that originates in the cotyledon and is transported
down the root to the tip where, if it is present con-
tinuously, the responsive cells eventually mature
with a 4C amount of DNA. If the factor is ab-
sent, the responsive cells still mature, but with a
2C amount of DNA. The discovery of the factor
from cotyledons and its biological effects in the
root-tip meristem furnishes an example of how the
metabolism of one organ produces substances that
influence the cytology of another.

PLANT CELL GENETICS

Model systems for studying higher plant genetics
at the single cell level are being developed. These
systems include haploids and hybrids that are par-
ticularly suitable materials for growth in cultuie
as somatic tissues or as single cells in suspension.
Systems were obtained that are highly efficient in
producing viable cell colonies, can be selected on
chemically defined culture media for specific ge-
netic variants, and are readily differentiated into
whole plants. These systems are being used pri-
marily (1) to produce plants with higher levels of
specific amino acids or other altered biochemical
characteristics, and (2) to study the genetic control
of plant differentiation.

PHOTOPERIODISM

Many processes, and particularly reproduction,
in both plants and animals are environmentally
controlled through photoperiodism, a response to
the timing of light and darkness. In plants, photo-
periodism involves both endogenous circadian
rhythmicity - the so-called biological clock - and
a light-absorbing protein, phytochrome, but the
nature of their interactions is unknown. In a new
approach, the patterns of carbon dioxide output
by photoperiodic plants under sterile conditions
have been studied on schedules combining light of
different wavelengths with various periods of dark-
ness. Interactions analogous to those found in
photoperiodism can be identified in such patterns.
Furthermore, these interactions can be modified by
compounds affecting amino acid metabolism. The
purpose of this work is to obtain a more thorough
understanding and control of photoperiodism in
terms of its underlying biochemical components.

FINE STRUCTURE OF PLANT CELLS

The scanning electron microscope was used to
study fine details of the surface morphology of a
variety of biological specimens. The external sur-
faces of freshly isolated plant protoplasts viewed in
this way either were studded with numerous small
blebs extending from the plasma membrane or
were relatively smooth. The character of the sur-
face may reflect the physiological state of the par-
ticular protoplast or may be related to the cell type
from which the protoplast was derived. Fragments
of undigested cell wall were frequently seen adher-
ing to the outer surface of the protoplast.

Methods were devised to view organdies of the
cytoplasm in plant and animal cells with the scan-



Figure 2. Scanning electron micrograph of protoplast iso-
lated horn Amaryllis petal. Numerous small blebs extend
from plasma membrane surface. Patch of adhering cell
wall can be seen at left. (HOOx.)

ning electron microscope. If two micrographs of
specimens are taken at slightly different angles, the
cell contents can be viewed stereoscopically to some
depth within the cytoplasm.

SCANNING TRANSMISSION ELECTRON MICROSCOPY

A 100-kV scanning transmission electron micro-
scope (STEM) with better than 2-A resolution and
high information-collecting efficiency is under con-
struction. The STEM is superior to the conven-
tional electron microscope in producing images of
unstained biological molecules and single heavy
atoms with minimum alteration of the specimen
by radiation damage. The STEM facility will be
used jointly by the Brookhaven scientific staff" and
scientists from other institutions. The prototype
STEM built at the University of Chicago demon-
strated 3-A resolution and was able to produce an
image from single atoms as light as silver. This
instrument can be used to "weigh" single unstained
DNA molecules and virus particles by taking ad-
vantage of the quantitative relationship between
electron scattering intensity and mass.

Construction of the Brookhaven STEM is near-
ing completion. The electron source and 100-kV
accelerating system are operating at 10-10Torr
and undergoing final testing, while the short focal

Figure 3. Scanning electron micrograph of cytoplasm of
cell of corn root, showing large nucleus and several smaller
organelles. (9000X.)

length magnetic objective lens, specimen stage,
and specimen-changing air lock are being con-
structed in the Instrumentation Division's machine
shop. In addition, a small computer system to an-
alyze the STEM output is being designed.

NEUTRON-SCATTERING ANALYSIS

OF BIOLOGICAL STRUCTURES

Neutron-scattering studies on the oxygen-bind-
ing protein of muscle, myoglobin, were extended
to determine structural changes on binding of
carbon monoxide. The density map, derived from
more thai 10,000 reflections, snowed that the bind-
ing of carbon monoxide introduced changes in the
heme component and in hydrogen bonding that
are relevant to understanding the reaction mecha-
nism of myoglobin. Structural studies of the influ-
ence on binding of pharmacological agents such as
dichloromethane showed that considerable confor-
mational change accompanies relatively small
changes in the uptake of carbon monoxide.

The different neutron-scattering powers of hy-
drogen and deuterium were used to study a num-
ber of large biological complexes. The structure of
a model membrane was determined by H2O, D2O
exchange, which elucidated the lipid bilayer and
located bound water within the structure. Similar
studies were performed on photoreceptor mem-
branes to determine the structural role of rhodop-
sin in the light transcription process. To improve
these low-angle studies a large two-dimensional
position-sensitive counter (a proportional 3He
counter equivalent to 8000 individual counters
with a sensitivity of >80% and a spatial resolution
of 2.5 mm) was developed. This novel counter is
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bdngjused to analyze the structure of ribosomes dif-
ferenHaU^ Iailae3 with hydrogen and deuterium.
Current findings indicate that the RNA and pro-
teins are riot uniformly distributed; in the 50-S
subunit the proteins are concentrated at the active
site on the surface of the RNA cluster, while in die
30-S subunit the proteins surround the RNA like a
shell. Data collection from weakly scattering bio-
logical systems was further improved by the devel-
opment of a new artificial monochromator made
by vacuum deposition of two different metals such
as manganese and germanium to form a one-
dimensional crystal. These monochromators have
a variable-width wavelength band and are highly
efficient.

S'JPRAMOLECULAR STRUCTURE

A neutron-scattering method for determining
the quaternary structure of enzyme complexes was
tested with use of the allosteric enzyme aspartate
transcarbamylase. This enzyme contains six regu-
latory and six catalytic subunits, and hybrids have
been made in which one type of subunit is deu-
terated and the other is hydrogenated. Since neu-
trons are scattered very differently by deuterated
and by hydrogenated proteins, a comparison of
the neutron diffraction patterns of the two hybrids
and of the all-deuterated or all-hydrogenated
forms should provide substantial information about
the enzyme's quaternary structure, i.e., the ar-
rangement of its subunits. Preliminary diffrac-
tion data indicate two possible (alternative) ar-
rangements of the subumts, one of which is known
to be correct from x-ray crystallographic studies.

In an investigation of membrane structure, pho-
tosynthetic membrane vesicles (chromatophores) of
Rhodospirillum rubrum were studied. Discrete x-ray
reflections were obtained from centrifuged pellets,
and new computational techniques were devised
for analyzing this kind of data by the method of
swelling stages.

PROTEIN STRUCTURE AND FUNCTION

To understand how enzymes function, a new
type of protein chemistry known as affinity label-
ing has been developed. Small reagents are de-
signed to be like normal substrates but, in addi-
tion, to be capable of attaching themselves to func-
tional groups of enzymes by forming covalent
bonds. The enzyme is thus inactivated, and the
essential group can be identified. A variety of prc-
teolytic enzymes, which function in blood coagu-

lation, clot lysis, hormone formation, and other
regulatory processes, were studied. The results
show that although die various enzymes are differ-
ent molecular'entities, they are fundamentally
similar catalysts. Because the inactivation of a
given proteolytic enzyme may be of therapeutic
usefulness, the ability to devise a reagent capable
of selective inactivation in vivo is another goal of
this research. It was found that considerable speci-
ficity of inhibition can be achieved with the syn-
thetic reagents.

BRAIN PEPTIDASES

Bradykinin, a hormone that affects blood pres-
sure, has the peptide structure Arg-Pro-Pro-Gly-
Phe-Ser-Pro-Phe-Arg. Two endopeptidases that
hydrolyze bradykinin were isolated from rabbit
brain and detected in other tissues. The enzymes
hydrolyze bradykinin at the Phe5-Ser6 and Pro7-
Phe8 peptide bonds, respectively. Native or de-
natured proteins are not hydrolyzed, and the en-
zymes show selectivity for analogues and fragments
of bradykinin. A peptide analyzer system based on
the amino acid analyzer was developed to identify
and quantitate the hydrolysis products of brady-
kinin. In addition to having a possible ole in the
metabolism of peptide hormones, enzymes of this
type may be important in protein turnover within
the cell.

PANCREATIC TRYPSIN INHIBITORS

The pancreatic secretory trypsin inhibitor was
isolated from human pancreatic juice and post-
mortem tissue. The amino acid sequence of the in-
hibitor was determined and compared with homol-
ogous inhibitors from bovine and porcine pan-
creas. Differences in the amino acid sequence at
the reactive site of the human inhibitor are be-
lieved to be responsible for the fact that human in-
hibitor, but not inhibitors of bovine or porcine
origin, can inhibit human pancreatic trypsin.
Radioimmunoassays have been developed for
bovine and human inhibitors which may be of
diagnostic value in man.

CHLOROPHYLL-PROTEINS AND PHOTOCHEMICAL

REACTION CENTERS

Crystals of bacteriochlorophyll-protein (Bchl-
protein) (MW= 150,000) from the green photo-
synthetic bacterium Chlorobium limicola were ex-
amined by x-ray diffraction and found to contain
two macromolecules per unit cell. From the sym-
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metry properties of the unit cell it was deduced
that each macromolecule consists of three identi-
cal subunits, each containing seven Bchl molecules.

Bchl-reaction-center (Bchl-RC) complexes
(MW s l . 5 million) from green bacteria contain
Bchl-protein, carotenoid, cytochrome c, and reac-
tion-center Bchl. Each Bchl-RC complex appears
to contain four or five Bchl-protein macromole-
cules for a total of 84 to 105 Bchl molecules per re-
action center. Comparison of low-temperature-ab-
sorption and circular-dichroism spectra of Bchl-
protein with those of the Bchl-RC complex sug-
gests that both absorption and circular-dichroism
spectra of the complex are linear combinations of
the spectra of Bchl-protein and a new reaction-
center chlorophyll protein.

PHOTOSYNTHETIC PIGMENTS IN AlGAE

The dinoflagellate algae are one of the three
dominant phytoplankton groups responsible for
primary productivity in the oceans. They utilize a
carotenoid, peridinin, as the principal light-har-
vesting pigment for photosynthesis. A group of six
peridinin-chlorophyll a proteins, each having a
distinct isoelectric point, were isolated from Am-
pkidinium carterae. Two of these proteins were ob-
tained in amounts sufficient for comparison of
their ammo acid compositions. The two proteins
differed in composition by only a single arginine
residue. Both proteins contain 9 peridinin and 2
chlorophyll a chromophores per molecule.

ELECTRON TRANSPORT AND ION MOVEMENTS

IN CHLOROPIASTS

Photosynthesis in higher plants takes place with-
in the chloroplasts, which are composed of green
membranes containing chlorophyll and other pig-
ments. Electron transport reactions take place be-
tween these pigments under the influence of light,
and in consequence ions are selectively moved
across the membranes. The electron and ion flows
indirectly yield the reducing and phosphorylating
power necessary for the fixation of CO2 into sugars.

Electron transport processes were studied by
kinetic and steady-state spectrophotometry, since
the uptake or loss of electrons by a pigment alters
its absorbance spectrum. An on-line computer was
used in conjunction with a specially designed scan-
ning spectrophotometer to resolve complex kinetics
and overlapping absorbance bands. Light-depen-
dent changes in the activities of the ions H+, Na+,
K+, Mg2+, and Cl~ in a chloroplast suspension

were simultaneously monitored by ion-specific
electrodes. Progress was made in determining the
pathway of electrons in photosynthetic electron
transport and in identifying the points at which
electron flow is coupled to the movement of ions.
In particular, the relative contributions of the var-
ious ions to the overall ion movement were assessed.

RESPONSE OF PLANTS TO IONIZING RADIATION

Acquisition of data for additional species al-
lowed the extension of the inverse relationship be-
tween interphase chromosome volume (ICV = nu-
clear volume/chromosome number) and radio-
resistance of both herbaceous higher plants and
ferns at various survival end points. A direct rela-
tionship between nuclear volume and the time of
manifestation of radiation-induced death was ob-
served. Although ICV appears to be the principal
determinant of radiosensitivity, other variables
have been shown to influence the level of response
obtained after a given dose. Growth inhibition and
survival studies with barley indicated two or three
ranges of exposure rate with alternating trends of
radiation response. Dependence of mutation induc-
tion in Tradescantia on dose-rate range was also dem-
onstrated. Dose rates below an optimum range show
a decreasing effectiveness per rad for a given dose.

The relative biological effectiveness (RBE) of
neutrons (compared with that of x rays) was de-
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Figure 4. Mutagenic effects of environmental pollutants.
Pink mutation rates induced in Tradescantia stamen hairs
were measured after 6-hr exposures to various gases. Rela-
tive effects of 10 and 50 rads of x rays are also indicated.
(Control rates have not been subtracted.)
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termined for the blue-to-pink mutation rates in
Tradescantia stamen hairs. RBE values ranged from
10.4 to 47.6 and were strongly dependent on both
dose and neutron energy. Dose-rate effects were
found for x rays but not for neutrons. The oxygen
enhancementratio (OER) determined for x rays
was 3.2. In. contrast, the OER for neutrons of dif-
ferent energies ranged from 1:32 to 1.68, were only
weakly influenced by neutron energy, and ap-
peared to be independent of dose. The data ap-
pear consistent with expectations derived from
microdosimetric considerations.

PLANTS AS MONITORS FOR ENVIRONMENTAL MUTAGENS

In the past few years efforts have been acceler-
ated to detect and identify the most serious or
most toxic environmental pollutants and to assess
their real or potential hazard to biological systems.
The very sensitive Tradescantia plant somatic mu-
tation test system is being exploited to study the
genetic effects of various physical and known or
suspected chemical mutagens. The objectives are
to elucidate factors influencing the sensitivity of
biological systems to these chemicals and to assess
the usefulness of the plant genetic test system as a
monitor for environmental mutagens. Recent stud-
ies of mutations induced in Tradescantia flowers by
exposure to gaseous chemicals indicate that atmo-
sphfric oxidants such as ozone and SO2 are at most
very weak mutagens, whereas the gasoline addi-
tives rthylene dibromide and trimethyl phosphate
appear to be fairly potent mutagens.

ECOLOGY

The focus of research in ecology continues to be
the structure and function of ecosystems. Three
programs are under way: a study of terrestrial eco-
systems using the irradiated forest, a study of an
estuarine marsh, and the experimental eutrophi-
cationof terrestrial and aquatic ecosystems with
sewage. Continued studies of the previously irradi-
ated forest have substantially advanced our under-
standing of the process of biotic impoverishment,
die series of changes now occurring worldwide as
the earth's biota are reduced. The studies in Flax
Pond have revolutionized our understanding of
the function of coastal marshes, especially with re-
spect to their influence on the chemistry of coastal
waters. Flax Pond has a powerful effect in remov-
ing organic matter from the tidal waters that flush
it, and it also affects the nutrient cycles of sulfur
and nitrogen. In the eutrophication program sub-
stantial advances have been made in developing
biotic systems for treatment of sewage. The most
promising systems will doubtless be combinations
of marshes, ponds, and terrestrial communities.
These systems appear to offer a method of sewage
treatment with a minimum input of fossil fuel en-
ergy and with the possibility of recovering both
water and nutrients for reuse. A general interest in
world cycling of toxins was pursued with further
work on cycling of DDT residues. The fact of
world cycling was conclusively established, and
the limits of rates of transfer through the air into
the oceans were more precisely defined.

CHEMISTRY DEPARTMENT

Research in the Chemistry Department encom-
passes the classical fields of chemistry - analytical,
inorganic, organic, and physical - and in addition
some specialized programs in nuclear, radiation,
and hot-atom chemistry. The overall aim of the
experimental and theoretical work carried out by
chemists is to determine the properties of nuclei,
atoms, and molecules and to understand how they
react. Special facilities. vailable at the Laboratory,
such as the Alternating Gradient Synchrotron,
High Flux Beam Reactor, Medical Research Re-
actor, and large computers, are used in most of

the studies. In addition, the Chemistry Depart-
ment operates three accelerators in support of its
research program.

Electron Van der Graaff. This accelerator is dedi-
cated to the radiation chemistry program. The
machine's most useful characteristic is its reliabil-
ity and stability in delivering beam currents rang-
ing in intensity from 0.1 /*A to 50 mA. The pulse
length delivered is variable from 1 /isec to a con-
tinuous beam.

Febelron. This facility, which is also used for
radiation chemistry research, is capable of deliver-
ing up to 5000 A of current of 1.9-MeV electrons.
These pi/ises, which have a width of 80 nsec, are
available once every few minutes.
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60-in. Cyclotron. The nuclear medicine and hot-
atom chemistry programs of the Chemistry De-
partment are the principal users of the cyclotron.
It is an azimuthally varying field device and can
deliver tens of microamperes of protons, deuterons,
and heUum-3 and helium-4 ions with varying en-
ergies up to 38,24,65, and 48 MeV, respectively.

Much of the emphasis in the research program
is placed on the application of nuclear and radio-
chemical techniques to the solution of chemical
problems and to the study of the nature and inter-
actions of radiation, particles, and atoms with
other atoms and molecules.

Many of these research programs complement
and extend work in the life sciences and physics,
and a number are multidisplinary because of com-
mon interests shared by scientists in other BNL
Departments. Many of the techniques and fields
of expertise encompassed by the Department's
programs are being extended and applied to basic
research problems related to energy.

Nuclear chemists are studying the properties
and reactions of nuclei in a number of ways. Prod-
ucts, usually radioactive ones, resulting from the
irradiation of target foils in high-energy accelera-
tors are measured and their properties determined.
From this kind of information, details of the indi-
vidual nuclear reactions that take place are de-
duced and information about nuclear properties is
obtained. Many reactions of this type have their
counterparts in natural processes occurring in the
stars and in space. Thus information about these
types of nuclear reactions obtained in the labora-
tory, combined with observations concerning the
nature of radiation emitted from stars and the dis-
tribution of radioactive species in meteorite and
lunar materials, allows a test of theories about on-
going nuclear processes and the history of diese
bodies.

Because one can measure extremely small
amounts of radioactivity, the use of radioactive
tracers as probes to study chemical reactions and
as a means for sensitive, nondestructive methods of
chemical analysis is an extremely valuable and
widespread technique. In addition, because the
radiation emitted during the radioactive decay
process is penetrating, the use of radioactive chem-
ical compounds that concentrate in specific organs
to illuminate inaccessible areas is an important
and growing field of study. These and other uses of
radioactivity are continually applied to new
problems.

The High Flux Beam Reactor provides crystal-
lographers in the Chemistry Department with the
means, available in very few places, of determin-
ing crystal structures with neutron beams to ex-
tend and complement similar studies using x rays.
Since hydrogen atoms can be accurately located
with neutron beams, but not with x rays, the com-
bination of the two methods yields the structural
arrangement of all the atoms in a molecule. This
technique is especially useful in the determination
of the structure of biologically important com-
pounds in which hydrogen atoms play critical
roles. In addition, the scattering of neutrons by
atoms can yield information about dynamic proc-
esses taking place in crystal lattices, and this
method is currently used to investigate theories of
ferromagnetism.

The usual techniques used to study chemical re-
actions are limited to the investigation of stable
species or relatively long-lived intermediates. To
gain a fuller understanding of the primary reac-
tions involved in chemical reactions requires the
development of methods to produce, detect, and
measure very short-lived unstable species. Ener-
getic radiation can cause bond rupture in mole-
cules, and the fate of the fragments thus produced
is important to all branches of chemistry. This
technique also provides one of the best methods of
generating and studying chemical species impor-
tant in biochemical reactions. At present, studies
of the effects of electron beams on different chemi-
cal systems are being actively pursued.

At the low end of the energy spectrum are the
reactions that occur concurrently with the transfer
of kinetic energy when molecules and ions under-
go collisions. The way in which these reactions oc-
cur and the energy distribution in the resulting
chemical species are also being investigated. One
valuable extension of these studies has been die
development of techniques that allow the identi-
fication and analysis of structures of minute
amounts of material of biochemical interest.

The following profiles provide a sampling of the
areas under study.

THE BROOKHAVEN
SOLAR NEUTRINO EXPERIMENT

Nuclear reactions, in which hydrogen atoms are
converted into helium atoms, are the source of the
sun's energy. Because the temperature necessary
to sustain these reactions is high enough only in
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the core of the sun, the only direct nuclear reac-
tion products produced in the fusion process that
are penetrating enough to escape from the sun and
be detectable on earth are neutrinos. All other fu-
sion products are absorbed and converted into
heat.

The Brookhaven solar neutrino experiment was
designed to observe the solar neutrino radiation
and to test the theories that predict details of the
fusion reaction chain, the temperature, pressure,
and interior structure of the sun. Neutrinos are ob-
served by their interaction with 3 rGl to produce
37Ar, which is radioactive. Since neutrinos have
an extremely small interaction probability, 100,000
gallons of target material (C2CI4) is used to pro-
duce the few argon atoms per day which are pre-
dicted. Additional details of the experiment are
described in the 1970-72 issue of Brookhaven High-
lights.

Measurements extending over a period of six
years have shown that the solar neutrino flux is
lower than expected from theoretical models of the
sun. Current theoretical models using the standard
input data, solar composition, mass, age, and lu-
minosity, and the accepted laboratory measure-
ments of the nuclear reaction cross sections, pre-
dict a neutrino capture rate in 37G1 of 5.8 SNU
(SNU = solar neutrino unit = 10~36 captures/
sec/37Cl atom). Solar neutrinos have not been ob-
served in the Brookhaven experiment, but the
measurements have yielded a firm upper limit, set
at 1 SNU, to the solar neutrino flux.

The low flux of neutrinos from the sun estab-
lished by the experiment has stimulated a number
of astrophysicists to reinvestigate the fundamental
aspects of the structure and evolution of the sun.
There are at present three possible explanations of
the low neutrino emission. The sun could be de-
pleted in heavy elements in its interior. If this is so,
the sun was formed of hydrogen and helium, and
at a later time the heavy elements were added to
its surface. The added material, high in heavy ele-
ments, has not been mixed into the interior. An-
other mechanism proposed presumes that the sun
was formed while spinning very rapidly. During
its lifetime it has gradually been slowing down
through the loss of angular momentum into solar
wind particles. This theory would predict that only
the inner !0% of the solar mass is now spinning
rapidly. A third explanation being actively dis-
cussed is that the energy generation processes and
the sun's luminosity are periodic. Presumably the

sun is now in a stage of low energy production. If
this theory is valid it would provide a ready expla-
nation of the periodic glaciation of the earth.

The calculated sensitivity of the Brookhaven
solar neutrino detector is dependent upon know-
ing the>:neutiihacapture':CTras:sectibn of STC1 as a
function of the energy..The cross section used is
deduced theoretically and this calculation is con-
sidered to be extremely reliable. In view of the
unique character and the important implications
of the Brookhaven experiment, it is generally
thought that a measurement of the neutrino cap-
ture cross section in 37C1 should be made. A joint
experiment with Purdue and Northwestern Uni-
versities is being planned at the Los Alamos meson
facility. This experiment will use the neutrinos
from [i+ decay that are produced when the full
beam of the 800-MeV accelerator strikes the beam
stop. Background studies are in progress.

