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FOREWORD

This is the seventh Physics Division progress report made on an annual
basis. As in previous years, the report contains the abstracts for papers which
have been published or which have been prepared for publication. In such cases,
reprints or preprints of the articles will be available. Preliminary results of
work in progress are reported, as previously, in more detail. Since this work is
of a preliminary nature, the authors should be contacted with regard to the in-
clusion of any of these results in other publications.

“Indexing words’’ or ‘‘key words’’ for experimental papers on nuclear struc-
ture have been supplied by the authors. These appear in boxes just under the
abstract or the authors’ names. Comments on the usefulness of these terms to
researchers and to those who collect data will be welcome.
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METHOD FOR OBTAIMING BURSTS OF POL.ARIZED NEUTRONS OF ENERGY 10-700 kev
J. W. T Dabbs and J. A. HAIVEY i e e e 83

Polarization by the use of the right-left asymmetry in scattering from He, together with moderation by graphite,

appears to be possible at the proposed linac.

DIEF ERENTIAL SCATTERING OF NEUTRONS FROM 60
C. H. Johnson and J. L. B oWl er e e e 85
A phase-shift analysis of differential scattering of neutrons from 180 at a number of energies between 2 and 4
Mev gives the following resonant parameters for resonances in 170, (3.40, 3/2+, 0.5) (3.75, 3'/2, 0.2) (3.77, 5/ZA,O.I)
(3.82, 3/2+, 0.03), where the resonant energy in Mev is followed by the J-value, parity, and reduced widths in units of
3#2 /2ma’.
NUCLEAR REACTIONS. !%0(n,n), E_ = 2.25-4.00 Mev; measured ¢ (). 170, deduced resonance parameters,
phase shifts,

RESONANCE PARAMETERS FOR NEUTRON SCATTERING FrRom 298py
J. L. Fowler B TP UPUPPIUPRINY 89

Results are presented of a partial-wave phase=shift analysis of neutron scattering from 208pp. Reduced widths
of resonances are discussed in terms of intermediate states,
NUCLEAR REACTIONS. 2OSPb(n), enriched target, En = 0,7~1.9 Mev; measured C'(E,f)). Qogpb, deduced

resonance parameters, phase shifts,
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EXCITATION OF COLLECTIVE STATES BY THE INELASTIC SCATTERING OF 14-Mev NEUTRONS
P. H. Stelson, R, L. Robinson, H, J. Kim, J. Rapaport, and G. R, Satchler .o e e 93

Abstract of paper submitted for publication in Nuclear Physics.
NUCLEAR REACTIONS. (n,n), (n,n'); Bi, Pb, Sb, $n, Cd, Zn, Ni, Cr, 5, P, Si, Al, Mg; En = 14 Mev, absolute
o, B, B,

ELASTIC SCATTERING OF 17- TO 21-Mev NEUTRONS FROM 12C
M. V. Harlow, Jr., R. L. Robinson, and B. . Kiney. .. a3
Abstract of paper submitted for publication in Nuclear Phvsics.
NUCLEAR REACTIONS, '?C(n,n), E, = 17-21 Mev; measured T(B), 0(B,0). 17C, deduced level.

TOTAL NEUTRON CROSS SECTIONS OF HYDROGEN AND CARBON IN. THE 20--30 Mev REGION
M. L. West IT, C. M. Jones, and H. B. Willard .. et 94

The total cross sections of 'H and '2C for neutrons have been measured from 19.58 to 30.46 Mev.
NUCLEAR REACTIONS. 1H(n,n), 12(3(:1,71),, polyethylene and graphite samples, En = 19.58--30.46 Mev, meas-
ured Ut<E)‘

A STUDY OF FLUCTUATING LOW-ENERGY (p,n) REACTION CROSS SECTION
Ho . KIM e P PO U SR PNS 95

Abstract of published paper: Phys. Letters 14, 51 (1956)
NUCLEAR REACTIONS. *3Cr(p,n)”*Mn, 2.3 < E < 3.1 Mev, measured TE ).

CROSS SECTIONS FOR (p,n) REACTIONS IN FIVE ISOTOPES OF TIN
R. L. Kernell and C, He JORMSOIL ittt et s e ettt e e e ettt e 95

Cross sections for (p,n) reactions have been measured from 2.5 to 5.5 Mev for five isotopes of tin. At 5 Mev,
the cross sections range from 16.2 mb for 11760 1o 21.5 wb for *2%Sn. A value of Q= —-3465 17 kev was deter-
mined for the reaction 1208n(p,11)1208b.

AT YN G 117 119 120 122¢ 124 - ot o as

NUCLEAR REACTIONS. Sn(p,n), Sa(p,mn), Snp,nd, Sn(p,n), Snlp,n), E = 2,5~5.5 Mev; measured
O(EY, Q. Enriched targets.

ISOBARIC ANALOG STATES IN 90z, 1165y 1185, 1205,
C. H. Johnson and R. L. Kernell 97

The main purpose of this work was to measure with good resolution the (p,n) cross sections near isobaric
analog rescnances for targets of ng, HSSn, 117‘Sn, and Hgsn. The energies for the well known 27 and 37 reso-
nances in BgY(p,n) are found to be 4804 16 kev and 5007 + 6 kev, and the total widths I for both are about 25 kev.
Resonances are observed at 4330 + 15 kev for '%Sn(p,n), 4491 T 6 kev for ''7Sn(p,n), and 4642 %6 kev for
119Sn(p,n),, The positions of these resonances indicate that they are O+ analogs to the ground states of even tin
isotopes, The natural widths, I“, for the two heavier targets are each 30 kev, and the width for the 5gy, target is
about 30 kev. In addition, a threshold was found at 4751 1 7 kev for ng(p,,n) which corresponds to a level at
1084 * 8 kev in 3°Zr. The fact that this threshold is observed indicates that 3/2" is the correct one of the two pos-
sible assignments, 1/2'" or 3/2'“.

NUCLEAR REACTIONS. 2%¥(p,m), '138n(p,n), ''7Sn(p,n), 1%n(p,n), E = 3.6 to 5.1 Mev; measured T(E), O.
9OZr, 116Sb, 118Sb, ”"Sb, deduced levels, J, I, Enriched targets.

ELASTIC AND INELASTIC SCATTERING OF 12- AND 13-Mev PROTONS FROM 1064 AND 198py

R. L. Robinson, J. L. C. Ford, Jr., PP. H. Stelson, and G. R. Satchler ... 101

The differential cross sections for elastic scattering and inelastic scattering of 12« and 13-Mev protons to the
guadrupole, two phonon, and octupole states of 106pg and '”8Pd nave been measured. Comparisons are made with
the predictions of the distortedswave theory for direct nuclear interactions.

NUCLEAR REACTIONS. !?%:108pqcn "), enriched targets, E =12, 13 Mev; measured 0(f).
deduced levels, /92, ,83.

106,108
,
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SEQUENTIAL EMISSION IN THE REACTION 7Li(d,n)ZQ
C. M. Jones, J. K. Bair, C, H, Johnson, H. B. Willard, and M. Reeves III ... 104

Abstract of paper presented at Topical Conference on Correlations of Particles Emitted in Nuclear Reactions,
Gatlinburg, Tenn., October 15—~17, 1964. (Proceedings of conference will be published in Reviews of Modern

Physics.)
NUCLEAR REACTIONS. TLi(d,ZG); measured C(E; ECL N Ea R ﬁa , ﬁa , QSG. R d)a }. Deduced reaction mecha-
2 1 2

. . 1 2 1
nism. Enriched target.

Q VALUES OF THREE.BODY NUCLEAR REACTIONS
Mark Reeves Tl 104

Abstract of ORNL-TM-938.

T5N(3He,p) 170 AND T5N(3He,d) 160 REACTIONS AND INTERMEDIATE RESONANCES
K. K. Seth, G, Walter, P, D. Miller, J. A. Biggerstaff, and G. R. Satchler ... 104

The 15N(?'He,p)”O and 1S'.\I(3He,d)160 reactions have been investigated, An angular distribution was measured

17

at E3 = 6.41 Mev. The results were interpreted in terms of states in 16O and QO consisting of one or two

He
particles, respectively, being captured into 2s-1d shells, The P, ,2"'1 core of the ISy target was preserved.
4

NUCLEAR REACTIONS. °N(%He,d)!°0, '°N(He, )70 reactions. Angular distribution at E, =6.41 Mev.

. . . H
Deduced character of states in residual nuclei, €

TOTAL CROSS SECTION FOR 989((1,,11)
J. H. Gibbons and R. L. Macklin

Abstract of paper accepted by the Physical Review,
NUCLEAR REACTIONS. °Be(2,n), E = 1.7-10.5 Mev; measured O(E). Nucleus '3C deduced levels, . Other
than 12C, 12C* final states dominant near E_ =10 Mev. Natural target.

TOTAL NEUTRON YIELD FROM THE REACTION ]4C(C1,n)170
J. K. Bair, J. L. C. Ford, Jr., and C. M. JOmeS . e e 111

Abstract of a paper to be submitted to the Physical Review,
NUCLEAR REACTIONS. *C(a,n); measured 0(E). %0 deduced tevels, I,
COULOMB EXCITATION OF VIBRATIONAL TRIPLET STATES AND OCTUPOLE STATES IN THE
EVEN CADMIUM NUCLEI
F. K. McGowan, R. L.. Robinson, P, H. Stelson, and J. I.. C. Ford, Jr. ... 111

Abstract of paper submitted to Nuclear Physics.

NUCLEAR REACTIONS. !10:112.114.11604160 169,y 110.112.114,1160q5, %), enriched targets, E , =

42-49 Mev, £~ 9-10.0 Mev; measured y, 1y spectra. 10112 114:110Cq, deduced levels, J, 71, B(E2), B(E3). ©
LOW-LYING LLEVELS IN 7%4As
R. L. Robinson, F. K. McGowan, J. L, C. Ford, Jr., and PP, H. Stelson ... 112

Seven levels in '°As below 900 kev have been Coulomb excited with alpha particles and oxygen ions. Level
properties for these are reported,

NUCLEAR REACTIONS. "’As(,a%), E_ = 3.5-8.1 Mev, ' As('°0,'°0%), E |, = 3638 Mev; measured E,
O

IV” YV spectra, yléO spectra, }/(9), 75AS, deduced levels, J, 7, B(E?), B(M1), J, 71/2_
GAMMA-RAY SPECTROSCOPY WITH A LITHIUM-DRIFTED GERMANIUM DETECTOR
R. L. Robinson, P. H. Stelson, F. K. McGowan, J. L. C, Ford, Jr., and W. T, Milner

The energies of gamma rays from about 50 nuclides have been measured to within a few tenths of a kev. Pre=

106

viously unresolved gamma-ray doublets in the decay of 102ph and Rh and in the Coulomb excitation of ' 'Se are

reported.



