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FOREWORD

The past vear has heen one of great excitement and change both here
LAMPYL and at Los Alimos National Laboratory. Louis Rosen stepped asicde as
Director of LAMPE on November T 1985, and ook over thatvery challeng.
ing assignment. Don Kerr resigned as the Los Alamos National Liboratory
Dircctoron October 1 19RS and Sig Hecker, an outstanding metallurgist and
tormer Director of the Center for Materials Science, was selected by a
distinguished scarch committee 1o he our next Laboratory Director, ile will
be an understanding and strong advocate of basic research,

LAMPF has had an cutstanding record of reliable and effective operation
while delivering the most intense proton beam anvwhere in the world.
Hence, inthe search fora new leader tor the Medium: Energy Physics Division
{MPY,itwas ondy natural to turn to a person who was greatly responsible for
this excellentrecord. Soitwas that Don Hagernin was selected by Los
Alamos management to be the new MP-Division Leader, He and 1 will be
woorking closely over the coming vears to continue to provide the environ-
ment and hardware required for a world-class research program.

The research output over the past vear was outstanding. Among the
highlights were results from Exp. 225, the world's first observation of the
interference between the neutral and charge-changing weak currents. The
present results are consistent with the Standard Model and, after an additional
veuar of running, the results will further test the Standard Model. A new and
very strong lower limit has been pliced on the lepton family number violating
rare decay of the muon into an electron and a photon and the m.n reiction has
been observed for the first time on a variety of nuclei.

With regard to new facilities and large experiments, we are tirmly com-
mitted to proceeding with the upgrade of the Nucleon Physics Laboratory.
This upgrade will provide unparalleled opportunities for our users to investi-
gate the spin and isospin dependence of nucleon-nucleon and nucleon-
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nucleus interactions. A third generation rare decay experimentinvolving 10
tiatitutions isalso just getting under wav. We all share a real sense of pride in
the rapid commissioning of the Proten Storage Ring (PSR) which reached

30 pAL orone third of its design intensity, within che first 6 months ot
operation. The pulses of the protans from PSR are used to produce asource of
pulsed neutrons tor studies of the structure of materials both physical and
biological. The pulsed neurron facitity is referred to as the Los Alamos
Neutron Scattering Center (LANSCE).

Lo addition to the tucilities and experiments, LAMPF serves as a center for
the discussion and development of new and significant concepts in medium
eneray physics. We held O workshops and a summer school at which some S0
graduate students were exposed to the frontiers ot nuclear theory. Ttwas
inteflectdly stimuiating and shows the intellectual attraction of the trontiers
of our subject to voung scientists.

The foreword would not be complete without mention of developments
surrounding our plans for an advanced hadron facility. We will soon be
circulating an update ot our proposal of December 1984, Considerable
advances have been made in everyvaspect of that original proposal. The
physics case has been greatly strengthened, particularly with regard to strong-
interactuon research, A viable and cost-eftfective machine design is now more
certtinand new ideis for producing secondary beams of greater intensity and
flexibility have been developed. Thus, our new plan will show higher
intensity secondary beams and lower cost. The actual funding to construct any
large tacilities in basic research remains highly uncertain while the United
Suttes deals with the issues surrounding the large federal deficit.

Gerald T. Garvey
Director of LAMPF
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LAMPF NEWS

Rosen Steps Down

At the November LAMPF Users
Meeting, it was announced that Louis
Rosc . will be succeeded by Gerald
Garvey as LAMPF Director. Garvey
continues as a Deputy Associate Di-
rector of Los Alamos National Labora-
tory. Rosen has been named a Senior
Fellow of the Laboratory, a position
that will enable him to pursue several
interests that follow from a lifetime of
activities in science and public inter-
est.

After teaching physics at the Uni-
versity of Alabama and Pennsylvania
State University, Louis Rosen joined
the Manhattan Project in Los Alamos

Hanry Ortega

in 1944. Following World War 11,
Rosen divided his time between
basic research in nuclear physics and
national defense activities. At Los Al-
amos he has held the position of
group leader of the nuclear micro-
scopy laboratory, alternate division
leader of the experimental physics
division, and division leader of the
Medium-Energy Physics Division.

Rosen was a pioneer in the devel-
opment and exploitation of tech-
niques for neutral- and charged-
particle detection. From this work
emerged a clearer understanding of
the mechanism of neutron interac-
tions and the first clear evidence that
a controlled thermonuclear reactor,
operating on the d¢ cycle, might pro-
duce more tritium than it consumes,
His work gave rise to better phenom-
enological potentials for describing
and predicting nucleon-nucleus in-
teractions and for placing better
limits on the vahdity of microscopic
reversibility in nuclear reactions. He
was responsible for measuring many
of the neutron cross sections in the
design of the first thermonuclear
weapons.

In 1963 he received the E. O. Law-
rence award for these activities from
the U.S. Atomic Energy Commission.
Other honors include Sesquicenten-
nial Honorary Professor 2t the Uni-
versity of Alabama, Pennsylvania
State Alumni Fellow, and University
of New Mexico Honorary Doctor of
Science.




In 1962 Rosen initiated the meson
factory proposal at Los Alamos.
Under his leadership LAMPF became
the largest nuclear science facility in
the world. [n addition to promoting
basic research, Rosen saw that ac-
celerator beams and technology were
made to serve the immediate public
interest through production of better
radioisotopes for industry and
medicine, the study of radiation dam-
age in reactor materials, and cancer
therapy.

Rosen is active in the affairs of
science and in providing advice on
scientific matrers to the federai estab-
lishment. He served as a member of
the National Accelerator Panel on the
Future of Nuclear Science, on the
panel to secommend a management
structure for the administration of the
Orbiting Space Telescope Project,
and as a member of 2 committee to
advise the General Accounting Of-
fice on ground rules for an in-depth
audit of high-energy physics. In the
American Physical Society (APS), he
was Chairman of the Division of Nu-
clear Physics in 1985. He has also
served as a member of the APS Coun-
cil and as Chairman of the Panel on
Public Affairs. He currently serves on

.the USA-USSR Joint Committee for
Collaboraiion on the Fundamental
Properties of Matter and continues to
support the role of science as a chan-
nel for international understanding.

Gerald Garvey
New LAMPF Director

New LAMPF Director Gerald T.
Garvey joined the Laboratory in 1984
as Deputy Associate Director for Nu-
clear and Particle Physics Programs
He came to Los Alamos from Argonne
National Laboratory in [llinois, where
he was also a professor at the Univer-
sity of Chicago. He has taught at
Princeton, Oxford, and Yale Univer-
sities, and he has been a visiting lec-
turer at the Weizmann Institute in
Israel.

Garveyreceived his doctorate from
Yale University and his under-
graduate degree from Fairfield Uni-
versity, Fairfield, Connecticut.

Garvey is currently an editor of An-
nual Review of Nuclear and Particle
Science (since 1982) and of Com-
ments on Nuclear and Particle Phys
ics (since 1984). He was editor of
Physics Reports from 1976 10 1979.

Garvey has served on program ad-
visory committees at Nevis, Indiana
University, and LAMPF. He is a mem-
ber of the Visiting Committee of the
Physics Department at SUNY,
S:onybrook, and has served in a
similar capacity at the University of
Rochester.

LAMPF NEWS

Iew LAMPF Director
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New MP Diasion Leager

Fred Rick

He is presently a member of the
Advisory Committee for Physics of
the National Science Foundation and
is chairman of its subcommittee to
review NSF's Nuclear Science Pro-
gram. He was a member of the High-
Energy Advisory Committee at
Brookhaven National Laboratory,
1979-1983; the Review Committee for
the Muclear Science Division at Law-
rence Berkeley Laboratory,
1981-1984; and the Review Commit-
tee on TRIUMF of the National Re-
search Council of Canada, 1983-1984.

Garvey served on the Livingston
Panel on Future Electron Ac-
celerators, 1977; the Committee on
the Future of Nuclear Science of the
National Academy of Sciences,
1976-1977; and the DOE/NSF Nu-
clear Science Advisory Committee
(NSAC), 1977-1980.

Of his successor, Rosen said, “We
were fortunate to recruit someone of
Garvey's competence, knowledge,
and scientific reputation.”

Don Kagerman
New MP-Division Leader

Don Hagerman was appointed
April 7,1986, 1o lead the Medium-
Energy Physics Division. The an-
nouncement, which followed a na-
tionwide search launched earlier this
year, was made by John Browne, As-
sociate Director for Research.

Hagerman became a staff member
at Los Alamos in 1955, conducting
research on controlled thermonu-
clear reactions.

Since 1962, he has played a key
role in the design, construction,
scheduling, operation, and upgrades
of LAMPF—a half-mile-long ac-
celerator that has emerged as a
world-class research center.

Hagerman received a bachelor’s
degree in physics (magna cum
laude) from the University of Colo-
rado in 1951. Four years later he
earned a doctorate in physics from
Stanford University.

A Fellow of the American Physical
Society, he has served as a member of
the Department of Energy/National
Science Foundation/Nuclear Science
Advisory Committee.

In 1983 he was a visiting scientist
at MIT and a visitor at the Indiana
University Cyciotron Facility.
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LAMPF USERS GROUP

annual Meeting

Nineteenth Annn=: Z5aciing

The Nin=teenth Annual Meeting of
the LAMPF Users Group, Inc., was
held in Los Alamos on November 4-5,
1985, with 172 auendees. Chairmun
Robert Redwine (MIT) presided at
the first session, which includeda
welcoming address by Robert Thorn,
Acting Laboratory Director, and a Re-
port from Washington by David Hen-
drie (Department of Energy). The
LAMPF Status Report was presented
by Louis Rosen, and Gerald Garvey
spoke on Future Directions of
LAMPF. The LAMPY operations re-
port was delivered by Donald
Hagerman.

P s mei

In the afternoon session, con-
ducted by incoming Chairman Barry
Preedom ( University of South Caro-
lina), Robert Redwine gave the An-
nual Users Group Report, which was
followed by a presentation of the
election results, June Matthews
(MIT) is Chairman-Elect of the Board
of Directors; new members are
Charles Goodman (Indiana Univer-
sity) and Gerald Hoffmann (Univer-
sity of Texas).

The following talks were given
during the meeting:

“AV,-e Proposal for LAMPF "

Hywel White (Brookhaven);

“Searching for Muon Number
Violation at LAMPF: Current Re-
sults and Future Prospects,”
Martin Cooper (Los Alamos);

“NPL Upgrade,” John McClelland
(Los Alamos);

“The WNR Neutron Source,”” Paul
Lisowski (Los Alamos);

“New High-Resolution n° Spec-
trometer,” David Bowman (Los
Alamos);

“Japanese Medium-Energy Pro-
gram,"” Toshimitsu Yamazaki
(University of Tokyo); and

“LAMPF I1,” Henry A. Thiessen
(Los Alamos).




Cemmittees
Board of Directors

The Board of Directors comprises
secretary/Treasurer and seven mem-
bers elected by the LAMPYF Users
Group, Inc., whose interests they rep-
resent and promote. They concern
themselves with LAMPF programs,
policies, future plans, and especially
with how users are treated at LAMPE.
Users should address problems and
suggestions to individual Board
members.

The Board also nominaces new
members to the Program Advisory
Committee (PAC).

The 1986 membership and term
expiration dates are listed below.

James Bradbury
(Secretary/Treasurer)
Los Alamos

Terms Expiring in 1986
Robert Redwine
(Pasi Chairman)
MIT

George Burleson
New Mexico State Universily

A
Donald Geesaman
Argonne National Laboratory

Terms Expiring in 1987
Barry Preedom (Chairman)
University of South Carolina

Charles Goodman
Indiana University

Gerald Hoffmann
University of Texas

LAMPF USERS GROUP

Terms Expiring in 1988
June Matthews
(Chairman-Elect)
MIT

Technical Advisory Panel

The Technical Advisory Panel
(TAP) provides technical recommen-
dations to the Board of Directors and
LAMPF management about the devel-
opment of experimental facilitics and
support activities. The TAP has
12 members, appointed by the Board
of Directors for 3-year staggered
terms; the Chairman of the Board of
Directors also serves as TAP chair-
man. The TAP membership and term
expiration dates are listed below.

Terms Expiring in 1985
Harold A. Enge
MIT

Richard Hutson
Los Alamcs

Christopher L. Morris
Los Alamos

Thomas A. Romanowski
Ohio State University

Terms Expiring in 1986
William Briscoe
George Washington University

Michael A. Oothoudt
Los Alamos

Gary Sanders
Los Alamos

Charles A. Whitten
UCLA

Committeas
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Committees

Terms Expiring in 1987
David Bowman
Los Alamos

Gerald Hoffmann
University of Texas

Roy]. Peterson
University of Colorado

Robert E. Pollock
Indiana University

LAMPF Program Advisory
Committee

The Program Advisory Committee
(PAC) comprises about 25 members
appointed for staggered 3-year terms.
Members advise the Director of
LAMPT on the priorities they deem
appropriate for the commitment of
beam time and the allocation of re-
sources for the development of ex-
perimental facilities. The PAC meets
twice each year for 1 week, during
which time all new proposals that
have been submitted at least
2 months before the meeting date are
considered. Old proposals, and the
priorities accorded to them, also may
be reviewed.

Terms Expiring in 1986
David Axen
TRIUMF

Barry Barish
California Institute of Techinology

Dietrich Dehnhard
University of Minnesota

Frieder Lenz
SIN

Harold M. Spinka, Jr.
Argonne National Laboratory

Vi..or E. Viola, Jr.
Indiana University

Larry Zamick
Rutgers University

Terms Expiring in 1987

Eric G. Adelberger
University of Washington

Gerard M. Crawley
Michigan State University

William R. Gibbs
Los Alamos

Wick C. Haxton
University of Washington

Stanley B. Kowalski
MIT

Philip G. Roos
University of Marylana

Benjamin Zeidman
Argonne National Laboratory

Terms Expiring in 1988

Hall L. Crannell
Catholic University of America

10
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David J. Ernst
Texas A&M University

James L. Friar
Los Alamos

Daniel 5. Koltun
University of Rochester

W. Gary Love
University of Georgia

Norbert T. Porile
Purdue University

Willem T. H. Van Oers
University of Manitoba

D. Hywel White

Brookhaven National Laboratory

Working Groups Chairmen

High-Resolution Spectrometer (HRS)

Raymond Fergerson
Rutgers University

Neutrino Facilities
Stuart Freedman
Argonne National Laboratory

Stopped-Muon Channel (SMC)
Martin Cooper
Los Alamos

Nuclear Chemistry
Robert Kraus
Clark University

Energetic Pion Channel and
Spectrometer (EPICS)

Kalvir Dhuga

New Mexico State University

High-Energ; Pion Channel (P?)
Gordon Mutchler
Rice University

Nucleon Physics Laboratory (NPL)

Upgrade/Medium-Resolution
Spectrometer

John Faucett

New Mexico State University

Computer Facilities
Kok-Heong McNaughton
University of Texas

Solid-State Physics and Materials
Science

Robert Brown

Los Alamos

Muon-Spin Relaxation
Mario Schillaci
Los Alamos

Low-Energy Pion Channel (LEP)
James Knudson
Arizona State University

Working Groups

11
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Minutes

Minutes
Board of Directors

The LAMPF Users Group, Inc.
{LUGI), Bourd of Directors (BOD)
met on March 10,July 9, and Noven-
ber 3, 1985. All meetings were
chaired by Robert Redwine. Selected
opics of discussion are provided
below.

There were 172 registrants for the
1985 Annual Users Meeting. The
napers presented at the meeting and
the minutes of the workships are
given in the Proceedings.

The Program Advisory Committee
(PAC) met in February and August
1985. For these 2 sessions 70 new
proposals were received. The break-
down follows.

HRS. . .. .00 000 13
EPICS. . . ... .. 19
LEP. . ... ... ..., 15
Nuclear Chemistry . . . . . 1
NPL. .. ... ... ..... 5
SMC. . ... ..o L. 4
PP 6
Solid-State Physics and
Materials Science. . . . . 7

The BOD selected William J.
Burger (MIT) as the recipient of the
Louis Rosen Prize for 1985 for his
thesis '*An Experimental Study of
Pion Absorption in ®*Ni at
T, = 160 MeV.” Because he was out
of the country at the time, the award
was presented to his advisor, Robert
Redwine, and will be forwarded to
him later.

Technical Advisory Panel

The Technical Advisory Panel
(TAP) met on February 8 and Novem-
ber 6, 1985. The chief purpose of the
February meeting was to provide
recommendations for LAMPF man-
agement concerning medium-term
(next several years), medium-scale
(several million dollars) projects and
expenditures. After hearing a number
of presentations the TAP assigned
highest priorities to (1) adequate fa-
cilities and support for data acquisi-
tion and analysis, (2) the Medium-
Resolution Spectrometer (MRS) on
Line B, and (3) the Neutron Time-of-
Flight (NTOF) facility on Line B.*

*LAMPF 15 fully committed to the Nucleon Physics
Laboratory upgrade including the MRS and NTOF
facities Design and procurement ef'ort has begun

12
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Workshops

At the November meeting the TAP
heard presentations on the status of a
number of projects, including the
High-Resolution Atomic-Beam fa-
cility, the Clamshell spectrometer at
the LEP, the Data-Acquisition Center,
the Nucleon Physics Laboratory up-
grade, a rare muon decay detector
system, 2 New Neutrino-source possi-
bility, and LAMPF I1.

Workshops

The following workshops are
scheduled to be held at LAMPF.

NUCLEAR PHYSICS LABORATORY UPGRADES
AND MUON-CATALYZED FUSION

December 16-17, 1985

FUNDAMENTAL MUON PHYSICS: ATOMS,
NUCLEI, AND PARTICLES

January 20-22, 1986

PHYSICS WITH POLARIZED NUCLEAR
TARGETS

February 6, 1986

QUARK/GLUON PHENOMENA IN NUCLEAR
AND PARTICLE PHYSICS

February 7-8, 1986

ANNUAL USERS MEETING
October 27-28, 1986

13
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Visitors Center

Visltors Genter

During this report period, 450 re-
search guests worked on LAMPF-re-
lated activities or participared in ex-
periments at LAMPF; of these, 132
were foreign visitors.

LAMPF Users Group Membership

Membership
Non-Laboratory

Los Alamos Nationai Laboratory

TOTAL

Fields of Interest®
Nuclear and Particle Physics

Nuclear Chemistry

Solid-State Physics and Materials Science

Theory

Biomedical and Biological Applications

Weapons Neutron Research

Data Acquisition and Instrumentation

Administration, Coordination, Facilities, and Operations
Isotope Production

LAMPFII

x
These numbers do not add up to total membership because of multiple interests

Institutional Distribution
Membership by Institutions
Los Alamos National Laboratory

National or Government Laboratories

U.S. Universities

Industry

Foreign

Hospitals

Nonaffiliated

TOTAL

610
182

792

655

93
150
164
135
128
193

52

49
397

182
81
338
31
144
10

792

14
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Number of Institutions
National or Government Laboratories

LS. Universities
Industry
Foreign

Hospitals

~Nonattiliated

TOTAL

Regicnal Breakdown

East
Pennsvlvania, New Jersey, Delaware, Washington DC,
Muassachusetts, New York, Connecticut, Vermont,
Rhode Island, New Hampshire, Maine

Midwest
Ohio, Missouri, Kansas, Indiana, Wisconsin, Michigan, Hlinois,
North Dakota. South Dakota, Nebraska, lowa, Minnesota

South
Muarvland, Virginia, Tennessee, Arkansas, West Virginia,
Kentucky, Norrh Carolina, Alabama, Mississippi. Louisiana,
Georgia, Florida

Southwest, Mountamn
Montana, [daho, Utah, Wyoming, Arizona, Colorado,
New Mexico (excluding Los Alamos), Oklahoma, Texas
West
Alaska, Hawaii, Nevada, Washington, Oregon, California

Foreign
Los Alamos Nationa’ Laboratory

TOTAL

19
97
27
80

102

70

113

86
145
182
792

Visitors Center

15
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Nuclear and Particle Physics
Atomic eand Molecular Physics
Materials Science

Radiation-Effeci» Studies

Biomedical Research and Instrumentation
Nuclear Chemistry
Radioisotope Production

Theory

MP-Division Publications




Nuclear and Particle Physics

NUCLEAR AND PARTICLE PHYSICS

EXPERIMENT 225 — Neutrino
Arsa

A Study of Neutrino-Efectron Eiastic
Scattering

Uriv of Calformia at Irving, Los Alamos,
JUniv of Marvland

Spokesman: H. H. Chen (Univ. of California,
Irvine)

Bob Burman (MP-4) and Danny Krakauer
(University of Maryland) with central de-
tector used nExp 225 (seeliustration
ortacing page)

: s . o
g |

Using the intense 0- to 53-MeV
neutrino beam from the LAMPF
Line A beam stop, a collaboration
from the University of California at
Irvine, Los Alamos, and the Univer-
sity of Maryland has made the first
observationofv,+ e —v,+ e
elastic scattering. Measurement of
this purely leptonic weak reaction
provides a sensitive experimental test
of the structure of the electroweak
interaction.

The currently popular theories of
fundamental forces are gauge the-
ories. Within these theories the
gravitational, the electromagnetic,
and the strong and weak nuclear
forces that operate between fermions
are transmitted by the exchange of
vector or tensor bosons. A significant
advance in the attempt to find a
single description of these four
forces has been made by the unifica-
tion of the electromagnetic force and
the weak nuclear force. This elec-
troweak gauge theory of Weinberg,
Salam, and Glashow (WSG) is de-
scribed by the interchange of four
vector bosons—the photon, the
charged W*, and the neutral Z° To
date, the weak interactions have been
studied in reactions involving the ex-
change of W* and 2° bosons and Z°
photon interference. Now, in this ex-
periment currently under way at
LAMPF, evidence is beginning to ap-
pear for Z°- w* interference.

The first publication of results has
now appeared' inan article entitled
“First Observation and Cross-Section
Measurementofv,+ e —v,+ ¢ "
Atthis stage in the experiment the
results agree with the standard
(WSG) electroweak theory.

The LAMPF Line A beam stop isan
intense source of 0- 10 53-MeV v,'s
that are produced predominantly
from stopped n* decays leading to
v,'s, followed by stopped p* decays
leading to ¥,’sand v,'s. In the WSG
theory, v.e scattering is expected to
dominate v,¢” and V¢ scattering. In
this energy range, ve scattering
(where v without the subscript refers
to any of these neutrinos) is confined
within a forward kinematic cone of
10° for a 20-MeV detection threshold.
Backgrounds to elastic scattering
from cosmic rays, from accelerator-
associated neutrons, and from other
neutrino reactions are expected to be
essentially isotropic. Hence the
signature for ve~ scattering is a sharp
forward peak in the angular distribu-
tion of single electron tracks.

Because a fairly detailed descrip-
tion of the detector system was given
in the previous LAMPF Progress Re-
port,2 we give here only a brief sum-
mary. The large duty factor of LAMPF
(610 12%) plus the small anticipated
cross section for ve™ scatterir g results
in an extremely high cosmic-ray
background relative to the ve™ scat-
tering signal, even with the high cur-
rent (up to 1 mA) of the LAMPF
beam. To reduce this cosmic-ray
background to an acceptable level,
three active and passive shields were

18



used in conjunction with a fine-
grained sandwich detector. Figure 1
is 4 cutaway drawing illustrating the
principal components of the active
cosmic-ray shield and the sandwich
detecter used in the experiment.

The outermost cosmic-ray shield
consists of steel and concrete with an
effective thickness of more than
900 g/cm®. This attenuates hadron
fluxes by two orders of magnitude.
Within this shield is an active anti-
coincidence system consisting of 394
multiwire proportional chambers
(MWPCs) that cover all inner sur-
faces of the massive outer shield.
These counters, typically 520 cm
long by 20 cm wide by 5 cm thick, are
arranged into four layers in the walls
and roof and a single layer on the
floor. The MWPCs provide a prompt
veto to reduce on-line triggers by a
factor of 10* and to tag cosmic-ray
muons for off-line analysis. Another
inert shield averaging more than
100 g/cm? of steel and lead is used
inside the MWPCs to attenuate re-
sidual cosmic-ray gammas by a factor
of 30.

The central detector, which hasa
total mass of 15 metric tons arranged
in a 40-layer sandwich structure
located a mean distance of 900 cm
from the beam stop, is shielded by
630 cm of steel to reduce beam-
associated neutrons by more than 15
orders of magnitude. The detector is
designed to identify electrons by the
measurement of Z£/dx and 1o deter-
mine electron track direction in spite
of large multiple scattering at these
low energies.

Nuclear and Particle Physics

Cosmic-Ray
Veto Tubes

Scintiliator

"Flash
Chambers

FIGURE 1. Cutaway view of the neutrino detector. The active cosmic-ray veto system
{purple) consists of 594 MWPCs arranged as shown in four layers covering the walls
and roof, with one additional layer on the floor; each counter has eight triangular
sections. The central detector is a 40-layer sandwich of alternating scintillator
counters and flash-chamber modules (FCMs). The 160 scintillator counters weigh 9.5
tons, and the 208 000 tubes of the FCMs, in alternating horizontal and vertical
orientation as shown, weigh 4.5 tons. Inthe figure the scintillator counters are pale
blue; flash chambers are shown as white layers in the central detector sandwich.
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Nuclear and Particle Physics

Each of the 40 layers in the de-
tector is 305 ¢m high by 305 cm wide
and consists of a plane of plastic scin-
tillator and a flash-chamber module
(FCM). The scintillation plane is
constructed from four 2.6-cm-thick
pieces, each 76 cm wide and viewed
by a 12.7-cm-diam photomultiplier
tube, for a total of 160 counters, An
FCM, 1.4 g/cm?thick, contains 10
panels of polypropylene flash tubes
with alternating coordinate readout,
5 horizontal and 5 vertical. Each
panel contains 520 flash tubes of
dimensions 0.5 by 0.6 by 305 c¢m for a
total of 5200 flash tubes per FCM and
208 000 flash tubes in the entire de-
tector. The average overall operating
efficiency of the FCM system is 60%
per panel and the angular resolution
for short electron tracks including
multiple scattering is £7° per projec-
tion.

The trigger is defined by a coin-
cidence between at least three adja-
cent scintillation planes, with energy
deposition between 1 and 16 MeV
per plane and no veto from the
MWPC system. This cosmic-ray veto
is defined by MWPC hits in any two of
the four planes of a wall or roof re-
sulting in a veto rate of 7 kHz; a veto
of 20 ps is required to reduce triggers
by electrons from stopped-muon
decays. This gives a 15% system dead-
time and results in a residual cosmic-
ray trigger rate of less than 0.1 per
second.

For each trigger, we recorded in-
formation from every scintillation
counter, FCM, and MWPC. Also, we
recorded information from every
scintillator and MWPC for 32 ps

before the trigger to further suppress
backgrounds from stopped-muon
decays. Data were taken during the
LAMPF beam spill and also during a
beam-off gate between spills for a
cosmic-ray background subtraction,

Our publication was based on data
accumulated between September
1983 and December 1984. The total
exposure was 1.95 A + h of protons
(4.4 X 10%) on the beam stop, result-
ing in a sample of 98 558 beam-on
and 317 740 beam-off events. The
beam-off to beam-on live-time ratio
was 4.43. Triggers from cosmic-ray
stopped-muon decays and traversing
muons were also recorded every
10 min for calibration and «fficiency
monitoring.

After an off-line analysis that
(1) tightened cosmic-ray back-
ground identification, (2) imposed
fiducial volume restrictions, and
(3) required an electron signature in
the dE/dx and tracking information,
we were left with 1127 beam-on and
3864 beam-off events. Correction for
the 4.43 beam-off to beam-on live-
time ratio then gave a net number of
255 * 36 beam-associated events.

We show in Fig. 2(a) the histogram
of the number of events versus cos 9,
for the beam-on and beam-off events,
normalized by live time. Here 0, is
the reconstructed angle of the up-
stream part of the recoil electron
track relative to the direction of the
neutrino. Figure 2(b) shows the his-
togram of the number of events ver-
sus cos 0, for the difference between
these beam-on and beam-off sam-
ples. In the forward cone, defined as
cos 8, = 0.96,awell-defined peak
contains 74.1 + 13.5 beam-associated
events. Thecos 0, = 0.96 (0, < 16°)
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cut is selected with consideration of
ve~ kinematics, multiple scattering,
and detector angular resolution.
Beam-associated background inthe
forward cone is 11.4 = 7.0 events.
This result is determined from the
number of beam-associated events in
the cos 8, interval between 0.84 and
0.96, assuming a flat distribution and
accounting tor the traction of ve™
events outside the forward cone as
determined by a Monte Carlo simula-
tion. The extent of the chosen cos 6,
interval for this background subtrac-
tion comes from doubling the for-
ward-cone angle; however, varving
the extent of the cos 0, interval in

this subtraction does aot significantly

change this background. The buck-
ground is due to v, charged-current
interactions with nuclei and possibly
the capture of energetic neutrons
scattered around the 630-cm-thick
iron shield at the beam stop. We at-
tribute the remaining 62.7 £ 16.7
beam-associated events in the for-
ward cone to ve~ scattering.

To determine the cross section, the
efficiency for detecting ve™ scattering
was evaluated by use of a Monte Carlo
simulation. The simulated events
were then passed through the data-
reduction and data-analysis pro-
grams. Cosmic-ray stopped-muon
decay events were also simulated and
compared with observation to
provide confidence in the Monte
Carlo analysis. Altogether we as-
signed a 9% systematic error to the
absolute detection efficiency.

The absolute neutrino source in-
tensity depended on an earlier meas-
urement of the number of stopped n*
and p* decays per incident proton in
copper done at the Lawrence

Nuclear and Particle Physics
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FIGURE 2 Histograms o! the number of events versus cos 8, inbins of 0 02
(a) for beam-on and narmalized beam ol events after the analysis described in the
text Here, 8, 15 the recoil-electron angle relative ta the direction ol the incident
neutrnno, and

(b) forthe beam-associated events above
Events inthe forward peek are candidates for ve™ scatlering Beam-associated
backgrounds in the forward peak are estimated from outside the forward peak Only
statistical errors are shown
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TABLE | The Number of Observed v, + ¢~ — v, + ¢~ Events Compared with
Several Possibiities involving Interference Between Z°and W* Exchange
The indicated uncertainties tor this measurement are statistical only; for the
expected number of events, systematic only

This measurement

Expected number of events
Destructive interference (WSG)
No interference
Constructive interlgrence

511167
53.1
108 0
163.0

+ 80
+160
+250

Berkeley Laboratory 184 in.
cyclotron. For the present neutrino
experiment, a 20-cm water degrader
was inserted in front of the beam stop
to increuse, by 35%, the number of
such decays per proton. A simulation
of the effect of differing proton
energy and of beam stop composition
resulted in 0.089 £ 0.011 stopped ©*
decays per incident 765-MeV proton.
Combining in quadrature the 9% un-
certainty in absolute detection effi-
ciency and the 12% uncertainty in
neutrino source intensity results in
an overall systematic error of 15%.
The 62,7 + 16.7 events attributed
tov+ e — v+ ¢ containv,e and
v.e ,as wellas v,e” candidates. Using
the Monte Carlo simulation, we de-
termined the number of expected
v,e and V,¢” events from measured
cross sections and assigned 4.3 £ 1.1
and 7.3 £ 1.7 events, respectively, to
these two reactions. The remaining
51.1 % 16.7 events are thus assigned
tov,+ ¢ —v,+ ¢ This number is
consistent with the W5G electroweak
theory with a v, e~ cross section of

o(vee) ={[8.9%3.2 (stan) £ 1.5 (sysu)|

X 1074 CmZ/MeV} E, .

The WSG electroweuak theory
predicts destructive interference be-
tween the Z° and W* vector boson
exchange for v e scattering. We
show in Table I the observed number
of v~ events and the calculated
numbers assuming destructive inter-
ference (WSG), no interference, and
constructive interference. Our result
rules out constructive interference by
almost 4 std dev and begins to rule
out the no-interference case.

Additional data were taken during
the period from June to December
1985. The total number of neutrino-
electron scattering events collected
is now more than double the
51 events presented above and in our
paper. A very preliminary analysis of
all the data is shown in Fig. 3, where
the beam-associated events are
plotted against the angle 0, between
the recoil electron track and the inci-
dent neutrino direction. Improve-
ments now being made in our analy-
ses are expected to markedly reduce
the error, both systematic and
statistical, in the measurenient of the
v.e cross section. Inan ancillary ex-
periment, 866, we will also improve
the systematic error by making a
more precise calibration of the neu-
trino flux. This will be a new meas-
urement of the number of stopped ©*
and p* decays per incident proton.
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FIGURE 3 Beam-associated events from a preliminary analysis for all data taken from
September 1983 to December 1985 AsinFig 2, 0, is the racoil-electron angle
relative to the direction ot the incident neutrino  The forward peak now contains about
120 candidate ve™ events
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Cygrius Cosmic-Ray Air-Shower
Array

Los Alamos, Univ of Maryland. George
Mason Univ |, Uiniv of New Mexico.,
Univ or Calitormia at invine

Spokesmen: D. E. Nagle (Los Alamos)and G.
Yodh and J. Goodman (Univ. of Maryland)

An array of scintillation counters
has been deployed uaround the
Exp. 225 detector to search for astro-
physical sources of super-high-
energy cosmic rays. This search,
called the Cygnus project, is 1 col-
laborative effort of scientists and

technicians from Los Alamos, Univer-

sity of New Mexico, University of Cal-
ifornia at Irvine, and University of
Maryland. It derives its name from
Cygnus X-3, aknown source of 1012-
eV gamma rays located in the direc-
tion of the constellation Cygnus.
Cygnus X-3 is thought to be a
binary system consisting of a conven-
tional star and a compact object, such
as a neutron star or a black hole. It is
an intense source of radio, x-ray, and
gamma radiations with a 4.8-hh
periodicity. There are stochastic
phenomena associated with its emis-
sions in energy, amplitude, and tim-
ing. At this time it is an object of very

active experimental and theoretical
interest. Several other gamma-ray
sources appear ta exist that have
similar properties, and studies are
under way at laboratories in both the
northern and southern hemispheres,
The Cygnus project will take high-
quality data on gamma sources and
make a significant contribution to the
understanding of these interesting
objects.

The Cygnus array detects super-
high-energy gamma rays { greater
than 10" eV) by detecting the ex-
tensive cosmic-ray air showers they
create in the earth’s atmosphere.
These air showers are thought to be
distinguishable from hadron-
induced showers by their electron-to-
muon ratio. By triggering the
Exp. 225 detector (a muon detector
with a 3-GeV threshold) on a signal
from the array, which is sensitive to
both low-energy muons and elec-
trons, we expect to be able to deter-
mine the electron-to-muon ratio in
the shower core.

The array consists of 40 scintilla-
tion counters (later to be upgradedto
80 counters), located on a grid with
10- by 10-m spacing, 60 m in radius,
surrounding the Exp. 225 detector.
Because of the topography in the
beam stop area, the various counters
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are located on roofs, hillsides, and
parking lots. Each scintillation
counter is constructed from a disk of
plastic scintillator 1 m* in area
(salvaged from the Volcano Ranch
cosmic-ray array) that is viewed by a
5-cm photomultiplier tube mounted
60 em above the center of the disk.
The disk and photomultiplier tube
are enclosed in cone-shaped
Fiberglas that is lightproot and
weatherproof.

The signals from the
photomultiplier tubes are sent
through coaxial cables to the central
trigger electronics located in the
Exp. 225 electronics trailer, where a
majority coincidence of scintillation
counters in the array triggers the
data-acquisition electronics and the
detector. The time of the trigger (de-
termined by a 60-kHz WWV clock)
and the charge and relative timing
from each of the counters are re-
corded. Preliminary tests lead us to
expect better than a 2-ns time resolu-
tion for each counter. An off-line
analysis will derive the shower front
direction from the timing and charge
information. The number and density
of particles in the shower also will be
measured by the charge in each
counter.

The past year's efforts were primar-

ily concerned with the physical de-
sign and fabrication of the array and
its electronics. We plan to devote a
substantial effort to developing the
analysis in the forthcoming year. We
have a preliminary analysis package
and are examining different fitting
strategies to determine the optimal
algorithim. We expect to begin tak-
ing data by the end of February 1986.

Nuclear and Particle Physics
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EXPERIMENT 657 — EPICS

Plon Inelastic Scattering from the
N = 28 Isotones and Nelghbors

LNy of Teaas, Los Alarmos, New Mexico
State niv . Univ of Pennsyivania,
Bradtord Linv inthe United Kinadom,
Uy of Ninnesota

Spokesman: D. S. Cakley (Univ. of Texas, Austin)

Experiment 657 is one of several
EPICS experiments that have
centered on the measurements of the
differences between the neutron and
proton multipole matrix elements M,
and M, (Refs. 1 and 2).-Although
there have been some theoretical in-
vestigations (Ref. 3), the differences
between M, and M, observed in
(m,m’) are stili not fully understood.

In this experiment we measured
the cross sections for t* and n~ scat-
tering from **Ti, *°Ti,*'V, >*Cr, >Fe,
and %Fe. Angular distributions were
measured for all targets between

0., = 18and 55° at T, = 180 MeV. In
addition, *Ti, *Ti, *Fe, and **Fe were
measured simultaneously as strip
targets in the incident beam.

The data have been replayed and
are now being analyzed. Distorted-
wave impulse approximation
(DWIA) calculations using collec-
tive-model transition densities have
been used to extract the matrix ele-
ments for the 27 states in several of
these nuclei, but other models will
be needed to measure the higher-
lying states (Fig. 1).

56Fe(.n.+l.n.+)
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FIGURE 1 Comparisan of collective-model DWIA calculations and data for the 27

and 2% states ol *6Fe
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Previous experiments at LAMPF
have shown that angular distribu-
tionson 7= 1 nuclei in the pion
double-charge-exchange (DCX) re-
action to residual double-isobaric-
analog states { DIASs) do not exhibit
minima at the expected diffractive
position. There have been different
explanations of these data, which are
consistent for T= 1 nuclei. For 7= 2
DIAS transitions, however, these vari-
ous theories predict contradictory re-
sults for the angular distribution
shapes. Experiments 773 and 906
were designed to measure the shapes
of angular distributions on two 7= 2
nuclei, ¥Ca (Brookhaven Exp. 906)
and **Fe (LAMPF Exp. 773), thus dis-
tinguishing between correctand in-
correct theories. The experiments
ran at EPICS between October and
December 1985 (cycle 44). Replay

and analysis of the data are currently
under way. Here we present some
on-line results from the experiments,
along with predictions of the angular
distribution shapes.

Asample spectrum for **Fe(n*,n”)
isshown in Fig. 1. The spectrum is
the sum of all data at 292 MeV and is
dominated by the residual DIAS. The
resolution (determined by elastic
scattering) is about 700 keV
(FWHM), whereas the *Ca(n*, 1)
resolution was only about 1 MeV. In
each case the residual DIAS isatan
excitation energy of about 9.5 MeV.
At lower energies several other states
are also strongly excited, including
the ground state, a state just below
the DIAS (in excitation energy), and
one or more states just above the
excitation energy of the DIAS.

70 }

50

30

20¢

» abn 2

0]
—500 500 1600

2500

3500 4500 5500

X

FIGURE 1

Spectrum for double charge exchange (DCX) on %%Fe at 292 MeV
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EXPERIMENTS 773 and 906 —
EPICS

Plon Double-Charge-Exchange
Angular Distrlautions for T = 2
Double-Isohiaric-Analog States

Univ. of Texas, Los Alamos, New Mexico
State Univ., Univ. of Pennsylvania

Spokesmen: G. R. Burleson (New Maxico State
Univ.), H. T. Fortune and R. Gilman (Univ. of
Pennsyivania), and P. A. Seidl (Univ. of Texas,
Av tin)
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A 5° excitation function obtained
for*Cais shown in Fig. 2. Both the
nonanalog ground-state {g.s.) transi-
tion and the DIAS transition exhibit
the usual characteristics. The g.s.
transition is peaked near 140 MeV,
which is very similar to **Fe — %Ni
(g.s.) butabout 20 MeV lower than in
lighter nuclei. The DIAS transition
Cross section increases mono-
tonically between ~ 160 and
~300 MeVY, as seen for all DIAS tran-
sitions. ’

Angular distributions are shown in
Fig. 3. (A partial angular distribution
was also obtained for the **Fe DIAS at
164 MeV and for corresponding
ground-state transitions.) The curves
represent predictions of three dif-
ferent models. The curve with a for-
ward minimum (dot-dashed)
predicts no shape difference be-
tween DIAS transitions on 7= 1and
T=2 nuclei. The middle curve
(dashed) is a standard lowest-order
optical-model calculation, and the
curve with the minimum moved
outward (solid) is a prediction of the
second-order optical-potential the-
ory of Johnson and Siciliano. The
cross sections displayed result from

summir.g area gates (zero back-
ground has been assumed). The
almost constant results are most
similar to the second-order predic-
tion. However, given the “Ti and *Ni
spectra, estimates of the background
will have to be made to better esti-
mate the uncertainty in the angular
distribution shape.

10° g
56rg(nt, n™)55Ni (DIAS)
a
1o 292 MeV ]
?7: 10—2E ;
a3 3
£ 4Calm* ) Ti (DIAS]
G
5 107" §164 MeV 1
5 o
. YN 3
1072k \ ’ 4 E
£\ E
[ | 4
RN
o [ R
0 10 20 30 40 50 60
0

FIGURE 3 Comparison of the angular
distribution at 292 MeV for

S8Fg(m* m™)90Ni (DIAS) with prediction of
the PIESDEX lowest-order calculation,
and of the angular distribution at

164 MeV for **Ca(n*,n)*Ti (DIAS)
with predictions of various models
The curves are described in the text.




The amount of data available for
investigation of the mass depend-
ence of pion double charge ex-
change (DCX) has increased several
fold over the pastfew years. Before
any experimental evidence became
available, Johnson' derived the mass
dependence of sequential single
charge exchange leading to double-
isoharic-analog states (DIASs) as

doc
— (g, =0) x (N— 2)
dQ T

X(N—Z—=1)4"" |

Several subsequent articles have
made graphical comparisons of data
(tvpically at 8., = 5°) with the above
expression.** No similar expression
has been derived for nonanalog
g.5. — g.s. (ground-state) DCX, but
the mass dependence has been
claimed to be A™/%in some articles,
again based on graphical com-
parisons. Here, we report results of a
numerical comparison of data with
some possible DCX expressions.
For both nonanalog and DIAS
DCX. we have simultaneously fitted
the rass dependence of 5, cross
sections at several incident beam
energies. We have used three dif-

ferent mass-dependence functions:

1. (IN— Z)(N— Z—1)A™,

2. A" and

3. NNN— 1)A™
The [unction (N— Z2(N— Z— 1)A™%,
with x ~ 10/3, represents the ex-
pected form of the DIAS mass de-
pendence. The function A™, with
x ~ 4/3, has been used previously*’
to describe nonanalog DCX. The
N(N— 1)A™" mass dependence, with
x ~ 10/3, represents a collective
enhancement in the cross sections
over the expected A% because the
cross section is proportional to the
total number of neutron pairs rather
than the number of excess neutron
pairs to which we expect DIAS DCX
to be sensitive.

The results of these fits are given
in Table I. For the nonanalog
data, the large ¥* for the
(N— ZY(N— Z— 1)A " mass de-
pendence indicates thatit is in-
appropriate. This is to be expected,
as there are many NoNzero Cross sec-
tions for N= Z nuclei. The
N(N—1)A"* and A7 formulas result
in comparable fits. For the large frac-
tion of the nonanalog data that has
been measured on N= Z targets,
these two dependences are indis-
tinguishable (given the experimental
uncertainties). A reduced ¥* value of
2.3 for the A" dependence, however,

Sermgltarienus Fits of the 4 Dependence at all Energies

~Dr
Type Form x° Exponent

Monanalog 47 2 30 —-135+x006
(N—HN—T—1)4a"" 159 -325+x013
(NN — 11A™" 248 —-351+006

HAS A= 7 48 —-179+007
(N— ZWN—7— 1)a™ 315 —-329+004
(NHN— 1)AT™ 703 —-372x007

Nuclear and Particle Physics
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Fennsylvania), C. L. Morris (Los Alamos), and
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may indieate that this is an inade-
quate representation of the data. We
note that one effect that will increase
the %* is the decrease of the peak
energy of the excitation function
with increasing target mass. Below
the peak energy, this will result in
heavier-mass nuclei being closer to
the peak and will slow the mass de-
pendence. Above the peak energy,
the mass dependence will increase.
We return to this point below.

In Table II we present fits to the
nonanalog data, done independently
at each energy with the A function,
and fits of two energy-independent
parameters. The quantity g is a mag-
nitude parameter for fits to the
nonanalog excitation-function
shapes (all are peaked near 160 MeV
and are represented with Breit-Wig-
ner functions). The quantity 6(T;) is
the maximum cross section of the
nonanalog excitation functions inde-
pendent of energy. The energy de-
pendence is consistent with the de-
scription given above; a more quan-
titative comparison is made below.
Given the energy-dependent results,

the fits to the energy-independent
quantities o(Ty) and g, and the simul-
taneous fit to all energies, we con-
clude that, on average, an A depend-
ence of A~ represents nonanalog
DCX well.

Fits to DIAS DCX with the various
mass dependences are also showri in
Table I. The only possibly adequate
representation of the DIAS mass de-
pendence is the expected mass de-
pendence formula, for which the ex-
ponent agrees with the expected
value of —10/3. Table III presents fits
with the expected mass dependence
formula at each energy. At every
energy the best-fit exponent is con-
sistent with —10/3 within errors. The
major energy dependence is the
larger %2 at the lower energies that
results from the greater scattering in
the data.

In Fig. 1 we present the energy
dependence of the fitted exponents
of Tables IT and I11. The DIAS expo-
nents are essentially independent of
energy, despite a variety of excita-
tion-function behaviors. We know of
no simple explanations of the fact

TABLE Il Results of Nonanalog A™* Fits at Each Energy .2

Constrained A™4/3 Fit

Tx 12 f Exponent x2 f

120 2.16 Q3(+12) ~0.77{%x0 16) 3.58 B0(£6)
130 0.01 54(+28) —0.40(%£0 20) 358 59(+12)
140 0.87 133(x£16) —0.97(x0.15) 1.37 105(+9)

164 1.38 118(£8) —1.42{+0.09) 1.36 124(0)
180 3.15 50(%5) —1.81{£0.13) 3.98 56(x5)
210 1.01 53(%9) —1.28(%x0.20) 0.91 51(%4)
o(Ty) 0.30 142(£29) =1 11(x0 22) 119 117(£12)

g 1.29  0.025(£0.005) —1.47(£0.20) 0.38 0.028(+0.003)

2The do/ a2 [A(nb/sr)] = 1 1A/ Ag)™*. with Ag = 40
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that at lower energies there is no
change to the DIAS mass depend- 0] T I Y | I
ence. Nuclear-structure effects might %

be expected to only add scattering to

the data. The p? terms, six-quark bags, i

and double-isobaric-nonanalog-tran- -1 r :E;L

sition ( DINT) mechanisms that have PEREIN R AR i o
been proposed as important to un- \\\\\ o
derstanding resonance-energy DIAS \:E_-_ -z
DCX, however, might be expected ro
modify the 4 dependence.

The nonanalog exponents, in con-
trast, have a striking energy depend- -3 { —
ence, even though the whole data set I % _ I x
was simultaneously fitted by an expo- I
nent that was about —4/3. We have l
estimated the effects of the variation
in nonanalog excitation-function 50 150 250 350
shapes with mass on the 4 depend-
ence. The result (with error band) is | T-"- ( MeV)

nonanalog

Exponent
N
I
I

shown as a set of dashed lines in
Fig. 1. The variation with energy is
similar to that of the fits to the cata

FIGURE 1 Vanation with energy of the best-lit exponents for the DIAS and nonanalog
mass dependences. The DIAS exponents are compared with the expected value of
—10/3 (solid line). The nonanalog exponents are compared with a prediction (see
and agrees with the description given text} based on the Breit-Wigner excitation-iunction fits The dashed lines show the
above. This comparison indicates crediction and error bands, and the dotted ling s at —4/3 ‘

TABLE It Results of DIAS (N — Z) (N~ Z— 1)A™* Fits at Each Energy 2

Tn ¥ / Exponent
100 79 12(x4) —3.32(+0.32)
120 64 24{£3) —323(x021)
140 67 16(x4) —331(x023)
164 40 15(£2) —343(x0.14)
180 34 18(%1) —347(£0.11)
211 003 29(%4) —~3.23(x0 20)
23C0/5 28 39(+4) —337(x0 16)
260 18 64(£13) —3.00(0 26)
292 21 68(£3) —3.24(+0.05)
aThe dg/ d[A(nb/sr)| = H{N — Z)N— 2~ 1){4/4g)"%, with Ag = 42
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that much of the energy variation of
the exponents arises from the fact
that the nonanalog energy de-

pendence is slightly different for dif-

ferent nuclei.

In summary, the mass depend-
ences of both analog and nonanalog
DCX may be approximated by re-
latively simple formulas,

(N=— 2)(N— Z— 1)A7""for DIAS
DCX and A for nonanalog DCX,
that are applicable over a wide range
of masses. In both cases the quality of
the agreement between data and for-
mula varies with energy. For DIAS
DCX the mass-dependence exponent
is independent of energy, but the
quality of the agreement is much
worse at lower energies. For
nonanalog DCX the quality of the
agreement is fairly good at each
energy, but the exponent varies with
energy.
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Measurement of neutron and
proton transition amplitudes in *Ne
using T and ©* inelastic scattering
allows meaningful comparison with
sophisticated shell-model calcula-
tions in the lightest 7= 1 nucleus not
plagued by low-lying “intruder”
states.

Experiment 800 was run during cy-
cle 43 using the EPICS cooled-gas
target with the rare-gas-handling
equipment. Spectra were obtained
for ®Ne(m,n’) at an incident pion
energy of 180 MeV in the anguiar
range from 1410 90°.

Figure 1 shows lhekspeC[ra ob-
tained at 6, = 70°. The data from
this experiment have been replayed
and extraction of the angular dis-
tributions from the spectra is in pro-

gress. Figure 2 shows the anguluar dis-

tributions for the first 2* and 37 states
in®Ne,

Nuclear and Particle Physics
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for Elastic Scattering of n* from 2C
and"0
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Although a great deal has been
'earned about the pion-nucleus inter-
action from measurements that have
principally involved scattering over
the forward hemisphere, very little is
known about scattering at angles
greater than ~120°. The only pub-
lished large-angle data, for nuclei
with A > 4 and pion energies in the
range of the A(1232) resonance, in-
clude angular distributions for nt on

1213C ar 100 MeV (Ref. 1), ®*on Cat
162 MeV (Ref. 2),tt on 'O ar

114 MeV (Refs. 3and 4), and " on
180 at 163 and 244 MeV (Ref. 4).
There is much interest in studying
elastic scattering in this angular re-
gion because the predictions of vari-
ous theoretical models, which are
fairly successful in describing the for-
ward-angle data, diverge consider-
ably beyond 100°.

da/dQ} (mb/sr)
S

-3

10" bt

80 110 140

170 200 230 260
Energy ( MeV )

FIGURE 1 Measured excitalion lunctions {at 1757} for t¥ (crosses) and =~ (open
circles)on "?C and 80 The lines are optical-model (PIRK] calculations
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Recently, measurements showing
large differences between n* and n~
scattering from *O at 114 MeV for
angles near 180° were reported.* Cal-
culations using pion-nucleus scatter-
ing models that include the Coulomb
interaction and second-order terms
were unable to reproduce the data
over the full angular region. We feel
that it is important to study these
differences further, because they mav
help determine certain features of
the nuclear amplitude, as has been
found at small angles.}

We also feel that measuremenits of
pion-scattering cross sections at large
angles will help in understanding
second-order effects in the pion-
nucleus interaction. For these
reasons we have made an experimen-
tal determination of the n* and n~
scattering differences near 180°, as
well as a study of the general
behavior of large-angle scattering
with energy. Here, we report the first
measurements of large-angle excita-
tion functions for t* and n” scattering
on nuclei with A > 4. The data were
measured using 2C and 'O rargets at
175" for t* energies between 100 and
230 MeVand n” energies berween
100 and 200 MeV.

The experiment® was performed at
EPICS. The measurements were car-
ried out with the back-angle EPICS
setup, which is described in Ref. 7.
Absolute normalizations were ac-
complished through the comparison
of i*p yields, measured with a CH,
target of areal density 211 mg/cm?,
with the T=p cross sections calculated
using the phase shifts from Ref. 8.
The normalizarion uncertainty was
+10%.

Nuclear and Particle Physics

The data are presented in Figs. 1
and 2. All the excitation functions
decrease with increasing incident
energy and exhibit a broad structure
with a minimum berween 100 and
150 MeV. The t* and n” excitation
functions on *C are similar in shape
and position of the minima and are
different by less than 30% in magni-
tude. For 'O the n* and n™ shapes are
also similar, but the *” minimum

101 T T T T L T T ] T T =T

LLBLILLL

do/dQ) (mb/sr)
5|

o x Ernst et al.

10° 3
_2 T
10 —%
10‘3 R S R T R Y ]
80 110 140 170 200 230 260
Energy ( MeV )

FIGURE 2 DataasinFig 1, butwiththe calculations of Ernst et al (see text)
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accurs about 10 MeV lower than the
" minimum. The differences in mag-
nitude between the ¥ and 77 data are
largest near ~ 120 MeV and are
greater for 'O than for '*C. For 'O
there is a suggestion of a second
minimum near 180 MeV, but for *C
the data appear to vary smoothly in
this region.

To investigate the origin of the
structure seen in the excitation func-
tions, we have performed various op-
tical-model calculations. One of
these used the elastic-scattering code
PIRK,” as modified by Cottingame and
Holtkamp." This code uses a zero-
range coordinate-space model with a
modern version of the Kisslinger op-
tical potential."* The results of the
calculations are displayed in Fig. 1.
Although these calculations
reproduce some features of the ex-
citation functions, the calculated
cross sections are generally smaller
than those in the data by at least a
factor of 2 at lower energies and by an
order of magnitude at higher
energies. The minima seen in the
data are reproduced by pirk within
15 MeV. At higher energies, however,
the calculations indicate similar
structures that are not observed in the
data, except possibly for *Oatare-
duced level.

We have also used the field-theo-
retical momentum-space model of
Ernst et al." Features of this ap-
proach include an exact treatment of
relativistic kinematics, the incorpora-
tion of the finite range of the pion-
nucleon amplitude, and the exact
evaluation of the Fermi-averaging in-
tegral. This last feature allows the
madel to incorporate the formation,
propagation, and decay of the
A(1232) resonance. The results are
shown in Fig. 2. The qualitative fea-
tures of the measured excitation
functions are again reproduced with
a noticeable improvement for '*C.
However, the magnitudes of the
predicted cross sections at higher
energies are still too small.

In summary, the qualitative agree-
ment of the optical-model calcula-
tions with the data is encouraging.
However, the question of the origin
of the generally larger absolute mag-
nitude of the data is still unresolved,
as is the disappearance of the
predicted minima at the higher
energies. As was found in an earlier
study,? higher-order terms in the op-
tical potential or additional effects
not included in the models may be
necessary to reproduce the cross sec-
tions at large angles. (Calculations
along these lines are in progress.)
Because the t° and &~ excitation
functions are not reproduced in de-
tail, a better understanding of
Coulomb distortions and of the inter-
ference of Coulomb and nuclear
amplitudes is needed. In this respect,
itis clear that large-angle pion-
nucleus scattering affords a unique
opportunity to explore further the
pion-nucleus interaction.
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Reglonof2*Ph
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Experiment 836 ran at EPICS in
July 1985. The objective was to
measure the energy dependence of
the ratio M, / M, extracted for the
giant quadrupole resonance (GQR)
in 2®Pb as a function of incident pion
energy. We hope that these measure-
ments will be helpful in understand-
ing the large ratios previously ob-
served at T, = 162 MeV in Exp. 672.