Another solar neutrino detector system being
studied involves the capture of neutrinos in 7Li to
produce 7Be (half-life, 53 days). This reaction is
chosen because of its high cross section to the rela-
tively low energy neutrinos from the H+e~+
H —* D + v reaction, which is an initiating reac-
tion in the proton-proton chain. The 7Li neutrino
detector, if experimentally feasible, can resolve the
crucial question of whether the basic reaction is
occurring in the sun. Studies are being made of
methods of extracting a few atoms of 7Be from
large quantities of concentrated lithium chloride.
A major difficulty to be overcome is the develop-
ment of a sensitive low-background counting tech-
nique for measuring 7Be activity. If the 7Li detec-
tor system proves feasible, a large-scple detector
employing 120 tons of LiCl will be proposed.

It is generally believed that stars at the end of
their evolution become sufficiently hot in their in-
teriors to convert photons into neutrinos and anti-
neutrinos. When this stage is reached the star sud-
denly collapses to form a neutron star. The event
is the familiar supernova explosion, and the col-
lapsed object is finally observed as a pulsed radio-
source, a pulsar. It is important to have :he highly
sensitive Brookhaven detector in operation to ob-
serve the neutrino flux when a stellar collapse oc-
curs. One experimental run in which the detector
was exposed from July 7 to November 5, 1972,
showed 37Ar activity about fifteen times higher
than the average of other runs. It is conceivable
that the increase was attributable to an intense
pulse of neutrinos during the period of exposure.
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However, no other astronomical events that could
be regarded as neutrino sources were observed in
this period. On January 4, 1974, a possible pulse
of antineutrinos 2.6 nsec long was observed by an
antineutrino detector operated by the University
of Pennsylvania in the Homestake Gold Mine.
This event also has not been correlated with any
other astronomical observation, A search was im-
mediately made for 37Ar in the Brookhaven neu-
trino detector. None was found, and it appears
that the flux of neutrinos accompanying the event
was at least four times lower than the antineutrino
flux. Further searches for possible pulsed sources
of neutrinos will be made in conjunction with the
continuing program to detect solar neutrinos or, if
one is reported, a special event.

HIGH-ENERGY NUCLEAR REACTIONS

Almost all studies of high-energy nuclear reac-
tions in complex nuclei have been carried out by
using protons with kinetic energies up to 30 GeV
as incident particles. Recently a number of accel-
erators have been built or modified to provide
beams of 300 to 400-GeV protons, 300-MeV pions,
800-MeV pions, and very energetic heavy parti-
cles such as 28-GeV 14N ions. Results from experi-
ments with these projectiles are being used to test
and improve the model of high-energy reactions
developed for protons of up to 30-GeV kinetic
energy.

Extension of proton-induced reaction studies to
the 300 to 400-GeV energy region has been made
at the Fermi National Accelerator Laboratory
with use of both the mica track detector method
and radiochemical techniques. In the former
method fragments with mass > 30 are recorded
and the results used to measure the probability for
binary and ternary fission, single fragment pro-
duction, and forward/backward ratios for all
these events. In the radiochemical studies, yields
of individual radioactive species are measured,
and for light and medium-weight targets a good
picture of product distributions is obtained for
spallation-type reactions. Both types of experi-
ment indicate that no drastic changes in the fission
and spallation mechanisms of high-energy nuclear
reactions are coming into play between 30 and 300
GeV. One must conclude that essentially all the
additional kinetic energy brought in by the 300-
GeV projectile appears as kinetic energy of out-
going protons and neutrons and as kinetic and
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Figure 1. Comparison of product yield distributions ob-
tained when copper is irradiated with 3.9-GeV protons
and 3.9-GeV 14N ions. Although the overall shapes are
similar, there is a real difference hetween the slopes of the
linear portions of the two curves.

rest-mass energy of outgoing mesons and anti-
particles. Very little of this additional energy is ef-
fective in increasing the internal energy of the
struck target nucleus.

Comparison of reactions initiated by heavy ions
and protons of equal kinetic energies shows strik-
ing similarities as well as some real differences.
Yield patterns obtained in 3.9-GeV 14N ion bom-
bardments of copper compared with those ob-
tained in 3.9-GeV proton irradiations show that
the mass yield curve for 14N-induced reactions de-
creases more rapidly with decreasing product
mass, except for very light products, such as 7Be
and 3H, which have substantially higher yields.
Widi the high-energy 14N ions there is no appreci-
able production of nuclides heavier than the tar-
get, as there is with low-energy 14N ions. These re-
sults can be understood, in part, in terms of the
concepts of limiting fragmentation and factoriza-
tion, which were developed to explain some fea-
tures of reactions between elementary particles at
very high energies. Very simply, these concepts
predict that at sufficiently high energies product
spectra and cross sections will he independent of
energy; that target fragmentation spectra and
cross sections will be independent of the beam;
and that projectile fragmentation spectra will be
independent of the target except for a total cross
section term. Additional experiments with heavy
ions of even higher energy will be performed to
test the validity of these ideas.

Pion-induced reaction studies are now being
started. Since the production and reabsorption of
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pions in complex nuclei play important roles in
present ideas about the transfer of projectile kinetic
energy to nuclear excitation energy, these experi-
ments will be critical tests of important details of
the model calculations.

RADIOPHARMACEUTICALS
FOR NUCLEAR MEDICINE

Nuclear medicine is a field in which radiation
and radioactive nuclides are used in the diagnosis
and treatment of disease. One branch of this field
is the development, production, and use of radio-
pharmaceuticals for organ imaging, tumor local-
ization, and regional function studies of metabolic
disorders. Most radiopharmaceuticals in use today
are labeled with relatively long-lived isotopes be-
cause the time between production of the isotope
and its incorporation in the compound of interest
and its actual use as a clinical tool is usually long,
a few days. The disadvantage of using long-lived
radioactive isotopes is that the total radiation dose
received by the patient is high, since the material
remains in the patient long after the diagnostic
procedure has been completed.

In an effort to overcome this disadvantage, a
multidisplinary program at BNL involving physi-
cians, physicists, chemists, and biologists is con-
cerned with the development of radioactive
Pharmaceuticals containing short-lived isotopes
and their use in treatment. Short-lived radioactive
isotopes are produced at the 60-in. cyclotron or
the 200-MeV linear accelerator, incorporated into
medically useful compounds, and tested for their
efficiency in concentrating in one or two specific
organs for diagnostic procedures. Short-livediso-
topes being used in this program include n C (20-
min half-life), 13N (10 min), i»F (110 min), i^I
(13 hr), and 203Pb (52 hr). Synthetic, biosyn-
thetic, hot-atom, and radiation chemical methods
are used in combination or individually to pre-
pare compounds of interest. A wide variety of use-
ful compounds has been prepared and tested for
diagnostic procedures for a number of organs in-
cluding the adrenal medulla, heart, thyroid, and
pancreas. Recent work has included the use of 123I-
labeled antimalarial drugs for detection of mela-
noma in eyes, 123I-labeled iodocyanine green in
studies of liver function, and 203Pb for tumor
localization and pancreas function studies.

The list of compounds is constantly being ex-
panded, with research emphasis on new com-

pounds and methods of preparation, to allow nu-
clides with half-lives as short as 17 sec to be used
effectively in biological research and clinical
evaluation.

GEOGRAPHIC ORIGINS
OF ARCHAEOLOGICAL ARTIFACTS

Neutron activation analysis (NAA) has been
used extensively in the Chemistry Department to
determine the structure, basic composition, and
trace impurity constituents of works of art and
archaeological artifacts. Appreciable progress in
this program has been attained recently as a result
of the development here of new methods of sta-
tistical analysis to treat NAA data. True multi-
variate statistical procedures, readily applicable to
all fields of activation analysis investigation, such
as the forensic, the environmental, the medical-
biological, and the geological, as well as the ar-
chaeological and art-historical fields, have been
developed and are in day-to-day operation. Such
procedures, for which new computer programs
have been developed, have led to an enhanced un-
derstanding of internal relationships in the body
of data and thus to more significant interpreta-
tions of the data.

Figure 2. Identification of the various oxidation states of
iodine formed in the cyclotron production of 123I, a neces-
sary step in designing a purification procedure to ensure
that 1Z3I-labeled radiopharmaceuticals are both chemi-
cally and radionuclidically pure before use in clinical
studies.
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Thus in the study of archaeological materials,
principally ceramics, patterns of composition are
compared to allow grouping of objects on the basis
of their clay origins. For example, pottery from the
ancient archaeological sites of Tell El flesi and
Tell Gezer in Israel can be classified, on the basis
of its composition, as to whether it was made from
local highland clays or clay of the coastal plains,
or was imported from Mesopotamia, Egypt, or the
Aegean. It was possible to establish that com-
merce in several special types of pre-Columbian
Mesoamerican pottery, e.g., Fine Orange and Thin
Orange, extended over many hundreds of miles,
but that outside of these ranges these styles of pots
were often copied locally. Analyses of samples
taken from clay beds have in several cases per-
mitted the origins of specific pieces or groups of
pottery to be determined exactly.

STAGGERED MAGNETIC FIELDS
IN DYSPROSIUM ALUMINUM GARNET

Measurement of the energy and momentum
changes undergone by neutrons scattered by a
solid gives the complete space-time pair correla-
tion function of the solid, from which, in principle,
all its structural and dynamic properties can be
obtained. In particular, in the case of magnetic

Figure 3. A group of early grave figurines from Tlatilco
in Central Mexico. Neutron activation analysis has shown
that they were made of local Tlatilco clay and hence
were not imported into the region, as some archaeologists
thought possible.

systems, from the correlation function one can de-
duce the spatial distribution of magnetization, its
response to applied fields, and, as well, the decay
of spontaneous magnetic fluctuation^.

The behavior of magnetic materials in applied
magnetic fields is of great theoretical and practical
interest iaisd-'te's""biMlF'̂ u'dieci'"extensiveiy by a
wide variety of techniques. In the case of certain
antiferromagnets. substances in which the elemen-
tary atomic magnets (spins) take up an ordered
pattern of alternation, application of a field can
produce a phase transformation in which the ar-
rangement of these spins is greatly altered.

Dysprosium aluminum garnet (DAG) exhibits
this kind of behavior and, since this substance is of
great interest as a prototype for these phase transi-
tions, it has been studied by means of neutron dif-
fraction at BNL in collaboration with a member
of the Physics Department. The results lead to the
surprising conclusion that5 under appropriate cir-
cumstances, a uniform external field can produce,
in a crystal, a magnetic field that reverses its
direction on an atomic scale (a "staggered" field).
Such a field, conceivable in principle, has always
been considered unobtainable in practice. It is
produced in the present instance because the uni-
form applied field interacts differently with posi-
tive and negative spins as a result of a difference in
the arrangement of the nonmagnetic atoms sur-
rounding the two types of spin.

This discovery has made it possible to under-
stand a number of seemingly anomalous aspects of
the transformation in DAG and opens the way for
a wider investigation of the behavior of magnetic
substances subjected to magnetic fields.



RADIATION CHEMISTRY

APPLICATION OF RADIATION-CHEMICAL METHODS

TO BIOCHEMICAL PROBLEMS

Systems ..containing water, when irradiated, ion-
ize and form^hy^r^
drogen peroxide, and, if oxygen is present, super-
oxide ions O2"", in known quantities at control-
lable rates. These same substances figure in the
basic enzyme-catalyzed oxidation reactions car-
ried out by living things. Thus radiation provides
one of the best methods to isolate and study cer-
tain biochemical reactions. At BNL radiation
methods have been used to study the mechanism
of action of the enzyme horseradish peroxidase.

Recently biochemists have reported that super-
oxide ion C>2~ appears to play an important role
in many biological processes. The use of radiation-
generated C>2~ at BNL has shown that the en-
zyme-catalyzed oxidation of the universal bio-
chemical reductant NADH,* induced by O2-,
proceeds in vitro by a chain reaction, so that one
Oo~ brings about oxidation of several (up to 40)
NADH:

E+NADH <=s E-NADH

as much as a factor of 100. More recently, the en-
ergies Vo of electrons injected i, ;to these liquids
have been determined by shining light on metal
platesJmmier^eti^n^^'UqmdW^yilluminiaiing

E-NADH+H++O2-

E-NAD-+O2

E-NAD+

E-NAD-+H2O2

E-NAD++O2-

E+NAD+

where E is any one of several oxidative enzymes
tried. This is believed to be the only enzyme-cata-
lyzed reaction that proceeds by a chain mecha-
nism, although whether such a chain actually oc-
curs in living eells is not yet known. Also under
way is an extensive program of systematic quanti-
tative study of the ordinary uncatalyzed reactions
of C>2~ with a variety of interesting reagents.

PROPERTIES OF EXCESS ELECTRONS

I N HYDROCARBON LIQUIDS

In contrast to the vast amount of work done on
the properties of conduction electrons in crystals,
little is known about their behavior in liquids or
amorphous systems. Mobilities of electrons pro-
duced by radiation in liquid branched and
straight-chain paraffin hydrocarbons have been
determined previously at BNL. Although the
physical properties of isomeric liquids vary only
slightly, electron mobilities in these media vary by

*Reduced nicotinamide-adenine dinucleotide.

solutions of a readily photoionized substance
(tetraniethylpheriylehe^ the
liquids. It was found that Vo is lower in branched-
chain than in straight-chain paraffins. The reac-
tions of these electrons with small quantities of
added substances are now being studied. They
differ in some respects from ordinary chemical re-
actions and resemble the resonant dissociative-
capture interactions of electrons with isolated
molecules in the gas phase. In liquid hydrocar-
bons, Vo plays the role of the energy of the free
electron in the gas phase. Since in a given solvent
Vo increases with decreasing temperature, the
electron reactions in solution may become either
slower or faster with increasing temperature, un-
like most other chemical reactions.

NEUTRON DIFFRACTION STUDIES
OF BIOCHEMICAL BUILDING BLOCKS

Many large molecules necessary to biological
processes are composed of nucleic acids and pro-
teins. i\ udeic acids are polymers of nucleotides
and proteins are polymers of ammo acids. Many
of the functional characteristics of the macromole-
cules depend on the spatial order and exact ar-
rangement of their individual subunits. Pauling
and co-workers were able to predict, from x-ray
crystallographic studies of amino acid structures,
the basic types of protein structure. The famous
postulate of Watson and Crick on the helical
structure of DNA was based in large part on the
known geometrical properties of the basic molec-
ular building blocks that were known to make up
the macromolecule. One important component of
the exact way in which these small molecules join to
form the large ones is the specific interaction be-
tween hydrogen atoms and other atoms - the hy-
drogen bond. In addition, knowledge of carbohy-
drate chemistry has been advanced greatly by
studies of the detailed electronic structure and the
role of hydrogen bonding in sugars.

Neutron diffraction is the only way in which
hydrogen atoms can be accurately located in mo-
lecular crystals. A comprehensive series of such
studies of the commonly occurring amino acids
has been completed at Brookhaven and has led to
a very good general picture of the geometries and
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energies of N—H • • • O hydrogen bonds. Studies
of several nucleosides and a purine-pyrimiciine
base pair have also been carried out. (A drawing
of the latter structure is shown in Figure 4;) The
work is being extended to small peptides, dinucle-
oside phosphates, and sugars. The results of these
studies will be invaluable in understanding the
structure and function of biological molecules.

GASEOUS ION CHEMISTRY

Techniques developed in the study of gaseous
ion chemistry have proved to be of great value in
the identification and analysis of structures of
molecules of biochemical interest. The develop-
ment of a tandem mass-spectrometer system for

Figure 4. Stereoscopic drawing of the purine-pyrimidine
base pair 9-methyladenine-l-methylthymine. H, hydro-
gen atoms; C, carbon atoms; N, nitrogen atoms; O, oxygen
atoms. The computer is programmed to analyze the data
collected by the neutron spectrometer, to determine the
geometric position of each atom in the molecule, and also
to draw figures of the type shown above, which allow the
three- dimensional properties of the structure to be viewed.
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Figure 5. Proton-transfer mass spectrum of a pentapep-
tide isolated from human pancreatic trypsin inhibitors at
BNL by Dr. L. J. Greene and D.C. Bartelt. The penta-
peptide contains the residues of the amino acids aspartic
acid, serine, leucine, glycine, and arginine, in the ordT
given. The mass spectrum contains ion fragments that es-
tablish this order of amino acid residues. Spectra were ob-
tained from samples of <10 nanomoles (~7 millionths
of a gram) of peptide.

the selection of ionizing reagents that can in col-
lision with neutral molecules effect ionization with
varying degrees of fragmentation has made possi-
ble a variety of structural studies. The major ob-
stacle to widespread application of this technique
to biologically important molecules is that the lat-
ter must be converted to gaseous ions for study in
a mass spectrometer. Many important molecular
systems decompose extensively prior to evapora-
tion and hence cannot be studied with the sensi-
tive methods available here.

Techniques of volatility enhancement have
been developed which provide for the gentle, rela-
tively nondestructive evaporation of hydrogen-
bonded systems such as peptides and porphyrins.
The dispersal of very small samples of such mole-
cules on relatively inert surfaces minimizes the en-
ergy holding these molecules to the surface and
allows for lower temperature evaporation proc-
esses. An analysis of the relative rates of competi-
tive evaporation and decomposition processes has
shown that the rate at which samples are heated
is a significant factor in limiting decomposition
reactions.

With these considerations as a foundation, ex-
periments have been carried out which demon-
strate that sufficient concentrations of the rela-
tively nonvolatile molecules such as the amino
acid arginine can be produced in the gas phase to
permit determination of their mass spectra. The
technique has been extended to the study of a
variety of peptides that hitherto required exten-
sive chemical derivatization for their mass spectro-
metric study. The ability to sequence amirid acid
residues, that is, determine the order of amino
acid residues in small peptides without derivatiza-
tion, is important because much smaller samples
are required and the technique is effectively one of
much higher sensitivity.

A recent study of a group of underivatized tri-
peptides and pentapeptides that included species
containing the least volatile and most difficult
amino acid residues (2il5 different residues were
involved) showed that structural mass spectrom-
etry that gave amino acid sequences could be car-
ried out on samples containing only a few nano-
moles of peptide.

SOLUTION KINETICS

An area of continuing interest at BNL is the
study of the kinetics of very rapid chemical reac-
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tions in solution. The purpose of these investiga-
tions is the characterization of the elementary
steps that lead from reactants to products.

SPIN AND CONFIGURATION CHANGES

IN METAL COMPLEXES

Octahedral complexes of transition metals pos-
sessing four to seven rf-electrons can exist in either
high-spin or low-spin electronic configurations,
depending on the strength of the ligand field. An
intermediate ligand field may cause the two states
to possess nearly equal free energies, resulting in
thermal equilibrium between the high-spin and
low-spin electronic isomers of the complex. This
situation obtains in the complex bis[hydrotris(pyr-
azolyI)borate]iron(II), and the dynamics of the
interconversion of the two spin states of the com-
plex were studied by the laser Raman temperature-
jump method. In this technique, which was de-
veloped at BNL, the temperature of a solution
containing an equilibrium mixture of the two
spin states is raised a few degrees in 25 nsec, and
the approach of the system to the new equilibrium
position is followed spectrophotometrically. The
rate constant for the interconversion of the two
spin states thus determined is 10~7 sec-1. The
magnitude of this rate leads to the conclusion that
spin-state changes are not necessarily rate deter-
mining in electron transfer reactions of metal
complexes.

The rate of configuration change of the nickel(II)
complex of the quadridentate ligand

NH(CH2)3-NH(CH2)2NH2[N-N'-bis(2-amino-
ethyl)-l,3-propanediarnine] was also studied by
the laser Raman temperature-jump technique.
The nickel(II) complex exists in aqueous solution
as an equilibrium mixture of low-spin planar
{xAxg) and high-spin octahedral (3A2g) forms:

NiL2+ + H2O «=* NiL(H2O)2
2+.

Two kinds of perturbation were used to study this
system. In the first, a wavelength of 1.41 fi is used
and the energy of the laser beam is absorbed al-
most exclusively by the water solvent; this pro-
duces a temperature jump of several degrees. At
this higher temperature the original concentration
of planar complex is below the new equilibrium
value, and therefore the system (as written above)
relaxes to the left. In the second method, the H2O
is replaced by D2O and a laser beam wavelength
of 1.06 n is used. In this case the primary absorp-
tion of the beam energy is by the octahedral com-
plex, which undergoes very rapid photochemical
conversion to the planar complex; the latter is
now at a concentration above the equilibrium
value, and the system relaxes to the right. The re-
laxation time after the temperature-jump pertur-
bation is the same - 300 nsec - as that after the
photochemical perturbation. This observation
supports the concept that the photochemical re-
action consists of a reaction between ground-state
species, and this approach provides a unique
means of making mechanistic assignments.

HEALTH PHYSICS AND SAFETY DIVISION

The Health Physics and Safety Division func-
tions primarily as a staff services group. The Divi-
sion provides services in die following areas: health
physics, safety, industrial hygiene, fire protection,
and security. A small group devotes full time to
basic and applied research on topics relevant to
these service functions. In addition, various pro-
fessional-level training courses are provided for
AEC and EPA trainees and other professional
groups.

ANGSTROM-SCALE DOSIMETRV

Studies were made of the spatial distribution of
dose at angstrom distances (I A = 10~8 cm) from

the tracks of heavy ions. Studies on this scale are
important, since the two strands in a DNA mole-
cule are separated by only about 17 A and dam-
age to DNA molecules is probably a principal step
in many, if not most, biological effects following
irradiation. Experimental measurements were
made of 33 to 62-MeV oxygen and iodine ions
with use of a unique variable pressure ionization
chamber to expand the track of ionization by as
much as a factor of 10s. In addition, detailed
Monte Carlo-type computer calculations were
made to relate theory and experiment. Programs
were also written to provide detailed plots of
secondary electron tracks and positions of all
ionizations.
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Figure 1. Computer-simulated end view of a 980-A seg-
ment of a track formed by a 4-MeV a particle passing
thnugh tissue. Paths of ejected secondary electrons are
shown as lines. Ionization events are shown as small circles.

RADIATION CARCINOGENESIS

Published data on neutron induction of mam-
mary tumors in rats were analyzed. The data con-
tained several unexplained features, including
saturation of effect at doses above 50 rads and
greater effectiveness per unit dose at progressively
lower doses. A mathematical model that correctly
predicts both the dose response and the kinetic
(time) response was developed. This analysis indi-
cates that five events (mutations?) are required to
complete the process of carcinogenesis. Two of
these occur simultaneously, along a single proton
recoil track, during irradiation. The three other
events occur in the course of natural processes.

FIRE SAFETY

A series of fire tests was conducted of a proto-
type Halo; i 1301 (bromotrifluoromethane) fire
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extinguishing system. Humans can tolerate a high
concentration of this agent, and thus workers can
remain in the vicinity of the fire to carry on shut-
down or other necessary operations. However, de-
composition products formed in a high-tempera-
ture flame can be a problem under some condi-
tions. Concentrations of these products were mea-
sured in various test fires and at different extin-
guishing rates to determine the applicability and
limitations of the system for use at Brookhaven.