Xv

DECAY OF 79+ 798,
B Ly RODBIIS OI Lo e e et e e e e 119

Singles and coincidence gamma-ray spectra of the decay of "9Kr are investigated. An energy-level diagram of
79 .
Br based on these results is proposed.
RADIOACTIVITY. "°Kr [from 7?Br(p,m)], measured Ey, L, yy spectra. "Br deduced levels, log ff, J, 7.
Natural target.

INTERNAL BREMSSTRAHLUNG FROM SHe

J. K. Bienlein and Frances Pleasonton........ i 122

Abstract of paper submitted to Nuclear Physics.
RADIOACTIVITY. °He measured shape of internal bremsstrahlung spectrum,

INTERNAL BREMSSTRAHLUNG ACCOMPANYING THE BETA DECAY OF 4%

J. K. Bienlein and Frances Ple@asombormi i e 123

Abstract of paper to be published in the Proceedings of the International Conference on Nuclear Physics, Paris,
1964, sponsored by IUPAP, UNESCO, and Societe Francaise.
RADIOACTIVITY. *?K, Measured total yield of internal bremsstrahlung in the beta decay of *?K - *2Ca,

SOME HEAVY-ION STOPPING POWERS
C. D, Moak and Mo D BLOWI oo ittt ottt e e e e e e e e e e e e e 123

Multicomponent beams of Br and I ions from the Tandem Van de Graaff Accelerator have heen used to measure

the stopping powers of several elements in the energy range of 10 to 100 Mev,

RESPONSE OF GERMANIUM AND SILICON DETECTORS TO ENERGETIC BROMINE AND IODINE IONS
W. W. Walker, C. D, Moak, and J. W L. Dabbs. . i e e e e et et 125

Pulse-height response of germanium and silican surface barrier detectors to 798 and 1271 ions has been de-
termined; detector resolutions and pulse-height defects have been shown to be similar for the two types of detector,

and it has been shown that resolution and pulse-height defect are only partially related, if at all.

FISSION OF ORIENTED NUCLE]
J. W. T Dabbs and G. W. Par kel o 127

An improvement in counting rate by a factor of ™9 has been achieved.

FISSION FRAGMENT ENERGY CORRELATION EXPERIMENTS
H. W. Schmitt, J. H. Neiler, and F, J. Walter . i e e e e 129

Experimental results based on new absolute energy calibrations are given for 252¢¢ spontaneous fission and
235y thermal-neutron-induced fission.
NUCLEAR FISSION. 2°2Cf and 235U, measured correlated fragment energies, deduced mass and energy distri-

hutions, mass-energy correlations.,

CORRELATED FRAGMENT ENERGY MEASUREMENTS AND MASS-vs-ANGLE CORRELATIONS IN
226Rq 4 p FISSION
H. W. Schmitt, J. W, T, Dabbs, and P. D, MILLEE ..o e e e e e e e e e 140

Mass distributions and mass-energy correlations have been studied for Ep = 11.0, 12.0, and 13.5 Mev, For
Ep = 13.5 Mev, a small variation in:the mass distribution as a function of angle was found,
NUCLEAR FISSION, Ztha, proton-induced, measured fragment energies, deduced mass and energy distribue

tions, mass-energy and mass~angle correlations.
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AVERAGE NUMBER AND ENERGY OF GAMMA RAYS EMITTED AS A FUNCTION OF FRAGMENT
MASS IN 2351 THERMAL-NEUTRON-INDUCED FISSION
H, Maier-Leibnitz, H. W. Schmitt, and P. Armbruster ... 146

Abstract of paper to be published in the Proceedings of the IAEA Symposium on the Physics and Chemistry of
Fission, Salzburg, Austria, March 1965.
NUCLEAR FISSION. 2%%U, measured correlated prompt y and fragment energies, deduced <E > as function of

7

fragment mass.

PRECISION MEASUREMENTS OF CORREILATED ENERGIES AND VELOCITIES OF 252(:1" FISSION FRAGMENTS
H. W. Schmitt, W, E. Kiker, and C. W. WIll1ams ... . e 147

Abstract of published paper: Phys. Rev, 137, B837 (1965).
NUCLEAR FISSION. 252Cf, measured correlated fragment energies and velocities, deduced mass and energy

distributions, mass-energy correlations, and V(M); absolute energy calibration for semiconductor detectors.,

ABSOLUTE ENERGY CALIBRATION OF SOLID-STATE DETECTORS FOR FISSION FRAGMENTS AND
HEAVY IONS
H. W. Schmitt, W. M. Gibson, J. H, Neiler, F. J. Walter, and T. D, Thomas .................coooiiiii i 147

Abstract of paper to be published in the Proceedings of the [AEA Symposium on the Physics and Chemistry of
Fission, Salzburg, Austria, March 1965.
NUCLEAR FISSION. Absolute energy calibration and pulsesheight response of semiconductor detectors for

fission fragments and heavy ions.

CORRELATED ENERGY AND TIME-OF-FLIGHT MEASUREMENTS OF FISSION FRAGMENTS WITH
SEMICONDUCTOR DETECTORS: SYSTEM DESIGN AND PERFORMANCE
C. W. Williams, W. E. Kiker, and H. W. SChmitt ..o e 148

Abstract of published paper: Rev. Sci. Instr. 35, 116 (1964).
NUCLEAR FISSION. Instrumentation for correlated energy and velocity measurements.

NUCLEAR DATA PROJECT
K. Way, A. Artna, W, B, Ewbank, N. B. Gove, M. J. Martin, H. Ogata, A. K. Sen Gupta, E. C. Campbell,
G. Ho Fuller, and Co Su AN o e e e et e e e e 149

Analyses of 104 nuclei have been completed. Special compilations of rotational band parameters, gamma transie-
tion half-lives, recent references, magnetic moments, nuclear masses, and the grounds for spin-parity arguments

have been made.

COMPILATION OF CHARGED-PARTICLE NUCLEAR CROSS SECTIONS
. K. McGowan, H. J. Kim, and W. 1. MiIner o e e e e 150

Progress on the compilation of crossssection data in tabular form is outlined.

WAVE FUNCTIONS FOR MUON CAPTURE IN HYDROGEN /,L-MOLECULAR ONS
R. L. Becker and M. Ro Patierson oo 150

Binding energies, muon-proton overlap, and mean internuclear separation are given in the adiabatic approxima-

tion for the ground and first excited states of the pup and dud molecules.

SEARCH FOR HYPERFRAGMENTS IN THE X~ + He REACTION
HL 0. Cohn and Wo M. BUGE oo e e e e 152

We have examined 400 ‘\;.:—-hyperon interactions in helium for possible hyperfragment formation. The - hyperons
were produced by slow K™ mesons in the Northwestern University helium bubble chamber. Energetically, the only
permissible hyperfragments are hydrogen and neutron hyperfragments. Five hydrogen hyperfragments were identified,

A search for neutron hyperfragments yielded a negative result,



Kvii

EXCHANGE MECHANISM FOR ¢ PRODUCTION IN 77'-n INTERACTIONS
H. O. Cohn, W. M, Bugg, and G. T. Condo ..o e et 153

. + . : . . .
The exchange mechanism for @ production in 77 + n interactions is studied through an analysis of angular cor-
+ + - . . : R
relations from 7 + d > p+ p+ 7 + 77 + 770 interactions. Values for the spin matrix elements 'DOO and py _, are
-

obtained and compared to the one-p exchange model,

NEUTRAL DECAY AND ISOTOPIC SPIN OF THE {0
N. Gelfand, G. Lutjens, M. Nussbaum, J. Steinberger, H. O. Cohn, W. M. Bugg, and G. T. Condo ............ccoevrnnn. 156

Abstract of published paper: Phys. Rev. Letters 12, 567 (1964).

ANALYSIS OF 2~ ABSORPTION IN HELIUM
K. H. Bhatt, H. O, Cohn, and W. Mo Bl .ot ettt e e e aebeaee s 156

Abstract of paper submitted to Nuovo Cimento.

REACTION 3~ + *He 5 A% + n + 7H
H. O, Cohn, K. H. Bhatt, and W. WMo BUEE ..ottt e e e e e e et eeeea st reaeeerenns 156

Abstract of published paper: Phys. Rev. Letters 13, 668 (1964).
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NEUTRON DIFFRACTION INVESTIGATION OF CHROMIUM WITH SMALL ADDITIONS OF
MANGANESE AND VANADIUM!'

Y. Hamaguchi?

The magnetic properties of chromium alloys with
small amounts of manganese (0.5%, 0.74%, 2.1%)
and vanadium (1.0%, 1.9%) have been investigated
by neutron diffraction, and these results and others
involving higher manganese concentrations are
compared with theoretical calculations by Tachiki
and Nagamiya. The addition of vanadium (1.0%)
tends first to destroy the long-range modulation

tAbstract of paper to be published in the Physical
Review.

2Gvuest scientist from Japan Atomic Energy Research
Institute.

E. 0. Wollan

W. C. Koehler

of the moment configuration and then rapidly to
eliminate the magnetic moment of the system.
The addition of manganese progressively modifies
the temperature-dependent properties of the modu-
lated moment structure of pure chromium and the
temperature of the spin flip transition. Over a
small composition range both the simple anti~
ferromagnetic and the modulated moment structures
appear to be stable. Above 2.1% manganese,
only the simple antiferromagnetic structure is
observed. The changes in the magnetic properties
of the alloys have a qualitative relation to the
theoretical calculations.

MAGNETIC STRUCTURE OF RARE-EARTH-COBALT (RCo,) INTERMETALLIC COMPOUNDS"

R. M. Moon

Saturation magnetization and neutron diffraction
measurements have been performed on cubic Laves
phase compounds, RCoz, in which R is Nd, Tb,
Ho, and Er. Neutron powder patterns obtained at
room temperature and at 15°K allowed the deter-
The low-
temperature patterns are of the ferromagnetic or
ferrimagnetic type, with large magnetic intensities
superimposed on the nuclear peaks. For the com-
pounds of Tb, Ho, and Er, the rare-earth atoms
show nearly the full moment expected for the free
tripositive ion, and the cobalt moment is about

mination of the magnetic structures.

1Abs'tract of paper submitted to the Journal of Applied
Physics.

2University of Pittsburgh, Pittsburgh, Pa.