Cross sections were measured for
n* and ” scattering to the GQR at
T, = 120, 162, 200, 250, and 300 MeV.
The 162-MeV data were measured for
an overlap with the existing 162-MeV
data as well as to add a new " point
at 162 MeV. At 120 MeV, n* data were
taken at 23, 26,and 29°, and ©~ data
were takenat 19and 24°. At 200 MeV,
the «* pointisat 18° and the ®~ point
isat 16°. At 250 MeV, the 7" data were

takenat 12,15,and 17°, and the i~
data were taken at 12, 14, and 16~
The 300-MeV ©t" point was at 13°; the
7~ point was at 12°. In the cases for
which only asingle angle was
measured, this angle was chosen to
be at the same momentum transfer as
the peak in the 162-MeV angular dis-
tributions. The replay and normaliza-
tion of the data are complete and
peak fitting of the spectra is in pro-
gress.

The results of the preliminary peak
fitting indicate some energy de-
pendence to the ratio of T to ¥ cross
sections. At 120 and 162 MeV this
ratio is about 3, whereas from 200 to
300 MeV itis <2, The preliminary
angular distributions have been
analyzed by comparing them with
distorted-wave impulse approxima-
tion (DWIA) calculations using
Tassie-model transition densities to
extract values for the neutron and
proton matrix elements M, and M,,.
These are plotted as a function of
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pion energy in Fig. 1. There is some
evidence for an energy dependence
to the extracted M,. The M,— M,
seems to increase with increasing
pion energy, whereas M, seems to
decreuse. However, because of the
large uncertainties in these quan-
tities, a straight line would also give a
reasonable description of the data.
Using the average values of M, and
M, givesaratioof M, /M, = 2.8,
which is smaller than that de-
termined at 162 MeV, M, /M, = 3 8.
We are investigating the effect of
the shapes of the transition densities
on both the values and energy de-
pendence of M, and M,. So far the
transition densities studied are lim-
ited to Tassie and collective models,
with variation in geometry. No signif-
icant differences were found be-
tween results obtained using Tassie-
model transitions densities and those
obtained using collective-model
transition densities. A test was
performed by varying the radius pa-
rameter of the distribution, whose
derivative is used to calculate the

Tassie-model transition density. This
essentially moves the peak of the
transition density without changing
the shape. 1f this parameter is
changed so thatthere is a 1-fm dif-
ference between its value for neu-
trons and that for protons, the ex-
tracted value of M, /M, can be re-
duced from 3.8t0 1.54 (N/Z). This is
an unreasonably large difference be-
tween the neutron and proton dis
tributions; also, it does not change
the energy dependence of the ex-
racted M, and M, However, it is still
possible that, by use of transition
densities for which the neutron and
proton shapes are different, a value of
M, /M, nearer the theoretically ex-
pected value of N/Z could be ob-
tained. Such shape dittferences could
result from random-phase-approx-
imation (RPA) calculations that seem
to predict larger tails for the neutron
transition densities than for the
proton transition densities.
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FIGURE 1. Preliminary values of M, and _
M, for the GQRin **®Pp extracted using
Tassie-model transition densities
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Mew Tast of Suparratio hy == Elastic
Scattering on *H and *He
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Experiment 905 is a new measure-
ment of x* and 7”7 scattering on *H
and *He to investigaie, simultane-
ously, elastic and inelastic scattering
slightly above nuclear breakup. The
experiment was done at EPICS at
three different energies (142, 180,
and 220 MeV) and at five different
angles (40, 60, 80,90, and 110°). The
objectives of the experiment are

1. to probe the nature and extent

of charge symmetry breaking as
manifested in the deviation
from unity of the superratio,

R [ do(x* 3H) ] [ do(n* 3He)]
do(n” *He) do(n*H) |~

(D

Our previous result! at
T, =180 MeVand 0, = 60" for
elastic scattering implied that
there is a definite intrinsic
charge-symmeiry violation in
the strong interaction; and
2. tocompare the *H, >He, and *He
form factors. In the vicinity of
70° a comparison of do(n* *H)
with do(n™ >He) elastic scatter-
ing is a comparison of the un-
paired nucleon of °H and *He;
similarly, outside 70° in
do(n” *H) and do(n* *He) the
mass form factors of the paired
nucleons are compared.
Finally, coupling the new results
with existing do(n* "He) providesan
interesting compurison of the form
factors and radii of *He and *He.

It has been argued by Weinberg
and others®" that quantum chromo-
dynamics (QCD) implies a small in-
trinsic violation of charge symmetry.
Unfortunately, this violation has the
same magnitude as that caused by the
everywhere-present electromagnetic
interaction, which makes it difficult
to pin down the intrinsic violation of
charge symmetry in any reaction,

A novel test for the validity of
charge-symmetry violation can be
made by measuring the supesratio,
which we have defined [see Eq. (1)]
as the ratio of ratios of two pairs of
charge-conjugate reactions. If the
charge symmetry isvalid, R=1 at
each angle and at all energies after
corrections have been made for elec-
tromagnetic effects. Looking at the
charge-symmetry violation using the
superratio has several distinct advan-
tages.

1. Electromagnelic corrections are
small (we estimate, lessthana
few per cent).

2. The A resonance plays a major
role in pion scattering on light
nuclei, specifically the A™ in the
1™ >H scattering and A** in
7" *He. Quark-model calcula-
tions*® give a mass difference of
about 5 MeV between A** and
A" leadingto R=1.

3. Pion scattering covers a large
range of four-momentum trans-
fers ¢, up to 10 fm™* in our case.
This permits a measurement of
possible differences in the *He
and *H matter and spin form fac-
tors over awide range of £
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4, From an experimental point of
view the superratio method is
more elegant, mainly because a
measurement of Ris completely
independent of the absolute
beam calibration as well as the
efficiency and acceptance of the
piondetector.

Our previous results for the super-
ratio’ R at pion energies of 142 and
180 MeV deviate very much from
unity. Among the suggested explana-
tions for the observed deviations of R
from unity are

1. do(n*p) # do(n~n), which is
expected if A™ and A™ have dif-
ferent masses;

F(*H) # F(*He), where Fis the
form factor. Such a difference
could in turn be the conse-
quence of different® coupling
constants, g{ ppr’) # g{nnn’);

3. apossible charge-symmetry-
violating, three-body interac-
tion®; and

4. all of the above.

Important insight into the reaction
mechanism for the pion-nucleus scat-
tering comes from a comparison of
the ratios p, = do(n* 3H)/do(n* *He)
and p, = do(n” *He)/do(n™ *H) or
clastic and inelastic scattering. These
ratios have no special values except
that charge symmetry requires that
p; = pz. They are easily measured
without having to worry about
absolute heam calibration. Our previ-
ous result shows striking dissimilarity
between elastic and inelastic scatter-
ing. This difference is due mainly to
the suppression of the spin-flip con-

o
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tribution in the elastic channel. Thus,
measurement of the ratios p, and p,
for the elastic channel together with
the inelastic channel provides a
powerful, yet simple, measure of the
spin-flip contribution to #~ *H scat-
tering. Also, the comparison of the
superratio for elastic scattering with
that for inelastic scattering is a novel
probe of the contribution of the elec-
tromagnetic interaction.

To differentiate among the above
possibilities requires knowledge of R
atvarious pion energies, T, = 140to
290 MeV, covering the A resonance
and spanning a wide range of angies
from 30 to 120°. The various
possibilities each have their own
signature. If R at 100° changes sign
for high momentum, it is suggestive
of explanation 1; if R depends only
on ¢, it must be explanation 2.

The experiment was performed at
EPICS from June 17 to July 6, 1985.
EPICS has the appropriate
characteristics for this experiment,
namely a large pion flux
(~10® pions/s), good energy resolu-
tion, and a large acceptance for si-
multaneous measurements of elastic
and inelastic scattering. This enabled
us to measure the superratio for the
elastic and inelastic scattering with a
minimum relative error.

We used five targets having a cylin-
drical shape 12.7 cm in diameter and
22.9 cm high, made of special
aluminum (aluminum alloy 2024-
T3511), which has a small diffusion
coefficient for tritium and a high
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tensile strength (65 000 psi mini-
mum). The walls of the cylinders
were 1.85 mm thick. The cylinders
were tested thoroughly for gas leaks
and strength by pressurizing up to
700 psi with helium before being
filled with the gases. The gases used
were T,, H,,’He,and D,.

The fifth cylinder was evacuated to
make the empty target. The average
pressure in the cylinders was 450 psi.
The pressure and weight of each
cylinder were accurately measured
before and afier the experiment. The
purity of each gas was determined
spectroscopically. Because of the

tritium enclosure and vent/recapture
system was used. The target ladder at
EPICS was slightly modified to ac-
commodate the new target system.
We used an incident momentum ac-
ceptance of 2% for all the runs. The
energies of the incident pions (z*
and ®©) used were 142, 180, and

220 MeV at lab angles of 40, 60, 80,
90,and 110°, Areach angle, we
measured successively the n* yield
from the tritium, *He, and hydrogen
targets with the spectrometer tuned
for pion-tritium kinematics, yielding

Y(TE+ DH — T[+ 3H)

high radioactivity involved, a special P = Y(r* *He — =+ *He)
13
Ty = 142 MeV
12 -
114
o {
g 1+ —+ |
E 0.9 -
0.8 -
20 40 a0 80 100 120
SCATTERING ANGLE (DEG)

FIGURE 1. Preliminary results for the superratio R at T, = 142 MeV.
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The background was measured using
the hydrogen as well as the empty
target. The measurement of p, was
followed by data collection on the
hydrogen target, deuterium target,
and empty target, with the spec-
trometer tuned to the n-D kinematics.
A comparison of these data with the
known hydrogen and deuterium
cross section will give the normaliza-
tion that will be used to calculate the
absolute cross section. The same se-
quence with the same kinematics was
repeated for the &~ beam to getp,,

_ Y H — " H)
Yin™ *He — i *He)

P2

Now the superratio is obtained as
R=p, - p,. Because at large angles
the cross sections are small, we were
not able in the time allocated for the
experiment to collect enough
statistics for the 120° angle. Also, we
did not look for the dip around

0, = 70° very carefully. We plan an-
other experiment in the near future
for this purpose.

The analysis of the dauw is proceed-
ing. Preliminary results for the super-

ratio R at T, = 142 MeV are shown in
Fig. 1.
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EXPERIMENT 392 — HRS

Measurement of the Wolfenstein
Parametersforp - pandp+n
Scattering at 500 and 800 MeV

e of Taxas at Austin, Rutgers Univ

Los Alamos

Spokesman: G. W. Holfmann (Univ of Texas,

Austin)

The proton-nucleon scattering
amplitudes are necessary first-order
ingredients for microscopic descrip-
tions of proton-nucleus scattering
that use the impulse approximation
(I1A) (both the nonrelativistic and rel-
ativistic approaches). Lack of suffi-
cient data for p-nucleon scattering
from 500 to 800 MeV, particularly at
small momentum transfers, has in the
past led to ambiguous or poorly de-
termined scattering amplitudes. The
objective of Exp. 392 is to provide
additional p-nucleon scattering data
at 500 and 800 MeV that will further
constrain the scattering amplitudes at
small-to-medium momentum trans-
fers.

The experiment is divided into two
phases at each energy: (1) free
proton-proton (pp) measurements
using a liquid-hydrogen target and
(2) quasi-elastic proton-proton and
proton-neutron (pn) measurements
using a liquid-deuterium target. In
both phases, incident beams of
protons, polarized in the #

(up, down), 5 (left, right), and ?
(parallel-, antiparallel-to-the-beam
momentum) direction, are scattered
from the target.

The high-energy scattered protons
are detected by the HRS and are
rescattered at the HRS focal-plane-
polarimeter (FPP) carbon analyzer in
order to determine the spin compo-
nents of the outgoing protons (trans-
verse, vertical and transverse,
horizontal). Because of the pre-
cession of the spin components that
are not parallel to the HRS magnetic
fields, the spin components de-

termined by the FPP are actually mix-
tures of the orthogonal set of spin
components at the target. This pre-
cession facilitates measurements of
the outgoing spin components that
lie along the momentum of the parti-
cles at the target, and it is also the
reason that certain spin components
cannot be determined over cert«in
angular ranges (at some angles these
components precess to longitudinal
or nearly longitudinal spins at the
focal plane). The polarizations de-
termined at the focal plane, there-
fore, must be separated into the ap-
propriate polarization components at
the target before the triple-scattering
parameters can be determined.

In the quasi-eleastic phase of the
experiment, a second arm, the recoil-
particle-detection system, is used to
distinguish between pp and p» scat-
terings. By requiring either a recoil
proton or a recoil neutron in coin-
cidence with the event detected by
the HRS, both quasi-elastic pp and
pn triple-scattering parameters may
be measured. A comparison between
elastic and quasi-elastic pp data is
also made to indicate the validity of
using quasi-elastic pn (deuterium
target) results to determine free-scat-
tering amplitudes.

Both the 500- and 800-MeV phases
of Exp. 392 are complete. The 800-
MeV results are published in Refs, 1
and 2, and the 500-MeV data are now
in final form. These data are com-
pared with recent phase-shift predic-
tions of Arndt* in Fig. 1(a)-(e) for
pp dataand in Fig. 2(a)-(e) for pn
data. An overall normalization

*Reference 3. and information on the WIB4 sglution
provided by Richard A Arndt, Virginia Polytechnic
Institute and State University, 1984




uncertainty of £0.01 (£0.02 for the
parameters Dy and Dy, . has not
been included in the error bars but
should be applied to all data. As seen
in the figures, the 500-MeV scattering
amplitudes appear to be reasonably
well determiaed. The agreement be-
tween data and phase-shift solution

also provides further support for the
equivalence of free nucleon-nucleon
and quasi-elastic (deuterium)
nucleon-nucleon measurements at
these bombarding energies and in
the range of momentum transfer
spanned by Exp. 392.
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The analysis of the data taken with EXPERIMENT 685 — HRS

the N-type polarized deuterium Measurement of Third-Order Spin
target at HRS in th« summer of 19¢3 Observables for Elastic pd

is now complete. i'e connections
P ' Scattering at 800 MeV
between measured and deduced ob-

servables can be written

UCLA., Los Alamos, KEK Laboratory,
Hiroshima Univ., Kyoto Univ., Univ. of
Education in Japan, Univ. of

Vl=1=pPsa,+ % Pr AT+ 1 S Minnesota, Univ. of Texas at Austin

for N-polarized beam:

&S

Spokesmen: G. J. Igo and M. Bleszynski (UCLA)

3 1

+ E PI%PIT\;CN,N.0+E PI%PI.CNCN,NN,O :
(- 3

1{cN)/I,= P+ 5 Py CONNN+ 5 PLCON,N |

8 1 8 pT

+ Py Cyont = P4 Pin CN,NN,N |
3 8 T

+ S PRPLCNANN ;

for 3—polarized beam:

3 1

Ih=1 +§ P;AL+E Pin Aly

8 1 T 3
1{6S)/ I, P8= C4os+ — PI,CS,NNS+ — PTCSN.S ,
2 2 "
A 1 T 3
1{oN)/I,= P+ — PL,CONNN+ = PT CONN ,

2 2 "

1 3
1{oL)/ I, P&= C44, + > Pl CSNN,L+ > Py Csny
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and for ZApolarized beam:

3 1
I,=1 +5 pL AL+ — pPL; ALy,

2

1 3
1{c8)/ I, Pi= Crast S Py CLNNS+ > Pl CLN,S ,

1 3
[{oN)/[,= P+ S Phw CONNN+ = PLCONN

. 1 3
[(oL)/, P}= Cpq, t S PAWCLNNLt ~ P} Cini -

Here, P2, P], and P}, are beam

and target, vector and tensor polariza-

tion, respectively, in the vertical (V)
direction. The A4}’s are the proton and
deuteron analyzing powers and P is
the induced proton polarization. f, is
the yield one would observe with
unpolarized beam and target, / is the
corresponding quantity with
polarized beam and target, and {57)
is the polarization of the scattered
proton beam as measured with the
HRS focal-plane polarimeter

(§ = sideways, N= vertical, and

L =along the beam direction). The
C,;x's are the two- and three-spin ob-
servables that one wishes to obtain
from the measurement, where i de-
notes the polarization direction of
the incoming beam; j, the polariza-
tion of the target; and &, the polariza-
tion of the scattered beam (4, f, or
k=0 denotes unpolarized incoming
or unmeasured outgoing polariza-
tion).

The polarized-target setup is de-
scribed in earlier LAMPF Progress Re-
ports. The analysis of the data is dis-
tinguished from that of a conven-
tional HRS spin-rotation measure-
ment only by the presence of the 10-
kG holding field of the polarized
target. This strong magnetic field
caused a bend in the horizontal
direction of the 800-MeV proton
beam of 5.0° and a proton spin
precession of about 177, This spin
precession made necessary correc-
tions to the measured values of the
C,xs0fupto1.0. Figure 1(a)- (g)
shows the new variables we were
able to extract from the measure-
ment. The solid lines are theoretical
predictions from nonrelativistic mul-
tiple-scattering calculations by E. and
M. Bleszynski.

There are no tensor observables
among the deduced quantities. With
a deuteron vector polarization of 0.3
or less, the residual tensor polariza-
tion is less than 0.07; no tensor ob-
servables could be extracted with
useful accuracy.
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Calibration of the Deuteron
Target Polarization by the
Deuteron Magnetic Resonance
(DMR) Signal Asymmetry

The area of the deuteron magnetic
resonance (DMR) signal is (nearly)
proportional to the deuteron vector
polarization. One way to calibrate the
proportionality constant is to exploit
the asymmetry of the DMR-signal line
shape. This asymmetry determines
the intensity ratio of the transitions
berween the magnetic substates of
the deuteron. Assuming thatall deu-
terons have a common spin tempera-
ture, the polarization then follows
from the measured intensity ratio.
Following is a brief description of
this method that we developed for
determining the deuteron target
polarization in Exp. 685.

It has been demonstrated' that the
assumption of a common spin tem-
perature 7, for the deuteron spin in
the target sample is valid. The rela-
tive populations py, g, and p_ of the
magnetic substates m == +1,0,—1 are
then determined by a Boltzmann dis-
tribution,

r= &=§°= eexp(;/JV/!e%:rs) ,

a
A

where v is the deuteron Larmor fre-
quency and b and k& are the Planck

and Boltzmann constants, respec-
tively. The ratio r, defined by this
equation, can now be extracted from
the DMR-signal line shape thanks to
the interaction of the deuteron quad-
rupole moment with the molecular
electric-field gradient. This interac-
tion shifts the substate levels, de-
pending on the orientation of the
molecule with respect to the mag-
netic field. The DMR signal therefore
consists of two peaks corresponding
to the two transitions

m=+1—m=0
and
m=0—m=-—1,

The two peaks overlap each other
because the molecules are oriented
isotropically. The transition in-
tensities /. and L are proportional to
the population differences p, — p,
and p, — p_, respectively, and their
ratio turns out to be

Hamada et al.? have analyzed the
rather complex structure of the DMR
signal for fully deuterated pro-
panedioi, the target material that we
used in our experiments, and derived
the general mathematical function
for its line shape. One of the
parameters of this function is the
ratio r, which thus can be obtained by
fitting the DMR signal. The vector
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and tensor polarization follow, then,
from the normalization
p++ b+ p. =1landtrom Eq. (1),

, o -
2= P b r+r+1
and
b= 3 _I‘—Zr'f-l
S SR

A first attempt to fit the DMR sig-
nal, following the suggestion of
Hamada et al,, failed. The fits were
quite poor and the results inconsis-
tent (large discrepancies between
the area/polarization ratios for
positive and negative signals). A de-
tailed analysis finally showed that the
line-shape function used in the fit-
ting lacked two essential ingredients:

1. Inthe paperof Hamadaet al,, it

is implicitly assumed that the
DMR signal has the same shape
as the absorption part x” of the

magnetic susceptibility, thus
neglecting the dispersion part
x’. However, it turns out that ¥’
causes quite significant effects
on the signal shape, as has also
been demonstrated recently by
Kiselevetal?

To obtain consistently good fits
for both positive and negative
signals, it was also necessary to
account for the coaxial cable (of
length A/2), which connects
the DMR coil at the target sam-
ple to the preamplifier.

Figure 2 shows atypical fittoa
DMR signal recorded during the 1984
run of Exp. 685, at a magnetic tield of
2.5 T (DMR frequency = 16.34 MHz),
using a constant-current parallel res-
onant circuit. The dashed curve rep-
resents the base line, that is, the volt-
age signal in the absence of DMR
(x' = x” = 0). The polarization re-
sulting from this fit is p=—0.348. We
estimate the uncertainty in the
polarization, determined by this fit-
ting procedure, to be less than 0.010.

(88
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DMR Signal
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FIGURE 2. Fitto adeutaron magnetic
resonance (DMR) signal recorded during
the 1984 run of Exp. 685. The dashed
curve represents the base line, that is, the
voltage signal in the absence of DMR

The deuteron polarization obtained from
this fitis —0.348. The horizontal axis
gives the difference to the DMR fre-
quencyof 16 34 MHz
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EXPERIMENT 722 — HRS

Measurement of Crass Sectlons and
Analyzing Powers for Elastic and
Inalastic Scattering of 400- to 500-

"

MeV Protens from ''C

Los ARMeS, Uine of Minnesota. Anzona
State Univ - Uiy of South Carolina
Ui ot Fennayivania, Unn of Teas

Spokesman: M. Plum (Los Alamos)

Duringa l-week period in August
1984, “C(p,p’) data were obtained for
1iangles, 3.75° < B, < 28.0°,atan
incidentenergy of £,= 197 MeV.
The salient features of most types of
angular distributions are contained
within this angular region, One of
the primary objectives of this experi-
ment was to measure an angular dis-
tribution for the cross section and
analyzing power for the 6.90-MeV

07 state. However, the thick "*C target
(170-mg/cm?® "C-**C powder and 45-
mg/cm?®"Ni foil windows) limited
the resolution to about 280 keV,soa
clean observation of this state was not
possible. Most other states below 11-
MeV excitation are resolved, and data
analysis is proceeding for these and
all other resolved states.

In addition to the **C target, *Cand
"'Ni targets were required to subtract
these impurities from the "C spectra.
A sample spectrum, with the *C and
"*Nj subtracted, is shown in Fig. 1.
The peaks at —0.39- and 5.76-MeV
excitation are due to unexpected
contributions from '°0.

4000 Y T T T T T T T T
3'140 MC(D.D')MC*
180 Ground S “Cl b3 &, 497 Mev B, = 16.0°
3200 round State 1- 2 p= -MeV8,,,=16.0 .
Spin Down
16O
YC Ground State o+
E_) 2400 - I 14C -
S 2*
<
v
5 1600 -
o
O
800 | o
0 | ik J 1 1 1 1
-2 0 2 4 8 8 10 12 14 18 18
Excitation Energy (MeV)

FIGURE 1

Sample spectrum with '2C and "Ni sublracted
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The response of nuclei to
the spin isgspin fields
X geld Tand G - geld" ¥
(where ?1 is the momentum transter)
holds general interest for under-
standing the properties ot hadronic
matter. The transverse (& X E;) and
longitudinal (% - (7) response func-
tions have simple connections to the
exchanges of pand T mesons be-
tween nucleons and between
nucleons and A isobars, and hence
are very relevant to current investiga-
tions into the effects of the isobar on
nucleur properties. Beyond this there
are muny issues connected with the
spin-isospin responses that carry over
into the discussion of the role of
quarks and gluons in describing nu-
clear properties and interactions.
One suchissue is the interpretation
of the European Muon Collaboration
(EMC) effect.

The experiment reported here
uses a new and general technique for
the measurement of the spin-depen-
dent response function. It relies on
measurement of a complete set of
polarization transfer observables and
is applicable, in principle, to nucleon
inelastic scattering or charge-ex-
change reactions for the entire g-®
response surface, including discrete
states and the continuum. In this re-
port we present data derived from
500-MeV proton scattering for both
the transverse and spin-longitudinal
response functions for calcium and
lead at a momentum transfer of
1.75 tra ™" for arange of @ from 20 to
100 MeV. Some of the data have been
published in a previous letter.!

¥

The principle of the experiment is
simple. For targets of *H, Ca (natu-
ral), and Pb (natural), one measures
spin-flip probabilities (SFPs) that
bear a simple, although model-de-
pendent, relation to the spin-isospin
response functions, One then looks
for differences in these observables
between *H and the heavy nuctei.
Deuterium is assumed to be a free
neutron-plus-proton target and
hence free of any collectivity that
might occur in the heavy nuclei.

As in the eaclier reporting of the
experiment, we find no difference in
the longitudinal SFP between the
heavy targets and deuterium. The
new data have higher statistical
precision and thus weigh even more
heavily against pionic collectivity.

The major theoretical emphasis of

Nuclear and Particle Physics

EXPERIMENT 741 — HRS

Continuum Polarization Transfer in
500-MeV Proton Scattering and
Plenlc Gollectivity in Nuclel

Los Alamos, Indiana Univ. Cyclotron
Facility, Argonne

Spokesmen: T. A. Carey and J. B. McClelland
{Los Alamos)

Participants: L. B. Rees, J. M. Moss, K. W. Jones,
N. Tanaka, A. D. Bacher, and H. Esbensen

this work has been to analyze the data
with the best theoretical model avail-
able—the semi-infinite slab model of
Bertsch, Scholten, and Esbensen.??
Beyond this we have examined sev-
eral corrections to the model that
have been discussed in the literature
but not considered quantitatively.
Specifically these are
® spin-dependent distortion ef-
fects,
® kinematic effects in the *H data,
and
® double scattering.
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The conclusion based on the com-

plete analysis is that no evidence ex-
ists of pionic collectivity in nuclei. A
major consequence of this is that
there are no excess pions that could
account for the low-x EMC effect.
This is clear from a comparison of
several theoretical calculations to
both our data and the EMC data. The
nuclear-structure model, identical

for the calculation of both data sets,
contains a parameter g’, which scales
the degree of pionic collectivity. Fig-
ures 1 and 2 show that the calculation
£ = 0,55, which gives a reasonable
account of the EMC experiment, fails
completely to account for our data.
Thus one is forced to consider more
seriously the quark-level models of
nuclei that have been proposed to

explain the EMC effect.
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FIGURE 1. The ratio of spin-longitudinal to sp.n-transverse response functions with
G' = 0.55 (dot ed line), 0.7 (dot-dashec line), and 0 9 {solid ling)}.
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EXPERIMENT 879 — HRS

Characteristic Dirac Signature in
Large-Angle Elastic Scattering at
500 MeV

Los Alamos, Univ of Texas at Austin

Spokesmen: G. W. Hoffmann and M. L Barlett
(Univ. of Texas at Austin)

The success'?
pulse approximation (RIA) in de-
scribing 500-MeV Z)-nucleus elastic-
scattering observables is due to the
automatic inclusion in the Dirac
equation of virtual-pair processes in-
volving the beam proton and two
target nucleons. This process, some-
times called the Z diagram, is shown
schematically in Fig. 1.

of the relativistic im-

Recently, Hynes, Picklesimer,
Tandy, and Thaler* reported results
of momentum-space calculations that
suggested a characteristic Dirac
signature would be seen in
large-angle p-nucleus elastic analyz-
ing-power data. For the center-of-
momentum angular range from 45 to
60°, nonrelativistic and relativistic
impulse-approximation (NRIA and
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RIA) approaches predicted extreme
differences in A, In fact, near 55° the
NRIA analyzing power was approx-
imately +1, whereas the RIA analyz-
ing power was approximately —1.
This signature was claimed to be in-
sensitive to other uncertainties as-
sociated with the calculations.*

Experiment 879 extended the 500-
MeV p-**Caelastic cross-section and
analyzing-power data to a center-of-
momentum scattering angle of 60° to
provide data that would confirm or
disclaim the Dirac signature
hypothesis. The dara are shown in
Fig. 2(a) and 2(b). Interestingly, the
characteristic diffractive structure
seen in both the cross section and
analyzing power of the earlier data
set (angular range from 5 to 30°)

continues out to the largest momen-
tum transfer. This is in contrast to the
predictions of Ref. 4, where the
predicted diffractive pattern changes
abruptly and qualitatively for angles
larger than about 30°. The solid 1nd
dashed curves are standard R1A and
NRIA predictions, respectively, made
using coordinate space codes. In this
instance, the NRIA and RIA curves
are qualitatively similar o each other
and to the data at large momentum
transfer. Therefore, we conclude that
there is no large-angle characteristic
Dirac signature in E-nucleus elastic
scattering (experimental or theoreti-
cal).
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EXPERIMENT 891 — HRS

Development of a 0° Focal-Plane
Polarimeter al HRS

Los Alarmos, Univ of Minnesota, Rutgers
Ui, Universite Parnis x|

Spokesmen: J. B. McClelland (Los Alamos) and
S. K. Nanda (Univ. of Minnesota)

This experiment was to extend in-
elastic spin-flip measurements, S,
to 0°. Our previous work had demon-
strated the feasibility of inelastic
cross-section measurements at 0° for
light- to medium-mass targets. This
would be an integral part of the A1
spin-flip measurements now under
way to 3° at the HRS.

The considerable spin-flip
strength seen in the 0ze(ppY) studies
at forward angles has heen tentatively
identified as being from M1, M2, and
M3 contributions, based on multi-
pole decomposition using angular
distributions of o and §,,,,. However,
the sensitivity of these measurements
is compromised because the smallest
angle achievable corresponds to the
peak in the M2 cross section at
318 MeV. To gain increased sensitiv-
ity to M1 contributions, it is necessary
to go to smaller momentum transfer,

Angles between 1 and 3° are com-
pletely dominated by pole-face scat-
tering, within the spectrometer, of
the very strong elastic peak so that 0°
is the only other possibility. A tenfold
increase in sensitivity to the M1 spin-
flip cross section is predicted, based
on distorted-wave impulse approx-
imation (DWIA) calculations ob-
tained only if the instrumental back-
ground can be maintained at a lcvel
asgoodasat3’,

Experiment 891 was our first at-
temptat 0° spin-flip measurements.
A completely new detector system
was installed at the HRS to accommo-
date the new requirements, Smaller
focal-plane wire chambers, trigger
scintillators, and a left/right scin-
tillator system to detect the rescat-
tered protons were installed. An ad-
ditional beam-profile monitor and
beam integrator were added for
energy calibration and cross-section
normalization. In this configuration,
the unscattered beam was clear.'y de-
livered through the spectrometer,
above all detectors and outa hole in
the detector shielding assembly.

The large overhead involved in the
installation of new equipment, and
the substantial beam preparation and
tuning required, allowed time only
for measurement of 2C. Figure 1(a)
shows the yield between 11 and
18 MeV; Fig. 1(b) is the spin-flip
cross section in arbitrary units.
Absolute normalization will be avail-
able after further off-line processing.

Itis clear from Fig. 1 that in-
strumental background is almost en-
tirely suppressed in the spin-flip
cross section. The preliminary value
of D,, for15.11-MeV 1*, T=11is
0.6 £ 0.1, in good agreement with
DWIA calculations. Extensive non-0°
elastic data were taken for systematic
checks.

We feel we have demonstrated the
feasibility for 0° inelastic spin-flip
measurements using the HRS and
plan to continue the program over a
large range of target masses in an
atiempt to cleanly identify M1
strength in nuclei.
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EXPERIMENT 907 — HRS

Continuum Spin-Filp Cross-Section
Measurements from *'Ca

Los Alamos, Uny of Minnesota, Rutgers
Univ , Unie of Pans X1, Univ ot
Georgia, Bugharm Yy oung Univ

Spokesmen: S. K. Nanda (Univ. of Minnesota), C.

Glashausser (Rutgers Univ.), and K. W. Jones
(Brigham Young Univ.}

The purpose of this experiment is
to study the distribution of spin-flip
strength at medium excitation
energies (£, < 40 MeV) and ground-
state correlations in the doubly
closed-shell nucleus **Ca. Previous
measurements on *Zr, *'V, and *Ni
indicate unexpectedly large spin-flip
probabilities up to an excitation of

about 25 MeV at small laboratory scat-

tering angles (6 < 5°).

Esbensen and Bertsch have caleu-
lated the response of a semi-infinite
Fermi liquid to a spin-isospin depen-

dent probe.! Collective effects were
included using the random phase ap-
proximation (RPA); there were no
free parameters in the calculation,
The results are shown in Fig. 1,
where they are compured with data
from previous measurements on *Zr
(Exp. 660).2 It is noteworthy that the
calculations indicate that the spin-
flip cross section should be decreas-
ing steadily for excitation energies
above 20 MeV.

We have measured the spin-flip
cross section from 3 to 12° in the

25

™
T

Spndo/dQ) (mb/sr/MeV)

| | L

5 20 25 30
Ex (MeV)

FIGURE 1

Spin-flip cross section for proton scattering from °Zrat 3 5

The curves

are the predictions of Esbensen and Bertsch
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laboratory, spanning an excitation
energy range from 6 to 40 MeV for
proton inelastic scattering from **Ca.
The HRS focal-plane polarimeter was
used for these measurements.
Preliminary on-line data are shown
in Fig. 2(a) (o). Iuis clear from these
figures that the spin flip cross
section is large atsmall angles, even
for excitation energies up to -0 MeV.,
The known, strong 27 state in *Ca at
8.42 MeV excitation is easily seenin
the pectra and has a large spin-flip

tions at 10.2 and 12.0 MeV were also
observed in the small-angle data, and
we hope that values of the spin-flip
cross section for these states can be
extracted from the data during re-
play.

study of these OA® excitations may

improve our understanding of 2p-25
correlations in the ground-state wave
function of this nucleus. A multipole
decomposition of the data is planned
to determine the strengths and
angular distributions of A1 to M3

Nuclear and Particle Physics
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EXPERIMENT 487 — LEP

Measurement of the E2 Resonance
Etfect in Plonic Atoms*

Univ ot Mississippr, Los Alamos,
Techrische Universitat inMunich,
Germany. Univ ot Wyvoming

Spokesmen: J. Reidy (Univ. of Mississippi) and
M. Leon (Los Alamos)

Measurements on the x rays
emitted by pionic atoms have pro-
vided the principal means of study-
ing the zero-energy pion-nucleus in-
teraction. A negative-pion incident
on a target slows down and is eventu-
ally captured by a target atom. The
captured pion then cascades down
through the pionic-atom levels, at
firstemituing Auger electrons and
later pionic x rays. Near the end of
the cascade the strong short-range
pion-nucleus interaction comes into
play. This is reflected in changes in
the intensities, energies, and widths
of the observed x-ray lines compared
with what would be observed ina
purely electromagnetic cascade.
These x-ray data are used for de-
termining semiphenomenological
optical potentials that give good
agreement with most of the x-ray data
and that are consistent with the op-
tical potentials used to describe low-
energy pion-nucleus scattering.

However, the strong-interaction
information derived from x-ray
measurements comes from rather
limited regions of Z for each pionic-
atom level (1sfrom Z < 11, 2p from
8 <Z<3334from39 < Z < 60,
and 4f from Z z 67). The reason for
this is that for a given nucleus the
observable x-ray lines terminate
rather abruptly at a “'last line" as the
overlap with the nucleus and hence
the absorption widths increase. Al-
though it clearly would be desirable
to test the optical potential for levels
with greater overlap with the
nucleus, this is not generally
possible, so these levels stay hidden.

A method to probe a few examples
of such hidden levels, the E2 nu-
clear-resonance effect, was proposed
by Leon. This effect occurs when an
atomic deexcitation energy closely
matches a nuclear-excitation energy
and the electric-quadrupole cou-
pling induces configuration mixing
of the two states. A pion in the (#,2)
state (with the nucleus in its ground
state) is also partly in a (#’ 2~-2) state
(with the nucleus in its excited
state). Because the (7’ ,2—2) state
atornic wave function has a greatly
increased overlap with the nucleus,
even a very small amount of con-
figuration mixing can resultinasig-
nificant induced width I, in the
(n,2) state, which leads to a reduc-
tion of the (n,2) — (n—1,2—1) x-ray
intensity. Measurement of this at-
tenuation allows one to extract infor-
mation'? about the (#’,2—2) pion
level. The attenuation may be
measured with precision by compar-
ing the intensities of the
(n,0) — (n—1,2—1) lines in the spec-
tra of two isotopes, one of which
possesses the resonance.

The purpose of the present work
was to make high-precision measure-
ments on a number of pionic atoms
where the E2 nuclear-resonance ef-
fect is significant. The nuclei studied
were‘“’Ti, mRU. ”"Pd, lllcd' HZCd,
53Te, and '*°Sm. We have previously
reported results for some of these
isotopes,>® but the present work rep-
resents new, more precise and ac-
curate results for ali cases. Com-
parisons are made with theoretical
estimates.'” Because they give the
most intense lines, we deal ex-
clusively with transitions between

*Pyblished in Physical Revievy C 32, 1646 (1985)
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circular states, for which = r—1.

This work was motivated in part by
the persistent discrepancy between
an earlier observation and the predic-
tions of the optical potentials for the
3p level of pionic palladium®®
(Z= 46); this discrepancy remains,
even when comparison is made with
the more complete calculations of
Dubach et al 2 instead of the simpler
model of Leon.! The 3p state is also
the lower admixed state in **Ruand
1%Te. The highest Z nucleus where
the hadronic contribution to the 1s
state can be studied is **Ti, and it has
the greatest mixing. A more precise
determ:nation of the attenuation
would provide a sensitive test for this
mixing. Dubach et al. have pointed
out that pionic *°S$m is potentially
very interesting because a precise de-
termination of the attenuation may
allow one to distinguish between two
nuclear models for **Sm. Of all the
pionic examples of the E2 resonance
effect, "*Cd and "*Cd are the most
studied.*® They are important test
cases because the lower admixed
state is directly observable rather
than hidden.

The theoretical description of the
E2 nuclear-resonance effect was first
given by Leon' and later extended by
Dubach et al.* to include mixing ef-
fects that are due to the strong inter-
action. Let | 1) denote the state con-
sisting of the nucleus in its ground
state and the pion in an atomic state
(n,2), and | 2) the state with the
nucleus inan E2 excited state and
the pion in a lower atomic state
(n’ #—2). Denoting the quadrupole-
coupling Hamiltonian by H'= H’
+ H,,,, we can write for the
eigenstate | 17)

strong
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1=Vi-&|1)+al2), (1)

where g, the admixture coefficient, is
given by

el

2
AR (2)

The complex energy difference AE is
AE= E::uc - En’.!—'.! + En,Q

1
- E f(rn,n—z + rn]) =e—1y,
(3)

where E%,, isthe energy of the £2
excited nuclear state, E,; is the bind-
ing energy of the pion in the n,2
pionic-atom state, and I, is the
width of this level. From this admix-
ture of the lower level, the upper
atomic level now has an induced
width I',,,,, which is given by

Fa=1alP T, . (4)

This induced width leads to an at-
tenuation of the x-ray intensity from
the n 2 state. Conversely, a de-
termination of the x-ray attenuation
gives information about the strength
of the coupling.

The pionic x-ray transitions that
are usually detected are those £1
transitions involving circular orbits
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(maximum £). One determines fora
given isotope the intensity ratio of
the observed lines

[1(n,92—> n—l,Q—-l)]
r(ZA) = | A,
(1841 — ng)

(5)

where I{nf — n—12—1) represents
the measured intensity of the transi-
tion between the state n,£ and the
state »—1,2—1, and where Z,A repre-
sents the isotope, We refer to the
isotope where mixing occurs as the
resonant isotope. For a nonresonant
isotope Z,4’, one measures the same
ratio and then forms the ratio of ratios

r(Z,A)

k= r(ZA) ©

The attenuation 4 is defined as the
complement of R, that is,

A=1—R, N

and is a direct measure of the in-
duced pion absorption out of the
level n,2 (to the extent that un-
resclved noncircular transitions are
absent). One can readily show' that
contours of fixed attenuation are cir-
cles in the (g,y) plane (assuming that
the mixing-matrix element is fixed)

The energies and widths of the
pionic-atom states are obtained by
solving numerically the Klein-
Gordon equation* with the nuclear-
Coulomb potential plus the hadronic
optical potential. The potential of
Seki and Masutani,® with parameters
given in their Table 111 (@ — 1R), was
chosen. Following Leon,! the mixing-
matrix elements are calculated using
nonrelativistic point-nucleus wave
functions (electromagnetic contribu-
tion only). One then obtains predic-
tions of the attenuation that can be
compared with experiment.

Additional factors can contribute
to the induced width, such as nu-
clear-size effects, isomer shifts, nu-
clear states above the collective
quadrupole state, and the inclusion
of a p-wave optical potential. Dubach
et al.? have included these.

These experiments were carried
out at LAMPF using the P*and LEP
beams. The experimental arrange-
ment was similar to that described in
Ref. 3.

Using the fitted-line intensities
and Eqgs. (5) and (6), we determined
the experimental values of R. These
Rvalues were then corrected for the
fact that the targets were not all
isotopically pure.

The relevant x-ray lines are listed
in Table L. Columns 3-6 give the lines
that were analyzed in order to
measure the attenuation. For the cad-
mium isotopes the reference line is
an unresolved doublet; furthermore,
two lines, 5 — 4 and 4 — 3, exhibit
attenuation. The corresponding
Rvalues are denoted R, and R;, re-
spectively.

*Computer program MATOM, from B Seki, Calitornia
State University at Northridge, 1985
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TABLE I Relevant x-Ray Lines

Nucleus Levels (Mixed) Attenuated Lines Energy (keV) Refarence Lines Energy (keV)
48T 3d—1s 3—2 254 4—3 88
'%iPd 11— 3p 4 -3 355 5—4 163
LER 4r=13p 4—3 389 5—4 178

RRNo 59— 3d °a ho 6—5+8—6 106
'83Te 1= 73p 41— 3 500 5—4 227
'285m S5g—4d 5—14 326 6—5 176

The relevant parameters and calcu-

lated results for the induced widths
are given in Table I1. Row 2 gives the
calculated energy difference of the
relevant pionic-atom levels using the
code MATOM. For the cadmium
isotopes the measured value is used.
Row 3 lists the energy of the nuclear
E2 excited state. The static quadru-
pole moment of the excited state is
listed in row 4; two values are given
for "°Pd that correspond to two
possible results from Coulomb-ex-
citation measurements. Row 5 lists
the interaction energy of the excited-
state quadrupole moment with the
lower atomic state. For the odd nu-
clei, which have spin 1/2, there are
two possible orientations with
J=2% 1/2; the values for the anti-
parallel case are given in brackets.
The sum of rows 2, 3, and 5 is
presented in row 6; this corresponds
10 € = ReAE [see Eq. (3)]. The calcu-
lated (measured for cadmium) level
width of the lower mixed state is
listed in row 7. Rows 9, 10, and 11
give the contributions to the uncer-
tainty in I’ that are due to the un-
certainties in €, ,p and B(E21), re-

spectively. (For hidden levels we as-
sume a £10% uncertainty in the shifts
and widths.) Finally, the calculated
induced widths, with uncertainties
obtained by adding in quadrature the
values given inrows 9, 10, and 11, are
given in row 12. Even though there
are two values for the induced width
for the odd nuclei, the smaller value
has little effect on the total induced
width,

The results of the measurements
and comparisons with theory are
presented in Table III. Column 1
lists the target composition and
chemical form used for the nonreso-
nant and the resonant measurement.
Column 2 gives the x-ray line desig-
nation for the experimental ratio,
which is given in column 3. The
values in column 4 have been cor-
rected for the isotopic abundances in
the resonant and nonresonant
targets. Column 5 presents the resul-
tant attenuation values derived from
the values in column 4. Previous
measurements are given [or
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TABLE Hil  Results of Measurements and Comparisons with Theory
Present Results
Previous Results®  Theory
TargetPair  Linas Compared Rgps Rg"” ALY (h) Aa (%) Ao (¥£)
LB, i_’a 09550010 09410013 59413 19+ 32 120“2?
104y, f"j 09130010 08970016 103%16 704105 105+ 10
L 110py 4__'_; 68800007 0840+0008 160+008 1904+ 28 152413
e g Ad 0008+0007  0780+0007 000407 Q182 37 51440
et B 204+ 36
5 . 92x 59
_ 2= R =0022+0013 08180014  Az=182+14 164£28
H—5 + §—H P b 86+ 57°
- + 20¢
P20 b—~4 0624+0005 0528+ 0006 A7 2405 505+ 29 160+ 17
G5+ 85 443+ 272¢
I . 285+ 58
Ry=07104£0011 062320012  A4g=377%12 374+17
5-5+8—5 P ' B W2+ 37°
130 1257, 4% 009420012 00994 +0012 06+12 29403
:\—D
L1051 . E:’j) 0888+0007 086840008 132408 140+ 34 M+
D —C

3From Ret 5 except as noted
SCorracted tor target thickness and density ditterences
CReterence 7

companson in column 6. Calculated 75
results using the widths from Table I1 6—5 + 8—6
are listed in column 7.

All the parameters used in the cal- and
culation of the induced width for
"Cdand "2Cd have been measured. 6—4
In addition, as described in Leon 6—5 + 8—5

et al.>and Bauy et al.,” x-ray intensity
values for transitions between rion-
circular orbits have been measured.
Consequently, one can constrain the
initial distribution. Figures 1(a) and
1{b) give a plot of &, and Ry versus
the

ratios for '''Cd and ''2Cd, respectively.
The ranges for these latter two ratios,
determined by Leon et al.” and Batty
etal.,’are indicated. The upperand
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lower bounds for each R, and K are
determined by the range of uncer-
tainty in the induced width. The
dashed regions correspond to the
measured values. The dotted lines in
Fig. 1(b) correspond to rlie curve ob-
tained by using only calculated
values for the x-ray paramerers in
Table 11. The calculated values given
in Table 111 ave the weighted
averages of the values determined
with the three separate measured x-
ray intensity ratios.

The excellent agreement between
the measured values and calculated
values for both '''Cd and '**Cd lead us
to deduce that the energy of the nu-
clear-excited state in *"'Cd is most
likely 620.2 + 0.2 keV.

The contour plot for *Ti is shown
in Fig, 2(a). The attenuation values
(in per cent) are given for each con-
tour. The :neasured attenuation
range corresponds to the shaded
area. The elongated ellipse bounds
the region determined frora the in-
duced width value in Table 11. We
see that the major uncertainty in the
calculated value is due to a large
uncertainty in €, This reflects the as-
sumed 10% uncertainty in the strong-
interaction contribution to energy of
the 1sstate (see Table 11). The agree-
ment between the calculated and ex-
perimental values is marginal for this
case. One expects that strong mixing
would be significant for this 1s state,
50 the treatmen: of Dubach et al 2
chould be more appropriate. Indeed,
including strong mixing could de-
crease the calculated attenuation
value in the present case to approx-
imately 4.5%, in excellent agreement
with the experimental value.
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FIGURE 2 Contuur plots for (a) *8Ti, (b) "®Ru, (c) ''°Pd, (d) '%Te, and (e) '%°Sm. Each attenuation value is next to its contour The
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range of experimentat values is reprasented by the shaded region, and each calculated v- "ue with its region of uncertainty is shown by
apo:ntand an associated ellipse.
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The contour plot for '™ Ru is shown
in Fig. 2(b). The striking agreement
between the simple theory and ex-
periment is evident. The contour plot
for "'°Pd is shown in Fig. 2(c). In the
past a great deal of effort has gone
into trying to reconcile theory and
experiment for this case. The theoret-
ical calculations, even with strong
mixing and unequal neutron and
proton distributions, gave attenua-
tion values that were too low com-
pared with experiment.” However,
from Fig. 2(c) we see that even the
simple theory now gives excellent
agreement with experiment. This is
primarily due to the fact that the cal-
culated width of the 3p state using
the parameters of Seki and Masutani®
is somewhat lower than that calcu-
lated by Dubach et al.* From
Fig. 2(c) we see that a given change
iny will lead to alarger change in
attenuation than a corresponding
change in €. Comparison of Table 11
with the calculations of Dubach et al.
shows that the values of Y and g used
in their work are about 7 keV larger
than those used in the present work.

Including strong mixing in the pres-
ent work would increase the theoreti-
cal attenuation, which would lead
only to a marginal improvement in
the overlap between theory and ex-
periment,

The same atomic levels are in-
volved in '®Teas for "™Ru and ''°Pd,
The contour plot is presented in
Fig. 2(d). For the theoretical region,
only the parameters in Table Ij,
which give the larger induced width,
are used. Unlike the ***Ru and "°Pd
cases, the experimentally de-
termined attenuation value is nearly
2 std dev from the theoretical value.
This is the heaviest nucleus that in-
volves the p-wave pion-nucleus inter-
action on which experiments have
been performed, and it is possible
that for such a large A the form of the
optical potential or the values of the
potential parameters are not ap-
propriate. Neutron-proton density
distribution differences would playa
greater role for '*Te than for lower-
mass nuclei; this could be another
factor leading to the discrepancy be-
tween theory and experiment.
Dubach et al. did not treat odd - 4 nu-
clei, so the effect of strong rmixing
has not been investigated.

The contour plot for **Sm is shown
in Fig. 2(e). The experimental value
for the attenuation is about
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2.5 std dev larger than the theoretical
value. Dubach et al. have shown that
the attenuation can be increased to
14.6% if a three-level strong-mixing
configuration is used. However, this
value is still about 1.5 std dev from
the experimental value. A two-level
calculation produces a decrease in
the attenuation.

In conclusion, the agreeaent of
the experimental results for the cad-
mium isotopes (where the lower
mixed level is observable) with sim-
ple theory is excellent, und indeed
for '"'Cd the data can be used to de-
duce a more precise value of the
(5/2)* excitation energy. The persis-
tent discrepancy between theory and
experiment for '"Pd, involving the
hidden 3p level, now appears to be
resolved, and the '™Ru resultalso
shows good agreement. However,
BTe, the last 3p case, does have a
discrepancy of 2 std dev. Although
the *°Sm value differs from the sim-
ple-theory prediction of Leon' by
more than 2 std dev, the calculation
of Dubach et al.* provides much bet-
ter agreement. Finally, for the poten-
tially very interesting case of **Ti,
more careful theoretical work is
neecied for a meaningful comparison.

In summary, the basic E2 reso-
nance mechanism is understood, but
it is not clear that the effects of the
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strong interaction are properly in-
cluded. The present work provides
experimental values that should
enable one to test more rigorously
the inclusion of strong-interaction ef-
fects

This work was supported in part by
the National Science Feundation.
attenuation than a corresponding
change in . Comparison of Table 11
with the calculations of Dubach et al.
shows that the values of y and & used
in their work are about 7 keV larger
than those used in the present work.
Including strong mixing in the pres-
ent work would increase the theoreti-
cal attenuation, which would lead
only to a marginal improvement in
the overlap berween theory and ex-
periment.

The same atomic levels are in-
volved in '®Te as for "™Ruand ''°Pd.
The contour plotis presented in
Fig. 2(d). For the theoretical region,
only the parameters in Table II,
which give the larger induced width,
are used. Unlike the '™Ruand "'°pPd
cases, the experimentally de-
termined attenuation value is nearly
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2 std dev from the theoretical value.
This is the heaviest nucleus that in-

volves the p-wave pion-nucleus inter-

action on which experiments have
been performed, and it is possible
that for such a large A the form of the
optical potential or the values of the
potential parameters are not ap-
propriate. Neutron-proton density
distribution differences would play a
greater role for "*Te than for lower-

mass nuclei; this could be another
factor leading to the discrepancy be-
tween theory and experiment.
Dubach et al. did not treat odd-4 nu-
clei, so the effect of strong mixing
has not been investigated.

The contour plot for '**Sm is shown
in Fig. 2(e). The experimental value
for the attenuation is about
2.5 std dev larger than the theoretical
value. Dubach et al. have shown that
the attenuation can be increased to
14.6% if a three-level strong-mixing
configuration is used. However, this
value is still about 1.5 std dev from
the experimental value. A two-level
calculation praduces a decrease in
the attenuatior .

In conclusion, the agreement of
the experimenal results for the cad-
mium isotopes (where the lower




mixed level is observable) with sim-
ple theory is excellent, and indeed
for '''Cd the data can be used to de-
duce a more precise value of the
(5/2)" excitation energy. The persis-
went discrepancy between theory and
experiment for ''°Pd, involving the
hidden 3z level, now appears to be
resolved, and the '™ Ru result also
shows good agreement. However,
135Te, the last 3p case, does have a
discrepancy of 2 std dev. Although
the "Sm value differs from the sim-
ple-theory prediction of Leon' by
more than 2 std dev, the calculation
of Dubach et al.? provides much bet-
ter agreement. Finally, for the poten-
tially very interesting case of **Ti,
more careful theoretical work is

needed for a meaningful comparison.

In summary, the basic E2 reso-
nanc- mechanism is understood, but
itis not clear that the effects of the
strong interaction are properly in-
cluded. The present work provides
experimental values that should
enable one to test more rigorously

the inclusion of strong-interaction ef-

fects.
This work was supported in part by
the National Science Foundation.

References

1. M. Leon, Physics Letters 50B, 25 (1974), and 53B, 141 (1974); and
Nuclear Physics A260, 461 (1976).

2. J.F.Dubachet al.,, Physical Review C 20,725 (1979).

3. M. Leonet al., Physical Review Letters 37, 1135 (1976).

N

. J.N. Bradbury et al., Physical Review Letters 34, 303 (1975).

5. M. Leonetal.,, Nuclear Physics A322, 397 (1979).

6. R.Sekiand K. Masutani, Physical Review C 27,2799 (1983).

7. C.J.Battyet al., Nuclear Physics A296, 361 {(1978).

Muclear and Particle Physics

73



Nuclear and Particle Physics

EXPERIMENT 813 — LEP

Plow: Charge Asymmetrles for *C at
Low Beam Energles on the LEP
Spectrometer

Uriy ot Colorado, Los alamos, Uni o
South Carcina, Anzona State Univ |
virginia Foivtechnic Institute and State
N

Spokesmen: R. J. Petersonand J. J. Kraushaar
\Univ. of Colorado)

Previous pion inelastic-scattering
experiments at resonince' have re-
vealed several transitions in *C that
exhibit large asymmetries with re-
spectton and it scattering, The aim
of Exp. 813 was to examine these
same transitions at lower beam
energies where 7= 3/2 amplitudes
may not be so dominant. Of
particular interest is the J=9/2%
7= 1/2 state atan excitation of
9.50 MeV. This stute is due to a
stretched (py/a¢h,,) neutron particle-
hole configuration.? At resonance,
the cross section for scattering to this
state exhibits a 9/1 ratio fer "o n*
scattering.' Because this state has a
simple and known structure, we hope
that low-energy data will shed some
light on the reaction mechanisin for
inelastic pion scattering at energies
well below (3,3) dominance.

The experiment was performed in
September at the LEP channel using
the new Clamshell spectrometer.
Data were taken at an incident energy
of 65 MeV at lab angles of 45, 65, 84,
and 105°, with both t™ and 7t~ beams.
In addition, we took a ™ spectrum at
105° with a beam energy of 50 MeV.
Characteristic spectra at a lab angle of
84° with an energy resolution of
500 keV are shown in Fig. 1. As can
be seen from the figure, we will also
be able to obtain information about
several other states, especially the
quadrupole collective trunsitions at
3.68 and 7.55 MeV and the monopole
transitio~ t8.86 MeV. Broad, excited
statesar¢ -¢nupto 20 MeV in excita-
tion.

The data are currently being
replayed and analyzed at the Univer-
sity of Colorado at Boulder. Prelimi-
nary results suggest that the ratio of
T to Tt cross sections at 65 MeV for
the 9.50-MeV state is much less than
the 9/1 ratio found at resonance. It is
perhapsaslowas2or3to1l. At
65 MeV, absolute cross sections will
be obtained by normalizing to the
n¥ D measurements of Balestri et al 3
from our spectra on deuterated
polyethylene.
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Clarnshell spectrometer. Anenhancement of &~ over it excitation of the 9.50-MeV
M4 transition is observed, but this is not as great as that seen at resonant pion beam
gnergies
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EXPERIMENT 884 — LEP

Plon Double Charge Exchange on *C
at Low Energies
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Introduction

This is the first double-charge-ex-
change (DCX) experiment per-
formed with the Claumshell spec-
trometer. The goal is to determine
the energy dependence and mass de-
pendence of double-isobaric-analog-
state (DIAS) transitions ai low pion
energies. The few previous measure-
ments at low energies can be found
inRefs. 1-3.

In the 1985 runs we measured the
"C DIAS transition at energies 30, 50,
65, and 80 MeV, and the **Ca DIAS
transition at 35 MeV. Our measure-
ments cover a much broader angular
range (from 20 to 130°) than do the
EPICS measurements at higher
energies, and therefore we can deter-
mine the angle-integrated DIAS cross
sections.

