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The Solid State Physics Research Institute at Virginia State University
was formally organized in January 1984 subsequent to the funding received
through NASA grant NAG 1-416. The insiitute is a collection of three rescarch
programs. Two of these, muon spin rougtion studies and studies of annealing
érobléms in gallium arsenide, were proviously funded by NASA through separate

grants. The MuSR program was begun in 1972, while the CGahs studies were initiated

in 1982. A third program, Hall effect studies in semiconductors, was initiated
with the establishment of the institute. C. E. Stronach is director of the in-
stitute as well as P/I of the MuSR program. J. J. Stith and J. C. Davenport
(vsU physics department chairman) are co-principal investigators of the GaAs

program, while G. W. Henderson is P/I of the Hall effect program.

The purposes of thio institute are threefold: (1) to perform state-of-the-
art rescarch in both basic and applied aspects of solid state physics which is
both intrinsically interesting and which can be applied to problems of interest
to NASA; (2) to develop a self-sustaining physics resecarch program at VSU which
will bring distinction to the University and its physics department; and (3) to
provide training and experiences to students which will prepare them for czreers

in research.

The following sections describe the activities of each of the research
programs during the period January 1 - December 31, 1984. Following this is a

saction describing activities which do not £all strictly within any of the thxee




o

programs, plus descriptions of student activities, equipment acquisitions,

and future plans,

"N85-28819 ™

Muon Spin Rotation Studies

The bulk of the muon spin rotaticn resesrch work centered around the
development of the muon spin rotation facility at the Alternating Gradient
Synchrotron (AGS) of Broockhaven Natiohal Laboratory (BNL). A previous run
had taken place in May 1983, in which the initial beam development had taken
place, along with studies of muon diffusion in aluminum-copper alloys. How-
ever, the need for substantial upgrading of the system, plus a move of the
apparatus to another location on the beam line, made substantial development
work necessary. The VSU participants concentrated on designing and fabricating
the collimation system, which is shown in figure 1. This improved collimation
system, plus improvements in detectors (provided by VSU} and electronics
enabled us to obtain spectra free of background out to 15 microseconds (figure

2 showg a MuSR spectrum taken on aluminum).

There were two runs at Brookhaven in 1984, nid-March to early April and
mid-May to mid-June. The March/April run was devoted primarily to beam develop-
m;nt. During the May/June run several successful experiments were performed.

The effect of uniaxial strain on an Fe{Si) crystal at elevated temperature

(3I60K] was measured and the results were incorporated in the paper attached to
this report as Appendix 1. This paper includes a complete analysis of Fe pulling
data .taken earlier at the Swiss Institute for Nuclear Research (SIN), which was
supported in part by NASA grant NSG-1342. The paper has been submitted to

Physical Review B.
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Pigure 3 shows the depolarization of positive muons as a function of
temperature in titanium hydride. The dip at about 200K is an expected effect
due to trapping/detrapping at impurity sites. There ie no clearcut explanation
for the dip beginning at about 280K, although we suspect it may arise from a
shift of the muons from tetrahedral to mixed tetrahedral/octahedral sites in
the crystal. Experiments were also done on niocbium hydride. Papers on both of
these experiments are in preparation and will be included in future progress
reports., An abstract submitted to the March 1985 American Physical Society

meating is included as Appendix 2.

A set of iron alloys (mostly with transition elements) was also studied
and an abstract was submitted te the same March 1985 APS meeting (to be held

in Baltimore) is included as Appendix 3.

Further analysis was done on the MuSR data on nickel élloys studied at
SIN in August/September 1983, and supported in part by NASA grant NSG 1342,
An abstract of a talk presented at the January 1985 american Physical Society
meeting (held in Toronte) plus a table of fracticnal changes in muon field,
Lorentz field and hyperfine field with impurity concentration are included as
Appendix 4. The director also gave a talk on these studies at the Virginia

Academy of Science meeting held in May 1984 in Richmond.

The VSU participants in these experiments were Carey E. Stronach, director
of the institute, and Lucian R. Goede, Jr., a physics graduate student, Michael
pavis, an undergraduate, participated in preliminary preparations at VSU. The
Brookhaven program is under the overall leadership of william J. Kossler,
profe§sor of physics at the College of William and Mary. Other participants
inecluded William F. Lankford of Géoxge Mason University, Harlan Schone of

William and Mary, Anthony T. Fiory of Bell Labs, Robert I. Grynszpan of CNRS,

FEgE
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vitry, France, and three graduate students from the College of William and kary.
The titanium hydride experiments also included Ola Hartmann and Roger WHppling

of the University of Uppseala in Swaden.

Additional experiments are being planned for the Brookhaven facility, and
are currently scheduled for -~ weral running segments between February and June
1985, Thage are expected to include further studies of iron alloys, measurement
of frequency shifts in strained single crystals of nickel, and measurement of

depolarization in GaAs,

Hall Effect Studies

The ﬁverall objectives for the year were accomplished. The literature was
analyzed and some of the aequipment was ordered and received. Contacts were
established with the Francis Bitter Naticnal Magnet Laboratory at the Massa-
chusetts Institute of Technology. Undergraduate and graduate students were

involved in the effort.

An analysils of the literature led to the conclusion that Hall effect
studies of proton-damaged semiconductors can provide new information en the
nature of defects an@ dislocations in gallium arsenide. The literatuxe does
not report any significant Hall studies performed on radiation damaged semi-
conductors. It appears that we are in virgin territory. Plans were made ac-

cordingly for experiments at the Naval Research Laboratory in 1385.

The involvement of students in the project has been significant, in par=-

ticular on the undergraduate level. Five underaraduate students are developing




experimental techniques as woll as basic knowledge of thin film depogition,

data acquisition, and, most importantly, Hall effect measurements.

The addition of a magnet power supply and gaussmeter has brought the
Hall effect measuring system to the wcapability of measuring Hall voltages at
room temperature, ¥ anticipate adding a data acquisition systam and a cryogenic

system to it in 1985.

The goals for 1985 have been established. First planc are to formulate
a theoretical basis for relating galvanometric measurements (Hall effect and
magnetoresistance) to defects in solids. Second, to perform a series of experi-
ments leading to results which will establish relationships between variations
in Hall veltage and the type and density of defects in the semiconductor

samples.,
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Computer Simulation of Radiation Damage in Semiconductors

The main objective cof Lhis research project,"Computer
Simulation of Defects Produced in Proton and Electron Irradiated
Gallium Arsenide”", is to develop a computer code to simulate the
defect formation in proton and electron irr;diated gallium
arsenide and the diffusiny of these defects within the
crystalline structure. The prima'y focus of the first phase of
this research project was to develop a computer code that could
bhe used to simulate radiation damage in semiconductors. The
diffusion aspects of the problem will be apprecached during the
final stages of the project. This report describes proaress wh th
has bes made to date on this phase of the research.

A search of the literature yielded a description of the
binary-collision simulatien code MARLOWE, which appeared teo be
applicable to this particular problem. The original code was
written by Mark T, Robinson of ORNL and Ian M. Torrens of The
Center for Nuclear Studies in Saclay, France. A copy of this cede
was purchased from the National Boftware Center which is located
at Argonne National Laboratory. This code was then studied and
analyzed. Bubsequently, it was modified for use on NASA Langley
Research Center ‘s computer system. Due to the extra large amount
of memory required by the code during simulation, it could only
be run on the Cyber 205. The tasks of modifying and debugging the
code required approximately eleven months. The modified coede has
been renamed and is now on file in NASA LRC's system un:.>~ the
name of MARS.

MARS can be used for the simulation of atomic displacement

cascades in a variety of crystalline solids, using the
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Computer Simulation of Radiation Damage in Semiconductors

birary~collision approximation to construct the
projectiles’'trajectories. The atomic scattering is governed by
the Moliere potential. Impact-parameter-dependent inelastic
losses are included which involve a modified-Firsov electronic
stopping model. Thermal vibrations of the target atoms and
crystal surfaces may be included, Permanent displacement of the
lattice atoms may be based on either an energy-threshold
critwrion or a Frenkel-separation critertion,

The computer program starts with a primary recoil atom of
specified energy, position, and direction. This projectile is
followed through a series of inelastic binary atomic collisions.
If the energies which they receive are sufficiently great, the
target atoms in thewse collisions will be added to the cascade. To

simulate the development of the cascade in time, the program

always follows the current fastest particle. When the energy of a

particle becomes sufficiently small, or it escapes from the
target material, or meets certain preassigned conditions, it is
dropped from the cascade. If no particles remain to be followed,
various ana;yﬁes of the results of the calculations are |
performed.
A theorectical understanding of displacement effects in !
semiconductors requires a detailed analysis of the dependence of
the number of point defects produced and their spatial
distribution on the energies of the primary recoil atoms.These
atoms, originally set into motion by interactions with incident
electrons, protons, neutrons, or ions dissipate their initial

kinetic energies in a ser‘es of inelastic encounters with other




11

Computer Simulation of Radiation Damage in Semiconductors

atoms of the semiconductor, displacing some of these atoms,which
then slow down by a similar series of collisions. The resulting
cascade of displaced atoms and thelr accompanyling vacancies are
eventually responsible for the changes which occur in the
irradiated semiconductor. These may include erosion of the
target, alteration in its physical properties or chemical
composition.