W. C. Koehler

J. J. Farrell?

1 Bohr magneton. The rare-earth moments are
coupled parallel to each other, but antiparallel
to all the cobalt moments. For NdCoz, the ob-
served Nd moment of 2.6 + 0.2 Bohr magnetons is
smaller than the free-ion value of 3.27 Bohr mag-
netons, and it is coupled parallel to the cobalt
moment of 0.8 + 0.2 Bohr magneton. In the Nd
ion, the spin is opposite to the moment (J =L — §),
while for the heavier rare earths the spin is par-
allel to the total moment (J = L + S). Thus, in
all cases there is antiparallel coupling between
the spins of the rare-earth and cobalt atoms. The
values for the total moment per molecule based
on the neutron diffraction results are in satis-
factory agreement with the magnetization meas-
urements.



MAGNETIC PROPERTIES OF RARE-EARTH METALS AND ALLOYS'

W, C. Koehler

A review of neutron diffraction studies of the
magnetic properties of rare-earth metals and alloys
is presented. For each of the pure metals Th, Dy,
Ho, Er, and Tm there is cohserved a transition at
a temperature Tzv to an oscillatory aantiferromag-
netic configuration (helical or linear oscillator
type).
to ferromagnetic, ferromagnetic spiral, or antiphase
domain-type configurations are observed. For Gd,
only the ferromagnetic configuration is found. The

At lower temperatures, further transitions

magnetic moments in the ordered configurations
at low temperatures approach the values expected
from the corresponding free tripositive ions. In
the first half of the series, only Nd has been
studied by single-crystal methods, but Ce, Pr,

!Abstract of paper to be published in the Journal of
Applied Physics.

and Eu have now been investigated with polycrys-
talline samples. The data for Ce are complicated
by the existence of several allotropic forms, but
a complex antiferromagnetic structure appears to
be associated with the hexagonal form at low
temperatures, For Nd and Pr, oscillatory anti-
ferromagnetic configurations are observed at very
low temperatures in which, as in Ce, the moments
have magnitudes considerably smaller than the
free-ion values.
influence due to the crystalline field.

This result suggests a strong
A helical
spin structure in bec Eu has been reported in
which the moment of Eu is somewhat smaller than
that of Eu?". A number of alloy systems, R-Y,
R-R’, and R-La, where R and R’ are among the
group Tb—Tm, have been investigated, and results
are discussed. These results and those for the
pure metals are discussed relative to the theory
of the magnetism of the rare-earth metals.

MAGNETIC STRUCTURE vs ELECTRON NUMBER FOR SOME RARE-EARTH
INTERMETALLIC COMPOUNDS'

J. W. Cable

Neutron diffraction measurements were made on
a series of rare-earth compounds in the Th(Pd,Ag)
and Tb(Ag,In) systems. Most of these compounds
exhibit the CsCl type of crystal structure and,
for these, magnetic structure determinations were
made in order to relate the type of magnetic struc-

LAbstract of paper submitted to the Journal of Applied
Physics,

W. C. Koehler

H. R. Child

ture to the number of valence electrons. Two
types of antiferromagnetic structures were ob-
served: the (w#0) type consisting of an antipar-
allel array of ferromagnetic (110) planes of mo-
ments, and the (007) type with ferromagnetic
(001) planes of moments alternating in direction.
On the basis of 0, 1, 3, and 3 valence elections
for Pd, Ag, In, and Tb respectively, the (##0)
structure is found in the region of 3.5 to 4 valence
electrons per unit cell and the (00r) structure in
the region of 5 valence electrons per unit cell.
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MAGNETIC PROPERTIES OF HEAVY RARE EARTHS DILUTED BY YTTRIUM AND LUTETIUM!

H. R. Child W. C. Koehler

A neutron diffraction study of the heavy rare
earths Tbh, Dy, Ho, Er, and Tm diluted with yttrium
and of Tb with lutetium is reported. The modulated
antiferromagnetic structures of the rare-earth metals
are found to exist in the alloys, but the ferromag-
netic phases of Tb and Dy are destroyed with
small admixtures of Y. The Néel temperatures
of the alloys and the pure metals are found to be
a universal function of the average of the square

LAbstract of paper submitted to the Physical Review,

E. O. Wollan J. W. Cable

of the spin projection on J, given for these heavy
rare-earth alloys by &= (¢ — 1) J(J + 1), where ¢
is the atomic concentration of rare earth. The
value of the interlayer angle w at T, , which is
related to the wavelength of the modulation of
the magnetic structure, is also found to be a
universal function of & and the temperature varia-
tion of w decreases with decreasing & so that @
approaches a temperature-independent value of
about 50° per layer for small &£ regardless of the
magnetic ion in the alloy.

ALIGNMENT OF RARE-EARTH MOMENTS IN DILUTE Pd-Fe ALLOYS'

J. W. Cable E. 0. Wollan

Magnetization measurements were made on the
ternary alloy system Pdo.%Feo,osR'E‘o.of for
which R.E. = La, Ce, Pr, Nd, Gd, Tb, Dy, Ho,
Er, Tm, and Yb, in otder to determine the relative
alignment of the rare-earth moments in the ferro-
magnetic Pd-Fe matrix. Those rare earths to the
left of Gd were aligned parallel and those to the

tight of Gd antiparallel to the Pd and Fe moments.

YAbstract of published paper: J, Phys. Chem, Solids
25, 1453 (1964).

W. C. Koehler H. R. Child

Thig is consistent with an antiferromagnetic inter-
action between the rate-earth spin and the d band
of the host matrix, since, for the former, J =L ~ §
and, for the latter, J = L. + 5. Neutron magnetic-
disorder scattering measurements were also made
on the Dy alloy, and these showed ounly partial
alignment of the available Dy moments. This
suggests that the interaction between the rare
earths and the Pd-Fe matrix depends on the local
environment of the rare-earth atoms.

DISTRIBUTION OF MAGNE TIC MOMENTS IN Pd-3d AND Ni-3d ALLOYS'

J. W. Cable

Neutron scattering and magnetization measure-
ments were made on a series of face-centered
cubic Pd-3d and Ni-3d alloys to determine the
distribution of magnetic momeuats in these ferro-
magnetic binary alloys. The specific alloys
studied were: Ni.SCO, NiCo, deCo, PdCo, PdSFe

!Abstract of paper submitted to the Physical Review.

E. O. Wollan

W. C. Koehler

(ordered and disordered), PdFe, Pdo_gy
Pd Fe, .. Magnetic moments of about 3.0,
1.8, and 0.6 Boht magnetons per atom were found
for Fe, Co, and Ni respectively, and these were
The
average Pd moment varies with concentration and
approaches a maximum of about 0.4 Bohr magneton
per atom in the concentrated alloys.

Fe , and
0.07’

essentially independent of .concentration.



ANTIFERROMAGNETISM OF PRASEODYMIUM'

J. W. Cable R. M. Moon

In contrast with previous analyses of magnetic
susceptibility and specific heat data which sug-
gested the absence of magnetic order in metallic

LAbstract of published letter: Phys. Rev. Letters 12,
553 (1964).

W. C. Koehler E. O. Wollan

this diffraction
showed the development of long-range antiferro-
magnetic order below 25°K for this material. It

is tentatively suggested that this magnetic order

praseodymium, neutron study

is of the neodymium type.

EFFECTIVE MAGNETIC FIELD AND ISOMER SHIFT FOR Au-Ni ALLOYS
AS A FUNCTION OF COMPOSITION

L. D. Roberts
W. K. Robinson?

In earlier work**® we reported on the Méssbauer
structure (hfs) spectra for '?7Au in
We are now reporting

hyperfine
Au-Ni solid-solution alloys.
further measurements at much higher resolution
for the Ni-rich alloys and for pure Au metal. All
measurements were made at 4.2°K, using a '°7Pt
source which decays through the 77.3-kev state
of 197Au.

The six-line hfs spectra for alloys of 1, 3, 7, 10,
and 20 at. % Au in Ni all consist of two unresolved
each triplet barely resolved from the
The center of gravity of the spectrum is
These data

absorption

triplets,
other.
displaced by the isomer shift VI.
have been fitted theoretical
curves,? taking absorber thickness into account

with

and using the following Hamiltonians for the ground
and excited states:

1Consullant, University of Tennessee, Knoxville.

2Research participant from St. Lawrence University,
Canton, N.Y.

3Research participant from Washington and Lee Uni-
versity, Lexington, Va.

41.. D. Roberts and J. O. Thomson, Phys. Rev. 129,
664 (1963).

SL. D. Roberts et al., to be published in the Physical
Review.

F. E. Obenshain

J. O. Thomson'
W. B. Newbolt?

VI — 2/1.*H’I§ s

excited

with p = 0.1439 nuclear magneton as the ground-
state magnetic moment. A typical fit for 1% Au
in Ni is shown in Fig. 1. Here H’ is the effective
magnetic field, and I, and I% are the z components
of the spin of the ground and excited nuclear states
respectively.  We have taken a value for the
excited-state magnetic moment p* = 0.39 nuclear
magneton from our previous measurements.? In
fitting the theoretical absorption curves to the
data (Figs. 1, 3, and 4), we have used the natural
line width for the 77.3-kev state of !°7Au as
determined from new measurements on pure Au.
This line width, Fig. 2, corresponds to a lifetime
of (1.8 £ 0.1) x 107 ? sec, in agreement with our
previous value and with electronic measurements.
We have also fitted the Au-Ni data by using a line
width approximately 5% greater than that measured
above (at the upper limit of the experimental error
of the line width) and obtained somewhat better
fits to the data, but the latter curves are not
presented here. The fact that the best fit was
obtained with six lines of very nearly the line
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Fig. 1.

theoretical absorption function for the six-line spectrum.

Hyperfine Structure of the 77.3-kev State of 1 at. % !97Au Dissolved in Ni.

LOCITY ©F SOURCE (mrn /sec)

The solid curve gives the

The lines were at the positions shown and had intensities

1:2:3:3:2:1.  The natura! line width (see Fig. 2) was assumed, but absorber thickness was suitably taken into
account.
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Fig. 2. Single-Line Absorption Spectrum of the 77.3-kev State of 197Au.  The line width at half height corre-

sponds to a lifetime of (1.8 £ 0.1) x 10-9 sec.

width found for pure gold indicates that inhomo-
geneous broadening effects are small.