A unique feature that distinguishes
low-euergy (30- to 65-MeV) DCX re-
actions from higher energy reactions
(T, = 100 MeV) is the inhibition of
the double-forward-scattering mech-
anism at the low energies. ii..;isdue
to the small forward-angle, single-
charge-exchange (SCX) amplitude
near 50 MeV that results from the
near cancellation of the sand p
partial waves in the iV charge-ex-
change reaction. Calculations by
Gibbs et al.* show that at 50 MeV suc-
cessive near-90° scatterings produce
most of the forward-angle DIAS cross
section, whereas at 180 MeV suceess-
ive near-0° scatterings produce most

of the 0° DIAS cross section. A conse-
quence is that the average separation
distance of the two nucleons par-
ticipating in the double scattering is
significantly less for 50-MeV scatter-
ing than for 180-MeV scauering.’
Thus low-energy DIAS transitions
hold some promise for providing a
meano of study for the short-range
NN dynamics in nuclei,

Experiment

The DIAS measurements reported
here were made using the Clamshell
spectrometer at the LEP channel. The
Clamshell spectrometer is a single-
dipole spectrometer with nonparallel
pole faces and a flight path of about
2 m. It hasa solid angle of 40 msr
with a resolution of several hundred
kiloelectron volts and a maximum
momentum of 260 MeV/c. A
schematic diagram' is shown in
Fig. 1. Atrigger is provided by one or
more focal-plane scintitiators (52,
53, §4) and, for DCX, a front scin-
tillator ($1) in coincidence. Two x-y
drift chambers’ in the focal plane
provide the position and angle in
both x and y at the focal plane that
are used to construct the momentum
of each particle. The ucceptance
curve across the focal plane is shown
in Fig. 2. Our group has been ex-
tensively involved in the com-
missioning of this spec:rcmeter and
is primarily responsible for develop-
ing its DCX capability.

The present DCX capability ~f the
Clamshell rests on the rejection of
events with low pulse heightin £2
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FIGERE 2 Ameasgredtocal plane acceptance curve for the Clamshell

and S$3 (electrons primarily) and the
rejection by time of flight between §1
and 82 (rejection of muons and any
electrons surviving tvhe previous re-
jection). The water Cerenkov de-
tector used in our first runs to reject
electrons was unnecessary at low
energies because of the excellent
electron rejeciion by pulse height
and time of flight. During our most
recent run it was replaced with a
thick (15-cm) scintillator that stops
T's up to 70 MeV and, along with the
other scintillators, gives a total
energy determination for the parti-
cles.

Figure 3 shows a plot of time of
flight versus F difterence, where the
E difference is the difference he-
tween the total energy deposited in
the scintillators and the energy de-
termined from the bending in the
magnetic field as measured by the

wire chambers (assuming a pion
mass). The n's, u's, and e's can be
clearly seen as separated groups. For
7's, the T group can be smeared in
the E-difference direction because of
the possibility of huge energy dep-
ositions from stopped n”'s that
“star.”

Several deficiencies in this system
limit it to angles larger than 20° and
to energies 215 MeV. The most
serious problem is the necessity for
the frontscintillator, which provides
the excellent time-of-flight informa-
tion for particle identification (PID).
At forward angles its rate becomes
excessive because of decay muons
and large elastic-scattering cross sec-
tions. In test runs without this front

T T T
3]
L e .
ey
Q= -
3=
8
EI (a)
ELASTIC
1 i L
0 16 18 20|

L
TIME-OF-FLIGHT (ns)

W

ENERQY DFFERENCE
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.
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1 1 1
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TME-QOF -FUGHT (ns)

FIGURE 3 Scatter piotcfthe variable
E ditference versus time of tlight, where
£ difference = [XE, (scintillation) —
Ty (Ciamshell)], and time of tlight =
trajectory-corrected time of Hlight be-
tween S1 {entrance scintillator) and S22
(focal-plane scintillator) for

(a) 22-MeV n* elastic scattering at

40° and
(b) 35-MeVDCXon*Caat 45°
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FIGURE 4. Spectralorthe 1*Cir*,n7) reaction for 30 MeV at 45 and 90° The DIAS is
virtually the only component in tha spectrum.

scintillator we were unabic ;0 see
even the strong well-separatad DIAS
transition on *C at 50 MeV and 40°.
We see two possible solutions to this
problem:

2. install asweeping magnet at the
scattering chamber similar to
that used at EPICS for forward-
angle DCX measurements.

1.

remove the front scintillator
and use, instead, a scintillator
placed part way through the
spectrometer in the vacuum
where particles of the same
charge as the beam have been
bent out by the magnetic field
so that the rate will be much
lower. We have already de-
signed this system and could
implement it next year; and

Other more straightforward modi-
fications are also planned to improve
the very low energy capability and
the E-difference PID:

1.

install a thinner front and a thin-
ner first-focal-plane scintillator
to reduce energy loss and mul-
tiple-scattering effects for the
very low energy pions, and
construct a layered and seg-
mented stopping counter in the
focal plane to replace the
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FIGURE 5 Spectraforthe *C{rn*,n7)reaction at 63 MeV (preliminary data, this

experiment)

present 15-cm stopping
counter. Also, further shielding
near the scattering chamber
will be added to reduce back-
grounds and singles rates.

The results presented here were
obtained in September and Novem-
ber of 1985. The "C target, which was
the same one used in our previous
measurements® at 50 MeV, had a
thickness of 0.29 = 0.02 g/cm? The
data were normalized at each angle
and energy to '*C elastic scattering
using the cross sections from
Refs. 6-10. The “®Ca target consisted
of a stack of four 3- by 8-cm plates,
each approximately 0.115 g/cm®

thick. The “®Ca isotope enrichment
was 91%.

Results

Carbon-14. Measurenments were
made at 30, 50, 65, and 80 MeV. We
discuss some of the interesting new
results.

1. A new effect we observed was
that the states between 5 and 12 MeV
are very weakly populated when the
beam energy is near 30 MeV, whereas
they are strongly populated near 65
and 80 MeV. Spectra measired at 30
and 65 MeV are shown in Figs. 4 and
5. This is not justa momentum
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FIGURE 6 The '“C anguiar distiibutions
at 30,50, %o, and 80 MeV compared
with PIESDEX calculations (solid tines) The
57 datum at B0 MeV is taken from

Ref 11 *The dashed lines represent the
convenient function discussed inthe text
used to extract 0” cross sechons and
integrated cross sections

transfer (g) effect. For a state at 5-
MeV excitation in O, we have the
following results.

30 MeV: g=131 MeV/c at90°
65 MeV: g= 113 MeV/cat40°
80 MeV: g= 73 MeV/cut25°

Thus there is a larger ¢ in the 90°
data at 30 MeV than in the higher-
energy data. Yet, comparison of
Figs. 4 and 5 shows that the 5-to 12-
MeVregion in *Q is much more
populated at 65 and 80 MeV. The
large reduction in the nonanalog
cross section between 65 and 30 MeV
and the near constancy of the for-
ward-angle DIAS cross sections over
this energy interval should be useful
in determining the relative contribu-
tions of the nonanalog and analog
intermediate states for DIAS tran-
sitions.

2. Figure 6 shows the measured
angular distributions together with
the fitted function A4eM°* " + B.
These were used to obtain the 0°
cross sections, do/dp,s(0°) =
A+ B, and the angle-integrated cross
sections,

Opus= 2128+ A(1— ™) /A,

Preliminary values are given in the
following table:

*Addrional information tor Figs 5-81s trom R
Gilman, University of Pennsylvama, 1985 Informa
tionon 14C s fromRels 1and 2. on 48Ca, from
Ref 12




T do/dQpas(07)  Opas
(MeV) (ub/sr} (ub) A
29.1 A” 231 031
49.2 39 15.0 231
644 2.2 6.3 275

The angular distributions become
more isoropic (A= 10) as the beam
energy is lowered.

Alsoshown in Fig. 6 are calcula-
tions with the optical-model program
PIESDEX using the S0 MeV parameters
described in Ref. 13, ttis interesting
to-nvte that, atthough the second-
order isoscalar and isovector
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parameters used are known to have
strong energy dependences that have
not been it “luded here, the agree-
merit is quite good for the 30- and 65-
MeV daza. This may be an indication
that the isotensor second-order
parameters have little energy de-
pendence.

3. Another interesting result is
the forward-angle excitation func
tion. Wit! the addition of our new
data points between 30 and 80 MeV,
the "C excitation is mapped out
rather completely between 30 and
300 MeV (Fig. 7). These data exhibit
the deep minimum between 100 and
140 MeV that was predicted in some
early theoretical calculations (for ex-
ample, Fig. 8 of Lui and Franco').
This minimum is due to the strong
absorption of pions near the reso-
nance energy. The rise in
do/dQp,s(07) atthe lower energies
is in part due to the weakening of the
optical potential and the consequent
higher transparency. In addition,
there may be enhancements from
short-range NN correlations.

An important question in the study
of DIAS transitions concerns the role
of scattering through the inter-
mediate-analog state. At 50 MeV jtap-
pears that double scattering through
the isobaric-analog state (1AS) is
much less than double scattering
through nonanalog intermediate
states.'® At 300 MeV, it appears that
the analog route dominates.'® A
PIESDEX calculation, similar to those
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DCXtothe DIAS The data are rom

Rets 2and 11 excepttar our preliminary
noints at 30 and 65 MeV The sohd
curves are calculations with the optical
model program PIEESDEx using potential
parameters determined in Ref 13 These
calculations include second order (p*)
1soscalar and isovector parameters but
do notinciude an isotensor term
Paramaters have been adjusted to give a
good description of elastic and 1AS cross
sections at 50 MeV on light nucter (No
energy dependence inthese seccond or
der parameters has beenincluded here )

81



Nuclear and Particle | Tysics

in Fig. 6 but with no isotensor p*
strength, is compared with the *C
excitation function darta in Fig. 8.
This curve essentially represeats se-
quential scattering through the 1AS
and clearly shows a need for sequen-
tial scattering through nonanalog in-
termediate states or for mechanisms
involving short-range correlations.

Calcium-48. These are the first
DIAS cross sections measured at low
energies for a nucleus heavier than
*¥Mp. Cross sections were de-
termined 2t 35 MeV and upper limits
for 50 MeV.

1. The*Caspectraat 35 and
50 MeV also show the substantial
suppression of the nonanalog
strength at lower energies, as was
discussed above for "C. The 35-MeV
spectra shown in Fig, 9 can be con-
trasted with those for 50 MeV in
Fig. 10. At35 MeVthe DIAS domi-
nates the spectrum with some
nonanaiog strengih at higher and
lower excitation energies. At 50 MeV
the nonanalog strength fills the spec-
trum, making it difficult to observe
the DIAS.

2. The angular distribution at
35 MeVis shownin Fig. 11. By com-
paring it with the "C data (Fig. 6) we
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see that the **Ca cross sections are
about 3 times smaller than those for
“C at 30 MeV. Thus, although there
are 4 times as many valence nucleons
available in **Ca, the cross section is
substantially smaller, The solid curve
inFig. 11 is a PIESDEX calculation
with the same parameters as were
used for the comparison with the C
angular distributions in Fig. 6. The
calculation overestimates the *8Ca
data by a factor of 3. However, this
discrepancy cannot be taken too
seriously because the isospin-in-
variant coupled-channel (11CC) ap-

count. For ®Ca (Qpas = —12.1 MeV)
at these low beam energies, these
effects may be quite important.
Siciliano is extending the PIESDEX
work to include the effects by using a
distorted-wave impulse approxima-
tion (DWIA) approach that
reproduces the 11CC well but can
also include Coulomb and Q-value
effects.”

3. The excitation function for
8Ca at 35 MeV is compared with that
for“CinFig. 7. The ®¥Cadataare
qualitatively similar in shape but
have a broader minimum that appears

Nuclear and Particle Physics
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FIGURE 10 Spectrum for the *8Ca(n*, ™) reaction at 50 MeV. The expected position
of the DIAS s indicated by the arrow {preliminary data, this experiment)

FIGURE 11. Angular distribution for the
48Ca(nt, n)*8Ti (DIAS) reaction at

35 MeV. The solid curve is a PIESDEX
calculation with the same parameters as
those used in Fig. 8. The dashed lines
represant the convenient function dis-
cussedinthetext (A =0 493, B=1.38,
A =585}
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At the resonance energy. the -
nucleus optical potential is strongly
absorbing. The optical absorption
dominates true absorption. the p
wave amplitude dominates the s
wave amplitude, and the interaction
is strong. For the most part the infor-
mation obtained concerns properties
of nuclear surfaces. In the ultra-low
energy region {helow 30 MeV) the
opposite situation oceurs. The swave
interaction is larger than the p-wave
interaction, true absorption domi-
nates optical absorption, and the in-
teraction is weak. In thisenergy re-
gion the pion mean free path in the
nucleus becomes comparable to the
internucleon spacing and the infor-
mation obtained concerns the nu-
clear interior.

In the last few vears a substantial
amount of datua for low-energy pion
single charge exchange (SCX) to the
isobaric-analog state (1AS) has been
produced with the n° spectrometer.
In particular. in cyvcle 41 we suc-
ceeded in measuring excitation func-
tions'* for "N(x*.1%) (1AS)and
BC(r*,n°) (1AS) in the range from 35
10 65 MeV. Also, we have measured
excitation functions' for ¥K(n*.1")
(1aS) and "*'Sn(n*.1") (1AS)
in the range from 40 to 80 MeV. Data
huve been published for angular dis-
tributions for *N (Ref. 3}, ¥Kand **Ca
at 50 MeV (Ref. +4), and for an excita-
tion function for "Li (Ref. 5).

In this experiment we have
measured forward-angle differential
cross sections for IASs for "Li(rt,n%),
"C(rt ), BN(rt %), “Ni(nt.n"), and
90t &%) at 20 MeV. Also, the dif-

ferential cross sections for the
“Liteta®) (1AS) were measured at
180° for 20-MeV incident beam
energy. This is the first measurement
of pion SCXat 1807,

The experiment was performed at
the LEP using the 1 spectrometer,”
which was setin its two-post con
figuration. A 1.5-m, crossed-field de
separator was used 1 obtain nearly
pure 20-MeV 1" beam. Sufficient
spatial separation ot the m, , and ¢
beams was achieved at a mass slit
immediately downstream of the
separator to remove all but a small
part of the beam contaminants at
the target position. The pion flux of
= X 10° /s was determined directly

by a sampling-grid scintillator (SGS),

which consists of a number of cvlin-
drical plastic scintillators . mbedded
in a Lucite sheet. The nominal sam-
pling ratio R for this grid is

scintitlator area

total grid area

The use of the sampling grid then
makes it possible to monitor the in-

tensity of the particle beam by count-
ing individual particles at a sampting
fraction, 1:100 in our case, that can be

handled by conventional
photomultipliers and their as-
sociated electronics. The sampling
method was independent of beam
phase space and divergence. The

MNuckear ana Famcle Physics

EXPERIMENT 933 — LEF

Study of the Mass Dependence of
Plon Single Charge Exchange at
20 MeV

COS 2Amos aeonge Lasningtonne,

Apiare Cheataroone, Tel Ay Line
ar Irate e S g e Jine

Spokesmen: F. irom and J. D. Bowman (Los
Alamos)
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FIGURE 1 Measured n°spectra for the "Liint, 7% (IAS) reaction at 20 MeV with the

spectrometer setting at (a) 0° and (b) 180° The solid curve shows afittothe IAS.

sampling fraction, measured witha
low-rate beam, agreed with Monie
Carlo calculation to within 5%. The
uncertainty in the beam normaliza-
tion was about 5%.

Typical n° spectra for the incident
beam energy of 20 MeV on the "Li
targetat 0 and 180° spectrometer set-
tiags are shown in Fig. 1(a) and 1(b),
respectively. The n° energy resolu-
tion (FWHM) in these measurements
was 3t0 3.5 MeV. A Monte Carlo sim-
ulation of the spectrometer, beam,
and target’ gave the angle-dependent
line shapes that were used to fit the
data, and described them well. The
decomposition of the spectra into
background and the TAS peak for the
Li measurements can be seen from
the solid lines in Fig. 1. The data
were fitted by the maximum-like-
lihood method described in Ref. 7.

In Fig. 2 we present our prelimi-
nary results for the measured cross
sections at the mean acceptance
angle for each bin. The cross section
for’Li(n* n%) (IAS) at 180" isas large
as the cross section for this reaction at
0°. This result is remarkable and
totally unexpected.

The A dependence of the forward-
angle differential cross sections to
the 1AS is presented in Fig. 3. The
shape is well represented by a form
g(N— Z)A™" The fitted parameters
are g=698.4 pb/srand o = 0.92.
This result is contrary to what one
might expect from the transparent
limit, which is that the cross section
simply scales with the number of ex-
cess neutrons (N — Z).
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Currentiy, there are no SCX data at
180°, with the exception of our meas-
urement of 20-MeV 'Litnt*, %) Re-
cently, measurements® of large -angle
elastic scatiering at EP1Cx have dem-
onstrated that the first-order optical
model calculations fail to reproduce
the large-angle data. These studies
show that higher-order termis in the
optical potential have their greatest
influence at back angles. To ander:
stand the effect of the isovector

higher-order terms and to establish
the systematics of the back-angle

SCX atlow energies, a larger body ot
the data is needed. The present work
shows that the 180° SCX cross sec
tions to the 1AS are large enough to
be measured. Future experiments are
planned to further map out the mass
and energy dependence of low-
energy SCX at back angles.
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FIGURE 2 Angular distribution for the
isobarnc-analog states (1ASs) ol
?Ll(n"',no). MC(n"’,nO), ‘SN(n*',nO)‘
SONi(, =9), and '29Sn(xt, 1%) with a 20-
MeV pion heam

FIGURE 3 The A dependence of the for-
ward-angle (r*.n0) dillerential cross sec-
tion to the isobaric-analog state nor-
malized with the neutronexcess (N — .7)
The solid line represents a fit to the data
withthe gxA™% function
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We have studied the
SHo(r" 1" Er isobaric-analog-
state {1AS) reaction at energies neur
the TV (3,3) resonance as a test of the
feasibility of the full experiment
planned for Exp. 899, which is de-
signed 1o make @ <15% aetermir-
tion of the shupe of the neutral-mat-
ter distribution in ***Ho. This study
alse compuared the lAS reaction on
®Ho, which has a very deformed
nucleus, t previous work' where the
systematics of the 1AS reaction was
established using primarily spherical
nuclei. The torward-angle cross sec-
tions for "**Ho are consistent with the
systematics, thus supporting the
geometric model? of pion single
charge exchange.

Angular distributions from O to
about 20° atincident pion energies
of 100, 165, and 230 MeV were
measured using the n°spectrometer,
which performed well atter being re-
furbished during the 1985 shutdown.
The target was amorphous holmium
metal with a total areal densiry of
2.80 g/cm? The technique of target
compensation® was used to minimize
finite target-thickness effects. Al-
though the #° spectrometer is not
capable of resolving excitation to ad-
jacent components of the '*Ho
ground-state rotational band, the ob-
served enecgy resolution ot 3.2to
3.5 MeV is sufficientto discriminare
between a strongly populared 1AS
transition and one whose isobaric-
analog strength is widely dispersed.

The 100- an<! 165-MeV data were
eachdivided into three angular bins
of roughly equal acceptance, but a

Fuiciear and Fancle Fhysics

EXPERIMENT 899 --- LEP

Angular Distributions for the
"Ho(x*,x")""Er Reaction to the
Isobaric-Analog State at 100, 165,
and 230 MeV

lack of swatistics tor the 230-MeV data
allowed only a single bin encompass-
ing the entire acceptance. The for-
ward-ungle ®° kinetic-energy spec:
trum at 165 MeV is shown in Fig. 1.
The 1AS is strongly populated, as it is
for the other two energies. Peak areuas
were extracted using a fitting-
routine® method of maximum like-
linood based on Poisson statistics,
with menoenergetic n° line shapes
calculated by a Monte Carlo routine®
that also determines the spec-

Anizona State Univ . Los Alarnos. MNational
Bureau ol Standards

Spokesmen: J. N. Knudson and J. R. Comfort
(Arizona State Univ.}and H. W. Baer (Los

Alamos)
trometer solid angle. The results of
one such peak extraction are shown
in Fig. 1 as two smooth curves
representing the background fitand
the total fit, respectively. Differential
cross sections were calculated in the
usual manner.
0 L A I | '
> 80 [ ®SHo(n*,n0)%Er (AS) -
C—ﬁ Ts = 165 MeV
70 |- 6=40 l .
% —n° Line—shape fit
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=
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FIGURE 1 Kinehc-energy spectrum of i°'s produced in '83Ho(n* 1°) for
Tz = 165 MeV The smooth curves are the result of a fit using a Monte Carlo
generated ine shape
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The calculated cross sections are
shown in Fig. 2. The error bars rep-
resent only the statistical uncertain-
ties in the experiment. Normalization
uncertainties are 12% for the 165- and
230-MeV data and 16% for the 230-
MeV data. These angular distribu-
tions were extrapolated to 0° by fit-
ting them to linear functions of ¢*
and cos*@ and averaging the results at
0=0".

InFig. 3 the extrapolated cross
sections are shown along with the
earlier n° 1AS cross sections' at0° .
These earlier data established the

systematic behavior of the 1AS reac-
tion on the nuclei as a function of
N— Zand A, The results of the **Ho
experiment are consistent with the
established systematics. This implies
that the same physics applies to bath
the undeformed nuclei and the
highly deformed '**Ho-—that is, that
the strong-absorption model,® which
forms the basis of the single-charge-
exchange (SCX) systematics, applies
to deformed nuclei as well as to
spherical nuclei.

These '®*Ho SCX data also establish
the feasibility of the full experiment,
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FIGURE 3 Extrapolated 0° crass sections, divided by neutron excess, for previous
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whose aim is to determine the dis-
tribution of neutral matter at the nu-
clear surface. The full experiment,
based on the theoretical work of
Chiang and Johnson,® will attempt to
measure an asymmetry among dif-
ferent orientations of an aligned,

single-crystal "**Ho sample. The spec-

trum shown in Fig. 1 is cousistent
with our ability to measure the asym-
metry to <10%, which will allow a
determination of the shape of the
neutral-matter distribution to <15%.
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EXPERIMENT 845 — Neutrino
Area

Search for Neutrino Oscillations at
LAMPF

e Date Unee Argonne Matonal Lab
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Napolitano, B. K. Fujikawa, R. 0. McKeown, K.
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The decays of stopped pions in the
LAMPF beam stop present a unique
opportunity to probe neutrino os-
cillations, in the mass region of
3m* ~ 0.1 eV? and mixing
parameters as low as sin*20 ~ 107,
The appearance of v, will be
measured with high sensitivity by
Exp. 645 during the run cycle that
begins in summer 1986,

Intermediate-energy proton ac-
celerators provide neutrino sources
in the energy range from 10 to
50 MeV, which is ideal for oscillation
searches in the mass region
3m* ~ 0.1 eV2 Inaddition, the avail-
able beams are very intense, allowing
the experiments to be sensitive to
mixing parameters as low as

sin?28 ~ 1072, The distance of the de-

tector from the beam stop L and neu-
trino energy E, set a typical oscilla-
tion scale of L/E, ~ 0.6 m/MeV, a
value intermediate to that cbtained
in reactors and high-energy experi-
ments.

LAMPF provides a 670-pA proton
beam with a kinetic energy of
800 MeV. The beam is absorbed ina
copper beam stop, producing on av-
erage 0.09 pions for every proton.!
Although both positive and negative
pions are produced, n” quickly fall
into atomic orbitals and are absorbed
into the nucleus by strong processes.
The nt* come to rest and decay,
producing the beam stop neutrino
spectra via the decay sequence
nt—putv,, pt— €'v,9,. These
decays provide a clean point source
ofv,, ¥,,andyv,.

LAMPF Exp. 645 is located 24 m
from the beam stop at a polar angle of
17° from the main proton beam.

The liquid-scintillator detector is the
target for the inverse beta decay reac-
tion V,p — € n, which, if seen, would
provide a signature for the appear-
ance of v,. The construction phase of
the experiment is complete and
calibration and cosmic-ray back-
ground studies are currently under
way. The first data run is expected to
begin July 1986.

The design and construction of the
experiment are dictated by the ex-
pected backgrounds rather than by
the signal of a single isolated
positron. Because of the long ac-
celerator duty cycle (~9%) and be-
cause Los Alamos is 2100 m above sea
level, cosmic rays constitute a serious
background.

The detector will operate inside a
tunnel with an overburden of
3000 g/cm?, enough passive material
to eliminate the hadronic component
in the cosmic-ray flux (see Fig. 1).
The estimated integrated muon flux
inside the tunnel is 8 kHz. In addi-
tion, the central detector is covered
by a 4% cylindrical cosmic-ray shield,?
which contains an outer layer of
liquid scintillator (15.2 cm) and an
inner layer of lead and iron (12.7 and
5.1 cm, respectively). The outer layer
is used to veto charged particles. The
passive layer is designed, in
particular, to eliminate the back-
ground of muons stopping outside
the active layer, where an electron
from the decay radiates a photon that
can pass through the scintillator un-
detected before it converts inside the
shield. To minimize inefficiencies in
the shield, the scintillator fills only
three optically isolated sections: the
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TABLE | Backgrounds CAaused by Interactions in the Detector

Rate/Day in Detector

Target  Mass(Tons) o(107"cm?) (E, > 35 MaV)
K 15 15 <0 01
3¢ 015 <H <0.05

2 <5 <0 03

27A| oo

cylinder and one end cap, the bot-
tom, and the other end cap. The scin-
tillator is viewed by 360 photo-
multiplier tubes (EM1 4870-B) 10
provide ample redundancy.

The central detector has 40 layers,
each one consisting of a scintillator
plane followed by vertical and
horizontal proportional drift
chambers (see Fig. 2). The liquid
scintillator is contained in horizontal
Lucite tanks (366 by 30 by 3 cm?) and
is viewed at both ends by Hamamaisu
R878 phototubes. Particles lose 75%
of their energy in the scintillator; the
rest is deposited in the Lucite and
drift-tube walls. The drift-chamber
planes consist of 45 wires assembled
8.1 cm apart. Drift-time and pulse-
height information are recorded for

every wire. Nuclei with loosely
bound neutrons—for example, VAl
and ®C—provide a target for v, inter-
actions and are a source of back-
ground because we are not able to
distinguish between electrons and
positrons (see Table 1). Thus, the
drift tubes are constructed of

laminated Kraft paper, with only a 25-

pm aluminum inner layer to shape
the electric field.? The detector
weight is 20 metric tons, of which
2.3 tons is hydrogen.

We must be able to distinguish

protons from electrons with high effi-

ciency in order to eliminate knock-
on protons produced in fast-neutron
interactions. The granularity of the
detector permits such identification

Assembly
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FIGURE 2
and dnft-chamber planes.

Neutrino detector sandwich (elevated view), consisting of 40 scintillator

FIGURE 1. Cosmic-ray shielding for the
neutrino tunnel (a) side view and (b) front
view. The shielding includes

3000 g/cm? of averburden, an active
charged-particle veto, and aninner layer
of lead and iron
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FIGURE 3 Expected sensitivity of

Exp B645to neutnino oscillations The
dashed curve assumes the exparnment s
free of background. the tuil curve as-
sumes a backgroundrate ot O |

svents/ day, and the dotted curve shows
current oscillatton limits

to be made by comparing the particle
range with the energy loss measured
in the scintillator. An additional
selection can be made based on the
dE/dx measurement in a siugic s<in
tillator plane. Using these criteria, we
have rejected protons by a factor of

3 X 107 in a prototype detector
studied in the LAMPF test beam chan-
nel. Given the present estimates of
neutron backgrounds (~1000,/day)
in our detector, this rejection is ade-
quate to eliminate knock-on protons
with kinetic energies greater than
100 MeV.

The signals from the detector and
the shield are digitized with [lash
analog-to-digital converters (ADCs)
and stored in cyclic memories con-
taining 150 ps of data. After the
positron trigger is flagged by hits in
three consecutive planes, data con-
tinue to be read into the memories
for 100 ps, so that when the data are
eventually transferred 1o the com-
puter, only 50 ps of information are
recorded before the event trigger.

The history is used to tag any signals
that might be associated with the trig-
ger—for example, a stopping muon.
The data recorded after the trigaer
peiniconiay v nEULron L.ai wouid
be present if the evei.i were in fact a
Vv, interaction.

Mylar sheets painted with natural
Gd,0; are located between all scin-
tillator planes. Neutrons from the in-
teraction may thermalize in the scin-
tillator and capture on gadolinium,
which deexcites by emitting
4.5 gamma rays on the average. The
detection of these gammas (total
energy is 7.9 MeV) provides a neu-
tron signature. The detection effi-
ciency of the neutrons is expected to
be about 25%, but depends on re-
quirements imposed on the detec-
tion of the resulting gammas.

In Fig. 3 we show the expected
sensitivity of Exp. 645 to neutrino os-
cillations. The Vv_p-interaction cross
sectionis 11 X 107" cm?. Assuming
a positron detection efficiency of
50%, the event rate for maximum os-
cillation is 47 events/day. We hope to
keep background rates, which limit
the sensitivity of the experiment, to
less than 0.1 events/day. For com-
parison, the best published limits are
also shown in the figure.’
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EXPERIMENTS 309, 750, 859,
and 957 — P°

A Dependence of Inclusive Plon
Douhle Charge Exchange

Los Alamos, MIT, Univ of Wyoming,
Univ. of New Mexico, Tel Aviv Uniy |
Colorado College

Spokespersons: P. A. M. Gram (Los Alamos), J. L.
Matthews (MIT), and G. A. Rebka, Jr. (Univ. of
Wyoming)

FParticipants: C. A. Bordner, D. A. Clark, S.
Hoibraten, E. R. Kinney, D. W. MacArthur, P.
Mansky, E. Piasetzky, D. A. Roberts, C. R.
Schermer, T. Soos, S. A. Wood, and H.-J.
Ziock

TABLE | Total inclusive Double-
Charge-Exchange Cross Sec-
tons for the A(x* &~ ) x Reac-
tionin Several Nucleiat 180
and 240 Mev

Mucleus 180 Me v 240 MeV

‘He 0242005 109 x£0 i
‘He 124+05
e 27903
15 3 547 £054
9Ca e 938x009
“3Rh B2 x2 272 x£30
208pn 337 £40 T34 x70

The strength of the elementary
pion-nucleon interaction suggests,
and analysis of pion-nucleus reac-
tions confirms, that multiple scatter-
ing plays an important, if often in-
direct, role in all pion-nucleus reac-
tions.! Inclusive pion double charge
exchange (DCX) is of special inter-
est because charge conservation
alone demands that at least two
nucleons within a nucleus explicitly
participate in the reaction. Thus DCX
provides a way directly to study mul-
tiple scattering in pion-nucleus reac-
tions. At present there is no adequate
theoretical description of multiple
scattering of strongly interacting
particles in nuclei. To promote the
construction of such a theory it is
useful to establish the systematics of
the DCX reaction.?

Our experimental program, started
in 1981, has produced accurate, sys-
tematic measurements of the doubly
differential cross sections for in-
clusive DCX, establishing its de-
pendence on the energy and charge
of the incoming pion, the outgoing
pion energy, the angle of observa-
tion, and the target nucleus in nine
nuclei*® ranging in atomic weight
from 4 to 208. Important information
about the reaction mechanism is con-
tained in the dependence of the DCX
cross section on the number of neu-
trons #nd protons in the target
nucleus. We present here a sample of
our observations of this dependence
in the total-reaction cross sections for
both the .4(n*.n~) and the A(n~,x")
reactions at two incident pion
energies.

Inasimple classical picture the
DCX reaction proceeds as two suc-
cessive quasi-free single-charge-ex-
change (SCTX) scatterings. In the
(n",n") reaction the SCX reactions
take place only on the neutrons,
whereas in the (n~,1t*) reaction the
SCX reactions take place only on the
protons. In the limit of a weak pion-
nucleon interaction, the probability
of the first SCX scattering would thus
be proportional to N (the number of
neutrons) or Z (the number of
protons), depending on the charge of
the incoming pion. The probability
of the second scattering would be
proportionalto N—lorto Z— 1.
Therefore, we might expect the cross
section for DCX to be proportional to
Q(Q— 1), where Q is the number of
nucleons of the appropriate type.
This picture also suggests that a com-
parison of (*,n7) and (r",%*) on a
given nucleus may lead to informa-
tion on the relative neutron and
proton structure of the nucleus.

Inthese experiments the doubly
differential cross section 6( T,0) was
measured for each targetand inci-
dent beam at several angles, with
complete coverage of the outgoing
pion energy spectrum from 10 MeV
up to the kinematic cutoff for in-
clusive DCX. Absolute cross sections
were obtained by normalization with
respect to ip scattering. The 6(7,0)
was integrated over outgoing energy
ateach angle to yield singly differen-
tial cross sections 6(0). These were
fitted by sums of Legendre
polynomials. Total-reaction cross
sections were obtained by integrating
the fitted functions over angle. The
cross sections, given in Tables I and
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I1, are all preliminary results except
those for %0 and *°Ca.

Figure 1 presents the variation of
the reaction cross section with 4 for
the (n*,77) reaction at 180 and
240 MeV. The monotonic rise of the
cross section according to a power
law in A is not unexpected. Only the
cross section for *Be, which has un

A possible explanation of this ef-
fectis that the large neutron excess in
heavy nuclei shields the protons from
the incoming negative pions. At the
A-resonance energy, negative pions
interact strongly with neutrons and
relatively weakly with protons, but it
is the protons on which DCX takes
place. Moreover, there is theoretical
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1 10 A 100 1000 1 10 A 100 1000
FIGURE 1 Total inclusive DCX cross FIGURE 2 Totalinclusive DCX cross

sections tor the A(r* . 1t7) reaction at 180
and 240 MeV as atunctionof A (0,
240 MeVyand X (180 MeV)

extra neutron, deviar=s significantly,
lying about a factor of 2 above the
general trend. The surprising result is
shown in Fig. 2. The cross section for
the (71" reaction rises approx-
imately parallel to that for the (x*,n7)
reaction up to about 4 = 40, where it
becomes constant and remains so up
to A= 208, despite the fact that lead
has over 4 times as many protons as
calcium.

sections for the A(r~,x*) reaction at 180
and 240 MeV as a tunction of A

reason to believe that in heavy nuclei
afraction of the neutron distribution
lies outside the proton distribution.
Therefore, DCX is inhibited by com-
peting reactions that occur on the
neutrons. Naturally, neutrons and
protons exchange roles for positive
incoming pions, but there are no
heavy proton-rich nuclei, so the cross
section does not saturate at some
value of A. Observation of DCX in
3He, planned for the future, will be
very interesting.

Nuclear and Particle Physics

TABLE II. Total Inclusive Double-
Charge-Exchange Cross Sec-
tions for the A(n™ . xt ) X Reac-
tionin Several Nucleiat 180

and 240 MeV
Nucleus 180 MeaV 240 MeV
“He 126+0.16
“Be 223+03
160 3.43+0.44 5.32 £0.54
OCa 6.69+085 10.22+005
103K 543+ 1.0 119 +1.0
208phy 548+ 1.0 126 £20
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Te= 180 MeV <= 240 Mev
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FIGURE 3. Totalinclusive DCX cross cections at (a) 180 MeV and (b) 240 MeV,
divided by Q{Q — 1) and plotted against (A — Qj, where Q@ = N for (st a7 )and Q = 2
tor{n~.n*). The lings correspond to tits ot the form Q{Q — 1}/{A — Q)P. For bothlines,

p=1.4.

Pan

These qualita‘tive ideas suggest an
empirical parameterization of DCX
total cross sections by the simple
formo ~ Q(Q—1)/(4— Q)%
where A — Q represents the number
of spectator nucleons on which com-
peting reactions can occur. Figure 3
displays the cross sections for both
(r*, 1) ond (n~, 1) plotted according
to this simple organizing principle
for 180 and 240 MeV. The vertical
axis is 6/ Q(Q— 1) and the horizon-
tal axis is (4 — Q). Inthese graphs,
cross sections for both charges of in-
cident pion occur at the same values
of (4A— Q) for N= Z nuclei, but at
different values of (A— Q) for N+ Z

nuclei. Nevertheless, all the cross
sections at a particular energy,
including those for °Be, lie accep-
tably close to a straight line, which
has a slope of —1.4 for both energies.
Thus for the N= Z nuclei this
parameterization implies that

o ~ A%, rather close to the 4% de-
pendence characteristic of reactions
that occur on the surface of the
nucleus.

We are a long way from com-
prehension of the reaction
mechanisms at work in X, but the
success of this simple classical pic-
ture suggests that sequential SCX
scattering operating in competition
with the much more probable quasi-
free scattering process is a useful idea
with which to begin.
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EXPERIMENT 804 — P°-East

Measurement cf the Analyzing
Powerinnp— ynandn p — n'n
Using a Transversely Polarized
Target

UCLA George vashington Uniy
CathoiC Univ of Amenca, Abilene
Chnstan Univ |, Los Alamos

Spokesman: B. M. K. Nefkens (UCLA)

The experimental setup is shown
in Fig. 1. The major components are
two sets of 15 neutron detectors, two
sets of 15 gamma detectors, and the
Los Alamos P-Division polarized
proton target. The incident beam was
centered on the target using two
steering magnets in the beam line
5 m upstream of the target. These
magnets were used to correct for the
bending of the beam at the target by
the “C” magnet of the polarized
target. A pair of thin scintillation
counters S, and §,, located 60 cm
upstream of the target, defined the
beam. The beam flux was typically
0.9 X 10° /s ona 2-cm-diam spot on

Polarized Proton
Target

FIGURE 1

Layout of the experimental setup The beam was centered on the target

withthe help of x and v-steenng magnets Sy and S, are the beam-defining scintillation
counters. Nyand Ngare two sets of neutron detectors, and G, and Ggare iwo sets of
corresponding gamma detectors VN, and VNgare charged-particle veto counters in
front of the neutron detectors, and VG, and VGgare veto counters for the gamma

detectors

the target. The central momenta and
respective momentum bites of the
incident beam were 427 £ 2,471 £ 2,
547 + 4,and 625 £ 6 MeV/c.

The target consisted of 1-mm-diam
ethylene glycol beads contained in a
truncated sphere 4.6 cm in diameter
and 2.8 cm high. The target polariza-
tion, typically 80%, was measured
with a nuclear magnetic resonance
(NMR) system,

The final-state neutron and gamma
were detected in coincidence. The
gamma detector consisted of 15
counters arranged ina 5 (ver-
tical) X 3 (horizontal) rectangular
array. Each counterwasa 15- by 15-
by 25-cm-deep lead-glass block op-
tically isolated from its neighbors
and viewed by a 12.7-cm Amperex
XP2941 photomultiplier tube. The
neutron detector also consisted of 15
counters, each a cylindrical plastic
scintillator 7.6 em in diameter and
45.7 cm long, viewed by an RCA 8575
photomultiplier tube.

An important consideration 1n de-
signing the experiment was the clean
separation between the REX
(radiative-exchange), m p — y»n, and
the CEX (charge-exchange),
7~ p — ©°n, events. Experimentally,
the REX and CEX events have ident-
ical neutral particles in their final
states, but the CEX reaction has a
cross section very much larger than
that for REX. The gammas from the
REX reaction are kinematically re-
stricted to a small area on the gamma
detector. The n° yields rwo back-to-
back gammas in the n° rest frame that
are folded forward in the laboratory
frame by the Lorentz transformation
and that illuminate the entire area
covered by the gamma detector.
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The neutron counters were ar-
ranged such that each counter was
matched to a unique gamma counter,
as dictated by the kinematics of the
n}vo-body final state of the REX reac-
tion. Figure 2 shows the front faces of
a gamma detector and the matched
neutron counter array. The radial dis-
tances of the detecrors, between 2
and 3 m, were chosen on the basis of
a Monte Carlo study in which we
optimized the REX-signal—to-
CEX-background ratio within a
matched neutron-counter-
gamma-counter pair. Radial distances
of both the neutron and gamma de-
tectors were changed for different
scattering angles and incident pion
momenta, and the neutron counters
were also rearranged to preseive the
one-10-one neutron-counter—to—
gamma-counter matching,

Charged-particle veto counters, VN
and VG, were in front of the neutron
and gamma detectors. There were
two pairs of neutron-gamma detect-
ors, each pair with a completely
separate set of electronics. This ar-
rangement allowed the measurement
of two angular intervals simultane-
ously. For each event we recorded
the pulse heights and time of flights
from all neutron and gamma counters
and the time of §,, §;, and the 200-
MHz rf pulse on which the ac-
celerator was timed. All times were
measured relative to the gamma
counter that triggered the event. The
rftiming signal was used to correct
for small timing differences caused
by different gamma counters starting
an event, arid to remove any timing

MNuclear and Particle Physics

jitter caused by different gamma in.
teraction points and the transmission
of light within a gamma counter.

In the data analysis the neutron
time of flight and the gamma pulse
height were very usefu! in eliminat-
ing a large fraction of the background
events from the 90%-by-weight
nonhydrogenic parts of the polarized
target. The neutron time of flight
could not be used to completely
separate the REX and CEX events
except at low energies or at very for-
ward gamma angles; a fraction of the
CiX evenis was removed by the use
of a narrow window on the neutron
time of flight while retaining most of

Y DETECTOR
> 10 15 NEUTRON
DETECTOR
4 9 14 @@@
rolarized Proton @@ @
3 8 13 Y Target n
— —— OO
Beam into
R T pos ©O
1 6 " I 7 6 cmdiameter
15¢m 45cmlong
!

— 15— 25 4cmdeep
cm

FIGURE 2 The neutron counters and gamma counters arranged in one-to-one
matching prescribed by REX k:nematics
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the REX events. The major challenge
of the data analysis was the clean
separation between the small REX
events and the preponderant CEX
events. The key to handling the prob-
lem was to exploit as much as
possible the two-body character of
the REX compared with that of the
three-body CEX reaction.

After applying the neutron time-of-
flight and gamma pulse-height cuts,
we constructed a scatter plot display-
ing the event distribution from all
neutron-counter—gamma-counter
combinations. Using the one-to-one
neutron-counter—to—gamma-counter
matching prescribed by the REX
kinematics, the counters were
numbered such that neutron

.. e .@-- (Gm.
- B @%@
------@---Q- -
it %L "RE®.
é:flo—-u--@-- g----@-
8 II@I--Qg [ ] -@-
o --@u--®- ---@-
E -@Il- @-@---@--
(& @-I---@I = (H) - = -
5—---9.-- .@--.-._
:@@@@..@@::::::
@ - -@--------
o MO 7 - OE = -
0 4 8 12 16
Neutron counter #

he diagonal elements of this Z D histaogram are events from the matched neutron-
counter=gamma-counter pairs The circied elements are events from neutron- and
reighbonng gamma-counter pars A slight REX enhancement can be seen in
neghbornng elements

counter 1 corresponded with gamma
counter 1, etc. (see Fig. 2). Figure 3
displays a two-dimensional histo-
gram of the number of events in each
Neutron-counter—gamma-counter
combination; the REX events ideally
lie only on the diagonal whereas the
CEX evenis are distributed over the
entire histograrn. Because the neu-
tron-counter—gamma-counter
matching was not perfect, there was a
slight REX enhancement in the adja-
cent counters.

The analyzing power is given by
the expression

Nu— Nd

1
Ay=— ——————— |
P, Nu+ Nd— 2B

where P, is the known target
polarization, Nu is the normalized
yield of events that passed the gamma
pulse-height and neutron time-of-
flight cuts of the spin-up target, Nd is
similar for the spin-down target, and
B isthe normalized background
yield.

The background yields were
measured in separate runs in which
the target material was replaced by
Teflon (C,F,) beads. The number of
events is normalized by the beam
flux. Only the events that lie on the
diagonal of the 2D histogram are
considered REX candidates. The dif-
ficult problem in calculating the REX
asymmetry is the reliable subtraction
of the CEX contamination among the
REX candidates to yield the true REX
events. A 2D histogram of the CEX
distribution was produced using a
Monte Carlo code. From this Monte
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Carlo CEX distribution, the number
of CEX background events in the
diagonal elements of the 2D histo-
gram was calculated from the
numbers cf CEX events from the non-
diagonal and the nonadjacent ele-
ments. Typically, the hackground was
30%, of which 904% of the background
was CEX events and the rest came
from the nonhydrogenic material in
the target.

some preliminary results of the
analyzing power 4, in the REX reac-
tionat 427,471, 547, 586, and
625 MeV/ ¢ are shcwn in Figs. 4-6.

The solid lines ire the predictions
from the most recent energy-depen-
dent partial-wave analysis of single-
pion phiotoproduction by Arai and
Fujii.' The agreement is poor, which
leads us 1o quesuon their value for
the tadiative decuay amplitude of the
Roper resonance, A%, =23£9X
107 GeV /% Comparison is also
mad= with the prediction ofa 1977
partial-wave analysis (PWA) by
Noelle?; the agreement with our data
is good. The only other existing
measurements of the asymmetry are a
few points at 427 MeV/c¢ by a SIN
group.’ Within their sizable error of
about 0.2, there is good agreement
with our results, as shown in Fig. 5.

As a consequence of time-reversal
invariance, 4, must be the same in
sign and magnitude as the recoil
proton polarization £ measured inn”~
photonroduction from a neutron
target. Some results obtained with a
deuterium target** at 90°, shown in

Nuciear and Particle Physics
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FIGURE 4

Asymmetry parameter 4y meascied ina™p — yn, UsINg a transversely

polanzedtarget The incidentpion momentaare{a) 471, (b) 547, (c) 586, and

1d) 625 MeV/c The sohdlines are the predictions hom the energy -dependent partial-
wave analysis of single-pion produchion by Araiand Fujii (Ref 1) The dashed tmesin
(a)and (c}are the predictions by Moelle (Rel 2)ot{a) p,= 471 MeV/ v and

(c) by=575MeV /¢ The statistical and systematic uncertainties were summed in

qQuadrature
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FIGURE 5 Asymmetry parameter Aymeasuredint™p — yn Results of the present
experiment are compared with the data of Adler et al (Rel 3)at427 MeV/c
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FIGURE 6 Theasymmetry parameter obtained in Ay in this expenment compared
aththe recoil proton polanzaton data pmeasuredinan  photoproduction reaction at
90 using adeutenumtarget by Beneventano et al (Ret 4), J KennemuthandP C
Sten(Rel 5) andH Tarkedaet al (Ret 8)
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FIGURE 7 Asymmetry parameter Aymeasured int~p — 1°n using a transversely
polanzedtarget The solid curve is the prediction by the Karisruhe-Helsinke (K-H)
group (Ret 7)andthe dotted curve 1S the prediction by VPI (Ret. 9)
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Fig. 6, are compared with our work.
Because there is currently no reason
to doubt the applicability of time-
reversal invariance in this process,
we conclude from the poor agree-
ment between our data and that of
the inverse reaction measured with a
deuterium target that the deuterium
corrections are not well understood.
Hence the radiative decay amplitude
of neutral resonances based on deu-
terium-target data should be re-
eva}uated.

Kasily obtainable and very valuable
by-products of our REX experiment
arg some accurate data on the analyz-
ing power of the CEX reaction. These
data have become very important for
checking the correctness of the
double Roper resonance pole, which
is the outcome of the 1984 Virginia
Polytechric Institute and State Uni-
versity (VPI) partial-wave analysis.
Our preliminary CEX data at p, =471
and 625 MeV/ ¢ are shown in Figs. 7
and 8together with the predictions
of the partial-wave analyses by the
Karlsruhe-Helsinki (K-H), Carnegie-
Mellon University/Lawrence
Berkeley Laboratory (CMU-LBL), and
VPI groups (Refs. 7, 8, and 9, respec-
tively). The predictions of the partial-
wave analyses are in good agreement
with our 4, data at 471 MeV/c. At
625 MeV/ ¢ the predictions of various
partial-wave analyses diverge at
backward angles and our 4, data
agree best with the 1984 VPI solu-
tion. This is very interesting because
the VPI solution shows the P, wave
having two nearby poles in the com-
plex plane at (1359, —1007) and
(1410, —807) MeV/c.
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FIGURE 8 asymmetry parameter Ay measured inn™p — n°n. The solid curve 1s the
predicton by K H (Ret 7), the dashed curve, CMU-LBL (Ref 8), and the dotted curve,
VP Ret 9)
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EXPERIMENT 827 — P?

Study of Isobaric-Analog-State
Transitions with Pion Single Charge
Exchange In the 300- to 500-MeV
Reglon

C08 Samos, Tel 5o Une, U itah State
Wi Anzona State Univ L Unieg of
L olorado, SN

Spokesmen: J. Alster (Tel Aviv Univ.), H. W. Baer

and E. Piasetzky (Los Alamos), and U.
Sennhauser (SIN)

This was the first experiment
performed with the n’ spectrometer
mounted in the P> channel. The
purpose of the experiment is to ex-
tend the empirical systematics of
isobaric-analog-state (IAS) ditteren-
tial cross sections to energies above
the A(Py;) resonance. Questions of
particular interest are whether the 0°
cross sections are well represented
by the form g(N — Z)A™ and, if so,
whether the values of gand a con-
tinue the trends observed at energies
between 100 and 300 MeV. These
trends show a to be a decreasing
function of energy, going from 1.40 at
100 MeV 10 1.10 a1 295 MeV. The
energy dependence of g follows ap-
proximately the shape of the free
cross section do/dQ(n"p — n°n) at
0°. From the preliminary analysis of
the data, given below, we see large
surprises relative to expectations
based on these trends.

Another goal of this experiment is
to provide a test of pion-nucleus scat-
tering theory at an energy where this
theory is expected to work best. At
energies around 500 MeV the reac-
tion mechanism is generally ex-
pected to be simplified considerably
because of the lesser role of isolated
resonances in the TN system, the
weaker optical potential, and the
smaller pion de Broglie wavelength.
Thus the data should give a less-am-
biguous evaluation of the theory than
at lower energies.

In a 22-day data run in August-
September 1985, we measured the
(n*,1°) forward-angle differential
cross sections (0to8°) at four ener-
gles on various targets (Table ).

The resolution in the 7° spectra
measured at P? was not as good as that
inthe LEP measurements because of
the poorer momentum analysis of the
P’ beam. The smallest value of Ap/p
we were able to obtain was approx-
imately 1% (even if the momentum
slits were set for smaller values). This
corresponds to AE =4 MeV at 300-
MeV incident energy and
AE= 6.6 MeV at 550 MeV. In addi-
tion, it was necessary to put thick
degraders into the beam (11.5-cm
graphite at 550 MeV) to reduce the
proton contamination; this degrader
further broadened the incident pion
energy distribution. The final energy
resolutions we obtained in the
spectra were approximately 8 MeV at
425 MeVand 11 MeV at 500 MeV.

The n° spectrometer was mounted
in its two-post configuration to allow
for large target-to-detector distances
(R). All data were taken with
R=2.0 mand with a nominal setup
angle of 0°. This gave a finite accep-
tance for n° scattering angles in the
range from 0 to 10°. In the oft-line
analysis the data were binned into
three groups according to measured
scattering a.gles.

The incident © flux was measured
using the scintillator activation tech-

TABLE | Measurements ol (n*, 1% Forward-Angle Dilferential Cross Sections

Tr (MeV) Targets
300 L1, 2T AL BN
425 Ly, "G FTAL PRy 907 1205 n 208
500 Ui TG 2T AL B0
550 7

L "C
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nique. Because the protons in the
beam also induce 'C activity, a cot-
rection had to be applied based on
the measured proton contaminations
and known proton activation cross
sections. The proton/pion ratios at
each energy were measured using a
sampling-grid scintillator. Typical
beam conditions at which data were
taken are given in Table 1.

Figure 1 shows the n° spectra at
T, = 425 MeV at the most-forward
scattering angle for targets from "Li to
*8ph, The 1AS peaks can be well iden-
tified at the expected energies. The
measurement for the np — n°n reac-
tion, also shown in Fig. 1, was
performed with a CH, target. The
carbon contribution was subtracted
out using a measured carbon spec-
trum. The solid curve represents a
Monte Carlo calculation for the line
shape and gives a good description of
the data. The curves shown with the
(n*,n%) data represent fits done with a
single peak plus a polyiiomial func-
tion for the background. The peak is
constrained by the energetic position
of the IAS and the Monte Carlo line
shape. We see that this model givesa
fair representation of the data.

At 500 MeV we took data only on
"Li, "C, YAl and ®Ni because of the
limited run time. The most-forward-
angle spectra are shown in Fig. 2.
Again, the [AS is clearly discernible
at the expected energies, and one can
see that the line shapes calculated by
Monte Carlo simulation describe the
data quite well.

Nuclear and Particle Physics

TABLE #i  Typical Bearn Conditions During Data Taking for Exp. 827
T (MeV) nt Flux (s7") Ap/p (%) Proton/Pion Flux
300 1 X107 02 ~0
425 5 X108 02 002
500 25X 10° 04 016
550 g %10t 05 40
» L N B * 2.5° N
¥ - 950 T‘.—p_’ﬂ.on w0 L.
w b
00 300
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200
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40 w
20
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FIGURE 1

Spectralfor the (nt 10 reaction at 425 MeV for various nuclear targets

These spectra were measured at the P3 channet with the LAMPF n° spectrometer Tre

peaks occur at the expected energies for the IAS transitions.
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The paaks occur atthe e«pected energ.« "or the IAS transitions

In Fig. 3 we show the data on ®Ni
at 425 MeV for three values of scatter-
ingangle. These showthe IAStobea
very sharp forward-angle feature. At
7° the IAS is hardly visible in the
spectrum. We expect these angular
distributions to follow a /2(gR)
shape. The first zero of a Bessel func-
tion of order 0 is 2.405. For an inter-

action radius R = 1.25 4"*and a
beam energy of 425 MeV, this would
give a first minimum for “Ni at 10°,
which is consistent with the data, We
will analyze the data to obtain both
the 0° cross sections and the rate of
falloff versus ¢ (or 6%).

In Fig. 4 we give prelimina.y '°
cross sections for 'Li and ' at 425
and 500 MeV. Also shown are pub-
lished cross sections at lower
energies. The factor of 2 rise in cross
section between 300 and 425 MeV is
surprising. Certainly this is not a fea-
ture that exists in the elementary
7 p— ®'n cross section. Its energy
dependence (Fig. 4) is such that the
cross section drops by approximately
25% between 300 and 500 MeV. It
will be interesting to understand the
origin of the sharp rise in the nuclear
Cross sections.

The near equality of the "Li and *C
cross sections between 230 and
500 MeV is consistent with an
(N— Z)/Adependence in the cross
sections. In a plane-wave model one
expects an (N — Z) dependence for
the 0° cross sections. In a strong-
absorption model one expects an
(N— Z)/A"* dependence.

When we complete the data analy-
sis, the excitation functions between
165 and 425 MeV will be known for
L1, 4C, ¥Al, °Ni, *Zr, '®Sn,and *Pb.
Forthe lighter nuclei, "Li to “Ni, the
excitation functions will be de-
termined up to 500 MeV. For "Li and
"C they will be determined from 20
t0 550 MeV.
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FIGURE 3 Spectra for the 8Ni(r™, =) reaction a1 42 MeV at three forward angles.

The IAS tranahion has a sharp forward-peaked angular distribution.

FIGURE 4. Excitation function of the 0°
IAS cross sections for "Liand '*C. The
new (preliminary) data at 425 and

500 MeV show that the cross section
rises sharply above 300 MeV. The free
cross section do/d€2. » (n"p — n°n)
versus T, (lab)is shown as a solid line.

Between 300 and 500 MeV itis a gradu-

ally decreasing function of energy, in

sharp contrast to the chape of the excita-

tion functions for the nuclear targets.
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EXPERIMENT 852 — P?

Measurements of (==,n) Reactions
on Nuclear Targets to Study the
Production and Interaction of

n Mesons with Nuclel

Los Alamos, Univ. of Virginia
Spokesman: J. C. Peng (Los Alamos)

Participants: J. E. Simmons, M. J. Leitch, J.
Kapustinsky, J. M. Moss, C. Lee, S. Tang, J.
C. Peng, J. D. Bowman, F. Irom, Z.F. Wong, T.
K. Li, C. Smith, and R. R. Whitney

Discussion on the physics motiva-
tions of Exp. 852 and results from a
test run appeared in the 1984 Pro-
gress Report.

This experiment has received
beam time in 1985 for the following
measurements:

1. the*He(n",/)nreaction. Tritons
are detected with the large-
arercire spectrometer (LAS) at
forward angles (5° <8, < 15°)
with 620- and 680-MeV/c¢c ™
beam.