NEUTRON SKYSHINE

Large high-energy accelerators act as large-area
low-intensity sources of neutrons. Optimum shield
designs for these machines can be made only if one
has knowledge of the energy and intensity of the
radiation (primarily neutrons) that is backscat-
tered from the atmosphere (skyshine). A mobile
system of eight neutron detectors is used to study
neutrons with energies from thermal to ~20 MeV.
These detectors are radio controlled and gated so
mat they measure accelerator-produced neutrons
while the accelerator beam is on a target, and
background neutrons at other times. These studies
have shown significant differences between the en-
ergy spectrum of skyshine neutrons and that of
cosmic-ray-produced neutrons.

NEUTRON PERSONNEL DOSIMETERS

The measurement of small neutron doses re-
ceived by experimenters working near high-energy
accelerators and beams is difficult because of the
wide range of neutron energies involved. Methods
of reducing fading of the latent image in conven-
tional nuclear track emulsions were examined. In
addition, a new dosimeter, incorporating a com-
bination of thermoluminescent detectors and
plastic track detectors in contact with a thin tho-
rium foil, was developed and tested in a variety of
accelerator radiation fields. The new dosimeter
can be worn for many months without the intro-
duction of large errors due to fading.

INSTRUMENTATION DIVISION

The Instrumentation Division engages in re-
search and development on recognized problems

in scientific instrumentation that are important
to the long-term goals of the Laboratory and
the AEC. The Division also provides consultation,
advanced instrument design, construction of in-
struments not commercially available, and repair



58

Figure 1- Charge °oectrutn obtained with a large liquid-
argon ionize*"',., chamber and with a 7-GeV/e negative
beam. Peaks from left to right are muons, pions, electrons,
and calibration pulser.

Figure 2. Charge spectrum like that of Figure 1, but with
electrons enhanced by gating with a Cerenkov counter.

services for other departments of the Laboratory.
Members of the Division also collaborate in ex-
periments at BNL and other laboratories when
they can contribute significantly to the advance of
scientific research with new devices, methods, and
techniques.

The principal areas of research activity are the
detection of nuclear particles and of radiation
with semiconductors and gaseous and liquid de-
tectors; application of nuclear techniques in med-
icine and other fields; processing of signals from
detectors; low-noise and other special electronic
circuits; and computer system applications in sci-

entific experiments. Some of the more important
recent results are described below.

LIQUID-ARGON IONIZATION CHAMBERS

AS TOTAL ABSORPTION DETECTORS

The liquid-argon ionization chamber, a total
absorption spectrometer (calorimeter) for use in
high-energy physics, is a segmented ion chamber
with finely divided plates and liquid argon as the
working medium. The ionization released in the
liquid argon is a good measure of the total energy
of incident particles and helps in their identifica-
tion. In a collaborative effort between Yale Uni-
versity, the Accelerator Department, and the In-
strumentation Division, a large test chamber was
constructed of 200 steel plates 2 mm thick, with
1.6-mm gaps filled with liquid argon; it is 72 cm
long and has an area of 600 cm2.

The feasibility of this approach has been proved
in tests conducted during the past year. Charge
collection properties in liquid argon have been de-
termined. Signal processing methods have been
developed that will allow operation of the detector
at very high event and background rates.

Some illustrative test results are shown in Fig-
ures 1 and 2. Figure 1 shows the pulse-height
(charge) spectrum obtained with a 7-GeV/c neg-
ative beam. The peaks from left to right are muons,
pions, electrons, and the calibration pulser. Fig-
ure 2 shows the spectrum for 7-GeV/c electrons
gated with a Cerenkov counter.

ELECTRON DRIFT VELOCITY INCREASE

I N LIQUID-ARGON ION CHAMBERS

The drift time of the electrons across the ion
chamber gaps filled with liquid argon limits the
maximum applicable particle rate. In an effort to
increase the saturated electron drift velocity with-
out diminishing the collected charge, several ad-
ditives to liquid argon were investigated.

A double-gap ion chamber with built-in elec-
tron and a-particle sources was used. Minimum
ionizing tracks were selected by coincidence count-
ing of the two gaps. The a-particle-induced pulses
provide a measure of electron drift velocity, and in
addition their amplitude is a sensitive indicator of
"poisoning" of the liquid by electronegative im-
purities.

The best results so far were obtained by the ad-
dition of methane, which increased the saturated
electron drift velocity by the logarithm of the
methane concentration between 0.01 and 1%. An
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improvement of about a factor of 4 in the drift ve-
locity (from 200 nsec/mm in pure liquid argon to
50 nsec/mm with methane) can be achieved with-
out significant reduction in the collected charge.

A N E W TRANSITION RADIATOR-DETECTOR SYSTEM

A new type of particle detector using transition
radiation was developed and tested in collabora-
tion with the Accelerator Department and Yale
University. These devices permit the identification
of very-high-energy particles at energies where
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Figure 3. Pulse-height spectra for e~ or ir~ taken with a
single radiator-detector configuration (1000 lithium foils
in SlOmm xenon) at (a) 1.4 and (6) 2.5 GeV/c. The
spectrum for e~ with lithium represents the signal due to
transition x rays, background radiation, and ionization
loss, while the other spectra do not contain the transition
x rays. The pion (TT-) data contain an electron contami-
nation of 0.5 and 1.8% at 2.5 and 1.4 GeV/c, respectively.
The histogram of e~ with dummy at 2.5 GeV/c is not
shown. However, the distribution is quite similar to the
one at 1.4 GeV/r because of the saturation of ionization
loss due to the density effect in xenon.

more conventional detectors like Cerenkov counters
become inefficient. Because of their low mass the
new devices do not appreciably interfere with the
particles traversing them.

The radiator, whose x-ray emission increases al-
most linearly with the y (=E/mcz) of the particle
traversing it, consists of lithium metal foils which
display a low self-absorption for x rays because of
the low atomic number (Z= 3). This allows the effi-
cient use of a large number of foils (e.g., 1000), and
many more photons are produced than in previous
work. The photons are detected in a multiwire pro-
portional detector filled with xenon at atmospheric
pressure. The high atomic number (Z= 54) of xenon
allows reasonably efficient (~50%) detection of the
x rays in only 10 mm of gas. This gives a very fa-
vorable ratio between the energy deposited in the
form of transition radiation x-rays and the energy
lost by the incident particle through ionization.
The incident particle also traverses the propor-
tional chamber. Figure 3 shows examples of the
pulse-height spectra for e~ and it~ taken (a) at 1.4
and (6) at 2.5 GeV/t with use of a single radiator-
detector set (1000 lithium foils, each 51 fi thick).

Up to now, the reported x-ray energy collected
with Mylar or similar radiators and argon or kryp-
ton detectors was less than the ionization loss in
single radiator-detector sets for this y range. Here,
with Y already >2000, the x-ray energy is a few
times larger than the ionization loss, which results
in the good particle-discriminating properties of
the Li-Xe combination.

MULTIWIRE PROPORTIONAL CHAMBER

FOCAL PLANE DETECTOR

Multiwire proportional chambers were devel-
oped for use in the 2.5-m focal plane of a high-
resolution magnetic spectrometer (QDDD) at the
BNL Tandem Van de Graaff, which would simul-
taneously provide good position resolution and lin-
ear dE/dx information for particles ranging from
protons to heavy ions, at angles of incidence rang-
ing from 22 to 47° off normal. Particle positions
are read out from the cathode wires, which are
connected at equal intervals to a delay line em-
ploying "electronically cooled" terminations for
improved signal-to-noise ratios and spatial reso-
lution. The particle position is determined from
the arrival times of the induced cathode signal at
die two ends of the delay line. The energy loss of
the particles traversing the chamber is determined
from the signal at the anode wires.
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The spatial resolution for 12-MeV protons was
250/i full width at half maximum (FWHM) with
argon gas at atmospheric pressure. Figure 4 shows
the position spectrum for 48-MeV oxygen ions at
30° incidence. The spatial resolution is =150 (i
FWHM with gas pressure of 50 to 200 Torr.

A 20 X 4-cm chamber has already found, use
in the initial setup experiments of the QDDD.
The detector's spatial resolution exceeds present
requirements. A 50 X 4-cm chamber is under
construction.

POSITION-SENSITIVE NEUTRON DETECTOR

A 17-cm2 two-dimensional position-sensitive 3He
gas-filled multiwire proportional chamber for the
imaging of neutron diffraction patterns has been
developed. Spatial resolution is < 3 mm and effi-
ciency is >80% for 4-A neutrons. The position of
an event is decoded from the ends of each serially
connected wire of each cathode via charge-sensi-
tive amplifiers in a divider network. The informa-
tion is then processed via analogue-to-digital con-
verters interfaced to a computer. Preliminary data
are being collected with this device in experiments
on low-angle neutron scattering from biological
specimens. This detector is a prototype for a larger
system of detectors that will have an active area of
Ira2.

SOLID-STATE DETECTOR DEVELOPMENT

Silicon and germanium detectors compensated
by lithium drifting have been the major spectrom-
eters for x and 7 rays, respectively. X-ray energy
resolutions as low as 200 eV with Si(Li) detectors
have permitted the resolution of characteristic x
rays of elements down to sodium and have stimu-
lated the field of x-ray fluorescence analysis. The
availability of these high-resolution detectors has
evoked renewed interest in proton- and x-ray-
induced fluorescence for convenient detection
down to concentrations of a few ppm for a wide
range of elements. Ge(Li) y-ray spectrometers
having active volumes of up to 80 cm3 and energy
resolutions below 2 keV at 1.332 MeV (60Co) have
been developed and made available for Brookhaven
experiments. Recently, a high-purity (=1010 im-
purities/cm3) germanium that does not require lith-
ium compensation has been produced by the Gen-
eral Electric Company. Use of this material al-
lows the detector to be returned to room tempera-
ture when not in use (although germanium must
be used at liquid nitrogen temperature); the na-

Figure 4. Position spectrum obtained with the multiwirc
proportional detector for 48-MeV 1GO ions collimated
into a narrow beam. Two beam positions displaced by
1.2 nun are shown. Chamber gas, argon + methylal, 200
Torr.

ture of surface stabilization to ensure complete
temperature and ambient cycling is under investi-
gation. Epitaxial GaAs in thin wafers grown from
the liquid phase has been found to possess ade-
quate mobilities and lifetimes for both holes and
electrons, which results in reasonable perform-
ance as a (low-energy) spectrometer, specifically,
2.4-keV resolution of a 60-keV y ray. This high
band gap material is operated at room tempera-
ture and should find some application as a simple
x-ray spectrometer.

Studies of the fast neutron radiation damage
effects on germanium y-ray spectrometers have
been carried out by using representative detectors
with controlled irradiations. Damage-induced
traps caus? worsened energy resolution in the range
between 109 and 1010 n/cm2; little difference in
the dost: threshold has been noted between Ge(Li)
and Ge(HP) detectors; however, the annealing of
damage is distinctly different for each type of
detector.

APPLICATIONS IN NUCLEAR MEDICINE

Several applications of high-resolution semi-
conductor detectors have been made in the field of
nuclear medicine. A large-area Ge(Li) detector
has been compared with a conventional Nal(Tl)
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detector in a rectilinear scanner and found to pos-
sess superior scatter rejection and adequate sensi-
tivity. A high-resolution x-ray detector system has
allowed spectroscopy to be employed in a system
of transmission scanning.

The distribution of an element may be imaged
by comparing the transmission of x rays of energy
just above and just below the critical absorption
edge. Good images of low-level amounts of iodine
and xenon have been obtained in humans and an-
imals. A high-resolution Si(Li) detector has been
used in conjunction with the scanning electron
microscope to produce elemental s s well as mor-
phological images of a wide variety of samples.
The usefulness of the analytical capabilities of
proton elastic scattering (of several MeV) in the
area of light rare isotopes has been explored. Mea-
surements of 13G and 18O in thin samples can be
made easily. Proton-induced fluorescent x-ray an-
alysis has also b.-en studied by this group and found
to be comparable in sensitivity to analysis by x-ray-
induced fluorescence.

COMPUTERS I N SCIENTIFIC EXPERIMENTS

A major project under development by the
Computer Systems Group is an advanced experi-
ment control and data acquisition system (RECF)
for use at the High Flux Beam Reactor at BNL.
This system simultaneously controls triple-axis
spectrometers for ten neutron experiments and one
x-ray diffraction experiment undertaken for mo-
lecular structure determinations. The system has a
"finger" structure in which eleven small computers
(or private processors), each supervising a single
spectrometer system, communicate directly with a
central or common node computer.

The primary objective determining the conrept
of the system is to provide as much isolation be-
tween individual experiments as possible. A hard-
ware or software failure occurring within a proces-

sor controlling one experiment must not affect any
other experiment. This isolation can be achieved
by confining control operations, which tend to be
complex and may often be modified, to a processor
assigned to a single experiment. On the other hand,
operations that can be assigned a fixed and rigid
form (such as input/output operations to a periph-
eral device) are performed by the central processor
upon receipt of. a request initiated by the private
processor via the communication link. This scheme
also has great economic advantages in that each
private processor has access to an entire array of
costly peripheral devices. It would be impossible
to provide a set for the exclusive use of each indi-
vidual experiment.

A second design objective is ease of program de-
velopment for the private processors. This objec-
tive is met by employing FORTRAN, a scientific com-
puter-programming language familiar to many
scientists, as the private processor language. The
usual obstacle to using FORTRAN in a small com-
puter, the great length of the resulting code, is sur-
mounted by dividing the experiment control pro-
grams into sequentially executed parts (overlays)
and storing these sets of program parts on the cen-
tral computer's random access device. The over-
lays are loaded to the memory of the private proc-
essor and executed in response to a request initi-
ated by the private processor over the communica-
tion link. Thus the experimenter is relieved of the
tedious job of writing and optimizing an assembly
language code for experiment control.

The RECF system utilizes a large amount of
special-purpose hardware that has been completely
designed and built to the prototype stage by the
Instrumentation Division. Two such hardware
subsystems are the communication links between
the private processors and the central computer
and the required interfaces between the private
processors and the spectrometers.

MEDICAL DEPARTMENT

The Medical Department carries out both fun-
damental and applied research dedicated to the
betterment of man's health. The Department's
broad framework permits investigation in many

areas, some overlapping; encourages collaboration
with neighboring academic and health care insti-
tutions; and fosters interaction with the other sci-
entific disciplines at Brookhaven. The Hospital of
the Medical Research Center provides exceptional
facilities for clinical research, which is supported
by basic laboratory studies.
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Interests range from studies of the function of
unique biochemicals to investigations of subjects
as complex as the physiology of the central nervous
system of man in health and disease. Related to
the projects under way on the effects of radiation
on human cells and tissues are new programs ex-
amining the biological effects of other phases of
our environment. The unusual organization of the
Laboratory and the Medical Department under
Associated Universities, Inc., and the Atomic En-
ergy Commission provides the latitude necessary
for development of a project in both breadth and
depth, as progress dictates. Furthermore, this or-
ganization enables the Department to respond to
both immediate scientific goals and national needs.

The following report, although brief, gives some
idea of the types of work being done. Additional
infonnation may be obtained from publications of
the Department.

EFFECTS OF RADIATION

RADIOLOGICAL RESEARCH ACCELERATOR FACILITY

The Radiological Research Accelerator Facility
(RARAF) is a joint enterprise of Brookhsven's
Medical Research Center and the Radiological
Research Laboratories of Columbia University.
The Brookhaven Biology Department and the De-
partment of Applied Science arc also involved.

Research at the RARAF is centered on basic
and applied investigations of radiation effects on
iiving systems. Projects include radiobiological ex-
periments on the genetic, cytogenetic, and somatic
effects of monocnergetic neutrons on plant, insect,
and mammalian cells. During the p:-;st two years
the principal accomplishments in radiobiology
have included initiation of neutron irradiations of
Chinese hamster lung ceils, hamster embryo cells,
and spores of Osmunda regalis, with use of a wide
range of neutron energies. Neutron irradiations of
Tradescantia, to study the oxygen enhancement
ratio and relative biological effectiveness, and of
rats, to investigate induction of mammary-gland
neoplasms, were continued.

In addition to dosimetry and radiation quality
studies performed for all biology work, radiologi-
cal physics studies included completion of an In-
ternational Neutron Dosimetry Intcrcomparison,
sponsored by the International Commission on
Radiation Units and Measurements; 14 scientific
groups, including 8 from ou'side the United States,
w-jre involved. This project entailed the develop-

ment and installation of special equipment for
alignment, monitoring, and calibration. For the
molecular ion beam experiment, a new project,
the facility has been prepared for operation with a
choice of several atomic and molecular ions to per-
mit cell irradiations at various absorbed dose rates
and linear energy transfers, and the sophisticated
instrumentation and experimental techniques re-
quired to begin this work are ready.

A 4-MV Van de Graaff accelerator is utilized
for the ion beams and for irradiations involving
neutron energies ranging from 15 to <0.1 MeV.

RADIATION CARCINOGENESIS OF THE

F ' \AMMARY GLAND

Data obtained in large part with use of the
RARAF have given rise to a theory which suggests
that radiobiological effects are due to primary
lesions that may be produced by one densely ion-
izing particle but that require the action of at least
two electrons. According to this theory, and in
general agreement with experimental data, the
relative biological effectiveness of highly ionizing
radiation is larger at smaller doses.

The well-defined, rapid, and Sarge mammary
tumor response of the rat mammary gland to x-
and neutron-irradiation has been used to deter-
mine the relative biological effect of neutrons on
mammary carcinogenesis. Fourteen months after
exposure either to 0.1,0.4, 1.6, or 6.4 rads of 0.43-
MeV neutrons, or to 28, 56, or 85 rads of x rays,
the neutron irradiation appeared to be about !0
times more effective than x-irradiation at the
higher doses and about 100 times more effective at
the lower doses.

LOW-LEVEL IRRADIATION STUDIES

In these continuing studies, ansv.-ers are being
sought to questions that have arisen regarding the
shape of the radiation dosc-rcsponse curve in the
vicinity of radiation levels equal to or less than
background. The first system to be tested consists
of a sensitive strain and an indicator strain of
Escherichia coli. The sensitive strain is E. coli K-12
(\) grown to mid-log phase, from which a bacteria-
free A phage extract is obtained.

An aliquot of the phase is coplated with an ali-
quot of the indicator strain, Lederberg's W 1485,
that has been grown to saturation. This is grown
overnight and the resulting cultures are scored for
plaques. Comparisons will be made with colonies
grown under heavily shielded conditions and with
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a reduced 40K content to minimize the back-
ground radiation.

EVALUATION OF LONG-TERM EXPOSURE TO TRITIUM

The objective of these studies is to determine the
toxic effects of tritium (the radioactive isotope of
hydrogen) in the mammalian system. Special at-
tention is given to the effects on the blood-forming
tissues and reproductive systems of experimental
animals that continuously imbibe water contain-
ing tritium.

Groups of male and female mice have been
maintained on tritiated water at a concentration
s 100 times the current maximum permissible
concentration guidelines. After 26 weeks or more
the bone marrow is tested for any changes in its
ability to grow following transplantation into other
lethally irradiated mice. Preliminary results indi-
cate that there is some reduction in the viability of
the bone marruw in these animals.

Other mice have been bred and the offspring
kept on tritiated water until they are young adults.
These second-generation animals are then bred
and the pregnant females are examined to deter-
mine whether the tritiated water regimen has had
any effect on the number of live embryos they pro-
duce. Results indicate that there is a reduction in
the number of live embryos produced by the fe-
male when both she and her breeding partner, as
well as their parents, had been given the tritium.

ANTIBODY RESPONSES ELICITED WITH COMPLEXES

OF TETANUS TOXOID AND

SPECIFIC MOUSE G A M M A GLOBULIN

It has long been evident that antibody forma-
tion must be regulated by homeostatic mecha-
nisms. Primary research interest has been focused
on the role of serum antibody in the control and
suppression of antibody production. Inhibition of
antibody synthesis appears to depend on the pres-
ence of an immunologically specific antibody for
each antigen being tested. Presumably, in vivo
combination of antibody with antigen lowers the
relative capacity of antigen to elicit antibody for-
mation. On the other hand, antithetic effects (en-
hanced antibody responses) have been obtained
when animals arc immunized with complexes of
antigen and antibody formed in equivalence and
in antigen excess. Early in this century, pioneer
immunologists tested the antigentc properties of
mixtures of antigen and antibody. Animals and
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Figure 1. Primary tetanus antitoxin responses in mice
immunized with complexes of fluid tetanus toxoid (FIT)
formed either in antigen excess (AGEX), equivalence
(EQJ, or antibody excess (ABEX) with specific mouse
gamma globulin (M-yG). The amount of toxoid in the
various complexes represents the same dose given as ami-
gen only.

humans were immunized with a mixture of diph-
theria toxin and horse antitoxin. Occasionally this
led to tragic results when the toxin had not been
completely neutralized.

Immunization with the detoxified fluid and ab-
sorbed tetanus toxoids available today provides, in
genera!, an effective immunity against tetanal in-
fections. It is possible, however, to elicit early and
enhanced primary antitoxin responses in mice
with fluid tetanus toxoid (FTT) complexed with
antitoxin. The antibody response curves shown in
Figure 1 indicate that early and high-titered anti-
toxin responses are obtained when mice are im-
munized with complexes formed in antigen excess
(AGEX) or equivalence (EQ_). In contrast, the re-
sponse to FTT only was minimal at day 20. When
complexed FTT was given in antibody excess
(ABEX), the animals failed to produce their own
antibody response until between days 20 and 30.
The titcr of antitoxin observed initially on days 0,
10, and 20 (ABEX) represents excess passively in-
jected antibody since the complex was formed in
ABEX. This situation results in an initial passive
protection of the animals against tetanal infections,
followed by active antitoxin production. This ex-
periment shows the importance of ratios of antigen
and antibody formed in complex, which may
either enhance or temporarily inhibit antibody for-
mation. Similar results have now been obtained in
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man after immunization with complexes of FTT
and specific human gamma globulin. These data
provide substantive evidence for the efficacy of im-
munization with antigen-antibody complexes when
early passive protection and/or later active im-
munization is of importance.

THYMOCYTE MIGRATION

It is well known that the thymus plays an impor-
tant role in the development of peripheral lymph-
oid tissues and immunologic responsiveness, par-
ticularly of the so-called cellular immunities. This
role is assumed to be accomplished principally by
production within the thymus of immunoco^ pa-
tent T-cells which subsequently leave the thynius
and migrate to peripheral lymphoid tissues, where
they contact antigen.

Lymphocytopoiesis within the thymus is exten-
sive; production by mitosis has been estimated to
be cr5 X 104 cells/mg thymus/hr in rodents. Al-
though it has been directly shown that some lym-
phocytes produced within the thymus emigrate,
the fraction of newly formed thymocytes emigrat-
ing, as opposed to the fraction disintegrating with-
in the thynius, as well as the life-span and ultimate
fate of emigrants, remains controversial. In view of
current immunologic dogma, it is important that
these kinetic parameters be ascertained.