The hfs coupling determined by the above curve-
fitting process is found to be proportional within
the experimental error of a few percent to [1 —
(¢/0.60)], where c is the atomic fraction of Au
(Fig. 3).
magnetization measurements on Au-Ni alloys,*

From this fact and from our previous

it is observed that, within our error, the his cou-
pling to the average magnetic
moment per atom of the alloy.
tionality found previously® between the hfs cou-
pling and the magnetic moment of the host metal

is proportional
Thus the propor-

in the case of 1/2% Au in Fe, 1% Au in Co, and 1%
Au in Ni extends to the more concentrated Au-Ni
alloy system. The hyperfine field found for 1% Au
in Ni, assuming p¥ = 0,39, is 340 + 10 kilogauss.
The observed isomer shift as a function of ¢ for
the Au-Ni alloys, within the experimental error of
about 0.1 mm/sec, follows a straight line passing
through the observed isomer shift for pure Au of
~1.26 * 0.06 mm/sec (Figs. 2 and 4). In pattic-
ular, there appears to be no flattening of the
slope of dVI/dc below ¢ = 0,03, where the Au
atoms are becoming relatively widely separated
and where they might be expected to act more



independently. Also, the experimental results
give no reason to invoke a change of slope near
60% Au, where the magnetic properties of the
alloy change markedly. These observations are

in agreement with our earlier measurements. *
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Fig. 4.
197 Au Dissolved in Ni with Au in Pt as the Gamma-Ray

Source.

Isomer Shift as o Function of Composition for

CORRELATION OF THE MOSSBAUER ISOMER SHIFT AND THE RESIDUAL ELECTRICAL
RESISTIVITY FOR "77Au ALLOYS'

L. D. Roberts R. I.. Becker

The M&ssbauer isomer shift, which is simply
related to the charge density at the Mdssbauer
nucleus, has been measured for pure '?7Au and
for '°7Au as an impurity in Cu, Ag, Ni, Pd, and

lAbstract of published paper: Phys. Rev. 137, A895
(1965).

2Consultant from the University of Tennessee, Knox-
ville.

F. E. Obenshain J. O. Thomson?

Pt. Since the isomer shift associated with an

impurity and the residual electrical resistance
due to it are properties of a common conduction-
band wave function, one may expect a correlation
of the

through a suitable model.

residual resistance with the isomer shift
We have thus made
residual resistance as well as isomer-shift meas-
urements at 4.2°K for the above dilute gold alloys.
These measurements have been correlated through



a theoretical model, using (1) the residual elec-
resistivity and the Friedel sum rule to
specify the asymptotic wave function at the Fermi
level, and (2) a pseudopotential which will produce
this asymptotic wave function and which is used
to continue the s partial wave inward to the gold
The correlation

trical

nucleus at the origin, of our

experimental results, using the theoretical model,
is good if we assume that a gold impurity presents
an attractive potential to the s partial wave of
the host s-band conduction  electrons, and if we
assume the s-band fillings to have the values 1,
1, 0.58, and 0.37 for Cu, Ag, Pd, and Pt.

HYPERFINE STRUCTURE OF THE 14.4-kev GAMMA RAY OF *7Fe IN HYDRATED FERRIC AMMONIUM
SULFATE AS A FUNCTION OF THE MAGNETIZATION OF THE SALT!

F. E. Obenshain
D. W. Forester®

The hyperfine structure (hfs) spectra of the
14.4-kev gamma ray of the nucleus °’Fe in the
salt, hydrated ferric
sulfate, have been measured through the use of

paramagnetic ammonium

LAbstract of a paper submitted to Physical Review
Letlers.

2AERE, Harwell, England,
3University of Nebraska, Lincoln.

4University of Teunessee, Knoxville.

L. D. Roberts

C. F. Coleman?
J. O. Thomson*

the Mdssbauer effect. These measurements were
performed at an absolute temperature T in the
liquid-helium region in zero applied magnetic field,
and also in the presence of applied magnetic fields
H large enough to produce a substantial polariza-
tion of the unpaired electron spins of the Fed”®
ions. The behavior of the Mdssbauer line widths
and the shapes and spacings of the hfs spectra
observed here differ matkedly from the hfs spectra
found for either magnetically dense or exceedingly

dilute magnetic materials.

MOSSBAUER MEASUREMENTS OF THE 57Fe HYPERFINE STRUCTURE COUPLING IN FeRh ALLOYS
MNEAR 50 at. % RHODIUM'

D. W. Forester?
L. D. Roberts

Mossbauer measurements of the hyperfine struc-
ture (hfs) splitting of the nucleus °7Fe in FeRh
alloys have been made for three alloys with com-

positions near 50, 52, and 53 at. % Rh. It was

1Abstract of paper submitted to the Physical Review.
2University of Nebraska, Lincoln.
3University of Erlangen, Erlangen, Germany.

4. . . .
University of Tennessee, Knoxville.

F. E. Obenshain

H. H. Wegener?®
J. O. Thomson*

found by magnetization measurements that the
50% sample is ferromagnetic above 100°K. The
temperature dependence of the hfs of this sample
was measured from 100 to 714°K. The Curie
temperature was found to be 710 £ 4°K. These
measurements are described by a Brillouin function
with § = 3/2 and H_,(0) = 285 kilogauss at 0°K.
The 52% sample displayed a Curle temperature
of 654 % 5°K. It was antiferromagnetic below
330°K and ferromagnetic above this temperature.



The hfs was measured from 4.2 to 670°K. In the
ferromagnetic region a Birillouin function with
S = 3/2 and H(fff(O) = 295 kilogauss was used to
fit the data. The experimentally observed hfs
in the antiferromagnetic region fell below this
Brillouin function and could again be described
by a Brillouin function with HZ7(0) = 275 kilo-
oersteds and S = 3/2. An effective Néel temperature
T, = 615 was obtained from this fit. As indicated
above, B(S = 3/2) gives a good description of the
hfs for the 50% alloy. If it is assumed that this
function may be used to extrapolate the high-
temperature ferromagnetic behavior to 0°K for the
52% alloy, then it may be suggested that the
intrinsic effective field per iron atom [i.e., Heff(O)]
is slightly lower in the antiferromagnetic than in
the ferromagnetic phase. This 52% sample was
obtained from J. Kouvel and is a sample on which

magnetization measurements have been made.

Comparison of the temperature dependence of the
hfs splitting and these magnetization measurements
was made. The ferromagnetic to antiferromagnetic
transition temperatures determined by both methods
agree very closely. At higher temperatures, near
the Curie temperature where critical fluctuations
may be important, the two curves do not agree.
The hfs splitting measurements decrease to zero
more rapidly, giving a lower value for the Curie
temperature than that obtained from the magnetiza-
tion measurements.

The theory of fluctuation effects for the Mdss-
bauer effect has not been worked out, and without
this theory it is difficult to determine the curve
of the hfs splitting as a function of temperature
near the Curie temperature. However, the Curie
temperature may be determined very well by ob-
serving the complete collapse of the hfs spectrum

into a single line.

“EXPLOSION' OF MULTICHARGED MOL ECULAR I0NS: CHEMICAL CONSEQUENCES OF
INNER SHELL VACANCIES IN ATOMS'

T. A. Carlson

Molecules containing atoms which undergo in-
ternal conversion or electron capture are subject
to extensive decomposition. This decomposition
results from the large number of electrons that
an atom loses as it adjusts to a vacancy in one
of its inner shells. Electrons are pulled from the
rest of the molecule to the region of high positive

and the whole molecule literally ¢

charge,
plodes’’ from Coulombic repulsion.
In this paper a short review is first made of the

CX-

past work on the molecular consequences to inner
shell vacancies, with particular emphasis on gases
examined with a charge spectrometer. This pre-
vious work, however, has been limited to quali-

tative observations. A description is then given

TAbstract of paper to be published in the Proceedings
of the Symposium on Chemical Effects Associated with
Nuclear Reactions and Radioactive Transformation,
Vienna, Austria, December 711, 1964.

2Summcr participant, Baker University, Baldwin, Kan.

R. M. White?

which utilizes
With this
spectrometer it is possible to measure the relative

of a new charge spectrometer,
X rays to initiate inner shell vacancies.

abundances of all the fragment ions formed in the
decomposition of the parent molecule without the
errors that arose eatlier from a dependence of
Further-
more, it has been possible to measure the recoil
spectrum for each of the ions.

collection efficiency on recoil energy.

As an example, some recently acquired data are
given on the decomposition of CH.I following
vacancies formed primarily in the L shell of iodine
by x rays. The decomposition is violent, with the
molecule decomposing almost entirely into HY,
C"* and I?". The relative abundance of molecular
ions is very small.

dine,

The sums of the carbon, io-
and hydrogen ions are in the approximate
ratios of 1:1:3, suggesting that the quantity of
neutral species is also small. The most abundant

. . + .
carbon ion is C2?%, which possesses an average



The most abundant
iodine species is 1°%, which contrasts with an

recoil energy of about 40 ev.

average charge of eight from an analysis of Xe
ions produced with x rays of the same enerpy.

These and other data on the recoil and charge
spectra from CH I are compared with calculations,
using a model of a multiple-ion Coulomb ‘‘ex-
plosion.”’

ELECTRON SHAKE-OFF RESULTING FROM K-SHELL {ONIZATION IN NEON MEASURED AS A
FUNCTION OF PHOTOEL ECTRON VELOCITY'

T. A. Carlson

The relative abundances of the differently
charged ions that result from photo-ionization in
the K shell of neon were measured with a specially
Results were ob-

tained as a function of the x-ray energy from 17.5

designed mass spectrometer.

to 0.93 kev with the aid of characteristic lines
from a variety of targets. The charge spectrum
at 1.5 kev is as follows: Ne+, 8.1 +0.7; NeZ+,
100 +0.7; Ne®®, 29.6 +0.4; Ne**, 4.3 £0.2; Ne5*,
0.4 £ 0.1. At higher energies the spectrum, with
the exception of charge 1, remained essentially
the same. At lower energies, however, the relative
abundances for ions of charges greater than 2
began to drop at about 300 ev above the K edge

lAbstract of paper to be submitted to the Physical
Review,

M. O. Krause

of neon, where the velocity of the photoelectron
is 1.0 x 10° cm/sec. From this data and from
previous data taken with x rays just above the
K edge, the extent of electron shake-off arising
from photo-ionization has been assessed. Spe-
cifically, it was found that when the photoelectron
leaves the K shell of neon with a velocity high
enough to give validity to the sudden approxima-
tion, there is about an 18% probability for electron
shake-off, which agrees well with calculations.
In addition, the amount of electron shake-off has
been experimentally obtained under conditions
where the sudden approximation no longer holds.
Finally, it has been possible to set upper limits
for the probability of double K and KL photo-
electron emission, which cannot arise from electron
shake-off. They are 1 and 5% respectively.