2. the*He(n™,1) treaction. The
LAMPF n’ spectrometer and the
University of Virginia *He target
have been used to measure this
reaction through the detection
of n — 2y decays. Cross sec-
tions at forward angles (0°
< 0,,, < 30°) have been

measured at six beam momenta
(590 MeV/c < p(n7) =
700 MeV/¢).

3. the (n*,n) reaction on ’Li, ’Be,
and “C. Energy resolution in
these measurements is op-
timized to examine whether
isobaric-analog states (IASs)
can be strongly excited in the
(7", M) reaction.

4. the inclusive (n*,n) reaction on
’He,"He,"Li,’Be, ?C,”A1,*Ca,
1206 and 2°®Pb at 620, 650, and
680 MeV/c.

The data are currently being
analyzed. Some of the preliminary
results are presented in this report.

Figure 1 shows the triton spectrum

obtained in the *He(n",#) measure-
ment using the LAS. A peak is ob-
served in the triton spectrum at 2

®He (1), 680 MeVk, 8,4,=10°
35_lll|f7|1]Il!lllllll—l—fljll‘Flllllllj
|- 3 -

- He (7 .t) .

30 ]
L asF -
> s .
220: -
Q ]
- 15K I
~ [ R
2 s ]
glob —:]
o E .
o SE E
of |l 11 07

- 'j ]
_5_lllj||I|llllil|llllllLll e ooty a
500 700 900 li00

Triton Momentum (MeV/c)

FIGURE 1. Energy spectrum of the 3He(r ™ t) reaction. The arrow indicates the ex-

pected location of the 3He(n",z‘)n peak.
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FIGURE 2 Invanant mass plot tor the two photons detected in the n~ + CHa reactior

using the LAMPF 1% snectrometer

location expecred for the *He (17, 1)1
binury reaction. Note that this peak
stands out rather clearly above some
other possible backgrounds, such as
the *He(n™,£)n*m =" reaction that
contributes a continvum triton back-
ground. Preliminary analysis gives a
cross section of 1 pb/sr for the
3He(®™, 1)1 reaction. Because tritons
are detected at very forward angles,
the measured cross section cor-
responds to the backward angle in
the *He (77, 1) ¢ reaction. This is the
first time that a discrete final state has
been observed in the (1,n) reaction
on nuclear targets.

The LAMPF n° spectrometer,
moved to the P>-East area from the
LEP channel during 1985, was used
for the (m,n) measurements. Figure 2
shows that the n mesons are clearly
identified from the invariant mass
plot. The n-energy spectra are shown
in Fig. 3 for the *He(n™,n) reaction at
three pion beam momenta. At
680 MeV, which is near the free
p( ) nthreshold, the*He(n™ n) ¢
reaction appears as a shoulder of the
quasi-free *He (n™,7) reaction. As the
beam momentum is lowered to

Nuclear and Particle Physics
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620 MeV/c, the separation between
the ground-state transition and the
3He (77'-»"7) Reaction quasi-free continuum improves
Y S — greatly. At 590-MeV/ ¢ pion momen-
[ 680 MeV/c tum, which is just above the absolute
i threshold of the *He(n™,n) ¢t reaction

30 and below the threshold of any other

3He(n™ M) channels, the *He(n™ )¢
reaction is unambiguously detected.
We expect to study the mechanism of
the (n,m) reaction and the n-nucleus
interaction through the energy de-
pendence and angular distribution of
this reaction. It is intriguing that the
subthreshold (7,n) reaction has ap-

20

| A B Lt e s B e L U
PENUEN U RIS WU S I SR B B AT

o
.

30‘\:‘ i preciable cross sections.
-~ I 620 MeV/c Preliminary results also show that
2 so L h I1ASs are excited in the (r* ) reac-
5 r i tionon’Li,’Be,and *C. This is
N L ] surprising because the momentum
@ aof ] transfer in the (n,n) reaction, unlike
E r ] the situation in the (1,n°) reaction, is
S r J rather unfavorable for exciting the
20 |- 7 IASs. We note that the (zf 1) reaction
r ] can be considered as an unconven-
ol ! i ] tional charge-exchange reaction. The
30 -y 1 conventional charge-exchange reac-
s 590 MeV/c tions, such as (p,n), (*He,t), and
25k 3 (*,1°), involve a pair of particles
1 ] belonging to the same isospin multi-
20 F n plets. In contrast, the (7% 1) reaction
s ] involves a pair of mesons belonging
s b ] tc different isospin multiplets. We
expect that the (m,1) reaction could
' 3 E also shed new light on the mecha-
5 3 3 nism of charge-exchange reactions.
0 £ “L[IH. | PR S SR S N S S T ]
0 50 100 150 200

7 Energy (MeV)

FIGURE 3 Then-energy spectra measuredin the 3He(n',n) reactionwith three
different®™ momenta The arrows indicate the locations of the *He(r™,1)¢ transition
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An experiment was performed us-
ing the Crystal Box detector to study
the rare radiative pion decay
1t — evy. The distribution of energy
sharing between the three particles
in the decayyields information about
the ratio of axial-vector—to—vector
form factors that describe the struc-
ture-dependent part of the pion
decay amplitude. This information is
important for nonperturbative quan-
tumn chromodynamics (QCD) calcu-
lations of low-energy sum rules and
for providing important information
on the current quark masses. Two
previous experiments obtained
similar results for the magnitude of
the ratio but had conflicting results
for the sign.

The experiment used a beam of
~10° nt*/s stopped in a thin target at
the center of the Crystal Box de-
tector. The trigger required a coin-
cidence between one charged and
one neutral particle, each with a
minimum energy of =15 MeV. The

effective branching ratio fort — evy
is ~107% We collected several hun-
dred events covering a broad region
of the allowed phase space; the data
should easily resolve the ambiguity
among results of previous experi-
ments.

The data analysis is proceeding.
The absolute energy calibration of
each of =400 crystals has been de-
termined using the known energy
spectrum from normal muon decay.
The data tapes have been processed
to select candidate events. The most
difficult part of the analysis is the
separation of the signal from acciden-
ul coincidences in the region of low
electron energy and high photon
energy. Results are expected in a few
raonths.

Nuclear and Particle Physics

EXPERIMENT 888 — SMC
Study of the Decay n* — &*v,y

Los Alamos, Stanford Univ., Univ. of
Chicago, Templa Univ.

Spokesman: Aksel Hallin (Los Alamos)

Participants: R. D. Bolton, M. D. Cooper, J. S.
Frank, A. L. Hallin, P. Heusi, C. M. Hoffman,
G. E. Hogan, F. G. Mariam, R. E. Mischke, L.
Piilonen, V. D. Sandberg, R. Werbeck, R. A.
Williams, S. L. Wifson, M. Ritter, D. Grosnick,
S. C. Wright, V. L. Highland, and J.
McDonough
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EXPERIMENT 869 — SMC

MEGA: Search for the Rare Decay
ut— ety

Srgonne UCLA Unne of Chieago, Univ
a1l Fousion. Los Siamaos Stantord
CNy L 1 Reas AahY e e

arginga Unie ot Wyoming, vale Uni
Spokesman: M. D. Cooper (Los Alamos)

Par:icipants: K. F. Johnson, D. Barlow, B. M. K.
Nefkens, C. Pillai, S. C. Wright, E. V.
Hungerford, lll, D. Kodayh, B. W. Mayes, Il L.
Pinsky, J. F. Amann, R. D. Boiton, M. D.
Cooper, W. Foreman, C. M. Hoffman, G. E.
Hogan, T. Kozlowski, R. E. Mischke, D. E.
Nagle, F. J. Naivar, M. A. Oothoudt, L. E.
Piilonen, R. D. Werbeck, E. B. Hughes, R. H.
Burch, Jr., C. A. Gagliardi, R. E. Tribble,

K. O. H. Ziock, A. R. Kunselman, P. S. Cooper,

R. Lauer, and J. K. Markey

The search for processes that
violate conservation of muon number
continues to be a subject of high
interest because these reactions must
occur through processes outside the
minimal Standard Mode! of weak in-
teractions. In placing the observed
fermions in the group representa-
tions of the model, the assignments
are repeated three times and the
particles are assigned to generations
or families in the order of their mass.
However, the minimal Standard
Model is aesthetically incomplete be-
cause it contains many unknown
parameters and the family replication
is not explained. The apparent need
for an extension to the Standard
Model and the requirement that
muon-number nonconservation be
outside the model have driven ex-
perimentalists to redouble their ef-
forts to find such a process.
Furthermore, its nondiscovery at in-
creasingly better limits restricts the
types of models that can be built.

The future of this field at LAMPF is
called MEGA, an acronym standing
for Muon decays into an Electron and
4 GAmma ray, and is a search witha
branching-ratio sensitivity of
9 X 107", The MEGA collaboration,
formed in the spring of 1985, sub-
mitted the experiment proposal to
LAMPF last summer. The experiment
was approved but awaits final DOE
funding approval, we hope by Febru-
ary 1986. Meanwhile, substantial ac-

tivity has begun at most of the 10
collaborating institutions. Our
reasons for beginning a new search
foru* — €'y follow.

1. The search addresses some of
the most compelling physics issues
of the 1980s—that is, physics beyond
the Standard Model. Many of the
possible extensions of the Standard
Model would make p* — "y ob-
servable. In many models the mass
scale probed would be well above
the energies expected, even at the
Superconducting Super Collider
(8SC).

2. MEGA will have a factor of
500 improved sensitivity compared
with that of the Crystal Box, which is
currently the best detector for
put — e"y. The factor of 500 improve-
ment is the largest that can be made
on any of the reactions that have al-
ready been studied at a significant
level.

3. The u* — e*yisthe easiest to
tackle at LAMPF. A u~ beam of sufti-
cient intensity to warrant undertak-
ing the p”A — € A conversion ex-
periment does not exist, and the cost
of a new beam line is prohibitive.
Each of the muon branches has been
pushed to the limit of acceptable
background, and the techrical im-
provements required for a three-par-
ticle final-state decay are more com-
plex at a low-duty-factor accelerator.

4. Substantial expertise already
exists at LAMPF from the peysf and
Crystal Box experiments for aetect-
ing this process.
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5. The new technology used in
this experiment will raise the tech-
nical expertise available at LAMPF.
MEGA will

® be the first with a large cryogenic
magnet,

¢ demonsirate the ability to 1ake
data in a very high intensity en-
vironment,

e use a multicrate FASTBUS sys-
tem, and

® use low-cost microcomputer
technology, both in data acquisi-
tion and in replay, to achieve

5 times the computing power of

the Data Analysis Center.

6. There is awindow of time for
the next 5 years when LAMPF will
have the most intense beam for doing
a high-sensitivity experiment.

In the design of the experiment
several features are considered.

First, the sought-after process is
identified through the measurement
of kinematical variables, that is, con-
servation of the four-momentum. The
pt — ¢y decay has the signature of
back-to-back electrons and photons
that are in-time, each 52.8 MeV and
from a common vertex.

To reach the very high sensitivity,
the second requirement is a large
number of useful muon decays,

where Q, is the solid angle, € is the
detection efficiency, and RT is the
stopping rate times the running time.

Nuclear anc! Particle Physics

MEGA is designed for 50% accep-
tance, high efficiency, and the high-
est stopping rate consistent with de-
tector performance. The detector
uses a low-energy stopped-muon
beam and a thin target to achieve its
required stopping density.

Athird requirement is good reso-
lution, which stresses iechnology in
high-rate environments and which is
needed to suppress backgrounds of
either ailowed processes or acciden-
tal coincidences. The experiment
must be background free so that sen-
sitivity will improve inversely as the
running time, rather than inversely as
the square root of the running time
when background is present. There
are two sources of backgrounds:
prompt-allowed processes and ran-
dom coincidences. These back-
grounds are suppressed with good
resolution.

Fourth, the data processing is a
search for a rare process in a very
great number of decays. Hence, a
clever trigger is designed to control
data-encoding and tape-writing rates,
and sophisticated analysis is used to
select any possible czndidates.

Finally, to understand the detector
response, the allowed process
pt — ¢"yvv is measured to prove that
the instrument can observe what it
should.
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FIGURE 1. Endview of the MEGA apparatus with an idealized p* — &%y decay

shown

The MEGA apparatus is shown in
Figs. 1and 2 and is designed to find
the decay u* — ¢"y in a background-
free experiment if its branching ratio
is greater than 1072, The apparatus is
contained in a large magnet that will
be obtained from SLAC; it has a field
of 1.5 T,aclear bore of 1.85 m,and a
length of 2.2 m. The central region of
the magnet contains the target, which
is a thin planar ellipse canted at a
large angle relative to the beam. This
orientation provides adequate stop-
ping power in the beam direction to
contain the muons and presents a
minimal thickness to the decay
products. The expected stopping rate
is 3 X 107 Hz (average).

The detector is divided into an
electron spectrometer and a series of
photon pair-spectrometers. All the
charged particles arising from muon
decay are confined toa maximum
radius of 29 cm, leaving the photon
detectors in a relatively quiet en-
vironment. A low-rate photon arm is
essential to the success of the experi-
ment. The design philosophy of the
electron arm is to optimize the reso-
lution of the electron detectors
without producing photon back-
grounds.

The electron arm consists of two
parts. The electrons from muon
decay first pass through a multiwire
proportional chamber (MWPC) with
three layers of sense wires at radii of
6,11, and 14 cm. The chamber,
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FIGURE 2 A sectioned plan view of the MEGA apparatus with the same idealized
ut — ety event shown that was displayed in Fig. 1

which is built of the thinnest possible
materials to minimize multiple scat-
tering and positron annihilation in
flight, also acts as 2 180° spec-
trometer to measure the helical paths
of the electrons in the uniform mag-
netic field. The parallel components
of the momenta are derived from the
measured coordinates of chamber in-
tersections along the beam direction.
These measurements are achieved
with spiral cathode strips. The wire
spacing in the chamber is 1 mm, a
pitch that makes the chamber effi-
cient at high rates. The chamber is
gated with a short coincidence pulse
to limit its sensitivity to the periods of
interest.

The very high rate makes a serious
pattern-recognition problem. A typi-

cal event is illustrated in Fig. 3. The
key to identifying candidate elec-
trons is that in the end view they

make almost perfect circles. The sym-

metry in a circle, plus redundancy in
the cathode strips, makes for a highly
efficient selection of candidates that
still rejects useless events. Figure 4
illustrates the expected resolutions
from the electron arm.

The second part of the electron
spectrometer consists of banks of
scintiliators arranged in a cylindrical
geometry about the beam near the
pole faces. After at least one revolu-
tion in the chamber, the electrons
enter the scintillators, which
measure the time of the electron.

Nuclear and Particle Physics
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FIGURE 3 Atypicaleventinthe electron spectrometer

Electrons trapped in the field for
more than eight loops are rejected by
their relative time with respect to the
photon. Each bank is divided into
100 elements to keep the individual
counter rates manageable. After pass-
age through the scintillators, the
electrons are stopped in a 4-cm-thick
annulus of lead.

The photon arm consists of con-
centric pair-spectrometers of essen-
tially identical construction. A
blowup of a section of one spec-
trometer is shown in Fig. 5. Each
pair-spectrometer is made of lead
converters, MWPCs, drift chambers,

and scintillators. The converters are
divided into three sheets and are sep-
arated by the MWPCs. Each sheet is
thin enough to maintain good resolu-
tion (1.2% at 50 MeV). The MWPCs
determine in which sheet the inci-
dent photon is converted, allowing a
correction for the mean energy loss
in subsequent sheets to be made. The
electron and positron from the con-
version have most of their energy
measured by the drift chambers as
they move along helical paths whose
radii are proportional to their
perpendicular momenta. The

parallel components of momenta are
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measured with spiral cathodes. Fi-
nally, the particles recross the con- . )

verters intlz) a cylindrical hodoscope Typical Event in the Photon Arm [
of scintillators of 4-cm arc length.
These scintillators, with photo-
multiplier tubes at both ends,
measure the time of the photon con-
version. Contributions from energy-
loss straggling and chamber resolu-
tion degrade the resolution 1o 2%.

29-MeV &"

le—Cathode Strips ———»|

O Oel—Field Wires ////t=o o

I ¢

’/////;/x////

52.8- T—~Sense Wires —

Bremsstrahlung produces a low- MeV ;,' = )
energy tail for 50% of the spectrum. N
The expected response function of O X © o c O
the pair-spectrometer is shown in . f
Fig. 6. X ioO X X

The most serious background for 0 Drift
the experiment is 2 52.8-MeV elec- Converter Chamber Drift
tron from normal muon decay in acci- Plastic/Lead / MWPC Chamber

Sandwich

dental, back-to-back, and time coin-

cidence with a4 52.8-MeV photon. The T
most copious source of 52.8-MeV
photons comes from internal brems-
strahlung or radiative muon decay
(Ut — e"yvv.) We intend to veto

FIGURE 5 A plown-up view of one pair-spectrometer showing the multiple layers af
converters and the chambers and scintillators

these photons by detecting the nor- Reconstructed Photon Energy

mally present low-energy electrons 150 T | T | T T T T

with which the photons are as- L

sociated. These electrons are below 7

2.5 MeV and follow the field lines to
the magnet pole faces. Relevant parts
of the pole faces will be lined with 100
scintillators set to veto on these elec:
rons.

The verv high init ataneous rates
require a sophisticated trigger. The
primary trigger relies on the fact that
all electrons from muon decay are
contained in the central region of the
detector. If the trigger requires a
photon of at least 12 MeV, the num-
ber of firings will be reduced by a 045 a7 49 5|
factor of roughly 700 relative to the
muon stopping rate. Energy (MeV)

FIGURE 6 Theenergy resoiutinn expected from the pair-spectrometers

Events
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TABLE | Parameters of p* — g%y Experiments 2

Properties MEGA pey! Crystal Box
Fractional electron energy resotution 0 005 0 09 0.08
Fractional photon energy resolution 0.02 0.08 0.08
Photon-electron iming (ns) 05 20 1
Electron position resolution at the target (mm) 2.0 30 20
Electron angular resoifution. including target scattering (deg) 06 13 13
Photon conversion poimnt resolution {mm) 3 76 25
Electron-photon angle (deq) 06 3.8 8.0
Photon angle (deg) 10 -
Ingtficiency ol bremssirahiung veto 0.2 - 0.5
Fractional solid angle imes detection etficiency 0.1 0.018 0.2
Muon-stoppingrate (s~ ) 3x 107 2% 108 5% 10°
Running time (s) 1.2 X107 1.1 X 108 2 % 108
Branching-ratio sensitivity gx 107" 1.7 X 107" 4% 10"
Number of background events with 20 cuts C4 ~10 ~50

3 Al resoiutions are FWHM
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On average, there will be 36 us
between triggers, which is sufficient
time for modern electronics to en-
code, compact, and read the data into
memories. A typical event will con-
tain about 700 data words. The dead-
time will be kept small by using
substantial parallel processing. At the
end of a LAMPF macropulse, the data
from the events will be read into one
of 32 microprocessors for further
selection.

The additional criteria will require
the electron energy to be 49 MeV, to
pass some restrictions on its relative
time to the photon, and to be within
10° of back-to-back to the photon.
The surviving events will be written
to tape at a rate of 11/s for further
analysis, which will use the complete
calibrations and refined algorithms

to sharpen the detector response
functions, thus kinematically isolat-
ingany pt — €y events from all
backgrounds. The replay of the tapes
will be done with the daia-acquisi-
tion MiCroprocessors.

The parameters of MEGA are sum-
marized in Table 1, where they are
compared with earlier experiments
since 1975. In almost every category
MEGA makes significant improve-
ments over the previous efforts. The
product of these improvements leads
to an experiment with an ultimate
sensitiviry that is 500 times greater
than that expected in results from the
Crystal Box.

To dramatize the sensitivity, Fig. 7

" displays the 90% confidence limit

versus running time that can be
achieved with MEGA. The current
limit and the curve for the Crystal
Box are also shown. In the back-
ground-free region, the curves drop
inversely as the running time, and in
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the background-limited region they
drop inversely as the square root of
thie running time. The desirability of
a background-free experiment is
clear.

The collaboration has estimated
the cost of MEGA to be $2.9 million if
the magnet is made available by
SLAC. The Director of SLAC has just
given his approval for the move. If
the funding is available to allow for
rapid procurement, debugging of the
experiment can begin in the spring of
1988. The collaboration ! very
enthusiastic about the experiment
and is working hard to keep it on
schedule.

MEGA is a world-class effort to
search for muon-number non-
conserving decays, and it comple-

ments experiments at SIN (muon-
electron conversion') and at
Brookhaven (rare kaon decays®; 1o
find a violation of the Standard
Model. We must explore all the
possible channels because theory
gives very little guidance as to which
process will be easiest to observe.
Unfortunately, there are so many
possible extensions to the Standard
Model, each containing un-
constrained parameters, that no de-
finitive predictive power exists. Most
of the models introduce new parti-
cles of large mass. Therefore, the new
experiments will continue to restrict
the model builders and give insight
on what to expect at the new genera-
tion of accelerators.
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FIGURE 7. The branching-ratio sensitiv-
ity as a function of running time for MEGA
and the Crystal Box
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EXPERIMENT §14 — SMC
LAMPE

EXPERIMENT 791 — RBeam B5
Brookhaven

Study of Very Rare K, Decays

LOS darmod IAmiGett L b, 0l
Pennsyhana, UCLA. Tempe Uit
Collage o Weaiarm scMary

Spokasmen (LAMPF Exp. 791): G. H. Sanders
and W. W. Kinnison (Los Alamos)

Spokesman (Brookhaven Exp. 791): S. Wojcicki
(Stanford Univ.)

As part of a major program of re-
search in very rare K; decays, LAMPF
Exp. 914 was proposed to measure
the analyzing power of a segmented
inuon polarimeter, a measurement
essential to rhe design of the K, ex-
periment and to the analysis of the
subsequent data.

The program of rare K, decay re-
search is an approved experiment at
the Brookhaven National Laboratory
Alternating Gradient Synchrotron
(AGS). Ina 2500-h exposure to a
beam of 10" protons per pulse (with
a 30 to 40% macroscopic duty factor)
we will search for the decay K, — pe
with a branching-ratio sensitivity of
~1X 107" bettering existing limits
by many orders of magnitude. In ad-
dition, the known decay K, — p*p~
will be simultaneously measured.
This decay has a branching ratio of

Dett Chambers

Uwiay volume

Targwl/,
e

-

Polarimeter

Muan Filter

Fid

FIGURE ' Therare kaon decay spectrometer

9.1 X 107%, and 27 events constitute
the world sample. The new experi-
ment should collect ~ 10 000 of
these events. We will search for the
decays K, — eeand K, — n¢" ¢ as
well.

The physics motivations for these
studies address frontier particle-
physics problems, and all are among
the high-priority experiments that
would be pursued ot a LAMPF 11 fa-
cility. The K; — peexperimentisa
search for nonconservation of muon
number, competitive with and com-
plementary to the Crystal Box experi-
ments and the MEGA (Muon decays
into an Electron and a GAmma ray)
project. The measurement of
10 000 events for K, — up would far
exceed the precision of previous
studies. However, the unique and ex-
citing aspect of this new study will be
our search for polarization of the p*
from the K, — p*u~decay. The Stan-
dard Mode! predicts no polarization,
aad the present world sample
provides no limit on the polarization.
Therefore, observation of any
nonzero polarization would signify
the presence of entirely new physics,
beyond the Standard Model and most
likely involving charge-parity (CP)
violating mechanisms. This subject
has been considered extensively by
the theoretical community, which in-
cludes Peter Herczeg at Los Alamos.

The measurement of polarization
is the motivation for LAMPF Exp. 914.
In the Brookhaven detector, Los Ala-
mos will provide the largest detector
component, 4 300-ton, fully active
muon range finder/polarimeter. Fig-
ure 1 shows the kaon-decay
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spectrometer, with the Los Alamos
polarimeter at the downstream end.
This module will measure the niuon
range in real time, essential to the
experiment trigger. In addition,
when fully instrumented it will locate
the stopping pesition of each muon
and detect the time and direction of
corresponding decay electrons. The
entire volume of the module will be
in a vertical 60-G magnetic field. The
muon polarization will be unfolded
from the decay asymmetry observed.

To carry out the polarization meas-
urement, the range finder/
polarimeter must be con-
structed of materials that induce no
p* depolarization at the stopping
point. For this reason, the 300 tons of
absorber plates will be made of Car-
rara marble and the active tracking
detectors will be ~40 000 extruded
aluminum proportional tubes. This
combination is the lowest-cost sys-
tem that meets the performance re-
quirements, and these choices follow
the developments in earlier experi-
ments at CERN.

The polarization analyzing power
has been carefully calculated using
Monte Carlo simulations. However,
validation of these design calcula-
tions requires empirical verification.
In addition, the key parameter, the
analyzing power, must be measured
because many subtle, butsignificant,
systematic effects cannot be reliably
included in any simulation. For these
reasons, LAMPF Exp. 914 was
proposed to determine the polariza-
tion analyzing power, using the
precision control of p* polarization
available at the SMC.

The prototype polarimeter module
used is shown in Fig. 2. It was con-
structed jointly at the College of Wil-
liam & Mary and LAMPEF. It consists of
256 channels of proportional tubes

and provision for 3 absorber
The sensitive region of the

plates,

polarimeter is housed within a
Helmholtz coil that provides the
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123



Nuclear and Particle Physics

necessary 60-G muon precession
field. The incoming muon beam is
measured by upstream trigger scin-
tillators, and tracks are defined by
two sets of multiwire proportional
chambers. The polarimeter propor-
tional-tube planes are read out into
128-word-deep buffer memories,
clocked at 10 MHz. The trigger is
such that for each stopped muon the
entire history of the polarimeter
module is digitized for 6.4 ps before
and 6.4 ps following the muon stop.
This provides a complete measure-
ment of the muon stops and decays.
The first of two data runs has been
carried out, using 133-MeV/c
polarized u* at the SMC. By varying
the source pion momentum in the
collection section of the SMC, the
polarization of the p* beam was ad-

justed between full forward and full
backward polarization. A total of 108
stopped p* events was recorded, with
data taken under varying beam rates,
absorber plate thicknesses, choices
of absorber material (6061 aluminum
and Carrara marble), and magnetic-
field settings.

Figure 3 shows the observed
decay-electron counting rate in a
selected proportional-tube region as
a function of time after the muon
stop. The data clearly show the p*
decay rate and the modulation result-
ing from p* polarization. The decay
asymmetry from a preliminary fit 1o
these data is shown. The final analy-
sis of all the data taken and the com-
parison of the fit resulis with the
Monte Carlo results will yield the
measurement of the analyzing power
under the conditions studied. A sec-
ond data run for Exp. 914 will be
requested when the final detector
version is constructed.

During 1986 a major part of the
absorber system and a significant part
of the active detectors will be con-
structed for use at Brookhaven in
autumn 1986.




FIGURE 3. Preliminary results from analysis of the test polarimeter data. The raw
precession spectrumis from chambers upstream and downstream of the muon
stopping point. Marble absorbers (3.8 cm thick) were located in each gap. Fitresults

are shown below
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EXPERIMENT 745 — SMC
E2 and E4 Deformations in 2**Th,

m.m.nmn.m“ and !Il.!ll.!l!P“
!

Los Alamos, Princeton Univ . Purdue
Univ . Oak Ridge

Spokesmen: E. B. Shera (Los Alamos) and J. D.
Zumbro (Princeton Univ. /Univ. of
Pennsylvania)

Participants: C. E. Bemis, Jr., M. V. Hoehn, R. A.

Naumann. W. Reuter, E. B. Shera, R. M.
Steffen, Y. Tanaka, and J. D. Zumbro

Muonic x-ray spectra of 2*Th,
233.234,235,236.238U, and 239,240,242 Pu have
been studied over the past 3 years.*
The primary purpose of the measure-
ments was to make precise de-
terminations of the nuclear electric
hexadecapole moments in these
heavy nuclei. The quadrupole (£2)
moments, as revealed in this se-
quence of experiments, show a
smooth systematic increase with in-
creasing atomic mass [Fig. 1(a)]. The
electric-quadrupole deformations in-
ferred from the muonic hyperfine
splittings are in good agreement with
results’? obtained by other workers
using an independent experi-
mental technique, Coulomb ex-
citation. The agreement supports the
validity of the interpretations of both
experiments.

The precise new experimental
values for the hexadecapole (E4)
moments of these nuclei are the most
significant results of our program
[Fig. 1(b)]. These values, 2to 5 times
more precise than the results from
Coulomb excitation, provice impor-
tant new benchmarks for Hartree-
Fock and Strutinsky-type calculations
of the shapes of heavy nuclei. The
regular systematic trend of the E4
deformations in this region, like that
for E2, is again evident. Note also the
generally good agreement between
the present results and Coulomb ex-
citation work by Bemis et al.? (The
older muonic-atom work of Close
et al. yielded much smaller E4
values—the result, we believe, of an
improper analysis formalism.)

Figure 2 shows sample muonic-K
x-ray spectra measured in our experi-
ments. The complex hyperfine pat-
tern and isotope shift is clearly evi-
dent.

With the exception of *'Np, we
have studied all the actinide nuclei
that are available in sufficient quan-
tity (~10 g) for our experiments.
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FIGURE 1.

(a) The intrinsic quadrupole moment
{Qp) versus A. Values from the
present experiment are compared
to results from other experiments.
Also shown is the value of van
Enschut et al. (Refs. 4 and 5) for
237Np and the values of Johnson
et al. (Ref. B) for 241-243am
measured in Exp. 653.

(b} The intrinsic hexadecapole mo-
ment {Hy) versus A. Values for
isotopes of the same element are
connected by dashed lines.

*Reference 1 gives the rasults for
232.234.235,238(5 Thg results for 239.240,242py

will bae published in Physics Letters B)
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Many of these nuclei are, of course, presented.! In Fig. 1 we show the
intensely radioactive and requiire intrinsic quadrupole moment of *'Np
special techniques to obtain spectra from the SIN work.? Because the re-
of the quality shown in Fig. 2. sult is quite different from the sys-

At the February 1985 meeting of tematic trend of the other isotopes in
the Program Advisory Committee this region, a verification of the SIN
(PAC), Exp. 745 requested time to result clearly would be worthwhile.

measure *’Np. Almosi simuliane-
ously the 5IN data for ®'Np were

233 K
s004 xrays

Courts

LZNEL SN AN SN NS S S T

" L

by bt r— it e

6000 6100 6200 6300 6400 6500 6600
Energy (keV)

FIGURE 2 The?233.234.235.236.238| ) m,onjic-K x rays and the computed (fitted) spectra.
The latter is shown as a continuous line through the data points. The vertical lines
below each spectrum indicate the computed (fitted) energies and relative intensities of
the individual x-ray transitions. The excellent fit of the computed spectra to the
experimental data s evident; on the scale of these drawings the computed and
experimental spectra cannot be distinguished.
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Experiment 726, a search for the ¢
violating decay of the neutral pion
into three gamma rays, completed
taking data at the end of August. The
experiment used the Crystal Box as
the photon detector. The central drift
chamber was replaced by a liquid-
hydrogen target in which negative
pions stopped and produced neutral
pions by charge exchange. A suitable
tune of the SMC for a negative-pion
beam had already been develcped by
us in preliminary studies and for
Exp. 888. A momentum of
157 MeV/ ¢ was used, where we
found the beam to be approximately
40% pions, 10% muons, and 50%
electrons. The intensity was more
than adequate to deliver 80 kHz of
negative pions. The only drawback of
the channel was that control of the
momentum bite was primitive. Range
straggling and multiple scattering
limited the fraction of pions stopping
in the 20-cm-long by 10-cm-diam
liquid-hydrogen target to 50%. From
a study of the stopping distribution,
we tentatively deduce a momentum
width of about 4% FWHM.

Minimal changes to the elaborate
Crystal Box electronics system were
required to adapt it to the new trig-
ger. The principal source of iriggers
was expected to be the spreading of
one of the showers from a two-
gamma decay of a pion to look like a
three-gamma decay. Three different
hardware devices were included in
the trigger to insist on a minimum
separation between gammas and to
require a geometry consistent with a
three-gamma decay. Another source
of triggers was expected to be three
gammas from multiple neutral pion
production by two or more pions in
the same or adjacent LAMPF beam
buckets. These were indeed copious,
but were almost entirely eliminated
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EXPERIMENT 726 — SMC

A Search for the C-Noninvarlant
Decay n* — 3y

Temple Univ., Los Alamos, Univ. of
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Spokesmen: Virgil Highland (Temple Univ.) and
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FIGURE 1 Measured photon time dilference from n° — 2y
by a hardware rejection of high pulse
height in the beam counters and a
subsequent on-line rejection of
anomalous beam-counter pulse
heights as measured by the CAMAC
analog-to-digital converters (ADCs).
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The experiment accumulated ap-
proximately 3 million events on tape,
and the analysis is under way. The
experience accumulated from previ-
ous Crystal Box experiments facili-
tates the analysis considerably. A first
pass through the data hus reduced
the data set by a factor of 10, based on
loose time and energy criteria on
three adequately defined gamma
shower clusters. At the same time, a
sample of 3000 candidates for four-
gamma decay was identified for
further study. Time and energy
calibration constants for all runs have
been determined. The two-gamma
events have a time resolution of
1.4 ns FWHM (see Fig. 1) and an
energy resolution of 10 MeV FWHM
at137 MeV.

The events remaining after the first
pass are completely dominated by
the spread of two-gamma showers to
look like three, as mentioned above.
The geometry of the events clearly
suggests this to the eye, the
kinematics supports the interpreta-
tion, and a systematic time shift of the
split-off gamma is observable. It is
clear that considerable effort will be
needed to understand this phenome-
non in detail as the data analysis
proceeds.
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Extensive discussions of these ex-

periments have appeared in the past

averal Progress Reports. The aim of
these experiments is to search for
several rare decay modes of the muon
and to study these decay modes
should they be observed. The muon-
number-nonconserving decays
pt — etete, pt— ¢y, and
u* —e*yy are being sought
with a sensitivity to branching ratios
of about 4 X 107" relative to ordinary
muon decay. The data also will be
analyzed to search for the decay
ut— €%y fwhere fisthe familon.

A schematic diagram of the Crystal
Box is shown in Fig. 1. The detector
consists of a modular ariay of
396 Nal(T1) crystals that surround an
array of plastic scintillation counters
and a high-resolution, narrow-stereo-
angle drift chamber. Approximately
5 X 10° p*/s (average) are stopped in
a thin polystyrene target located in
the center of the detector. Electron
and positron trajectories are
measured in the drift chamber and
their arrival times are measured in
the plastic scintillation counters. The
energies of electrons, positrons, and
photons are measured in the Nal(Tl).
The energy is determined from the
local high-pulse-height crystal and
its surrounding 24 neighboring
crystals. The photon-conversion
points are also determined in the
NaI(Tl). Photons do not register in
either the drift chamber or the plastic
scintillation counters.

In the search for all three decay
modes, data were acquired simulta-
neously during summer 1984. The
past year has been spent calibrating
the detector and analyzing the data.
The major source of backgrounds is
the random coincidence of ¢"'s and
Y's from the uncorrelated decays of
several muons. This background is
eliminated by requiring that the de-
tected particles be in time coin-
cidence and that they satisfy conser-
vation of energy and momentum. For
the p* — e*e*e” mode there is the
additional constraint that the three
tracks must emerge from a common
vertex. To reject the backgrounds to
an adequate level, excellent resolu-
tions in timing, energy, and position
are required.

The primary calibration of the
NaI(Tl) is accomplished by remov-
ing the drift chamber, inserting a
small liquid-hydrogen target in the
center of the apparatus, and retuning
the beam to stop s in the hydro-
gen. Calibration photons are
produced in the reactions T p — n°n,
1’ — 7y (55 MeV < E, <83 MeV),
and ®w p — ny (£,= 129 MeV). Fig-
ure 2 shows the total energy for the
two photons from n° decay after
calibration. The energy resolution is
AE/E=7.2%.
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EXPERIMENTS
400/ 445 — SMC

Crystal Box Experiments
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FIGURE 1 Schematic diagram of the
Crystal Box detector.
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Once the crystals are calibrated
with the pion data, we must track
drifts in the gain of each crystal (and
its associated electronics) over the
course of the data taking. The gain of
each crystal relative to the average for
the entire array is tracked with a
xenon flash tube that is connected to
each crystal with fiber optics cables.
Flasher runs were taken every 2 h,
Although the flasher system is quite
useful in tracking gain shifts and
malfunctions in individual channels,
itis not stable enough to determine
the absolute gain shift of the entire
crystal array. For this purpose the
Nal(TI) spectrum for positrons in
each quadrant, accumulated for each
data run (every 2 h), isused. The
stability of the sodium iodide gains is
checked with daily calibration runs
triggered by single positrons. The re-
sulting Michel spectrum is then fitted
with the expected shape from the
Monte Carlo program, as shown in
Fig. 3. Analysis of this procedure in-
dicates that the gain of.the crystal
array in each run is constant to within
0.5% and that the overall gain is cor-
rect to better than 0.25%,

The energy deposited in each
Nal(T1) crystal is measured by inte-
grating for 200 ns the pulse from a
photomultiplier coupled to the
crystal. It is necessary to eliminate
pileup, which is energy present dur-
ing the integration gate from addi-
tional early or late pulses. This was
accomplished with a second system
that integrated the pulse over a 50-ns

gate that included the leading edge

of the pulse. If a crystal has no pileup,
the ratio of these two integrations is a
constant that reflects the pulse shape:

Detected Michel Positron Spectrum
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FIGURE 3 The measured energy
spectrum for ordinary muon decay
(L — eTvel,).

piled-up crystals have ratios either
larger or smaller than this constant,
depending on whether the pileup
pulse occurs before or after the
prompt pulse. Ifany crystalin a
clump of 25 crystals has more than
2.5 MeV and pileup, the clump is dis-
carded. Any piled-up crystal with less
than 2.5 MeV is removed from the
clump but the clump is retained. Ap-
proximately one-third of the data was
taken without the pileup rejector
working. For these data, the
measured pileup spectrum is added
to the Monte Carlo. For the data taken
with the pileup rejector, no residual
pileup can be detected, as evidenced
by the complete agreement of data
taken with instantaneous muon-stop-
ping rates differing by a factor of 2.
The analysis of the p — ey data is
nearly complete. The trigger con-
dition for these data required a
positron quadrant [a scintillator firing
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plus =35 MeV in the Nal{Th}in
coincidence with an opposite photon
quadrant =35 MeV in the Nal(Tl)
with no scintillator tiring]. Approx-
imately 10% of the data were taken
with higher energy thresholds. The
resulting events can come from

u— ey, inner bremsstrahlung

(W — eyvVy, a process that conserves
muon number), and random ¢*-y
coincidences. There were about 10’
triggers. To determine the number of
each kind of event, a maximum-like-
lihood analysis was performed on the
24 850 events, satisfving

b=t | < 20ns |
E, > 40.0 MeV |
E, > 44.0 MeVv |

and

8, > 160° .

The likelihood function is defined as
Lap) =~ I Taro +po
L

+ (N—u—ﬁ)k(})] ,

where a, B, and (N — a — B) are the
number of p — ey, inner bremsstrah-
lung, and random coincident events,
respectively, and £, Q, and R are the
probability density distributions for
these kinds of events as 1 function of
the variables E,, E,, 8,,,and t,— £,.In
the maximum-likelihood method,
the maximum of the likelihood func-

tion in a, space is found. Figure
shows the likelihood function and its
projections on the aand p axes. The
observed number of inner brems-
strahlung events (3475 £ 75) agrees
with the expected number within er-
rors. The likelihood function peaks at
a = (), with a 90% confidcnce level
upper limit of a < 11; this cor-
responds to a branching ratio of ap-
proximately 5 X 107", The final re-
sult awaits a full analysis of the de-
tection efficiency and the number of
muon decays observed.

Preliminary results for p — eee
and p — eyy were preseated in last
year's Progress Report. The full analy-
sis of these data will be completed in
early 1986. An additional preliminary
result was presented at the Washing-
ton American Physical Society meet-
ing in April 1985 for the decay
p — eyf where fisafamilon, a mass-
less scalar boson associated with
family symmetry (this work was done
with T. Goldman of Group T-5). The
preliminary result was

F'p—erh

<1.2X107%(90% C.L.) ,
'(p— ev) ®

corresponding to a lower limit on the
scale of family symmetry breaking of
9 X 10% GeV. The final result should
be roughly an order of magnitude
more sensitive to the symmetry-
breaking scale.

¢ Nuclear and Particle Physics
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FIGURE 4 The normalized likelihood
function plotted as a function of the num-
ber of muon inner bremsstrahlung events
andthe number ol p* — ety events The
projected distribution onthe Ngy like-
lihood plane is also shown
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ATOMIC AND MOLEGULAR PHYSICS

Theory of Muon-Catalyzed Fusion The remarkable ability of a single
negative muon to catalyze many dt
fusions is now firmly established, and
systematic research is under way to
disentangle the intricacies of the
catalysis cycle.! An essential con-
tributor to the rapidity of the cycle is
the resonant molecular-formation
mechanism, in which the colliding
tp + dtorm the loosely bound /= 1,
v=1drp mesomolecular ion, with
the energy released going into the
vibration and rotation of the resulting
compound molecule {[( dnp)del*,
etc.]. The kinetic energies (and
therefore the target temperatures for
thermalized fu atoms for which the
collisions are resonant) are readily
determined once the 4t binding
energy, the hyperfine splittings, and
the compound-molecule *‘rovibra-
tional” energies are known.

Recently, Breunlich et al.* re-
ported a catalysis experiment at SIN
using a low-density (1% LH,) DT
target (with tritium fracrion

-C,= 0.88) in which a rapidly decay-
ing transient was seen in the appeur-
ance of the 14-MeV neutrons from dt
fusion. In analogy with earlier ex-
perimental results on ddp fusion,’
they interpret this transient in terms
of atriplet-quenching hypothesis® in
which (i) the thermalization time of
the fp atoms is neglected, (ii) the
molecular-formation rate for triplet
tpis very large ( ~10%s™") for a rather
low temperature (30 to 300 K), and
(iii) the quenching rate for the trip-
let tp depends strongly on tempera-
ture.

sarmes S Cohenand M Leon (Los
2L AMOS )

However, in regard to (i), by using
the cross sections calculated by
Melezhik et al.® for the scattering of
1-eV ground-state tp atoms from o
and ¢, one finds for ¢,= 0.88 an
elastic-scattering rate of only
~2X10° ¢ s7', where @ is the den-
sity in units of LH, density
(4.25 X 10* atoms cm™), so that the
thermalization time is clearly not
negligible for @ = 1%.

An objection to (ii) comes trom
considering the energy balance: If we
ignore the rotational contributions,
the resonance energy for triplet rp
collisions with D, is about 219 meV;
for DT, 107 meV. Hence ncidier
channel can contribute fora fu atom
thermalized at 30 K. One need not
have confidence in the theory of res-
onant molecular formation”® to
subscribe to this conclusion, because
it follows directly from the energy-
balance equation [see Eq. (7) below].

An objection to (iii) is that so
large a temperature dependence is
not expected for the triplet-
quenching rate, the process being
dominated by triton exchange®
[P + 1) — tu({D + ().
Breunlich et al.? point out this dis-
agreement, but an even more serious
discrepancy is suggested by datare-
ported earlier for 10% tritium,'*
which has the transient falling off
much more rapidly. The triplet-
quenching model then implies that
the quenching cross section is
greater for /. + d collisions than for
tu + ¢ collisions, a situation that
clearly contradicts the well-founded
idea that rexchange dominates the
tp — ¢ quenching.

For these reasons, therefore, we
cannot accept the triplet-quenching
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hypothesis. (Breunlich et al.* in-
cluded the careat that different the-
oretical explanations of their data
should be considered, too.)

Instead, we believe that the tran-
sient in the neutron appearance ob-
served by Breunlichet al.* is due toa
new phenomenon with significant
implications: epithermal molecular
formation . * Specifically, we propose
that the observed time dependence
actually represent the population of
tu atoms passing through the energy
region of rapid (resonant)
mesomolecular formation during
thermalization. Several elements
contribute to the argument:

1. the population of energetic
{~1-eV) ground-state ¢ty atoms
grows as the target density @ is
reduced;

2. thermalization slows as the
tritium fraction or the target
temperature is increased;
the molecuiar-formation rates
fall rapidly as the effective tem-
perature of the ¢ kinetic-
energy distribution falls below
~10? K; and, furthermore,

4. the dipole-formation mecha-
nism, in which the £t + d sys-
tem makes adipole transition to

W

7

The possibility of epithermal molecular formation
nas beenraised belore sspacally by J Ralelsk
Rat

the looselybound J= 1, r=1
dty state, is actually less impor-
tant than direct formation, in
which #p and d approachina
relative p wave and form the
bound state with no dipole tran-
sition involved.

We now deal with these four points

in detail.

1. The intluence of the rarget
density on the population of
energetic 7)1 atoms comes from the
role that radiation plays in tp deex-
citation. The relevant rates for n =4
and 3 are shown in Table 1. (Stark
mixing is strong enough forp = 1%
that we do not have to consider the
different 2 levels separately.'?)
Ponomarev' has pointed out the im-
portance of elastic scattering of ex-
cited ¢t atoms to the thermalization
process. Adopting the ai + d ex-
cited-state elastic-scattering rates
An(n) of Menshikovand
Ponomarev'? for ¢ +¢ (for 1-eV
kinetic energy) gives the products of
rate times lifetime AT shown in
Table I. Because about half the
kinetic energy is lost at each col-
lision, a rough measure of the surviv-

ing fraction of kinetic energy is given

by (1/2)MeT,
Thus we see from Table 1 that the
fractional energy surviving the n=13

TaBLE | Deexcitation and Elastic-Scattering Rates for Excited tu Atoms.?

n=4 n=23
P A.e A.y A.a A.y ng‘t
10 95 G 06 12 0.19 6.7
O 095 006 012 019 31
001 010 006 001 0.19 0.8

8External Auger (Ag) and radiative {Ay) deexcitation rates and the product A ggT for excited f atoms The Ae
and Agg are taken from Manshikov and Panomarev. Rel 13, Agg1s from their dp-drates Unis are 101! s
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state increases drastically as ¢ is de-
creased. Although the kinetic energy
upon arrival at n = 3 is not known
with any degree of confidence, it has
long been thought'*to be ~1 eV (the
exact value is not critical to our argu-
ments as long as itis > kT). For
definiteness we assume that the
population of epithermal ground-
state ¢ atoms is Maxwell-distributed,
with an average energy of 1 eV,

2. Elastic scauering of (ground-
state) t| atoms by dand ¢ has been
calculated by Melezhik et al.® A strik-
ing result is that the cross section for
scattering from ¢ is an order of magni-
tude smaller than that from 4. This
implies much faster thermalization
for lower tritium fraction and thus,
according to the epithermal
hypothesis, a much faster decay of
the transient, as observed by
Breunlich et al." Furthermore,
thermalization through the region of
~10° K clearly must talze longer as
the target temperature is increased,
explaining the temperature de-
pendence of the transients.>*

The time e -olution of the non-
equilibrium rp energy-distribution
function f(E, 1) is determined (ior
arbitrary target temperature and com-
position) by a Monte Carlo simula-
tion of the time-dependent
Boltzmann equation." W= use the
cross sections of Ref. 6 and some less-
accurate values for tp + tscattering
above the 0.24-eV inelastic
threshold"® (adjusting the latter to be
consistent with the former). As an
approximation we separate the calcu-
lation of the slowing from that of

molecular formation and ignore the
effect of molecular formation on

S(E . Time t= 0 corresponds to the
arrival of the tp atom at its 1s ground
state. According to the calculations of
Markushin,' the cascade from a free
W~ with 2-keV kinetic energy to the 1s
state takes only ~0.1 ns for ¢ = 1%.
Thus the unexplainedrise seen in
the SIN experiment,* which takes
~50 ns, is presumably because the
t=10, tpkinetic-energy distribution
is significantly above the energy at
which the (epithermal) molecular-
formation rate is maximum, Hence
the low-density muon-catalyzed d¢
fusion experiments present an op-
portunity to gain unprecedented
know'edge of the rp cascade.

3. The dipole molecular-forma-
tion rates are calculated following
Vinitsky et al.” and Leon ® but include
the electron-shielding correction
pointed out by Cohen and Martin."”
As long as the resonances involved
(fora given vibrational excitation)
are not close to threshold, we can,
rather than include the many dif-
ferent individual resonances, sum to
a good approximation over all the
final molecular rotational states, ig-
noring the rotational energy dif-
ferences. Then, instead of the many
partial-wave terms of Ref. 8, the sum
rule gives

szF(K,, Kp) =~ fdp))(,(p)_)w(p) &(p)
% f a0’ 00" 1) ED) o

X [nk(p—p)] , "
1
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where the y, are the vibrational wave
functions, j, is the zero-order
spherical Bessel function, &, is the
tn + D, (DT) relative momentum,
n=1/2(3/5) for D, (DT) collisions,
and &(p) is the electric field from the
spectator nucleus plus electrons.”
For D, collisions we include con-
tributions from v = 2 through 5; for
DT, v= 3through 6. We use the sum
rule for all but the lowest v value.
The results for singlet tp atoms are
shown in Fig. 1. In general,v=73
gives the dominant contribution, but
for D, collisions at low temperature
the v= 2 contribution is largest. The
weighted sum of these contributions
appropriate to C,= 0.88 does indeed
fall for temperature <10° K.

The temperature in Fig. 1 is not
that of the target, but rather it
characterizes the kinetic-energy dis-
tribution in the tp + D, (or DT) c.m.
system. As one can readily show,
when the projectile (1) Maxwell
distribution (with temperature T,) is
combined with the target-molecule
(D, or DT) Maxwell distribution
(T,), the result in the c.m. system is
also a Maxwell distribution, with tem-
perature 7., = (m,T,+ m,T,)/(m,+
m, ), where m, is the projectile mass
and m, is .he target mass.

4. The direct molecular-forma-
tion process has not previously been
considered. We approximate it by
making use of some results of
Melezhik et a1.* and by assuming that
the p-wave tp + d elastic scattering is
dominated by the /=1, = 1 state

with binding energy' €, = 0.64 eV. In
the present formulation we need to
deal with collisions of #p, both with a
deuteron and with the D, (or DT)
molecule. We follow the convention
of using M,, &, and E, for the reduced
mass, relative wave number, and
c.m.-system collision energy, respec-
tively, for the former, and M,, &,, and
E, for the latter. We write the p-wave
elastic-scattering cross section as

12n % (k) /4

cl= —

BB e+ Th(k) [4

(2)

with the elastic width I',(&)) (in
electron volis) being given by

(k) = a,i3 + ak;

=065E¥*+0.049E  (3)

(E, isalso expressed in electron
volts). The a;43 term is due to the
bound state at —€,, and 4, is chosen
to fit the calculated values of
Melezhik et al.® The a@,£? term comes
from the known long-range polariza-
tion potential.'® Equations (2) and
(3) describe the results of Ref. 6 ex-
tremely well.
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FIGURE 1. Epithermal molecular-formation
rates as functions of c.m. temperature. The
upper curves are the direct process; the lower,
the dipole {times 10) for D, (broken curves)
and DT (solid curves) collisions (normalized to
Co=0=1)
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We make the jump from elastic
tn + dscattering to resonant
mesomolecular formation in rp + D,
(or DT) collisions using the impulse
approximation. This method has
previously been applied to rovibra-
tional excitation in collisions of
atoms with diatomic molecules,'?a
process that is closely related to
direct mesomolecular formation. The
basic assumption is appropriate for
ti + D, collisions, even at relatively
low energy, because the small neu-
tral 7 atom interacts significantly
with a deuteron only at distances that
are small when compared with typi-
cal internuclear distances of D,. In
the impulse approximation (with ap-
proximate treatment of the internal
target momentum, as shown below),
the molecular-formation cross sec-
tion can be written 2s the product

mf /uz Z'~ 2
Gdlret! = Ar_f Gp | (Vle;O’Ki) | .
’ 4)

In this expression, (v,K;;0,K))

= {v,K;|exp(ink,-p) | 0.K,)

is the molecular bound-state form
factor. We define the quantity 6, to
be the result of taking the p-wave
amplitude off the energy shell; as the
molecular binding is turned off,

g, — o,

Inapproximating &, in Eq. (4), we
are guided by the fact that the scatter-
ing is strongly dominated by the
bound state. Expressing the energy
denominator in Eq. (2) interms of £,

to describe the molecular collision,
we write the final result

( Mz)“( 121:)
0-”'/ ~ —
direct M kz

1 1

% run( kl)r(iee.w/4
(EZ - Erz'.r)2 + r%ﬂl/“ .

(5)

Inthis expression,

ren(kl) = l(Vva;OvKl‘) ‘Z [}

I',.(k,) isthe “entrance width,” T’
is the deexcitation rate for all
processes (from the compound-
molecule state formed in the col-
lision to states with too little energy
for the system to “‘back decay”?), and
I, is the total width of the com-
pound-molecule state. Presumably,

I 4eex is dominated by Auger deexcita-
tion,?! but collisional deexcitation
may contribute at large .

We take the internal target motion
into account in an approximate way
by averaging over the deuteron
momentum in the initial molecular
state; this gives the relation between
E and E,,

deex

M,

— M1 1 i
El_ﬂ_/l E+1 ; EE()+EK1 ,
2 d
(6)
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where m, is the deuteron mass and

(EL+ EY)

| —

is the initial rovibrational kinetic
energy. The resonance energy £, 18
given by the energy balance equa-
tion,

E.,.=E —El+ E{.f— Ey,—Ag,—E, .

(7)

Here, Y (E{) and Ey, (E,) are the
initial (final) vibrational and rota-
tional energies and Ag,, gives the
difference in hyperfine energies in
the fpand dtp states.

Because we expect that Ty, = T,
and that T, < £, the integral over
energy,

f dE, flED oM, (E) , (8)

hecomes a sum over resonances and
the dependence on I, disappears.
Furthermore, we can with sufficient
accuracy use the sum-rule result
[analogous to Eq. (1) but with the
electric-field &(p) factors missing)
for all but the lowest vibrational con-
tribution to the direct process. The
same v values are included as for the
dipole mechanism; the dominant
contribution is from v= 3. Consider-
ations of the initial D, rotational
states are also the same as for the
dipole mechanism, *

The resultant direct contributions
to the singlet D, and DT molecular-
formation rates as functions of 7,
are shown in Fig. 1. The direct pro-
cess is more than 20 times stronger
than that for the dipole, and the
weighted sum falls for 7, , < 10° K.
{The triplet rates are similar to the
singlet ones, allowing us to avoid
explicit treatment of triplet contribu-
tions and quenching.)

With the above four elements in
hand, we combine the energy-dis-
tribution function f ( £,,¢) with the
total molecular-formation cross sec-
tion 6, ( E;) to give the time-depen-
dent molecular-formation rate
A4, (1), shown in Fig. 2, for target
temperatures 30 and 300 K and
C,= 0.88. As expected, more-rapid fp
energy loss for the 30 K target results
in faster decay of the transient, in
agreement with the SIN experiment.*
Furthermore, the time scale of both
the rise and decay of the molecular-
formation rate is in good agreement
with the experiment. The magnitide
of the peak in A, (#) also agrees
fairly well with the values
(8-9) X 10° 57", quoted hy Breunlich
et al.? (which they call triplet).