MARS, a modified version of the binary~collision simulation
code MARLOWE, was used to simulate atomic displacement cascades
in the semiconductor gallium arsenide. This semiconductor was
chosen because of the wide range of interest in this material for
the construction of solid state devices which may be used in an
envirenment where euposure to radiation is highly probable,

.Tha model used in the simulation of radiation damage in
gallium arsenide was set up using the parameters described in the
following statements. The threshold displacement energies were
taken to be 8.8 and 10.1 ev, for gallium and arsenic atoms,
respectively., Projectile cutoff energy was taken for all
projectiles as 4.0 ev. The maximum impact parameter was .42 times
the lattice cqnstant and a screening length of 00,0738 was used in
the Moliers potential. lnelastic losses, both local and nonlocal,
were included. Thermal displacements were not included . The
directions of the primary recoil atoms were selected
statistically using Monte Carlo technigue. Permanent displacement
of lattice atoms was based on the Frenkel-pair criterion.

Some preliminary results for the simulation of radiation

damage in gallium arsenide are presented on the included graphs.
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Computer Fimulation of Radiation Damage in Semiconductors

These resulty were obtained using primary recoil atoms having
energies of 20,40,560,80, and 100ev, One hundred cascades of
primary recoil atoms were generated for each energy. The plots
represent the average number of occurrencaes per cascade.

We are now 1n the process of {nterpreting the results
gathered from the simulation in order to make refinements in the

model that is to be used in.future simulations,
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Studont Pg;ticigation

During the Spring 1984 semester two graduate students wore working on
thesis projects, Lucian R. Goode, Jr., and Rkpan E. Akpan. Goodc¢ is working
on muon Bpin rotation in iron alloys and Akpan on computer modeling of
radiation damage in solids. Both should complete their M.S. degrees in the
spring of 1%85. Two other graduate students also participated, Deborah Brooks
and Festus Onasoga. Brooks is seeking an M.S. in geophysics and Onasoga is

seeking an M.S. in industrial arts (electrouices).

In September 1984 three additional graduate students joined the program,
Nana Adu, William Bolden and lLarry Brown. Adu is working on muon spin rotation,

while Bolden and Brown are working on radiation damage in solids,

Michael Davis, Candice Poarch Baines and Roscoe Ledbetter. During the Fall 19684
semester the undergraduate participants were Davis, Ledbetter, Cornelia

|
1
J
puring the Spring 1984 semester the undergraduate participants were ]
Belsches and Raymond Noel, 1
|
\
|

Other Activities

The director of the institute participated in two experiments at the Los
Alamos Meson Physics Facility in New Mexico during July/August of 1984, These
were a study of gamma rays observed in coincidence with pionic X rays following

12c, and a measurement of the distribution of in-

negative pion absorption on
elastically scattered protons in coincidence with the 15,1-MeV gamma ray from
an excited state of 12C. Keshav N. Srivastava, assocliate professor of physics

at VSU, also participated in the former experiment. Other collaboiators included
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Barnard J. Lieb of George Mason University, Herbert 0. Funsten of the Collega
of william and Mary, Hans 8, Plendl of Florida Stata University, V. Gordon
Lind of Utah State University, James Reidy of the University of Mississippi,

and one graduate student each from Florida State and Utah Statae,

Even though these experiments were not part of the original proposal their
intrinsic interest was of such high quality that we decided to participate, es-
peclally in light of the fact that the othar collaborators felt the VSU parti-~
cipation was vital to the success of the experiments, The experiments were
‘successful and we hope to continus this involvement, We doplan to find other
sourcez of funding for this program in the future, ané have submitted a pro-

posal to the Department of Energy.

The director participated in the completion of a paper based on pion-
:uoleus experiments supported in part by MASA grant NSG 1646 in 1980. This
paper has been submitted to Physical Review C and is attached to this report

as Appendix 5.

The director of the institute was elected to the Board of Trustees of the
Southeagtern Universities Research Association (SURA)} in October 1983. SURA
plans to construct a 4-GeV electron accelerator in Newport News, VA, pending
approval of funding by Congress. It is also planning research programs inveol-

ving supercomputers,'material sclence, and astronomy.

In May 1984 the director was also elected chairman of the astronomy,
mathematics and physics section of the Virginia Academy of Science for the
1984-85 year. Thesa two activities should complement his work as director

because of their close relationship to physics rasearch.

James C, Davenport served as director of the summer student program at
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Fermilab (Batavia, Illinois) during the summar of 1984, He also gerved on the
Compittee on Minorities in Physics of the American Physical Scciety this past
year. John J. Stith served as a summer rasearch fellow at the NASA Langley

Reseaxrch Center during the summar of 1984.

Equipment and Supplies

The following items were purthased during the reporting period:

Muon collimation apparatus

3 EMI 9907B phototubes

3 Ortec 265 tube bases

6 Ortec 218 Mu metal shields

4 PVC inserts for phototubes

4 Fe shields for phototubes

Mo, Ge, Pt, As, Ta and W samples for Hall effect studies
1 digital multimeter '
1 pocket multimeter

1l standard cell

set uf batteries

assorted tools

diffusion pump oil

0 rings

replacement of crystal in Ge(Li) decector

repair of Keithley 181 nanovoltmetor

100 reprints of a paper on plon reactions

50v=50A power supply for magnet plus accessories
Hall effect gaussmeteyx

Unibug cable

In addition, an internal account was set up at Brookhaven National
Laboratory. This enables the institute to purchase equipment, supplies and

materials from BNL directly while experiments are in progress.

A PDF 11/73 computer with 1 MB RANM, floppy disks, a 31-MB Winchester
hard disk, and a color graphics terminal has been ordered. We plan to order
additional peripherals {(printer, plotter, modem, IEEE bus) with funds from

the 1985 budget.

A Janis "Supertran®” helium transfer tube is also on order. It will be



used as part of the cryogenics systems in MuSR and Hall c¢ffect experiments,

Summary

The initial year of this support from NASA has been most successful. We
anticipate that the groundwork laid during 1984 will lead to substantial ac-
complishments during 1985: publication of additional MuSR papers, major results
in the radiation damage studias, full operatios of the Hall effect program,
extensive student participation, completion of two Master of Science thaeses,

and the installation of a high-quality scientific computing system,

The funding of the joint United States/France résearch program in muon
spin rotation and the possible axpansion of the MuSR facilities at Brookhaven

National lLaboratory make for a most favorable prognesis in that area.

We appreciate the support we are receiving from NASA and plan to continue

making efficient and effective use of the funding.

Respectfully submitted,

;‘ M
Carey tronach
Director

February 12, 1985
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Abstract

Uniaxial stress has been used on Fe single crystals to induce muon
greceassion r'requency shifts. The frequency shift for a nominally pure Fe
sample at 302K was -0.3L4 #.023 MHz per 100 micro-strain along the < 100>
magnetization uxis., This correspond% to a change of magnetic field at the
muon of 25.1+%1,6G/100ue. For an Fe (3wt%S1i) single crystal the shifts were
~0.348 £.,008 MHz/100ue  (25.7 *.5G/1L00ue at 300K), and =0.279 +.010 Miz/100ue

(20.6 % .7G/100ue ut 360K), The agreement between the shifts for Fe and
Fe(3wt%51) shows the effect to be intrinsic to iron and not strongly impurity
sensitive, These shifts and their temperature dependence (1/T) are dominated
by Lhe effect of strain-induced populaticn shifts between crystallographically
equivalent, but magnetically inequivalent sites. Their magnitudes are in good
agreement with theoretical predictions by Jena, Manninen, Niemenin, ﬁnd Puska
and by extrapolation from calculations on Nb and Q by Sugimoto and Fukai,

especially if both U4T(0) and 1T sites contribute comparably.



I. Introduction

The positive muon, having a rest mass of 105 MeV, may be vieved as
a light isotope of hydrogen, the electronically simplest charg.d impurity,
which can be added to metals, There are a number of qu#stions of fundamental
interest related to p+ implanted in metals; these include: where does the
muon reside, how do:s it interact with lettice atoms, and how does its pre-
sence disturb the local eleectronie structure in ferromagnetic crystals?

In this peper we present a study of the muon's interaction with
the lattice in which unilaxial stress induces an energy difference between
erystallographically equivalent but magnetically inequivalent sites in ean Fe
gingle crystal.

Of the parameters measured, the precession frequency of the muon,
which 1s proportional to the average local mugnetic field is of particular
interest. This local fleld is decomposed as:

> +3 (1)

= + +B. +<B
= Bgem ¥ B <84 HF

is the applied external field, Ede
due to the finite and particular shape of thr sample, and §L

field which appears inside a spherical cavity within the sample. <'§d> arises

where gex - is the demagnetization field

t

is the Lorentz

from the magnetic dipoles inside the Lorentz cavity appropriately thermally
averaged over magnetically inequivalent sites, but not from the contact hyper-
fine interaction which is included as §HF' The site correlation time is

probably less than lO-lls at room temperature. For a general review of the

L R A b




experimental and theoretical situaticn for muons in ferromagnetic material

see, e.g,: Meler et al.l or Kanamorl et ul.e.

We are interested in the change of Eu with applied uniaxial stress:

B
ext' “dem

Two features of the hyperfine field can be considerei: the change with dis-

Aﬁu. Changes in i and gL will be shown to be small for our purposes,
tance, especially with respect to the nearest neighbors; and differences in
hyperfine field from one magnetically inequivalent, but crystallographlecally
equivalent site to another. The first can be estimated from the measurements
of Butz et al.3 for Fe under homogeneous compression. As will be seen, in
the Results and Discussion section this is a smaell effect and will (essential=
1y) bve ignored. The second is not usually calculated since there is no clear
mechanism  to introduce such a difference, further this difference would be
multiplied by a smell factor and so is ignorable unless it is of the order of
the hyperfine field itcelf.