MULTIPLE IONIZATION IN ATOMS AND ITS RELATIONSHIP WITH ELECTRON CORRELATION

T. A. Carlson

This report gives the results of an investigation
on photo-ionization in the outer shells of He, Ne,
and Ar. These results have shown that the process
often occurs with the ejection of more than one

electron. Likewise, double electron emission has

M. O. Krause

been found with Auger processes, namely, the
K-LL transition in Ne (ref. 1) and the L-MM transi-
tion in Ar.

s U Carlson and M. O. Krause, submitted to Phys-
ical Review Letters.
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2+3 on the extent of ioniza-

Earlier measurements
tion resulting from atomic readjustment to inner
shell vacancies showed more than had been pre-
dicted by calculations, based on models depicting
photo-ionization and subsequent Auger processes
as events that involve the emission of only one
electron. In the present studies this ‘‘excess
ionization’’ has been examined more carefully by
avoidance of the complexities of readjustment to
vacancies in the inner shells. That is, a vacancy
produced in the outermost shell of the rare gases
cannot give rise to subsequent Auger processes,
and ionization may be attributed solely to photo-
electron emission. In the case of Auger processes,
we have avoided complexity by producing a va-
cancy in the penultimate shell with x rays having
only enough energy to cause photo-ionization, but
not enough to give rise to any additional electron
excitation and/or removal, so that ‘‘excess ioniza-
tion”’ must arise only from the single Auger proc-
ess allowed,

The investigation of multiple ionization was
based on measurements of the relative abundances
of the differently charged ions formed as the result

of x irradiation. The studies were carried out with

IM. 0. Krause et al., Phys. Rev. 133, A385 (1964).

3T, A, Carlson and M. O. Krause, to be published in
the Physical Review.

a specially designed mass spectrometer at gas
pressures low enough to preclude ion-molecule
reactions. The equipment and experimental pro-

cedures have been described elsewhere. ®

Results

In Table 1 are listed the charge spectra for He,
Ne, and Ar ions, formed as the result of x irradia-
tion. In each case only photo-ionization in the
outer shell is energetically possible. We discover,
therefore, that multiple electron ejection in photo-
ionization is a rather common event for the outer
shells. It will be also noted from Table 1 that
the extent of multiple ionization is fairly constant
Pre-
vious to these studies, the only other experimental

over a fairly wide range of x-ray energies.

determination of double photo-ionization was ob-
tained from absorption data of Ar in which electron
ejection from the M shell accompanied K photo-
ionization in about 1 to 3% of the cases.*'® This
value was obtained under conditions where contri-
butions from electron shake-off were supposedly
negligible,

‘1. w. Schnopper, Phys. Rev. 131, 1558 (1963),

5C. Bonnelle and F. Wuilleumier, Compt. Rend. 256,
5106 (1963).

Table 1. Multiple lonization as the Result of Photoelectron Emission in the Outer Shells of Rare Gases

X rays are produced by bombarding a W target with electrons of energy Eﬁ

1daXx

Relative Abundance

Charge

He Ne Ar
of Ion -
A B o} D B C E F G
1 100 100 100 100 100 100 100 100 100
2 4.0 £1.4 3.8 0.4 3.4 £0.4 11 +4 13.7 £ 0.5 11.8 + 0.6 11 =3 17 =2 14 +2
3 2 t2 0.8 0.1 0.4 £0.1 0.9 tJ.6
A: Emax = 3.4 kev; filter = 450 ,ug/cmz of Ni.
B: Emax = 800 ev; filter =230 p‘g/ch of polystyrene.
C: E_]ax =300 ev; filter = 65 ug/ch of polystyrene.
D: Emax =850 ev; filter =450 ,ug/cm2 of Cu +110 LLg/(:m2 of polystyrene.
E: Emax =236 ev; filter = 230 ,ug/cmz of polystyrene.
F: Emax =236 ev; filter = 65 ,ug,/cm“‘ of polystyrene.
G. E =220 ev; filter = 65 /-bg,/CmZ of polystyrene.

max



Table 2. Study of Multiple lonization Following

the Ly yuvmM Auger Transition

. ~ a .
Relative Abundance at Lmax(ev) of:

Ton

400 315 276 265
Ar 13.0 £0.7 25 +1 64 15 73 £ 5
a2t 100 100 100 100
AT 118 +0.7 112 £1.1 104 +1.4 9.5 +1.0

“Maximum energy of bremsstrahlung as produced from

. 2 .

W target and passed through filter of 230 we/fem” of
polystyrene.

In Table 2 are listed results on Ar in which
vacancies were principally formed in the L
shell.
from a tungsten tatget as passed through a 230-
pg/cm? polystyrene filter.
are the results in the last column, for in this run

11,111
The x-ray source was the bremsstrahlung

Of particular interest

the maximum energy (Emax) possible for an x ray
was 265 ev. T

cies are created by x rays with energy insufficient
to create further jonization. (The LwIII binding
energies are 244 and 246 ev, and the minimum

Under this condition, L vacan-

energy necessary to remove an extra electron is
about 29 ev higher.®) In such an event one should
expect to find only Ar?* since photo-ionization
can remove only one electron, while the Lu,III'MM
Auger process (which occurs with nearly 100%
probability) will eject a second.
charge are evidence for multiple ionization result-

lons of higher

ing from the Auger process. Vacancies can also
be produced in the M shell, but they give rise
primarily to Ar®, and the small contribution of
the more highly charged ions can be evaluated
from the charge spectra of Ar in Table 1.
the polystyrene filter strongly transmits x rays
just below the carbon edge (284 ev), most of the
L vacancies formed in the other mns given in
Table 2 occur with x rays of energies below 284

Since

SThe jonization potential for Ar+ with a 2p hole has
been obtained (1) from a Hartree-Fock solution for Ar+
with the proper configuration (29 ev) and (2) by inter-
polating between the ionization potential for K II and
Ar I with the help of Slater’s rules for screening con-

stants (29 ev).

11

ev, thus essentially eliminating the chance for
producing vacancies in the L shell, whose binding
energy is 287 ev. X rays of energies between
284 and 273 ev can also give rise to multiple
photo-ionization, and the differences between the
data taken at higher E_ and the results in the
last column are due to contributions from double

photo-ionization,

Electron Shake-Off

Part of the multiple ionization observed both
in photo-ionization and in Auger processes comes
from electron shake-off as the result of a sudden
change in effective charge.  This contribution
can be calculated by use of the sudden approxima-

tion from the following equation:

P

. )

=1 = Uk, dri?,

where P . is the probability for an electron to
vacate its shell as given by the principal and
angular quantum numbers, n and I, and i, and ¢/,
are single electron wave functions for the initial
Solutions to the wave functions
were obtained from Hartree-Fock calculations for
the appropriate configurations.”  Since not all
electrons, upon vacating their shell, go into the
continuum, these calculations represent an upper
limit to shake-off, although most vacancies do
result in ionization.® In the case of helium, wave
functions for all the bound states of He ¥, including
the excited states, are well known; so we may
calculate all transitions that will not lead to
ionization and,

and final states,

upon subtracting these values
from unity, obtain a more exact probability for
ionization. The results of the electron shake-off
calculations are given in column 3 of Table 3.
It can be seen that, in every case, electron shake-
off is unable to account for the bulk of the ob-
setved ‘‘excess ionization.”” We have assigned

this role to the phenomena of electron correlation,

7These solutions were computed on the 1604-A from a
code devised by Charlotte Froese.

8'I‘houg»;h this iz not the case in He, it does seem to
be true for the other rare gases lcf. A. E. S. Green,
Phys. Rev. 107, 1646 (1957); T. A. Carlson, Phys. Rev.
130, 2361 (1963)].
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Table 3. Summary of Studies Showing Possible Contributions to Multiple lonization from Electron Correlation

Percent of Excess lonization

Study Electron Electron
Experiment Shake-Off® Correlation®
Photo-ionization in K shell of He 3.7 1.0 2.7
Photo-ionization in L. shell of Ne 12.7 4.6 8.1
Photo-ionization in M shell of Ar 13.5 3.8 9.7
Photo-ionization in K shell of Ne <1°
K-L.I. Auger process in Ne 7.5 0.5 7.0
L-MM Auger process in Ar 9.2 0.7 8.5

ZiExcept for He these calculated values represent an upper limit,

bExperiment — eclectron shake-off. This unexplained remainder is interpreted as arising from the effects of elec-

tron correlation,

“This value was arrived at from an interpretation of data taken with x-ray energies in excess of double K ioniza-

tion.

Electron Correlation

A description of photo-ionization or an Auger
process usually avoids the many-body aspect of
the atom. To designate the initial and final states
as many-electron-wave functions in the form of
antisymmetrized sums of products of orthogonalized
single-electron states means that a pertuibing
energy in the fomn of a one-particle operator
(photo-ionization) can eject only one electron.
Similarly, a perturbing energy in the form of a
two-electron operator (Coulomb interaction) may
involve only two electrons, of which one is in
the continuum in the case of an Auger process.
With real functions, we expect departures from
these rules of the magnitude determined by the
electron correlation present in the actual states.

Recent experimental results on multiple exci-
tation by far-ultraviolet radiation have prompted
Fano and Cooper? to initiate theoretical investi-
gations into the problem of electron correlation.
It is hoped that the present work on multiple
ionization will help form a wider experimental base
for the many-body problem of the atom. In the
absence of a fully-worked-out theory with which
to compare our results, some generalizations might

?U. Fano and J. W. Cooper, to be published.

be made regarding the ‘‘excess ionization,’’ which
we have interpreted as being related to electron
correlation (cf. column 4, Table 3).

1. The extent of ionization in the outer octet
(i.e., for Ne and Ar) seems to be independent
of Z, although let it be noted that the effective
charge in both these cases does not change ap-
preciably.

2. Additional electron ejection is independent
of the nature of the process initiating the ioniza-
tion, but depends on the particular shell of the
particular atom in which the primary electron is
removed. That is, an Auger event produces about
the same amount of “‘excess ionization’ as does
photoelectron emission, when one compares the
same shell of the same atom from which the primary
electron is emitted, although the comparison is
complicated by the fact that in an Auger process
a second electron drops into the inner shell va-
cancy.

3. Examination of the extent of ionization in
the K shells of He and Ne shows a decrease in
““excess ionization’ with Z. Oversimplifying the
picture, one might expect that an increase in ef-
fective charge causes a corresponding increase
in the central potential, but does not substantially
alter the interaction between the electrons of a
given shell, thereby lessening the effects of elec-
tron correlation.
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EXPERIMENTAL EVIDENCE FOR DOUBLE ELECTRON EMISSION IN AN AUGER PROCESS!