In addition, on the basis of the
present epithermal molecular-forma-
tion hypothesis, we predict that the
amplitude of the transient signal will
decrease as the target density is in-
creased {see Table 1), The triplet-
quenching hypothesis implies no
such dependence.
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In conclusion: tion would provide additional
1. The triplet-quenching evidence for choosing between
hypothesis is probably not a the two hypotheses.*
viable explanation of the SIN . Direct mesomolecular forma-
experimental results. tion is more important than the
2. The epithermal molecular- dipole mechanism.
formation hypothesis appears to . The detailed time dependence
be in good agreement with ex- of the transient offers us
periment and with theoretical valuable and hitherto un-
expectations, available information on the tp
3. Observation of the density de- cascade and collision
pendence of the amplitude of processes.
the transient in neutron produc-
*Evidence faor such density dependence has been
seeninthe LAMPF dr catalysis data (information is
fromA N Anderson, Jackson, Wyoming, 1985)
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FIGURE 1 Thernain dtu-catalysis cvcle
Other channels (not shown) are dis
cussea inthelext

The study of muon catalysis of dt
fusion (see Fig. 1) has now entered a
period of rapid development,'? just a
few years after the experimental con-
firmation by Bystritsky et al.* that drp
molecular formation is indeed fast on
the scale of the muon lifetime
(2.2 us). Inthe 1983 and 1984 LAMPF
Progress Reports ind in Refs. 1 and 2,
we reported the first measurements
of some of the basic parameters of
this fascinating process. In particular,
the sticking probability ®, was
measured and the 4ty formation
rates A gy, and Ay, for collisions of
tp atoms with D, and DT molecules
were determined as functions of
target temperature T. Targets of
widely varying tritium fraction C,
(but only two values of density ¢)
were used, where ¢ = 0.45 and 0.60
(relative to liquid-hydrogen density,
4.25 X 102 atoms/cm?). We have now
made measurements over a much
larger range of ¢ and have conse-
quently discovered some new and
unexpected phenomena: both w, and
An—q vary strongly with density ¢.
These observations indicate clearly
that in spite of extensive theoretical
efforts® our understanding of muon-
catalyzed dt fusion is still in-
complete.

The experiment was performed us-
ing the methods described in the
earlier reports.'? In Fig. 2 we show
the ¢ dependence of the normalized
muon-cycling rate A, = A%/p (where
A% is the observed cycling rate) fora

variety of temperatures and tritium
fractions. It is conventional to nor-
malize to liquid-hydrogen density
because of the expectation that all
relevant rates scale linearly with den-
sity. The cycling time (=1/A2) is
dominated by the time the negative
muon spends in the dp-atom ground
state waiting to transfer to a triton
(rate A4, C,), and that spent in the fp
ground state waiting for molecular
formation to occur (rate @A, Cy,
where C, is the deuterium fraction).
Thus we write*

o 1

— A~

.C 1
L 9 dy
A A

AaCo AanCa

(1)

The product ¢,,C, is the probability
that the muon will reach the dp
ground state; g,, will deviate from
unity, both because of muon transfer
to ¢ from excited states of dpu (Ref, 6)
and because the initial atomic-cap-
ture ratio might differ somewhat from
the ratio C,/C,.

At the time of the present experi-
ment the only predicted source of
¢ dependence was the factor q;.
However, Fig. 2 shows clearly that,
contrary to expectation, the
¢ dependence is least at small C,,
where the first term of Eq. (1) is
dominant, and is most when striking
atlarge C,, where the second term
dominates. Hence we are forced to
conclude that the normalized molec-
ular-formation rate A, increases
with ¢. Thus dtp formation, which
occurs via the resonance
mechanism,” is probably nrt a
purely two-body collision process as
previously assumed.

*Hore all tp atoms are treated alike and hyperfine
quenching effects are ignored
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Separating the contributions of the
twotermsinE = {1)is complicated
by the possibiluy that ¢,, may depend
on both ¢, and ¢ and require further
assumptions. Our procedure is first
to estimate A, from the high-C, data
and A, /q,, from the low- ¢, data, and
then to use these values as the start-
ing point for a global fit.* We as-
sume that A, depends only on Tand
that all residual dependence of
Aa/qis on@and G, is due to ¢y,. In
contrast to recent calculations of
Menshikov and Ponomarev® (MP),
who predict values g that fall
precipitously with increasing ¢, and
o, our results suggest a relatively
weak dependence on €, and negli-
gible dependence on @. For example,
for 7, = 0.5and T= 300 K, we obtain
Aae/ G = (446 £93) X 10% s™" at
o=0.12andA,/q,= (457 £ 58) X
108 s~ atp = 0.72, whereas MP
predict an increase by over a factor of
2 (41 decreasing from 0.195 to
0.085). Similarly, for C, = 0.04,
7= 300.K,and ¢ = 0.72, we obtain
Au/G,= (328 % 25) X 10° 5", This is
only a factor of ~1.5 less than that at
the higher ¢, = 0.5, compared with
the predicted decrease by a factor of
~7 (g¥F =0.62 for C, =0.04).**

On the other hand, our resuls for
¢\, are consistent with recent ex-
perimental findings'? for =™ capture
in mixtures of hydrogen and deute-
riumat ¢ < 0.11. Extrapolating from
those results, which show no density
dependence, we infer that ¢, =~ [1—
(1—=7v,) GJ(1,) ¥ withy,=0.81%

*Quotad errors reflect statistical uncertainty A
turthar 13% systematic uncertainty arises mainly
from the uncertainty in neutron detection etficiency

**including a three body transfer machanism gives
valuas ot gy gthat vary more drastically and hence
worsan the discrepancy (sea Ref 11)
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0.01,7,=0.83+0.01,and x=d fora
chemically equilibrated mix of
H,/HD/D,. Then, using the same
functional form to analyze our data,
we find (now with x=¢) thaty, = v,
=0.75 % 0.20 and that A, = [1 +
(6£1)X 107 711250 £40) X
10° 57! for the temperature range
from 20 to 500 K. This value of A,
agrees wich the low-@, low- C, experi-
ment of Bystritsky et al.* The temper
ature dependence is not quite as
strong as that predicted,'? but it
shows the same trend.

The rate A4, has contributions
froin ru collisions with both D, and
DT, so that Ay, = CiAap—g + ChAypo,.

175 v | ¥ T ] ] i
aCl = v-).s, OWK
150 s ‘*/ -
// Cy = 0.5, 450K c 0s
L d e = 0.9,
¢/ ‘,¢’ /T‘< 125K
125} /,¢ c =05, O -
-~ 7 300K - Cy = 03,
S I
o - -~ T < 200K
" 100} e WA )
© e Q7
~
2 | ¥ &9 L
—<° »r 4)// ’T‘< ‘25;(-
_
50 F - 4
-
L=
’¢’ .+_ C‘ = 0.08,
235r = sk T
O 1 1 1 ——d 1 i L
0 02 04 06 08 10 12 1.4
Density ¢ 5 2378

FIGURE 2. Dependence of the normalized cycling rate A, on the density @ of the dt
mixture The data presented here and below may change slightly upon further data
analysis
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TABLE! Fitted Contributions to the dfp Formation Rate? (in units of 108 s™'). We assume
that Aay = Cy[Mdhi.a + Ml o] + CAp{CAG) g is fixed at zero].

T(K) Gk Mii-a M. Al
<130 206 * 29 450 £ 50 26+ 6

300 306 + 43 287 £ 67 92 +19
400-500 347 + 52 275+ 120 225 % 21

3Quoted errors reflect statistical uncertainty A turther 13% sysiematic uncertainty anses mainly from the

uncertainty in neutron detection ethciency

We Write Ayper = Adnx + Alinioi, the
superscripts indicating the power of
¢ appearing in the observed (rather
than normalized) dtp formation
rates. A global fit with all four terms
present shows that the K‘},},_, values
are consistent with zero. Fitting with

ASa—. constrained to be zero gives the

values shown in Table I and the
Aam—a (@) for T <130 K shown in
Fig. 3. We conclude that our data
show a strong linear ¢ dependence
for (normalized) A 4,4, but not for
Aun—r- The large values of A, are

evidence of significant resonant dtp
formation via three-body collisions.
Menshikov and Ponomarev'* have
recently discussed a mechanism for
three-body resonant molecular for-
mation—for example, tp + D, + D,
—[(dtp)d2e]* + D, +AE. The
singlet tp + D, collisions are special,
in having their strongest resonances
just below threshold where they are
not accessible in two-body
collisions.® By absorbing some
kinetic energy, the spectator
molecule (D,, DT, or T, ) moves

1000 T T

600 |-

: A/ {’
T .

©Cy =03 h
0C, =04
xCy =05
«Cy =08
200F” acoer
oC, =08
VC‘ =09
0 1 1 t 1

L

00 02 04

06 08 10 12
Density ¢ 58182

FIGURE 3. Density dependence of the normalized molecular-formation rate A gy, —qfor
T < 130 K. assuming that Agu—is density independent The solidlineis a fit to the data

(see Table )
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these strong resonances above
threshold, allowing them to con-
tribute to molecular formation.

We turn now to the mechanisms of
muon loss from the catalysis cycle.
The muon may be captured and re-
tained by a helium nucleus
synthesized during dtp, ddp, or ttp
fusion, with sticking probabilities w;,
0,4, and o, respectively. The muon
may also be scavenged by *He in-
troduced by tritium decay (normally
Che < 0.01). The total muon-loss
probability per cycle can be written
asl,ﬁ

w = G:Ca
)‘ dICI + )‘ddp Cd

X {()58 lddedmd + )‘dHeCHe}

+

r {)\:mclm1+ )‘IHECHE}
d

mCa

+ Cueldye + 0F

(2)

where A 4, and 2, are the rates for
ddp and ¢ty molecular formation,

A e and A, are the rates for transfer
to*He from the dp and fp ground
states, and @y, is the probability for
initial capture by *He. The 0¥ is then
the effective sticking probability for
the dtu fusion reaction.

It follows from Eq. (2) that dd'p
fusion shows up in our experiment as’
an increase in w for low- C, targets,
permitting us to evaluate the product
A0, at different temperatures. Be-
cause 0, has been measured inde-
pendently,* we are able to extract

*For earhier measurements ol Aggy. see Rel 15
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A4ay as 2 function of temperature, as
shown in Fig. 4. Our results agree
well with the room-temperature
measurement of A4, of Balinet al.”®
and, except for normalization, with
earlier data'® over the range from 50
to 400 K. Similarly, assuming that the
observed temperature dependence
of w for high- C, targets is due to the
temperature dependence of A, , we
evaluate the corresponding product
for #p fusion, A, = (0.4 £0.1) X
108 57!, Muon losses resulting from
scavenging by *He are evaluated by
noting the increase in w with time as
3He builds up from tritium decay.
Subtracting from w the contribu-
tions discussed above yields %,
which depends on density and
tritium fraction, as shown in Fig. 5.
The striking variation with ¢ and C,
was completely unexpected. Further-
more, the observed value of %, as
small as 0.3% and still decreasing

3-0 1 ¥ Ly - L T
A0 ]
2.5 B /l’ 1 1 l % 4
% [
— /
".'w 20} hi 1
© /Y A Balin et al. 1934
2 18} T « 1960-1979 data ]
‘é ' T b x Present experiment
2o If’ 1
'[l A — ——H'
)
0.5 - ,l’l ./‘/‘ 4
o ‘
0 100 200 300 400 500 600 700
Temparature (K)
5 2823

FIGURE 4 Temperature dependence of the dd formation rate A yq, (USing
wg = 0 122 fromRef. 15), from data with C; < 13%. The solid line is a theoretical fit
(Ref 7)to earlier data (circles); renormalization yields the dashed curve
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o = 0 3 Tnauncorrected values w
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OV g =13

at high density, is much smaller

than the calculated value' of 0.9% for
a sticking accepted before the pres-
ent experiment. (The calculated
sticking fraction is the product of the
probability that the muon is initially
captured by the recoiling-fusion

a particle, ®9 = 1.2%, with the con-
ditional probability that the muon is
not subsequently stripped, 1 — R =
0.75.) More-accurate calculations'” of
initial sticking have very recently re-
duced this estimate by 25 to 33%, but
the resulting values still significantly
exceed our high-density ®¥re-

sults.*

The variation of ®¥ could come
from events (1) preceding or (2) fol-
lowing the nuclear fusion. Under
(2),the most likely origin is the
muon-stripping process. Although
the value of R is somewhat uncertain,
it is not expected® to have nearly as
much dependence on ¢ or C, as im-
plied by Fig. 5. Under (1), a certain
fraction of the muons may be delayed
after molecular formation hutbefore
fusion, thus increasing ®¥ above a
small initial sticking value.? The dtp
system, initially formed in the ex:
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cited J= 1, v = 1 state, needs to
cascade via Auger transitions to a
J= 0O state for fusion to be rapid.
Possibly this cascade may be fucili-
tated by electrons supplied by ioniza-
tion induced by tritium decay.” The
sensitivity to ¢ and C, could then
come from the ion-electron recom-
bination process, whose rate is
proportional to ¢\/C,. This model
also encounters some difficulties.?
Clearly, further study is needed to
determine which, if either, of these
ideas can explain the observed de-
pendence of ©%.

With the experimental 0% well
below predicted values, 300 or more
fusions per muon might be possible.
We have already detected an average
value of 160 % 4 (statistical) £ 20
(systematic) fusions per muon, re-
leasing about 3 GeV of energy, ina
liquefied dt target with C, = 0.3.

1n summary, we have discovered
some completely unexpected target
density dependences in both the dfp
molecular-formation rate A, and
the effective sticking probability 0%
The former is presumably due to
three-body contributions to resonant
mesomolecular formation. The ori-
gin of the latter is much less clear.

*Rateiski and Miller have suggested that the energy
dependence of the nuclear-absorption amplitude
leads to a small value of the initial sticking (see

Rel 18)
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Introduction

Heavy Fermions. The focus of

Exp. 842 during the last year has

been an measurements of the

Knight-shiftand zero-tield relaxation

rate in the heavy-fermion (HF)

materials U,_,Th Be,, (.v=0 00 and

0.033) and UPt,. These materials

belong toa targer class of heavy-elec

tron systems (including rare earih
compounds) thatexhibit a number of
fascinating new properties.' a few of
which are mentioned here.

1. HF materials possess a large
low-temperature susceptibility
(x) and a large linear coeffi-
cient of electronic specific heat
{v), indicating an effective mass
of ~200 m,, where m, is the
free-electron mass. Curiously,
the Wilson ratio ( ~y/v), which
is identically 1 for free elec-
trons, is also =1 for the heaviest
HF systems.

. Athigh temperatures most of
the HF materials exhibit a
Curie-law susceptibility with a
nonintegral number of Bohr
magnetons, suggesting itiner-
ant magnetism.

3. Bycontrast, the total entropy
per uranium atom is large
(S/R ~ @n2in UBe,; ), suggest-
ing highly localized electronic
excitations.

. ““Clean" HF systems have are-
sistivity that is relatively small
near 7= 0and that increases
with increasing temperature, in-
dicating the formation of a
coherent electronic state in-
volving hybridized fand con-
duction-band electrons.

[3]

N3N

These HF properties seem related to
those of the single-impurity Kondo
and mixed-valence systems, and
single-impurity models are often
used uas a starting point for theories of
heavy-electron materials,” The major
challenge is to understand what new
physics is required in the HF state.

In addition to having unusual nor-
mal-state properties, three HE sys-
tems (CeCu,Si;, UPty, UBey, and re-
lated compounds) undergo super-
conducting transitions that are
unique in themselves. Because the
discontinuity in the specific heat at
T. is comparable to that of the elec-
tronic specific heat, it is believed that
the heavy electrons themselves be-
come superconducting and thus are
delocalized at low temperatures. In
conventional BCS superconductors
the energy gap is only weakly
anisotropic; therefore, transport,
specific heat, and spin-relaxation
measurements are exponentially ac-
tivated below T7,. By contrast, HF
superconductors exhibit power-law
{~T™") behaviors*® below T, in-
dicating a finite quasi-particle den-
sity of states at the Fermi level even at
T=0; that is, the gap vanishes in
certain regions of the Fermi surface.
Inanalogy with *He, one suspects
that HF superconductors may exhibit
both unconventional pairing and,
further, that the superconducting in-
teraction is purely electronic rather
than electron-phonon in nature. The-
ories of HF superconductivity are
complicated by a presumably strong
spin-orbit interaction, band-structure
effects, and strong coupling.? Regard-
ing the last point, the characteristic
energy ( kT, ) for the onset of the HF
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state is in the range from 10 to 100 K,
sothat 7.,/T,> 10 and 8,/T, ~ 1,
where B, is the Debeye temperature,
In normal metals the Fermi tempera-
ture T is large, so that T,/ T, < 107
and 0,/T< 1074

Muon-Spin Relaxation (uSR) asa
Probe of the HF State. Measurements
of the muon Knight shift allow a
microscopic determination of the lo-
cal-spin susceptibility x and thus are
an excellent probe of both the nor-
mal (¥,,) and superconducting (¥,)
properties of the HF ¢ ¢ e. Inthe
superconducting state, for example,
y is sensitive to the type of spin pair-
ing present.® For an even-parity
(BCS) state, one has spin-singlet
pairiag, and thus ¥, ( T=0) vanishes
in the absence of spin-orbit coupling.
For odd-parity spin-triplet supercon-
ductivity, x,(0) =y, (asin
anijsotropic *He — 4 ), orz,(0) < %,
(as inisotropic*He — B). Itis also
known that, for *He, strong Fermi-
liquid corrections” reduce %,(0).
Below, we discuss our measurements
of the Knight shift in U,Tk,__Be,,.
Measdarements on UPt, are in pro-
gress.

In addition to probing the spin
susceptibility, muon-spin relaxation
(KSR) is a sensitive tool to measure
local magnetic field distributions and
can therefore be used to detect the
onset of magnetic orcler. Zero-field
ISR was reported last year in UPt,
this year these studies have been ex-
tendedto U,_,Th Be,;.

Materials Science

Sample Materials and
Experimental Technique

The samples were prepared by J. L.
Smith (Los Alamos, Group MST-53).
UBe,, exhibits a superconducting
transition at 7, ~ 0.86 K, as de-
termined for our samples by ac
susceptibility. U,_,Th,Be, shows"
two superconducting transitions for
0.02 < x<0.05 Forx=0.033,

T. = 0.60 and 0.40 K. Ultrasound at-
tenuation meastirements have been
interpreted® in terms of an itinerant
antiferromagnetism (AFM) transition
thatsets in below 7,. Nuclear mag-
netic resonance (NMR) measure-
nents’ have not detected such a tran-
sition, however, and place an upper
limit of =0.01 Bohr magnetons for
any possible magnetism.

The data were collected with the
LAMPF uSR spectrometer using 80-
MeV/c-momentum backward-decay
muons and applied transverse fields
H between 0 and 5000 Oe. In the
zero-field configuration the field at
the sample was zeroed to within
10 mOe using earth coils. The uSR
dilution refrigerator' was used for
the temperature range from 0.33 to
3 K, and a conventional helitron
cryostat was used for T> 3 K.

The pSR time histograms were col-
lected over the time range of 8 to
12 ps, depending on the experiment,
and the Knight-shift spectra were
analyzed in both time and frequency
(Fourier transform) domains. A stan-
dard copper sample at room tempera-
ture was used 4s an absolute fre-
quency standard, and copper runs
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were usually taken before and after
runson U,_,Th Be,; (copperhasa
measured'' Knight shift of +60 ppm).
In addition, the field stability during
each run was monitored with an NMR
probe located near, but outside, the
vacuum jacket of the cryostat. The
shunt voltage for the magnet power
supply was also monitored during
each run. Nonlinearities and drifts in
the time-to-amplitude and analog-to-
digital converters used to histogram
the time spectra were monitored
before and after each datarun. Asa
result of these checks, systematic un-
certainties in the measured absolute
frequency shifts were less than 1:107*
in the frequency range of interest,
about 65 MHz. The statistical uncer-
rnties were in the range from 200 to
400 ppm.

In transverse field a two-line fre-
quency spectrum was observed, one
line-shifted and one unshifted. It was
determined in auxiliary experiments
that the unshifted line was due
largely to muon stops in the cryostat.
At high transverse magnetic fields the
momentum spread for th~ muons
entering the sample ~egion is such
that some muons miss or are scat-
tered from the sample because of dit-
fering radii of curvature in the ap-
plied field. This problem should be
completely eliminated next vear
when the spin rotator is installed,
because the beam will enter the spec-
trometer parallel to the field axis.

In addition to the frequency
calibrations, the Knight-shift data
must be corrected for demagnetiza-
tion effects in both the normal and
the superconducting states. In the

normal state, one has for an el-
lipsoidal sample

Ki=K, —dny/(1/3—n') , (1)

where K} and K are the ohserved
and intrinsic shifts, respectively, ¥/ is
the bulk susceptibility, and »#/is the
demagnetization factor (n=1/3fora
sphere). The superscript j's refer to
the Cartesian coordinates of the el-
lipsoidal axes x, y, and z. Our sam-
ples roughly approximate ellipsoids,
so that by using the measured Y.
and approximating » we find that
4myx (1/3 — n) <107 in dimension-
less units (UBe, is a cubic material,
sothaty™ ~ ¥ ~ x*).

In the superconducting state a
diamagnetic shift is produced due to
circulating superconducting cur-
rents. The effect of this is to always
reduce the measured Knight shift;
however, a quantitative estimate of
this shift can only be made if the
magnetization in the superconduct-
ing state has been measured. To date
no such experiments have been pub-
lished for U,_,Th,Be,, . The correc-
tion depends on the sample shape, as
in the normal state. These effects are
discussed further under Results.

Finally, we note that the intrinsic
Knight shift itself may be anisotropic,
either because of an anisotropic local
susceptibility (produced by lattice or
crystal-field structure, for example )
or because of an anisotropic u* ion
interaction, such as for dipolar cou-
pling. For our preliminary analysis,
we ignore the former, noting the
UBe,; isa cubic material.




Results

Zero-Field Studies. The zero-field
linewidth in UBe,, for03 K< T
10 K was temperature independent,
with avalue of 6 ~ 0.20 us™. We
have performed lattice-sum calcula-
tions for nuclear dipolar broadening,
assuming several sites, and find that
rhe calculations are consistent with
the p* occupying a single site of oc-
tahedral symmetry in the UBe,, lat-
tice. Forthe x=0.033 sample,
o=~ 0.23us™ for0.33< 7<0.7 K, as
shown in Fig. 1. The origin of the
slightly higher value for x=0.033 is
not known (thorium is mono-
isotropic with no nuclear moment).
It may be thart the addition of a few
per cent thorium causes a slight shift
in the p* equilibrium site position.

Knight Shifts. An analysis of the p*
Knight shifts is shown in Figs. 2 and
3. Several results are apparent:

(1) the shift is large and negative;
(2} the shift racks our measured
susceptibilities for 4+ < T< 100 K, but
deviates for 7> 100 K; and (3) there
is a pronounced temperature de-
pendence of the shift in the super-
conducting state for x= 0.00 but not
for x=10.033. We discuss these re-
sults in turn.

The large (>0.1%) Knight shift
means that all the corrections to the
raw data in the normal state are of the
order of 10% or less. Thus we feel
confident that we have measured K
reasonably well. (The error bars
shown in the figures are statistical.)
The negative value is probably due 10

core-polarization effects produced by

different radial dependences in the
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spin-up and spin-down densities at
the p* site. Negative p* shifts have
been seen in other mateiials—
palladium, for example.!!

Although the diamagnetic correc-
tions in the superconducing state
have not been made, we note that,
because they must be negative, the
increasingly positive Knight shift
below T, in UBe,, must be intrinsic
and thus the diamagnetic corrections
are small. Moreover, both specimens
(x=0and x= 0.033) are extreme
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(a) Temperature dependence - the p ¥ Knight-shift Ky between 0 3and 300 Kin
Uj—Th,Be;3 x=0and0 033, appliedfiald Hy = 5 kOe The superconducting
transition temperatures are indicated by arrows, labeled by the symbois in

parentheses

(b) Temperature dependence of u* Gaussian linewiath @, conditions are the same

asin{a)

type 11 superconductors for which
mixed-state diamagnetisiu is small,
so that the differences seen in the
Knight shifts in these two materials
below T, are intrinsic.

The temperature dependence of K;
can be modeled as

K(T) =03, + Bront 8 (T) , (2)

where ¥, is the contribution from s
like electrons, ¥ ., is an orbital term
(analogous to the Van Vleck suscep-
tibility), and 3 ;(T) is due to the
heavy (5flike) electrons. Both g, and
%orp Ar€ taken to be temperature-in-
dependent. The fact that K, (T)
tracks the bulk susceptibility for

T< 100 K (% yu=> 8 emu/mole)
means that we are sampling the heavy
electrons in this regime. From the
slope of the %, versus K, (T), we
obtain a hyperfine field of —1.84 +
0.13 kOe/p 5. We do not understand,
however, why K, (T') breaks away
from oy (7)) at the higher
temperatures (¥ . < 8 emu/mole).
A plot of ¥ yu, versus 1/ Treveals a
temperature-independent contribu-
tion of 1 X 1073 emu/mole, We
note that a similar value was
obtained!® years ago, from ¥Al NMR
on UA},, and associated withy,,,.
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Discussion

Zero-Field Relaxation. In UBe
the magnitude of the linewidth o al-
lows a determination of the likely p*
site, as discussed above. The fact that
the width is independent of tempera-
ture means that the p* is stationary. In
Upger ThygasBey the absence w.fa
change in o down o 7/7,, = 0.83
allows one to set an upper bound to
the magnitude of any quasi-static lo-
cal field produced by itinerant anti-
ferromagnetism (AFM). A com-
mensurate AFM order of wavelength
equal to the muon site spacing could
cancel the local field by symmetry,
but an ordizary commensurate spin-
density wave requires both a
particular balunce of electron/atom
ratio with band structure? and a
perfectly symmetric p* site. These
cannot be completely ruled out, but
seem unlikely @ priori. In the
absence of such cancellation we find
that any AFM moment must be less
than 107 y,,. This limit is about 100
times lower than the upper bound’®
set by®Be NMR.

Knight Shifts. The most unam-
biguous and important fact derived
from these data is that the two super-
conducting states in the {U,Th)Be
system (one for x= 0 and one for

Materials Science

x=0.033) seem to be qualitatively
different, as reflected in the different
temperature dependences of K,
below T,. This fact leads directly to
the conclusion that the supercon-
ducting-order parameter in the
(U,Th)Be,; system is not likely to be
of the conventional, isotropic BCS
type, which does not allow two dis-
tinct superfluid phases.

We now address the temperature
dependence of the Knight shift in
pure UBe,, . The earliest NMR Knight
shifts® in the BCS superconductors
aluminum and mercury showed
%:(0)/%, = O0and ¥, (0) /%, = 0.7t0
0.8, respectively, the difference be-
ing attributed to a large spin-orbit
interaction in mercury, coupled with
samples whose geometrical
dimensions were smaller than the
superconducting coherence length.
Thus, Cooper pairs reflected from the
sample surfaces had their spins
flipped by the spin-orbit interaction,
and so the zero-temperature suscep-
tibility remained large. Because spin-
orbit coupling is strong in uranium-
derived wave functions, spin-orbit
scattering would be expected to in-
crease %, (0) substantially, if this ma-
terial exhibits conventional BCS pair-
ing. This was not observed, which
suggests unconventional pairing.

155



Materials Science

References

1. G R.Stewart, Reviews of Modern Physics 56,755 (1984).

2. P.A.Lee, T. M. Rice,]. W. Serene, L.]. Shan, and J. W. Wilkins, “Theories
of Heavy-Electron Systems" (to be published in Comments on Solid State
Physics).

3. D.Jaccard,]. Flouquet, P. Lejay, and]. L. Tholence, Journal of Applied
Physics 57,3062 (1985).

4. H.R. Ottetal., Physical Review Letters 52,1915 (1984).

5. D.E. MacLaughlin, C. Tien, W. C. Clark, M. D. Lan, Z. Fisk, J. L. Smith, and
H. R. O, Physical Review Letters 53, 1833 (1984).

6. R.Meserveyand B. B. Schwartz, in Superconductivity, R. D. Parks, Ed.
(Marcel Dekker, Inc., New York, 1969), p. 118;and D. E. MacLaughlin,
Solid State Pbysics 31,1 (1976).

7. A.].Leggett, Review of Modern Physics 47,331 (1975).

8. H.R.Ou, H. Rudigier, Z. Fisk, and ]J. L. Smith, Physical Review B 31,1651
(1985).

9. B. Batlogg, D. Bishop, B. Golding, C. M. Varma, Z. Fisk, J. L. Smith, and H.
R. Out, Physical Review Letters 55,1319 (1985).

10. D.W. Cooke,]. K. Hoffer, M. Maez, W. A. Steyert, and R. H. Heffner, “A
Dilution Refrigerator for a Muon-Spin Relaxation Experiment” (to be
published in Review of Scientific Instruments).

11. A. Schenck, Helvetica Physica Acta 54,471 (1981).

12. W. C. Koehler, R. M. Moon, A. L. Trego, and A. R. Mackintosh, Physical
Review 151,405 (1966).

L.

156



The results of muon-spin-relaxa-
tion (USR) experiments in the mag-
netic oxides, including oxide spin
glasses, have been particularly fruit-
ful this past vear, resulting in several
refereed publications and con-
ference contributions. The effort has
been directed into three main areas:

1. uSR study of the dynamics of
the magnetic environment in
magnetite (Fe,0,) inthe tem-
perature region near 247 K
where the reported anomalous
transition in the local muon
field and depolarization rate oc-
curs,

a new experimental study on
the oxide spin-glass Fe,TiOs
(pseudobrookite ), and
3. further theoretical work on the
muon site in karelionite
(V,0;).
Details of these investigations are
given below. These show clearly that
the muon provides a sensitive probe
of the dynamic processes in magnetic
materials on the atomic scale and
that, particularly in magnetite, it is
one of the most sensitive experimen-
tal tools available.

£

Magnetite (Fe,O,)

As described in detail in our latest
publications,'? the Mott-Wigner glass
state in Fe,O, has been firmly estab-
lished for temperatures above the
Verwey transition (125 K). Much of
the work this year was devoted to a
study of the muon hyperfine field
and depolarization anomaly at 247 K.
The origin of this anomaly has been
of considerable interest since its dis-
covery? by uSR measurements.

We have now come much closer to
an understanding of this effect. Data
taken over a year ago® showed that
the dynamical fluctuation of the mag-
netic environment is slower than the
muon precession frequency below
247 K, and faster above that tempera-
ture (see also the LAMPF Progress
Report for 1984, Ref. 4). This result
prompted additional external-field
measurerents, which were
performed this yegar.

Figure 1 shows the results of the
application of a field of 2500 and
720 Oe as the temperature was varied
across the anomaly at 247 K. As can
be seen for B,,, [|(110) above 247 K,
only one frequency (that is, one mag-
netic muon site) is observed,
whereas below this temperature two
frequencies (sites) are observed.
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FIGURE 1. Temperature dependence tor the pSR signal at B,y = 720and 2500 Oe
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The dependence on external-field
strength at a constant temperature
v T T T 7 T : (205 K) is shown in Fig. 2. Above the
30k J demagnetization field (~200 Oe)
the iron moments are parallel to the
applied-field direction. The slope of
the field dependence (13,5 kHz/Oe)
. indicates that the effective local
muon fields are parallel to the ap-
plied field. The interpretation of
these results, along with the earlier
cross-relaxation work,” is that a break-
down of short-range (atomic-cluster)
order occurs above 247 K. Two types
4 of magnetic sites exist below this
temperature that are correlated with
the characteristics of the short-range
Fe304 order. New, selectively doped
single crystal (nickel afld z.inc) C.rysmls'are cur-
-B—- [|<110> rently being mvsestngated in hopes of

axt altering the mction of the atomic
205K . clusters’ range and, therefore, of
shifting or destroying the anomaly
observed at 247 K in pure magnetite.
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50 ' Pseudobrookite (Fe,TiOs)
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A new research direction began
this year with the pSR study of oxide
" 1 L spin glasses. Initial experiments
were conducted on modified

seudobrookite (Fe, ,sTi; ;305)
BOX' [koe] grepared by V.A. M. Bsrabesrs 5
(Eindhoven). Zero-field measure-
FIGURE 2 Externalfield dependence of the uSR signal in FegO4 at 205 K Bgyis ments were made to obtain the asym-
parallel to the (110} direction metry and depolarization rate as a
function of temperature. As observed
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from Fig. 3, the depolarization rate
shows a marked increase at the glass
transition temperature (~45 K), with
another smaller increase near 8 K.
The shape of the depolarization ver-
sus temperature curve just above the
glass transition can be used to com-
pare two competing theories of spin
dynamics, namely the standard
power law® versus the Vogel-Fulcher
law 5" The change in depolarization
rate near 8 K is associated with the
suggested onset® of the transverse
spin ordering. Further analysis will
determine the validity of this inter-
pretation.

Karelionite (V,0,)

The main thrust this year of the
USR results on V,0, (see the LAMPF
Progress Report, Ref. 4) has been the
interpretation of our previous
measurements.”' The data showed a
clear jump in the local field at the
magnetic and metal-insulator transi-
tion temperature (7, = 134 K) for
our oxygen-deficient sample. Be-
cause of the electronic configuration
of the vanadium ion, the source of
the local magnetic field is mainly of
point-dipole origin from the V**. Cal-
culations based on dipole sums have
been performed to search for and
identify the muon-stopping site. The

Materials Science

original calculations® found a set of
sites that satisfied the experimental
results for the 15-MHz uSR signal
with respect to the magnitude and
direction of the local field when an
external field was applied. However,
in the original search, sites appeared
to be missing, as deduced from ex-
perimental asymmetries. Recent
work by Chan et al." indicated addi-
tional sites, explaining the 0-MHz
KSR signal. Summarizing for V,0;,
Bates muon sites, as well as
Rodriguez muon sites (similar to
those found in @-Fe,0,), have been
found. Comparing V,05, Fe;0,, and
a-Fe,O, uSR studies, we conclude
that muon-oxygen bonding occurs in
insulating as well as (semi) metallic
oxides.

Fe, ;s Ti) 260,
osl 175 h26Us

o5

o= us']
[I_s-rl]y-o

| r

oz}

Tik]

FIGURE 3 Depolarization rate measured as a function of tamperature for
Fer 75Ti1 2505. The open circles reprasent the fit with the standard power law (Re! 5},
the solid circles, that for the Vogel-Fuicher law (Refs. 6and 7).
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A wide variety of magnetically dis-
ordered materials exhibit two
magnetic transitions: (1) a fer-
romagnetic transition ata Curie tem-
perature 7. and (2) a transition to
spin-glass state ata lower temperi-
ture T,. We have studicd both the
freezing and the spin dvnamics in
one such system, PdlFeg My s, ts-
ing zero-field muon-spin relaxation
(USR). The freezing processes have
been considered ina previous
repori,' so we discuss here the recent
improvements in our analysis of zero-
field data and the use of the pSR
dilution refrigerator, which have led
to a better understanding of the spin
dynamics near and below T,.

Time dependent fluctuations of
the impurity moments contribute to
the muon depolarization through the
magnetic dipole coupling to the
muon moment. The dynamic con-
tribution to the depolarization domi-
nates the observed relaxation atlong
times for T< T,.. Above T. there is no
quasi-static tield and the observed
relaxation is entirely dynamic in ori-
gin. The resulting relaxation function
P(1) is usually assumed to be either
exponential or root expunential,
P(1) « exp[—(A1)"?). We argue below
that neither form adequately de-
scribes our data, so we briefly review
the calculation of the depolarization
function in the case of no muon dif-
fusion. More complete discussions
have been given by McHenry et al.*
and by Seymour and Sholl.?

In the motional-narrowing limit,
which is appropriate here, 1 muon at
site j has an exponential depolariza-
tion function

1
Ty(ry)

P(ty=exp | —¢ >

i

where the sum is restricted to the
occupied impurity sites surrounding
the muon site j. The overall de-
polarization tunction P(¢) observed
in a pSR experiment is an average of
the P, (£) overall muon sites. Be-
cause the P (1) may depend strongly
on j the average P(t) will in general
be nonexponential. For dipolar or
RKKY coupling, 1/T,(r;) can be ap-
proximated® by an angle-averaged re-
laxation rate 1/ T,(r) == K/¥S, where K
is a temperature-dependent quantity
containing the impurity fluctuation
time and the coupling strength, Note
that any concentration dependence
observed in Kis due to the concentra-
tion dependence of the impurity
dynamics. All direct concentration
dependence in the muon relaxation
function has been removed through
the sum in Eq. (1) and the average
over muon sites.

When 1/ T,(r) = K/r%, the average
relaxation function is given by*?

Py =11 [(1 —c)+cexp(—t1</r?)] »
(2)

where ¢ is the impurity concentri-
tion and r, are the possible impurity
site locations relative to the muon
site. The general behavior of the re-
laxation function is determined by ¢
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and by £, = r§/K. The parameter r, is
the mimmum muon-impurity dis-
tance, so f;' is the maximum muon
relaxation rate from a single impurity.
When ¢ — 1, the P(¢) is exponential
at all times, but at the concentrations
of interest here, ¢ < 0.1, the P(¢#) is
exponential tor ¢ < £, and root ex-
ponential for ¢ 3> f. In practice, it
may be difficult to observe the ex-
ponential region at low concentra-
tion because very little depolarizi-
tion will occur for ¢t < ,. The root
exponential will then be a good ap-
proximation to the observable de-
polarization function.

An explicit calculation of Kis
straightforward in the dipolar cou-
pling case, yielding?

K=133 (hy ) S(S+ 1D 1, , (3)

where v, and Y, are the muon and
impurity gyromagnetic ratios, S is the
impurity spin, and 14 is an effective
impurity correlation time. The nu-
merical factor arises from the angular
averaging of the dipolar coupling.

Equation (2) is clumsy to use for
fitting data because evaluation of the
lattice sum is lengthy. In the limit of
small concentrations it is convenient
to use a continuum approximation,
replacing the lattice sum by an inte-
gral 1o obtain?

im )
P(t)=expl— 5 r?,pc[e‘ oy — 1

1/2 1/2
114 t
+\ - erf\— Y
,() {l.)

where p is the number density of host
sites. The quantity r; is an inner
cutoff radius for evaluation of the
integral. In terms of these
parameters, the limiting root-ex-
ponential rate is A = (167%/9)p*c*K,
obtained when r, = 0. By taking r, as
an adjustable parameter, one can also
approximate the exact P(¢) for the
case where the near-neighbor sites
are excluded.

The muon-relaxation data above
T, were initially fit with both ex-
ponential and root-exponential func-
tions. The resulting ¥° per degree of
freedom suggests a change from an
exponential form at the highest tem-
perature (low relaxation rate) toa
root-exponential form at lower tem-
perature. Neither function fits the en-
tire range well. The more general
form of Eq. (4) requires a two-param-
eter fit to the data in a region where
the relaxation function does not have
either limiting form. The P(¢) data at
T=10 K fulfill this requirement. Ac-
cordingly, P(t) from Eq. (4) was fit
to the data by adjusting K and r,. We
find that r, /a,= 0.72 £ 0.08, where
4, is the palladium fcc lattice param-
eter. This value of r, was then held
fixed for the fits at other tempera-
tures. The resulting ¥* values demon-
strate that this procedure accurately
describes our depolarization data.
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Comparing the value of r,
(deduced from fitting the data to
Eq. ()] with the exact lattice-sum
results when various sites are ex-
cluded, we infer that there is no con-
tribution to P(t) from the interstitial
sites nearest the impurities. In a nor-
mal resonance experiment with a
large applied field, this might be due
to the shift of the muon-resonance
frequency produced by the polarized
impurity moment. The shift would
also entail a loss of signal amplitude
relative to the pure host signal by a
factor of (1 — ¢)" = 0.63, because the
six near-neighbor sites would not
contribute to the intensity of the ob-
served signal. Here, the muon P(t) is
measured in ze,0 field and the full
asymmetry is observed above T, so
this mechanism canniol be signifi-
cant.

We suggest instead that the muon
is physically excluded from the oc-
tahedral interstitial sites nearest the
manganese impurities. This could be
caused by a contraction of the host
lattice around the manganese or by a
repulsive muon-manganese interac-
tion of electronic origin. X-ray lattice
parameter measurements on a series
of PdMn alloys containing 2 to 10%
manganese do not show any signifi-
cant deviation from the pure
palladium lattice parameter, leading
us to infer that the effect is elec-
tronic. Presumably, muons are also
excluded from near-neighbor sites in
the other PdMn alloys previously
studied*® by uSR.

The spin-lattice-relaxation rate
constants K, obtained irom fitting
Eq. (4) to the PdFeMn data with r,

fixed, are plotted in Fig. 1. Above T,
the fits have the full muon asym-
metry, and the whole time range is
included in the fit. Below 7, the in-
itial damping from the quasi-static
fields reduces the initial asymmetry
for the dynamic part to one-third, and
only the time range beyond the in-
irial falloff is included in the fit.

Two additional data points
(triangles) were taken in an applied
longitudinal field. The significance
of these data is discussed below. For
comparison, we have also reanalyzed
earlier data*® on ferromagnetic
PdMn, ; and on spin-glass PdMng,,
using Eq. (4) with r,=0.72 a,.
These results, scaled by their respec-
tive ordering temperatures, are
plotted as the solid and dashed lines.
Figure 1 also presents the tempera-
ture dependence of the low-fre-
quency (21./-Hz) ac susceptibility
on the same PdFeMn sample.

The onset of dynamic broadening
above T, is similar to that seen in
ferromagnetic PdMn, as shown by
the solid curve in Fig. 1.
Furthermore, application of a longi-
tudinal magnetic field strongly sup-
presses the muon relaxation for
T = T, in agreement with previous
results* in ferromagnetic PAMn. By
contrast, a field has only a modest
effect on muon relaxation in a spin
glass ® It seems reasonable to con-
clude that the transition at 7, isto a
ferromagnetic state, as previously re-
ported.® It is not known why the
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x* (emuscm)

FIGURE 1.

(a) Temperature dependence of the
real (x’) and imaginary (x") parts of
the low-tield ac susceptibility of the
pSR sample, showing Ty = 1 9 K
from the peak of x”

(b) Temperature dependence of the
zero-field muon spin-lattice relaxa-
tion parameter (defined in the text),
scaled by the palladium latticc pa-
rameter. Here, T, = 8.25 K, from
the peak of the pSR rate \circles
represent the zero-applied field;
triangles, the 1-kOe longitudinal
field).

The solid line represents muon-relaxation
rates in ferromagnatic PdMng g7 , with
temperatures scaledby T. =58 K

(Ref. 4). The dashed line represents
muon-relaxation rates in spin-glass
PdMng o7 with temperatures scaled by
Tg="5.0 K(Ref. 5).
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Curie temperature determined from

the peak of the pSR rate,

T.=(8.25 £ 0.1) K, is somewhat

lower than the temperature of the

peak in x” or the inflection in x’.
The transition to the spin-glass

state is marked by the lower-tempera-

ture peak inx” and the falloff in x’.
No comparable signal in the muon

relaxation exists, although the relaxa-

tion rate gradually decreases below
T, and is much less sensitive to ap-
plied tields near 7, than it is near 7,.
A nonreentrant spin glass (for exam-
ple, PdMn, ;) would display an in-
crease in relaxation rate over a wide
temperature range as T— T, from
above (indicated by the dashed line
in Fig. 1}. The rate near T, would be
similarly insensitive to applied
fields.®

In the temperature region between
T, and T, the relaxation-rate constant
remains substantially elevated, in
contrast to the ferromagnet where the
rate constant falls to unmeasurably
low values at comparable reduced
temperatures. This indicates the con-
tinued presence of slow fluctuations
in this temperature range. From
Eq. (3) we can deduce effective cor-
relation times 1,7 = 10710 107" 5
for these fluctuations. At the same
time, the lack of an increase of K/a,
(Ref. 6) near T, in PdTeMn implies
that the ferromagnet to spin-glass
transition is not accompanied by
critical fluctuations in the frequency
range w = 10" s probed by uSR.
The low-frequency spin fluctuations
of this reentrant system are therefore
unlike those of either a disordered
ferromagnet or a spin glass.
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Progress toward increasing the
LAMPF muon-spin-relaxation (UWSR)
capabilities occurred in three areas:
(1) construction of an addition to the
SMC-West cave to provide space tor
the permanent installation of the PSR
spectrometer and the muon-spin ro-
tator, (2} construction of a muon-
spin rotator, and (3) continuing de-
velopment studies of the muon
beam-chopping system. These three
items will enable pSR experiments to
be done with more convenience and
efficiency, at higher data rates, at
lower temperatures, and with thia
sumples.

During 1985, Group MP-7 con-
structed an addition to the SMC-West
cave to accommodite the nSR spec-
trometer. This improvement will
greatly enhance the the efficiency of
doing WSR experiments by eliminat-
ing the necessity of setting up and
dismanding the spectrometer for
every run and by reducing the
probability of damage to fragile spec-

trometer and cryogenics components

during moving, assembly, and dis-
mantling of the experimental setup.
Plans in 1986 are to install and test
a spin rotator that will give the capa-
bility of rotating the muon spin 90°
before the muon enters the PSR sam-
ple. A spin rotator will allow both
transverse- and longitudinal-field
PSR measurements to be done
without turning the pSR spectrom-
eter magnet to orient the magnetic
field appropriately for each type of
measurement. Group MP-13 has re-
furbished a 3-m-long particle
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separator to be used as the rotator
and has undertaken the procurement
of power supplies that will provide
high voltage to the separator.

The successtul muon beam-chop-
ping feasibility studies carried out in
1984, using rudimentary electronics,
were followed this year by test runs
using a more complete system com-
prising newly designed high-voliage
and control electronics and a beam-
line-component layout closely ap-
proximating the configuration to be
used for the final installation. The
chopper control electronics worked
as expected and the high-voltage sys-
tem switched the beam on and off
faster and operated with much higher
reliability than the old system.

To wransport the beam to the pSR
spectrometer in the new SMC-West
cave addition, beam-line compo-
nents were arranged so that the muon
beam, after exiting QM21 in the west
cave, passes through the beam chop-
per box containing the crossed elec-
tric and magnetic tieids and into a
20° bending magnet. It is then re-
focused by a quadrupole doublet to
form a spot at the pSR sample po-
sition in the spectrometer. A drift
space between the doubletand the
spectrometer will eventually be oc-
cupied by the spin rotator.

Impravements te the Muon-Spin-
Relaxation (uSR) Experimental
Facllity

R L Hutson (Los Alamos)
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Spokesmen: G. Flik (Max Planck Institute at
Stuttgart), K. Maier (Max Planck Institute at
Stuttgart), and M. Paciotti (Los Alamos)

Participants: C. Boekema, J. Bradbury, W. Cooke,
H. Daniel, G. Flik, R. Heffner, M. Leon, K.
Maier, M. Paciotti, J. Reidy, H. Rempp, and
M. Schillaci

The most interesting muon-chan-
neling results obtained at LAMPF
came from light-on/light-off experi-
ments in germanium and gallium
arsenide along the (110) direction. A
large concentration of excess-charge
carriers was produced in these high-
quality single crystals iy directing
the radiation from a tungsten lamp
onto the sample surface. Taking ad-
vantage of the structure of the LAMPF
nion beam (pulse repetition period
8.3 ms, pulse length <750 ps), the
light was chopped so that each pulse
overlapped alternate pion pulses
striking the crystal. This resulted in a
high carrier concentration when the
light was on and, because of rapid
surface and bulk recombination, an
intrinsic concentration when the
light was off. This technique allowed
us to (1) reducc the heat load on the
sample, (2) obzerve the effects of dif-
ferent carrier concentrations at the
same sample temperature, and
(3) minimize the effects of any small
shift in crystal orientation or drifts in
electronics with time.

Most of the photons produced by
the lamp (7= 3400 K) and trans-
mitted through the Lucite light guide
have energies exceeding the
germanium (E;= 0.67 eV) and gal-
lium arsenide (E,= 1.43 eV) band
gaps. Upon illumination, the carriers
are produced at the surface within a
deptha ~ 1 pm (a being the absorp-
tion coefficient), whereupon they
rapidly diffuse into the bulk. For typi-
cal bulk recombination times, this
distance far exceeds the 50-um depth
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from which the channeled muons
emanate. Thus, within this depth the
carrier concentration resulting from
illumination is constant, a typical
value being 10** ¢cm™ for germanium.

In Fig. 1 we show radial averages
of the relative muon yield for
germanium as a function of the angle
y measured with respect to the (110)
direction. Data are presented for
light-on and light-off conditions at
two different temperatures, The
radial average is obtained by dividing
the two-dimensional charneling data
by a random spectrum—that is, one
obtained by putting a scattering foil
between the sample and the muon
detector—and subsequently averag-
ing the relative number of muons that
lie within a fixed radius of the center.
By increasing this radius, one obtains
iradial average distribution (chan-
aeling profile) of the channeled
muons.

At 100 K there are striking dif-
ferences between the muon-channel-
ing profiles taken with light off and
light on [compare Figs. 1(a) and
1(b)]. For example, with light off we
see both a center peak (that is,

y = 0") and an off-center one
(y=10.22"), whereas with light on
we observe only an off-center peak
(y=10.1"). At 200 K [see Figs. 1(c)
and 1(d)], we do not observe any
appreciable difference (within
statistical error) between light-off
and light-on conditions. Each profile
exhibits a center peak with hints of
possible off-center peaks. Thus, we
conclude that the differences in the
muon-channeling profiles observed
at 100 K can be attributed o the




occupation of different pion sites, re-
sulting from an increased carrier con-
centration during the light-on con-
dition. Furthermore, we note that
pion sites at 200 K are different from
those at 100 K and are essentially un-
affected by light.

Figures 2(a) and 2(b) contrast the
light-off/light-on differences in the
muon-channeling profiles of gallium
arsenide taken at room temperature.

Qualitatively, these results are
similar to those of germanium at
100 K [Figs. 1(a) and 1(b)j, that is,
we observe both a center and an off-
center peak for light off, but only an
off-center peak for light on. These
results are consistent with our con-
clusion that for some temperatures a
picn site change occurs when the
free-carrier concentration is in-
creased (lighvon).
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FIGURE 1 Radial averages of relative muon yields for germanium.
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FIGURE 2 Radialaverages of refative muon yields for gallium arsenide

For a qualitative interpretation of
the data in terms of specific site oc-
cupancy we referto Fig. 3, which rep-
resents the projection of a diamond-
type lattice onto a (110) plane. The
positions of hexagonal (H) and
tetrahedral ( 7) sites are shown with
respect to the (110) channel. Other
sites of interest are bond-centered
(BC) and {111)antibond (AB) sites.

Figures 1and 2 illustrate muon-
flux enhancement exclusively, that
is, channeling rather than blocking,
so one can immediately exclude
substitutional sites as candidates for
possible pion locations. Moreover,
channeling theory' predicts that pion
sites located in or very near a channel
center produce muon-channeling

peaks centered at y = 0, whereas off-
center sites yield off-center (y < 0)
peaks. Unfortunately, theoretical ef-
forts have not shown definitively that
one can in fact resolve the Tand H1
sites in a muon-channeling experi-
ment. Thus, we cannot currently
make an unambiguous correlation of
observed channeling peaks with
specific pion sites based on the data
along (110} directions alone. Fora
true site determination, we need ad-
ditional data along {100 and/or
{111) directions. Therefore, we dis-
cuss the two different possibilities
that are left.

If H-site occupancy is preferred
when the light is off, the center peak
could be due #~ a pion residing at H1
whereas the off-center peak could be
auributed to H2-H5 occupancy. For
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light on, the pion would preferen-
tially occupy the Tsite. This inter-
pretation seems plausible vased on
the angular position of the oft-center
peaks for both germanium and gal-
lium arsenide during light on. That
is, we note that the off-center peak
occurs at 4 smaller angle during light
on than during light off. One must be
somewhat care ful with this con-
clusion, however, because it might
be possible to generatce an off-center
peak [as shown in Figs. 1(b) and
2(b)] by appropriately weighting two
peaks such as those shown in

Figs. 1(a) and 2(a). This fact, cou-
pled with our lack of knowledge re-
garding T- and H-site resolution, sug-
gests a second equally plausible in-
terpretation of the observed muon-
channeling profiles.

The center peaks obszrved in
Figs. [(a) and 2(a) are associated
with nions occupying H1 and/or
T sites, whereas the off-center peaks
represent AB site occupancy. With
light on [Figs. 1(b} and 2(b)], a lrger
portion of the pions occupy A8 sites
than H and/or Tsites.

At 200 K, germanium exhibits 2
rather broad center peak for both
light on and light off, indicative of
possible multiple-site occupancy.

Regardless of the ambiguirty in
elucidating specific pion sites from
the observed channeling profiles, it
is clear that for certain temperature
intervals a pion site change occurs
when the carrier concentration is in-
creased (light on). This is
qualitatively understood in terms of
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FIGURE 3 Pionsites witnrespect to lcw-index channels in diamond-type structures
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differently structured electronic
states of the pion. From muon-spin-
relaxation (USR) experiments, where
positive muons (p*) are implanted
into semiconductors, it is known rhat
muons form different electronic
states, namely diamagnetic (bare) p*,
“normal” muonium (Mu = p*+ €7},
and “anomalous” muonium.? We
suggest that pionium (Pi=xr*+ €°),
an analog state 10 normal muonium
ana also to atomic hydrogen with a
meson nucleus, is formed because it
seems highly unlikely that a bare
pion would change sites when the
carrier conceniration is increased.
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Hartree-Fock and Hiickel calcula-
tions™! demonstrate that the lattice
potential for 15 hydrogen isotopes at
T'sites E% isan absolute minimum.
Thus, we conclude that Pi formation
occurs at T'sites, which is consistent

with either of the aforementioned in-

terpretations of pion site location.
Furthermore, it is known?* that the
lattice potential E}of 1s hydrogen
isotopes cccupying H sites repre-
sents an absolute maximum, with
Ef— Etz 1.2 evforatomic hydro-
gen in silicon. For muonium in
diamond, Sahoo et al.? find that
Ef— Er~08eV.

We conclude from these calcula-
tions that H sites are unstable for Pi.
Thus H-site occupancy seems plaus-
ible only if one assumes that Pi forms
bonds with each nearest-neighbor
germanium atom. Likewise, if Pi sits
atan AB site, one must conclude that
achemical bond is formed with the
nearest-neighbor germanium atom
on which the ABsite exists. Regard-
less of which interpretation is viewed
as the correct one, Pi states appear to
exist that cannot be explained by the
formation of normal pioniumon 7
sites. In analog to uSR terminology,
we associate these sites with
anomalous Pi.
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RADIATION-EFFECTS STUDIES

Operating Experience at the Los
Alamos Spallation Radiation-Effects
Facility (LASREF) at LAMPF

W F Sommer | K Taylor, and R M
Cha.az (Los Alamos) and VY
Cohmann (KFS . J0lich)

Operation of a new irradiation ta-
cility at the beam stop (Target Sta-
tion A-6) at LAMPF began in May
1985 The fucility is now fully opera-
tional. A closed-loop water system, a
closed-loop helium system, remote-
handling procedures for activated
materials, experimental change-out
procedures, and experimental con-
trol equipment are all in place.

Experience dictated a change in
irradiation capsules from a system
that used metal seals to a system that
is completely welded. The seals were
found to be unreliable and difficult
to replace by remote means.

Several materials have been ir-
radiated in the direct 760-MeV proton
beam. Material property changes, as
well as helium production in a variery
of materials, are being investigated.

A special sample holder that can
ac :ommodate transmission-electron-
microscopy (TEM) specimens,
isolate them from the cooling me-
dium, maintain a fixed temperature,
and retain essentially a stress-free
state has been developed. Remote-
handling retrieval of these specimens
is being developed.

Activation-foil measurements are
being made in order to determine the
secondary-particle flux and spectrum
(charged particles and neutrons) that
result from interaction of the direct
proton beam with targets at the beam
stop. Twelve independent irradiation
ports, each with an irradiation vol-
ume 0.12 by 0.25 by 0.50 m, are avail-
able for exposing material to this par-
ticle flux (primarily neutrons). Two
irradiations were completed in this
area during the period from May to
December 1985. The neutron spec-
trum here resembles a fission spec-
trumw 1 the addition of neutrons in
the million-electron-volt energy
range (high-energy tail). The neu-
tron flux, which at a maximum is
about 6 X 10" n/cm® s at one of the
12 ports, drops down by a factor of
about 10 ata minimum.