The remaining terms are primarily from the displacement of the
nearest neighbor dipoles and from the changes in the thermal average, both
induced by strain. By far the larger of these two is the strain-induced

symmetry=breaking change in the thermal average, which may be written as:

AB = 2/9(B2-Bt)AE/kT

M
5117592
where AE = - 0—15————)(P1—P2)5100,Sij are the elastic compliances for Fe,

11
P, are the diagonal elements of the double force tensorh associated with the

i
muon in Fe,-(B£~Bt) is the difference in megnetic fields for the magnetically
inequivalent sites, &nd €100 is the strain along the <100> direction, which

is also the magnetization axis, (BE'Bt) is essentially 3/2 Bys which in




turn depends strongly on lattice aite, local lattiee distortion, and the shape
of the muon's wave functicn while executing its zero point motion. The double
force tensor depends oh the lattice site and the muon~Fe interection, which
then determines the lattice distortion and muon wave funetion.

Sugimoto and Fukai5 have considered the behavior of protons and
muons 1n the bee metials obtaining,Pl-P2 for Nb and V.5 We use theilr results
below to exurapolal to Fe., We also compare to the results of Jena et al.6,
who calculate the shifts one measures using the effective medium model.

Yagi et al.T use the temperature dependence of the relaxation rates

111

100
and Fl

2
and possitly preferentiel occupancy of the T sites (i.e. Fig, 1} at the

r to suggest a different intrinsic muon motion below LOK,
lower temperatures and of 0 and T at higher temperatures., The dependence
on angle between ﬁapp and <100> of T indlecates a site with tetragonal symmetry
i.e, T or O or & linear combination. Hydrogen in bee lattices typically
seems to have T occupancy. Larger impurities in Fe force e lattice relaxation
vhich is large enough to favor tae O site.8 The calculations of Sugimoto and
Fukal suggest that the larger zero point motion of the muon causes it to behave
as though it were larger than the proton and hence favor the LT(0) site.s
A perplexing feature of USR with Fe alloyed with small quantities of
cther elements or Fe with high dislocation density has been the geheral ten-
deney for the meagnetic field at the muon to decrease in magnitude once one

has taken the magnetization changes into account.9 The present study leads

to the suggestion that internal strains are responsible for the effect.




“I. Experiment

A. Beam Lipnes, WSR and Pulling Apparatus

These measurements were done at the Swiss Institute for Nuclear
Research (SIN) for a pure Fe single crystal, and at the AGS of Brookhaven
Netional Laboratory (BNL) for a Fe (3wt#%Si) single crystsl.

At BNL we used beam line D2, the decay channel for stopping muons,
which we with A, Sachs, J. Fox and R. Cohen designed and had installed. The
uSR apparatus there 1s shown In Fig., 2. For 1012 protons per AGS cycle on
the production target we had 6000 muons through the last collimator (2.3 em
diameter) and detector M5, 1800 stops in the sample, and 350 events, Six trim
coils were used to cancel residual magnetic fields and field gradients at the
sample. A large Helmholtz pair, indicated in the figure produced the align-
ing field, Typical asymmetries were 147, somewiat lower than the 18% observed

for non-mngnetic material. 18% corresponds in our detector geometry to about

80% polarization in the beam.

At SIN a surface beam from the 7 E3 port was sent through a 2 x 3 mm

collimator of the MiLi USR apparatus. A positron event rate of 2000 was achieved

for detectors forward and backward with respect to the beam from the

sample position, A jig was used to mount the sample in order to pre-
vent misalignment between the stress direetion and the long axis of the
samples. A support for the sample was used during the mounting and dismounting

process to minimize extraneous mechanical strains.




Figure 3 shows the arrangement of the puller, The sample was
typically held in position with epoxy. Since the epoxy was found to soften
et 360 K, grooves were cut in the Fe(3wt%Si) sample which mated to ridges in
the holder,

The sample holder assembly was insulated by a vacuum jacket., For
the pure Fe sample, 302K was maintained by circulating ethanol at a carefully
controlied temperature through the cooling line, For all samples temperature
was monitored with a Pt resistor., The 300 K temperature was measured to be
nearly constant, without control throughout the data taking at BNL. For 360 K
temperature, monitored and controlled water was cirsulated through the tubes.
A temperaturs difference occurred at the sample for the maximum stress on,
and subsequent stress released, 360 K point, arising from reduced thermal
contact with the Pt resistor associsted with melting of the conductive grease,
This error was estimated to be 3 K and has been corrected for in plotting the

data.

B. Samples

For these experiments we used two single crystal samples. The first
(Fe) was nominally pure iron while the second was iron alloyed with 3 wt? Si.
Both samples were supplied by Monoecrystals Co. of Cleveland, Ohio.

The Fe single crystal was prepared from a polyerystalline Armeo
iron ingot which was grown by the strain-anneal msthod. The sample then was
cut using thin abrasive saws and point mills., A chemical etech was used to
clean the surfaces and remove surface damage. Final dimensions were

1 x 4.6 x 46,13 mm3, with the <100> along the long axis and the <010> 10° from




the flat surface normal. HNeutron activation analysis indicates 800 ppm Cu and
500 ppm Mn to be the primary heavy impurities in this sample, The concentra-
tions of C and 0 were not determined.

The Fe {3wt%Si) erystal was grown in vacuum by the Bridgman method
from alloy stock which was prepared by intermixing powdered iron (electrolytic
grade, 99.52% Fe, .O4% H, .04 C and .05% other) with silicon powder from the
Union Carbide Electromet Division. A <100> axis was determined by X~-rsys and
the sample cut and treated by the same techniques used for the pure Fe erystal.

3, the long axis being <100> and the

Final dimensions were: 2,8 x 10 x 50 mm
<010> axis 14° from the wide-surface perpendicular. To facilitate pulling,
especially at elevated temperatures, grooves 2 mm wide end 1 mm deep were cut

in the wide surfaces 2 mm from the ends of the sample using an electro-

discharge milling machine,

C. 8Straln Measurements

Strain was induced in the sample by uniaxial stress along the <100>
direction applied by a piston and compressed air arrangement for the pure Fe
experiment and by dead weights for the Fe(3wt%Si) semple. At 300 K the strain
was directly measured using a strain gauge. For 360 K the strain was inferred
from the stress and erastic constant, which later was obtained by reducing
our 300 K constant by the ratio of elastic constants at 360 K and 300 K of

reference 10, Table I shows owr velues of strain.



Table I
I {p=strain)
Welght
ke 300 K 360 X
29.5 82.1‘ ?8.6
59.2 169.6 161.9

D, Data Analysis

We used the model functions:

- -t/t ~t/T ~t/Tp
N, (t) =N e Milxpl Fge l+Fte cos(mut+¢)]] +BF,B

F,B 0

F,B

which include the effects of longitudinal as well as transverse domain polari-
zation. p = A+P(t=0) where A is the efrective asymmetry associated with the
forward or backward detectors and energy spectrum of the positrons which are
detected, and P(t=0) is the muon polarization Just after stopping in the

sample. The parameters F_ and Fz refer to the fraction of domains which sre

t
magnetized transversely and longitudinally, i.e. paraliel, to the initisl

muon polarizaticn.

In the actual fitting process F, was factored out of the bracket

2

and Ft replaced by g = Ft/FQ which corresponds to the ratio of volumes of

domeins perpendicular and parallel to the initial muon spin orientation. The
forward and backward histograms of each run were analyzed simultaneously using
one value for each parameter which, in principle, would be the same in both
histograms.

In cases for which T, was short, e.g. with cold worked Fe, replacing

\ 2.2 2

- r -
e t/"2 by e ot significantiy reduced xa.




E. Domain Allpnment with Field

For the pure iron sample, surface muons were used which stopped
within about 0.1 mm of the surface of the sample. The sample had some surface
irregularities and these in turn caused two problems: the domains near the
surface were not naturally completely aligned along the long <100> axis; and
there was a spatial inhomogeneity to the field.

Since the effect of stress is dependent on the orientation of the
domain alignment with respect to the stress axis, several tests were made to
verify that the working field was sufficlent to bring the sample to essen-
tial saturation and domain alingment. Figure Y indicates the p precession
frequency as a function of applied field. As one can see, the field pene-
trates above about 120 Oe for the pure iron sample and 350 Oe for the
Fe(3wt%Si) sample. That the precession frequency drops as a function of external
field is & reflection of the fact that the internal field is oppositely
directed to that of the external field. A demagnetizing fild of about these
values are expected for ellipsolds of dimensions Just insecribable in the rec-
tangular samples. We also caleulated the penetrating flelds based on homo~

geneously megnetizeable rectangular samples. These are in rough agreement
with the frequency féll-off.

A more direct measure of domain alighment is the ratio Ft/FR' While
F includes domains not only along §

t ext’
semple, but also those transverse to that and the beam, 1.e., longitudinal

i.e., along the long axis of the
direction, it should be dominated by the domain fraction parallel to ﬁé‘t.
For perfect domain alignment Ft/Fg goas to =, In Fig. 5 we can see for

pure Fe that above gext = 120 G this ratio is very large and thus we can again

conclude that there is essentially complete domain alignment. The Ft/Fg ratios




obtained for our principal set of data on pure Fe, which was taken at 150 G,
are plotted in Fig. 6. These show that the domain alignment remained high
throughout,

For the Fe{3wtfSi) sample, for whlich we used the more uniformly stop-
ping muons of the AGS decay beam, Ft/FE was always very hi, .. and independent
of applied rield. This clearly indicates that for this sample the domains
were always predominantly aligned along the <100> axis parallel to the long
axis of the sample, a result expected on energy grounds, For this sample we
carried out the stress measurements at 325 Qe. At higher fields where the
sample becomes completely magnetized the non-ellipsoidal shape produces some
field inhomogeneities which are reflecied in the depolarizatior rate increase
seen in Fig, 6. Thus by staying at 325 Oe we were able to achieve better

frequency accuracy.