T. A. Carlson

Measurements were made on the relative abun-
dances of neon ions resulting from photo-ionization
with x rays of energies just above the K edge.
At these energies no multiple ionization can arise
directly from the photoelectron emission but must

lAbstract of paper submitted to Physical Review
Letters,

M. O. Krause

be attributed to the subsequent X-LI. Auger proc-
ess. From the relative abundance of Ne®® to
Ne?', it was determined that (7.5 + 1.0)% double
electron ejection occurs in the K-L.£L, Auger process

of neon. Calculation of contributions from electron

shake-off accounted for only 0.5%, and therefore
it is suggested that the

from the phenomena of electron correlation.

““excess ionization’ comes

ATOMIC READJUSTMENT TO VACANCIES IN THE K AND L SHELLS OF ARGON'

T. A, Carlson

The relative abundances have been measured for
the argon ions formed as the result of atomic re-
adjustment to vacancies in the K and L shells of
argon. Initial vacancies were produced by x rays,
and the ions were analyzed with a magnetic spec-
trometer such as that used by Snell and Pleasanton
in their work on radicactive rare gases. A new
soutce volume for extracting the ions was used
Measuremernts were made of

charge spectra resulting from x rays of the ap-

and is described.

TAbstract of paper to be published in the Physical
Review.

M. O. Krause

proximate energies, 17.5, 4.5, 1.5, and 1.0 kev.
The spectra obtained with x-ray energies above
the K edge of argon bore a close resemblance to
that obtained from *7Ar ~E€337Cl.  For compar-
ison with the experimental results, each of the
charge spectra was computed from knowledge of
radiative and Auger transition rates. In addition,
calculations were made of the electron shake-off
that arises from sudden changes in the effective
charge. In general, the agreement between the
calculated and the experimental values is good,
although there is some evidence that there may
be other sources of additional ionization.

DETERMINATION OF THE L ENERGY LEVELS IN KRYPTON BY THE PHOTOELECTRON METHOD'

M. O. Krause

Energies of the photoelectrons Kr L, Mo

L), Kr L (Mo L), Kr L(Ti K ), and Kr L (Cr K )

"Abstract of paper to be submitted to the Physical
Review,

were measured with a 90° electrostatic analyzer
having spherical sector plates.
radiated in the gaseous phase.

Krypton was ir-
The binding ener-
gies of the krypton L electrons were determined
with an accuracy of about 1 ev as follows: LI
1922 ev, L =1727 ev, L =1675ev.



INFRARED SPECTRAL STUDY OF SECOND-ORDER TRANSITIONS IN CF,

R. G. Steinhardt !

The infrared spectra of CF in the liquid and in
the solid state have been recorded at many dif-
ferent temperatures, using a low-temperature liquid
cell.? Three absorption bands were studied, the
v, fundamental and the combination bands (1/4 + vl)
and (1/4 - 1/2). All other absorptions were either
too weak, too intense (the fundamental ]"3)' or so
badly overlapped by other bands that the contours
could not be accurately determined.

The v, and (1/4 + 1/‘1) absorptions exhibit large
discontinuous changes in band width at the second-
order transition temperature (76°K), and smaller
discontinuous changes upon passing through the
melting point. The second-order transition dis-

continuity occurs over an experimental temperature

"Hollins College, Hollins College, Va.

ZR. G. Steinhardt, M. W. Jordan, and G. E. §. Fetsch,
following paper in this report.
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range of less than %°K. This is the first reported
observation of such a transition in infrared spectra.
The change in the fundamental 1, is shown in
Fig. 1. The combination band (v, + v ) shows
virtually no change at either the first-order (melting
point) or second-order transition temperatures,
as shown in Fig. 2. It appears from the half-widths
and integrated absorbance that the absorption
by this band is not influenced by the onset of
restricted rotational motion in the lattice.

In an attempt to explain this spectral behavior,
the theory of Guthrie and McCullough® was reex-
amined, and calculations were made for CF‘4
molecules in various orientations in the lattice.
It was indicated that the second-order transition
is a transition from molecules librating about a
single equilibrium orientation (probably one T,
orientation) to molecules able to reorient between

all the Td and C3V orientations. Such a transition

3G. B. Guthrie and J. P. McCullough, J. Phys. Chem.
Solids 18, 53 (1961).
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gives an entropy change in agreement with that
of Eucken and Schroder.® The model also is con-
sistent with the nuclear magnetic resonance data
of Aston, Stottlemeyer, and Murray. 3

*A. Eucken and E. Schroder, Z. Physik. Chem. BA41,
307 (1938).

5]. G. Aston, Q. R. Stottlemeyer, and G. R. Murray,
J. Am. Chem. Soc. 82, 1281 (1960).

There is as yet no explanation for the observed
difference in behavior of the (1/4 + v,) band.
Calculations are continuing, based on our model
of the CF , orientations, and more precise infrared
measurements, analyzed by computer, are expected
to provide better data on the absorptions already
studied and to provide band width and intensity
data on additional bands.

INFRARED ABSORPTION SPECTRA OF LIQUID BORON TRIFLUORIDE'

R. G. Steinhardt?

The absorption spectrum of liquid BF | at 163°K
has been experimentally studied from 400 to 3000
em ™!, Virtually all of the absorption peaks have
been positively identified and compared with
previous infrared studies of BF  in the solid and

!Abstract of paper submitted to the Journal of Chem-
ical Physics. Work performed at ORNL under ORINS
contract S807.

*Hollins College, Hollins College, Va.

M. W. Jordan?

G. E. S. Fetsch?

gaseous states, as well as with a previous Raman
study of the liquid. There is no evidence of an
appreciable  concentration of dimer in the liquid.
However, the magnitude of the frequency shift of
the symmetrical bending mode in comparing the
gas with the liquid sugpests that there may be
appreciable association in the liquid as well as
in the solid. Previous reports of anomalies in the
viscosity and entropy of vaporization of BF | have
been shown to be in error.

LOW-TEMPERATURE LIQUID INFRARED ABSORPTION CELL

H. W. Morgan

The physical characteristics of infrared trans-
parent materials have made difficult the design
and construction of liquid or gas absorption cells
which remain vacuum tight when cycled over a
large temperature range. A rather complex liquid
cell for low temperatures was described by Holden
et al.,? while simpler cells have been used by

"ollins College, Hollins College, Va.

QR. B. Holden, W. J. Taylor, and H. L. Johnston,
J. Opt. Soc. Am. 40, 757 (1950).

P. A, Staats

R. G. Steinhardt!

McMahon et al.® and Ewing.* Each of these cells
has had some disadvantage in complexity, in
sample volume, or in versatility.

A low-temperature liquid cell has been con-
structed by modification of the conventional sealed
infrared cell. It has been repeatedly cycled through

the range 300~-77°K; by the use of various liquids

3H. O. McMahon, R. M. Hainer, and G. W. King, J. Opt.
Soc. Am, 39, 786 (1949).

*G. E. Ewing, J. Chem. Phys. 37, 2250 (1962).



at their boiling or freezing points, the cell has
been maintained at fixed intermediate temperatures
for extended periods. The liquid cell is formed by a
gold-foil spacer pressed between two circular win-
dows. The windows must have some plasticity to
make a vacuum-tight seal. Cesium broinide is nor-
mally used, though silver chloride works satis-
factorily and is less subject to chemical attack.
The cell is sealed by pressure applied through
a specially designed ring, as shown in Fig. 1.
Pressure is applied through eight bolts distributed
around the perimeter. These bolts are tightened
until the ring shows a slight deformation. Two
small pieces of gold foil placed near the center
in cell

thickness as the window deforms slightly under

of the sample area minimize changes

The sample area has a maximum aper-
ture of 1 in., which may be reduced by the design

pressure.

of the spacer. Access to the sample volume is

1

/32-in.-ID stainless steel tubes

connected to valves outside the vacuum jacket.

provided by two

A vacuum-tight seal of the access lines to the
cell is made by an indium gasket.

The cell is cooled by conduction, the housing
being a part of the base of a thin-walled stainless
steel Dewar. in a vacuum
infrared transmitting windows.

To minimize radiation loss and to prevent cor-

The Dewar mounts

jacket with two
rosion, all parts of the cell other than windows
and stainless steel are gold plated.

For use with condensable gases, one access
line is coupled to the gas supply and the second
to a vacuum line. After evacuation of the cell
and vacuum jacket, the Dewar is cooled to the
temperature at which the gas will liquefy, and

the sample is admitted into the cell. When the
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liquid level has passed the top of the sample
area, the access line is sealed and the spectrum
taken. The sample can usually be removed by
applying vacuum to the access tubing, and the
cell immediately checked if necessary for window
bands.
the cell by suction or pressure, at room tempera-
ture, and the Dewar is then cooled.

The cell operates reliably and is simple to as-

In using liquids, the sample is placed in

semble and disassemble for cleaning or modifica-
tion. Spectra have been recorded of liquid methane,
ethane, and other hydrocarbons, as well as liquid
BF, and solutions of BF, in liquid Xe.
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Low-Temperature Infrared Cell.

SIMPLIFIED CONSTRUCTION OF A HELIUM-NEON VISIBLE LASER'

K. L. Vander Sluis
H. W. Morgan

Detailed instructions are given for the construc-
tion of a simple, inexpensive dc-powered helium-

neon laser with 6328 A output. The design is for

!Abstract of paper accepted by the American Journal
of Physics for publication in March 1965.

G. K. Werner
O. B. Rudolph

P. M. Griffin
P. A, Staats

a 60-cm confocal resonator with a few milliwatts of
coherent power output and rich mode structure.
Variations to the basic design are suggested.
Basic demonstrations that can be performed with
the laser are described.
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EFFECT OF PLASMA POTENTIAL ON MINIMUM-B STABILITY!

T. K. Fowler

The early proofs that magnetic wells (minimum-B)
inhibit interchange instabilities applied only to
charge-neutral plasmas at low pressure. Recently,
Hastie and Taylor? have shown that stability
persists to high plasma pressure. We have now
found that stability persists also despite the siz-
able plasma potential expected to develop because
ion and electron loss rates
The potential ¢ has two
destabilizing influences: interchange moves a net
charge outward from the charge center and thereby
reduces the potential energy, and it moves a net

of the difference in
with mirror confinement.

charge toward weaker fields and thereby reduces
E x B drift energy. However, since we find that
Ve and VB are parallel, in a magnetic well these

LAbstract of paper submitted to the Physics of Fluids.