Three independent ports for
proton irradiations are in place. Each-
has an irradiation volume of about
150 cm?. The proton beam has a
Gaussian intensity profile; the max-
imum proton flux at the center of the
beam is 1.2 X 10" p/cm? s. The beam
spot has a size of approximately
26 = 5 cm. Four irradiations were
completed in this area during the
period from May to December 1985.
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Four separate icradiations in the Control equipment, including a EXPERIMENT 769 - Beam Stop
direct proton beam at Los Alamos closed-loop helium heat sink, a Area
Spallation Radiation- Effects Facility closed-loop water heat sink, and ac- Proton-Irradiation Effects on
(LASREF) at the LAMPF beam stop tendant instrumentation, was made Candidate Materials for the &
were completed. The irradiation operational. In addition, components € Werman
capsules contained sumple material required for a complex in situtesting Spallation Neutron Source (SNQ)
of aluminum alloys, pure :llumimﬁn, . device were irradiated in the neutron

Zircalioy, and tungsten—materials -4 environmentto determine their re-

that had been slated as candidates for liability. We found that components KFA at Joich, Los Alamos

the German Spallation Neutron such as a stepping motor, a load cell,

Source (SNQ) target wheel structure,  and a linear-variable-differential Spokesmen: W. Lohmann and K. Graf (KFA,
- - Julich) and W. Sommer (Los Alamos)

vacuum-to-air window, and target transtormer can acceptably tolerate

element cladding. Extensive in- the environment. The in situ

vestigations aimed at determining measurements will proceed next

mechanical and physical property year.

changes induced by the irradiation
will now be conducted at Julich.
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EXPERIMENT 769 — Beam Stop
Area

Quantitative Study, iy Field-lon
Microscopy, of Radiation Damage in
Tungsten After Neutron and Proton
irradiation

LOS alarmes Tiea Mleaco Institute of

~tomic Energy in China, KEA at Jiheh

Spokesmen: W. Lohmann (KFA, Julich) and W.
Sommer (Los Alamos)

Participants: 0. T. Inal and J. Yu

The defects that result from proton
and neutron irradiation of tungsten
were studied using the field-ion
microscope (FIM). The initial stages
of radiation damage can be examined
by noting the configuration, density,
and type of defect. This study used
medium-energy protons as well as a
spallation neutron flux for the ir-
radiation..

Annealed tungsten, in an un-
irradiated and an irradiated con-
dition, was examined in the FIM. Ir-
radiations were conducted using
protons and spallation neutrons at
LAMPF. Proton energies were 650
and 800 MeV. The neutron spectrum
resembled a fission spectrum with
the addition of substantial numbess
of neutrons in the 10- to 100-MeV
range. In the proton irradiations,
ternperature was controlled (by water
cooling) to less than 50° C; the tem-
perature for the neutron irradiations
was measured at 125° C.

The calculated diffusioi. coeffi-
cients of vacancies at 323 and 398 K
in tungsten are 107 and 107" cm?/s,
respectively, which means that the
vacancies are essentially immobile.
The interstitials ar this temperature
are mobile and should diffuse to a
sink, leaving few interstitials in the
matrix; this was confirmed by the FIM

in this study. The concentration of
vacancies that survived recombina-
tion and were observed with the FIM
was 1 to 3% of the calculated dis-
placements per atom (dpa), We
suspect that the remainder have
undergone vacancy-interstitial re-
combination or have found a sink.
The vacancy concentrations resulting
from fluences of 10¥and 10** p/m?
were 2.5 X 1072 and 1.0-1.6 X 107,
respectively. The neutron-irradiated
samples contained a vacancy concen-
tration of 4 X 1073 after a fluence of
10® n/m? Depleted zones contain-
ing a thousand or more vacant lattice
sites along with smaller zones con-
taining from 30 to 300 vacant lattice
sites were observed in the irradiated
samples. The shape of the smaller
zones was uniform and rounded; the
larger depleted volumes split into
nodes. :

Un-irradiated sampies of the same
stock were examined for defects. The
calculated equilibrium vacancy con-
centration at 300 K is 107%; therefore,
vacancies should not be found. This
proved correct for the samples ex-
amined, as no vacancies or void vol-
umes were found.

The data indicated that the number
of vacancies increases with increas-
ing fluence and that the number
surviving recombination is from 1 to
3% of the calculate< dpa. The most
numerous defect for buth the proton
and neutron irradiations was the
single vacancy. Depleted zcnes were
of two basic sizes: (1) 30to 300 va-
cant lattice sites or (2) over 1000 va-
cant lattice sites.
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A new irradiation facility, LASREF
(Los Alamos Spallation Radiation-Ef-
fects Facility), has been completed at
the beam stop area at LAMPF. [rradia-
tions are possible in the primary
proton beam and in the secondary
neutron flux resulting from interac-
tions of the primary beam with the
isotope production targets and with
the copper beam stop. High-puriry
activation foils are being irradiated,
the gamma spectrum is being
analyzed to determine the activity of
the spallation products, and the
measured activity is being used as
input in a computer code to unfold
the proton and neutron energy spec-
trum at LASREF. This analysis will
also aid in developing a simplified
dosimetry package that will be ir-
radiated with each experiment,

Measurements are being made at
locations where proton irradiations
are possible in order to determine
the energy spectrum and flux of the
secondary neutrons that would im-
pinge on peripheral experimental
equipment. Aluminum samples are
placed directly in the proton beam to
analyze the beam spot size, beam
degradation, and the proton flux.

A pneumatic rabbit system has
been built to measure the flux of
secondary neutrons and protons in
the neutron-irradiation ports. Four
rabbit tubes allow measurements in
radial locations 0.12,0.18, 0.27, and

0.38 m off the beam center line. Disk-
shaped foils of titanium, nickel, zinc,
iron, copper, vanadium, scandium,
gold, cobalt, and aluminum, each
with a center hole, are strung on an
aluminum center wire inside an
aluminum capsule to assure identifi-
cation. Capsules are pneumatically
placed in the neutron-irradiation port
using helium gas as a propellant, and
the foils are irradiated for 3 to 24 h.
Because of the high activation of
short-lived isotopes, the capsules and
foils are allowed to decay for 48 h
before analysis begins. Results of the
irradiations give the effect of isotope
production target loading on the
secondary neutron energy spectrum
in the neutron-irradiation ports.

Five irradiations have been made
at the neutron-irradiation port
outside the isotope production
targets. After the irradiations were
completed, the insert was moved to a
neutron-irradiation port outside the
copper beam stop, where seven
measurements were made.

Rediation-Eftects Studies

EXPERIMENT 936 — Radiation
Damage

Additional Measurements of the
Radiation Environment at the Los
Alamos Spallation Radlatlen-Effects
Facllity (LASREF) at LAMPF

Los Alamos, lowa State Univ.

Spokesmen: D. R. Davidsonand W. F. Sommer
(Los Alamos)

Participants: R. C. Reedy and M. S. Wechsler
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£ xPERIMENT 943 — Radiation
Damage

Microstructural Evoiution Under
Particle Irradiatlon

St b Somie Energy m Uhing LS
SIAMIOS

Spckesmen: J. Yu {institute of Atomic Energy,
China)and W. F Sommer (Los Alamos)

Participant: J. N. Bradbury

structural materials for advanced
energy sources, such as magnetically
and inertially confined thermonu-
clear reactors, are subjected to (1) a
radiation environment that produces
high-energy displacement cascades
and (2) transmutation products that
include helium. A similar environ
ment exists at the Los Alamos Spaila-
tion Radiation-Eftects Facility
(LASREF), where a spallation neu-
tron flux is available as well as the
direct proton beam. The major dif-
[erences among the three environ-
ments—tusion, LAMPF spaliation
neutrons, and 800-MeV protons— are
the details of point-defect production
rates, transmutation-product produc-
tion rates, and the recoil energy of
displaced atoms.

In preparation for an experiment
that addresses the relative effects of
the above parameters by exposing
control materials to both the spalla-
tion neutron flux and the direct
proton beam, we have formulated a
theory that predicts the microsiruc-
tural evolution that she*+'d proceed
under the two different conditions.
The ratio of the helium production
rate to the atomic-displacement rate
is predicted to be 10 times greater in
the direct proton beam than in the
neutron flux. If the prediction and
experiment can be brought into

agreement, it may be possible to ex-
trapolate data for microstructurai
evolution and the attendant mechani-
cal property changes to the fusion
case, in which the ratio is similar to
that for the spallation neutron case
but the recoil atom energy spectrum
is different.

For the theory, we consider that
immediately after a high-energy
cascade event a vacancy-rich region
exists near the primary event site, and
that an interstitial-rich zone, formed
by collision chains, exists some dis-
tance from the primary event site.
Transmutation-product helium can
diffuse into the vacancy-rich zone
and stabilize bubble nuclei, which
will later grow if sufficient vacancies
and helium atoms diffuse to the
nucleus. These bubbles are the sinks
for excess radiation-produced vacan-
cies. The excess radiation-produced
interstitials migrate and bound. 1f the
binding energy is high enough, a di-
interstitial is considered to be a
stable dislocation loop nucleus. The
loop nuclei grow if they receive more
interstitials than vacancies; this rep-
resents material swelling because the
bubbles do not cause a lattice con-
traction to offset the dilation caused
by the growing dislocation loops.

We consider further that the inter-
stitial loop growth process can be
represented by a Langevin equation.
Ifthe growth process at time ¢ is
assumed to be dependentonly on the
instantaneous interstitial concentra-
tion and the instantaneous
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microstructural state (dislocations,
bubbles, and grain boundaries) and
independenc of previous history, the
growth process can be considered to
be a Murkov process. Application of
an equivalent Fokker-Plank equation
allows deduction of an interstitial-
loop nucle tionand growth equa
tion, the solution ofwhich vields an
interstitial-loop distribution func
tion.

Use of appropriate material
parameters gives the incubation and
growth regimes of swelling and also
allows a determination of the max-
imum swelling temperature. These
results predicta maximum swelling
temperature of 1177 C for aluminum,
550° C for stainless steel, and 1100°C
for molybdenum, in good agreement
with experimental results.

Buasically, the maximum swelling
temperature is a function of only s,.,
gl /em (pyt+ pg),and N,. The max-
imum swelling temperature in-
creases as (py+ pp), N, and &1, /27
increase, and decreases as s, in-

creases. Here, s, is the vacancy-forma-
tion entropy, & is the vacancy-forma-

tion energy, £, is the vacancy-
mobility energy, py is the network-
dislocation density, py is the disloca-
tion loop density, and N, is the pro-
duction rate of vacancies and inter-

stitials per unit volume under irradia-

tion.

Further, the resolution charac-
teristics tor interstitial dislocation
loops have a strong bearing on their

evalution because the threshold for
the resolution of an interstitial loop is
lower than that tor the helivm in the
bubbles. As vacancies also condense
atinterstitial loops, the resolution is
enhanced.

The above treatnent also gives a
set of equations for the evolution of
bubbles and an approxinmate solution
of a distribution function for bubble
size as a function of luence and tem-
perature. The distribution function
gives the number of bubbles of size r
attime £, N(r,t)dr, as afunction of
size r.

We found that N(rt)dr increases
with fluence. Also, the peak value of
N(r,t)dt shitts to higher r with in-
creasing fluence. Nucleation de-
pends mainly on helium concentra-
tion and defect cluster concentration,
whereas bubble growth is controlled
mainly by the vacancy concentration
and a fluctuation coefficient.

If suitable parameters are chosen, a
reasonable distribution tunction for
bubble size can be obtitined. The
helium diffusion coefficient is less
than that for vacancies by five orders
of magnitude. The fraction of helium
remaining in matrix is less than 107%
the majority of the helium is as-
sociated with the bubbles.
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BIOMEDICAL RESEARGH AND INSTRUMENTATION

Ratdiohliology of Uitrasoft X Rays

M R Rau, S G Carpenter, J J
Chmielewski M E Schillact, P L
Sohor and M OE Wailder (Los Alamos)

The objective of this program is to
provide evidence to further constrain
and test assumptions used in models
for the biological effect of radiation.
Ultrasoft x rays (with energies less
than a few kiloelectron volts) are of
interest in radiobiology because they
deposit energy over spatial
dimensions comparable with those of
critical structures within the cell,
such as DNA strands and metaphase
chromosomes.

During the past year, we com-
pleted the initial phase of our in-
vestigations using V-79 hamster cells.
Our first experiments confirmed the
earlier Harwell results’ for cell kill-
ing. We found relative-biological-ef-
fectiveness (RBE) values for C-K,
(0.28-keV), Al-K, (1.5-keV), and Cu-
K, (8.0-keV) x rays, referenced to
250-keV-peak x rays of 3.0, 1.7, and

1.3, respectively, at 20% survival. In
addition, we performed new studies
of the increased sensitivity of cells to
radiation in the presence of oxygen.
We found oxygen-enhancement-ratio
(OER) values for carbon, aluminum,
and copper x raysof 1.8, 2.1, and 2.5,
respectively, at 20% survival. Also, we
measured variations in cell killing
with cell volume, which correlates
with age in the cell cycle. The cell-
cycle responses after exposure to
carbon and aluminum x rays were
very similar to those for 250-keV-peak
X rays.

Computer simulations? show that
nearly one-third of the energy of 250-
keV-peak x rays is deposited by ter-
minal low-energy secondary elec-
trons having a concentrated, short-
track structure characteristic of ultra-
soft x rays. Our results show that the
effectiveness of hard x rays is primar-
ily due to these terminal electron
tracks; however, oxygen has a greater
influence on the more widely spaced
lesions associated with the major
share of the energy deposition for
hard x rays, but produced o a lesser
extent with ultrasoft x rays.
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A completely implantable (pass-
ive) hyperthermia applicator is being
developed. Tests in gel phantoms in-
dicate that heat can be localized in
depth without a significant iempera-
ture increase near the implanted
subdermal-receiving antenna. It has
also been demonstrated that the aver-
age temperature increase in the treat-
ment region can be regulated by con-
trol of the voltage-current phase at
the transmitting antenna. We have
formed a collaboration with the
Washington University (Mallinckrodt
Institute of Radiology) for animal
tests and, eventually, trials on deep-
seated malignant tumors in humans.
The DOE has filed a patent applica-
tion on this instrument.

Javier Magrina at the Truman
Medical Certer in Kansas City reports
that all of the six initial patients with
cervical intraepithelial neoplasia
(CIN) have responded with re-
mission of their disease following hy-
perthermia ireatment using the Los
Alamos apparatus. He has found vir-
tually no complications with this
technique, including those com-
monly experienced with surgical,
cryosurgical, or laser therapy.

The software for calculating tran-
sientiz.aperature distribution in tis-
sue has been expanded to in-
corporate user-defined models for
simulation of the hyperthermia gen-
erator specifications, including
power output, temperature monitor
location, and temperature-feedback
loop characteristics.

A hyperthermia probe capable of
heating larger tissue volumes has
been supplied to our collaborators at
the Ren Ji Hospital in Shanghai,
where treatments of brain cancer
continue, and an electrosurgical de-
vice has been developed that com-
bines cutting and coagulating capa-
bility in one instrument. A patent ap-
plication has been filed.

Another patentapplication has
been filed on a dissolvable stent,
which is intended for use in blood
vessel surgery.

Biomedical Research and Instrumentation

Instrumentation

J D Dossand C. W. McCabe (Los
Alamos)
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EXPERIMENT 897 — LEP

Plon Single Charge Exchange in 'L
to the Ischaric-Analog Ground State
of 'Be

ClArnos Institate of Aomic B ey at

st P
Spokesman: B. J. Dropesky (Los Alamos)

Participants. B. J. Dropesky, G. C. Giesler, M J.
Leiteh, L C Liu,C J Orth,R. J Estep, L. E.
Ussery, and A. Cui

In this study we are particularly
interested in the interference be-
tween s and p-wave TN amplitudes as
manitested in the cross section for
the pion single-charge-exchange
(SCX) reaction. Evidence for this in-
terference was first observed by the
dramatic and unexpected drop in the
forward-angle cross sections for the
UN(rt ) B0 isobaric-analog-state
(IAS) reactions measured at 48 MeV
with the LAMPE  spectrometer.
The theoretical model of Kaufninn
and Gibbs ? which includes the s and
p-wave TN-amplitude cancellation,
predicts a2 deep minimum in the for-
ward-angle cross section at about
50 MeV forsuch an SCX reaction.
This was confirmed tor the
reaction PC(rT m") N (1AS) by
measurements® with the i’ spec-
trometer that extended the 0° excita-
tion function for this reaction down
to near 30 MeV.

Our activation measurements® in
Exp. 553 of the angle-integrated
cross section as a function of energy
for the SCX reaction PC(xt,n") N
(10 min, 1AS) showed a dip in the
excitation function at about 70 MeV,
This dip is another manifestion of
th+ interference between s and
P aves. The Kaufmann-Gibns calcu-
lation for this angle-integrated cross
section predicted a minimum in the
excitation tunction near 60 rather
than 70 MeV,

In this experiment we have in-
vertigated another example of an
SCX reaction that leads toan
isobaric-analog ground state, namely
"Li(n*, %) Be (53 days, 1AS). This
stucly is complicated by the fact that
one other bound stat«, the first ex-
cited state in "Be s7 429 keV resulting
from a nonanalog spin-flip transition,
is also involved. However, very re-
cently at TRIUMF we measured the
cross section to this nonanalog state
using the prompt Y technique over
the energy range from 50 to 90 MeV,
and at LAMPF we measured the yield
of 53-day 'Be over the energy range
from 35 to 90 MeV. These measure-
ments give us the sum of the cross
sections to both the analog and
nonanalog states. By subtraction we
obtain the exciiaticn function for the
IAS transition alone and look for a
dip caused by s- and p-wave inter-
ference. Of particular interest is
whether this dip, if observed, is
shifted upward in energy when com-
pared with theory, as we saw fo. °C.
Because the spin-flip transition
should not have any sharp structure
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inits energy dependence, sucha dip
should ulso appear in the cross sec
tion tor the sum of the two tran
sitions,

The cross sections tor these reae
tdonsin Liwere measured severit!
vears ago by Shamai et al. > at LAMPY
(7O 1o 230 MeV) and by Aluman et al®
AUSIN (90 1o 210 MeV) . They noted
that the cross section o the
nonaniiog state is about one third
that ot the analog transition. At
LAMPF, the ' spectrometer
meastrements of the 0 cross sec
tion tor the "Litn* . n")  Be (IAS) reac
tion have been made trom about 30 to
100 MeV, and adistinct minimum at
=42 MeV was observed. The Kaut
mann-Gibbs calculation puts the in-
terference minimum at ~50 MeV, a
canonical energy that appears to be
independent of the nuclear size in
their model.

To determine the excitation func-
tion tor the Lite™. ") Be (53 day,
IAS) reaction over the energy range
from 33 1090 MeV, we irradiated
disks of natural tithium metal, sealed
in thin-windowed containers. in the
7" beam of the LEP channel foran
appropriate number of hours. The
electron free pion tlux emerging
from the 5 fi particle beam
sepuarnator.” which wis coupled to the
LEP channel, ranged from + X 10710
1 X 10" ¥ /s Afrer irradiation, the
lithium disks were trransterred, inan
inert atmosphere, to new containers.
and the induced 53 diav Be y-ray
(478 -keV) activity was measured with
our low-background, high resolution
germanium or Ge(Li) y spec
trometers in the Nuclear Chemistry
Laboratory at LAMPF.

RESEARCH
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The absolute cross section for the
sum of the contributions of the
"Lty reactions to the firstex
cited and ground states of "Be will
come from relating the vield of "Be to
the activity of 15 h*Naindueed in
thin aluminum flux monitor toils
coupled with the lithium targets and
the cross sections for the
TAlmt AN PN reaction we de
termined previously.* down to
50 MeV. For this experiment, there
fore, it wis necessan tor us to nutke 2
few 40-min irradiations, at 35 and
45 MeV, of packets of aluminum toil
plus Pilot B scintillator disks to de-
termine the A", XN Nu cross sec
tions relative (o our well-established
RC(at,aN)C (20.4-min) primary
cross sections at these energies.”

For the lithium targets, which are
=~ 100 mg/cmz, secondary (p, 1) reuac-
tions from protons generated by pion
interactions in the target can con-
tribute to the vield of 53-day "Be. Be-
cause of target fabrication and oxida-
tion problems, it was not feasible 1o
consider an experimental study of
these secondary etfects as a function
of target thickness. Therefare, we in-
tend to calculate the magnitude of
these corrections by means of the
formalism developed in our group by
J.J. H. Berlijn and the computer pro-
gram written by W. R. Gibbs of Group
T-5.
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Our preliminary cross sections for
the reaction "Li(n*,n") Be 1o the sum
of the analog plus nonanalog states
over the energy range from 35 to
90 MeVare shown in Fig. 1. No cor
rections have yet been made for
secondary (p,n) contributions to the
measured cross sections. Also, sub
traction of the contribution o the 53
day “Be by transitions to the
nonanalog 429-keV excited state will
have to wait until the recent TRIUME
data can be processed. However, we
can point out that the present data
show that our measured cross section
for the sum of the analog and
nonanalog transitions at 90 MeV isin
agreement with the earlier measure-
ment of Altman et al.® On the other
hand, our 70-MeV cross section
(1.16 £ 0.19 mb) is in disagreement
with the earlier value of Shamai et al.*?
(=271 mb).

Our preliminary excitation func:
tion shows 1 monotonic decrease in
cross section as the energy is lowered
from 90 1o =350 MeV, and thenan
increase in going to 35 MeV. This
would appear to reflect the inter
ference between s and p-wuave TN
amplitudes t* ataccounted tor the
minimum (at42 MeV) observed in
the 0° excitation function for this
reaction measured with the 1
spectrometer.” Despite the missing
value at 50 MeV, the minimum in our
excitation function is quite broad, as
was noted for the 0° measurements,
particularly when compared with the
minimum observed for the SCX reac-
tions in *C and "*N, for example’
Likewise, this minimum is much
proader than the one we observed in
the excitation function of the angle-
integrated cross sections for the
BC(nt n®)BN (1AS) reaction.?

T T T T T
20} .
1.5 -
=
E 1o} .
b {
os} s
oL s L 1 L 1
30 40 50 60 70 80 90
T (MeV)

FIGURE 1 Ernergy dependance of the angle-integrated cross section for the sum of
th2 transitions to the analog ai:d nonanalog states for the single-charge-exchange

reaction’Li(n* 1% Be
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R~ Kraus H Wolimik, G W Butler J R
Sims, J W van Dyke, S Archuletta, M. Mays,
i R Zerwekh, D D Kercher

Introduction

This report is the third miseries ot
progress reports describing the de
stgn, construction. and testing ot the
time ol tight isochronous (TOFD
spectrometer and its associated
secondary beaim line. TOFL whichis
being constructed jointly by INCand
MP Divisions, is designed o measure
inasvstematic tashion the ground
stite masses of the light neutron rich
nuclei with 4 <= 70 that lie far trom
the valiev of § stability. Three major
goais were achieved during the past
vedr:

1. the second half ot the transport
line was instilled and the entire
line was tested;
the four dipole magnets that

I~

constitute the spectrometer
were field mapped and op-
timized; and

e
| MAIN
. TARGET LAMPF
I CHAM PROTON BEAM
A BEAM

TRANSPORT

A U LAT0 R NN T I LR B U LA I S L S TlaT=

3 the spectrometer wis installed
and tested, and an initial set of
data was acquired.

Here we describe these majorac
complishments. Forasummary ot the
scientitic goals and overall design of
the TOFI spectrometer, see the two
previous LAMPYE Progress Reports. '

Secondary B~ara Transport Line

The secondary beam line tor the
TOFI spectrometer wits completed in
March of 1985 with the installation of
the second half of the line. This trans-
port line consists of four quadrupole-
triplet focusing magnets, a mass-to-
chiarge filter, and several x,y steering
magnets {see Fig. 1), The purpose of
the transport line is threefold:

i. to provide a focused image of
the target at the entrance to
TOFi while capturing the larg-
estsolid angle possible from
the production target,

. toreduce the transmission of
high-yield lightions (that is,
protons, deutervons, alphas, and
neutral particles) thatwould
normally saturate the first tim-
ing detector; and

3. to physically remove the spec-

trometer from the LAMFL high-
intensity beam line insuch a
way that easy access 1o the sys-
tem is obtained.

Toachieve these goals the trans-
port-line optics is arranged as two
almost identical quasi-telescopic sec-
tions using four quadrupole triplets.
The first section incorporates an elec-
vostatic deflector and dipole magnet
located immediately in front of the
second quadrupole tripletto act asa
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cructe mass toochurge Viter to
elinvmte nvont ot tie high vield hahe
ions. & cothmator s placed aoann
termediate tocal posthon between
the (o e lescopie sections to detioe
the tiass 1o Churge ransnnssicn. Sey
e tesis were carries ot o
charicterize and opueyize the trans
port Time pertormance with respoct to
solid angle andomomenam and
Hidss Do harge trinsmission
proveries s welbas overabimnge
quatity

The transport line was tuned usiig
various alpha sources and bight read
tion products orginating from 800
Me\ proton bontbardments of a nutu
ral thorium tirget. Each quadrupole
tripletwas characterized separately
in point to pointfocusing tests using
o particles. These imaging studies
used o position sensitive muluwire
proportional counter® located at the
intermediate and final focusing posi
tions. Further focusing studies using
seme or all of the triplets were car-
ried out with a sources located in the
scattering chamber orat positions
along the transport line. Figure 2
shows the tvpe of images obtained at
the tinal focusing position (1) for a
source located atthe target position
and 2 for w projected image of a
collimator located in the transport
line +0 ¢ trom the target.

Todeliver alarge solid angle 1o the
spectrometer, the transport line re
duces the angular spread of the reac-
tion products. This presents an
enlarged image of the target region
to the spectrometer. Using the gen
entl ton optical svstems code
(G1G3) the vand y magnifications
were calcubated? tobe 2.0and 2.3,
respectively, which agrees with our

mesuree nts exacthy, Using vari
ous srzed collimators wo define the
solid angle acceptance oi the line,
we studied transmission versas solhd
aigle. Onhva S e intensitv loss lrom
the trget o the finad focus wis
mesured for the design solid angle
accepance ol 2.3 msr

Using a multienergy, mixed u
source of MMGdand Srhand atarge
ared CHono mm#) silicon detector, the
momentum transmission of the line
s determined i the same ishion
as that reported previousivtor the
first half of the line * This momen
tm transmission curve s basically
Gaussian in shape, with a width of
dp = 28% (FWHM). This is more
than sutficient to fill the spec
rrometer, which has a designaceep
nce of p, H = 4%, Additional tesrs
showed that the optimized tune de
veloped for one particular a energy
gives good solutions at other
energies if scaled according to
momentum.

Finally, to investigate the filtering
properties of the mass-to-charge
(m/q) filter, a AE-E silicon telescope
was used to identify proton, deu-
teron, triton, *He, and a reaction
products. For these tests the transport
line was set for a particuliar momen-
tum-to-charge value (190 MeV/c/ )
and then the electric fiela of the
(m/q) tilter was tuned to various
values in order to select different
(m/q) ratios. By comparing the in-
tensity of identitied alphas and
tritons at different On/g ) settings,
the (/g ) transmission ot the trans:
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port line was determined A clear
filtering of the neighbuoring (m. ¢
species was observed. The A Q trans
mission cutve is semi Gaussian with
awidth of (84,0)/0470) = 14%
(FWHM) und a wiil extending to the
high A4-Q side of the peak. More
specificatly, at a setting optimized tor
tritons (that is, 4°Q = 31, the in
tensity of @ particles (A7Q = 2y was
reduced by more than three orders off
magnitude. This filtering is
particularly important in our tuture
experiments because the vields of
the exotic nuclei of interest will be
several orders of magnitude lower
than those of p, d, a, and other re-
coilswith 4/Q < 2.

In conclusion, all these measure-
ments agreed with the expected de
sign performance of the transport
line.

Magnet Mapping and
Optimization

Mapping of the spectrometer
dipole magnets was divided into
three separate tasks:

1. optimizing the size of the Rose
shims used to extend the radial
width of the uniform field re-
gion,
determining the shape and size
of iron wedges used to tilt and
straighten the effective field
boundaries (EFBs) at the en-
trance and exit of each magnet,
and

t~)

3. mapping the unitorm portion of
the magnetic {i:ld in arder to
buile surface inhomogeneity
coils,

These measurements and trimming
procedures were developed using
the first magnet. The optimized de-
sign for the Rose shims and wedges
determined for the first dipole were
duplicated, installed, and checked
on the remaining three magnets. Be-
cause the four dipoles were nearly
identical, no reoptimization of these
shims was required. However, the
surface coils were custom designed
for each magnetin order to remove
field non-uniformities that were
unique to each dipole magnet. After
spending nearly 5 months measuring
and optimizing the first dipole, we
completed work on the remaining
three dipoles in only 2 months.

Optimization of the Rose shims

was done using a simple iterative
technique in which several radial
scans across the pole face were ob-
tained using a Hall probe attached 1o
an x,y plotter. From these scans the
shape of the field could be de-
termined to a relative accuracy of

0.2 Goutof an overall field of 5.7 kG.
Absolute calibration of the probe was
unnecessary and drift corrections
could be ignored because of the
short {(30-s) scan period. The width
of the Rose shims (curved segments
of 2.5-mm-thick magnet steel at-
tached to the inner and outer radii of
the tap and bottom poles) was
changed afier each scan until the
widest uniform field region was oh-
tained. The final field shape in-
troduced a slight (0.5-G) field hump
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acboth the inner and outer radii to
compensate tor the natural decrease
in the magnetic tield as the distance
froni the cenoral radius increases. A
complication to the rrimming of the
Rose shuns arose in the region of the
top pole picce supports. A noticeable
narrowing of the unitorm field region
wits observed at these locations. This
etfect wus corrected by mounting
snill iron rings around the supports,
With these optimizition procedures
the rachial width of the unitorm field
region (defined here as £0.5 G was
increased from 15 to 20 em for a pole
width of 30 ¢m and a1 magnetic gap of
9.6 cm.

Trimming the entrance and exit
effective field boundaries of the
magnet wus done using an iterative
technique that determined these
boundaries at equal spucings across
the width of the pole. Ten Hall-probe
scins tiken parallel to the particle
trajectory at the entrance and exit of
each magnet and going from the
field-free region outside the magnet
o the uniform-field tegion were ob-
tained. Using an interactive analysis
code, we transformed these individ-
ual scans from the measurement
coordinates to magnet coordinates,
which we then used to calculate the
location of the EFB along each scan
o an accuracy of 0.25 mm.

steel shims placed on the sloped
portions of the entrance/exit poles
were designed so thatall scans re-
sulted in the same EFB location. Four
types of shims were finally con-
structed for each magnet. The outer
radius shims were simple 2.5-mm-
thick, 2.5- and 5.0-¢cm-long metal

strips that were bolted in place. The
inner radius shims were fairly com-
plicated wedges that had to be op
timized using many iterations. These
wedges countered the tendency of
the tield to fall oft too quickly near
the corners ot the poles and thus
produce a cunved EFB. Two types of
wedges and two types of straight
shims were required because of the
difference between the end of the
magnet that had the current leads
and the end that did not. The tinal
eftective tield bounduries were flat
(10 0.76 mm over half the central arc
length of 78 ¢cm) across the usable
portion of the magnet pole width
(20 cm).

The final step in the cipole op-
timization was to produce complete
field maps taken near the top and
bottom pole pieces in order to con-
struct top and bottom surface coils to
reduce the remaining field in-
homogeneities unique to each
magnet. This step was especialiy dif-
ficult because of the dual require-
ments for obtaining 0.1-G accuracy in
the homogeneous portion of the field
and for extending the map into the
fringing field regions of the magner
with lower resolution. A new field-
mapping technique that acquires two
field maps simultaneously was de-
veloped to accomplish this dual goal.

The first map used a nuclear mag-
netic resonance (NMR) magneto-
meter to measure the field, and the
second map used a temperature-
stabilized Hall probe. The NMR field
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AP Wits accurate to considerably
better than 0.05 G, hut could notob
tin data in the tringe tields of the
magnets. The Hall map covered the
entire region that needed to be
mapped, but was accurate toonly S G
absolute.

A composite tield map wis
produced by using the NMR map
where the magnetometer was stable
and by filling the remaining regions
witha corrected Hall map. This cor
rection consisted of linding the two
most recent dati points where both
the NMR and Hall maps were valid
and then normalizing the Hall data to
the NMR data. In this tashion the
Hall-probe data were continuously
recalibrated on an absolute scale,
vielding fringing field data with an
accuracy of 0.5 G.

The resulting field maps for the
top and hottom poles were modified
in several ways in order to create the
final contour maps needed to design
the surface inhomogeneity coils.

First, the maps had to be extended,
using a linear-extrapolation routine,
to regions that could not be reached
by the field-mapping probes because
of obstructions.

second, a boundary region was de-
fined around the map thatwas 3.2 cm
wide and located 3.2 ecm away from
the effective surface coil outer edge.
Outside this boundary region the
map was set to a constant value: in-
side, the map was sctto the final field

vilue. The values ol the data points
within the boundarny region itself
were determined by doing a linear
interpolation across the boundary. In
this fashion the contour lines of the
field map could be smoothly closed.

Third, the maps were smoothed
several times using i technigue that
looked atadjacent data points and
averaged over them to redetermine
the central data point,

Finally, the maps were drawn full
size. The contours were cut by hand
in one place and reconnected to form
aspiral, permitting current to be fed
in at one point of the circuit board
and returned atanother. The final
contour spacing was (.75 G, produc-
ing a field of approximately that uni-
formity. The field-uniformity im-
provement resulting from these sur-
face coils can be seen in Fig. 3(a),
which shows an uncorrected field
map, and Fig. 3(b), which shows the
same field map after the surface coil
has been energized. The field
homogeneity has been improved by
approximately a factor of 3.

Spectrometer Installation and
Tuneup

After the magnetic-field optimiza-
tion of each dipole was completed,
the magnets underwent final as-
sembly. This involved the instillation
of the inhomogeneity surface coils,
the quadrupole/hexapole surface
coils, and the vacuum tank. (The
quadrupole/hexapole surface coils
were included to adjust the first- and
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second tield indices to optimize the
isochronous and focusing properties
of the spectrometer.) The dipoles
were assembled and moved mo the
TOFL expernnentalares where they
were adhigned and connecred to the
coohing water supplvand the spec
trometer power supply. By the end ot
Octoher 1933 the installanon of the
vicudn svstent was completed and
the spedtronmeter was under viecuum
\ter the momentum collinator
and tast iming detectors were 1
stalled, the speciromeier was turned
ontor the tirst time on November 11,
1985, Within the first dav the spec
trometer had achieved its mass re
solving power design goal ot
MAAM = 2000 with the measurement
of “"Ama particles showing atiriing
decuriey of 300 ps out ot ol tran
St time of n00 ns, After 2 weeks of
turther off line and on line testing,
data collection tor the first experi
ment was begun. Dat collection
continued until mid-December,
when the LAMPY production run
ended.
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RADIOISOTOPE PRODUCTION

{sotope Production and Separation

Radioisotope Production
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J Stankruger NSO 0
Barnes and P LY N anek
(Group INC 3, Lam S

The medicul radioisotopes re
search program in INC-11 (formerly
INC-3) continues to supply radio-
isotopes to the medical research
community. Several of these radio-
isotopes are uniquely produced here
and many others can only be
produced in quantity at LAMPF. Two
new isotopes were made avaitable
this year: *Si for inhalation studies

and ¥ Titwo be used inthe ¥ Ti/"s¢
generator. The “*Sc is a positron-emit-
ting isotope that concentrates in the
bone. Both of these new radio-
isotopes were obtained from initial
research targets. Additional informa-
tion will be presented as procedures
are finalized.

In 102 shipments, 45.6 Ciof 13
radioisotopes were distributed dur-
ing FY 1985. These dataare sum-
marized in Table 1.
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Electrolytic Separation of
Selenium lsotopes from
Proton-Irradiated Targets

Arsenic 72 has many applictions
in medicine and environmentil toxi-
cology. [tis a positron emitter, mul
ing it potentially valuable isotope
in positron emission tomography
(PET); it might be conjugated to ap:
propriate monoctonal untibodies tor
use in cancer therapy;and itcan be
used us a tracer in biochemical
studies t evaluate the environmenial
impact ot arsenic produced in coal
combustion und geothermal emis-
sions. For many applications it is im
portant to have the radioarsenic in
very high specitic activity,

Probably the best approach tor the
production of As is by use of a
5¢/™As radiochemical generator
system. Selenium-72 can be
produced in reasonable yield by ir-
racliating RbBr targets with 800-MeV
protons.' We are developing a novel
procedure to separate selenium
isotopes from the RbBrarget mate-
rial.

The process is based on the elec:
trolytic deposition of the selenium as
Ny selenide frase o~0b ' Geon-
tuninga C . (1) ion and selenious
acid onto a platinum-gauze elec-
trode. A strongly adherent precipitate
of Cu(l) selenide is produced. Vir
waally quantitative deposiuon i ob
served atter 1 h; however, several
plate/strip steps are requited to re
move trace radiochemical impurities.
The final product contains approx-
imately equal quantities ol "Se and
Se and is suitable for generator de-
velopment. We usually produce 200-
10 300-mCi *Se from a 2-day irradia-
tion of a 30-g RbRrtarget, with an
overall recovery of =80%.

The success of the electrelytic
separation process suggests a novel
approachto the construction ot @
2Se/*As generator system, In de-
veloping the separation process we
obeerved that arsenic does not de-
posit to any appreciable extent under
conditions necessary to depost Cu(l)
selenide. Thus it should be possible
to develop an electrochemical gen-
erator system that would be relatively
simple 1o use. One such system cur-
rently under investigation involves
concentric cylindrical platinum-
gauze electrodes. By reversing the
current on these electrodes a series
of plate/strip operations should re-
lease the "*As 1o the solution of elec-
trolyte. This system is currently being
tested and results are premising.

Reference
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Energy Spallation Cross Sections. 1. RbBr Irradiation with 800-MeV
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(1982).
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The goal of our research is to de
velop methods of attaching radio
nuclides to monoclenal antibodies
and antibody fragments for use in
camor inaging and meernal radiation
therapy Monoclonal antibodies and
their fragments are of interest be-
cause thev enable the selective
targeting of tumors. The labeled ant
bodies could be used as carriers to
transport radioisotopes to tumors,'
thus minimizing totad-body radiation
dose and radiation damage to normal
tissue. We have developed methods
to label antibodies with © Cu, a poten
tiallv useful medical radioisotope
having a suitable halt -lite (62 h) and
nuclear decay properties® for use in
mor imaging and therapy. This
radioisotope is produced in high
specitic activity €17 000 Ci/g) at
LAMPE. Porphyrins were chosen as
*"Cu chelating agents to be con-

jugated to antibodies for two reasons:

(1) metatloporphyrins, which are
ubiquitous in nature, present littde
problem of toxicity and €23 copper
porphyrins are very stable to loss of
copper ions in human serum under
simulated in riro conditions.* We
have adopted the synthetic strategy of
coupling activated chelating agents,
N-benzvl porphyrins, to antibodies
hefore labeling with " Cu. This has
the advantage of being a “cold kit
puritied porphyrin-antibody prep-
aration that can be radiometalated as
the final step in the synthesis.
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The remarkable ability of
porphyrins to retain bound copper
ions and the great stability that
synthetic porphyrin ring systems
have against degradation make
them desirable chelators of “’Cu for
antibody labeling. There are two
possible strategies to radiolabel anti-
bodies with *’Cu using porphyrins:

L. Radiomeralate the porphyrin
first, prirify the copper
porphyrin, and then covalently
link the metalloporphyrin to

the antibody. This methoa pres-

ents the usual difficulties that
are inherent whenever short-
lived radioisotopes are used.

2. Attach the porphyrin to the anti-

body, then purify the
porphyrin-antibody conjugate
before radiometalation of the
porphyrin. This strategy has the
advantage of being a cold-kit

type of synthesis in which radio-

labeling is the final step of the
preparation.

We are investigating the second
strategy as a means of preparing
radiolabeled antibodies. A major
drawback to the use of porphyrins
has been the slow rates at which the
relativelv inflexible planar
porphyrins incorporate metal ions.
Although Cu(I1) is one of the most

rapidly incorporated metal ions, the
rate in aqueous solutions in the pH
and temperature range where pro-
teins are stable is too slow to make
the reactions of #’Cu with porphyrin-
antibody conjugates teasible. The
only route available for typical
porphyrins is the synthesis of the fCu
complex in refluxing
dimethylformamide and
purification, followed by coupling
of the radiclabeled porphyrin com-
plex to the antibody (strategy 1). To
achieve the rapid metal-complexa-
tion rates that are necessary for a pro-
cedure in which a prepurified
porphyrin-antibody adduct could be
labeled with ®’Cu immediately before
use, thie porphvrin itseif must be
synthetically madified.

Lavallee® has previously shown
that N-substitution of synthetic
porphyrins of the meso-tetraaryl type
leads to greatly increased metal-com-
plexation rates and that the rate is
especially favorable for Cu(II). Once
the Cu(11) ion is bound, the N-substi-
tuent must be removed to give a
highly stable porphyrin complex be-
cause metal ions are readily removed
from the N-substituted
metalioporphyrins.® Simple N-substi-
tuents such as the methyl group are
not removed by water as a
nucleophile under mild conditions,
but require such strong nucleophiles
as amines.” The strong nucleophiles
necessary to remove the N-methyl
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substituent require reaction condji-
tions (oo harsh to be used for
porphyrin-antibody conjugates; how
ever, N-benzyl substituents are easily
removed.” The rate for the overall
reaction of metal complexation and
N-benzyl group removal in buffered
aqueous solution is rapid and inde-
pendent of Cu(1l) concentration.”

For this study we selected water-
soluble, N-benzyl-substituted
porphyrins that can be readily cou-
pled to antibodies. Because the cou-
pling of a carboxylate to an amine site
on a protein is a common strategy for
antibody conjugation reactions, we
examined two N-benzyl porphyrins
with carboxvlic acid functionalities.
These two porphyrins are N-
benzvl-5,10,15.20-tetrakis(+-carboxy
phenvl) porphine, denoted N-
bzHTCPP, and N-4-nitrobenzyl-5(4-
carboxyphenyl)-10,15,20-tris(4-
sulfophenyl) porphine, denoted N-
bzHCS,P.

The four carboxylate groups of the
N-bzHTCPP molecule present the
potential problem of crosslinking to
amine groups on the antibody. Be-
cause several identical carboxylate
groups are available, crosslinking be-
tween antibodies or multiple attach-
ment on a4 single antibody is possible.
Therefore we decided to include in
our studies a synthetic N-
benzylporphyrin, N-bzHCS;P, that
would have several peripheral
anionic groups to provide water
solubility, but only a single carboxy-

late among rthem that could be used
for coupling. We have described the
syntheses of these compounds
elsewhere?

In a borate buffer at pH 8.0, the
progress of the reaction of Cu(11)
with N-bzHTCPP can be followed
spectrophotometrically. With the
porphyrin concenration at 10710
107> M and Cu(II) concentrations
from stoichiometriz to 107* M. the
half-life for the reaction at 40" C is
less than 5 min and is independent of
Cu(I1) concentration, demonstrating
that metal complexation is faster than
debenzylation. With ¥ Cu at less than
107% M (no carrier added) and other
conditions as above, ion exchange
after separation shows that 95% or
more of the ’Cu is incorporated after
10 min.

The results with cold Cu(11) and
uncoupled N-bzHTCPP support our
results, which indicate rapid binding
of Cu to porphyrin-antibody ad-
ducts. Thus the N-benzyl porphyrins
can be meralated with ’Cu readily
under conditions that do not de-
nature proteins. Therefore, the at-
tachment of N-benzyl porphyrins to
antibodies followed by rapid metala-
tion with radiocopper appears to be a
very promising method to radiolabel
antibodies with copper.
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We are developing methods to at-
tach porphyrins as chelating agents
to antibodies that retain the antigen-
binding capacity of the antibody.

Copper-67, a radioisotope with a half-

life and nuclear de cay properties
particularty suitable for tumor imag-
ing and therapy, is chelated very
tightly by porphyrins. If antibodies
can be labeled with "Cu while retain-
ing their immunological activity,
they would have great potential as
agents for transporting of the copper
isotope to cancerous tissue with
minimum radiation damage to nor-
mal tissue.

The two porphyrins we have used
are N-benzyl-5,10,15,20-tetrakis (4-
carboxylphenyl) porpbine, denoted
N-bzHTCPP, and N-4-nitrobenzyl-5-
(4-carboxyphenyl)-10,15,20-tris(4-
sulfophenvl) porphine, denoted N-
bzHCS,P. The N-benzyl group on
each porphyrin permits rapid metala-
tion of the porphyrin under very mild
cenditions that are compatible with
antibody integrity. The carboxylate
groups on the N-benzyl porphyrins
can be used to form a covalent
linkage to antibodies. In addition to
the passibility of crosslinking of the
antibody by the coupling reagents
used, the potential to preactivate
more than one carboxylate and
subsequently to crosslink the anti-
body with the porphyrin exists with
the N-bzHTCPP. This problem was
addressed by examining the same

conjugation reactions for N-bzHCS,P
with its single carboxylate. Inall
cases when crosslinking was ob-
served with the N-bzHTCPP,
substituting the N-hzHCS, P under
identical conditions eliminated the
crosslinking.

The porphyrin-antibody system
presents problems for the analysis of
porphyrin-coupling reactions. First,
porphyrins have an inherent
nonspecific affinity for proteins in
general,' the “sticky-porphyrin”
problem. Second, copper has its'own
affinity for protein, and this is the
basis for the Biuret reactjon, u stan-
dard protein assay.” Gel filtration by
hign-performance liquid chromato-
graphy (HPLC) cannot separate
nonspecifically bound porphyrin
from the antibody and antibody-
porphyrin conjugates. HPLC was also
inadequate in removing
nonspecifically bound copper from
the antibody when ’Cu was added to
metalate the porphyrin after cou-
pling. A different method of analysis
was needed.

We developed sodium
dodecylsulfate polyacrylamide gel
electrophoresis'? as an analytical
method that removes all the
rionspecifically associated porphyrin.
Gel-scanning spectroscopy at wave-
lengths appropriate for either protein
(280 nm) or porphyrin
(405/435 nm} permits accurate
meastrement of the porphyrin co
valently attached to the protein after
completion of the electrophoresis.
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Thus the use of a rdiotracer is un
necessary. Gel filtradon at very stow
technigues was also developed for
preparative scale puritication of the
conjugates and for the removal of
nonspecifically bound copper, The
fatter is of importance tor the prep
aration of porphyrin antibody con.
jugate kits thar can be casily libeled
with short Tived isotopes by hospital
personne! for clinical use.

The porphvrins we are studving
have carboxylate functional groups;
consequently, we have examined re
agents cormmonly used to form amide
bonds between carboxylate and
amino groups. The first reagent to be
studied was | ethvl-3 (3
dimethyhuiino-propyl)
carbodiimide hvdrochloride
(EDAC), a water-soluble
carbodiimide. We also examined N
hydroxysuccinimide used in con-
junction with EDAC (NHS/EDAC),
The third reagent we tested was a
peptide svnthesis reagent, 1,17
carbonvldiimidazole (CDI). Because
all these reagents react with carboxy-
late-function groups on the protein
as well as those on the porphyrin, we
have used one busic strategy in our
attempts at conjugation. The
porphyrin is first preactivated with
the coupling reagent before the addi
tion of the antibody. The antibody is
then added to rhe reactive inter
mediate, the preactivited porphyrin,
and alowed to couple to the pro
tein’s amino groups, which are pri-

marily lysine residues.

Reaction with EDAC proved to he
unsuccessful. A study of the
NHS/EDAC reaction as o function of
preactiviation time, preactivation pH,
coupling time, coupling pH, and re
agent concentrations gave an op-
vmum coupling vield of 22% (aver
age of 2.2 porphyrins/antibody) for
non-cross-linked N-hz2HTCPP-anti
hodv conjugates. Under identical
conditions, the N-hzHCS, P had an
optimunm coupling vield of 20% (av.
erage of 2.0 porphyrins/antibody) in
non-cross-linked conjugates, and
crosslinking was eliminated. A
similar study for CDI gave an op
timum coupling vield of 30% (aver-
age of 3 porphyrins/antibody) for
non-cross-linked N-bzHTCPP-anti-
body conjugates. Similar conditions
gave avield of 15% (average of 1.5
porphyrins/antibody) for N-hzHCS,P
antibody conjugates.

We have shown that N-henzyl
porphyrins can be attached co-
valently to antibodies, and we have
developed methods to quantify the
amount coupied. The ease of radio-
metalation of the N-benzyl porphyrin
with #’Cu both before and atter con-
jugation has been demonstrated. Qur
future work will determine the effect
the coupling reactions have on the
antigen-binding capacity of the
porphyrin-antibody conjugates while
examining the possibility of using
other conjugation methods.
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Nonanalog Pion Douhbie Charge
Exchange Through the A,,-Nucieon
Interaction

Double-charge-exchange (DCX)
cross sections were calculated within
adistorted-wave impulse approxima-
tion framework.' The transition den
sity was constructed microscopically
for transitions between specific shell
model contigurations. The reaction
dynamics suggested by the data is
DCX through the A, resonance, s
shown in Fig, 1A model ot the foree
including m -+ p exchange was used.

Reference

Results for the angular distribution
(Fig. 2) and energy dependence of
the 0° cross section (Fig. 3) are
shown. Although the magnitude of
the 0" cross section depends
sensitively on the range parameter of
the pion-nucleon form factor, the
angular distribution does not, sug
gesting that the A-nucleon interac:
rion is the important physical mecha-
nism underlying the DCX.

1. R. Gilman, H. T. Fortune, M. B. Johnson, . R Siciliano, H. Toki, and A.
Wirzba, Physical Review ¢ 32, 349 (1985).
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It has been recognized that the
NeS48) meson plays almost no role in
traditional nuclear-structure physics!
because the VY coupling constant
is very small’ when compared with
the V.V and VA coupling constants.
The situation, however, is quite dif-
terentin medium and high energy
nuclear reactions where 1 pro
duction becomes possible. Inu
recent LAaMPT experiment.t asigniti
cantamount of pron induced
N prodaction in *He and “C has been
detected at pion kinetic energies
near SO0 MeV. A recent theoretical
model® for TV -— N reactions in
dicates that threshold pionic
N production ona nucleon proceeds
mainly through the formation ot the
N*C1535) resonance and that the
NAN* coupling constant is not smatl.
Production of the p meson has also

been observed in proton-nucleus col-

lisions at proton kinetic energies of
~1 GeV. Inaddition, experimental
evidence of T mixing in nuclear
reactions has also been reported *
Clearly, medium-energy nuclear re-
actions create new opportunities for
studying the interaction between a
nucleon and the short-lived
{~107%<) N meson.

The work of Bhalerao and Liu® in-
dicates that the realistic .V — NV in
teraction, which is compatible with
the TV - nV data, is attractive at low
energies. We have used the model of
Ret. -+ to generate an 1 nucleon and
then a covariant n-nucleus optical po
tential Our resaltis that this optical
potental can lead to the formation of
nuclear bound states of the n meson.®
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Theoretical Evidence for the
Existence of the n-Mesic Nucleus

Because the i has no electric charge,
these bound states ot nare not
caused by the Coulomb force. They
are solely the result of the strong
interaction between the n meson and
the nucleons in the nucleus. In these
bound svstems, which we call n-
mesic nuclei, the n meson is bound
ina nuclear orbir.

In Table 1 we present the
predicted bound-state levels in vari-

O Hader and L O L (Lo Aldamios)

ous nuclei.? These bound states are
obtained with full (s, p-, and d-wave)
NA interaction as well as with Fermi-
averaging over the nucleon motion.
In our full oft-shell calculation, all

Tre Binding Energies and —ait Wadths gn Nilhons ot Election volts) of -
Mesic Nacler Tne pdarameter sets i andllreter to the parameters of Rel 4
determined tom the gV phase shilts of Arndt and the CERM theoretz 4

TABLE !

1 —(22 0+ —(1G 70+ 0 20

208pp -5 —t Jonet = G5+ 5 4y
" —1F T4+ SRR S R

i —i 3B+ = >a1+ B4

a0, . —(1T 274+ a7 —(1486+ 9139
= o = 524+ 539 —-{ 3544+ 580
*Ca s —(i0 434+ T Ny —( R38+ B3
el 5 — 04+ AT —( e+ 4 Bh)

subthreshold NV interactions enter
{see Ref. 6 for details). From Table |
we see that the n-mesic nucleus can
exist for nuclei ranging from "“C o
“8ph . The fact thata nucleus of suffi-
cient size is required to develop
bound states, which are absent in
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few-nucleon systems, is easily under-
stood from basic quantum mechani-
cal principles.’

It is instructive to compare the
binding energies of 1-mesic nuclei
~.unthose of A hypernuclei. This is
done in Fig. 1, wher: we show the
Adependence of the predicted bind
ing energies of the 1sstater of the 1)-
mesic nuclei (solid circles) together
with the extrapolated 4 dependence
of the A-hypernuclei binding
energies® (dashed curve). We note
that the difference in the binding
energies, (B.E.), — (B.E.),, is nearly
equai to half the separation energy of
the nucleons in these nuclei. This
difference can be qualitatively under-
stood from the fact thata A hyper-
nucleus is formed after con-

verting an already bound neutron,
whereas to form an 1-mesic nucleus
the 1) meson has to be captured into a
bound orbit.

We have further noted that only the
swave NN interaction is important.
Pauli blocking and the density-
square dependent interaction have
very small effects on the calculated
binding energies and widths. Devia-
tions of measured binding energies
and widths from the predicted ones,
therefore, could be due mainly to the
medium effects on other dynamical
quantities such as the self-energies of
the n.

As the work continues we shall
extend our calculations to identify
the experimental signatures of 1-
mesic nuclei.

30 T T T T I I | T T I T T T T :* T Y T T
———  AHypermnuclei ]
L ~ ~ + « + M Mesic Nuclei ]
™~
— - . ~
3 ~o T
5 L » ~
o) ~ 7
c ~
w = ~ -
[o)] ~
c - ~
ks} ~ n
£ ~ -
] - s
~ - -
1O - —
.« 4
YT ST WO S N W SR TN N (S SR RSN N Y SO R
0 0.05 0.10 015 0.20
A—Z/J

FIGURE 1 The A dependence of the binding energies of the 1s-state i-mesic nuclei
(solid circles) and of the A hypernuclei (dashed curve) The i-mesic nuclear-binding
energies are the set I results of Table | The A-hypernucler binding energies are

extrapolated from those determined 1in hght nucles by using the formula givenin Ref 3
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A Seli-Consistent Saicubation of
One-Gluon Exchange in the
Friedbery-Lee Saliton Model
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It is well known that scaee bag
models' have been refatively suc:
cesstul in reproducing the spectra
and properties of low-lving hadronic
states involving light quarks (up,
down, and strange). A central dif-
ficulty with all such models is the
handling of the dvnamics ot the con-
finement mechanism. A ficld-theo-
retical approach to this dynamics has
been formulated by Friedberg and
Lee in their nontopological soliton
bag model *

Numerical solutions to the
Friedberg-Lee model involving only
quark and scalar tields have been ob-
tained by many authors.*” The model
was first applied to the nucleon and
the delta by Goldflam and Wilets. It
was later extended to the study of
mesons by Celenza et al.” In all these
calculations® ® the exchange of
gluons between the quarks was
neglected.

The effects of one-gluon exchange
{OGE) have been investigated re-
cently by Bickeboller et al.’® In their
work the gluon field is treated
perturbatively to lowest order in the
strong-coupling constant a,. The et-
fects of OGE on hadron masses have
also been studied by the MIT group
using a perturbative approach.' The
perturbative OGE assumes that the
intenior of the bag belongs, presum-
ably, to the region where asvmptotic
freedom holds; consequently, the
gluonic interactions can be treated
perturbatively. However, there is no
convincing argument to support the
idea that the asymprotically free re-
gion is indeed attained everywhere
inside the bag, which can have a

spatial extension as large as 1 1o 2 fm.
Furthermore, the effective strong-
coupling constant, as determined
from perturbative calculations of
OGE " is rather large (~2) and
therefore should cause concerns
about the soundness of evaluating
OGE perturbatively.

Over the past year we have de-
veloped a self-consistent procedure
for calculating OGE effects in the
Friedberg-Lee model.'"** This proce-
dure takes into account the iteration
of OGE to all orders as opposed to
the more commonly used first-order
perturbative calculations. The proce-
dure developed by us is quite general
and can be easily adapted to other
bag models.

TLBLE 11 Magnetic Moments (in Units of
Nuctear Magnetons) of the
Baryon Octet Calculated with
the Parameters Listedin
Table |
Particle Calculated Experiment
D 26?2 279
n —1 74 —1 a1
A° =055 ~0 61
poag 257 238
0 079 -
- —102 —1 1¢
=0 —1.40 —1 Pt

- =0 50 —0 69

In Table 1 we present our results
for the ground-state masses of the
baryons (octer and decuplet) and
mesons (pseudoscalar and vector
nonets). The most striking feature of
the self-consistent calculation is the
prediction for the pion mass
{~117 MeV). It should be men-
tioned that the perturbative OGE cal-
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culations"" predict the pion mass to

be ~350 MeV.