ITI. Results

In Mg. 7 we show the observed precession frequencies for muons in
pure Fe(a) at 302 K and in Fe{3wt%8i) at 300 K (b) and 360 X (c¢) es functions
of strain along the <100> long axes of the samples, To check the reversibility
we tuok stress-relieved data after each stresse~applied polnt and these fre-
quencies are shown along the horizontal lines. The best straight line fits

to the measured points yield:

Table II |

Fe 302K Fe{3wtf%S1) 300K Fe(3wt%si) 360K
g—;’- (MHz/1.00ue ) -0.3h % ,023 -0.3k8* 007 -0.279 ¢ ,010
3B |
35“- (G/100u¢ ) 25,1+ 1.6 25.7% .5 20.6t .7 '1

The hypothesis that the stress-relieved points correspond to a con-

stant frequency is consistent with the data so that inelastic history-dependent
effects do not seem to enter.

That the stress dependence of the frequency for pure Fe and Fe{3wtf5i)
agree with each other atv srvom temperature clearly indicates that these stress
effects are intrinsic and not impurity sensitive.

The better frequency accuracy for the Fe(3wtf3i) sample reflects
the slower depolarization rate (hence longer time base for that sample), per-

haps a result of the more homogeneous filelds deeper in the sample whilch could

10

" O
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be probed with the more penetrating decay beam and slso the greater ease with
which the alloy sample could be annealed to relileve internal strains at tem=-
peratures near melting. In contrast to pure Fe, the alloy here dves not undergo

the a=y phase tranaition, when ¢ooled from the melting point.

Interpretation of the Result for aBu/Be.

The derivative of §u, see eq, (1), with respect to strain is:

- -» > -
8 jiA aﬁext BBdem aEL a<Bd> BBHF

§

= + + +
%100 %00 €100 €100 €100 €100
aﬁe .
Clearly e X% {s zero. The demagnetizing field is on the order of 125 Oe for
100

pure Fe and 325 Oe for Fe{3wt%Si) and its froctional change with strain should
be on the order of the strain, and thus for 100 ue should only be about 1/100

of a Gauss and can be ignored.

B » the cavity fleld, is il i , Where i is the saturation magnetiza-
b > F ® o
tion. As far as we Know, no direct measurement of EE? for a pure Fe crystal

has been reported so we consider the following equation:l

=, )

ag,T H,T

where As is the saturation magnetostriction along the external field H. From

5

, 12(3s . -10
the meagurement of Calhoun et al? 3 = 2,3 x 10 77/G elong the <100 >
U’T

axis of a pure Fe cryste. -t room temperature. Therefore, we obtain

31 -
(?ri) = 2,3 x 10 4 G/bar which gives AM_ £ .,03G for €
9/ 3
L ]
the contribution of BBL/aa

100 = lOOUE' Hence

will be neglected.
88yp
ae

100

100
In the introduction we said that

is small. We now Justify

that statement in a 1little more detail.
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The hyperfine field at the muon is usunlly written ns:

Byp ™ '%1 n(o)(n;-n;)uB
where n(o) represents the spin density enhancement rroduced by the poaitive
charge of the muon and (n;-n;) is the intrinsic loeal spin density at the
mucn site. Ve lgnore differencaes in hyperfine flelds from one magnetically
inequivalent site to another as there is no direct origin for such differ-
ences and they would in any case be multiplied by the strain, a small number.
The changes in hyperfine fleld induced by uninxial strain then must arise
from the dependance on the radial distances from nearby Fe atoms. We use the

3 to make estimates for the deriva-

homogeneous pressure results of Butz et al.
vive in two ways: first, by comparing local density changes, and second, by
assuming the effect is dominated by nearest neighbors only.

According to Butz et al., ABH & =30 for a positive volume strain

of 300 x 10"6 in Fe. The corresponding value of AMS = ,234 G can be obtained
o4nM;

ap
ILnV/3p = =.59 x 10'3/kbar. Sinece the change in (n;-n;) follows roughly

by combining the experimental results of = -,28 x 10-3/kbar and

that of MB, we estimate the change in BHF by uniaxial stress to be -0.4 G
for 100uc.

How assuming nn dominance we calculate for octahedral occupancy
{the alternative tetrahedral occupancy would have a very smal)l change with
gtress), Under uniaxial strain the average change in EHF due to the two nn
atoms, which are half a lattice constant, (a/2) away, is:

) BBHF >uni - BBHF e, aBHF a 1
36100 82z @2 32 2 p
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The first term arises from sites with tetragonal axis parallel to the streso
axis. p = 2,74 1o the Poisson ratlo for Fe corresponding to the transverse
contraction associnted with longitudinal elongation, For a strain of say

[ = 100ye this leads to

100
@B
> —HE .2

<BByp>y " 8100 Bz L-p)

The homogeneous pressure case yilelds
3B
AV "UHF
<8Byp’n® 8§ 5z

and, since a 300;1%¥-corresponds to a 100y strain, we have:

2, 1
<ABp> @ (J.-p) T <ABg>

This results in a «,27 G per 100 U strain shift., This is even smaller than
the first estimate and in both cases 8BHF/83100 is small enough t6 be neglected,

Thus we are left with only 9< Bd>/aeloo as the dominant contribu-

tion for asu/aeloo. The change in‘<Bd>'by uniaxial stress arises from two

effects. First, there is a change in the muon occupation probabilities between
magnetically inequivalent sites whgre the signs and magnitudes of Bd are

quite different; and second, unlaxial stress lowers the symmetry s0 that the
sum of By over the three octa~ or tetrahedral sites for an Fe unit cell is

not zero anymore. We can combine these contributions to < Bd> as;

<B.> =+ 2-(3

AR 1
d 5 -B,) + = (B

o"B) T3 £+28t) (1)




1h

(8)) = 8yp)

8
11
tween the magnetically inequivalent sites, the

where AE = = (Pl--Pe)s:]_o0 is the difference in free energies be-

14 are elastic constants,
and Pi are diagonal elements of the double force tensor for the muon in Fe,
For the cnse at hand, with strain along a < 100> axis, the second term is
negative and less than 5CG in magnitude for €100 ° 100 x .'1.0'6 at either the
octa~ or tetrahedral sites. The sign of the first term, Irom our calculations,
is positive and dominates, accounting for the decrease in magnitude of ﬁu.
Estimates for BE and Bt are dependent upon the lattice site, the local lattice
distortion due to the presence of the muon, the shepe and symmetry of the muon
wave function, and upon changes in nearby iron moments produced by the mucn.
For a pointiike muon in an undistorted, unstrained lattice of unperturbed Fe
moments Bz(Bt = -1/2 B, here) is 18.5 (-5.21)kG at octa (tetra)-hedral sites,
If we use the displacements of lattice ions calculated by Sugluocto

et al.” for the muon in Nb, B, in Pe reduces to 13.56(~3.73)kC at

£

octa (tetra)=hedral sites for a point-like muon. In the < B,> ecalculations,

d

the differences in elastic properties between Fe and Nb enter only in second
order and will be ignored.
For a short-ranged, spherically-symmetric muon probability-density

distribution the averaged B, will be the same as for a point-like muon at the

2
site. However since the loecal site has only tetragonal symmetry we will take

the form of the muon distribution as

2,2 ,2
X"+ Z

. 1 e
[, ()" = 25,372 e 8

for the site with the tetragonal axis parallel to ﬁs = Msﬁ. Comparing the

shape of the Gaussian type wave function and those calculated by Sugimoto
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Table III

15

Mugnetic dipslar fields under various conditions all at T= QK.

Point-like muon, rigid lattice

Point-like muon, nearest neighbors relaxed
according to scaling from Nb and V

Spherical muon wave-function a=f=.,15-,19
lattice reilaxed as in 2,

Cblate muon wave~function to match the general
shape of a muon in Nb and V, &= .,19,8= .15

Prolate muon wave-~function to match the T site
shape in Nb and V, ¢ = .19, B = .25

Point-like muon, lattice relaxed as in the
calculations of Jena et al.

Muon wave function as caleulated by Jena
et »l, lattice relexed as in 6,

Bdipvr)=Bdip(o)-M5(T)/Ms(o) M (0} = 1.750 ke

18.5

13-5

13

9.3

11.2

7.6

Mstsoox) = 1,688 k¢
MS(BGOK) = 1,658 kG

G(Bl + 2Bt)/100u5
Point-like muon

Calculated mucn wave functlon and
lattice relaxed

-502 kG

~3.7 kG

=3.7 kG

-L.8 k@

-4. 4 kG

=44

-2.3 G/100ue

-1
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et al. for Nb, we estimate the value of o« to be around 0.2 in units of the
lattice parsmeter, Calculations have been performed varying o from 0.15 to
0.25 for the 4T(0) octehedral site, and from 0.15 to 0.22 for the tetrahedral
site. Geometric considerations suggest o = V2 B for the 4T(0) site and

a v 1//2 B for the 1T site.

Jena et al.6 have calculated mucn wave-functions and lattice dis-
placements specific to the case of a muon in Fe. They alsc calculated the
dipolar fields appropriate to their results, and these are presented in
Table III as well as the change in 1/3(B£ + EBt) induced by strain,

Now to see whether eq. (1) is correct in the sense that the dominant
effect which comes from the first term has the expected temperature dependence,

We subtract the small final term from dBu obtaining:

i
| - -
5]311 = + 2/9 (Bz—Bt)AE/kT = 613“--3 (B£+23t)

The left side is proportional to MS(T)/T, the saturation megnetization divided
by the temperature. We thus expect that between 300K and 360K a ratio of
Uﬂ;300)/300)/(Ms(360)/360) = 1.22, while the right side ratio using a weight-
ing of 1:2 for octahedral to tetrahedral occupation, is: (25.7+1.33 = 27)/

(20.6+1.33 = 21.9) = 1.23, in excellent agreement. Since B,¥ -2Bt we may

L
write

631'1 = 1/3 By (0 K) MS(T)/MS(O %) AE/KT

Jena el al. have obtained AE = -,19 meV and +.53 meV for the L4T(0)
and 17 sites. Using these they obtain 18 and 29 G/100ue for the two sites, If
agaln we assume equal occupation of these two types of sites, weighting them
as 1:2 we obtain for the average shift 25,3 G/100ue which is certainly very

¢lose to the observed result of 27 % .5 G/100uc.
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We cen alsc extrapelate the results of Sugimoto and Fukais on No and
V to find the double force tensor diagonal elements for Fe in the two different

types of sites. The extrapolation was linear in the lattice parameter observe

ing that Pl

in their calculations upon decreasing the lattice porameter from 3.3A to 3.0A

and then using the 2,87A lattice parameter of Te.