Two related experimental approaches have
been used to obtain additional information per-
taining to these questions. Comparison of DNA
renewal rates measured with tritiated thymidine
and those measured with iododeoxyuridine (a thy-
midine analogue specifically incorporated into
DNA but poorly reutilized) permits an estimation
of thymidine reutiiization and, by inference, cell
death. Data obtained in newborn mice indicate
that possibly as much as 60% of the thymidine in
the thymus is replaced via the salvage pathway,
an indication of substantial intrathymic cell death
during this period. Local labeling of the thymus
by topical application of 125I-iododeoxyuridine
(IUdR) and subsequent tracing of the activity to
various body tissues and fluids allow some quanti-
tative estimation of thymocyte migration. Prelim-
inary results in young adult mice suggest a relatively
small degree of migration to peripheral lymph-
oid tissues. The majority of the activity appears
in the urine within 5 to 8 days after application of
IUdR, which suggests that most thymocytes dis-
integrate rather rapidly, either in the thymus or
after a very short intrathymic life.

BLOOD CEIL KINETICS

In order to examine their pattern of prolifera-
tion and maturation, the blood and marrow cells
of patients with myelofibrosis have been cultured
in the diffusion chamber system. Two studies were
done, one with blood nucleated cells of a patient
who had classical features of myelofibrosis with
myeloid metaplasia (MMM), and one with mar-
row nucleated cells of another patient who also
had features of MMM.

Results indicated that the total cell recovery
from cultures of MMM cells differed slightly from
that from normal cell cultures and markedly from
that from chronic myelocytic leukemia (CML)
marrow cultures. Erythropoietic cell recovery, as
measured by the normoblasts recovered from the
cultures on day 9, was at least 2 to 40 times greater
in MMM cell cultures than in normal or CML
marrow cultures. These results suggest that the two
MMM samples contained an increased number
of neutrophilic and erythrocytic progenitors.

Although the diffusion chamber culture system
has been used to study the proliferation and mat-
uration of hemopoietic cells, the rates of pro-
liferation and maturation in the culture system
have not been compared with those occurring in
man. This relationship is important if the system
is to be used for studies of the kinetics of prolifera-
tion and regulation of hemopoietic cells.

Two studies have been completed in which the
kinetics of proliferation and maturation of neutro-
philic cells in culture has been compared with that
in vivo (patients). In the first, the patient was suf-
fering from MMM, and in the second, the pa-
tient had CML. 3HTdR was given as a flash
label to these patients. An hour later, bone mar-
row from the CML patient and peripheral blood
from the MMM patient were obtained and cul-
tured in the culture system. At intervals, bone
marrow from the CML patient and blood from
MMM patients were obtained to follow the labeled
cells' pattern. Chambers were also harvested at
intervals and the labeled cells were followed. Re-
sults indicate that the maturation pattern of neu-
trophilic cells in the cultures is orderly but that the
rate of maturation is higher than in vivo.

CULTURE OF AUTOLOGOUS BONE MARROW

IN DIFFUSION CHAMBERS: EFFECT OF HOST IRRADIATION

Autologous bone marrow cells were cultured in
diffusion chambers implanted in whole-body ir-
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radiated and nonirradiated goats. Proliferation of
bone marrow cells was apparent under both con-
ditions. However, bone marrow cells cultured in
the irradiated host began to increase in number
earlier and at a faster rate than their counterparts
in nonirradiated animals. The number of cells
harvested from diffusion chambers in irradiated
hosts 12 days after implantation was 3 to 4 times
larger than input values. Control values did not
significantly exceed the number of cells inoculated.
The simultaneous increase in the number of gran-
ulocytes in peripheral blood and in diffusion
chambers of irradiated hosts was paralleled by an
initial increase in serum colony stimulating factor
in these animals. Proliferation of erythrocytic and
megakaryocytic cells was observed in chambers of
irradiated hosts only, at a time when there was a
radiogenic ablation of host marrow. These obser-
vations provide strong evidence for diffusion of
humoral stimulators from the host into the diffu-
sion chambers. The stimulation appears to be elic-
ited or enhanced by irradiation of the host.

Figure 2. Interconnected multilayere of cells derived from
a human cancer of the cervix grown in diffusion chamber
cultures. 2000 X.

TUMOR CELLS m DIFFUSION CHAMBER CULTURE

Cancer is characterized by the uncontrolled
growth of cells, but in its various forms it may be
considered as many diseases affecting many or-
gans. Even the growth of cancerous cells of the
same type varies from individual to individual.
The variability of cancerous growth and the var-
ied response of malignant cells to therapy have
made the understanding and treatment of cancer
complex and difficult. These complexities have led
to investigation of the reproducibility of tumor
cells grown under physiological conditions in dif-
fusion chamber cultures. These cultures consist of
cells grown in cylinders made with pores small
encugh to contain (or exclude) cells and large
enough to allow the passage of nutrients from the
abdominal cavity of the host in which the cylinder
is placed. Work done at BNL has shown that the
growth of a population of HeLa tumor cells (de-
rived from a human cancer) slows when the cells
are transferred from cultures in vitro to diffusion
chamber cultures. The reproducibility of diffusion
chamber cultures is as good as or better than that
estimated for tumor growth in vivo. It was discov-
ered that HeLa cells in diffusion chamber culture
grow in interconnected multilayers (see Figure 2).
These results suggest that diffusion chamber cul-
tures of tumor cells may mimic tumor growth in
animals and patients and that such cultures may be
used to determine reproducibly the growth of tumor
cell populations grown under physiological conditions.

PHYSIOLOGY OF ERYTHROPOIESIS AND REGULATION

OF ERYTKROPOIETIN PRODUCTION

It has been shown at BNL that long-term cul-
tures of renal glomeruli are capable of producing
erythropoietin in significant quantities. The objec-
tive of this study is to further develop the culture
system in order to provide a source of hormone for
research and clinical testing. Basic mechanisms
regulating erythropoietin production and release
are studied in hormone-producing cultures ex-
posed to assorted stimuli by seeking the underlying
enzymatic determinants and correlates of altered
hormone production. Purification and chemical
characterization of culture-produced hormone are
approached via affinity chromatography and
other purification procedures. Efforts are being
made to prepare radioactively labeled hormone in
culture for use in developing a sensitive and reli-
able radioimmunoassay for the hormone.
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In a related study 55Fe is used as a cytotoxic
agent to selectively kill erythropoietic precursor
cells during the stage in which iron uptake is high.
The method is applicable to current scientific
problems in three areas:

1. Increased human body burdens of 55Fe have
been found after atmospheric atomic bomb tests.
While the resulting damage is difficult to predict
because of this isotope's extremely short range of
energy deposition, this method will make possible
a more precise investigation.

2. During cytocide, the hemopoietic stem cell
pool must provide fresh red cell precursors at a
rate that guarantees survival of the animal by
overcompensating for the cytocide rate. This cre-
ates a drain on stem cells that leads to stem cell
exhaustion if their division potential is limited.
Thus 55Fe cytocide may provide an in vivo test of
Hayflick's hypothesis, which states that normal
mammalian cells cannot divide indefinitely.

3. It is possible that an intramedullary feedback
loop exists that regulates cell flux from the stem
cell pool into red cell formation. This can be tested
by using 55Fe cytocide when intramedullary eryth-
ropoietic depopulation occurs without initial ane-
mia and without direct damage to stem cells.

MEDICAL STUDIES OF MARSHALL ISLANDERS ACCIDENTALLY

EXPOSED TO RADIOACTIVE FALLOUT I N 1954

Recent medical examinations of the Marshallese
people reveal further development of thyroid nod-
ules as a result of absorption of radioiodines from
accidental exposure to fallout in 1954. During the
March 1974 survey, nodules were found in two ex-
posed Rongelap adults and for the first time in one
of the four children exposed in utero. In addition, ail
unexposed woman was found to have a goiter. The
patients were brought to the Medical Research
Center at Brookhaven National Laboratory for
special studies prior to surgery at the Cleveland
Metropolitan General Hospital. The nodules
proved to be benign adenomata. Thyroid lesions
have been noted in 28 Rongelap people (about }A
of those exposed). Of 29 children exposed at <10
years of age (including 4 in utero), 22 have devel-
oped lesions. The children received larger doses to
their thyroids (up to 1200 to 1400 rads for small
children compared with about 135 to 335 for
adults) because of the smaller size of the gland.
Twenty-five Rongelap people have had thyroid
surgery. Three nodules were found to be malig-
nant. Surgery was successful in all cases, with no

recurrence of lesions. The 157 people on Utirik
Island received a much lower dose to the thyroid
and the incidence of thyroid lesions there is about
the same as that found in the unexposed popula-
tions examined.

The exposed Rongelap people have received
routine thyroid hormone treatment since 1964.
Although enhancement of growth in children ap-
pears to have been achieved, it is not certain that
the treatment has reduced the development of thy-
roid lesions.

A fatal case of acute myelogenous leukemia, be-
lieved to be due to radiation exposure, developed
in a 19-year-old Marshallese boy in 1972. He had
shown greater granulocyte depression than did
other exposed boys over the 19 years preceding de-
velopment of the disease.

BIOCHEMICAL AND MOLECULAR
STRUCTURE AND FUNCTION

BlOENERGETIC MECHANISMS INVOLVING FREE RADICALS

The properties of certain hormones and drugs
may derive from free radical forms, and some the-
ories of carcinogenesis and of somatic aging invoke
free radical mechanisms. The need to detect rela-
tively small numbers of free radicals in biomedical
experimentation has led to widespread use of elec-
tron paramagnetic resonance (EPR) spectrometry,
since EPR and related magnetic resonance tech-
niques can identify and describe free radicals with
the greatest sensitivity and specificity.

Figure 3. Recently acquired AEC ship used for conduct-
ing medical examinations and radiological surveys in the
Marshall Islands.
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Figure 4. First indications of spectral detail from the EPR
spectrum of a chlorophyll free radical. The free radical
produced by electron transfer from bacteriochlorophyll
(BChI, the active pigment from photosynthesizing bac-
teria, Chromatium in this example) was stabilized in a
sealed system containing dry and degassed solvents. Care-
ful EPR study (a, upper left) revealed for the first time
EPR spectral detail (so-called hyperfine seructure, HFS)
from a chlorophyll radical involved in photosynthesis. To
achieve this, high-resolution low-sensitivity recording
conditions were required, which necessitated an overnight
run with computer adjustment of instrument drifts. The
excellent signal-to-noise ratio of the spectrum thus re-
corded (a, upper left) *hen permitted accentuation of the
HFS by presentation of a computer-derived second-deriv-
ative spectrum (a, upper right). Paradoxically, the spec-
tral detail thus achieved was too rich to allow unambigu-
ous analysis and assignment of the spectral lines. With use
of a special sample cavity that focused high radio-fre-
quency power on the BChl+-, it was possible to obtain a
spectrum by electron-nuclear double resonance (ENDOR)
of the radical still in solution (A). The simpler ENDOR
spectrum identified seven sets of hydrogen atom centers
in the BChl+' molecule, each giving rise to HFS with the
splitting constants listed (6). With this analysis and addi-
tional guidance from studies with "model" chemical ana-
logues, a full set of splitting constants could be assigned to
BChl+- (a, lower left), a/2 of 1 MHz in ENDOR (b) is
equivalent to 0.71 G in EPR (a/2 = half splitting con-
stant). This reconstruction was supported in turn by
highly satisfactory computer simulation of the experimen-
tal EPR spectra, in both first-derivative (a, lower left) and
second-derivative (A, lower right) presentations.
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The effects of radiation attack on the compo-
nent bases and nucleosides of DNA have been in-
vestigated in two types of study. In one, a fast-flow
mixing system is used to produce the OH-radical
species normally associated with irradiation of
water, which causes much biological damage in
living tissue. In this system the short-lived radical
species formed from the DNA bases may be stud-
ied and identified by EPR. During the past few
years the apparatus has been greatly improved,
and very weak signals can now be interpreted. A
special mixer was also developed for studying two-
stage reactions with use of very small quantities of
chemicals, including carcinogenic agents. Prelim-
inary results have identified a reactive free radical
from the carcinogen nitroquinoline-1-oxide
(NQO); however, it reacts very slowly, if at all,
with nucleic acid constituents. Since activated
forms of known carcinogens are electron attract-
ing, it is concluded that this radical, which is elec-
tron-rich, does not represent the generalized or
ultimate carcinogenic radical of NQO.

The flow apparatus was also used in studies of
the reactions of the OH-radical on purine bases
and their nucleosides. Purine base radicals, plus
sugar radicals (in the cases of nucleosides) were
always observed, and some were identified through
analysis of their EPR spectra in conjunction with
isotopic substitution, molecular orbita 1 calcula-
tions, and computer simulations.

The second type of study involves the analysis of
free radicals formed in single crystals. The order of
a crystal allows precise EPR measurements, and
useful information has been obtained on several
radical species in irradiated DNA components al-
though they have not yet been positively identified.

Analysis of irradiated 1-methylthymine (a nu-
cleic acid base analogue) provided evidence for a
newly defined heat-stable radical.

PORPHYRIN STUDIES

Porphyrins and their oxidation and reduction
products have been studied in order to better un-
derstand the mechanism of action of enzymes in
which a porphyrin entity is the active center. As
shown by EPR, porphyrin radicals are produced
on oxidation or reduction. The cation radicals
have been found to fall into two classes with char-
acteristic optical and EPR spectra. The intermedi-
ates formed by catalase in its decomposition of
peroxides are radicals of one class, whereas those
formed with horseradish peroxidase fall into the

23 MH2
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other class. Halide ions, which are known to be
efficient bridges in many electron transfer reac-
tions, have been shown to form complexes with
the porphyrins and their cation radicals. Chemical
kinetic studies have also been carried out to deter-
mine possible electron pathways in the reduction
and oxidation of meialloporphyrins.

Chlorophylls, which are closely related to por-
phyrins, have also been studied. For the first time,
EPR spectral detail was obtained from a bacterio-
chlorophyll free radical that is involved in photo-
synthesis. With the aid of electron-nuclear double
resonance (ENDOR) the spectrum of the radical
in solution was analyzed. (See Figure 4.)

NUCLEIC ACIDS

An attempt is being made to establish the vari-
ous nucleic acid structures and their interaction
among 1 hemselves and with environmental chemi-
cals with the greatest possible accuracy. Ap-
proaches include investigations of the three-dimen-
sional structure of natural double-stranded DNA,
various RNA's, and synthetic polynucleotides, as
well as complexes of these macromolecules with
smaller molecules such as histones and novel
chemicals; and studies of the effects of synthetic
polynucleosides on viruses.

Earlier collaborative x-ray studies of the DNA
double helix showed that it could exist in two dis-
tinct forms, A and B. In vitro DNA is in theB form,
in which the base-pairs are perpendicular to the
helix axis. In fibers having a low water content,
DNA can go into the more compact A form, in
which base-pairs are tilted at an angle of about
70° to the helix axis. Earlier studies have also
shown that RNA has a conformation similar to
that of A -DNA, but no x-ray evidence has been
obtained for an RNA structure similar to that of
B-DNA. This base difference in conformation be-
tween RNA and DNA double helices has been
recognized by several pharmaceutical companies
as having considerable potential for the develop-
ment of drug molecules that act specifically against
organisms (e.g., some viruses) whose genetic mate-
rial is RNA and not DNA. In this context, con-
siderable interest has been evinced in the possibil-
ity of intercalation into an RNA double helix. The
conclusions from physicochemical studies on this
point are conflicting. The x-ray data obtained so
far do not support intercalation into RNA. Ethid-
ium bromide has been bound to double-stranded
poly(rA»rU), and this has induced a structural tran-

sition from an 11-fold to a 12-fold helix. However,
no evidence for intercalation has been obtained,
even at high drug/polymer ratios.

FUNCTION OF DNA POLYMERASES

Animal tissues contain at least three DNA
polymerases, enzymes that synthesize DNA, the
genetic material of cells. Although the biochemical
reaction that these enzymes carry out in vitro is un-
derstood, there is little understanding of the way
in which they function in replication of DNA dur-
ing cell division, or in repair of DNA damaged by
radiation or other environmental insults. One of
the enzymes (DNA polymerase III) is unique in its
preference, under certain conditions, for an RNA
template. To obtain information on the physio-
logical significance of this polymerase, its concen-
tration and intracellular distribution have been
studied in cells at various levels of proliferative ac-
tivity. In the chicken red cell series, the concentra-
tion of this polymerase is high in cells that are still
dividing. With the last cell division, the concentra-
tion in both nucleus and cytoplasm begins to de-
cline, and it is quite low in mature red cells. In
young dividing cells, polymerase III is located
predominantly in the nucleus, but in the mature
erythrocyte what activity remains is found pre-
dominantly in extracts of the cytoplasm. Chicken
red cells were used in this study because they re-
tain a nucleus even in mature circulating erythro-
cytes.

In other studies on HeLa cells in culture, the
DNA polymerase III concentration wa« found to
remain relatively constant throughout the cell
cycle, but during 5 phase (the DNA synthetic
period of the cell cycle) a large part of the total
cellular enzyme is present within the nucleus.
When DNA is not being made, the enzyme is found
predominantly in the cytoplasm. Under all cir-
cumstances, the fraction of the enzyme in the nu-
cleus is very firmly bound and not freely diffusible
into the cytoplasm.

The most probable explanation for these obser-
vations is that DNA polymerase III takes part in
DNA replication. It probably has a long lifetime
in the cell and thus is present in cells after it is no
longer needed.

ABNORMAL ASCORBIC ACID METABOLISM ASSOCIATED

WITH HEMOSIDEROSIS-SCURVY

Hemosiderosis may be caused by the ingestion
of large quantities of iron in food prepared in
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metal cans. This disease is quite prevalent in South
Africa. Severe grades of the disease show a scurvy-
type skin and osteoporosis. The hemosiderosis is
the primary condition that produces an ascorbic
acid deficiency. The association between the hemo-
siderosis and ascorbic acid deficiency is a direct
cne and not simpiy a reflection of dietary inade-
quacy, since reduced stores of vitamin C have
been found in some well-nourished patients suffer-
ing from iron overload, due either to multiple
blood transfusions or to ingestion of excessive
quantities of commercial vitamin-mineral prepa-
rations. Studies in which these patients are given
very small doses of labeled ascorbic acid show the
conversion of as much as 47% of 14C-labeled as-
corbic acid into 14CO2 in the first 24 hr, compared
with a "normal" conversion of about 2%. The half-
life of ascorbic acid in these patients was only 1
day, compared with 7 days in a "normal" group.
The isolation of labeled compounds from the urine
of the patLnts demonstrated that the ascorbic acid
was metabolized very rapidly by a pathway other
than the one considered to be normal.

The osteoporosis of these patients may be de-
scribed as a degeneration of the bones. Ascorbic
acid is known to be essential in the synthesis of col-
lagen, a compound of importance in bone struc-
ture and maintenance. Further studies of vitamin
C metabolism in these patients may le;»d to the
proper use of vitamin C in the treatment of a num-
ber of different disease entities.

CLINICAL AND METABOLIC STUDIES

In Vivo MEASUREMENT OF RADIONUCLIDES

IN M A N , KINETIC STUDIES, AND in Vivo

NEUTRON ACTIVATION ANALYSIS

Calcium metabolism is studied in various dis-
orders of the skeletal system. The principal tech-
niques employed are total-body neutron activa-
tion analysis, 47Ca tracer kinetic analysis, and
whole-body counting.

The development of total-body neutron activa-
tion analysis (TBNAA) has opened up new re-
search possibilities. TBNAA is the only technique
currently available for determination of the ele-
mental composition of a living organism. The
clinical usefulness of the TBNAA technique is
most clearly demonstrated by the measurement of
total-body calcium. This measure provides useful
data for the diagnosis and management of meta-

bolic bone diseases. Total-body calcium measure-
ment has been applied in establishing absolute
and relative deficits of calcium in patients with
osteoporosis, as compared with a normal contrast
population. Changes in total-body calcium (skele-
tal mass) have been most useful for quantitating
the efficacy of various therapies in osteoporosis.
Currently, the effects of long-term administration
of synthetic salmon calcitonin, sodium fluoride,
calcium supplements, and growth hormone are
being evaluated in the treatment of osteoporosis.

It is also of clinical value to relate the skeletal
mass (total calcium) to muscle mass (total potas-
sium) in various disorders. Both total-body calcium
and potassium have been measured simultane-
ously in patients by TBNAA and by whole-body
counting, respectively, to establish this relationship.

In renal failure, bone disorders and disturbances
of sodium and chlorine are being studied. The
measurement of the total-body levels of these ele-
ments gives the clinician data useful in designing
his therapy. For example, changes in the concen-
tration of calcium in the dialysis bath solution of
patients on chronic dialysis have been shown to be
reflected quickly in the total-body calcium of the
patient. Thus dialysate concentrations can be ad-
justed to reduce the loss of calcium from the body
that is associated with dialysis.

The therapeutic effects of vitamin D and 25-
hydroxy-cholecalciferol have been investigated. A
compartmental analysis of 47Ca kinetic data was
employed to evaluate parameters of calcium me-
tabolism before and after therapy.

In endocrine dysfunctions, the measurement of
bone changes has been studied, particularly in pa-
tients with disorders of the thyroid and parathy-
roid. Skeletal metabolism and body composition
are being studied in diabetes, acromegaly, rheuma-
toid arthritis, osteogenesis imperfecta, and in a
number of other bone disorders.

These are some of the recent clinical applica-
tions of TBNAA. It is char that they only suggest
die large potential of this technique. The Brook-
haven TBNAA facility can serve as a prototype
for other activation facilities in other medical re-
search centers.

STUDIES O N CARBOHYDRATE AND LIPID METABOLISM

The metabolism of various isotopically labeled
carbohydrates has been followed in control sub-
jects and in patients with obesity, diabetes, and
hyperlipidemia (high blood fat). Methods have
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been developed with which an individual's lipo-
genic potential can.-be eyaluatedby theextent of
conversion of carbohydrate to blood triglyccrides.
A tracer dose =of?4C-lab^:led carbohydrate was
orally administered to individuals in nonjunction
with a "cold" carbohydrate load (40 g/m2 body
surface area), and the blood was sampled at vari-
ous times up to 12 hr for isolation of triglyceride-x
as well as triglyceride-fatty acid-14C. This study
indicates that the peak radioactivity is usually
reached between 3 and 6 hr and that its value cor-
relates well not only with the fasting plasma triglyc-
eride concentration but also with the production
or turnover rate of plasma triglyceride obtained by
an independent technique, vis., endogenous label-
ing with 3H-glycerol. The method of 14G-loading,
however, provides the additional advantage of
studying an individual in the postprandial as well
as the postabsorptive state. It is in the former state
that the formation and removal of plasma triglyc-
eride is most active.