R, J. Hastie and J. B. Taylor, Phys. Letters 9, 241
(1964); Phys. Rev. Letters 13, 123 (1964).

energy decreases are always compeasated by an
increase in magnetic potential, uB. We estimate
e ~ T, and |V In 7' ~ R, the plasma radius.
Then the changes in electric potential energy
and drift energy are smaller than the change in
magnetic potential by factors ()\De/R)Z(B/z,\B) and
(ai/R)z(B/AB) respectively, where Aue is the
Debye length, a, the ion gyroradius, and AB the
magnetic well depth.  Thus previous stability
criteria, neglecting the electric energies, remain
valid, and stability is assured if the plasma pres-
sure the magnetic minimum.?
Equilibria having this property can be exhibited.
Recent

is maximum at
experiments by Gibbons and Lazar in
which flutes in arcs are suppressed by very shal-
low magnetic wells give qualitative suppott: to
our results.

3J. B. Taylor, Phys. Fluids 7, 767 (1964); H, P, Furth,
Phys, Rev, Lefters 11, 308 (1963),

BOUNDS ON PLASMA FLUCTUATIONS AND ANOMALOUS DIF FUSION'

T. K. Fowler

Upper limits on the intensity and growth rate of
plasma fluctuations are calculated frem purely
thermodynamic considerations. From these limits
an upper bound on diffusion across a magnetic
field by microinstabilities is estimated. Experi-
mental results do not violate the bound. At low 8
the dominant contribution to the bound is thermal
energy which feeds fluctuations through a mech-
anism akin to expansion cooling of a gas, possible
only in finite plasmas. A rapid decrease in
anomalous diffusion in dischatge afterglows when
the radius R exceeds a critical value, Ro ~ 10--20
ion gyroradii, can be explained if the instability

radial wavelength, a parameter in the theory, is

TAbstract of paper submitted to the Physics of Fluids.

testricted to SVRO. Then the bound on the
stochastic diffusion coefficient decreases like R~
if R >R, . With this restriction on wavelength,
the bound used as
quately long thermonuclear confinement (~0.1 sec)
in a torus of 100-cm minor radius if the torus is
stabilized against frequencies below the ion
cyclotron frequency, now perhaps feasible. Other-
wise, low-frequency resonant diffusion may limit
containment. This result holds at least up to 8 of

o

a scaling law predicts ade-

a few percent.

Bounds on velocity diffusion are obtained, also.
Both spatial and velocity diffusion are slow if
electrons are cold compared with ions, which may
account for observations in plasmas created by
energetic ion injection.
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AMBIPOLAR SCATTERING LOSSES FROM MAGNETIC MIRRORS'

T. K. Fowler

A previous investigation® of ambipolar scattering
losses of plasmas confined by magnetic mirrors
has been extended. The aim is to cover specif-
ically the new class of experiments initiated by
loffe,* which are designed to test the minimum-B
stabilization principle.® Characteristically, the
mirror ratio in these experiments is small, and
often T /T, ~ 0.1, so that a sizable plasma po-
For
species, the plasma potential effectively weakens

the mirror still more, thereby enhancing losses.

tential presumably develops. one charge

It is, of course, essential in these experiments
to distinguish between the instabilities one seeks
to cure and more ordinary plasma losses. The
temperature is often not high, ~1 kev, whence
scattering is a quite competitive loss, and even
small enhancement factors may be significant.
Generally, the electrons escape through mirrors
more readily than ions, so that the potential is
positive. If electron and ion currents, I, and [
are equal, in principle the ambipolar potential
can sufficiently weaken the effective mirror seen
by the ions to equate the ion loss rate to that of
the electrons, an enhancement of (mi/me)l/2 =43
(H+ ions). However, in practice the enhancement
is less unless microinstabilities play a role. The
reason is that the potential ¢ reduces the scat-
tering time but not the ion velocity diffusion time.
Only ions with energy very near ¢ are lost rapidly.
Unless the ion distribution is a & function at ¢,

YAbstract of published paper: [J. Nucl. Energy: Pt. C
6, 513 (1964),

2 Lo
Thermonuclear Division.

3T. K. Fowler and M. Rankin, J. Nucl. Energy: Pt. C
4, 311 (1962).

*yu. D. Gott, M. S. Ioffe, and V. G. Telkovsky, Nucl.
Fusion, Suppl., Vol. III, 1045 (1962).

5. B. Taylor, Phys. Fluids 6, 1529 (1963).

M. Rankin?

the average loss time is the velocity diffusion
time 7 _in order to reach this lossy region,

7, AT, ~ $)/m D, 1)
where D_ is the velocity diffusion constant. For
diffusion by collisions, 7 is of the order of the
scattering time; hence little enhancement. In that
case the potential acts to equate I, =1 , not by
ejecting ions but by trapping electrons. On the

other hand, if D were enhanced by microinsta-
bilities, the ion losses would be greater. Lacking
instability enhancements,

restrict ourselves to the classical case.

information about we

The scattering time is determined by solving the
ion and electron steady-state Fokker-Planck equa-
tions discussed by Fowler and Rankin.® However,
the simple scattering formula there has been re-
placed by that recommended by Bing and Roberts, ¢
which is more accurate for small mirror ratios, R.
As we are interested in the possibility that scat-
tering dominates, charge-exchange losses are
omitted.

Oanly the product n7 is determined by the cal-
culation, where n is the ion density and 7 is the
ion lifetime. The result is

nT=2x10°E}/*, 2
where E0 is the ion injection energy in kev. The
actual lifetime and density depend on I, through
the relation

I,7=nV,

(3)

where V is the plasma volume.

5G. ¥. Bing and J. E. Roberts, Phys. Fluids 4, 1039
(1961).



19

IMAGE FORMATION IN A HIiGH-RESOLUTION ELECTRON MICROSCOPE

T. A. Welton

A series of calculations have been performed to
explore the feasibility of molecular structure de-
termination by use of a suitably designed electron
microscope. It has first been shown that the
spherical aberration of the conventional micro-
scope objective, which presently limits resolution
to 5 or 6 A, can be compensated by inserting in
the path of the beam a conducting film (graphite,
50-100 A thick). This film is to be maintained
at an apparently feasible negative potential with
tespect to symmetrically placed, pierced, grounded
electrodes on either side of the film. ¥ the illu-
minating beam is suitably monoenergetic (6V/V =
1079, if coherence is maintained over the illu-
minated area (100 x 100 A, roughly), if a vacuum
of 1077 torr can be maintained, and if suitable
mechanical stability and electronic registration
can be provided, a high-resolution instrument of
very superior performance can be produced. All
these features are presently being considered,
and the conclusion is strong that feasibility seems
extremely likely. In anticipation of the probable
existence of such an instrument, a careful study
of image formation in electron microscopes has
been undertaken.

We are particularly concemed with the question
of atomic visibility, with a view to the possible
use of such an instrument as a supplement to the
growing repertoire of techniques for determining
the necessary details of the exceedingly complex
molecuies of biological interest. We have accord-
ingly developed a set of CDC 1604-A programs
for calculating electron inteasity distributions in
the image plane under various assumptions as to
defocus, primary and secondary spherical aber-
ration, chromatic aberration, atomic number of the
object atoms, and their spacing and location in
the object plane, as well as other parameters of
interest.

We have assumed, for convenience, thai a given
atom has a charge distribution which is given by
the universal Fermi-Thomas function, and have
verified that no large errors from this source are
to be anticipated.
typical off-axis aberrations (e.g., coma) as being
unimportant in the actual instrument, as well as

We have further ignored the

astigmatism (which is, in practice, correctable to

the attainable resolution). The result is a particu-
larly convenient computation scheme in which the
image plane amplitudes due to atoms of various
atomic numbers are first calculated as a function
of radial distance from the image center and stored
on magnetic tape. Another program then adds
these amplitudes, with prescribed lateral displace-
ments, to take care of all the atoms in the object
plane. This resultant amplitude is then squared
and stored on tape. This tape is then processed
by a routine which produces a tape for the plotter,
which scans repeatedly across the paper, with the
pen rising and falling to deposit ink in accordance
with the stored intensity information. The result
is a reasonably true rendition of the contrast to
The ele-
mentary intensities due to single atoms can also
be printed out, and detailed tables have been pre-
pared for a wide range of conditions.
The conclusions to date are as follows:

(100-kev, 1072
radian aperture, 5-A resolution), when properly

be expected in an actual instrument.

1. A conventional instrument
defocused for optimum phase contrast, can
yield only about 5% contrast (intensity incre-
ment at image center/background intensity)
for a carbon atom, For a heavy atom such as
gold or osmium, this increases to about 20%,
which is marginally feasible for observation.
2. Ahigh-resolution instrument (100-kev, 4 x 16~ 2-
tadian aperture, 1-A resolution, with improve-
ments listed earlier) will yield about 25%
contrast for carbon, 200% for bromine, and cor-
respondingly higher figures for heavier atoms.

3. Radiation damage restrictions place a stringent
limitation on the atomic location information
which can be extracted from a single molecule,
For a typical biological molecule, a total dose
of 10? electrons/A? will cause very serious
rebonding and consequent structural distor-
tions., It will accordingly be necessary to
piece together records of runs on many different
molecules of the same substance (similarly
oriented, if possible) in order to obtain con-
vincing structures,

4. For selected problems in molecular biology,

such a high-tesolution electron microscope



offers a valuable supplement to existing methods
(e.g., x-ray diffraction for suitable crystalline
substances). Simple viewing of the molecule
of interest will not be possible, but information
can be obtained from which a useful picture

can be constructed.

The study of the DNA sequence problem is a par-
ticularly attractive possibility for the high-resolu-
tion microscope, because of the known possibility
of loading halogen-substituted nucleotides into
DNA by genetic and biochemical tricks.

Figure 1 shows a useful summary of much of the
data obtained. The numbers are for the case of no
aberrations, perfect focus, finite objective aperture,
and ideal phase contrast. Comparison with the
other results obtained shows that these ideal
numbers can be applied to useful, nonideal situa-
tions. Nearly ideal phase contrast can be obtained
by a small amount of defocus, which does not ap-
In addition, the aber-
rations produce only a small effect if the aperture

preciably impair resolution.

20

is kept below the actual optimum aperture for a
given aberrational situation. We write

~Cl-C/H=C,

(1)

where

[(>0) = background intensity,
I(r) = intensity at distance r from image center,
C = contrast (for C/4 << 1, at any rate).