Table IV
Site Pl-PE for 3,3A Pl--P2 for 2.87A
LT{0) 3,466 eV 3.73 eV
1T -1,075 aV -1.,23 eV

yo(P, =P we find that AE 1s -.51 meV for the

=815)/811) (B = Pyle
UP(0) site and .17 meV for the 1T site. Using this AE and BZ(O) which we

Since AE = ((Sll

caleculate {9.3 kG for the 4T(0) site and -4.8 %G for the 1T site) we obtain
the GBJ shown in Table V. We alsc include the results for the fields
calculated by Jena et al. Since it is rather surprising that AE for the
YT(Q) site is smaller in magnitude than that for the 1T site in the calcula-
tions of Jena et al, we finally present the results obtained upon reversing

the AE though keeping the physically reasoneble signs.

~ P, changed by 5,3% and 9.7% for the 4P(0) and 1T sites respectively
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Table V.,

GBL in Gauss for room temperature, calculated under various conditions,

The average is for 1:2 weights for the WT(0):1T sites,

br{0) T Average

53& G/100 ve  AE{meV) 63& G/100 pe AE(meV) snﬁ G/100 ue

Jena et al.? 18 .19 29 -.33 25.3

Extrapolate AE from
Nb and vb flelds from
iines 4,5 of Table 61 .51 10.5 -~ 17 27.3

Extrapolate AE from Nb
and VP fields from
line T of Table 50 .51 9.6 - 17 23.0

Raversal of AR from
Jena et al.2 51.8 .53 10.7 -.19 2k, h

Experiment corrected for the small
erfects of dipole motion using the
results of Jena et al,® 27t.5

a
reference 6

breference 5 and see text.




IV. Conclusions

We have determined that the precession frequency as a& function of
uniaxial straln for Fe arises primarily from symmetry breaking effects. The
magnitude of the shift is reasonably well described by either the results of
Jena et al.6 or by extrapolation from the results of Sugimotsc and Fuka15 for
No and V if one assumes in both cases that the muon occupies nearly equally
the 47(0) and 1T sites., This last is consistent with the results of Yagi

et al.T

and with the calculations for the energies of these sites, which are

nearly equal. To be precise there 1s sbout a 30 MeV difference favoring the

4YT(0) site in the calculations, but this is thought by Jena et al.6 not to be
significant.

The reduction of precession fregquency with extension along <100>
maghetization Airections can explain thé tendancy for cold worked iron samples
to have reduced precession fregquencies. Since magnetostriction in Fe favors
domain elignment along the local directions of extension, the mveéerage precesw
sion frequency should thus be redjuced,.

That depolarization retes are evidently sensitive to internal
strains and that these will become more important at lower temperatures imply
that interpretations of depolarization rates which do not take ?hese eifects
into account may need re-evaluation.

Similar frequency shifts associated with s&mmetry breaking should
occur for those crystalline materials such as Fe3Si or Fe3Al which also have

cerystaliographically equivalent potential muon sites which are magnetically

inequivalent. Other systems, such as Ni, Co or Gd, though having only one

19
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type of site, should have observable, if smaller, freauency shifts arising from
the motion with stress of the crystal atoms and their associated dipole and
hyperfine field distributions.

The effects of working the Fe samples which show up in irreversible fre-
guency shifts, usually toward lower values, and depolarization rate inereases

have only been partially explored so far and will be reported later.
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Flgure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure Captions

Three possible occupational configurations of interstitials in

& bee crystal.

USR apparatus used at BNL. A very similar apparatus was used at

SIN, The rectangle between the scintillators M5 and F6 represents
the cryestat in which the pulling apparatus end sample were placed.
The four crossed rectangles are the Helmholtz colls which produced

the aligning fleid,

The pulling apparatus inside a vacuum chamber. The sample shown
is the Fe(3wt%Si) which was 5 cm long and 1 cm wide. The grooves
which were etched into the sample by electro-discharge machining

are also indicated.

Muon precession frequency for (a) the Fe sample at 302 K and
(b) the Fe{3wt?Si) seample at 300 K as a function of field applied
along their long axes. Subsequent stress measurements were done

using (a) 150 Oe or {b) 325 Oe.

The ratio Ft/F£ for the Fe sample as a function of field appiied
along its long axis. Ft/Fg is a measure of domain alignment., Sub-
sequent stress measurements at 150 O had nearly complete domain

alignment.

23
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Figure 6 The depolarization rate A for the Fe(3wti5i) as 8 function of applied

Figure T

field along its long axis., P(t) = exp(-Aete).

Muon prec ision frequencies for {a) Fe at 302 K, {b) Fel3wci5i)

at 300 X, and (c) Fe(3wt%Si) at 360 K as functions of strain. The
points immediately above the points along the falling straight lines
were taken immedlately after the lower points and had stress released.
That they fall along horizontal lines indicates that we did hot

encounter irreversihle, inelastic effects.,
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Abatract

Nuclear y-rays in coincidence with outgoing pions and/or protons
following single nucleon removal from 24Mg by 200 MeV Al

have been detected with Ge(Li) detectors. Differential cross
gsections are reported for v-rays from the first excited mirror
states of 23Na and 23Mg in coincidence with positive pions
and/or protons detected in particle telescopes at 30*, 60°,
90°, 120° and 150°; angle-integrated absolute cross

sections and cross section ratios o (23Mg)/u(23Na) ate

calculaked, These results are compared with the predictions

of tne one-step quasifree (0OSQF), the intranuclear cascade (INC),

and the nucleon charge exchange (NCX) reaction models. The OSQF
and the INC calculations generally agree with the experimental

‘results, while the NCX calculations are in disagreement.

PACS number: 25.80 HP
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[. INTRODUCTION

The (w,7N) reaction has been extensively studied using
two general types of experiment. In one type of experiment, the
residual nucleus or specific states of the residual nucleus are
identified through radiochemical techniques [e.g. Ref.l,2), ot
via detection of prompt de-excitation y-rays [e.g. Ref. 3}.
Since no kinematical or angular information i{s obtained, these
experiments integrate over both guasifree and non-guasifree
components. In the other type of experiment [e.g. Ref. 4,5)], the
outgoing pion and/or proton ity detected. with the proper
geomebtry, the experimenter can select guasifree events; but only
recently has the charged-particle energy resolution become
sufficient to identify the {inal nuclear state. The present
study includes featuvres of both types of experiment by dutecting |
prompk de~-excitation ¥-rays in c¢oincidence with the outgoing
‘pions or protona. [t thus combines kinematic information with
the abil}ty to measure excitation of specific nuclear states.
The principal motivation for this work was to better understand
the mechaniam of the (m7,r7N) reaction, which is a valuable
means of studying both nuclear structure and pion-nucleus
reaction prccesses.

A feasibility study of the technigues employed 1in this

work was undertaken at LAMPF using a single gamma ray detector in



colncidence with a single charged particle telescope [6). The
results of that study suggested the need to develop a large-
scale coincidence measurement system sensitive to de-excitation
gamma rays, knockout nucleons and scattered pions. Such an

improved system was developed and used in the present work.

24Mg was chosen as a target because single nucleon removal

2 23

from 4Mg results in the mirror nuclei “""Mg and 23Nn. This

provides a test of both single proton and single neutron removal

mechanisms with pions. FPurthermore, the single nucleon removal

23 23M

Na and

spectroscopic strengths (1 d 5/2 and 1 p 1/2) for g

24

from “"Mg are concentrated in two low-lying excited states which

h 23

v~decay directly to the ground state [7). For bot Na and

23Mg, the first excited states (~0.45 Mev, 5/2%) have spectro-

scopic factors S of~4 - &, and the 1/2 ~ excited states

23

(at 2.64 MeV in “3Na and at 2.77 Mev in *3Mg) have spectroscopic

" factors of ~4, as determined from the analysis of single-nucleon

removal reactions on 24Mg [71. This yields an occupation number

c? 57w 2 for the 5/2% levels, one-half the 1 d

2

5/2 shell limit

of 4 in 4Mg.( C is the isospin coupling coefficient,
(TeTell/2TIT, 7,) = VI;Zt) Other bound excited states have
considerably smaller spectroscopic factors. They predominantly feed
the first excited state, but the combined effect of this y-ray feeding
should be less than 25% of the rverall strength of the first excited
atate (if all states were populated in proportion to their

gpectroscopic factora).




The suitability of a 24Mg target for (w,nN) reaction
work was established previously by the results of an inclusive study

t 24

of y-rays from »n~ reactions on “"Mg conducted at SREL ([3]).

23Na and 23Mg with large

The two above-mentioned states in
spectroscopic factors were strongly excited; there was no evidence for
background Y-rays that might overlap these states. Another reason

24Mg target was its suitability for a

for the selection of a
parallel study (8] of the angular correlation of y-rays from

(m,m') scattering.