One objective in these studies is to gain an un-
derstanding of hypertriglyceridemia (high blood
triglycerides) induced by high carbohydrate feed-
ing - its pathogenesis and prevention. In recent
years, this condition has been found to be ex-
tremely prevalent in our population, and certainly
it ranks as one of the major risk factors in coronary
heart disease. Heavy consumption of sucrose (table
sugar) has been particularly implicated as causa-
tive. Therefore, sucrose-induced hypertriglyceri-
demia could serve as an interesting disease model
both for understanding carbohydrate induction in
general and for evaluating any unique effects of
high sucrose feeding. With use of the 14C-loading
technique, it has been shown that after a period of
sucrose-rich diet the peak radioactivity in plasma
triglyceride is greater and appears earlier than be-
fore the diet (Figure 5). Simultaneous measure-
ment of the rate of conversion to breath 14CC>2
also shows an increase after sucrose-rich diet dur-
ing the first 2 hr after 14C-loading. The increase in
both the lipogenic and the oxidatdve pathways
suggests that more sucrose from the oral load is be-
ing absorbed and presented to both pathways, and
this is probably related to an increase in sucrase (a
disaccharidase) in the intestinal mucosa induced
by the sucrose-rich diet. In addition, a selective in-
crease of 14C in the fatty acids, but not in the glyc-
erol moiety of the plasma triglycerides, is found.
This is a characteristic feature of insulin effect.
Previously, a higher insulin response to oral sucrose
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Figure 5. Relative conversion of "sucrose-U-14C" to
plasma triglyceride-14C, triglyceride-fatty acid-l4C, and
glyceride-glycerol-l4C after a labeled oral load of 40 g
sucrose per m2 body surface area, with low and high su-
crose diets. Left bars represent values with low sucrose
diet, right bars, values with high sucrose diet. Total tri-
glyceride-1'iC is represented by the entire bar, triglycer-
ide-fatty acid-l4C by the shaded area, and glyceride-glyc-
erol-14C by the difference between the two.

load after high sucrose feeding was observed, and
diis may represent another effect of the sucrose-
rich diet on the intestinal mucosa, i.e., the induc-
tion of insulin secretagogue(s). On the basis of these
findings it is concluded that an acute intake of su-
crose will cause a higher conversion to plasma tri-
glyceride, if one habitually consumes proportionally
more sucrose than other carbohydrate in the diet.

Studies such as the above can be modified and
extended to large groups of high-risk patients, in-
cluding females on contraceptive steroids, or pa-
tients with atherosclerosis, diabetes, etc. Both the
basal lipogenic potential of an individual and his
susceptibility to high sucrose feeding can be eval-
uated. Such information will be of great interest
from investigative, diagnostic, and preventive
points of view.

STUDIES O N HYPERTENSION

In investigating the etiology and pathogenesis of
hypertension (high blood pressure), emphasis is
placed on the interaction between genetic deter-
minants and modifying environmental factors. The
impetus for these studies was provided by the ob-
servation that sodium intake could modify blood
pressure in man and in rat. For man, conclusions
had to be based on statistical evaluation of clinical
and epidemiological data, since individual re-
sponses were unpredictable. With rats, this prob-
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lem was solved at BNL by selective breeding that
produced two colonies whose blood-pressure re-
sponses were opposite and predictable. One colony,
designated R rats, develops hypertension only af-
ter extraordinary insults. The other colony, the S
rats, develops hypertension readily from insults to
which the R rats are generally unresponsive.

When any of the many factors regulating blood
pressure varies from its "normal" range, hyperten-
sion may develop. Some animals are more likely
than others to develop hypertension because of a
genetic component that determines how much
variation is tolerated. Extensive epidemiologic and
experimental evidence suggests that salt intake is
one of the factors that may trigger hypertension in
some animals and man. However, in studies with
these two unique rat colonies it has been shown
that animals sensitive or resistant to the effects of
salt are generally sensitive or resistant to other
noxious stimuli considered to be "causes" of hy-
pertension. It is therefore probable that different
forms of hypertension have more in common than
might be suggested by the variety of so-called
causative agents.

Because of the genetic and environmental het-
erogeneity of man, it is difficult to separate and
evaluate the relative importance of environmental
and genetic influences. With the two rat colonies,
environmental influences can be controlled when
studying the genetic aspect, and vice versa. The
results of a large, formal genetic study extending
over a period of six years indicated that from two
to four genes might be responsible for control of
blood pressure in these animals. Attempts are be-
ing made to determine the specific biochemical
functions controlled by each of these genes, and
one such gene-action has been identified. More of
a special mineral-steroid (18-hydroxydeoxycorti-
costerone) is produced by adrenal glands from the
hypertension-prone (S) rats than by those from
the hypertension-resistant (R) rats. With use of
classical genetic breeding techniques, the differ-
ence in steroid production has been shown to arise
from the action of a single Mendelian gene in-
herited by codominance. Calculations indicate,
however, that this gene accounts for only about
16% of the disparity in blood pressure between the
two strains. The other genes predicted from the
original genetic analysis must therefore account for
the remaining blood pressure difference.

It had been found earlier at B?«L that specific
receptors of the S rats were twice as sensitive as

those of R rats to angiotensin II, which causes
elevation of blood pressure, but that plasma renin
activity was only half that'in R rats. (Renin, an
enzyme normally found in the body, initiates the
chain of re2ctions;leading_from angiotensinogen
through angiotensin I to angiotensin II.) No dif-
ference was found between the two strains in con-
centrations of converting enzyme (which catalyzes
the conversion of angiotensin I to angiotensin II)
and angiotensinogen. Preliminary analyses of angi-
otensin I by radioimmunoassay do not show differ-
ences between the strains. These studies tend to min-
imize the importance of the renin-angiotensin sys-
tem in the pathogenesis of hypertension in S rats.

An additional factor derived from plasma of
either strain gives a vasopressor response in the S
rats, but not in the R rats. Its sensitivity to pepsin
and chymotrypsin indicates that it is a peptide,
but its insensitivity to trypsin suggests that it is not
related to angiotensin. This factor, unidentified as
to origin, structure, and function^ is of interest
since, if it proves to be unique to S rats, it may con-
stitute a genetic "marker" for hypertension.

STUDIES OF PARKINSONISM AND RELATED CONDITIONS

The search for new dopaminergic agents as sub-
stitutes for levodopa led to an analogue of apo-
morphine, n-propyl apomorphine. This drug, in

Figure 6. Effect of incorporating levodopa in diet of
young male mice. Both mice were 18 months old when
the picture was taken. Mouse A consumed 40 mg levo-
dopa per gram Purina for 17 months. Mouse B consumed
only Purina.
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small oral doses, was found to be more potent than
apomorphine and to demonstrate therapeutic ef-
fects fcomparablfet&rthoselr of 4evadopa > in -some
patients. Thus, for the first time the administra-
tion of an amine," instead of anamino acid such as
levodopa, was shown to be effective in the treat-
ment of Parkinsonism. Unlike levodopa, however,
this agent was shown to progressively lose its
therapeutic effectiveness. Newly synthesized ana-
logues of apomorphine and piperidine are contin-
uously being tested in animals for dopaminergic
activity prior to investigations in man.

Studies of the effects of levodopa on general
health led to the significant finding that tolerable
amounts of levodopa incorporated in the diets of
young male mice and administered indefinitely
induced a youthful appearance and prolonged the
life-span of these mice (Figure 6). Chemical or
traumatic keratitis was induced in some animals.
These experiments can serve to further reassure
patients with Parkinsonism of the safety of long-
term levodopa treatment.

NUCLEAR MEDICINE

DEVELOPMENT OF DIAGNOSTIC IMAGING TECHNIQUES

The interdisciplinary program with the Depart-
ment of Applied Science and the Chemistry De-
partment has concentrated primarily on the de-
velopment of radiopharmaceuticals labeled with
short-lived, accelerator-produced radionuclides
from the 60-in. cyclotron and the Brookhaven
Linac Isotope Producer.

123I, a superior radionuclide for thyroid imag-
ing, is now being studied as a label for a number

of molecules of biological interest. Among these is
4,3 DMQ(an isoquinoline analogue), which selec-

green, which is useful for hepato-biliary imaging
and function studies; ̂ T.^t^iqdphippurate has
been shown to be useful for assessing renal func-
tion, especially in patients with poor renal func-
tion, because the radiation dose required is much
lower than that with 131I, The lower gamma en-
ergy of X23I is more efficiently detected and colli-
mated than the emissions from 131I.

The myocardial imaging agents currently in use
suffer from various deficiencies such as high gamma
energies and general unavailability. A method has
been developed for production of high-purity
2O1T1, a radionuclide wkh excellent physical prop-
erties. Study of its biological distribution in large
animals indicates that it should be useful as an
"off-the-shelf" agent for ndninvasive study of
myocardial infarction and insufficiency. Studies in
patients have confirmed the expectation that the
radionuclide would be superior in its ability to
image the myocardium.

Another material useful for evaluation of myo-
cardial function is 99mTc-labeled red blood cells.
A new method, available in kit form, has been de-
veloped that greatly simplifies the procedure of la-
beling and gives a 97% yield. Electrocardiographic
gated images in systole and diastole have had ex-
cellent resolution and allow the measurement of
left ventricular ejection fraction.

Clinical evaluation of 18F-fluorotryptophan for
pancreas imaging is just beginning. uC-dopamine
preclinical studies for adrenal imaging have been
completed and clinical studies have been instituted.

PHYSICS DEPARTMENT

The Physics Department carries out fundamen-
tal research in elementary-particle (or high-ener-
gy), nuclear, and solid state physics. In each disci-
pline, die experimental program is based in large
part on one of Brookhaven's major facilities. These
research facilities provide unique capabilities not
only to the BNL staff but also to the national sci-
entific community. BNL operates and continu-
ously develops and improves these facilities, and

the Physics Department staff has a role in fulfilling
this important mission. In this short report, only
samples of these activities can be offered.

LOW-ENERGY NUCLEAR PHYSICS

NUCLEAR PHYSICS

A simple way of characterizing the nature of
an experimental program in nuclear physics is
in terms of the source or accelerator it employs.
Thus the research program can be separated into
charged-particle and neutron nuclear physics,
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based on the Tandem Van de Graaff Facility and
the High Flux Beam Reactor. The Physics Depart-
ment is also responsible for operating and develop-
ing the Tandem Van de Graaff Facility (described
in the Facilities section) for the whole nuclear
community. The theoretical group interacts widi
these experimental programs and pursues basic
theoretical studies.

RESEARCH WITH THE TANDEM V A N DE GRAAFF

The experimental program based on the BNL
Tandem Van de GraafF Facility is divided into two
parts. The study of reactions induced by projec-
tiles with mass A > 4 which span the range from
6Li to 208Pb comprises the largest part. A smaller
part is concerned with the study of reactions in-
duced by light particles (̂ 4 < 4).

The wide variety of heavy-ion beams available
as high-energy probes of nuclear matter has opened
up new, exciting avenues of research in nuclear
physics. When two heavy «*u>"r

l"«., such as 14N (pro-
jectile) and 48Ca (target), collide, the phenomena
that occur can be roughly divided into three cate-
gories. If the energy of the projectile is low, the
ions are held apart by the large electrostatic
Coulomb repulsion between them and the only re-
actions that can take place are those mediated by
this long-range force. As the energy of the projec-
tile is increased the electrostatic repulsion is over-
come and the peripheries of the nuclear surfaces
can "touch." When this happens the ions begin to
experience the attractive nuclear forces as well as
the repulsive electrostatic ones. Consequently

Figure 1. The 4SCa(14N,»3C)->9Sc angular distributions to
the ground state and first excited state of 49Sc. The pro-
jectile energy is 50 MeV. Solid lines are theoretical fits to
the data.

small pieces of the nuclear matter (one or two nu-
cleons) of the projectile can transfer between tar-
get and projectile- The reaction 48Ca + 14N -» 49Sc
+ 13C is an example. As the energy of the projec-
tile is increased still further, the projectile and tar-
get may completely intermingle to form a com-
pound system. A variety of compound nucleus,
fusion, and fission reactions may then occur, with
the reaction products bearing little resemblance to
the original projectile and target. Experiments
have been performed at the BNL Tandem Van de
Graaff Facility to investigate all three types of
phenomena.

A large and particularly rewarding part of the
research program has been devoted to the second
category of heavy-ion reactions: peripheral reac-
tions involving the transfer of one or two nucleons.
Several unexpected and surprising results have
been obtained which contradict previous beliefs.
These experiments lead to new interpretations of
the reaction process and to the ability to extract
various kinds of nuclear information from such re-
actions. One experiment involved bombarding a
48Ca target with 14N and measuring the angular
distribution of 13C particles. In this reaction a pro-
ton is transferred from the 14N projectile to the
48Ca target. It had been believed that only at in-
termediate angles was there an appreciable inten-
sity of 13C particles. The trajectories leading to
small angles involved separations too large for ap-
preciable transfer, while trajectories leading to
large angles brought the ions too close for simple
transfers to be probable. Only in the collisions in-
volving the nuclear periphery, which lead to tra-
jectories that emerge at intermediate angles, could
a simple transfer reaction have a reasonable prob-
ability of occurring. If such were the case, all the
angular distributions, here termed classical, would
look very similar, and the amount of nuclear phys-
ics information obtained from such experiments
would be minimal. In particular, no oscillations in
the angular distributions would be observed and
the cross section at small angles would be small.
Since the wavelengths of the heavy projectile and
target are short, the classical result was believed to
be the inevitable one. Figure 1 shows the angular
distributions measured at Brookhaven. The strong
oscillations and the large peak at small angles ap-
pear superimposed on the smooth, classical angular
distribution anticipated. Experiments performed
with other projectiles, bombarding energies, and
targets confirm that this oscillating and forward-
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peaked behavior is a general feature of the transfer
reaction. The results were interpreted by theorists
and experimentalists in close collaboration.

What nuclear physics information can be ex-
tracted from these oscillating angular distributions?
Some answers are already known: the characteris-
tics of the oscillations depend on the angular mo-
mentum of the nuclear states involved and the de-
tails of the density distribution of nuclear matter in
the peripheral regions. Such reactions are thus valu-
able tools to extract these nuclear properties.
Other nuclear properties may also be involved,
and experiments are continuing to fully explore
the possibilities.

In this class of experiments the ability to "see"
the transfer at the very forward angles is crucial.
At such angles, there is inevitably an extremely
large number of primary beam particles whose
only interaction with target nuclei has been to ex-
perience the long-range electrostatic repulsion that
is the main cause of small-angle scattering of the
projectile. The reaction products, which result
from the transfer of one or two nucleons between
the projectile and target, are often of very low in-
tensity in the forward direction, where the most
interesting nuclear information is to be found. It
has proved to be virtually impossible to detect
such low-intensity transfers in the presence of the
high-intensity "elastic" background by using the
usual counter-telescope detection systems at for-
ward angles. The newly constructed QDDD mag-
netic spectrometer has the ability to eliminate
such "elastic" events from its focal plane detector
and thus easily allows observation of the rare
transfer reaction products at the forward angles.
The success of these experiments is due in large
measure to the quality of this spectrometer's oper-
ating characteristics.

In the third category of heavy-ion induced reac-
tions, namely, those leading to compound nucleus
formation, fascinating new phenomena have also
emerged. This is due in part to the advantages in-
herent in the use of heavy ions as projectiles. There
is an extremely large input of both linear and angu-
lar momentum into the composite system of target
and projectile. The creation of a nucleus in states
of high rotational spin at high excitation energies
subjects the nuclear matter to stresses caused by
the high rotational frequencies. These stresses force
the nuclei into new configurations, and many of
the properties of nuclear matter as measured at
low excitation energy and low spin appear to un-

dergo radical changes. Moments of inertia, for ex-
ample, increase dramatically with increasing spin.
This is true not only for the nuclear states associ-
ated with the ground-state rotational band but
also for the states of new rotational bands, which
are based on particle configurations that have been
excited by the internal stresses due to the rapid ro-
tations. New bands with very large moments of
inertia have been discovered in 126Ba, 128Ba, and
156Er, with 12C and 16O ions used as projectiles.

The large, directed linear momentum associ-
ated with the heavy-ion projectiles causes the
fused system of projectile and target to recoil at
very high velocity. This rapid recoil is crucial in
experiments that attempt to measure the very
rapid decay times of excited nuclear states created
in the reaction. If the system is still recoiling when
the nucleus emits a y ray, for example, the ob-
served frequency of the y ray is changed from its
"normal" value. This "Doppler shift" is an indica-
tion that the recoiling nuclei have emitted the y
ray before reaching a recoil stopper placed at a
variable position downstream from the target. The
fraction of the recoils reaching the stopper before
emitting a y ray provides a measure of the lifetime
of the excited nucleus. Times of the order of 10~12

sec have been measured in such experiments. In
related experiments, the stopper consists of other
atoms in the target material itself. In this case, the
available time during which the recoiling nucleus
may emit its Doppler-shifted y ray is only the time
needed to traverse the distance between atoms.
The lifetime range that can be measured is about
10 to 100 times shorter, 10~13 to 10-14 sec.

When 16O projectiles near 40 MeV are used to
bombard a 27A1 target, the residual nuclei formed
are predominantly 41Ca or 41K. The "recoil-
distance" method described above was successfully
exploited in measuring the lifetimes of a number
of high spin excited states in both nuclei. The mea-
sured y-ray decay rates for the electric quadrupole
transitions in these nuclei were found to be un-
usually small. The absence of a collective effect,
which would enhance such transitions, is not yet
theoretically understood.

Lifetime measurements made by the second of
the above techniques have also been carried out
for other nuclei. An interesting example is the
measurement of the lifetime of the 1219-keV ex-
cited state in 35C1. Instead of bombarding 34S with
a deuteron projectile, the large linear momentum
associated with a heavy-ion beam was exploited in
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the reaction 3*S+2H -» 35C1 + n by using 34S as the
the projectile at 60-MeV bombarding energy
against a deuteron target to excite this f5Gl level.
The lifetime of this state was determined to be
(2.9±0.4)X10-13 sec. The relatively high ac-
curacy of this determination is mainly due to the
large, highly directed momentum of the heavy-ion
projectile.

Exploratory study of the nuclear domain is im-
portant to provide the fundamental underlying
facts on which nuclear physics rests. Much of what
is now known of nuclear phenomena comes from
the nuclei that are stable or nearly so. In terms of
their location on the isotope charts according to
neutron and proton number (JV, Z), these lie in
the "valley of stability." To find ways of creating
nuclei that lie far outside this valley is an impor-
tant goal for the nuclear physicist.

In the past two years, new isotopes have been
produced in compound nucleus reactions at the
BNL Tandem Van de Graaff Facility. Among
them are 23F, 29Mg, and 31A1, produced by bom-
barding targets such as 1 80, 1 3C, or I0Be with ac-
celerated beams of 18O or 19F. All are neutron-
rich radioactive nuclei with half-lives ranging from
0.6 sec for 31Al to 48 sec for 35P (discovered some-
what earlier). They are part of a sequence in the
isotope charts known by their isobaric spin classi-
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Figure 2. Differences between measured masses and those
predicted by theory (vertical scale), plotted against mass
number for the complete set of 7"- = +5/2 nuclei in the
2j-lrfshell. In addition to the BNL measurements, results
shown are those of Dubna (Russia), LBL (Lawrence
Berkeley Laboratory, California), and the Orsay Labora-
tory (France).

fication as Tz= +5/2. Their properties, including
the radioactive decay schemes, spins, half-lives,
and masses, have been measured, as have those/of
two other previously known members of this same
sequence, 25Ne and 27Na. While the decay
schemes, spins, and half-lives of all these nuclei
agree with expectations based on ihe nuclear shell-
model theory, their masses deviate from theory in
a curious way not yet understood. Figure 2 shows
the differences between the measured masses of
this family of isotopes and those expected accord-
ing to theory; i.e., if all masses agreed with the
theory the points would lie on a horizontal line
(AM = 0) at the middle of the plot. What applica-
tions these new nuclei may have is not yet known,
but it is clear that their physical properties have
interesting implications in the study of nuclear
structure. For example, semipmpirical mass for-
mulas based on measured masses on or near the line
of stability are not always reliable in their predic-
tions and need correction as nuclei farther and far-
ther removed from the valley of stability are created.

Other heavy-ion induced reactions under inten-
sive study both by BNL scientists and by members
of the outside user community are those leading to
fusion or fission of the compound system. High-
mass, high-energy sulfur ions incident on, for ex-
ample, a 40Ca target fuse with the target to form a
system that is highly excited and also recoils with
high velocity because of the extremely large linear
momentum associated with the heavy projectile.
Evaporation of particles from the highly excited
fused system leads to a spectrum of residual masses
that can be analyzed by measuring the times of
flight of these reaction products in a given direc-
tion and over a known flight-path. In addition, if
the time-of-flight system is replaced by collectors
for these mass fragments, known radioactivities
can be identified and the residual mass distribu-
tion derived from these measurements. Although
such experiments (consisting, to date, of the bom-
bardment by sulfur projectiles 6f;Ca, Mg, Ni, and
Co targets) are still in an exploratory phase, the
technique has already made possible a better dy-
namic measurement of the mass distribution of fu-
sion products resulting from these compound nu-
clear reactions. For example, a mass resolution of
about 1 mass unit near 90 (8M/AT~1%) has al-
ready been achieved. These experiments are pri-
marily a BNL-MIT collaborative effort.

Although BNL physics research at the Tandem
Van de GraafF Facility has been concentrated on



76

heavy-ion physics, the capability of the facility to
furnish high-energy, hi^h-quality beams of pro-
tons, deuterons, and a particles has led to their ex-
tensive use in the investigation of important nu-
clear physics questions. The interesting dynamical
modes of motions known as the collective modes
are common to all nuclei. They are exhibited
dramatically in the form of "giant resonances"
that can be excited by the absorption of high-
energy Y rays. The decay of such giant resonances
occurs principally by particle emission. At Brook-
haven, these giant resonances are studied by the
inverse reaction. In an experiment in collabora-
tion with the State University of New York at
Stony Brook, high-energy protons with precisely
known energy are used to enter the giant reso-
nance, and the details of the resonance are studied
by observing the y-decay branch of the resonance
with a large, high-resolution, high-energy y-ray
detector and by measuring the y-decay probabil-
ity as a function of angle relative to the beam. The
structure of the giant electric quadrupole reso-
nance in 16O as observed in high-energy electron
inelastic scattering (e,er) experiments at other lab-
oratories is clarified by this different experimental
approach because this experiment, which mea-
sures the angular distribution, can distinguish be-
tween electric monopole and electric quadrupole
excitation. Nevertheless, a certain ambiguity still
remains between dipole and quadrupole excita-
tion. At Stanford University, polarized protons are
available at energies up to 16 MeV. The use of
polarized protons at that institution at such low
energies does uniquely identify the electric quad-
rupole strength. The BNL Tandem Van de
Graaff capability to provide variable energy pro-
tons to much higher energies permits an overlap
with the Stanford work and thus serves to establish
the persistence of the electric quadrupole excita-
tion at higher energies.

NEUTRON NUCLEAR PHYSICS

At the Brookhaven High Flux Beam Reactor
(HFBR) a trio of specialized instruments focuses
on the interaction of neutrons captured by nuclei,
leading to the emission of y rays. These are (1) a
crystal monochromator, which diffracts neutrons
of a specific wavelength, or energy, on a target;
(2) a neutron chopper and time-of-flight equip-
ment, which employs timing to separate effects
caused by neutrons of various energies; and (3) a
"tailored-beam" facility, which uses various filters

to provide a suitable en** •:• tailored beam on a
target. These facilities are complementary and
provide a means of studying neutron interactions,
from thermal energy to many kiloelectron volts of
energy, and the succeeding electromagnetic tran-
sitions. Experiments on neutron captures followed
by electromagnetic radiation, or (n,y) reactions,
provide the basic means of study. The research is
important for what it reveals of nuclear structure
and dynamics. In addition, the y-ray spectra that
are observed provide information useful in pre-
dicting how much shielding is required for slow
and fast neutrons.