In Table il we present the results
for the magnetic moments of the
barvon octet and compare them with
the available experimental data. Our
predicted value of g, /g, for the
proton is 1.01, to be compared with
the experimental value of 1.25. Be-
cause chiral symmetry and other re-
lated dynamics have not been taken
into account in our calculations, we
consider the level of agreement be-
tween our results and the data quite
satistactory.

In Fig. 1 we compare the meuasured
proton and pion form factors with the
theoretical predictions. Itis worth
noting that a self-consistent treat-
ment of OGE improves considerably
the calculated form factors for
momentum-transfer g < 600 MeV/c,
indicating that it represents a signifi-
cant component of physics at low-
momentum transfer. The discrepancy
between the calculated form factors
(perturbative and self-consistent)
and the experimental data at very
large g is of no surprise because the
behavior of the form factor at large g
depends on dynamics beyond OGE
that have not been considered in this
work.

In conclusion, we believe that one-
gluon exchange has to be treated
self-consistently in quark models
before applying these models to nu-
clear physics.

Theory
I [
1.0 Proton Charge Form Factor
——— Self-Consistent
— — — Perturbative
o Data
05 -
~
02— ~ —
10 1 Pion Charge Form Factor -
—— Self -Consistent
- — — Perturbative
® Data
g o5 | _
w
[ ]
~
O — \\\ ]
| [
0 05 10 15
q(GeV/c)
FIGURE 1. The measured proton and pion torm factors compared with the predictions

of the perturbative (Ref

12} and self-consistent calculations
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I. Introduction

The pion-nucleon interaction
below 100 MeV has been atocal
point of interest in hadronic physics
for many vears, For many the desire
for better data was motivated by the
possibility ot heing ahle to compare
data with the predictions of PCAC.
More generally, however, this system
provides a laboratory for testing, in
some depth, our basic concepts of
hadronic interactions. The elec-
tromagnetic coupling, through the
photoproduction and photoabsorp-
tion reactions, is expected to play an
important role in this endeavor. This
program his recently seen concrete
realization with calculations of pion-
nucleon scattering being performed
in both meson exchange and QCD
{cloudy bag) models.

The recent observation of the very
deep minimum in the 0° cross sec-
tion for analog pion charge exchange
from nuclei has given even more im-
petus to research in this area. It was
found that the position of this mini-
mum was better known in t)‘xe nuclear
case than in free pion-nucteon
charge exchange. Of course only the
7 p—a’nreaction is directly ac-
cessible in the luboratory while the
w'n—n'p cross section is needed 1o
perform the nuclear calculations. Be-
cause of the cancellations involved,
methods must be used which take
into account the necessary isospin-
breaking corrections when trans-
forming berween the two sysiems.

For these reasons we have recently
performed an analysis of low-energy
pion-nucleon scattering with
emphasis on the new charge-ex-

RESEARCH

change data taken by Fitzgerald
et al.' at LEP.

Briefly, the technique employs a
three-channel system of coupled
potentials. The three channels are ™
p, 7°-n, and y-n. For most of the analy-
sis the third channel was not needed.
The strong interaction part of these
potentials was obtained from a rota-
rion in isospin space of the diagonal
[ =3/2and I = 1/2 potentials. Using
this method the specific effects of the
Coulomb potential and the pion and
nucleon mass differences were in-
cluded. These are important correc-
tions at the low pion kinetic energies
considered here. The potentials are
chosen to have a separable form:

Sl e-ur’

Virty =g — —
r

rf

for each ¥ channel, exceptthe P,
which is taken to be the sum of two
such terms. While this choice of po-
tential form is directed toward ap-
plication to the nuclear problem, the
codes employed are able to use any
well behaved non-local (or local) po-
tential.

The results of this investigation are
interesting in several respects. First, a
comparison is possible with existing
7t and 1~ elastic scattering data based
on the charge exchange data and the
conservation of isospin (after the
isospin breaking corrections men-
tioned above have been removed).
Our findings in this area are reported
in section I1.

Theary

The Plon-Nucieon System at Low
Emcrgy”

W. R GibbsandP B Siegel (Los
Alamaos)

*The present report 15 a surmmary of a paper subrmitted for
publication n Physical Review (. LA-UR-85-3915
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second, itis possible 1o use isospin
conservation to determine the
n n—7"p cross section, correcting for
the mass ditferences and Coulomb
effects. We find signilicant dif"
ferences between this cross section
and the measured cross section,
particulirly with respectio the
cancellation in the zero degree cross
section. These results are discussed
in section T11.

Finally, in section IV, the low-
energy behavior of the s-wuve phase
shifts is discussed, and the value of
the “odd" scattering length is ex.
tracted. The relation to the
photoabsorption data can be seen
and some ingight into the reaction
mechanism obtained.

II. Dara Analysis

Since the ©*-proton data is mod-
erately self-consistent, we started
from conventional phase shifts for
this system. Lven after some adijust-
ments, our scattering parameters are
very similar to those found in the
literature? (Figure 1), Note that it was
the strength and range of the isospin
3/2 potentials that was actually ad-
justed to give the fit to the data; we
deal with phase shifts only as an in-
termediate step. By fitting the
n p—=n charge exchange data,
which consists of the new torward
angle data et ref. 1 along with three
back-angle points? and two inte-
grated cross sections?, we were able
to obtain a fit with a ¢*/N of the order
of 1. The isospin 1/2 potentials (and
hence the corresponding phase

o T T T T T T T
) A
a a
~ -0.5& 1
d \
(2] p|J
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u}— |
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shitis) weree the only quantities

varied in the process. The resulting
phase shitts are shown tn Fig. 1 and
the potential strengths and ranges are
to be found in the table. Most of these
SCUeTIng parameters are consistent
with previous determinations.

A notable exception to this agree
mentis the P phase shift, which has
aless negative vilue than thatusually
ascribed to it This result was forced
by the chitge exchange data, primar-
ilv the Fitzgerald data, by the limited
amount of spin flip cross section al
lowed. This has possible conse-
quences with regard to the calcula-

\ tion of pion true absorption, on the
deureron especially, since it is this
channel which drives the process.
Note that our analysis is valid only up
to 70 MeV sothe coossing point at

05 MeV (Fig. 1) cannot be con
sidered meaningtul,

We may now reverse the normal
procedure (using T8 and 10 scattering
data to caleulate charge exchange
cross sections) o predict the oo p
elastic scattering. We find that ¢x-
cellent agreement is obtained with

the three highest energies of the
Frank et al. data® (Fig. 2). This is

most interesting since. when pub-
lished, this data dhesgre d with the
available phase shafts L. so S on world
data. On closer inspection we found
that, in fact, only or+ data set® de-
termined those low #nergy isospin
1/2 phase shifts, and we conclude
that this data® is inconsistent with the
charge exchange data and.isospin
symmetry, while the Frank data (at
least the three highest encrgies) is

indeed consistent with these require -

ments.

On the other hand, the n* and 1~
scattering for the lowest energy (294
MeV) Frank data appear to be in-
consistent. Actually a stronger state-
ment can be made: There appear to
be no strong phase shifts which can
reproduce the three sets of data (the
low energy whp elastic scattering
fromref. 5 and our chaige exchange

1.5,4)

data base and still conserve

isospin.
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III. The Charge Exchange
Cross Section
The reactions T p—n’n and
" n—n’p have a difference in Q-
value ot twice the neutron-proton
mass difference. This difference (and
the Coulomb potential present in the
first reaction) leads to a noticeable
displacement in the position of the s-
p interference minimum as can be
seen (fig. 3), when plotted as a func-
tion of pion laboratory energy. Note
that this causes a significant dif-
ference inthe 0° cross section for
| I I f I T
100.0 — 2]
—
— A
70.0 — /|
50.0 — —
s0.0 N\ .
30.0 — \ —
o200\ —
o]
=
i 10.0 — —
| 7.0 — -
: 5.0 — —
f n—n'n - \ 7]
; 3.0 — \ ]
2.0 — —
’,‘ np—nn
(no mass difterences)
1.0 ] | J’ | ] |
30 35 40 45 50 58 80 65
T, (MeV)
FIGi&E 5 Tre pro—mon and ttn—nn Zero degree cross sections obtaned in the work
The rmo—10r reacior stb Jaoomils etects only 1S also included to demonstrale that mass
dffereccar e tre T onmie patential lead to partially cancelng effects

energies as high as 55 or 60 MeV.

The importance of knowing the
precise position of this minimum is
that the charge exchange reaction
(rtn—n’p) in a4 nuclear environment
shows a remarkably similar behavior’.
The existence of such a sharp feature
in the nuclear reaction provides a
handle on possible medium caorrec-
tions to the m-nucleon t-matrix, either
in the transition operator or in the
remainder of the reaction mecha-
nism. However, such a tool is useful
only if the free space properties are
well understood.

An example of the importance of
the free space information follows.
The minimum in the zero degree
cross section for charge exchange on
nuclei occurs at higher pion energies
as the mass number increases. This
phenomenon can be understood in
terms of increasing Coulomb re-
pulsion and greater Q-value for
heavier nuclei. For the lightest
nucleus measured however, ’Li, the
minimum falls somewhat below the
free Tp—n"n minimum. We now see
that the minimum in the free
7 n—7p reaction (the relevant com-
parison) falls at lower energies, and
this fact presumably explains some of
this displacement. The rest of the
shift is probably due the attractive
potential seen by the pion due to the
strong interaction. The comparison
of the nuclear charge exchange with
nucleon charge exchange provides
us with an excellent way to test our
calculations of the effective pion-
nucleus interaction, but only if the
position of the “free’” minimum is
precisely known.
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We present a polynomial approx
imation to these amplitudes which
gives a representation of our tits to
the data around the minimum
(~30-60 MeV). These amplitudes
have the form

fuet©) =f, + 1, cosB

for(0) =T, sind
G(0) = 10( | £ (0) * + |f,:(0) |9

The functions, f, are given in fm and
the cross section is in mb/sr.
The coefficients are

T p—n'n
fo = —0.1983+10.0810k" — 0.0068i
£, =0.6534k*— 034k*+ 04325k
f, =0.3826k*+0.2025ik°
'n—n'p
f, = —0.2000+ 0.0848Kk* — 0.0054i
f, =07037K2— 0. 119k +0.5016ik>
f, =0.3905k*+ 0. 241 1ik°

where k is the charged pion momen-
tum in the center of mass in units of
fm™". The amplitudes can also be
written in a separable form:

>

f=2 0 \/st+h (/5 k - K’

where k' is the 1" momentum in the
center of mass, and \/s is the total
invariant energy. In this form, the A
functions are nearly the same for the
WO systems.

IV. Low Energy Results and
Photoabsorption

[t has been known for many vears
that the isospin 1/2 pton-nucleon s-
wave phase shift is not well repre-
sented by a pure scattering length
approximation (i.e., it is not propor-
tional to pion-nucleon momentum)
exceptat very low energies
(<30 MeV)®, Until the recent charge
exchange data became available, this
energy dependence had not been
mapped out in detail. In contrast to
the isospin 1/2 amplitude, the cor-
responding isospin 3/2 phase shift is
well described by a scattering length
approximation, even at energies as
high as 100 MeV. This can be taken as
adirect indication that the interac-
tion range of the 1/2 channel is much
longer than that of the 3/2 channel.
The present work makes this state-
ment quantitative in terms of the
range of the potentials needed to fit
the data. We will return to discuss the
underlying physics of this difference
atthe end of this section.

By using the potentials obtained
above and removing the mass dif-
ferences and Coulomb effects to
restore isospin conserviation, we can
calculaie the “odd" scattering length
inaworld in which isospin is
absolutely conserved. We obtain for

ot

a’ (=a, —a,)
2=0290% 008" .

(Fitzgerald]

Theory
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If we use the three highest energivs
of the Frank data to perform the cor
responding, hacindependent, analy
sis we obtiin

a=02840+ 005y!
[Frank]

incomplete agreement with the
charge exchange result. These values
are dalso in good agreement wich the
results of many dispersion theory
analvses.

There are several references in the
Hrerature which quote values of “a”
around 0.26 4™ Traditionally” the
charge exchange and dispersion rela
tions tend o give the higher number:
np elastic scattering and pion
photoproduction give the lower
number. The result from Frank's data
is clearlyan exception to the tp
elastic “rule’. Perhaps the previous
datadid not extend to sufficiently
low energies.

Anexception to the charge ex-
change “rule” is a recent value ob-
tained by Salomon ec al* Inextract
ing this result the authors assumed,
however, that the scattering length
limit had been reached at 28 MeV. I
we use the energy dependence ob
tined rom our analysis, we tfind
agreement with their cross section
(in tactthis data is included in our
charge exchange data base) . It
should he clear that the energy de
pendence of the 8, phase shilt Gand
hence of the charge exchange cross
section) is a crucial feature of low
energy T-nucleon scattering,

A persistent discrepancy has ex-
isted for many veurs benween the odd
scattering length obtained from pion
charge exchange and that obtiained
with the use of the Panolsky ratio™, P,
In order to make this comparison one
must know the value of Pand the
zero energy limin of the cross section
for t™+p—n+y (with Coulomb et
fects removed) . In practice this limi
is inferred from the principle of de-
tailed balance, measurements of R
(the ratio of y+n—n"+p o
y+p—nn) from deuteron targets and
the extrapolation to zero energy of
the photoproduction cross section on
the proton. While there may be some
problem with extrapoliating R to zero
energy (Coulomb and deuteron ef-
fects must be removed) we will as-
sume (along with ret. 10) that the
number R=1.34 % 02is correct. The
value of Pisaccurately known to be
1.540 £ 009",

The relevant photoproduction
cross section is considerably less well
known. The needed quantity is actu-
ally the cross section with the phase
space ratio removed:

o'l = & eyt
{n olyp—nn)

n

In figure -t o7 is plotted as a function
of pion momentum. The datais that
of Adamovich et al' The doned
curve is their lit, based ona
polvnomial in pion momentum,
which represents these points and
higher energy dawa (which is prinr:
iy prwave ) as well This extrapola
tion is essentially the sume one used
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1o get the zero energy vilue ot o
(193 phy emploved inrell tToob
mina, — a,= 203+ 003 07"

The solid curve shows our caleula
tion tor the cross section using 2
range of 200 MeV/ ¢ torthe Vi coupl-
ing potential and a strength adjusted
to give the correct Panofsky ratio. For
these low energy datt points we ob-
win abetter /N thanrel. 11 Note
that we Lit the recently measured
point ot Silomon eraltar 274 MeV.
since our calculations are s-wave
only, and we have not performed a
multipole analysis, our results may be
slightly too highatg = 4 fm™. Two
different analyses by Berends e al.™
{shown also in Figure 4) have a very
similar energy dependence bura
slightlv smaller magnitude.

Another recent vilue of o’ at zero
energy is that of Noelle and Preil':
223 ph. If we compure this with our
vilue of 232 £+ 13 ph.we note agree
mentwith their extrapolation of the
photoproduction cross sections.,

Our conclusion with respect o the
Panotsky ratio is that theee s no dis
crepancy within the quoted errors
teven notincluding errors in R if
recent photoproduction analyses,
with i substantial energy de-
pendence, are used.

This energy dependence is pes
haps the most interesting aspect of
low energy © nucleon scattering and
photoproduction. We find that it
arises naturad by from the inclusion of
atinite size tor the pion-nucleon sys
tem of the order of T {m. This length
is a natural fundamental scale of the
pion nucleon system. We note that a
T nucleon scattering mechanism in

which the pion interacts with one of
the pions in the pionic cloud of the
nucleon can proceed, wa very good
approximation, only through the

I =1/2 channel. This is because the
T-T interaction at low energies is
predominately isospin zero (the

I = 2scattering length is an order of
magnitude smaller). The
photoproduction reaction can also
proceed directly via the pion cloud.
Theretore, in this simple picture, the
S,z and ¥-N potentials would have
roughly the same range (about  fm,
ora ~ 200 MeV) and both longer
than the [ = 3/2 channel for which
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Thaor,

the m-n interactions must go through
the much smaller I = 2 interaction.
Thus we might expect the 3/2 length
scale to correspond to the confine-
mentrange or bag size.

To get some feeling tor how the
range is related to the energy de-
pendence of the phase shift it is only
necessary to consider the solution to
the separable potential problem. If
the potential has the form

> >

V(r,r’) =i v(r) vir’)
then the scattering amplitude is
given by

f(q,q’ E) = Aviqviq’) D(E)

The factor D(E) is slowly varying
in this case so that the main energy
dependence comes from the momen-
tum dependence of the functions v,
ie.,

f(kKE) ~ vik) ~ ———
(o + k-

where ais the range of the potential.
This analysis assumes that the system
is described by an energy independ-
ent potential (i.e. that X is independ-
entof E) since there is noreason to
expect a strong energy dependence
onthis scale.

The resultant picture is thatof a
nucleon consisting of two compo-
nents: one of long range and rich in
pionic components and one of short
range and containing primarily non-
pionic components. While this pic-
ture has often been considered
before, itis interesting to be led to it
along a new route. The novel feature
of this work is that the energy de-
pendence of the S;,; and 5;,; phase
shifts can be used to measure the
spatial extent of these two compo-
nents, allowing us to inferentially
separate quark and pionic degrees of
freedom.
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Report of the T-5 Theoretical Group

Brietlv summarized here are afew
of the research topics considered
during 1985 by members of the Me
dium-Energy Physics Theory Group
{T-3) of the Theoretical Division at
Los Alumos. These topics spanavery
wide range of subject matter, from
conventionat tow energy nuclear
physics to physics of directinterest to
LAMPE and 1o problems that could by
addressed by LAMPE 1T

Three-Body Forces in the
Trinucleon System

Traditional nuclear physics has
been primarily an investigation ofap
plications of nuclear Hamiltonians
which are nonrelativistic, entail only
pairvise (two-body) forees, and ig-
nore subnucleuar degrees of freedom.
such models have been relatively
successful in describing the
properties of nuclear ground states,
aswell as nuclear scattering and reac-
tions. The implication is that forces
depending upon the simultaneous
coordinates and quantum numbers of
three nucleons (three body forces)
are relatively unimportant. Such
forces are intimately linked to the
Diruac approach to proton nucleus
scattering at intermedinte energies
and may plav a substantial role in the
still notentirely understood spin-or
bitsplittings in nuclei. Their small-
ness, however, hinders our effort 1o
observe three-bodv force etfects in
many-body svstems, where we lack
the ability to generate accurate wave
functions. Therefore, the trinucleon
system plays an extremely important

role in the search for three body
force effects, because we are now
able to calculate numerically uc-
curate solutions fos neareliativistic
Hamiltonians,

The thice nucleon sysiem
provides (together with the a-par-
ticle) nontrivial tests of the ta
ditional model. There is no guaran
tee thata nucleon nucleon force
model constructed to reproduce the
deuteron hinding energy and
nucleon-nucleon scattering phase
shifts can account for the trinucleon
observables. Indeed, svstematic in-
vestigation of the low-energy
trinucleon properties, which deter-
mine the size and energy scales of the
*Hand *He bound states as well as the
scattering of neutrons and protons
from deuterons, has revealed the in-
adequacy of the pairwise force as-
sumption. The benchmark solutions
of the Los Alamos Faddeev Group
have demonstrated that “realistic”
two-hody force models underbind
the triton by approximately 1 MeV
(outof 8.5 MeV), possibly indicating
the presence of three-body torces.
The corresponding theoretical *11
charge radius is tho Lirge by some ten
percent, and the (zero energy) neu-
tron-deuteron spin-doublet scatter
ing length is too large by a fuctor of 2.
fnaddition, the *He elastic ele¢iron
scattering charge form factor does
not exhibit its first zero atsmall
enough momentum transter, and the
second maximum is not large enough
to explain the data.

Our recent nonperturbative, con-
figuration-space Faddeev caleula
tions emploving contemporary three
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body torce models indicate tha
three nucleon forees may indeed be
of sutticient size o bring the theoret
ical vilues of the fow energy
winucleon observabies into redason
able apreement with experiment,
The modeling of the nuclear three
body torce s s nhney; much
work renuiins before three nucleon
force models will approach the
sophistication at today s readistic
nucleon nucleon force models,
Nonetheless, utilizing corrent two
pion exchange three nucleon
213N torce models, we obtain an
inceease in the riton binding energy
of roughly 1 5 MeV over that obtitined
using onlv g two body toree. That is,
*His shighdv overbouna, with oo
smallaradios, and the neutron deu
teron saattering fength s smatler
than the data would indicae. By vary
ing model parameters, we have been
able to establish a simple rela
tionship between the trinucleon
binding energy and the correspond-
ing rms radius, and to confirm the
relation (Phittip’s Line) between the
*H binding nenergy and the neutron-
deuteron doabletscatering length.
Calculation of the trinucleon charge
form factors is still in progress.

v is clear from our investigation
that a more sophisticated three
nucleon force model could correct
the underbinding of the triton, re
ducethe 'tand “He charge radii o
values inagreement with experi
ment. and lower the doublet neu
tron dewteron scattering length to its
measured value Inaddition, we have
established that firstorder perturba-
tion theeny is inadequate o obuain
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even quatlitatively reliable numbers
for the additional binding from the
three-body torces, that the nucleon
nucleon odd parity partial waves con
tribute substantially to the wave fune-
tion whenua three nucleonforee is
included in the Hamiltonian (which
is not true for the two-body force
case ), and that all existing contem
porary three-nucleon force models
require thata large number of three
body channels (viz., 34, all two
nucleon potentiil components cor
responding to partial waves with
1<) be included to ensure that the
calculation has produced a con-
verged answer,

Pion Charge Exchange

The pion single and double
charge-exchange cross sections from
light anclei (in particular, *C) have
heen calculated. Using a three-body
model (*C core plus 2 neutrons) or
semiphenomenclogical wave func
tion fitto (1,p) reactions, the
qualitative features of the reaction
can be understood. A detailed ex
amination of the model shows
substantial sensitivity to nucleon
nucleon separations between 0.5 and
1.0 fm. This distance is such that
some explicit quark effects might be
seen for large bag sizes. No evidence
for quark degrees of freedom is seen
in the present work, but the need for
intermediate range nucleon-nucleen
correlations (bevond that coming
merely from angular momentum
coupling in the shell model) is
clearly evident,
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Light Hypernuclei

A-hypernuclei provide an op-
portunity for exploring the conse-
quences of depositing a strange ()
quark in a sea of nonstrange (uand
d) quarks which are confined within
the finite volume of 1 nucleus. One
might predict that in AHe onlythe s
yuark of the A could coexist with the
12 uand d quarks of the "He core in
the Is state, and that the uand d
quarks are Pauli blocked from the 1s
shell. The consequence of sucha
quark shell model picture is
that % He should be less bound than
asimple AN barvon potential picture
would predict. Experimentally, AHe
does exhibitanomalously small bind-
ing compared to AN central-force
model predictions. However, itap-
pears that quarks cluster into hadrons
more strongly than occurs insuch a
naive quark shell-model picture.
Otherwise, substiuting an s quark for
ad quark in the unbound *He system
could not produce a bound }\He,
while substituting an s quark forad
quark in*He to form L He reduces
the total binding energy from 28 MeV
(*He) to 10 MeV (4 He). The quark-
gluon picture of nuclei must be more
complex than the naive quark shell
madel.

One would like to know whether it
is more economical to describe nu-
cleias systems of interacting baryons

wras quark-gluon composites.
{=¢Clearly one does not wish to be ina
position similar to that of calculating
superconductivity starting from
quantum electrodynamics.) Few-
body hyperauclei offer an ideal

means to investigate this question.
One has a "tagged” quark or baryon
with which to work.

Improved Quark Potential

One approach to understanding
the structure of nuclei in terms of
quarks is to treat the nucleus as a
collection of 3A quarks interacting
via 1 potential energy. In this way one
tries to build nuclei from their con-
stituents by calculating the wave
function for the quarks. Once this
wave hunction is known, many ques-
tions can be answered, such as: what
is the probability that the quarks are
clustered into distinct nucleons? This
would replace by an actual dynamical
scheme the guesswork that is used
today.

A prerequisite for this program isa
knowledge of the potential energy
for a system of quarks. An improved
static potential that is better than
those currently in use has been de-
rived from the MIT bag model La-
grangian by fixing the positions of
the quarks and solving for the shape
of the glue field and the shape of the
' 1g surface. This potential consists of
asum of two-body color Coulomb
terms and a many-body confining
term, and the latter differs signifi-
cantly from the popular, but
theoretically unfounded, sum of two-
body potentials. The potential from
the bag model also shows that the
string limit is not approached until
the distance exceeds ~2 fm.

When this potential is specialized
to the QQ system, it consists of a
Coulomb term and a linear confining
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term, but the slope of the latter (at
smatland mediunt distances) is only
v/ 273 of its ultimate value at large
distances (i.e., the string tension).
When this potential was applied to
heavy mesons such as T(bb) and
wice) itgave a good titto their spec:
tra. A successtul prediction of the
mass of the F* (¢8) w i~ also made

This potential is currently being
applied to the simplest “nucleus”
that is not a single hadron: Q*Q%).
Preliminary indications are that there
mayv be a true bound state of this
svstem (i1 dimesen) if the guarks are
sufficiently heavv, Extensions of this
approach to hadrons composed of
light quarks. u and d, are being con
sidered.

CP Violation

Some aspects of the phenom-
enology of general SU(2) X SU(2),
X Ut1) electroweak models were
studied. In particular the effects of
CP-violation in the mixing of the two
charged intermediate vector bosons
(W, - W mixing) and in the quark
sector on some CP-conserving ob-
servables in muon decay, beta decay
and double beta decay were in-
vestigated. Tt was found that in the
presence of CPviolation the ratio of
the positron tongitudinal polariza-
tion i 2 Fermi beta transition and the
positron longitudinal polarization in
a Gamow Teller bet transition
(measured ind recent experiment)
provides no limit on the right-
handed boson mass, m,, even for a

given value of the W, - W, mixing
angle €. Similarly, there is no bound
on {even fora given m,. It has also
been shown thatin SU(2) X SU(2),
X U(1) models the rates for double
beta decays depend on two, rather
than one, independent complex
phases.

NN—NNT Reaction Studies

For certain exclusive kinematics
situations (resembling those for the
pp—dn* reaction), experiment
shows strong enhancements in the
proton momentum spectrum for very
low relative nucleon-nucleon (NM)
energies in the final state. NN final
state interactions (FSI) in the
PIPROD program are now treated by
multiplying the three-body model
amplitude by a Watson-Migdal factor.
(Only the Py, and Py, m-nucleon
partial waves in this model are inter-
acting.) Up to an overall normaliza-
tion factor, those exclusive differen-
tial cross sections for pp—npr*
which show the FS1 effects are very
well reproduced. Interaction in the
38, NN partial wave turns out to be
more important than the (stronger)
'S, interaction, because of the special
set of selection rules that apply to this
production process. We have also ex-
amined various spin observables,
such as polarization asymmetries, for
FSI effects. Thev are usually small,
which is a fair representation of the
present experimental situation.
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Heretofore only one of the unitary.
unified models for the coupled NN,
NNmsystem has been applied to com
putation ot two- to rhree-bodyv reac
tion observables. Recently, the isobar
amplitudes of the Tjon-van Faassen
coupled-two-hody-channels model
have been incorporated into the
PIPROD code tor calculating
NN—=NNrobserviables. Comparison
with previous three-hody model
predictions is now in progress.
Surprisingly small differences result
from the Tjon-van Faassen model p-
meson exchanges (e.g., changes in
spin observables on the order of 0.03
orless). Although differences be-
tween the Tjon-van Faassen and our
models are often of a size to he dis-
cerned experimentally (0.2 or more),
there appears to he substantial model
independence. Detailed com-
parisons of the two models are cui-
rently being made.

Parity Violation

A difference between the total
cross sections for positive and
negative helicity protons scattered
from nuclear targets is parity violat-
ing. Theory and experiment agree on
asmall negative value for the ratio of
this difference to the sum, for proton
energies of a few tens of MeV. The-
ories based on sums of meson ex-
changes predict a zero near the max:
imum LAMPF energy. Beyond that,
analyses extending to higher
energies which include more and
more meson exchanges produce a set
of curves with increasingly positive

maximum values. A quark model cal
culation fitted to the positive ex-
perimental asymmetry found at 5
GeVwas extended to lower energies.
The quark model curve matches the
envelope of the meson exchange
model curves above 1 GeV, and
agrees with the LAMPE result at 800
MeV. Furthermore, the u -k model
predicts an increase in the effecthy
roughly a factor of 100 as the energy
increases from 5 to 500 GeV. A crucial
test of the model mav be made using
the polarized beam at Brookhaven,
where a “large” value (~107%) is
predicted.

The Family Problem

The three charged leptons difter
only in mass, and no other apparent
property. Yet something dis-
tinguishes them, since decays such as
p— ety have not heen observed at
all, let alone at the rate one would
expect from the weak interaction.
This pattern is repeated for the
quarks, and leads us to define
families of quarks and leptons, such
as e, up-quark, and down-quark,
where the lightest remaining of each
type of Fermion is assigned to each
successive family. The family prob-
lem is that we still do not know why
there are three (or more) families,
nor what distinguishes them, other
than mass. Proposed solutions fall
into two categories: symmetry
groups, or substructures of quarks
and leptons. All predict that the un-
seen family-changing decays, such as
the one above, or K- ~u+e¢, do occur,
however rarely. They also predict




neutring nuxing similar to that
known o occur for the weak interac
tions of quarks. This leads o nonzero
neutrine masses, and to neurino os
cillations, but the size of these effects
is highlv model dependent.

Finullyv, in some cases,atightor
massless sealar or pseudoscalar
boson is predicied. with coupling
strengths to Fermons rehed to the
scale of family svinmetry breaking. A
signal tor producing suchascalar
boson, t isp =e+t butthis canbe
difficult to detect because the elec
tron signalat .= m,/2 is over
whelmed by electrons from the edge
of the Michelspectrum, Instead. one
can look more easily for the
radiatively corrected process,
p—cty+t with fcarrving oft signiti
cant undetected momentum and zero
missing mass. The differential cross
section lor this process for one
particular type of £ hoson coupling
his been cateulated, and the XTAL
BOX vollaboration has searched tor
the reaction: prelirminary data analy-
sis indicates asignificant lower
bound on the svmmetry breaking
scale. Work is continuing on the gen.
eral cliass of processes.

Quarklei

Anatempt has been made to de
seribe nuelet directhy inderms of
single particle wavetunctions tor
quarks moving in a mean potential in
anucleus, This mean potential has
considerable tocal structure, similar
tothat ot an egg carton. Prefiminary
results ot detailed caleulations show

nucleons are littde distorted mnu
cled, justifving the traditional meson
plus nucleon approach asavery good
approximation. The binding conergy
azd maner distributions may be fairly
well described, and the model
exhibits an EMC effect. Anim
mediate resultof this quark picture is
the expectition of significant 2 A
mixing in hypernucled, with specitic
effects at shell closures. Progress has
been made on etficient inclusion of
Pauli exclusion effects, inan attempt
to caleulate the binding energy of
'He directly in terms of quark interac:
tions.

Medium Energy Probes and the
Interacting Boson Model of
Nuclei

The interacting boson maodel of
nuclei (IBM) has been successtul in
describing the spectra and transition
rates of many types of collective nu-
cleiina unified manner. This model
is an approximation to the nuclear
shell model. The basic assumption is
that the low Iving collective states of
nucleiare composed primarily of
puirs of protons and pairs of neutrons
coupled to angular momentum zero
and two, and these coherent pairs are
approximared as bosons. The 18M
also contains i natural way for classi
fving nuclear states with the same
isospin butwith ditferent neutron
proton symmetries.

The LAMPFE high resolution spee
rrometer can resolve many excited
states of collective nuciei. However,
the extraction of nuelear structure in
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formation from the proton difteren-
tial cross sections for exciting speci-
fic states is complicated by the fact
that coupled channel effects might
be important at momentum transfers
achievable at LAMPY, und hence the
simple DWBA cannot be used. On
the other hand, the Glauber model
has been successtul in describing
medium-energy proton scattering
from nuclei, and atfords a mechanism
for including such effects in a simple
manner.

The Glauber multiple scauering
series can be approximated by an ex-
ponentiated first-order optical oper-
ator. If this operator is written in
terms of Interacting Boson Model
coordinates, coupled channel effects
are included to all orders. Because
the Glauber transition operator is
linear transtormation on the hosons
in the nucleus, and because the num-
ber of such bosons is finite, the effect
of the Glauber optical operator for
scattering to any stite can be caleu-
lated in closed form. Analytic ex-
pressions for this operator have been
derived as a function of impact pa-
rameter for a spherical vibrator, a y-
unstable rotor, and an axially sym-
metric prolate or oblate deformed
rotor. For these types of nuclei it has
been shown that coupled-channel ef-
fects are important at lirge momen-
tum transters, and for the axially sym-
metric rotor, at all momentum trans-
fers.

For nuclei which are transitional
between these extreme limits, the
profile function must be calculared
numericallv. A computer program
available at LAMPY has been im-

plemented which calculates the
proton differential cross section for
excitation to a specitic nuclear state
in the I1BM, and which includes scat-
tering to intermediate states. This
means that it is now possible to ex-
tract meaningful nuclear structure in-
formation from medium energy
proton scattering to the many collec:
tive states in nuclei where the [BM is
applicable. since the IBM includes
explicitly both neutron and proton
degrees of freedom, we can learn
about the ditferent roles played by
neutrons and protons in collective
motion by analyzing both electron
and proton scattering in terms of the
IBM.

LAMPF 11

The following T-5 staft members
made contributions to the LAMPF 11
nroject: B. F. Gibson, T. Goldman, R,
R. Silbar, W. R. Gibbs, P. Herczeg and
S. P. Rosen.

Group T-5

Anyone wishing further informa-
tion on these matters may contact T-5
members J. L. Friar, W. R. Gihbs, B, F.
Gibson, V (Group Leader),J. N,
Ginocchio, T. Goldman, L. Heller, P.
Herczeg, and R. R. Silbar. H. Hot-
fman, G. Fildt, and J. Speth were
long-term visitors in T-5 during 1985.
T. Otsuka, M. K. Singham, K.
Maltman and G. Wenes held postdoc-
toral appointments in T-5, and D.
Frazerand P. Siegel are Associated
Western University students who
worked in T-5 during 1985.
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Acceigrator Studies
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Summary of Proposed
Accelerator Complex

We propose toaccelerate protons

from 0.8 1045 GeVin two steps.

1. The tirstsynchrotron, a 60 Hz
rapid-cycling booster, is in
jiected by every second macro
pulse of 797-MeV H T ions from
the existing LAMPY linae and
accelerates 1.5 X 10Y protons

per pulse to 6 GeV. The boosier

provides only fast-extracted
beams. Fourteen ofeighteen of
the o GeV pulses (78%) are
provided to experimental

Area N for neutrino physics.
The remaining four booster
pulses (22%) are injected into
the main ring. The proposed

layout of the accelerator and ex-

perimental areas on the LAMPF
site is shown in Fig. 1.

2. The second synchrotron:ae

celerates 6.0 X 10" protons per
pulse four booster batches)
from6to 435 GeVat 3.33 Hz.
The main ring has slow extrac
tion oaly, with a 50% macro
scopic duty tzctor. The slow
spill can be done in two modes,
tully debunched with a micro
scopic duty factor ol 100%, or
with rf on, giving 1.75 ns pulse
(FWHM) every 16,7 ns

(59.8 MHz). A summary of the
paranieters of the proposcd
LAMPF Il accelernators is given
inTable L.

The experimental areas of
LAMPF 11 fall naturally into two
classes. The secondary hadron beams
are all produced by the 45-GeV
proton beam and are located in the
existing high-energy experimental
hall, Area A. In the upstream thin-

45 Gev Ring
 J
)Y
ERN! -

@ 'Mf? B Cev Ring

[ 7: 0
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0 200
Meters
L
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\Rb .
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FIGURE 1 Site plan of the proposed LAMPE Il nccoferatcrs and evpenmental areas
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target portion of Area A, tacilities are
provided for Drell-Yan experiments
with -3 Gev protons. Neutrino ex
periments will be performed init new
experimental area, Area N

The proposed LAMPE 11 ac
celerators are simple and conven
tional. High intensity is obtained by
rapid cveling. This “brute-foree”
techrique requires larger i voltages
and n ore-rapid rranster of energy o
magnets than in other high-energy
accelerdtors. However, the circula
ting current is similar to existing ma
chines, allowing reliable extrapola-
tion of accelerator phvsics wo the
LAMPF 11 design. Technology devel
opment is limited to producing etti
cient and cost effective designs: no
new ground needs to be broke 1in
control of high intensity plicnomena.
Our choice of operating the main
ring above its transition energy
mikes the beam stable against micro
wave instabilities without an artificial
increase of the fongitudinal phase
space.

Our accelerator and experimental
ared parameters are the resultofan
extensive discussion in which phys-
ics output and cost were the most
important factors. Our basic strategy
is "o build a full set of experimental
facilities in a single slow-extracted
beam area. We have proposed asim
ple high energy accelerator that has
the possibility of significant upgrades
i the future. This strategy more than
doubles our efficiency in using
protons te produce secondary beams,
allows maximal physics output in the
early vears, and promises upgrades
laterto the less activated portion of
the tucility, namely the aceelerator.
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Two types of upgrade to the
LAMPF Il accelerator are possible in
the future. The intensity can be in-
creased by atfactorof 310 100 pA by
the addition of a collecior ring and 4
stretcher ring. No changes to the
booster or main ring will be required
by this inte sity upgrade. The second
possibility 1s to raise the final energy
to 60 GeV. The nominal 1.5-T bend-
ing magnets of the main ring are de-
signed for later operation at 2.0 Tata
costofa factor of 2 in magnet power.

New features are presented in this
proposal that represent significant
changes from the previous version.

@ The users of LAMPF 11 will notice
most the fully debunched slow
extraction option with 100%
microscopic duty factor.
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® The fast feedback around the rf
amplifier will lower the etfective
cavity impedance to enable de-
bunched slow extraction, and it
will also allow higher beam load-
ing, which will reduce rf costs
(both capital and operating) by
30% or more.

The newly proposed separated-
function lattices have more flex-
ibility for unforeseen operating
modes, can be upgraded to
higher final energy, and have a
lower operating cost than the
previous combined-function ver-
sions.

We have increased the length of
the straight sections of the main
ring, allowing the possibility of
Siberian snakes to avoid al-
together the problems of cross-
ing depolarizing resonances.
And finally, the new single high-
energy experimental area uses
the available protons more effi-
cien:ly, which is the equivalent
ofa 2-times-higher beam current
than that in our previous version.

Also, technical improvements in
the accelerator design have been
made that will be less visible to the
users but will contribute to more-
reliable operation or greater flex-
ibility in the future.

To begin with, we considered
many alternative designs. Because
none of these was more cost effective
than the proposed two-ring design,

we now have greater confidence that
we are moving in the right direction.

The lattice designs have been
changed from combined function to
separated function. This change al-
lows the use of more symmetric
magnets with smaller undesired
multipole errors, reduces stored
energy in the dipoles, and enables us
to better predict the expected field
errors. We have tracked bothrings
using realistic error estimates and
found that the dynamic aperture is
larger than the worst-case phase
space, even with 4 times the ex-
pected magnetic field errors.

The injection scheme has been
studied in more detail. Simulations
now include “plural scattering’ and
the long tails of energy loss caused by
delta-ray production in the stripper
foil. Experience with the Proton
Storage Ring (PSR) shows that the
lifetime of 300-pg/cm? carbon foils is
not a problem, even with a much
larger circulating current, more foil
hits, and a smaller foil than that
proposed for LAMPF I1. The halo fac-
tor has been raised from 2 to 4
because simulations showed that this
would be necessary to keep losses
down to a few tenths of a per cent.

We have made significant progress
in our study of instabilities. We now
have a calculation of the expected
longitudinal and transverse im-
pedance of both rings, using realistic
elements that include kickers, rf
cavities, and beam monitors.
Bunched-beam instabilities have
been considered in addition to the
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coasting-beam instabilities discussed
in the previous proposal. Numerical
simulations have been done, both for
thresholds and for growth times of
important modes.

Our work on the rf system has
progressed in several important
areas:

e we have calculated the mode
spectrum with two and three
dimensionat codes and have
compured the calculations with
measurements on a full-scale
prototype caviry;

e the rf test stand has been com-
pleted;

e full peak power has been de-
livered to a dummy load; and

e i full scale cavity has been con-
structed and all components,
including ferrite and BeO cool-
ing rings, aie on site. First tests of
this cavity with ferrite are ex-
pected by April 1986.

We have begun a study to deter-
mine feedback-control requirements
for the rf system and to see how this
system interacts with beam stability.
We have selected fast feedback
around the final rf stage because this
gives the besi stability. Our design
includes the capabiliiy of operating
the cavities with very low fundamen-
tal voltage, as would be required dur-
ing extraction from both rings and
injection into the main ring.

The ac power system has been in-
vestigated in further detail. Ciearly,
an additional pow .z supplyto Los
Alamos County is required. The Labo-

ratory grid is adequate to distribute
the power on the Lab site, buta new
115- to 13.8-kV substation is needed
for the addit. .nal average power. The
large pulsed load of the main-ring
magnets must be filtered locally. We
have commissioned Brown Boveri to
study .he capability of a generator to
handle the pulsed load. A 1300-MVA
Brown Boveri generator was chosen
for the design study because

Group CTR is planning to install that
generator in Los Alamos tor a com-
pact torus experiment and it there-
fore may be available to us when
LAMPF 11 goes on line in late 1994.

Control of High-Intensity
Beams

High initial intensity is of little
operational use unless beam spills
are acceptably small. We intend to
keep general losses to a level of 0.1%
so that hands-on maintenance of the
accelerators will be possible. For
losses that cannot be prevented, such
as those in the injection and extrac-
tion hardware, }ocal shielding and
special remote-maintenance facili-
ties will be provided. One-turn, fast-
abort dumps will protect the ma-
chines from accidental spill of the
wotire beam, and emittance-defining
collimators downstream of the ex-
traction systems will protect the re-
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maining hardware from scattering in
the extraction system, emittance
growth, and general halos.

A number of design features are
built into the machines to facilitate
minimum loss operation. Above all,
good diagnostics will be provided
throughout the tacility, including the
possibility of tull measurement of the
phase space and orientation in both
rings and all ranster lines. The H™

injection system allows full control of

filling of the injected phase space in
all six dimensions, Halo strippers are
provided to clean up the long tails of
the linac beam, and dumps will catch
any unstripped H™ or H” beam.

Our bunch-to-bunch transfer from
linac to booster and from booster to
main ring will minimize capture
losses. By filiing less than S0% of the
tf bucket, we can prevent losses dus-
ing the nonadiabatic transition from
coasting to acceleration in both ma-
chines. Gaps in the beam (~six
empty buckets) will be provided so
that single-turn transfer between
rings and fast extraction will be
possible without losses.

Large apertures and conservative
low-tune shifts early in the accelera-
tion cycle will minimize space-

charge problems. Low K,/Q (shunt-
impedance/resonant Q) cavities
with fast rf feedback around the final
amplifier and cavity will prevent
losses associated with the Robinson
instability. The proposed ceramic
heam pipe with conducting strips
eliminates roubles from multipoles
produced by eddy currents of the
rapid-cycling guide field and the
need for a low-impedance beam
pipe. Active dampers will be
provided to eliminate the coupled-
bunch instabilities that cannot be
stabilized hy control of the beam en-
vironment. The special high-beta
straight sections of the mainring are
designed to minimize losses at the
slow-extraction septum and also at
the magnetic septum, which will be
placed 90° downstream of the elec-
trostatic septum.

The minimization of losses is a
continuing process of attention to de-
tail, training of staff, and possibly the
uncovering of new accelerator phys-
ics problems. The experience to be
gained at the Los Alamos PSR, which
recently set a new record of 30-uA
average current delivered to ex-
perimenters, will be invaluable in
minimizing the commissioning time
and beam losses of 2 high-intensity
facility such as LAMPF II. The con-
tinuing beam-availability record of
LAMPF indicates that the Laboratory
infrastructure, the staff, and the injec:
tor are reacly to meet the challenges
of high-intensity at LAMPF 11.




Comparison with Existing and
Proposed Accelerators

The pararaeters of a number of ex-
isting and proposed high-intensity
machines are shown in Table 11

The circulating current of both
LAMPF [T machines (2.2 A) is only
slightly above the CERN Proton
synchrotron (1.6 A) and is consider-
ably less than that already achieved at
the Los Alumos PSR (9 A). The circu-
lating current is a good measure of
the trouble to be expected with H™
injection foil lifetime and scattering,

and is also important in determining
the instabilities to be expected.
LAMPF [I looks like a reasonable
choice based on this criterion.

The users’ measures of machine
performance are secondary beam flux
and dury tactor. Averaged over the
past few years, the typical operating
mode for high-energy machines,
such as the Brookhaven AGS, has
been, roughly, 50% slow-extracted
beam and 50% tust-extracted beam.
For this kind of schedule, the
LAMPF II proposal of simultaneous
6-GeV tast-extracted beam and 45-
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PR 0 510 8)
“oaldahor telran
Sourte3hs)?
75 Alarmos TR na
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#E= Proton Synchrotron 12
R - 26°
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<
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= MR e gor Facter ¢ 300
o
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Uiparating rmodes not avalable smultangdusty
“Malonger avalable 10r experments

9S.miiar to the £ urpean Hadron Facility

?0ua enargy, beams avalable simultangausly

)

Protons/ Duty Circulating Repetition Average

Pulse Factor Current Rate Current
xi0' ) (A) (Hz) (HA)

017 0 00057 23 30 8

052 5 0 0032 0561 50 17(200)

1 5(5) 0 00032 927 12 30(100)

03 0 0024 03 15 72

04 18 06 06 032

22 000014 1.6 067 23

05 50 0.4 038 05

1 64 0 00018 10 067 18

[ 50 0.7 038 073

5 00036 28 10 100

o) 1 28 10 100

15 0 0067 22 60 144

6 50 22 10 32
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TaBLE Hi Normalzed vield from Existing and Proposed Raon Factones

___neldpervear

"~ o K™ 8] Vy
s GeY g Gevye) (T Gevye)  (ntegrated)
Brookhaven AGS (1984)2 1 | ] |
TRIUMF kaon Factory # P 139 161 176 68
LAMPF I C 100 187 90 o1

3assumes SOk siow extrachon S0 fast oxtraction
Bigantical 1o the Furopean Hadron Facilty

CSimuitaneous slow and fast ex*raction

GeV slow extracted beam would bunching factor used in the
yield essentially the sume duty factor space-charge calculatiun is the
and beam flux as the TRIUMF Kaon result of a Monte Carlo simula-
Factory. In addition, the high-energy tion of the proposed injection
(45-GeV) LAMPF 11 beam is more scheme with 50% bucket filling.
favorable for Drell-Yan physics, high- ® The LAMPF II cavities will be
energy kaons, and antiproton produc- tuned with perpendicular biased
tion. The low-energy (6-GeV fast- ferrites that have extremely low
extracted beam is preferred for neu- losses. The natural R, /Q of the
trino oscillation experiments. A com- cavities, which is approximately
parison of the expected yield of 35 Q, minimizes beam-loading
secondary and tertiary beams from problems. Because of the
several kaon factories is shown in perpendicular bias, amuch
Table I11. higher bandwidth is possible in
In comparing the LAMPF Il and the bias field (Fermilab cavities
other kaon factory proposals, one would have trouble providing
should take note of the following the rapid tuning required in a 60-
technical points: Hz machine). Thus, the
¢ The LAMPF 11 magnet apertures proposed LAMPF 11 cf system is
include a factor of 4 increase in the best choice from the point of
acceptance for clearance of the view of efficiency, beam loading,
beam halo. Experience at and tuning bandwidth.
LAMPF indicates that large  The low-y, main ring proposed
ApCrIures are necessary to ensure for LAMPF 11 results in better
low losses. stability at extraction time than
© The LAMPF II rf buckets will be aninfinite-y, mainring.
filled to no more than 50% in e The linear-ramp power supply
order to avoid longitudinal losses proposed for the LAMPYF 11 main
that begin at 65%. The 33% ring is more flexible than the res-

onant system. In particular, front
porches and variable repetition
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cates caa be easily obtained. Also,
we have calculated that this sys
tem is cheaper initially and uses
less operating power.

@ The two ring machine proposed
for LAMPFE 11 will be easier to
operite than any other kaon fac
tory machine, LAMPFE 1T will also
have smaller beam losses be-
cause of fewer transitions be
tweenrings, which cause signifi
cant operating problems, emit
tance growth, and beam losses at
all existing high-energy facili
ties.

Alternatives

The proposed two ring design for
LAMPY 11 is the most cost-etfective of
many scenarios considered. We
enumerate here those alternative ver-
sions that were studied to the fevel of
acost estimate and the factors that
led to their rejection.

Early designs for LAMPF 11 used
one ring. These designs had to con
tend with a large phase-space accep:
tance, crossing transition, and very
high rt voltage with broadband tun-
ing. The best version wus the 45-GeV
variable transition-energy design of
Franczak.' Our cost estimate in-
dicated that the one ring design is
$50 million more expensive than the
adopted design.

Another scheme for eliminating
the booster involved building a new
high-energy linac to replace LAMPF

as an injector. A cost-optimized injec-

tor that would fit into the LAMPF
wunnel isa 3.7 -GeV linac. This linac
would have to detiver 797-MeV heam
to the PSR, 200 pA to a neutrino
target (the sume beam power as that
from a 6-GeV booster) and 34 pHA
(chopped) to the LAMPF 11 main
ring. The installed costof 1 3.7-GeV
linac is estimated at $88 million
(1985 dollars without contingency),
compared with the $42 million
booster repliacing it in the current
proposal. The use of 3.7-GeV H™
causes some problems that have not
vet been solved, it requires u lurge
radius-of-curvature switchyard that
makes reuse of Area A impossible,
and itrequires a much longer shut-
down of the PSR than would our twao-
ring proposal.

One of the reasons that the high-
energy linac option is expensive is
that it must give a high duty tactor
and serve several users simultane-
ously. A way around these problems
is to provide a linac in the injection

STATUS OF LAMPY I
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tunnel to raise the injection energy of
LAMPF [1. We have done a cost rade
oftf study of this option. The total cost
of linac, booster, and main ring is
shown in Fig. 2(a); the linac power
consumption is shown in Fig. 2(b).
The optimum energy for injection
into the booster is so close to
800 MeV that it is nocworthwhile to
consider the complications ot an ad-
ditional linac in the injection chain.
Both the TRIUMF and European
Hadron Facility groups have
proposed accelerators with a de col-
lector ring between the booster and
main ring and a stretcher ring to
achieve 100% duty factor. We have
studied this scheme for LAMPF I and
find that to achieve 67 pA at 45 Gev
costs about $30 million more for ma-
terial than would the two-ring, 34-pA
design. Because the dc rings use
components {magnets, rf, vacuum,
etc.) that are different from the rapid-
cveling rings, at leasta 200 man-vear
perring cost would be incurred in
engineering design and inspection
(ED&I) and installation. The dc rings
not only will raise the initial cost but
also will make rapid construction of
the machines very difficult and ex-
tend the commissioning process. We
have chosen, instead, to make
provision for a later upgrade by add-
ing collector and stretcher rings.
With these additions, the output cur-
rent of LAMPF ITat 45 GeV can he
raised to 100 pA without booster or
main ring changes.

Recently, the suggestion has been
made that a superconducting linac
might be an attractive alternative.
Proven designs at 5 MeV/m gradient
exist, with greater than 20 MeV/m
demonstrated in single cavities. Re-
circulation of protons looks difficult
below velocities of 1.9999 times the
speed of light (65 GeV). Thus we
consider a single linac of 45 GeV. At
20 MeV/m, a 2.25 km linac would be
required. At $100 thousand per
meter, the structure alone would cost
$225 million. This amount equals the
approximate cost of the two
proposed synchrotrons, including
buildings, installation, ED&, project
management, and contingency.
Thus, at the present time a1 supercon-
ducting linac appears to be more
than twice as expensive as the
proposed rapid-cycling synchrotrons.
Should a major breakthrough in
superconducting linac technology
occur, we will reevaluate this option.

One possibility fora cost-effective
machine is still to be evaluated.
Superconducting magnets for the
main ring mightallow a shorter tun-
nel and lower operating cost than
would the proposed room-tempera-
ture main ring. A careful study is
needed to determine whether the
superconducting magnet alternative
is more cost effective than rooni-lem-
perature magnets. We expect to study
the superconducting magnet option
in the next yeur.

Reference

1. B.J. Franczak, “Transitionless Lattices for LAMPF I1,” Los Alamos National
Laboratory report LA-10260-MS (Octobher 1984).
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Nucleon Physics Laboratory (NPL)
Upgrade
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Introduction

LAMPE has enmibarked ona major 3
veuar development progrim to
enhance ongoing experimentud pro
grams and to provide facilities tor
new physics research in nucleon
charge-exchange reactions! in the
Nuclear Physics Luboratory (NPL,
Ared B). Central to this development
is a high-intensity polurized-ion
source, 1 medium resolution proton

-l Meutron Time ot Flight
Faciity {NTOF)

FICa=E 7 Broposed modifications nfthe T area

spectrometer for (o) and Cn,p) re-
actions, a 600 m neutron flight path
with a beam swinger for (p,5) reac-
tions, a high-resolution c-omic-beam
facility, and beam-lizie modifications
1o deliver beam to these areas.
Generil management responsi
bility for the upgrade project lics
with L. Agnew, Associate division
Leader for Experimental Areas, and
the Experimental Arex Development
Committee will review progress,
R. Werbeck is the Technical
Coordinator, with the following pro-
ject managers:

J. Donahue (MP-7) -~ Beam-Line
Maodifications and High-Resolu-
tion Atomic Beam (HIRAB);

J. B. McClellund (MP-10) — Neu-
tron Time of Flight (NTOF),
and

R. Boudrie (MP-10) — Medium-
Resolution Spectrometer
(MRS).

User advisory panels have been
formed to provide input from the
scientific community and to serve as
aboard of review for plans and op-
tions. Advisors for NTOF are

S. Austin, A. Bacher, C. Goodman,

J. Moss, and C. Zafiratos; advisors for
MRS are G. Crawley, C. Glashausser,
G. Glass, D. Lind, and J. Rapaport.

Facility Upgrade

The (p,n) Facility. One of the
earliest possible additions to the NPL
could be a beam swinger and neutron
time-of-flight (NTOF) facility for
(p,n) reactions. The printary proton
beam would be directed into the
beam swinger area by a switching
magnet (Fig. 1). Quadrupole
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magnets will maintain the tocus on
the (por) target as the swinger angle
is varied. Beam-line instrumentation
will be similar to the existing inven
tory  wire chambers, ionization
chambers, and polarimeters for de-
termining beam protile, intensity,
and polarization.

The beam swinger would be a five
magnet system tor varving the inci
dentangle of the proton beam on the
(oo target, etfectively changing the
neutron scattering angle while keep:
ing the neutron flight path and de-
tectors stationary. As currently en
visioned, this system will allow for
momentum transfers greater than
3 fm™ atall energies between 200
and 800 MeV. The tourth magnet ot
the swinger would aim the proton

beam into a beam dump capable of
stopping and shielding up to 600 nA
of 800-MeV protons. The swinger,
(p,n) target, and beam dump will
reside in a shielded cryptappended
to the EPB room, as shown in Fig. 1.
A tlight path of up to 600 m would
be possible with some excavation
(see Fig. 2). Given the expected tim-
ing performance of the accelerator
and detectors, this will yield neutron
energy resolutions of 1 to 2 MeV at
800 MeV. This is consistent with
(p.n) work being carried out at other
laboratories at lower energies. Beam
timing characteristics will be
monitored using beam microstruc:
ture pickofts, such as those used at
the Weapons Neutron Research
(WNR) facility. These were tested in

FACILITY DEVELOPMENT
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Line C during the 1985 production
period. Polarized beam would
usually be chopped at 100 ns for neu-
tron timing.

The detector hut will be a+4- by 10
m* portable house, ona carriage so
that it can be positioned at three or
four predetermined locations along
the 600-m flight path. It would be a
selt-contained unit, housing the de-
tectors and their support systems,
electronics, and the computer-acqui-
sition area. Alternatively, the acquisi-
tion station could he separate, but
move in tandem with the detector
station.