[l. EXPERIMENTAL APPARATUS AND PROCEDURES

The experiment was performed with a 3N0 MeV/c n * beam from
the high-energy pion channetl (93) of L/MPF. This beam had a
contamination of 6.6% u+ and 2.0% e’ as well as a muon halo of
roughly three times the beam diameter in size. The beam spot
+8lze was typically 2.5 cm in diameter, and the momentum
resolution was ~0.5%. The target consisted of natural magnesium

2%Mg) with an average density of 0.57 £ 0.02 g/cm>.

metal (79%
The experimental geometry consisted of six scintillation

telescopes to detect charged particles and two Ge(Li)

spectrometers to detect y~rays (see Fig. 1). Each of the =ix

particle telescopes consisted of the six NE 102 scintillators




(n,4,E, Rear,Left-Side Veto, and Right-Side Veto). Each'
scintillator was coupled to a 5 cm photomultiplisr tube, except
for the £ scintillator, which was coupled to two 12.5 cm photo-
multiplier tubes, one at each end. The détactor thicknesses were
0.16 ecm (), 9.32 cm (A), 0.63%5 cm (Veto and Rear
scintillators), and 15.75 cm (E). The dimensions of each telescope
component wera the same for each telescope with the exception of
the N scintillators. The N scintillators for telescopes
1, 5, and 6 at + 30* and 150* had to be moved further from
the target to avoid the beam halo; they were made correspond-
ingly larger so that all the telescopes subtended the same solid
angle.

The N and A counters together defined the solid angle (~0.18
sr) for sach telescope, and he E scintillator determined the particle
enecgy. All three scintillators were used for particle i

identification. The Rear scintillator tagged particles which had not

stopped in the previous scintillators. The two Side Veto scintillators

tagged particles scattering out of 6: into the sides of the E

scintillators. During off-line data analysis, however, this

featqte was not used in this experiment. !
The six telescopes were placed on 30° centers from -30° to

+150° (except at 0°) about the beam direction axis (see Fig. 1).

4 .




Calculation of the telescope solid angles was performed following
the method of Cotch and Yogli [9), considering the size and

location of the n, A, and E scintillators for each telescope.

All ieleacOpea except number 6 were mounted together on a pivoting
table with their axis directly under the target centerline.
Telescope 6 was mounted on a similar, but smaller table pivoting on
the same axis.

'Two GCe(Li) y-ray spectrometers were used in the present
experiment, an Ortec 9% efficient and a Princeton Gamma-Tech 1l1l%
efficient lithium drifted germanium detector. Both detectors
were fitted with NE 102 anti-coincidence scintillator cups to ;
tag charged particles entering them. They were niounted on one |
rolling table to facilitake positioning and shielding. One
detector was located at -75° and the other at-.22°-relative to 1
the pion beam line axis (see Fig. 1). Additional experimental
details are given in Ref. ([8].

The beam intensity was monitored with a 7.6 em thick ion

chamber filled with argon, and the beam profile was monitored
with a LAMPF wire chamber aystem (10}. The absolute cross aeqtiona
were normalized to the differential inelastic 7 scattering cross , i
sections from the 2% state of 24Mg (111,

The six telescopes were calibrated in energy by tuning the
channel for low-intensity protons at 50 MeV, 133 MeV and 191 MeV

and placing each of the telescopes in the beam. The telescopes




were also calibrated with the pion and proton quasislastic
scattering peaks from the expetimental runs as well as with the
maximum energy deposited in the E scintillators for pions and
protons. The telescope calibration runs were also used to
determine the efficiencies of the six telescopes. They were
found to average 96 = 2%.

The enexgy response of the two Ge(Li) detectors was
periodically calibrated by placing 228'l'h. 54Mn, and 137cg sources
at the target location. Well-known atrond v-ray peaks in the
experimental data provided additional energy calibration,
including the 24Mg first-excited-state-to-ground transition and

the 23

Na first-excited-state-to-ground transition. The maximum
deviation of the calibration data from a linear fit was 0.7 keV,
Relative and absolute Ce(Li) detector efficiencles were also
determined in the source calibration runs.

A valid data event consisted of a colncldence between a
particle telescope sigrial and a Ce(Li) y-ray. For each event,
pulse h;ights were digitized for N, 4, E (two photomultipliers),
And Rear scintillators as well as the Ge(Li) detectors. All data
were read into a PDP-1ll computer and.written on magnetic tape
for later replay.

Particles were identified from their A and E pulse heights
using the method of Goulding af al, [1l2}. A pagttcle which

passed completely through the E scintillator (75 MeV pions and

6



160 MeV protons) as indicated by the Rear scintillator was
treated using the method of England [13]). Pig. 2 shows a typical
dE/dk ve. E dot plot (for Telescope 1, 30°), with the pions and
protons identified,

During off-line data analysis, spectra were accumulated for
y~xrays in one of the two Ge(Li) detectors that were in
coincidence with pions or protons in any one of the six particle
telescopes. Statistics were not sufricient to alléw mecingful
cuts on pion or proton energy. Fig. 3 shows the spectrum in the
Ge(Li) detector at - 75* in coincidence with a pion or a proton
in any one of the six telescopes. Flig. 4 shows the non-coincident
spectrum for this detector.

The y-rays in these spectra were identified by their energy,
and areas ware determined by summing channela and subtracting
background. éroas sections were calculated from the rels ..ve

areas and from the Ge(Li) and particle telescope efficiencies.

As noted above, the cross sections were normalized to the 24Mg 2t .

differential inelastic scattering crose sections of Bolger (1ll]).
Major sources of error were the following: statistical errors and
errors in the absolute normalization (~29%), Ge(Li) efficiency
calibration (~9%), and telescope solid angle determination (~6%).
In addition to the strong first excited 5/2% states at 0.439

23 23

MeV in ““Na and 0.450 MeV in “"Mg (see Fig. 3), there was




23

evidence for the fourth excited 1/2" mtate in ““Na at 2.64 Mev;

but 1its Doppler-broadened width prevented a differential cross
23Mg.

section measurement. There was no sign of its mirror state in

24

(Note that 23M§ states were formed by either Mg(n*,ﬂ*ﬂ)

a 23

.or 24Mg(ﬂ+,ﬂ'p), an Na states by 24Mg(n+,n+p)].

[II. EXPERIMENTAL RESULTS; COMPARISON WITH REACTION MODELS

The experimental differential cross sections for production of
the 0.439 and 0.450 MeV y-rays in coincidence with outgoing pions '
or protons are listed in Table | for the two Ge(Li) detectors. The
averages (last Column of Tabie 1) and the errors in the averages were
weighted by the fractional errors in the cross sections. Where two
cross sections differed greatly, the errors were lncreased in
Jrder to be more conservative. Data from Telescope 1 and 6 were i
averaged to give one data point at 30°.

The cross ssctions were extracted from the dat; by assuming
lsotropic y-ray correlation with the outgoing pion or proton.
This assumption would be rigecrously true for direct plane wave
nucleon knockout and can be seen to be approximately true within
experimental uncertainties by comparing the relative crosas
sections of Ge{Li) 1 and 2 listed in Columns 4 and 5 of Table [.
(Ge(L.i) 1 and 2 had an angular separation of 50°.) This abaence

of angular correlation is in contrast to the expected strong




sin®20 ¥ correlation that was observed in this experiment (see

q
Ref. [8]) for inelastic nt scattering to the 1.37 MeV first

excited state of 24Mg . (®© is the angle between the y-ray

Y
and the inelastic momentum tganate: direction.)

The above results were compared with predictions of an
intranuclear cascade (INC) code developed by Fraenkel et al. [l4]
and with predictions of a simple plane wave impulse approximation
which treats the reaction as one-step quasifree 7N scattering _
(0SQF) and which includes the possibility of (incocherent) final-
state nucleon charge exchange (NCX).

The INC predictions for the cross sections were based on

24

5 - 10 4 cascades of 200 MeV 7' on Mg. The program output was

sorted to yield differential 7" and cross sections at the angles

measured in the present experiment for events in which the final

23

. nucleus was ““Na or 23Mg in a bound state. 1In performing these

calculations, the part of the code that evaluates evaporation

23 23

subsequent to the cascade was not used. Instead, a ""Na or Mg

nucleus was assumed Lo retain 1ts‘identity if its excitation energy
following the cascade was less than its known particle stability
energy. Of course, the INC code does not include details of
nuclear structure or predict specific nuclear states. 1t hasa,
however, no free parameters. The INC code calculates absolute pion

and proton coincident cross sections to all bound states of the




residual nucleus. Contributions to the 23Na/ 23Mg bound

states did not arise from only the nuclear surface (it.e. 1 4 5/2
shell nucleons). Hence, to compare the INC results to the
experimental results, one shoui:l ﬂultiplf the INC results by the zatio
r = L8 (3F) -F(3¥,5/2%)/z s7 (3¥), where 57 (3¥) is the

T 7°
spectroscopic factor for neutron or proton removal to a aF .

23Na or 23Mg bouna state; F(JF,5/2%) is the relative amount of ¥
teeding from an initial JP state dewn to the 5/2+ 1st excited
state. Using spectrqacopic factors and ¥ branching ratios from
Ref. (7], ¢ ® 0.6 for both 2INa and 23mg.