Even for well-studied nuclei there is a gap, or
"excluded middle," of nuclear excitation that is
inadequately explored and for which theoretical

Figure 3. Two contrasting instruments for measuring
neutron energies at the HFBR. H3 is a crystal mono-
chromator, which diffracts neutron beams of heterogene-
ous energies in much the same way as a diffraction grat-
ing separates white light into its various colors. //», a neu-
tron "chopper," chops beams into packets which travel
down a 48-m flight tube. The time of arrival of the neu-
tron is a direct measure of its velocity and, therefore, its
energy.
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concepts are not well developed. This is the region
above the first few million electron volts of excita-
tion and below the neutron continuum, which is
several million electron volts higher. The Nilsson
model successfully describes the many properties
of the nonsphcrically shaped nuclei at low excita-
tion energies; however, its predictive power breaks
down suddenly at slightly higher energies. With
the use of thermal and resonance neutron captures
and capture of neutrons from the tailored-beam
facility (neutrons of 24-keV energy) the nuclei
i79Hf, »83W, i84w, and »87W were studied and
the existence, spin, and parity of a large class of
states in this "middle" region were observed. The
results indicate that many more states exist than
are envisaged by the Nilsson model. It appears
that these new results can be largely explained by
adding to the bases of the Nilsson model, predi-
cated on a purely spheroidal shape for the nucleus,
the interesting shape wiggle that has four-fold
symmetry, known formally as a hexadecapole de-
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Figure 4. Neutron capture y-ra> ir'.ensities in niobium,
compared with the direct (d,p) reaction intensities for the
same target. The degree of correlation between these two
experiments measures the amount of direct component in
the neutron capture process. In this case the linear corre-
lation coefficient is about 0.5.

formation. This information on the fundamental
nuclear shape correlates with the results of high-
and low-energy scattering experiments done dur-
ing the past several years by groups at the Univer-
sity of California at Berkeley and Oak Ridge Na-
tional Laboratory.

Nuclei with certain "magic" numbers of protons
and neutrons are spherical and display very simple
properties. Highly deformed nuclei also exhibit
simple level structures. In between these limiting
cases nuclei can be extremely complex, it is im-
portant to investigate the latter both to under-
stand the nature of the transition region where no
simplified model applies and to provide tests for
more sophisticated calculations that are becoming
available. The mercury isotopes represent such a
group of nuclei, near the doubly magic nucleus
208Pb. A series of experiments utilizing several
(n,-y) techniques has been performed to deduce
detailed properties of 200Hg and 202Hg up to exci-
tation energies of 3.2 and 2.2 MeV, respectively.
In addition to providing extensive new informa-
tion on their level schemes, these studies have
shown the existence of several 1~ levels at rela-
tively low energy in 200Hg. This is a significant
discovery because such states arc uncommon near
closed shells. In fac'. :he most likely explanation
of their low energy Implies that 200Hg, at least in
these states of excication, has an oblate (doorknob)
shape. Other results of these studies indicate that,
surprisingly, the very close neighboring nuclei
200Hg and 202Hg differ significantly in their low-
lying energy levels and in the ^-radiation they
emit; this in turn implies as yet unexplained dif-
ferences in their nuclear structure. Why the change
produced by the addition of two neutrons is so
abrupt is not yet known.

Nuclear dynamics, or the reaction mechanisms
involved in neutron capture, are an important ob-
jective in studies focused on regions of the periodic
table where low-energy neutrons are known to
"reson—e" within the attractive neutron-nucleus
inter, ion. A particularly interesting question is
that ot the relative importance of the single neu-
tron particle in the capture process as against the
compound process in which the neutron is taken
in by the nucleus in a much more complex rear-
rangement of its components. Much of the evi-
dence for single-particle effects in the (n,y) reac-
tion comes from resonance capture measurements
at Brookhaven. In recent work these measurements
have been extended to energies near 24 keV by
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using the neutrons from the tailored-beam facility.
Many of the nuclei near mass region A zz 100, at
which a /Mvave neutron giant resonance is located,
show a high correlation between neutron-capture
radiative intensities and the cross section for direct
neutron transfer from dcuterons to the same final
states. Examples of such correlations arc seen for
the even isotopes of molybdenum, including MMo,
s*Mo, «Mo, and 98Mo, and for niobium. The lat-
ter is a particularly interesting case, since from
previous neutron resonance measurements it is
known that the radiative intensities are indepen-
dent of the resonance neutron strengths. A definite
correlation (of about 0.5), however, is observed be-
tween radiative intensities and the strengths for
producing in direct captures low-lying final states
with the single-particle orbital da/2. The intensities
are related as shown in Figure 4. These data for
the molybdenum isotopes and niobium show the
importance cf two distinct capture mechanisms -
one proceeding from single-particle motion of
the captured neutron, and the other from a "door-
way" state formed in the capture process. The
former effect shows correlations between radiative
strengths and both resonance neutron strengths
and final-state direct capture strengths; the latter
shows correlations only between radiative strengths
and final-state direct capture strengths.
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Figure 5. Tiie concentration of IOB atoms, implanted in
silicon, shown as a Function of depth (solid lines). The ef-
fect of annealing the sample is shown (dashed lines) for
ions implanted at energies of 100 and 300 keV.

Neutron capture techniques have been put to a
very different and interesting use. The question of
the diffusion of boron in silicon when subjected to
annealing cycles at various temperatures bears
directly on techniques of solid-state device fabrica-
tion, as well as on our understanding of the physi-
cal process of diffusion rates. The usual method of
determining diffusion rates, as shown in Figure 5,
is to measure the spreading of a peaked distribu-
tion of the impurity resulting from annealing of
the crystal. Boron, however, diffuses at a rate that
depends on the amount of boron present locally;
this concentration dependence of the diffusion
constant complicates the interpretation of peak
broadening measurements. In order to determine
how rapidly a boron atom moves in a uniform sea
of boron impurity, a series of experiments using
special, uniquely prepared targets was begun sev-
eral years ago. IOB, the boron isotope with a very
large (n,et) cross section, was implanted in silicon
wafers in a Gaussian depth distribution. Then " 3 ,
which yields almost no « particles under neutron
bombardment, was implanted in complementary
fashion to give a uniform distribution of elemental
boron. Measurements at the HFBR then deter-
mined the spreading of the 10B "tracer" peak due
to annealing; from these isoconccntration experi-
ments, effective diffusion constants have been ob-
tained with boron concentrations of 10ls cm-3,
5 X !019 cm-3 , ai>J 1020 cm-3. The diffusion rate
of boron in the presence of other impurities is also
of importance; in particular, early experiments
done at the HFBR and reported in the 1970-1972
Brookhaven Highlights showed marked anomalies in
transistorlike structures doped with arsenic and
boron. A determination of the diffusion constant
of boron in arsenic-doped crystals shows that the
arsenic impurity inhibits boron diffusion by a fac-
tor of 2:10. This effect has bsen explained in terms
of electrical interactions between the p-type boron
and the n-typc arsenic.

NucifAR THEORY

In the past two years there has been concen-
trated study of mechanisms entering into the nu-
clear reactions between heavy projectiles and a
heavy target. Study has centered on the highly
peripheral direct reactions, i.e., nuclear reactions
involving only small changes in the energy, charge,
or mass of cither projectile or target. What has
emerged is a rather general picture of these direct
reactions that contains a certain element of sur-
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prise. It had been thought that the angular distri-
bution of such direct reactions would be a rather
featureless sharp peaking at the angle of the classi-
cal trajectory. Experiments carried out at Brook-
haven, involving the transfer of two neutrons from
an oxygen project." to a nickel target, yielded un-
usual angular distributions rising strongly in the
forward direction. Theoretical analysis indicated
that an explanation could be found only if the
average interaction between projectile and target
nuclei was very weakly dissipative at grazing sep-
aration. The theoretical studies, however, strongly
couple the forward-peaking cross section with an
intensity oscillating rapidly with angle, both aris-
ing because of the interference between orbits
penetrating on opposite sides of the nucleus. This
interesting prediction of clearly quantum-mechan-
ical behavior has been confirmed in subsequent
e;.L - riments, e.g., the one-proton transfer reaction
involving a l4N projectile and a *sCa target, de-
scribed earlier in this report. The very low thresh-
old in energy at which quantum-mechanical be-
havior is observed (in retrospect, the greatest
source of surprise) is a further strong indication of
the ability of target and projectile to lightly touch
without appreciable dissipation. The end result of
these developments is an added richness in the
heavy-ion reaction mechanism that can be ex-
ploited to yield detailed information on structure.

Moreover, the average interaction between
heavy projectile and heavy target, which describes
clastic scattering, is of considerable interest. Some
success has been achieved in calculating the large-
separation form of this interaction directly from
the nuclcon-nucleon interaction.

Study of the interaction of w mesons with nuclei
is tn the exploratory stage. The theoretical connec-
tion between the dynamics of the meson-single-
nucleon system antS the meson-many-body system
is clearly fundamental. The development of ways
of adapting the Chew-Low formalism, applied
successfully in the mcson-singlc-nuclcon system,
to the many-body system has opened the way to
an explanation of the phcnomcnologically known
features - for example, the shift in the energy at
which (3,3) resonance is observed in nuclei as
compared with the free single nucleon. These
methods have also provided the basis for determin-
ing that the Pauli exclusion principle has only a
small influence on the average interaction between
a pion and the nucleus; this overcomes the diffi-
culty posed by intuitive, lower-order calculations.

HIGH-ENERGY PHYSICS

Experimenters in high-energy, or particle, phys-
ics usually expose electronic detector arrays or
bubble chambers to beams of particles - protons,
77 or A' mesons, or neutrinos produced by the pri-
mary circulating beam in an accelerator such as
Brookhaven's 30-GeV Alternating Gradient Syn-
chrotron (AGS). Interactions produced by beam
particles in targets or directly in a bubble cham-
ber are recorded and analyzed by means of com-
plex data-processing equipment. The detectors de-
termine the trajectories of .he particles emerging
from a reaction. Magnets are often used to deter-
mine the sign of charge and the momenta of the
particles that are electrically charged; velocity can
often be determined by measuring the density of
ionization left behind by a fast-traveling particle,
or by means of the light produced in a Cercnkov
counter; and energy can often be measured by de-
termining the total amount of ionization produced
in a "calorimeter," which may be a sandwich of
metal plates and scintillators. With these quanti-
ties determined for some of or all the particles
from a reaction, and by applying conservation
laws concerning energy, momentum, and charge
and concerning quantum numbers such as spin,
isotopic spin, strangeness, or parity, interactions
can be studied with the help of large modern com-
puters. Their meaning can be interpreted in terms
of new, unexpected discoveries, confirmation of
previously indicated experimental results, or agree-
ment or disagreement with theoretical predictions
based on accepted or new concepts concerning the
structure of particles and the forces acting between
them.

Although they often act simultaneously, the
forces encountered in particle physics can be dis-
tinguished as strong, weak, and electromagnetic.
All three forces arc thought to act through ex-
change of particles such as photons (electromag-
netic) or mesons (strong). F«— the weak force the
postulated "intermediate vector boson" has not
been observed so far. Perhaps it is so heavy that
energies at existing accelerators are not yet suffi-
cient. In contrast with the well-understood elec-
tromagnetic force, which can act over long dis-
tances between particles, the strong and weak
forces act only over very short ranges and are not
well understood. The probability for occurrence of
an interaction between two particles is measured
by the cross section, which depends on the kinds of
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particles colliding, their relative energies, their
quantum states, angles of observation, etc. Gener-
ally, the cross section for a weak interaction is only
about 10~12 of that for a strong interaction at col-
lision energies now available in laboratories.

Cross sections can be measured for the occur-
rence of any interaction in a given reaction (the
total cross section), or for selected events (obtain-
able by triggering an electronic detector array)
such as the distribution in angle of a scattered
particle or in the associated momentum transfer.
Events with large momentum transfer are likely to
be caused by violent, head-on collisions and thus
can be expected to reveal details about the in-
ternal structure of colliding particles. Cross sec-
tions can also be selected for production of strange
particles such as hyperons or A" mesons, which
then decay by the weak force into other particles.
Study of such decays offers many opportunities to
investigate the properties of the weak force, in-
cluding unexpected violation of conservation laws
obeyed by the strong force. A complementary way
to explore the weak force is to expose one of the tar-
get-detector combinations to a beam of neutrinos.

A large number of strongly (rapidly) decaying
excited states or resonances are produced in high-
energy collisions, and by studying these, theoreti-
cians have been able to correlate many of the ob-
served particles by means of mathematical meth-
ods (SU(3) group, the Regge calculus, etc.]. Such
correlations must precede a final, perhaps all-
encompassing, theory expressing the observed
phenomena in terms of the underlying dynamics.
Much work remains to be done on studies of ex-
cited states and their spectroscopy to obtain a
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Figure 6. Total cross sections of A*- mesons on neutrons.
Evidence is presented for a previously unobserved struc-
ture with a mass cif 1580 MeV/r-.

complete picture, but it is not likely that the parti-
cles (or forces) encountered in high-energy physics
can finally be understood without the discovery of
further facts: particles previously considered to be
basic building blocks of matter may themselves
have a structure. Thus, "even more elementary"
particles may exist and must be discovered. Since
these may be very massive, accelerators with still
higher energies are needed, as recently proposed.

Examples of accomplishments at BNL in parti-
cle physics research during the past two years are
given below.

TOTAL CROSS SECTION MEASUREMENTS

During the past decade a Brookhaven counter-
spark-chamber group has systematically measured
total cross sections of it mesons, K mesons, and
antiprotons on protons and deuterons at the vari-
ous energies that became available at the AGS. If
the incident particle interacts with the protons, it
is either absorbed or suffers deflection. As stated
above, a total cross section experiment detects the
total of all such interactions between the incident
particle and the target particle. Variations in the
value of the total cross section as the energy of the
incoming particle is varied appear as structure in
the plot of cross section versus energy. Such struc-
ture may indicate the existence of a very short-
lived particle or resonance. Precision measure-
ments of total cross sections have resulted in the
discovery of a large number of resonances at
Brookhaven. Recently, a new low-energy sepa-
rated beam was designed and built at the AGS to
provide high fluxes of particles in the momentum
range from 400 to 1050 MeV A. In one experiment
carried out in this beam, A"--meson total cross sec-
tions on protons and dcuterons were measured in
a search for hypcron resonances. A major improve-
ment in the method of measuring total cross sec-
tions by transmission was effected by using pro-
portional wire chambers in the incident K~-meson
beam to select only particles that were directed to-
ward the final focus. This technique eliminates
beam "halos," which could give erroneous results.
The proportional chambers also eliminated fluctu-
ations due to accidentals, and this greatly im-
proved the rcproducibility of the data. The total
cross sections of K- mesons on protons and deu-
tcrons were used to extract the cross sections of A'
mesons on neutrons. These results are shown in
Figure 6. A new and previously unobserved struc-
ture seen at a laboratory momentum of 540 MeV/r
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Figure 7. Total cross sections of antiprotons on protons
and deutcrons. A new structure is observed at a labora-
tory momentum of 475 MeV A.

is interpreted as a hyperon resonance with a mass
of 1580 MeV/c2 a n a a width of < 2:50 MeV/c2.
Measurements of the total cross sections of /T+
mesons on protons and deuterons confirmed a very
broad structure that had been pointed out previ-
ously by the same group. A new structure was also
disclosed by the results of the antiproton-proton
total cross section measurements. After unfolding
the experimental resolution, the structure was
found to have a mass of 1932 MeV/c2, a width of
9 MeV/c2, and a height of 18 mb. This effect,
shown in Figure 1, is by far the narrowest struc-
ture yet observed in total cross section measure-
ments in high-energy physics.

The same group, in collaboration with physicists
from the Fermi National Accelerator Laboratory
(FNAL) and Rockefeller University, have used
these techniques to measure total cross sections of
IT mesons, K mesons, protons, and antiprotons on
protons and deuterons at the very high energies
available at FNAL. These precise measurements
(accurate to s i part in 500} reveal that the effec-
tive sizes of the proton, sho;vn in Figure 8, increase
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Figure 8. Total cross sections of antiprotons, protons, it
mesons, and A" mesons on protons. Five of the six cross
sections are observed to increase at high energies.

for five of the six probes when their energy is in-
creased from 50 to 200 GeV. The similarities and
the intercomparisons of the behavior of the cross
sections with the six probing particle beams indi-
cate that a new simplicity of nature may be reveal-
ing itself at very high energies - a situation predicted
by some physicists. Since the proton and neutron
are the basic building blocks of all atomic nuclei,
these experiments are a significant advance toward
an understanding of the constitution of matter.

INELASTIC PROTON-PROTON SCATTERING OBSERVED
BY THE MULTIPARTICLE ARGO SPECTROMETER SYSTEM

Gaining an understanding of strong interactions
has proved to be more difficult than was originally
anticipated, possibly because hadronic (strong in-
teraction) physics with non-pointlike objects is
involved. Since it is not known what aspects of
hadron scattering experiments will yield the key
observations for eventual understanding, it seems
clear that the scattering process must be measured
as completely as possible, a minimum being to de-
tect and momentum-analyze all charged particles
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Figure 9. Schematic floor layout of MASS. H\ to HA and
£2 to L4 indicate the positions of scintillation counters
triggering the high-momentum spectrometer and the low-
momentum spectrometer, respectively.

in the final state. The instrument used to carry out
such investigations during the past decade was die
bubble chamber; unfortunately, the very nature of
strong interactions put limits to its usefulness.
Hadronic interactions happen most frequently
when the target and projectile do not really come
very close together; this is called peripheral or
glancing collision. The closer or more central the
collision, the greater the improbability of an inter-
action. The rare nature of such central collisions
made them elusive in bubble-chamber observa-
tion, and die fact that the two incident, or leading,
particles could not be recognized in the final state
constituted a further limitation.

To observe rare, central hadron-hadron scatter-
ing processes in a bubble-chamber-type instru-
ment and recognize the leading particles in the
final state seemed to be a necessity in the quest for
a better understanding of strong interactions. To
achieve that end construction of a magnetic multi-
particie spectrometer with fully automatic track
recognition, the Multiparticle Argo Spectrometer
System (MASS), was started in 1969 and was
brought to a successful conclusion in 1974. Al-
though one or two conventional magnetic spec-
trometers detected and identified one or both lead-
ing particles (see Figure 9), the novel magnetic
vertex spectrometer (VS) detected all charged de-
cay particles, and a data ba lk of > 3 X 106 rare
events has been built up at BNL. The VS consists
of a nested set of 9 cylindrical wire spark chambers
surrounding a liquid hydrogen target located in a
10-kG magnetic field (Figure 10). The field vol-
ume measures 1.5 X1 X 1 m3. The axes of the cyl-
inders are perpendicular to the beam. Dip angles of

Figure 10. Five full-round and two half-round cylindrical
chambers located inside the support structure ("can") of
the vertex spectrometer. The fifth full-round chamber is
shown sitting in its cradle, above the can. In the back-
ground part of the Argo magnet can be seen.

±50° with respect to the median plane are cov-
ered. High multitrack efficiency is accomplished
by pulsing the chambers in a transmission line
mode. Digitization is obtained by means of mag-
netostricdve lines located inside the magnet and
shielded from the 10-kG field. A computer code
(PITRACK) has been developed to provide auto-
matic pattern recognition capability. Written in
FORTRAN iv, it requires 72,000 octal words on a
CDC 6600 computer. Reconstruction time de-
pends strongly on prong number JV. Central proc-
essor time is equal to (0.4+0.04 N2) sec. A typi-
cal 10-prong event, as found by PITRACK, is dis-
played in Figure 11. The reliability of PITRACK was
evaluated by scanning a sample of events and also
by comparing its findings with the bubble cham-
ber in an overlapping data region. It was found,
when observing 28.5-GeV/c pp collisions, that
losses totaled 17% and could be corrected by using
charge conservation. A corrected sample agreed
well with the bubble chamber with respect to av-
erage charged multiplicity, as well as multiplicity
distribution.

So far measurements have been made of the de-
pendence of the mean charged-particle multiplic-
ity nc on the four-momentum transfer j / j to the
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forward-going proton in the reaction p+p-^p
+MM at 28.5-GeV/e incident proton momentum
for several intervals of missing (not directly mea-
sured but inferred from momentum and energy
conservation) mass MM. The data show that the
distributions for high 11 | differ from those at lower
111, with a higher nc at high \t \. In Figure 12 the
variation of nc with 111 is shown for five values of
MM. While nc shows little or no variation for | /1
values up to 2 (GeV/c)2, it rises rapidly for values
> 2 (GeV/c)2 and then slows down for values of
111 > 3 (GeV/c)2. Additional information was ex-
tracted from the data by studying the particles'
directions, momenta, and higher moments of the
multiplicity distributions. Shrinkage of multi-
plicity scaling curves with | I1 and the tendency of
produced particles to part company with the fast
forward protons at large | t1 have led to proposals
of a new picture of strong interaction dynamics:
while nature obscures its simplicity in the region of
large cross section, by having the leading proton
radiate off neutral pions, the situation simplifies
on going to large transverse momentum, where
the leading proton undergoes a quasi-elastic scat-
tering process only and mesons are produced quite
far away from the nucleons. Such a picture has
been anticipated by the theorists working on the
hypothesis that protons consist of smaller units
called partons.

This experiment with MASS may well turn out
to be an important step in understanding the dy-
namics of particles or their possible substructure.

The work described above was a collaboration
between members of the BNL staff and the stafls
of Virginia Polytechnic Institute and State Uni-
versity, the University of Wisconsin, Purdue Uni-
versity, and the University of Pennsylvania.

A SEARCH FOR QUARKS

One of the most exciting ideas in physics in the
last decade has been that of quarkn. The number
of "elementary" particles has increased to the
point where the idea that they are the fundamen-
tal building blocks of which all matter is made is
becoming difficult to accept. Indeed, if these parti-
cles are the building blocks, the concept of funda-
mental becomes difficult to understand. As knowl-
edge of these particles' properties expands, a pat-
tern has developed that points to three really fun-
damental entities from which all the others can bs
constructed. Although imperfect, the theories
based upon this concept have been very successful
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Figure 11. 10-Prong event, as seen
by the vertex spectrometer of MASS.
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Figure 12. Variation of the average charged-particle
multiplicity, nc, with four-momentum transfer, |/|, for four
values of missing mass, MM: 5.2 (o), 4.5 ( A ) , 3.6 (•) , and
2.- (•).
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in explaining many of the properties of particles.
The possibility exists that these entities are really
fundamental particles that have not yet been dis-
covered. The not-yet-found particles have been
named quarks.

These hypothetical (to date) particles would
have a charge one-third or two-thirds that of the
electron. If they exist and have this unusual prop-
erty, they should already have been discovered, un-
less they are very massive. The new accelerator at
FNAL, Batavia, Illinois, provides energy much
greater than has been available to date (except
at CERN's colliding-beam ISR). It was thought
that with this great energy it might be possible to
produce these particles.