Medium-Resolution Spectrometer
(MRS). A medium-resolution spec-
trometer, AE ~ [ MeV, would have
several roles. It would

1. complement the HRS with high
acceptance where [-MeV re-
solution is adequate, possibly
serving about half the HRS
queue;

2. serve as a home buse for
polarized-target and light-nu-
clei experiments that cannot ex-
ploit the HRS energy resolu-
tion; and

3. serve as a detector for (12,0)
studies with resolution well
matched to the narrowest avail-
able neutron spectrum,

The MRS would occupy the present
EPB area most of the time.

Design work has procecded for the
optical performance of such a spec-
trometer. The design goals that were
considered are listed in Table 1, Be-
cause the instrument witl be used to
measure the polarization of the sct-
tered particles, the netangle of de-
flection should be small, ideally
about 157, This will ensure that for all
momenta considered there witl be no
dead spots in the polarization
analyzed (that is, the outgoing
polarization will not be precessed
significantly into the tongitudinal
component at the focal-plane detect-
ors). The demands for a Lurge solid
angie and reasonable resolution,
taken together with the small net de-
flection angle and focul-plane angle,
will be difficult to meet.

Four different layouts were tried,
each with a large number of varia-
tions:

1. aQQDQQ system,

L

FIGURE 3 Layoutforthe QD¢ D) system of Medium-Resoluhon Spectiomeater [RR5)
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2. aQDQ system withastrong

negative n vilue,

3. aQD D) system with strong

wedge focusing, and

4. 1 QDS system withastrong

negative 7 value.
The QD{ D) system is the most
promising {a lavout is shown in
Fig. 3). Ray-tracing calculations are
in progress. One issue is perform-
ance with a large target area
(~25 cm®) tor the (n.p) capability.
Additional requirements to be ad-
dressed are improved small-angle
scattering coverage, localized target
shielding. a generalized second arm,
afocal-plane polarimeter, and a non
magnetic pivot to accommodate a
polarized target. The spectrometer
facility will require a permanent
counting house.

The tirst expected use would be on
(p,p/) redactions During this time the
effects of a large targetarea as-
sociated with the (22,p) reaction
would be studied. The initial imple-
mentation of a neutron source tor

TABLE i Muechurne Resolubon Dpectometor Design Bequirements

OO0 Moy ¢

(800 MeVv deuterorn)

O b

S

T (£ 100 Mev)
V4 (5 Mo
[RERATI

+1 0 (20 Mev
O (O A Ney)
POy st

+ . miad

(n,p) experiments might best be
done using the existing BR neutron
channel, replacing the LD, target
with a thin lithium target. This would
produce a nuclear-physics-grade
neutron beam with an energy width
less than 1 MeV, and implies moving
the MRS between EPB and BR, which
is an advantage from another point of
view. It would allow the MRS to be
used in nucleon-nucleon programs
inthe BR, for which a keen interest

was demonstrated during the NPL up-

grade workshops. Because the wall
separating EPB and BR is movable, it
would be reasonable to move the
MRE on air pads between the two
areas on a cycle basis. When the in-
itial phase of the (n,p) program in BR
is completed, a decision can be made
as to the best targeting scheme for
the program in general. A possibility
exists to target the proton beam in
EPB about 2 m upstream of the (1,0
larget, then “'dogleg” itaround the
MRS and restore it in the EPBR dump.

'FACILITY DEVELOPMENT
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This is similur to the system being
developed ut TRIUMF for u similar
application at lower energies. The
required shielding configuration is
notyet clear.

Future studies involving polariza-
tion transfer might use the rather
large values of Dy, for lithium (~0.5
at 800 MeV) in conjunction with neu-
tron spin precession and the MRS
focal-plane polarimeter. However,
the reduced counting rates as-
sociated with polarimeter efficien-
cies may require further develop-
ment. This facitity—au polarized
monoenergetic neutron beam, a
proton spectrometer, and a
polarimeter—would be a powerful
and unique tool for spin-isospin nu-
clear physics, highly complementary
to the (:13,71’) prograni being
proposed, as well as to the (7‘ :;7')
program at HRS.

High-Resolution Atomic-Beam Fa-
cility. The prime goal of the neutral
particle-beam program is to assess
the feasibility of using neutral par-
ticle beams as directed energy weap-
ons outside the earth’s atmosphere.
This initiative calls for a significantly
enhanced program of technological
feasibility demonstrations. The High-
Resolution Atomic-Beam (HIRAB)
facility wil! provide the capability to
study beam sensing and control. A
wide range of basic atomic physics
issues can also be investigated with
unprecedented precision.

The project will provide for the
construction of a 1600-sq-ft air-condi-
tioned building. . 20- by 40- by 4-ft-
thick concrete pad, isolated from the
NPL building slab, will provide vibra-

tion isolation for the laser and optics.
A movable beam plug upstream of
the facility will allow it to be oc-
cupied while the other areas are be-
ing used.

Beam-Line Modifications. As
shown in Fig. I, HIRAB will receive
undeflected H™ (P7) along the pres-
ent EPB line. A switching magnet will
direct the beam toward the MRS or
NTOF; thus use ordinarily will be
exclusive. The only interference with
personnel access 1o areas not receiv-
ing beam will come from the trans-
port of the HIRAB beam near MRS.

Ashielded extension of the Line B
tunnel into the EPB area will enclose
the switching magnet and beam
plugs for each line. Upstream of the
s vitching magnet, the EPB line will
remain much the same.

The 52-in. cyclotron magnet ac-
quired from the University of Colo-
rado will be the switcher, bending
the beam 29° to the 1eft toward MRS
or 28° to the right toward NTOF. The
NTOF line will continue througha 7°
bend to the right into the new NTOF
swinger crypt to be built east of the
EPBarea. The undeflected beam will
pass through the MRS shielding
enclosure into the new HIRAB build-
ing that is to be constructed northeast
of Area B (at the present EPB beam-
stop location).

The switching magnetand beam
plugs will be enclosed in a mini-
mum-thickness concrete house. The
shielding will be kept toa minimura
to reduce the amount of floor space
lost to the MRS area 1n the building.
This effort to maximize floor space
for the MRS precludes space for the
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installation of phase-space-tiloring
collimators for MRS and NTOF. Fu

ture collimator installation would re
duce the angular range for the MRS,

Once bevond the Line Bunnel ex
tension, each of the three transport
lines will contin beam instrumenta
tion, u quadrupole doublet tavailable
from surplus), and avacuum systen.
Each beam line will ultimately
terminate ina beam stop caprble of
stopping several huadred
nanoamperes ol protons,

The MRS enclosure will be lightly
shielded along its sides and will have
noshield root above it. Thus, even
thin MRS targets will need to be
locally shielded in order to runa few
ninoamperes of beam into them. The
HIRAB enclosure also will be thinly
shielded wlong its walls and witl have
no shictding in the roof. However,
HIRAB will not use solid targets, so
not much shielding is required. The
swinger crypt for the NTOF facility
will be arelatively well shielded
enclosure tincludineg a shielded
roof) that will permit several hun
dred nanoamperes of protons to
strike turgets up to 1 g/cm? thick. The
crypt will be quite large (12by 7.5 m)
to accommodate the motion of the
large swinger magnets. Much of the
shielding will be reused surplus
shielding from the University of
Colorado 52-in. cyclotron facility and
from Area A of LAMPF,

Pl e by

Experiments also can be run in the
EPB ared, more or less as done cur-
rently. During such periods, the MRS
would hiave to be rotated ontof the
wav of the experimental setups. A
movable beam stop upstream of
HIRAB will allow HIRAB to be an
open area,

Implementation ot the new facili
ties will be staged over severil vears.
During the 1986 shutdown (January
to mid-June 1986 the switching
magnet and the three movable beam
plugs will be installed and enclosed
in shielding. Some of the modifica
tions to the Area B building needed
for the completed NPL upgrade pro-
ject will be started (for example, the
addition of personnel access doors
and the removal/relocation of elec
trical breaker panels and trans-
formers). The present EPB beam stop
will be moved, and work on the
HIRAB area will stirt. During the
1980 production cvcles, the EPB
main area will be available for ex
perimental use.
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Workshops

On December 16and 17 of this
past year, a second workshop dealing
with these major upgrades of the NPL
at LAMPF was held, with 60 partici-
pants representing 22 universities
and national laboratories. The
purpose of the workshop was to re
view the extensive planning and de-
sign that had taken place within the
last year and to make final criteria and
designs for completion of the project.
Working groups were established for
!ang-term projects such as detector

development, heam-diagnostic in-
strumentation, and spin-precession
systems. There was general agree-
ment on work done to date on bean-
line modifications, the Medium-Re-
solution Spectrometer, and the beam
swinger and flight path for the Neu-
tron Time-of-Flight facility.

Within the funding schedule and
manpower for this project, itis ex-
pected that the neutron flight path
and swinger will be available in 1987,
and that the spectrometer and new
ion source will be available in 1988.

Reference

1. J. B. McClelland, A. Bacher, R. L. Boudrie, T. A. Carey, J. Donahue, C. D.
Goodman, et al., “Development Plan for the Nucleon Physics Laboratory
(NPL) Facility at LAMPF,” Los Alamos National Laboratory report

LA-10278-MS (February 1986).
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The Noating-wire technique has
been used to measure the particle
momentum versus magnetic-field
calibration of the spectrometer at
EPICS.! Orbits through the dipoles
were measured 7n siti over the range
from 233 to 659 MeV/c. The measure-
ments were corrected for gravita
tional and frictional effects.

FACILITY DEVELOPMENT

Opectometer Calbration at ERICS

Spectrometer Callbration at EPICS

Ifathin, flexible wire of negligible
mass carrying a current [ is
suspended with a tension 7'in a mag-
netic field B, it will follow a path
described by the differential equa-
tion of motion for a particle with
charge g and momentum Pinthe
same field, provided no other forces
acton the wire. The relationship

Algnment Bars

~Controllar
d Power
Q
DUDPly
Shunt

Digital
Voltmeter

pl,JHe\/

Floating-Wire
Weight (T,

FIGLIRE 1

Sketch ol the spectiometer dipoles at EPICS and schematic of the tloating -

frenstem The lericar bend angle s 120 DCPS s the direct-current power

uop!, ard U vMhsthe digital voltmeter
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¢ telectron charge)

Because the spectrometer bend
plane is vertical, the path of the wire
must be corrected tor distortion in-
duced by gravity.

Anapparatus, shown in Fig. 1, was
designed to measure the entrance
and exit trajectories of 1 0.025-mm
CuBe wire with measured tension
and current for magnetic-field B from
610 17 kG. A frictionless air-beiring
pulley was used for accurate tension-
ing. The wire weight distortion is
shown in Fig. 2. The distance DS
in the figure is the calculated

e Heavy wire
- = — - = Simulated wire
—— - — Central orbit

Units are multiples
of R(=129.7203 cm)

DS
vrs(x)
N
y7 ] \\7
P. *)
™ \ Region 3
2 B \]
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\) : Region 4

<<<<<,’
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]
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y“ P )
L/ ’,F“ F3(X)
4
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’ Xet X
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F2(x)

Regien |

T

— p = 29288 7

FIGURE 2 Schematic diagram of the spectrometer divided into hve regions, and the
paths of the centralray, simulated wire, and heawy, wire from theaimage plane through

the spectrometer tc the focal plane
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difference, in the midplane, between
the actual wire location and that for a
massless wire, Measurements ol this
distance as i function of tension com-
pared well with predictions.

From these measurements the
quantity 3 Pc for the central ray was
determined. This quantity is used by
the kinematic routines in determin
ing magnet settings for the spec
trometer The momentum de
pendence of this quantity is neither
constant nor linear, as currently im-
plemeated in the kinematics caleula
tions. The method of measurement
and the implications of the results are
under consideration. The average
value of the redetermined B/Pc is
25.725 G/MeV/c with
o 3/Pc) = 0.003, to be compared
with the previously determined value
of 25.63 G/MeV/c. The comparison
is shown in Fig. 3.

This new calibration is currently
being used for development scan-
ning of the channel output momen:
tum at EPICS with respect to magnet
settings.

L] T T T T
L EPICS
0 B/Pc
@
= 0tk Floating Jare Measurerent
wr
@ \“"&H_.‘__q
4] i
OISR
ik ¥
Currentiy mplerme o
—_— 1 L 1 L
Momeantum o
FIGURE 3 Campan, i Fe
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Radiation Efiects Facility

New Facility at Beam Stop

\

CF Sommer ke Taylor and ROM
L hdavelZ (Log slamos)

Installation of new hardware at
Target Station A-6 for radiation-dam
age-effects studies was completedin
May 1985 Experiment capsules may
be introduced into the secondary par-
ticle flux emanating from the interac-
tion of the primary proton beam with
the isotope production targets and
the beam stop. Twelve independent
inserts are available for irradiations in

the secondary particle tlux. Figure 1
shows eight of the inserts and their
relation to the isotope production
targets and the beam siep. Also, three
inserts allow positioning of irradia-
tion capsules into the direct proton
beam. Figure 2 shows the position of
these capsules in the overall layout of
Target Station A-6.

During the period from May te De-
cember 1985, four proton irradiations
(LAMPF Exp. 769) and two neutron
irradiations (Exps. 936 and 769) were
completed. Control equipment, a

Neutron Producing
Targets nthe lsotope
Production Facility

Gas, Water
- Instrumentation
- Passage 1o
Laboratory
Apnve
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closed-toap helium heat sink, and a beam-on operation.
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Measurements of Power
Deposition at the LAMPF
Neutron Radiation Effects
Facility

R D Broanil ondamos)

As part of the effort w characterize
the LAMPF neutron Radiuation Effects
Facility (REV), measurements hive
been made of the power deposition
ina copper calorimeter located in the
spallation neutron flux about 20 cm
beneuth the isotope production
stringers. Calculations' of the neu-
tron flux showed that the flux should
be peaked near this location and that
the heat flux should therefore be ata
maximum here.

A calorimeter wis constructed of
two copper cylinders with electrical
heaters on the inside and outside
cylinders. The heaters allowed us to
supply measured power levels to the
calorimeter and thereby to calibrate
it. The temperatures in the calorime-
ter were modeled using a time-de-
pendent equition. To determine the

power deposition, we needed to
know the emissivity of the inner
cylinder, the heut-transfer coefficient
between the cylinders, iind the
thermal mass of the inner cylinder.
Allthege coefficients were de-
termined from the initial calibration
runs. The cialorimeter was inserted
into REF stringer 3 and irradiated for
2 days. Temperatures were recorded
using thermocouples attached 1o an
automated data-collection system,
and the beam current was monitored
using graphs of the beam current ob-
tained from the central control room.
Analysis of the data showed that the
power density plotted versus time
was approximately a constant, equal
tapout 2 W/cm?/mA.

The power deposition, which has
been measured at one position at the
REF, is in reasonable agreement with
calculated values. Further measure-
ments are needed 1o determine the
variation in power deposition with
position along the heam line and
with radial distance from the beam
line.
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800-MeV Proton Irradiation of
Materials for the SIN Beam Stop
B g
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SIN has been studving the possibil
iy of constructing a neutron
source/beam stop that uses a vertical
cvlinder ot liquid tead-bismuth. At
the design current, the proton beam
current density will be about
20 pA/em?, essentially the same as
that now available tat 800 Mey at
the LAMPE A0 radiation-eftects area.
The window in the cvlinder base
must be made ofan aitoy that is
chemically compatible with the
molten lead bismuth and that can

FACILITY DEVELOPMENT
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maintain reasonable ductitity and
strength following proton irradiztion
to fluences of about 10% p/em”ata
temperature of about 400°C. Initizl
examination ot materials for chemi
cal compatibility with the lead
bismuth indicated that iron based al
loys and tantilum could both be can
didates. Materials selected tor irradia
ton included Fe, Fe-2.25Cr- 1Mo,
Fe-12Cr- 1Mo (HT-9), and Ta.

Tensile samples were heat treated
and encapsulated ina lead-bismuth
eutectic alloy, sealed inan outer steel
capsule and preton irradiated. A set
of high-fluence samples received
about 5.4 X 10 p/cm? aset of low-
fluence samples, abour+.8 X
10" p/em?. In pure iron, these results
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correspond to about 1.6 and 0.14 dpa,
respectively . * Examination of the

Sar s tollowing removal fron eir
samples tollowing removal from th

capsules showed no corrosion
caused by contact with the molien
lead-bismuth. The samples were then
dipped in acid to remove alpha con-
tamination and tensile tested in the
hot cells (at another site in the Labo-
ratery) data strain rate of 9 X 107/,
The yield and ultimate strengths
increased in all materials following
irradiation, whereas the ductility, as

measured by the uniform plastic
strain, generally decreased. Figure 1
shows stress-strain curves foriron as a
function of tluence. The pure metals,
iron and tantalum, exhibited the
greatest radiation hardening and em-
brittlement; the HT-9 alloy showed
the smallest changes in strength and
ductility. Additional work is under
way to study the radiation moditied
microstructures using transmission
electron microscopy.

"Retarence 1 and ntammaton proadied by 0 1R Davidson,
Los Alamios Natonal | aborator, e 14985
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VAX Cluster

Computing capaciny at the Data
Anabysts Ceonter CDACY was signiti
canthy enhanced during 1985 with
the addition of A VAN 8000, 4 new

machine equvalent o approximately

four VAN 11, 780 computers. One of
the DAC VAN 1/ 780s was trans
ferred to the Central Control Roomnt
{CUR ) to support the operations pro
gramning section leaving the DAC
with a cluster of three VAN L/ THOS
and e VAX Sonn

Fhe VAX Booo considerably in
creased the computing capacity at
the DAC, and that capacity was used
Amost instantly (see Fig. D The
VAX 8000 also increased disk space,
both tor scratch space 4 Ghyvie)
and tor system storage, because the
VAX RODO uses aseparate svstem disk
tor optimum vperation. Inaddition,
one TUTS pe unit (625071006 bpi)
wis upgraded o a TAT8and is con
trolled through the HSCS0 cluster
controller; this means that the tape

unit is available o any machine in the

cluster, notsimply to a specitic ma
chine. Another TU78 tipe unit was
purchased in 1985 and slaved to the
TAT8 so thaticis also available to the
cluster,

Other Support

The tape library it the DAC was
expanded in 1985, from a capacity of
about 7000 to about 12 300 tapes, The
tape library riucks are currently about
0% filled.

several Digial Equipment Corpor
ation (DEC)Y LNO3 desk top luser
printers were purchased during 1985,
Some units are supported from
printer ports off specitic terminals
and some are setup as spooled de
vices inthe DAC and in the Labora
tory Oltice Building. Support is
provided tor word processing,
including Greek and mathematical
characters.

some etfort wus expended evaluat-
ing aterminal replacement for the
outdated VT640 terntinals now in use
around LAMPF. The new terminal re-
quirements included higher-resotu-
tion graphics and compatibility with
the DEC terminal VT100-style keypad
(atuvorite for use with the DEC EDT
editor). Specifications are being
prepared to send to various vendors
for bids. Note that the hardcopy units
(Tektronix 4612) will not be able to
support higher-resolution terminals.
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Networking

The LAMPE local area network
cable currently runs from the DAC o
Areas Bund C, throughout Area A,
and o the new neutrino experiment
at the far-east end ol the acceelerator.
The total length of the coaxial cable
comprising the network is 704 m.
Currently 10 nodes are connected,
with capability for growth to 200 to
300 nodes the Ethernet network has
proved to be a highly reliable and
cost eftective means for information
exchinge.

With the advent of the network,
experimenters are now better able to
make efficient use of the tesources at
the DAC and throughout the ex-
perimental areas. This network, cou-
pled with the connection over the
Laboratory brouadband network to the
C-Division computersand through
those computers to worldwide
networks such as Telenet and
Arpanct gives LAMPE experimenters
almost direct access to home institu
tions and other colliborators,
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LAMPF Control System

The Central Control Room (CCR
VAX computer control svstem! wis
used fortneup ol the new L injec
torand reansport hines durnng the
spring TUSS accelerator startup. Ap
plications progrm conversion fram
the SEL S0 tohe VAN T T800s
largelv complete NV second VAN IS
used i the o e R torsestem devetop
ment, and lustertng of the two
VAXeS s undorway When EAMPE
beam s tneed o the Lie sprmg
ob T80 we wdEbe using the new
control svstem sotiware exclusiely
The SEL Stowalb probably renmain
through that operanng ovele as ase
curity blanket orto cover the chancee
that a program bas been omitted. Fol
lowing this cveles the SEL S840 will he
removed. Wath the vital work done,
essentidl provements and tutare

growth can be consdered

Software Optimization Issues

Once an applications program is
complete, we evaludte s responsive
ness. i is too slow, severad tools are
used to determine where itis spend
ing its time We find that most pro
grams spend the nujority of thedr
time invery lmited areas of the code,
These areas are then nade more efti
ciens tnsome cases these areas are in
subroutines thatare used onasys
tem wide hasis suchas those sup
porting ploting and data taking. and
attacking these imetticiencies there
fore increases responsiveness onsl
system wirde hasis,

several graphics applications
proved to he quite sfow We were
using a setof routines supplicd and

supported by the Laboratory Comput
ing Division. We discovered that they
had tiken one high levelsetof
routines, the package supported hy
the Natioml Center tor Atmospheric
Rescarch tNCARY, and faid iton top
ol the setof routines C Division has
stpported for vears CCGS L By remoy
g this botom Liver,we doubled the
plotting specd white keeping the
stundard NCAR interhiee,

We also found dhar prograos thia
dugire aceclerator dina spent maore
tme than expected managimg space
tor global data structares By
preallocating memory tor sonie ot
these structures, we reduced data
acquisition CPU usage by afactor of 2
without sacrificing the dingnostic
capabilities attorded by these
globhally accessible structures. Be
cause datt wking routines are part of
the control svstenm run tme Hbrary,
optimizations in this area provided
improvements in maost of the applica
tions programs.

severdd applications programs ac
quire daca from a large number ot
aceelerator devices onarepetitive
buasis. Programs that support monitor
ing, as well as the progrnm that dis
pliays the status of the system and
acceeleritor operational status are ¢x
amples. The later program, for in
stance, accpuires data frons approx
imately 300 different devices onee
every 3 s Because applications pro
grams must use symbolic device
mmes for daticacguisition, they are
unable to muke directuse of the
hardwiare organization (o optimize
their data access. We provided a dig
acquisition routine that alfows an an
plication to combine a group of dis
parate devices into an aggregate de
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vice. Reading the aggregate device,
the data-acquisition routines acquire
data for each component device,
thereby minimizing the number of
hardware references required. This
optimization has decreased the CPU
time necded tor the rfstatus program
by a tuctor of 3 while cetaining the
hardware independence afforded by
svmbolic device naming. (More de
tils on dat-acquisition optimiza
tions can be found in Ret, 20

Another interesting optimiztion
also involves this status program.
During production, the operators
often run the program from several
different consoles, which initally
meant running a separate copy of the
program at each console, substan-
tially loading the sysrem resources.
Now, additional requests for the
status display are met by a slaved
copy at negligible cost.

VMS Environment

Some of the jobs done by opera-
tions personnel are more efficiently
implemented by the VAX/VMS oper:
ating system than by the control sys-
tem. By using a VMS interface for
these tasks, we do not need special
applications programs. Examples of
these tasks include displaying VMS
and accelerator status information,
displaying file directories, updating
applications-program data files, and
generating reports from the ac:
celerator device-description data
base.

However, it operators are logged
in as normal users, accidental file
deletions are possible. To prevent
this, VM5 access is limited by anin-
direct command file that is activated
when an operator logs inon a touch
panel. The command tile illows the
operator to execute a small subset of
VMS comnunds, and the only wiv to
leave the indirect command proce
dure is by logging out, This
simplities and protects the operiator
interaction.

Remote Computer Network

Five small PDP-11 computers are
located throughout the facility (Areas
Aand B, the switchvard, transition
region, and the ion-source test stand)
for remote data acquisition and con-
trol through CAMAC data tinks
directed by a communications-node
computer (NET-11) in the CCR. Sev-
eral other small PDPs are also in
place for special tasks. This network
was built up over the vears largely
with customized hardware and soft-
ware, leading to problems with main-
tenance and development.

The planned upgrade will replace
the PDP-11s with micro-VAXes and
the network with Ethernet. Ethernet
will allow straightforward nerwork
expansion and can be driven by the
CCR VAXeswithout the NET-11 relay
node. Four of the data-acquisition
micro-VAXes will not have disks. We
will probably install the VAXELN
memory-resident operating system,
which can be down-loaded from the




CCR over Ethernet VANELN i writ
ten i and supports EPASCAL an Tn
ternational stndards Organtzation
PASCAL with extensions torreal time
provessing

Programs running on the miero
VANXes willaccess datcthrough svm
holic device names. as s currently
done by the VAN HL 7RO progrims
The device description datichase wilt
be mamtained on the VAN T 7808
Jnd down loaded as needed by the
remole computers

Access between vomputerswidl be
suppurted threugh a paradigm tor
calling procedures tor remore com
puters. The computer at the ion
source test stand (ISTS) is anexcep
tion in that it is essentally astand
alone svstem with no direct connec
tion to the accelerator. We are con
sidering adding local disk storage to
the ISTS micro VAX and running the
micro VMS operating svstem. We ex
pect that portions of the VAN 11/780
control svstem can be used to handie
the ISTS environment. The Ethernet
connection will be used to transter
software and aata bises,

Atthe present time the Ethernet
cable has been purchased and is in
place. Micro VANes have been
purchased for the switchvard, the
nuaster tmer, and the ISTs com
puters, but are notvetinstalled.

Summary

The upgrade trom the SEL 840 1o
the VAN EL780 is all but complete
Most ot the applications program
software 18 now in production. This
software has been monitored to un
cover response boitlenecks. Some
optimizittions have been im
plemented with good resulis. We in-
tend to continue to monitor perform-
ance and make additional chinges
where they make sense. We have
been able to provide a limited VMS
environment tor the operators so that
those tasks most easilv accomplished
by using VMS can be done safelv.
Finally, the control-svstem network
upgrade is well under wav. We pro-
ject that this task will be completed
inabout one more veur.
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AGGELERATOR OPERATIONS

Acceleratar Operatigris

This reportcovers operating cvdies
2odoand o The aceelertorwas in
operation trom April 22 through De
cember 220 1985 Beams were
provided tor research use tor
187 davs. and tor taethny devetop
mentfor 25 davs. Admostall the ta
cility develapment time was used tor
Proton Storiage King (PSR com
missioning. A stinmary of intorma
tion on beams provided tor researcly
is givenin Table |

iamDer Qo Donments sar, e

»

—* 5Cheduied be am ih)
P~ scneduled beam (h)
=t DEaT A, a0t [ )
= ceam avalabimt, { 1)
HY average curren’ (HA}
= averane Cunent (na)?
H* beam duty factar { £)
P~ beam duty facto (#)

BAveraged cver entire cycle

anzt sty Cies 42 Trrougn 44

WO

Anew high intensity T ion sourc
wits broughtinto operation to
provide beam for the PSROWith the
exception of three shifts tora nuclea
chemistry experiment, beam from
the new source wits used exclusively
for operation and development in the
PsRand Line B Peak HT beam cur
rends inexcess of oomAand average
beam currents s high as 33 pawere
delivered to the PSR bemavail
abilingwas 7785 and 79 tor eveles
42,43, and vy respective

Cycled? Cycle d3 Cycle 44
30 38 41
599 1366 1504
11 1333 1491
T3 89 86
[al5} 71 80
700 830 900
10 8) 22
9 £-9 6-9
9 39 39
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The low ivailabilitv of 7 beams
during eveles v2and 13 was directly
related 1o problems wath the ion
source A change imsouice operiting
parimeters during the Litter part of
avete teresuiedim asignndeant im
provemeni i st hneand o bivetold
nerease B beanm carrent

Accelerator operition wis smooth
andreliable . casily providing, T
bem iiensities of Fma ar v duty
Lactor and 930 pA a 0v, Poor 1

avatlabilite during evele 12 was

ACCELEFIATOR OPERATIONS

Largely due to Laiture ofa quadrupolie
ripletinan A 2 trger ceils ground
tales ind o resulent Large witer leak
required replacement of coolant
lines and cost over aweek ol un
scheduted downtime.

Asumnmuary of unscheduled facility
downtime during rescarch shifts is
given in Table T1. Because some of
the outages ire concurrent, and be
cause some atfected only one of three
beams, the torad s much greaer than
the beam downtime.

NS hedubedf b

achine Diownnme Dunng Shitz in 1985

Cateaor, Downtime Per Cent of Total
LA Arophhiens and tansmmission ines 255 11
R A hiher Sy sl Q0 5
WACUIT Sy Slomg 70 4
Magrets 220 12
Magnet power supplies 65 4
Irierlock vy stems 29 2
on sources and CockCrott-walton tigh volage supphes 798 44
Coohnq Aater sy stems 33 2
Computer contral and data acquistion: 22 1
Froduchor 1argets 30 4
Puise tming systerns 19 1
118 7

1802
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MILESTONES

MILESTONES

1968

Ofticial Ground Breaking
Spinoft: Adoption of LAMPE Accelerating Structure
for X Rav Therapy and Radiography Machines

1970

February 13, 1968

ca 1968

5-MeV Beam Achieved
Adoption ot 4 LAMPF-Standard Data-Acquisition
System

1971

June 10, 1970

August 1970

100-MeV Beam Achieved
211-MeV Beam Achieved

1972

June 21, 1971
August 27,1971

800-MeV Beam Achieved
Spinoff: First Use of Electrosurgical Forceps in
Open-Heart Surgery (University of New Mexico)
Discovery of 2**Th (Experiment Zero)
Dedication to Senator Clinton P. Anderson
Spinoff: First Hyperthermic Treatment of
Animal Tumors

1973

June 9,1972
September 13,1972
September 25,1972

September 29,1972

October 1972

First H™ Injector Beam

First Simultaneous H* and H™ Beams
Beamto Area B

First Experiment (#56) Received Beam
First Meson Production, Beam to Area A

1974

March 28,1973
May 4, 1973
July 15,1973
August 24, 1973
August 26, 1973

Beam to Area A-East

First Medical Radioisotope Shipment
Usable 100-pA Beam to Switchyard
Pi-Mesic Atoms with "Ticklish’ Nuclei
First Experimental Pion Radiotherapy
First Tritium Experiment (80 000 Ci)
Start of Great Shutdown

February 6, 1974
July 30, 1974
September 5, 1974
October 13,1974
October 21, 1974
November 1974
December 24,1974
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1975

New Precise Measurements of Muonium Hyperfine-
structure Interval and p* Magnetic Moment

Q Daw Acquisition Sofiwiare Operational

spinoft: First Use of “Rb for Myocardial Imaging
in Hununs (Donner Lib, Lawrence Berkeley
National Laboratory)

Spinott: First Hyperthermic Treatment of
Human Cancer (University of New Mexico!

Accelerator Turnon

Acceptible simultaneous 100-pA HY and 3 pA H™
Beams to Switchvard

Production Beantto Area B

1976

1975-77.80
June 1975
June 1975

July tt, 1975
August 1, 1975

September 14, 1975
October 7, 1975

First Pions Through EPICS
Production Beam in Areas A and A-Euast:
End of Great Shutdown
Muon-Spin-Rotation Program
Spinott: First Hyperthermic Treatment of
Cancer Eve in Cattle (Jicarilla Reservation)
100-pA Production Beam in Area A
Experiment in Atomic Physics (H™ + luser beam):
Observation of Feshbiach and Shape Resonances
inH™
Double Charge Exchange in '*O: LEP Channel
Startup of Isotope Production Facility
HRS Operation Begins
Maintenance by *Monitor” system of
Remote Handling

1977

March 18, 1976

April 35,1976
June 1976

June 3, 1976
August 1976

October 1976
October 5,1976
October 15,1976
November 1976

Fall 1976

Proton Beam to WNR

Polarized Proton Beam Available

Spinotf: First Practical-Applications Patent Licensed
to Private Industry

Pion Radiotherapy with Curative [ntent

Proton-Computed Tomography Program

Experimental Results at Neutrino Facility

Cloud and Surface Muon Beams: SMC

EPICS Operation Begins

300-pA Production Beam in Area A

March 12,1977
April 1977

April 12,1977
May 1977
June 1977
July 1977
July 1977
August 1977
Fall 1977

MILESTONES
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MILESTONES

1978
AT Division Established January 1, 1978
m’ Spectrometer Begins Operation February 1978
Operation of Polarized- Proton Target Spring 1978
successful Water-Cooled Graphite Production
Target November 1978
1979
Spinoft: First Thermal Modification of
Human Cornea (University of Oklaihoma) July 11,1979
600-pA Production Beam in Area A November 1979
New Limitonp — ey December 1979
1980

Experimental Measurement of the Strong-Interaction
Shiftin the 2p-1s Transition for Pionic Hydrogen  1980-81-82

Commercial Production of Radioisotopes January 1980
Spin Precessor Begins Operation February 1980
Data-Analysis Center Operational April 1980
Variable-Energy Operation June 1980
Single-1sobaric-Analog States in Heavy Nuclei June 1980

Spinoff: First Use of ¥Rb for Brain Tumor Imaging
in Humans (Donner Lab, Lawrence Berkeley

Laboratory) September 1980
Production of Fast Muonium in Vacuum Fall 1980
Double-Isobaric-Analog States in Heavy Nuclei October 1980
Focal-Plane Polarimeter Operational at HRS Octeber 1980

Safety Award to LAMPF Users Group, Inc.. for
Working One Million Man-Hours Since 1975

Without a Disabling Injury October 27, 1980
New Measurement of Pion Beta Decay-— mproved
Test of Conserved-Vector Current November 1980
1981

First Excitation of Giant Dipole Resonance by

Pion Single Charge Exchange March 1981
First Excitation of Isovector Monopole Resanance

inSn and *Zr by Pion Single Charge Exchange  March 1981
Search for Critical Opalescence in **Ca September 1981
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1982

Average Beam Current of LAMPF Accelerator
Established a 730 pa

Staging Area Constructed

Particle Separator Instalied at SMC

“Dial a Spin Capability on Line B Permits Ditterent
spin Oricentations for HRS, Line B and EPB
stmultaneousty

Time Projection Chamber in Operation

improved Testof Time Reversal Invariance in
Strong Interactions

Search for Parity Nonconservation in pp Scattering

dr Fusion Catalvzed by Muons

l98é

LAMPF Accelerator Produce: Proton Beam

of 1.2mAa

First Obsernvition of v,-¢” Scallering .
. . > . : -
Result for Asvmmetny in pp Scattering Caused by

Parity Violation: 4, AL X107

AU SO0 MeV

198+

Duty Factor =9% Achieved
Total Cross section for v,-¢” Scattering:
o, =10 E (GeV) e
Clamshell Spectrometer On Line
High-Intensity H™ Source Operational
Branching Ratio for u* — ¢*¢*¢” Probes Mass
Range to 10 TeV

1982
1982

[T

1982
1982

Junuary 1982

Novembeoer 1982
November 1982

February 7, 1983
October 1983

November 1983

February 1984
May 1984
June 1984

September 1984

October 1984

MILESTONES
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MILESTONES

1985

New Beam Stop Installed by Remote-Handling

System Spring 1985
High-Intensity H™ Injector Operational April 1985
New Switchyard Permits Three-Beam Operation April 1985
Proton Beam to Proton Storage Ring (PSR) May 1985
Routine Production at Beam Current of 1 mA Summer 1985
1~ p— 1’ n Reaction Observed July 1985
n-Meson Production Near Threshold August 1985
17-mA Peak Current Achieved September 1985
Time-of-Flight Isochronous Spectrometer

(TOFD) On Line November 1985
Test of the Relativistic Doppler Etfectat 0.84c by

Collision of an Atomic Beam with Laser Light 1985
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APPENDIX A

£.peoments Rr AR

APPENDIX A:

txperiments Run In 1985

J

No.

Channel

Beam
Hours

Experiment Title

225

267

294

455

533

572

588

589

601

623

639

657

NEUTRINO-A

ISORAD

AB-NUCCHEM

P3

HRS

EPICS

EPB

BR

EPICS

HRS

SMC

EPICS

3653

3628

18

174

126

200

321

343

246

152

177

189

A Sudy of Neutrino Electron
Elastic Scattering

Preparation of Radicisotopes For
Medicine and The Physical Services
Using The LAMPF Isotope Production
Facility

High Energy Nuclear Reactions

High Precision Study of The u™
Decay Spectrum

The Asymmetry in The (P,mn)
Reaction on 6Li at 800 MeV

A-Dependence of The (n*,n”)
Reaction and The Width of a Double
Isobaric Analog State in Heavy
Nuclei

A Search For Long-Lived States of
The H™ Ion

Free Forward NP Elastic Scattering
Analyzing Power Measurements at 800
MeV

Determination of Isoscalar and
Isovector Transition Rates For Low
Lying Collective States in %9Zr and
208ph By n* and n” Inelastic
Scattering

Measurement of Cross Section,
Analyzing Power and Depolarization
Parameters in The 28Si(p,p’)28Si
(6- T =0 AND T = 1) Reaction

at 400 MeV

Muon Spin Rotation Study of Muon
Bonding and Motion in Select
Magnetic Oxides

Inelastic nt Scattering From
The N = 26 Isotones




No.

Bean
Channel Hours

Experiment Title

665

687

705

722

723

726

1217

7142

752

769

770

BR 418

HRS 26

P3 568

HRS 96

EPICS 199

SMC 570

SMC 252

SMC 258

TTA 958

RADAMAGE-1 3173

BR 1953

The Measurement of The Initial
State Spin Correlation Parameters
Cpp, AND Cg; In N-P Scattering
altsoo, 63b, and 800 Mev

Measurement of The Spin Rotation
Parameters In 298Pb and In 4°Ca at
400 Mev

Study of Pion Absroption In 3He on
and Above The (3,3) Resonancex*

Measurement of Cross Sections and
Analyzing Powers for Elastic and
Inelastic Scattering of 400 to 500
MeV Protons From 14C

Measurement of The Neutron and
Proton Contributions to Excited
State in 39K By n* and n”
Inelastic Scattering

Search for The C-Noninvarient Decay
m -+ 3y

Measurement of The Efficiency of
Muon Catalysis in Deuterium-Tritium
Mixtures at High Densities

Search for The Negative Muonium Ion

Tuneup of The Time-of-Flight
Spectrometer For Direct Atomic Mass
Measurements

Proton Irradiation Effects on
Candidate Materials For The German
Spallation Neutron Source (SNQ)

The Measurement of NP Elastic
Scattering Spin Correlation
Parameters With L- and S-Type
Polarized Beam and Target Between
500 and 800 MeV

APPENDIX A
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APPENDIX A

Experments Runin 1985

No.

Channel

Beam
Hours

Experiment Title

773

799

800

807

8i1

813

814

815

827

828

832

833

EPICS

P3

LEP

LEP

LEP

EPB

P3

LEP

EPB

EPICS

286

120

277

344

248

131

155

1256

383

258

588

250

Measurements of (n*,n”) JAngular
Distributions on 56Fe at 164
and 292 MeV

Large Momentum Transfer Measurements
of Ay for 800 MeV P + 208Pph
Elzstic Scattering

Inelastic Pion Scattering From
22Ne

Test of The LAMPF Recoil
Polarimeter (JANUS) in Measurements
of The n~ P Elastic Scattering
Proton Polarization at 625 MeV/C

Study of Unnatural Parity States in
Nuclei Using Low-Energy Pions

Pion Charge Asymmetries for 13C
at Low-Beam Energies on The LEP
Spectrometer

nt Nuclear Elastic Scattering
From Ni and Sn Isotopes at
Energies Between 30 and 80 MeV

Measurements of Angr Sgp» and
A, in Pp » Pnn* a 508, 580
6%8, 720, and 800 MeV

Study of Isobaric Analog States in
Pion Single Charge Exchange
Reactions in The 300- to 500-MeV
Region

Total and Differential Cross
Sections for n* d » pp
Below 20 MeV

Gamma Ray Angular Correlation for
l2¢(p,P’)12C(15.11)

Continuation of The Investigation
of Large-Angle Pion-Nucleus
Scattering
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Experiments Runin 1985

Beam

No. Channel Hours Experiment Title

836 EPICS 209 Energy Dependence of Pion
Scattering to The Giant Resonance
Region of 208FPb

837 HRS 127 Measurement of Spin-Flip Cross
Sections Up to 40 MeV Excitation in
58Ni and %92r

841  EPICS 171 Forward-Angle Pion Inelastic
Scattering on Light Nuclei

£42 HRS 488 ™uSR Shift and Relaxation Measurements
in Itinerant Magnets"

848 LEP 69 In-Flight Absorption of Low Energy
Negative Pions

851 HRS 388 Search for Recoil Free A Producticn
and High Spin States in the

208 pR(p,t)295PB Reaction at
E_ = 400 MeV
p

852 P3 700 Measurements of (ni,n) Reactions
on Nuclear Targets to Study The
Production and Interaction of
N Mesons With Nuclei

853 HRS 214 Measurement of Wolfenstein
Parameter at 650 MeV and dL/dQ
at 500, 650, and BOO MeV for
pd - pd Elastic Scattering

854  SMC 177 Muon Spin RsearchH in Oxide Spin
Glasses

855 HRS 151 Measuremcni of 2°6Pb-2028Pb Ground
State Neutron Density Difference

856 P3 140 Comparison of Double Charge
Exchange and Inclusive Scattering
in 3He

859 P3 170 Study of The A Dependence of

Inclusive Pion
Double-Charge-Exchange in Nuclei
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Expenments b o0 TR

Beam

No. Channel Hours Experiment Title

860 LEP 256 Inelastic n* Scattering to
Excited O' States at Energies
Between 30 and 80 MeV

866 EPB 278 Neutrino Source Calibration

869  SMC 145 Higher Precision Measurement of the
Lamb Shift in Muonium

877  SMC 113 The Microdosimetry of Error
Induction in Microelectronics

879 HRS 184 Characteristic Dirac Signature in
Large-Angle B + 49Ca Elastic
Scattering at 500 MeV

882 LEP 855 Measurement of the Differential
Cross Section for r™p = n®nat
10, 20 and 40 MeV

883 HRS 177 A Study of the Reaction Mechanism
for the 2H(3,7)3He
Reaction at 800 MeV

884  LEP 415 Pion Double Charge Exchange on
14C at Low Energies

885 HRS 157 geasurement of Kqe for the
pp » dnt Reaction"at 650
and 800 MeV

888  SMC 494 Study of the Decays n* -+
+ + +o+ -
e VY and " =+ e'e’e Ve

891 HRS 150 Development of Zero Lagree
Spin-Flip Measurements at HRS

896 HRS 231 A Test of the Dirac Treatment of
Proton-Nucleus Inelastic Scattering

897 LEP 52 Pion Single Charge Exchange in

7Li to the Isobaric Analog Ground
State of "Be
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No.

Beam
Channel Hours

Experiment Title

898

899

902

9C3

905

906

907

9508

914

917

927

928

EPICS 102

LEP 60

HRS 12

HRS 64

EPICS 329

EPICS 240

HRS 241

EPICS 114

SMC 137

P3 70

LEP 106

EPB 490

Pion Elastic Scattering from 4He
- A Test of Charge Symmetry

A Measurement of the Neutron
Deformation of '65Hp by Pion
Single Charge Exchange

Inelastic Scattering:of 500 MeV
Polarized Protons from 88Sr:
Determination of Neutron Transition
Densities

A Study of Transition Nuclei in the
Rare Earth Region by Proton
Inelastic Scattering

E}astic and Inelastic Scattering of
n- on 3H and *He to Test

Charge Symmetry, Compare Form
Factors, and Investigate the
Reaction Mechanism

DCX on %4Ca

Spin Excitations in 4°Ca and
18 Cq

Angular Distribution for the
42Ca(n*,m)42Ti
(g.s.)Reaction at 290 MeV

Measurement of the Analyzing Pover
of a Muon Polarimeter for Use in a
Search for Muon Polarization in the
Decay Kl By

Pion Charge Exchange to Delta-Hole
States of Complex Nuclei

Investigation of Non-Analog Double
Charge Exchange Between 50 MeV and
120 MeV

3 + n quasielastic Scattering
from Deuterium

APPENDIX A

Eopsennient, oo 1985
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E\Liewnr‘n(g ot

Beam

No. Channel Hours Experiment Title

933 LEP 158 Study of the Mass and Energy
Dependence of Ultra Low Energy Pion
Sirgle Charge Exchange

936  RADAMAGE-1 2053 Dosimetry Experiment to
Characterize the Radiation
Environment at LAMPF Target Station
A-6

RADAMGE-1 2053 Dosimetry Experiment to

Characterize the Radiation
Environment at LAMPF Target Station
A-6

941  SMC 149 Muon Spin. Relaxation Studies of
Disordered Spin Systems

942 LEP 69 Measurement of Low Energy Cross
Sectigns for the
12¢(n~,nN)L1C Reactions

944  SMC 384 Feasibility Study for an Experiment
to Search for Muonium &
Antimuonium Conversion

945 EPICS 100 DCX on Nickel

947  EPICS 100 Measurements of Large-Angle
Piun-Deuteron Scattering

950  EPICS 200 Mass of the Extremely Neutron Rich
48 Ay

957 P3 204 "Inclusive Pion
Double-Charge-Exchange in Light
p-Shell Nuclei,"

963  SMC 280 "Experimental Investigation of Muon
Catalysis,"”

979 LEP 169 "A Search for T=2 Dibaryon

Production in the d(n*,n7)X
Reaction,"
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APPENDIX B

New Proposals Dunng 1985

APPENDIX B:
No. Spckesperson Title New Preposals During 1985
954 R.J. Peterson "Isospin Amplitudes For Giant
Univ. of Colorado Resonances In 58Ni and 64Ni,"
955 G.W. Hoffmann "Search for Experimental Proof of

Univ. of Texas,Austin the Existence of Lower Components
in the Nuclear Wave Function,"

J.J. Jarmer

Los Alamos

M.L. Barlett

Univ. of Texas,Austin

R.L. Ray

Univ. of Texas,Austin

956 A. Saha "Microscopic Structure of the

Univ. of Virginia Calcium Isotopes,"

J.J. Kelly .

Univ. of Maryland .
957 G.A. Rebka, Jr. "Inclusive Pion Double-Charge-Exchange

Univ. of Wyoming in Light p-Shell Nuclei,"

J.L. Matthews

MIT

P.A.M.Gram

Los Alamos
958 G.W. Hoffmann "Study of the °9Zr(p,R)°°Nb, . -

Univ. of Texas,Austin (IAS) Charge-Exchange Reactfén'at

500 MeV,"

J.B. McClelland
Los Alamos

959 C.F. Moore "Inelastic Pion Scattering from
Univ. of Texas,Austin 20Ne,"
H.T. Fortune
Univ. of Pennsylvania
S. Mordechai
Univ. of Texas,Austin

960 G.R. Burleson "Measurement of Ag; and AOg
New Mexico State Univ. in Free Neutron-Proton Scattering

Between 300 and 800 MeV,"
K.F. Johnson

Argonne Nat. Lab.
L.C. Northcliffe
Texas A&M
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APPENDIXB

New Froposals Dunna 1986

No. Spokesperson Title
961 L.C. Northcliffe "Measurement of the
Texas A&M Spin-Correlation Parameter
Ayn(®) for n-p Elastic
Scattering at 800 MeV,"
962 S.J. Seestrom-Morris "Target Mass Dependence of the
Univ. of Minnesota Isovector Contribution to the
Giant Quadrupole Resonance,"
963 A.N. Anderson "Experimental Investigation of
EG&G, Idaho Muon Catalysis,"
M. Leon
Los Alamos
S.E. Jones
BYU
964 G.S. Blanpied "Study of (n,p), and (nt*,p)
Univ. e¢f South Reactions with EPICS,"
Carolina
J.-P. Egger
SWISS INST
965 E.L. Chupp "Test and Calibration of Detector
Univ. of New for Solar Neutrons and Gamma Rays,"
Hampshire
P.P. Dunphy
Univ. of New Hampshire
966 B.G. Ritchie "Pion Absorption on Quasideuterons
ASU in 19B (n*,2p),"
967 D.R. Tieger "Inclusive n° Scattering at 100
Univ. of Washington MeV on C, Ca, Sn, and Pb,"
I. Halpern
Univ. of Washington
968 F. Irom "§tudy of Inelastic Scattering of
Los Alamos n~ from 7Li and 14C at Low
Energies,"
R.J. Peterson
Univ. of Colorado
969 M.D. Cooper

Los Alamos

"MEGA - Search for the Rare Decay
ut > e+Y,"
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New Proposals During 1985

No. Spokesperson Title
970 C.F. Moore “Measurement of the Delta-Nucleus
Univ. of Texas,Austin Interaction by Pion Inelastic
C.L. Morris Scattering to the 1% Doublet in
Los Alamos lac,n
R.J. Peterson
Univ. of Colorado
971 R.W. Fergerson "Measurement of the Spin-Rotation
Rutgers Univ. Parameter Q for the 200 MeV P +
208 pp "
972 C.L. Morris "Low-Momentum Delta Production Via
Los Alamos the Reaction 13C(n+,p)12CA,"
J.A. McGill
Los Alamos
973 G. Pauletta "Search for Narrowv Resonances in
Univ. of Texas,Austin the B=2 Missing-Mass Spectrum From
p+He Reactions and in the
Excitation Functions of the pp
Pion Production,"
M.M. Gazzaly
Univ. of Minnesota
N. Tanaka
Los Alamos
974 G. Pauletta "A Search for Narrow Rescnances in
Univ. of Texas,Austin the B=2 System Using the
3He(n+,E)MM and the
2H(n*, n*’ )MM Reactions,"
M.M. Gazzaly
Univ. of Minnesnta
N. Tanaka
Los Alamos
975 L.-C. Liu "Single Charge Exchange with
Los Alamos Stopped Negative Pions,"
M.J. Leitch
Los Alamos
976 J.D. Bowman

Los Alamos

"Study of the Charged Particle
Decay of the Giant Dipole
Resonance Excited by Pion Single
Charge Exchange on 13C,"
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New Proposals Dunng 1985

No. Spokesperson Title
977 G.J. 1Igo "Measurement of Wolfenstein
UCLA Parameters for Proton-Deuteron
Elastic Scattering at 800 MeV,"
978 G.A. Rebka, Jr. "A Coincidence Measurement of Pion
Univ. of Wyoming Double Charge Exchange:
J.L. Matthews ‘He(n*,n"p)3p-,"
MIT
P.A.M. Gram
Los Alamos
979 C.L. Morris "A Search for T=2 Dibaiyon
Los Alamos Production in the d(n*,n™)X
Reaction,”
J.A. McGill
Los Alamos
980 K.K. Seth "An Investigation of the
Northwestern Univ. Near-Stability of 6H and 7H,"
981 K.K. Seth "Do Bound States of Real Pions
Northwestern Univ. Exist?"
982 R.A. Loveman "The Measurement of Light
Univ. of Colorado Fragments from Pion True
Absorption,"
983 D.  Wright "n*_Tin and n Lead Elastic
VPI and State Univ. Scattering at Energies Betwezen 30
and 65 MevV,"
G.S. Blanpied
Univ. of South Carolina
M. Blecher
VPI and State Univ.
984 R.J. Peterson "Pion Scattering to 8~ Stretched
Univ. of Colorado States of 6O0Ni,"
985 C.M. Hoffman "Search for Muonium to Antimuonium

Los Alamos
J.R. Kane

Coll. of William & Mary

V.W. Hughes
Yale University

Spontaneous Conversion,"
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New Proposals During 1985

No. Spokesperson : Title
986 J. Linke "Spallation Neutron Irradiation of
KFA-JULICH Non-Oxide Ceramics for First-Wall
Fusion Reactor Application,”
987 J. Linke "Fast Neutron Irradiation
KFA-JULICH Screening Test of Polycrystalline
Graphites Under First-Wall Fusion
Conditions,"
V. Delle
KFA-JULICH
W.F. Sommer
Los Alamos
988 C.L. Morris "Double-Isobaric-Analog Resonance
Los Alamos in Heavy Nuclei,"
R. Gilman
Univ. of Pennsylvania
989 K.S. Dhuga "Investigation of Energy and Mass
New Mexico State Univ Dependence of Large-Angle
Pion-Nucleus Elastic Scattering
Across the Resonance Region,"
990 M.A. Moidester "Pion Single Charge Exchange on
Tel-Aviv the Deuteron,"
R.A. Loveman
Univ. of Colorado
R.J. Peterson
Univ. of Colorado
991 G.R. Burleson "Continuation of the Investigation
New Mexico State Univ of the Energy, Mass, and Charge
Dependence of Pion-Nucleus Elastic
Scattering Near 180°,"
992 M.A. Plum "Excitation Functions for Magnetic
Los Alamos Transitions in 24Mg and 28sSi,"
993 C.L. Morris "Study of n Absorption Below the
Los Alamos A3/2,3/2 Resonance Region,"
R.D. Raasome

Rutgers Univ.
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New Propasals During 1985

No. Spokesperson Title
994 C.L. Morris "Study of n Absorption Above the
Los Alamos 83,9 3,9 Resonance Region,"
?

R.D. Ransome
Rutgers Univ.

995 C.F. Moore "Energy Dependence of n* and
Univ. of Texas,Austin n~ Scattering to Low-Lying
States in 208 Ppb,"
S.J. Seestrom-Morris
Univ. of Minnesota

996 J.D. Zumbro "A Search for the SLi+n”
Univ. of Pennsylvania State in 5He,"

997 F.T. Baker "Spin-Flip Cross Section for
Univ. of Georgia Inelastic Proton Scattering from
G.L. Glashausser 12¢ and 160 at 319 MeV,"
Rutgers Univ.
K.W. Jones

Los Alamos

998 C.L. Morris "The 4He(n,n’'p)?He Reaction
Los Alamos - A Test of Charge Symmetry,"
D.K. Dehnhard
Univ. of Minnesota

999 A. Fazely "Study of Pion Double Charge
Lousiana State Univ. Exchange Reactions
128Te(nt,n")128Xe(g.s.) and
130Te(nt,n")13%%Xe(g.s.)~,"

L.-C. Liu
Los Alamos
1000 D.K. Dehnhard "Cross Sections for the (p,n*)
Univ. of Minnesota Reaction on 12C, 13C, and
14N,"
K.¥W. Jones

Los Alamos
S.J. Seestrom-Morris
Univ. of Minnesota
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New Proposals During 1985

No. Spokesperson Title
1001 E. Piasetzky "Study of Double-Analog
Los Alamos Transitions at Pion Energies 20 to
80 MeV,"
H.¥. Baer
Los Alamos
M.J. Leitch
Los Alamos
i002 B.J. Dropesky "Energy Dependence of the
Los Alamos (n*,2n") Reaction in Complex
Nuclei,"
L.-C. Liu
Los Alamos
1003 R.C. Reedy "Production of Long-Lived
Los Alamos Radionuclides by Stopped Negative
Muons,”
1004 J.C. Peng "Measurements of n-Meson Mass in
Los Alamos Free Space and in Nuclei,"
J.E. Simmons
Los Alamos
1065 J.M. Moss "Relativistic Effective Mass
Los Alamos Renormalizations of Continuum
Polarization Observables,"
1006 G. Pauletta YA Search for a Narrow Resonance
Univ. of Texas,Austin in the B=2 System Using the
ntdn+p Reaction,"
M.V. Gazzaly
Univ. of Minnesota
N. Tanaka
Los Alamos
1007 B.M.K.Nefkens

UCLA

W.J. Briscoe

George Washington Univ,

"CgmparisonBOf NSF-Minimum in
n °H and n* He Elastic
Scattering,"
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Mlew Propnsais Dreng o

No. Spokesperson Title

1008 F. Irom "Study of the Mass and Energy
Los Alamos Dependence of Low Energy Pion

Single Charge Exchage at 180°,"

J.D. Bowman
Los Alamos

1009 F.W. Hersman "Pion Scattering From 206 Pb--How
Univ. of New Far Can Pions Probe Into The
Hampshire Nuclear Interior?,

1010 F.T. Baker "Measurements of Spin-Flip Cross
Univ. of Georgia Section Angular Distributions for

E, < 40 MeV in 124gp,"
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Research reports should be brief but complete. A list of recent publications
relating to the experinient, for separate tabulation in this report, is much
appreciated.
Contributors are encouraged to include as authors all participants in
experiments so that they may receive credit for authorship and participation.
Questions and suggestions should be directed toJohn C. Allred, Los
Alamos National Laboratory, MS H850, Los Alamos, NM 87545,

318