Analysis of the output from the INC calculation showed that a

large Eracfion (~90%) of the cascades that produce a bound state of
the A-1 residual nuclei are OSQF, with a monotonically decreasing
population of residual states with increasing excitation energy.
. The OSQF predictions for the cross sections were calculated f
using the semiempirical free 7N phase shift of Rowe et al. [15]. ;
The resulting cross sections were r-=duced, at small pion t
scattering angles, by Pauli blocking using a degenerate Fermi ‘
sphere uniformly f£illed up to a moﬁentum of kp = 270 MeV/c. This |
caused the resulting cross section at 8, = 0° to be 0 and at

8, a~80° to approach the free 7-N cross section. Nucleon Fermi

mokt ion was not included in the calculation. The reduced cross

10




section was then multiplied by the ) 65/2 proton or neutron

2 s‘N = 2.2, where

C is the isospin coupling coefficient (Tfrfll/ZTNITiri) - 1l/2

occupation number for the f{irst excited state, C

and S"N is the single neutron removal spectroscopic factor 4.2
(7). 1t was necessary to scale the resuihing cross section to the
data by multiplying by a factor of ~1/3 - 1/5, which clearly
indicates the predaminance of okfher processes such as pion absorption
and secondary scatterings.
Bion Angular Distrihutions

Figure 5 shows experimental and calculated angular
distributions for outgoing pions that are in coincidence with y-
rays from the first excited states of 23Mg and 23Na. The solid
curve represents the Pauli blocked 0SQF results described above,
the open circles ara the results from the INC calculation.
w1thout‘Pau11 blocking, the pion differential crosa section would
rise steadily as @ decreases helow ~60°. Both INC and OSQF
calculations (and the data) display Pauli blocking with
decreasing ©; the INC cross section £alls off more rapidly than
the 0SQF cross section. An effect that could account for this
discrepancy is nuclear shadowing of forward-scattered pions for
the INC calculation. In the 0SQF calculation, this effect has

not been jincluded.

11
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Proton Angular Distributions

Fig. 6 displays the experimental angular distributions for
outgoing protons in coincidence with y~rays from the first excited

4 23Mg and 23Na, together with OSQF and INC results

atatda o
(solid curves and open circles, resp.). The angular distributions
have the general shape of free 7m-N scattering, in which case no
protons would be emitted at angles > 90°.

The E scintillator thickness (15 gm/cmz) was insufficient to
permit derivation of pion energy spectra hut was adequate for
determination of proton energy spectra by use of a fold-back
procedure [8]. The 30° and 60° y-coincident proton spectra are
shown in Fig. 7. The arrows indicate the energies for free 7N
scattering ; the dashed lines indicate the [NC results.

Coincident proton spectra for ep » 90° had few total counts;
as expected, no peak was observed. The spectra at 60° were

corrected for a low-energy cutoff extending into the quasifree

peak, as can be seen in Fig 7b.
[V. CISCUSSION OF RESULTS

The genecal schapes of both the pion and proton angular
distributions coincident with y-rays from the first excited 5/2+

atates in 23Mg and 23Na were seen to be characteristic of free
plane-wave 7N scattering at the A rezonance. The absolute values

of the observed angular distribution cross secktions, however, are

12




only 1/3 - 1/5 those expected from Pauli-blocked plane wave OSQF
scattezring on 1d5/2 nucleons with nccupation numbers given by

zs' obtained from pick-up experiments [7). However, due to

C
the large free 7N A-resonance cross section of 200 mb,

the 0SQF cross section approaches the geometrical (untﬁa:y) cross
section for a 24Mg nucleus. For proton knockout to the 5/2+ state
of 23Na, e.g., the 0SQF cross section is ~280mb, which is comparable
to the o2~ .etrical Eroaa section, 450 mb. Our experimentally

measured value is ~EQ mb.

The large free 7N A-resonance size represents an effective
"swelling” of an individual nucleon to a size encompassing up to
two adjacent nucleons leading to multiple or asequential #
collisions that may predominate over OSQF. Furthermore, at the A
resonance the effect even of small vaxiations in the 600 mb non-

24Mg absolute cross section, which approximately

elastic » -
equals the nuclear geometrical cross section, will cause
correspondingly large variations in the calculated absolute cross
section to 23Mg and ZsNa, a component of the non-elastic cross !
section. Such variations, which depend upon pion multiple

scattering and absorption, are only approximately calculated by

the INC code. Hence,‘the INC calculation can be expected to

23 4 23

give absolute Na an Mg cross sections which, although j

considerably closer to the data than OSQF, are still only approximate

13




(see Table [Il). Note that multiplication of the [NC results in

Table Il by the tactor ¥ =~ 0.6 obtained in Section (Il yields

cross section values that are about 1/3 the experimental cnes.
From Fig. 5, the overall shapes of the dttte:engial cross

gections from both [NC and OSQF calculations are seen to agree

with the 7’ coincident data, although at back angles the

INC differential cross sections are substantially highet(lower)

23na(*3Mg) than the 0SQF and the expertimental ones.

tor
At forward pion angles, Paull blocking becomes predominant,
considerably reducing the cross sections; e.g., at e, = 30° the
free n'N croas saction is reduced by a factor of 2, based . upon a
model in which a uniformly filled sphete in momentum space has a
Permi surface at 270 MeV/c. This effect is also displayed by the
[NC results (see Fig. 5).

[n view of the approximations used in the [NC calculation,
the agreement between the calculation and the data is good;
it is within a fartor of 2 of the agreement of a fit to the
JZC(W*,n*p)]lB data at.T, = 240 MeV by an INC calculatién
using a Fermi Gas momentum distribution for the nucleons [16].

The ratios a"(23Na)/a"(23Mg) for the at coincident differentijial
creoss sections have values of ~ 4, approximately independent of e,

(se@e Table [). This is in disagreement with the results of Kyle

14




et al. [5) at T, = 240 MeV in which the coiraepondtnq charge ratio

R = a[ﬂ+p/n'p] for ISO(W*,u*pjlsn reaches a very large value,

g.s. |
R » 30, for forward angles, ep!vas-. Kyle et al.

suggest that this enhancement over the quasifree value of 9 comes from

a reduction in the the 7 p cross section, as n*p enhancement
is unlikely. In our eﬁperiment,however, the angle-integrated ad
coincident 23Mg 5/2+ cross section, which corresponds to the » p
cross section of Kyle ét al., is relative to OSQF the largest of all
four measured crose actions (see Table [I, Column 7). [t may be
noted that the enhancsment found by Kyle et al. occurs at scattering
angles where Pauli blocking is predominant.

The p coincident differential cross section comparison
(Fig.6) is more ambiguous since there are only two data points
(9p -.3U°,60') having values appreciably larger than zero
(see Table I). (Free =N scattering yields no recoil protons at
elab) 90°).

P

23

our 7" and p coincident "“Na cross sections are equivalent

to the Y2c(n*,n%p) results of Piasetzky et al. [4]

who used a double spectrometer arm.system. Their cross section
values approximately equal those for free n*p scattering; and
assuming that four p shell protons are available » their effective
parttéipation ratio is approximately 0.25, which agrees with our

23

results for “°Na (Table 1I, Column 7). However, their LZC(n', 7 p)

cross section is ~60% greater than our equivalent 7t coincident

23Mg cross section.

15



There are large single nucleon removal spectroscopic factors

23

tor the Na/zsug 1/2" mirror states near 2.7 MeV, with

87(1/27) w 8~ (5/2%) (7). The results of an earlier
m 24Mg y-ray experiment {3]) in which a 7 coincidence was
not required, were o(l/2 ) = 0.50(5/2*) in rough agreement
with the spectroscopic strengths. In the present experiment, however,
a(1/27) ¢ 0.1 &(5/2%) was observed. This difference
may be due to the peripheral nature of the interaction; the » *
coincidence required in the present experiment may make the
interaction appear more peripheral than the earlier singles
experiment. However, the INC calculations do not yield contributions
to 23Na, 23Mg bound states that arose from only the nuclear
surface with which to make compariscns.
An examination of the particle histories generated by the
INC code yields the following further information on the
24Mg(v,ﬂp) reaction:
A INC predicts total, elastic, and absorption cross
sections of 980, 400, and 230 mb, resp., in general
agreement with 960,380 and 218 mb, reap., as
measured by Ashery et al. {[l7] for 245 MeV
n + Al.
B. INC indicates that 75% of the A's decay before striking

a nucleon. This is due to the short free decay length

of the 4 (~0.4 £). An OSQF calculation indicates that

16



Pauli blocking of the decay is not predominant - only

~1/3 of the A decays are Pauli-blocked.

According to the INC results, pions from A decay
predominantly do not esc.pe the nucleus; 75% of the
pions from A decay strike a nucleon to re-form another
A. Using the A decay probability given above in B,
this yields an average of two sequential A'é formed

for each T = 200 MeV pion incident on the nucleus. In

an OSQF scattering process, the pion loses an average of

60 MeV 1lab kinetic energy:; after two or more pion
scatterings through A& formation, T, will have dropped

considerably below resonance enetgy. I[INC yields a pion

scattering mean free path of 1.2 €; c.f.
- pé = 2.3f for 2%g. (Pion
T total ,

absorption occurs only through AN =~ NN).

INC indicates that approximately 70% of the protons
resulting from. A decay escape the nucleus without
further scattering. INC yields kp = 4.5 £; this is

in agreement with A_ = 1/pap » 5 f obtained from

P
free, but Pauli blocked [18] NN total cross sections
(19] and a 24Mg uniform nuclear matter density p

of radius 1.315 £ [20]. The INC result is also 1in

agreement with estimates by Schiffer {21).

17
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Approximately half o the non-escaping protons undergo
charge exchunge before escaping in the INC
calculations. .

E. Approximately 40% of the total cross saction for
incident pione resultes in pion capture (4N-NN),
according to the [NC calculation. Measurements by
Ashery et al. {l17) indicate a ratio of capture-to-~total
cross section of ~30%.