A group of scientists from BNL and Yale Uni-
versity have conducted a search for these particles
at the FNAL accelerator. Eight counters were
placed in a beam from this machine in such a way
ihat single particles traversed them all. Signals
from these counters would be proportional to the
square of the charge of the particles. A V4 quark
would give a signal ('/$)2, or one-ninth as large as
that of an electron. A % quark would give a signal
fbur-ninths as large as that of an electron or of any
other normal particle with the charge of an elec-
tron. All particles discovered to date have charges
equal to or an integer multiple of that of the elec-
tron or have no charge at all. One-ninth or four-
ninths signals simultaneously registered in all eight
detectors would have indicated the existence of
quarks with very high probability.

No such signals were registered, and it must be
concluded that these particles are not produced at
300 GeV, the highest incident proton laboratory
energy available. It is possible that they were pro-
duced but decayed before reaching the detector.
If so, it is difficult to imagine what they decayed
into, since charge is conserved. They could, of
course, be so massive that there was not enough
energy to produce them. If they weigh more than
about 12.5 times the weight of a proton, diis would
be the case. Higher energies at the Batavia accel-
erator or elsewhere might resolve this question.

WORK WITH A DOUBLE-VEE SPECTROMETER

A large spectrometer (double-vee spectrometer,
Figure 13), designed for detecting decays of strange
particles produced in interactions, was in contin-
ued operation by members of the staffs of BNL and
City College of the City University of New York.
Several improvements, including deployment of a

Figure 13. View of the double-vee spectrometer as it was
used in the experiment described in the text. A liquid hy-
drogen target in which interactions took place is located
in a box structure to the right orand below center. Two
high-resolution spark-chamber modules right behind the
target and additional modules of three spark chambers
each farther downstream (upper part of picture) detect
secondary particles from an interaction. A magnet, 48 in.
wide and 48 in. deep, provides momentum analysis of
these secondary particles, and a large, atmospheric-pres-
sure Cerenkov counter hodoscope in the background (at
top) provides identification.
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proportional wire chamber to obtain better trigger
selection, were incorporated. The reaction ir~ +p
—* As~ +p, with subsequent fast decay of A$-—»A"°
+ K~, was reinvestigated at an incident ir~ mo-
mentum of 24 GeV/c Earlier results had demon-
strated that the mass spectrum of the Ao- meson,
contrary to some of the original results, did not
show a split peak. The existence of the split peak
would have caused grave difficulties in the inter-
pretation of the resonance scheme, since it has not
been found anywhere else. The new result, with a
factor of 5 improvement in the data statistics, con-
firms this conclusion even when the data are
divided into several momentum transfer regions to
study the finer details. The total and differential
cross sections for this process are being deriveJ
from these data. This will provide the highest mo-
mentum point in the evaluation of momentum de-
pendence of the cross section. Furthermore, a den-
sity matrix analysis will be completed soon and is
expected to demonstrate again, with much better
statistics, that spin-parity Jp = 2+ for the A2~
meson. A limit on g-meson production in the
K°K~ channel is also to be determined.

The reaction w~p —» A~s° As0 + n was also studied.
The effective mass spectra of the KsKs system from
the reaction showed peaks in the Ao and/°-meson
regions. Further results of the data analysis will in-
clude preliminary studies of the Q, and R regions
(the existence of () and R as bonafide narrow reso-
nances has been in doubt for some time). About
1000 events of the Q, type - K°ir+7T~ - were ob-
tained from 24-GeV n—/> interactions. The effec-
tive mass spectrum so far shows a broad peak
around a mass of i.3 GeV/c2. In the reaction
ir~p —» K+K-x-p, a search for a possible <>* —» 0+ir
resonance is being made. In this reaction an en-
hancement is also seen in the K+K~ mass at the <£>
peak, which is associated with the recoil mass >2
GeV/c2.

Associated production,

•+P-

at 8, 10.7, and 15.7 GeV was studied as a function
of four-momentum transfer t. A total of 22,600
events obtained with the spectrometer were ana-
lyzed with the A and 2D separated by missing
mass techniques. It was concluded that the 2° has
a narrower forward exponential shape than the A
and that the Ndependences flatten out. beyond
t= —0.4 (GeV/c)2. Regge shrinkage effects can be

deduced by combining these with lower energy
data. The ratio of the forward differential cross
sections for the two reactions is smaller than at
lower energies. The combined total cross sections
are falling at a rate proportional to i*-3/2 (P =
momentum), with S° production falling somewhat
less rapidly than A production.

As a natural extension of the double-vee spec-
trometer, this group has been engaged for two
years in the design, construction, and testing of a
multiparticle spectrometer (MPS, described in the
Accelerator Department section) in a joint project
with the Particle Detector Division of the Accel-
erator Department. The goal is to build a major
magnetic spectrometer facility that can be used for
a large class of investigations of high-energy parti-
cle physics phenomena. This will allow efficient
and effective use of the AGS for the quantitative
investigation of complex reactions, which was
much less feasible with the existing devices.

MESON AND BARYON SPECTROSCOPY

In efforts to understand the properties of short-
lived particles or resonances and, ultimately, the
interactions among them, several experiments,
most of them them with bubble chambers, have
been performed to uncover new particles in mea-
surements of the quantum numbers (spin and par-
ity, in particular) of meson resonances and the dy-
namical relationship among resonant states.

Based on the novel technique of employing
mass-dependent angular distributions, a study has
been made, without recourse to the poorly under-
stood production dynamics, of the behavior of 0+,
1~, and 2+ spin-parity states in the Ktr system
from the reaction K-p-^K-v+n at 3.9 and 4.6
GeV/c From this study it has been determined
that a substantial 0+ resonance, if it exists, cannot
be in the A"*(890) region (890 is the mass in
MeV/c2) but instead must be in the region just be-
low the if "(1420). In a continuing study of K~p
interactions at 7.3 GeV/c, two K* resonances,
hitherto poorly established, have been detected at
high statistical significance. They are the K"x reso-
nance at mass 1760 MeV/c2 and the Kw resonance
at 1710 MeV/c2. It is as yet unclear how these
resonances should be classified in the SU(3) fami-
lies, mainly because of lack of information on the
spin and parity.

In a concurrent development, an exhaustive
partial-wave analysis has been performed of the
7TW system based on high-statistics data of the re-
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action w+/»—* ir+up at 7.1 GeV/V (data from Group
A at Lawrcntte Berkeley Laboratory). This work
establishes, with a high degree of confidence, the
existence of a 1+ resonant w<o state at mass 1250
MeV/c2, and this conclusion has been confirmed
by a recent, similar analysis at CERN based on
w~p data at slightly different energies.

A persistent question in the field of low-mass
boson spectroscopy is that of whether any J p=0+
mesons exist. The possibility of one such state, an
/ = 1, 8(980) decaying into a wij(550) final state,
has been reported in a variety of experiments. A
counter experiment designed to study the excita-
tion of such a S meson via the reactions ir^p-^pX-
near the threshold, with mass of X ± in the region
of 900 to 1020 MeV/c2, was made in collaboration
with a Rutgers University group. No evidence was
found for narrow structure, of width < 12 MeV/c2,
as had been previously reported for the 8(965)
meson. A narrow neutral X° has been observed
in w-p—>nXa near 957 MeV/c2 in an experi-
ment at the Rutherford Laboratory. The ab-
sence of X* at 957 MeV/c2 establishes that this
A"°(957) is the i)'(958) meson: this is crucial to any
study of 7j' in the reaction w~p —* nX°, accessible to
counter experiments; bubble chamber studies with
the i}'(958) are made with the K~p —> ATJ' reaction.

A low-mass up enhancement at a mass of s i . 8
GeV/e2 and width S i20 MeV/c2 was observed in
the reaction «—/>—>«/>n— at 4.5, 6.0, and 14.0
GeV/r. The analysis was done by BNL, the Cali-
fornia Institute of Technology, and Lawrence
Berkeley Laboratory on bubble-chamber film
taken at BNL and the Stanford Linear Accelera-
tor Center. The decay angles of the up and w in
their respective rest frames are isotropic and un-
correlated, which suggests j-wave decay. The cross
section for this enhancement was fitted to the form
sn (here s is the square of the interaction energy in
the center-of-mass system), to give n= —0.66±
0.06, a value consistent with the intercept of
"Reggeon exchanges." This is to be contrasted
with known diffractive JV"*1/2 production with
little or no energy dependence for the small-l re-
gion. A search for other decay modes yielded up-
per limits for the branching ratios: (irN)/(wp)
<30%, (p°/0/(wj&)<14% at the 90% confidence
level.

An analysis of the production mechanism in A2
production was carried out. Use was made of bub-
ble-chamber film analyzed at BNL in the following
reactions: ir-p-^Az-p at 4.5 and 6.0 GeV/c, and

» A2+p at 6.0, 10.5, and 23 GeV/c. The / = 0
and / = 1 exchange contributions to A2 production
were determined as a function of* and at 6 GeV/c
as a function of the four-momentum transfer t.
There is good evidence for/0 exchange dominat-
ing the 7=0 exchange, as well as the natural-
parity contribution. The dip observed in (da/dt)
(tr^p -* A2

±p) at \t\ s i . 2 (GeVA)2 is associated
with / = 0 natural-parity exchange (/°). Unnat-
ural-parity exchange (B) dominates the / = 1 ex-
change as a function both of s and of I. These re-
sults are surprising in that, since the /12 has such a
large pm decay mode, the p contribution to pro-
duction was naively expected to be large.

There has been much theoretical interest in the
studies oiK-p interactions at 3.9 and 4.6 GeV/c.
Systematic analyses have been made at BNL of
reactions such as K~p —> A,S°, T*{\385) + meson,
and K-p^>K*(89Q), /T**(1420) + nucleons. In
the investigation of the former reaction, detailed
amplitude analyses were performed for the first
time. The results of this work have now been con-
firmed by groups working at CERN. One of the
most interesting results was, in agreement with
simple theoretical ideas [i.e., SU(3) and quark
models], that all the observables for the reaction
K~p—>A<(> are equal to those of the reaction

In the same area, a systematic study of the re-
actions T7+p-*pp, ir~p-^*pon, and •n—p —» p~p at 6
GeV/c was concluded. Comparison of these reac-
tions at a fixed energy allowed separation of the
/ = 0 and / = 1 contributions to the /-channel ex-
changes. Differential cross sections and full density-
matrix elements were shown to be reasonably well
described by it and u exchanges alone. Several of
the ^-channel helicity amplitudes show evidence of
a certain structure expected from the geometrical
picture of peripheral production processes.

SOME WEAK INTERACTION EXPERIMENTS

In the weak interaction realm, a precise mea-
surement of the Ks°—* w+w-/77%° branching ratio
was completed by a group from BNL and Carnegie-
Mellon University. This number is of interest in
searching for possible deviations from the value
2.0 expected from the phenomenological A/= 1/2
ruie. The strong points of this bubble-chamber ex-
periment are the firm control and understanding
of systematic errors and a yield of events compar-
able to that in any previously reported experiment.
From a total sample of 30,000 events, 15,000 re-
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main after the imfmsition of geometrical and other
criteria yielding a ratio with an error of <4%,
which clearly indicates the requirement for 7=3/2
and/or 7=5/2 amplitudes in this decay process.

In a collaboration with a large group at CERN,
data on the interactions of electronic neutrinos (vc)
w!th nucleons were obtained in the CERN
Gargamelle heavy-liquid bubble chamber and
were published. Some 52 events from the first half-
million pictures revealed that a "multiplicative"
type of conservation law, which allows the decay
mode ft+ -> e+i'eff, in addition to the "normal"
mode, n+ —* e+veVn, appears to be ruled out. The
ratio R of the rwo modes has been determined to
be <0.5 at the 90% confidence level, whereas a
value of 1 is expected. In addition, the universality
of the interactions of electronic and muonic neu-
trinos with nucleons was found to be true to the
30% level (since the ratio of the cross sections of
the two types of neutrino is near unity, the mea-
sured value being 1.3 ±0.3). Also, a limit on the
mass of a new type of heavy muonic lepton (M+)
(if it exists) with charge opposite to that of the
muon (/i-), was set as >2.4 GeV/c2 at the 90%
confidence level. These data also imply that elec-
tron and muon lepton numbers are conserved to
better than 1 part in 200.

An effort was made to improve the accuracy of
the decay branching ratio r(A"z,° -> /i+fi-)/r(A"z,0-*
all). A Berkeley experiment in which no such two-ft
events were found gave an upper limit for the
branching ratio of 3.3 X 10-9, which violated the
primitive unitarity (lower) limit of 5.3 X 10~9. The
Columbia-NYU-CERN experiment at the AGS
found six events, but with half the sensitivity of the
Berkeley experiment. A new Columbia-BNL-
CERN collaboration was formed to search further
for this extremely rare decay mode. A new hodo-
scope was constructed to aid in muon identifica-
tion and reduce background from K^ decays.
Three additional events were found in this search
which, when combined with the original Colum-
bia-NYU-CERN results, gave T(KL<> -^ p+/i-)/
r(/ri,o-»all)=12±f X10-9 (the errors represent
the 90% confidence level). This value is in excel-
lent agreement with the theoretical lower limit.

Finally, a program has been started to study the
details of neutral exchange currents and cross sec-
tions (form factors) in neutrino interactions in the
7-ft low-temperature bubble chamber described
in the Accelerator Department's contribution to
the 1970-1972 issue of Brookhaven Highlights.

FLYING IMAGE DIGITIZER

More rapid and efficient extraction of the data
from track-chamber photographs is achieved with
the computer-controlled flying image digitizer
(FID), which provides 32 simultaneous scar lines.
The previous flying spot digitizer, which provided
one scan line, and its dedicated IBM 7094 com-
pute.- were retired at the end of June 1973 after
having provided highly accurate data for more
than two million bubble-chamber events. During
May 1974 the FID reached operational status
when data were obtained from film of its first
bubble-chamber experiment.

The FID is expected to digitize films from larger
new chambers like the BNL 7-ft chamber, as well
as films from conventional bubble chambers like
the BNL 80-in. chamber. The locations of images
are digitized to an accuracy of a few microns on
the film. Moving mechanical parts are supported
by air bearings to achieve the desired accuracy
and minimize maintenance costs. New engineer-
ing concepts use two computer-controlled stepping
motors to transport the film from frame to frame
between measurement cycles.

A mini-computer, PDP-11, is dedicated to the
control of the FID. Two other existing computers
are time-shared with many other users to achieve
the most economical computing services for die
FID. The XDS Sigma Seven computer in the
Physics Department is linked to the PDP-11 and
to the CDC 6600 at the Central Scientific Comput-
ing Facility, which is also linked to the PDP-11.
Upon command from the Sigma Seven, the PDP-
11 causes the FID to send digitizings from the scan
of one image through the PDP-11 to the CDC
6600. As many as 150 events can be digitized per
hour by the FID, depending on the details of the
film format and the requirements of die experiment.

THEORETICAL HIGH-ENERGY PHYSICS

The high-energy theorists at Brookhaven work
on a wide variety of problems ranging from direct
analysis of experimental data, through the analysis
of models that make detailed predictions about
high-energy phenomena, to the study and con-
struction of fundamental theories of elementary
particle interactions.

The aim of the work in the first category is to
extract from experimental data the quantities of
primary interest for theoretical studies, the scatter-
ing amplitudes. Much of this work has been done
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in collaboration with experimentalists. In order to
extract the scattering amplitudes, various polar-
ization measurements, in addition to cross section
measurements, arc needed. Methods for parame-
trizing the data that bring out the implications of
these measurements most clearly have been devel-
oped. Extensive amplitude analysis of specific
processes such as K~p —> wA, ir~p —> K*°A, and
K~p —» Tt-Y*+ have been performed and the re-
sults used to put constraints on models for the dy-
namics of these processes. More efficient numerical
methods for performing the multidimensional inte-
grations often encountered in studying complicated
multiparticle final states have been developed.

In the second category, considerable effort has
been devoted to the study of multiparticle final

states produced in strong interactions. The recently
observed rise in the total cross section for elemen-
tary parti " reactions has a variety of possible ex-
planations. One such, in which a large number of
particles is produced in a "fireball," has been
shown to account for part of the rise, but it cannot
account for all of it. Another mechanism that can
account for part of the rise is the "Regge cut." De-
tailed properties of the final states - multiplicities
and correlation functions - predicted by this

Figure 14. Apparatus for neutron scattering studies of
magnetic materials subjected to high magnetic fields at
low temperatures. A special double Dewar, the lower por-
tion to house and cool the superconducting coils of the
magnet and the upper to provide cooling for the sample,
is mounted on a triple-axis neutron spectrometer. A "tail"
containing the sample projects down from inside the up-
per Dewar to neutron beam level inside and along the
axis of the lower Dewar.



89

model have been worked out. A complementary
me r nism for producing many particles is the
formation of a single cluster, the analogue of the
compound nucleus in nuclear physics. Several ex-
perimental tests of this model in annihilation proc-
esses, e+e~ —* hadrons and -Jt.tf -» hadrons;; Have
been suggested on the basis of a statistical analysis
of this model. The process in which a particle is
produced with a large component of momentum
transverse to the incoming beam direction is ex-
pected to shed light on the structure deep inside
the proton. A number of simple models for this
process have heen suggested by various workers
around the world and some of them give a rather
good qualitative account of the data. It is therefore
important to study the foundations of chese models
and the assumptions implicitly contained in them.
Such a critical study of one of the successful models
has been carried out by a group from BNL and
the University of Virginia, and criteria for the
validity of the model's assumptions have been
given.

One of the most interesting questions in the
third category is why the "quarks," the supposed
constituents of the proton, have not been observed
in collisions of elementary particles. A group at
MIT has suggested that the proton is a "bag" full
of quarks. This novel and unfamiliar idea has
been shown here to be the limit of a certain ordi-
nary quantum field theory. Other work, done in
collaboration with the State University of New
York at Stony Brook and the Institute for Ad-
vanced Study, Princeton, N.J., showed that, in
the new unified theories of weak and electromag-
netic interactions, an external gravitational field
can be consistently coupled to the fundamental
fields of the theory without modifying the intrinsic
structure of the theory. This is an important ques-
tion of principle.

SOLID STATE PHYSICS

The program in solid state physics emphasizes
research in which the special facilities at Brook-
haven can be used to advantage in advancing our
basic understanding of condensed matter. The
properties of materials are governed ultimately by
fundamental interatomic interactions, by collec-
tive mechanisms involving many atoms, and by
the effects of lattice imperfections and impurities.
The intense beams of thermal neutrons available
at the HFBR provide a powerful experimental tool

for investigating the structure and dynamics of
condensed matter. The wide range of radiation
facilities at the Laboratory permits use of a variety
of techniques for the study of defects in cr> -'alline
solids. Theoretical work is closely related to the
experimental activities. The program is also
strengthened hy cooperation with materials re-
search groups in other departments, especially on
energy-related projects and in the interdepart-
mental program in superconductivity.

NEUTRON SCATTERING

The techniques of neutron scattering have been
employed at Brookhaven to study an extensive
range of solid state phenomena. The principal
lines of investigation during the past two years
have been concerned with phase transformation
mechanisms and critical phenomena, the structure
and dynamics of magnetic materials, the lattice
dynamics of solidified rare gases, and studies on
disordered and partially ordered systems. The
type of information obtainable is illustrated in
part by the two examples that follow.

Lattice dynamical concepts have been widely
applied in the study of phase transformations in
recent years, and neutron scattering has played a
leading experimental role in this important area.
Structural phase transformations are usually classi-
fied as either order-disorder or displacive. In the
first class the atomic positions available in a change
from a disordered to an ordered structural ar-
rangement involve discrete choices similar to the
-(- and — possibilities for spin orientations in
magnetic materials. Indeed, this similarity has led
to "pseudospin" descriptions of order-disorder
transformations. In displacive transformations,
structural changes often result from instabilities in
particular normal vibrational modes. The fre-
quency of a phonon mode can decrease to zero as
the transformation temperature is approached,
with condensation of the mode into an ordered ar-
ray of static displacements. In one interestir g case
studied recently at Brookhaven, NDibi., both
types of ordering occur simultaneously in the same
crystal.

In ND4Br the ordering of the tetrahedral ND4

units in discrete orientations is accompanied by
deformation of the sublattice of bromine ions. The
condensation of a phonon mode, associated with
the bromine, displacements, and the long-range
pseudospin ordering, identified with the ND4

orientations, take place at the same temperature
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Figure 15. Wave vector dependence of the bromine sub-
lattice motion in NDjBr, showing phonon-like sidebands,
plus an additional quasi-elastic peak due to coupling with
the rclaxatiortal flipping of the NDj ions.

because of the strong coupling between these two
structural features. The kind of experimental data
used in analyzing this dynamical transformation
mechanism is illustrated in Figure 15. A simple
lattice instability would be characterized by a peak
in the inelastic neutron scattering at an unusually
small energy at the critical wave vector 0.5. Ob-
served instead is a normal phonon sideband ac-
companied by an additional strong quasi-elastic
peak. This latter central component can be ex-
plained in terms of relaxational motion of the bro-
mine sublattice due to coupling with the flipping
of ND4 from one orientation to another. Other ex-
amples of such phonon resporse have been ob-
served recently in other materials with structural
phase transformations, but this is the first system
in which the underlying cause can be so thoroughly
explained.

The physics of surfaces and thin films has long
been of interest since it plays a prominent role in
many important chemical processes. While the
macroscopic properties of surfaces and films can
be studied by techniques similar to those employed
for bulk materials, their microscopic properties (by
far the more important) are much less accessible to
direct investigation. At present, aside from the in-
formation obtained from low-energy electron dif-
fraction studies, knowledge of microscopic surface
physics is limited to what can be inferred from
bulk measurements. Recently it was demonstrated
at Brookhaven that neutron scattering can be ap-
plied in the study of surface films and that the
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Figure 16. Neutron diffraction patterns observed from
nitrogen films adsorbed on Grafoil, a basal-plane-oriented
graphite, at 20 K. The amount of nitrogen adsorbed de-
creases from top to bottom.

technique can be used to considerable advantage
in certain cases. A particularly favorable case is
that of nitrogen adsorbed on Grafoil, a basal-
plane-oriented graphite that duplicates to a re-
markable degree the properties of an idealized
crystalline surface.

Figure 16 shows typical neutron diffraction pat-
terns observed when varying amounts of nitrogen
: -e adsorbed on Grafoil at a temperature of 20 K.
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At the lowest coverages (bottom of Figure 16), a
sharp diffraction peak at a scattering angle of 69.4°
indicates that the film exists as a two-dimensional
triangular lattice in which each nitrogen molecule
sits in registry in the center of a basal-plane graph-
ite hexagon. As the coverage is increased, the dif-
fraction peak is observed to shift to larger angles;
i.e., the effect of adding molecules is to decrease
the intermolecular distance and force the film out
of registry, although h retains its triangular struc-
ture. A detailed study of the line shape at the
highest coverage (top of Figure 16) reveals the ex-
istence of a second layer in registry with the first
layer and forming a hexagonal close-packed struc-
ture. There are also indications that the interac-
tion of the film with the underlying graphite lat-
tice is weak enough so that in the dense phase the
film behaves in many ways like an idealized two-
dimensional structure.

DEFECTS I N SOLIDS

The study of imperfections in crystals is another
major experimental activity in solid state physics.
Two main avenues of research are emphasized.
One involves the use of energetic particles and
ionizing radiation to create defects in crystalline
solids. The resulting effects on the physical proper-
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Figure 17. Top: Optical absorption in LiF showing in-
crease in F-center concentration during electron irradi-
ation and stability of centers after irradiation. Bottom:
Radiolumincscence of LiF during electron irradiation
and absence of luminescence after irradiation.

ties of the solids are then studied. The other com-
ponent of the research effort uses particles as
probes in solids to furnish basic information of
physical interest. Both avenues have as their goal
an increase in our fundamental understanding of
real solids, i.e., solids containing defects. In addi-
tion to its scientific merits, this objective is impor-
tant from an applications viewpoint. A thorough
knowledge of the factors controlling their proper-
ties and behavior is the basis for creating new ma-
terials whose characteristics satisfy the steadily de-
veloping needs of a highly technological society.

One of the most powerful tools for studying
radiation damage effects in insulators is based on
measurements of radiation-induced absorption,
i.e., color center formation. Until recently, such
measurements were made by irradiating the sam-
ple in an accelerator, reactor, or x-ray or y-ray
source and then transferring it to an optical spec-
trophotometer where the absorption was mea-
sured at some interval after irradiation. Four years
ago, the first optical absorption measurements
were made at Brookhaven on samples during y-
ray irradiation Such measurements have since
provided a greatly improved understanding of y-
ray-induced radiation effects. Very recently, initial
measurements were carried out with a new facility
for studying optical properties of samples during
irradiation with high-energy electrons. Because the
electron-imparted doses are very much larger than
those obtained with y rays, the radiation-induced
absorption increases much faster and the radio-
luminescence is much more intense than that mea-
sured previously.

Figure 17 shows the initial measurements made
in the new system. The sample is a crystal of LiF.
The upper curve shows the growth of F-centers
during irradiation and indicates that these centers
remain at a relatively fixed level after irradiation.
The lower curve shows the radioluminescence
emitted during irradiation and the absence of
luminescence as soon as the beam is interrupted.
Other measurements (on, e.g., KG1, NaCl, and
glasses) indicate that copious radioluminescence is
emitted during irradiation and that a large frac-
tion of it is absorbed by the radiation-induced
color centers. These appear to be the first simultane-
ous measurements of optical absorption and radio-
luniinescence on a sample undergoing electron
bombardment, and a much improved understand-
ing of radiation damage processes in nonmetals
can be expected to result from such experiments.
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Figure 18. Behavior of positrons in aluminum containing
helium atoms. Top: Rate at which positrons are trapped
by helium atoms as a function of annealing temperature.
Bottom: Lifetime of positrons in helium-atom traps as a
function of annealing temperature.

In the past two years, positron annihilation has
been developing into a useful tool for studying de-
fects in solids. At Brookhaven it has been con-
firmed that such fundamental parameters as the
energy required to create a vacant lattice site and
the energy with which an impurity atom is bound
to a vacant site can be determined by studies of
positron lifetimes in metals as a function of tem-
perature. Because vacancies play a major role in
the diffusion processes that control metallurgical
reactions, it is important that their properties be
understood in detail.

A vacancy is an example of an intrinsic defect.
Impurity atoms are examples of extrinsic defects,
always present and sometimes deliberately added
to solids. Interactions between intrinsic and ex-
trinsic defects govern many properties of solids.
The Brookhaven experiments have also demon-
strated that positrons are sensitive to extrinsic de-
fects. A good example is the study of helium-im-

planted aluminum. Helium is one of the transmu-
tation products created in the structural materials
of nuclear reactors. It is believed to play a key role
in the nucleation of gas bubbles and voids, which
produce macroscopic swellings of fuel cladding,
and is known to cause embrittlement of metals.

In the Brookhaven studies, positron lifetimes in
aluminum previously injected with a particles
(helium nuclei) were measured at room tempera-
ture following heat treatment of the samples. With
increasing temperature the rate at which positrons
are trapped decreases (Figure 18, top). This be-
havior can be explained in terms of a decrease in
die number of trapping sites, due to the migration
and agglomeration of helium atoms. This provides
a means of studying the migration behavior of the
gas.

The positron lifetime in the trap increases as the
trap enlarges (Figure 18, bottom). Efforts are con-
tinuing to quantify this change and relate it to av-
erage sizes of bubbles and voids. The approach is
especially well suited to low-dose or initial-phase
irradiations. Electron microscopy is an effective
tool for studying voids with diameters > ^:20 A,
but techniques for investigating small voids have
been sorely needed. It appears that positron anni-
hilation can fulfill this need and thus augment the
electron-microscopy work in developing a proper
understanding of diis important research area.

LOW-TEMPERATURE PHYSICS AND SUPERCONDUCTIVITY

The properties of matter at low temperatures
are investigated at Brookhaven along two dis-
tinct lines of research. In the first, interest is cen-
tered on the properties of the condensed phases of
helium at ultralow temperatures, although some
attention is given to other cryogenic experiments
made possible by the specialized facilities avail-
able. The other is concentrated on the phenome-
non of superconductivity, and the program is car-
ried out in cooperation with the Accelerator De-
partment and the Department of Applied Science
(see that section of this report).

The experiments at ultralow temperatures em-
ploy a variety of refrigerators that cool to tempera-
tures as low as Vioo of a kelvin (degrees above ab-
solute zero) and are currently being modified to
produce Viooo of a kelvin). At such temperatures
the effects of quantum mechanics can be seen on a
macroscopic scale. Main attention is focused on
the liquid and solid isotopes of helium, 3He and
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4He, which show the most striking effects because
of their low mass and weak binding. Superfluidity
in liquid 3He, an exciting recent discovery, is cur-
rently of principal interest ;n the experimental
program.

Low-temperature techniques can also be used to
bring about an alignment of the spins of atomic
nuclei and thus make possible certain nuclear
physics experiments. One question of fundamental
interest is whether nuclear reactions involving the
fundamental nuclear force called the weak inter-
action are symmetrical under time reversal. Obvi-
ously time cannot be reversed in the laboratory.
However, it can be deduced that the rates at
which the y rays and electrons are emitted in dif-
ferent directions depend • a known way on the
degree to which the force that determines the nu-
clear reaction would not be the same if time were
to flow in the opposite direction. A test was car-
ried out at Brookhaven by cooling radioactive co-
balt nuclei to Moo of a degree above absolute zero
and measuring these rates of emission in different
directions relative to the axis of nuclear alignment.
Within experimental accuracy, the weak interac-
tion was found to be unchanged by time reversal.

The solid state physics component of the coop-
erative program in superconductivity has empha-
sized work on ultrathin films, surface effects, and
properties of small particles of superconducting
materials. Although the research is fundamental
in nature, particular attention is given to problems
of underlying importance in the development of
materials useful for energy-related applications.

The superconducting properties of crystalline
ultrathin films were investigated for the first time
in samples well characterized by low-energy elec-
tron diffraction techniques. These investigations
were also extended to the properties of ultrathin
metal films on small-gap semiconductors to deter-
mine whether excitons in the semiconductor sub-
strates have any effect on superconductivity in
ultrathin films. Experiments with lead films on
PbTe have disclosed surprising superconducting
propercies due to involvement of the semiconduc-
tor surface, but no evidence has yet been obtained
that would permit an excitonic mechanism to be
established.

By evaporating metals in a helium atmosphere,
it is possible to make small metallic particles,
about 1000 A in size, which are then pressed to-
gether to form an array of Josephson junctions. In

the region of the superconducting transition these
arrays are extremely sensitive to rf radiation, and
a dc voltage appears across the array in the pres-
ence of radiation. The possibilities of using these
arrays to generate coherent radiation are being
investigated.

Investigations have been made to achieve a bet-
ter understanding of some superconducting prop-
erties, such as the penetration depth, that are
known to be surface sensitive. By using Auger
spectroscopy and ion-sputtering techniques, it was
possible to study impurity distributions at and
near the surface of heat-treated samples of niobium
and tantalum. A model that includes the surface
impurity distribution has been developed within
the framework of the Ginzburg-Landau theory of
superconductors. With this model, many problems
that had not been resolved on the assumption of
an ideal surface can now be approached on the
basis of a better picture of real metal surfaces.

THEORETICAL RESEARCH

The theoretical work in solid state physics
emphasizes areas in close correspondence with the
principal experimental programs: neutron scatter-
ing, crystal imperfections, and low-temperature
physics. The broad topics of continuing interest in-
clude the theory of phase transformations, mag-
netism, properties of the condensed phases of he-
lium, electronic structure of metals and alloys, and
lattice defects. The close relationship between the-
ory and experiment is apparent in the example
that follows.

In a ferromae^ketic material, such as iron, all the
magnetic moments of the individual atoms are
aligned parallel to one another below the Curie
point, which produces a net magnetic moment in
the sample. Many substances possess the property
of antiferromagnetism, in which the individual
magnetic moments are aligned antiparallel to one
another below a characteristic temperature called
die Neel point. To produce such an arrangement
above the Neel point, it would be necessary to ap-
ply a magnetic field that changes its direction from
one atom to the next, and thus align the magnetic
moments. Such "staggered" magnetic fields have
been regarded as theoretical constructs, analogous
to uniform magnetic fields in ferromagnets. The
theoretical interpretation of unusual experimental
results obtained by neutron scattering in the case
of the antiferromagnet dysprosium aluminum gar-
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net has shown, however, that it is actually possible This effect is important because it makes pos-
to produce such fields in the laboratory. The dif- sible the creation of single-domain antiferromag-
fering environments of moments result in a differ- netic crystals. In addition, exploration of the phase
ent effect of an external magnetic field on the diagrams of antiferromagnets can be carried out in
moments, i.e., in a staggering of that field. the presence of staggered, as well as uniform, fields.
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The accompanying tables show the makeup of
the scientific and visiting staffs by rank and de-
gree, the extent to which consultants' services have
been used, and some statistics on overall Labora-
tory employment. Table I reflects an increase in
regular staff and nonsalaried visitors, and Table 2
shows a trend toward increased use of consultants.
Total employment (Table 3) has increased slightly,
after four years of rcdrctions in personnel.

The large number of visiting scientists and stu-
dents (Table 1) function at the Laboratory in vari-
ous ways. The majority are faculty visitors who.
with post- and predoctoral university students,
form groups to earn- out experiments at the Alter-
nating Gradient Synchrotron and other BNL re-
search facilities. These groups arc in residence far
some months while preparing for and then per-
forming their experiments. Often groups from -sev-
eral institutions join in conducting an experiment.
The s 1000 nonsalaried visitors (Table 1) repre-
sent between 150 and 180 different universities or
colleges.

Many visitors also take advantage of the aca-
demic summer recess. The demand for space is so
great that the summer program at BNL is divided
into two halves. The ratio of salaried to nonsala-
ried faculty visitors is roughly one Co three. In ad-
dition, the summer student program, which runs
for 10 weeks and offers a modest stipend, supports
about 80 undergraduates selected from an applica-
tion list of ^;500.

In addition tu academic visitors, between f>0
and KM) scientist* come for varying lengths of time
from other national laboratories, industrial com-
panies, foreign research institutes, and medical
facilities. Some individuals find it most valuable to
visit an an intermittent basis; thus, the zz 1GQ0 vis-
itors represent a total of 300 to -100 man-years, or
a research effort alxiut equal to that of the resident
staff.

Postdoctoral research associates arc treated as
visitors in these statistics inasmuch as their terms
are limited to a two-year stay at the Laboratory.
Her? again, however, the nonsalaiU'd appointees
greatly outnumber those on salary at Brookhavcn.

AFFIRMATIVE ACTION

During fiscal IH72-1974, despite a 4% reduction
in the total work force, minority representation a:
the Laboratory rose from 10 to 11 .3%. and employ-
ment of women rose from 16.7 to 17.6'#.

Currently, W.?>r"> of all minorities and ">2'/f of all
women hold positions in the top three Federal
Kqua! Employment Opportunity job categories.

Two Black management interns have gradu-
ated into permanent administrative positions. In
addition, two women have been promoted to posi-
tions as buyer, and two others have joined the
ranks of police officers: formerly both jobs were
traditionally filled by men.

Successful training contracts were negotiated
between the Laboratory and the National Alli-
ance of Busiiu'ssiiicn's JOBS program: to date,
this has resulted in training opportunities for eight
minority individuals. On-the-job training, job-rc-
latcd basic education, and special counseling in
the technical and drafting fields arc being provided.
Contract provisions dictate that special emphasis be
given to minorities, women, veterans, and the
"hard-core unemployed." All participants at BNL
are individuals who represent these categories.

ADMINISTRATIVE

Dr. George H. Vineyard became the fourth
Director of Brookhavcn National Laboratory in
January 1973. He replaced Dr. Maurice Gold-
haber, who served as Director for 11 years. Dr.
Vineyard had served as Chairman of the Physics
Department from 1961 to 19fifi. and as Deputy
Director of the Laboratory from August 1967. Dr.
Goldhabcr has become AUI Distinguished Scien-
tist and is engaged full time in physics research at
BNL.
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Table 1

Scientific Staff and Students on May 31

Visitors

By appointment category
StaiT

Senior Scientist
Scientist
Associate Scientist
Assistant Scientist
Senior Research Associate
Research Associate
Research Intern

Students
Junior Research Associate
Research Assistant

Total

Bv academic degree
Ph.D. or M.D.
Master
Bachelor
No degree

Regular staff

1974

98
182
95
42
-
_
-

-
-

417

307
42
62

6

1973

97
182
91
39
-
_
-

-
-

409

299
45
59

6

1972

92
188
97
24
-
-
-

-
-

401

285
47
63

(i

1974

1
3
4
1
6

54
0

4
0

73

66
4
3
0

Salaried

1973

I
2
2
3
7

57
7

3
0

82

76
4
2
0

1972

1
2
2
1

10
52
18

3
0

89

81
4
4
0

Nonsalaried

74

92
216
228

82
1

112
-

151
133

1015"

-
-
-
-

1973

94
183
250

93
2

115
-

150
116

1003"

_
_
-
-

1972

71
198
211
105

3
119
-

174
113

994

-
-
-
-

• 70 ofthese appointees were at BNLon a full-time basis as of May 31,
b65 of these appointees were at BNL on a full-time basis as of May 31,
•• 76 of these appoiniees were at BNL on a full-time basis as of May 31,

Table 2

Consultants' Services

1974

Total contracts in effect 149
Number of consultants used 91
Number of man-days of service 828

1974.
1973.
1972.

1973

105
58

652.95

Fiscal year

1972

108
70

673.85

1971

116
57

6165

In November 1973 Dr. John P. Blewett was ap-
pointed Special Assistant to the Director for En-
ergy. With the increased interest in energy prob-
lems, pertinent projects have been undertaken
throughout the Laboratory. These range from pro-
grams related to fusion reactors, through studies of
a hydrogen economy, to a program for developing
an ac superconducting line for transmitting large
blocks of electric power. Dr. Blewett will coordi-
nate these various efforts and advise the Director
on their status and on possible future programs.

In June 1973 Vincent R. O'Leary, Associate Di-
rector for Administration, assumed the additional
responsibilities of the Fiscal Division and the Tech-
nical Information Division. In February 1974 the
Management Information Systems office was estab-
lished under Mr. O'Leary. This reflected the shift
in responsibility for the operation of the ADP com-
puter from the Associate Director for Administra-
tion to the Applied Mathematics Department.

Dr. Mark Q. Barton was appointed Chairman of
the Accelerator Department, effective February 1974.
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Scientific staff"
Scientific professional staff
Nonscicntific staff

Total

Turnover data

Accessions

Scientific siaffb

Scientific professional staff
Nonscicntific staff

Total

Separations

Scientific staff"
Scientific professional staff
Nonscicntific staff

Total

Net Accessions

Scientific staff"
Scientific professional staff
Nonscientific staff

Total

Table 3

Employment Statistics"

June 30, 1974

480
282

1711

2473

1974

Annual
Number rate (%)

85 18
26 S

156 9

267 11

85 18
27 10

119 7

231 9

0 0
- 1 - 1
37 _•

36 2

June 30,1

480
283

1674

2437

1973

Number

82
36

108

226

87
36

287

410

— 5
0

-179

-184

1973

Annual
rate (7,)

17
13
6

9

18
13
17

17

j

0
-11

- 8

June 30,;

485
283

1853

2621

1972

Number

85
23

140

248

57
30

163

250

28

- 2 3

1972

Annual
rate (70

18
8
8

9

12
11
9

10

6
- 3

1

- 1

"Figures do not include temporary summer nonstuden: employees. Guests and temporary student employees are in-
cluded in Table 1.

••Includes Research Associates, Research Interns, and Visitors.

In May !973 the Laboratory's programs to pro-
vide information to the news media, arrange con-
ferences and group visits, provide speakers for out-
side groups, establish liaison with public officials,
and create publications, films, tapes, and exhibits
describing the activities of the Laboratory were
consolidated in an Office of Public Relations. Dr.
R.C. Anderson is in charge of this office and car-
ries overall responsibility for public relations.

An Office of Academic Relations was established
in April 1973 to coordinate educational and re-
lated activities of the Laboratory. Dr. G.A. Price
heads this office, while retaining his titles and re-
sponsibilities as Laboratory Security Officer and
Foreign Scientist Advisor. Dr. Price is responsible
for educational activities such as the Summer Stu-

dent Program, the Brookhaven Semester Program,
in-service teacher institutes, and cooperative edu-
cation. Appointments of visiting scientists and of
students are made through this office, as well as all
working visits of foreign scientists, whether of short
or long duration.

The Office of Technology Transfer was created
in April 1974, under the direction of William L.
Graves, to promote the practical application in
industry and government of technological devel-
opments made at Brookhaven.

Charles Meinhold, Head, Health Physics and
Safety Division, assumed responsibility for the Plant
Protection and Security Division on March 1,1973,
in recognition of the increased role of safety in the plan-
ning and functioning of the emergency forces on site.
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The Department of Applied Science formed the
Office of Regulatory Assistance (ORA) in October
1973 to expand the scope of technical support to
the regulatory directorates of the AEC. The ORA
provides technical support in the areas of safety
analysis for thermal power reactors, nuclear mate-
rials, fast breeder reactors, and in other areas
where appropriate.

Early in 1974 the Department of Applied Sci-
ence experienced significant growth in the area of
energy research and development, i.e., energy stor-
age, systems analysis, environmental research, and
technology assessment. New programs have been
initiated, and increased emphasis has been placed
on existing programs. The AEC's interest in the
siting of power plants on off-shore stations has led to
increased emphasis on meteorological research and
to t'le initiation of programs in oceanography. The
Division c.l Reactor Safety Research has funded
new programs designed to update and revise, in
preparation for the future, analytical models and
computer codes for safety analysis with respect to
light-water, gas-cooled, and breeder reactors.

Late in 1972 Associated Universities, Inc., re-
viewed AUI-BNL personnel policies and con-
cluded that on the whole they have served the
Laboratory well. The up-or-out policy and the
high barriers to promotion, especially to positions
with permanent tenure, have contributed greatly
to the building of a high-quality scientific staff and
have permitted a large throughput of younger
staff. The latter, together with the research associ-
ates and the numerous visitors, have greatly en-
hanced the vigor of the Laboratory and have pro-
vided prolific sources of stimulating ideas. Admin-
istrative management of selection, promotion, and
salary review processes was considered generally
excellent in both the scientific and the administra-
tive-service areas; reductions forced by inflation
have b- .n well handled from the standpoints of
both * iec'.ivity and morale. However, it would
be de irable to accelerate the flow of younger staff
anci Ph.D. scientists in certain parts of the Labora-
tory where financia 1 stringencies have forced a
slowing down in this respect.

An organization chart as of February 1, 1974,
appears on the inside back cover.

SERVICE ORGANIZATIONS

Cost reductions involving major computing facil-
ities were implemented in fiscal 1974. After exten-
sive review, the Digital Equipment Corporation

PDP-10 systems in the Accelerator Department
and the Control Data Corporation 6600 complex
in the Applied Mathematics Department were
switched from contract maintenance by the manu-
facturers to maintenance by Laboratory person-
nel. The resultant savings amount to $207,000 per
year.

A Payroll System Committee, composed of repre-
sentatives of the scientific and administrative
organizations, was formed. Recommendations
made bv the committee were adopted, and,
through the combined efforts of the Administra-
tive Systems and Data Processing Division and the
Fiscal Division, a redesigned payroll system be-
came operational in June 1974. The new system
provides management with significantly improved
reporting and employees with additional data.

The Staff Services Division has assumed respon-
sibility for coordination of record management
and issuance of identification cards to operators of
U.S. Government motor vehicles. These functions
were tbrmerly assigned to the Plant Protection and
Security Division.

The Personnel Division instituted a supervisory
development program for supervisory personnel
in which management techniques, self-appraisal,
and concepts of organizational development arc
stressed.

The Photography and Graphic Arts Division
has consolidated by reducing the number of build-
ings housing it from four to three and relocating
the illustration, photomicrography, optics, and
standards functions.

The video tape capability of the Photography
Group has been expanded from black and white
to color. At present the color operation is limited
to playback of programs from various sources, in-
cluding the extensive library assembled by the
AEC. Future plans for video tape include color re-
cording within a program designed to provide the
Laboratory with more effective communication.

The magnetic tape typewriter service of the
Graphic Arts Group has been expanded into a
word processing center with additional personnel
and more sophisticated equipment. The center has
F.ISO added dial dictation to its services.

ENERGY CONSERVATION

A number of steps were taken during the spring
and summer of fiscal 1973 to reduce the consump-
tion of electricity. The temperature settings of air
conditioners were increased during working hours
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and the equipment was turned off during non-
working hours. Lighting level standards were re-
duced and lights were turned off in nonessential
areas.

At the beginning of fiscal 1974 the gravity of the
energy crisis became apparent and;the effort to re-
duce all forms of energy consumption was put into
high gear. In addition to the changes noted above,
preparations for fall and winter conservation were
begun. The maximum permissible temperature in
occupied space was established as 68° F. Tempera-
tures in unoccupied spaces were reduced to 55°F
or lower, and several buildings were drained and
the heat was turned off completely. Installation of
automatic temperature setback controls in build-
ings was initiated when a cost/benefit analysts
showed that a savings in fuel consumption would
result. Departments were requested to consolit ite
their functions into fewer buildings so that power
and heat could be saved in the vacated buildings.

The program of power reduction was intensi-
fied, and almost half of the fluorescent tubes were
removed wherever health and safety considera-

tions would permit. A minimum of light was
maintained in hallways and none in unoccupied
spaces. Experimental equipment not in use was
turned off when neither the equipment nor the re-
search would be adversely affected.

"Waste oil" was-procured and blended with
virgin oil at the Central Steam Plant. Almost a
million gallons of virgin oil has been conserved by
the substitution of 1.2 million gallons of scavenger
oil.

Participation in car-pooling (long a tradition at
BNL) was increased by a voluntary computerized
information system that provided interested em-
ployees with the names and addresses of employees
residing in the same general area who also wished
to join a car pool. The employees then made their
own commuting arrangements.

Energy savings resulting from the above actions
are difficult to assess; however, they are believed
to be significant. Comparison of general power
consumption in fiscal 1974 with that in fiscal 1973
indicates a 13% reduction, and steam production
was reduced by 12% despite a colder winter.
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