The above [NC tesulta indicate that pion multiple
scattering, occurring mainly by segquential A production and
decay, is a predominant process, beinyg more important
(A, = 1.2 f) than nucleon multiple scattering (AP- § f£) which
was proposed some time ago [22] as a major process in pion-
induced nucleon Xknockout at 4 resonance energies. In 'that
process, the nucleon from A decay undergoes subsecquent incoherent
nuclear scatteringy with a probability of nuclecn charge exchange
(NCX) P 30.1 - Q0.2 (22], aa determined from charge esxchange crosas
section ratios cobtained in an activation experiment,

1

0[12C(n+,x) 101/0{12C(n',XJ11c1 [1]. In the present. experiment,

both =¥

and p coincident cross sections for de-excitatien ?-raya‘
are determnined. Hence the present experiment providea a more
sensitive teat of the NCX model than the previous activation
experimenta, which sum over these two final states.

The NCA calculation predicta the cross sections for the final

18



states zan + wt

23 +

Na ¢+ 7, and 23“. + p to be in the

, 23M9 + P

ratio of (1+9P):2:(9+P):(9+P). 8ince the ZSN. residual nucleus

23 +

must be accompanied by both n* and pr the final states ““Na + n

and 234a + p must. have the same cross sections regardless of the

reaction model. Hence, the two experimental 23

Na cross sections
(see Table 1]) were averaged, yielding a[zsua(Av)] = 48 mb. There
are then only two independent crose se¢ction ratios. Let them be

the zatios of o{23Mg + %) and o{?Mg + p) to of% Na(Av)]. The
23

first ratio, R, = of*%Mg + n*)/0(%3Na(av)] = 0.23, yields P = 0.12,
consistent with values of P obtained from activation work.
{Quasifres Rl = 1/9.) However, the second ratio, obtained from
the proton component of the 23Mg final state, has a value RZ -
a[asug + p]/a[zaﬂa(nv)]-- 0.33, ylelding a large negative value
of @, P=-3, which 1is 6 of course, inconsistent with NCX.
(Quasifree R2 = 2/9.)

A coméariaon of our sxperimental results with the results of
activation measurements can be made by summing the measurad nt
and p components of the 23Mg cros® section (sse Table [{). ‘This
ylelds a ratio o[(*3Mg + n*) +(%3Mg + p)]/o(2®3Na(Av)) » 0.56, which
in turn yields a value of P » (.24, consistent with the value of P
obtained from activation measuzements.

The above results indicate that whereas the INC model can
explain inclusive cross section results such as those obtained by

19




activation measurements, it is inconsistent with the more
exclusive crosz sections obtained in the present experimsnt.
This conclusion agrees with calculations of Karol (23), which
indicate a small probability for NCK (~3%).

In a recent paper, Ohkubo and Liu [24) include the effects
of quantum-mechanical interference between quanifree and
non-quasifree (NCX and nCX) reaction processes using distorted
waves . Their calculations result in esignificantly Dbetter
agreement with the experimental results for ‘2c(r*,mN)l¢ croes
section ratios {1} than the previously incoherent NCX
calculations [22]. In a subsequent paper (2], Ohkubo, Liu et al.
conclude that both NCX and the interference effects decrease
considerably in magnitude as the target mass i; increased from
A= 12, Their results suggest that these effecta are small for an
A = 24 target. |

A process in which an initial A subsequently interacts with

)T-Z state, interestingly, reproduces the

a nucleon in a (AN
measured values of Ry and R,. Such a process, in which one of the
(‘M'JJT"'2 decay nucleons subsequently remains in the nucleus,
yields Ry = 0.22 and R, = 0.37, i.e. values close to those observed.
Although there has been evidence for a possible (aN)T"2
attractive potential [25], an examination of the magnitude of pion
double charge exchange cross sections casts doubt on this process.

Even after allowing for lsospin recoupling, which yields for pion

20



)T*2 component ~1/3 that of a

double charge exchange a (4N
(aN)T"! component, any AN contribution that is
sufficiently large to yield a reasonable (7v,7N) reaction
would result in a pion doublies charge exchange cross section too high
by at least a factor of 10.
V. CONCLUS [ON
The experimentally determined differential c¢ross sections of

¢ 23

de-aexcitation y~rays from the 5/2+ first excited states o Na and

2yg(r*,m,

23Mg in coincidence with outgoing uf and/or p from
the corresponding angle-integrated absolute cross sections, and the
cross section ratios a(zang)/a(zsua) have been compared with the
results of calculations based on several (v,7”N) teaction
models, in particular on the plane-wave one-step quasifree (QSQF)
and the intranuclear cascade (INC) model, and on charge exchange of
the outgoing nucleon (NCX).

Both the 0SQF and the INC calculations reproduce the
approximate shape of the observed at ana p angular distributions.
The INC calculations, which can be considered absolute, agree with
the absolute measured angle-integrated cross sections within a
factor of ~2, These calculations indicate that rescattering of
the outgoing pions is a more tmpoxtant process than intervactions of

the outgoing nucleons. The NCX model is put to a more sensitive

test by the present experiment than by previous activation

21




axperimentas, eaince nt

and p coincident cross section ratios for
de-~excitation v-rays are determined separately rather than
together. The NCX results are inconsistent with experimeiical
reaﬁlha.

These comparisons with several reaction models suggest that a
more detailed description of the 7N interaction in a nucleus, such
& the A~hole model of Hirata, Lenz and Thies. fZE], may be needed
for a better understanding of the processes involved in the

(n,7N) reaction.
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- Differential cross sections of outgoing ﬂ+ from

“been multiplied by 0.20 for

Rigure. Captions

Experimental Geometry. The rear and side veto counters
surrounding each E counter are shown but not labelled.

A dE/dx va. E dot plot for Telescope 1 at 30°. The E signal
was from one of the two photomultipliers of that scintillator.
Ce(Li) 1 y-ray spectrum in coincidence with a 7t or p from
24Mg(n+,ﬂN) in any one of the six particle

telescopes (low-energy portion).

Ge(Li) 1 v-ray spectrum with no coincidence required (low-
energy portion).

24Mg(ﬂ+,ﬂ+N)
in coincidence with v-rays from the first excited states

23 2

of ""Na and 3Mg compared with cne-~-step quasifree (OSQF)

and intranuclear cascade (INC) calculations. O0SQF values have

23Na and by 0.38 for 23

Mg.
Différenttal cross sections of proteons from 24Mg(w+,ﬂp) in
coincidence with +vy-rays from the first excited states of
2‘:"'Ma and 23Mg compared with one-step cuasifree (0SQF) and

intranuclear cascade (INC) calculations. 0SQF values have
23 23Mg. 0SQF

and INC values at backward angles are (0.1l mb/sr and hence

been multiplied by 0.17 for Na and by 0.28 for

do not show up on the semi-log plot.
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Energy spectra of protons from 24M§(ﬂ+pﬂp) detected at 30°¢
and 60* in coincidence with y~rays from the lirst excited

states of 23 23

Na and Mg compared with INC
calculations (dashed line). The arrows indicate the energies

for free 7N scattering.
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OF POOR QUALITY,

le I.
IQ:Q(V,HN). o_( 2§n)
production of tfe
coincidence with a rn .

cross esections.

Na fivst excited state (5/2 ,
8imilar definitions apply for the other
an

Bxpeitm’gtal differantial cross sections for
* isa the differential cross section
0.439 MeV)

Results are shown for each Ge(Li) ard as
Telescope 1

average which was weighted by the fracticnal errors.
was averaged with Telescope 6 for the 30° results.

in

m e
Reaction Telescope Angle Ge(Li)l&é} Geu..i)2(%§) Average _(i‘%)
o, (**Na) L 30°  7.3:1.9 4.6%1.2 §,241.1
6 30° 4,8+1,3 1.9+1.3
2 60° 4.4%1.2 3.320.9 3.9%0.9
3 90°  4.,0%1.1 1.620.5 3.0:1.0
4 120°  6,3:1.,7 4.1:1.1 5.2£1.0
5 150° 6.2:1.6 4.2:1.1 5,2:£1.0
o, (23Mg) 1 30° 1.5%0.5 1.920.5 1.420.5
6 30°  1.420.5 0.3120.15.
2 60° . 1.1%0.4 0.74%0,25 0.90%0.22
3 90° 0.82%£0.34 0.97:0.30 0.92%0.23
4 120° 1.2+0.% 0.89:0.29 1.0%0.25
5 150° 0.7220.28 1.3:0.4 1.1%0.30
o_(%3ya) 1 30° 15.0:4.0  16.024.0 ' 15.024.0
P 6 30° 18.0%4.0 11.0=3.0 )
2 60° 4.821.3 4,0%1.1 4.4%0.9
3 90° 0.59%£0.28 0.85%0.30 0.76%0.20
4 120° 1.5%0.5 0.87=0.31 1.2:0.3
5 150° 1.3%0.5 0.4520.20 0.93%0.27
23 .
ap (““Mg) 1 30°  7.6:2.0 7.7:1.9 | 5.8:l.4
6 30° 5.1%1.4 2.8%0.80 .
2 60° 2.120.7 1.3:0.4 1.720.4
2 90° 0.48+0.24 0.31£0.15 0.3920.14
. 120° 0.4520.25  0.59:0.25 0.54:0.18
5 150° 0,93%:Q.38  (,28:0.15 0.6920.22

for




Table I[I. Expettmenta}4and galcu}gted anglg-intagrated absolute

goes *sagtiogg for +  Mg(m YN Mg (5727 ,0.450 MeV) and
Mg.7m ,7m p) Na(5/2 ,0.439MeV). % was calculated assuming

g!gltlt Pauli blocking and nucleon gggupatton numbers given by

(see text). _
“Final “Outgoling ] q ] ¢ «
Nucleus Particle exp INC exp OSQF exp
(mb) (mb} cINc (mb) GBSQF
23Na at 52 32 1.6 263 0.20°
D a4 33 1.3 263 0.17
23yg at 11 4.5 2.4 29 0.38

P lé 6.5 2.5 58 0.28
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