If phase contrast is obtained by defocus, the sign
of C should be reversed. The contrast can be
written as a universal function by introducing a
new function F, and use of a scaled radial variable

C(r,Z,V,a) = Z(10°/V) /2

><F(Zl/31',2_1’/3(1(V/105)1/2> (2)
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where

Z = atomic number,

V = beam energy in volts,

o = objective aperture in radians,

r = distance in angstroms from image center
(assuming unit magnification).

On the left we give the scale of F, the ““univer-
sal’’ contrast function, while a scale for the actual
contrast in the case of carbon is given on the
right. At the bottom is the scale for the “‘univer-
sal’”’ radial variable, while at the top is the cor-
responding scale in angstroms for carbon, We
have taken V = 10% v for the carbon numbers, The
curve labeled (0 = ) gives the theoretical case
of perfect resolution and just follows the curve
for the Fermi-Thomas poteatial, integrated through
the atom along the beam direction and projected
on to the object plane. The curve marked (¢ = 0.04
radian) gives the high-resolution result for carbon,
or results at somewhat differing conditions for
other atoms. The curve marked (0,02 radian) is
an intermediate-resolution instrument (™2.5 A),
viewing carbon. The lowest curve, marked (0.00894
radian), is essentially a conventional instrument
viewing carbon. Remembering the Z'/° conversion
factors, we see that the intermediate-resolution
curve will also describe the situation for o = 0,04
radian and Z = 48, V = 10%, or for Z = 6, V
0.75 x 105, for example.

Figure 2 shows a sample image plane intensity
plot for the conventional instrument when eight
bromine atoms are placed 3.4 A apart in the form
of a hollow square. Conirast has been achieved
by defocus, but neither the contrast nor the resolu-
tion is adequate for useful measurement. Figure
3, on the other hand, shows the same atomic con-
figuration at high resolution. Note the high visi-
bitity of the bromine atoms, which are spaced
roughly as they might be in bromine-substituted
DNA., Complicated thres-dimensional structures
present much more severe problems, and an attempt
is being made to investigate the limitations on the
determination of such structures imposed by con-
siderations of statistical errors in electron in-
tensity distributions and other practical problems.
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RELATIVISTIC QUARTUM MECHANICS WITH A FUNDAMEMTAL LENGTH

T. A. Welton

A formalism has been constructed for the system-
atic introduction of a fundamental length into rel-
ativistic quantum mechanics by use of noncommut-
ing coordinate operators. The theory is in principle
not Lorentz invariant, although this can become
experimentally manifest only under conditions
which are extremely difficult to achieve, the re-
cently observed apparent failure of CP invariance
in the decay of the neutral K meson being possibly
such a manifestation. A systematic investigation
has been performed of the value of the new length

constant (a) required by a number of experimental
results. A value for aof as much as 0.3 fermi would
be allowed by all experimental results, while a
value less than about 0.2 fermi would be uncom-
fortably small for some purposes. A form factor
exp (= k*a?/2) is predicted for the electron-electron
scattering. As an interesting by-product, a formu-
lation of weak interaction theory is given with the
length a obviating in a natural way the theoretical
need for the presently unobserved intermediate

boson. (A paper is being written for publication.)

HARTREE-FOCK CALCULATIONS OF FINITE NUCLEI]

K. T. R. Davies

There has been much interest in recent years
in calculating finite nuclei by various kinds of
Hartree-Fock methods, ? starting from a ‘‘realistic”
two-body interaction. From such calculations, one
can obtain, throughout the pe:odic table, many
interesting nuclear properties, for example, ground-
state energies of nuclei, single-particle levels,
nuclear deformations, gaps, and other
quantities which follow from these,

In our research we have been concentrating on
two related phases of the Hartree-Fock program:
(1) the determination of a two-body force or “ef-
fective interaction,’” and (2) methods for evaluat-
ing the most general types of two-body matrix
elements one is likely to encounter in a Hartree-
The second phase of the work

energy

J

Fock calculation.
is most important, since we want to have available
computer programs which can be used to treat any
two-body force, not just the particular interaction
that we propose. These two phases of the research
will now be discussed in more detail.

ICamegie Institute of Technology, Pittsburgh, Pa.

2 . .
Hartree<Bogoliubov theory may be necessary in some

cases. This 1is the generalization of Hartree-Fock
theory in order to include pairing effects. See, for
example, M. Baranger in 1962 Cargese Lectures in

Theoretical Physics (ed. by M.
jamin, New York, 1963.

Levy), p. V=653, Ben-

M. Baranger'

Determination of the Two-Body Force

We require that the interactions have the follow-
ing properties:

1. First and foremost, the matrix clements of the
force between single-particle wave functions
must be reasonably easy to calculate. Even-
tually we want to be able to treat deformed
nuclei, so it would also be desirable to have
an effective interaction which separates easily
into x, y, and z relative coordinates. For this
reason, Gaussian or combinations of Gaussian
potentials seem particularly suitable.

2. The two-body force should yield the right
energy and density of nuclear matter. This
will correctly take into account the volume term
in the Weizsacker semiempirical mass formula.

3. In order to obtain good convergence with our
Hartree-Fock approximation, we shall require
that the second-order Goldstone terms in nu-
clear matter be fairly small. This can be done
by avoiding potentials which have hard cores
or other singularities and by making the ranges
of the potential sufficiently long.

4, Some attempt should be made to fit the two-
body data with the force. The effective ranges
and scattering lengths for the singlet, even



and triplet, even potentials should be fitted,
and the s-wave phase shifts should be approx-
imately correct. In particular, the 1SU phase
shift should change sign between 200 and 300
Mev, and the 351 phase shift should become
negative somewhat above 300 Mev. An attempt
should be made to roughly fit the p-wave phase
shifts, and after tensor forces have been in-
cluded in the potential, the deuteron quadrupole
moment and the percentage of d state should
also be fitted. Trying to fit the other phase
shifts, although desirable, would undoubtedly
make the force too complicated; we will, there-
fore, concentrate only on the two-body data
mentioned above.

We have been using local, Gaussian potentials,
This
interaction is of the same form as the potential
used by Green,? although we parametrize the force
in a different way. In particular, the ranges of the
repulsive parts are not nearly as short as those
occurring in Green’s potential. So far, we have
concentrated on a very simple potential, namely,
a central force which has only singlet, even and

with velocity-dependent repulsive parts.

triplet, even terms. For this simple force, programs
have bheen written for calculating the two-body
data, the energy and density of nuclear matter,
and the second-order Goldstone terms in nuclear

Fits to the relevant data are now being
In the future we plan to treat the odd po-
tentials and also the tensor and spin-orbit parts
of the force.

matter
made.

Evaluation of Two-Body Matrix Elements

In order to calculate the most general types
of two-body matrix elements, it is necessary to
make use of the transformation oscillator

These brackets connect the wave

ot
brackets, *:°
functions for two particles in a harmonic cscillator
potential with the center-of-mass and relative
wave functions, Brody and Moshingky have tabu-
lated a large number of these brackets,® which
will be denoted as follows:

35, M. Green, Nucl., Phys. 33, 218 (1962).
M. Moshinsky, Nuel, Phys. 13, 104 (1959).

T, Al Brody and M. Moshinsky, Tables of Transfor-
mation Brackets, University of Mexico, Physics Dept.,
1960.
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(0,1 1,0, Alnl, NL; X

The total angular momentum of the system is
A nll1 and n212 pertain to particles 1 and 2; af
refers to the relative coordinates; NL to the center-
of-mass coordinates.

There exists a new method for calculating the
oscillator brackets. This method is particularly
suitable for use in Hartree-Fock calculations and
differs considerably from the approach of Brody
and Moshinsky. In the Hartree-Fock program we
do not know whether each single-particle wave
function (SPWF) will turh out to be accurately
represented by a harmonic oscillator wave function
(HOWF). It is then desirable to use the HOWF’s as
a basis for expansion of the SPWF’s, and one of
the questions we wish to investigate is how many
HOWE’s are required in order to give a good rep-
resentation of an SPWF. ‘Therefore, we want to
consider HOWF’s with large values of n and n,;
Brody and Moshinsky only calculated the brackets
for values of n, and n, up to 3.

On the other hand, it is not necessary to tabu-
late the brackets for large values of the relative
angular momentum, I, It has been shown by Kuo
and Bartanger that only [ = 0 and 1, and to a small
= 2, make appreciable contributions to
Therefore we will be
most concerned with calculating the brackets
for I =0, 1, and 2.

Our approach is thus seen to be quite different
from that of Brody and Moshinsky. They derived
an explicit expression for n, =, = 0, any 1, and
then used a recursion formula to go to higher n
and a,. To use this formula to calculate the
brackets for large values of n, and a, is much too
The method that
we are using is based on deriving an explicit ex-
pression for 1 = 0, any n and a,, and then cal-
culating brackets for 7 = 1 and ! = 2 in terms of
those with 1= 0.

extent |
nuclear matrix elements. ®

complicated for our purposes.

Actually, there are many simple nuclear calcula-
tions that one can do with a force which acts only
in relative s states, so that only the 7 = 0 brackets
are needed, Therefore, this new technique should
be of practical use, not only in Hartree-Fock
calculations, but for many other types of nuclear
computations as well. Programs for calculating
the brackets by this method are now being written,

°T. 8. Kuo (thesis), University of Pittsburgh, Pitise
burgh, Pa.
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CALCULATION OF THE PROPERTIES OF THE GROUND STATE OF 60 IN THE
BRUECKNER APPROXIMATION

R. L. Becker

The use of perturbation theory in terms of a re-
action matrix ¢ instead of the nucleon-nucleon
potential v permits calculations of nuclear prop-
erties in which realistic strong nuclear inter-
actions are used. Extensive tests of Brueckner’s
approximation, the analog of the Hartree-Fock
approximation with ¢ replacing v, have been made
for infinite nuclear matter. While it may be neces-
sary to include some higher terms in order to ob-
tain excellent agreement with the volume term in
the Weizsacker binding energy formula, it seems
that Brueckner’s approximation is a good first
approximation. Similar calculations for finite
nuclei are much more difficult because of the lack
of translation invariance.

Z have at-
tempted to use their infinite matter reaction matrix
elements in calculations for finite nuclei, but have
consistently obtained too little binding. Their
‘“local density’’ which neglects
terms involving the derivatives of the nucleon
density, has recently been tested in model calcula-
tions by Kohler.® He finds that the local density
approximation tends to seriously underestimate
the binding energy. We assume therefore that the
low binding energies obtained by Brueckner ef al.
arise from the local density approximation and
not, for example, from the inadequacy of the as-

Brueckner, Gammel, and co-workers

approximation,

sumed nucleon-nucleon interaction or the importance
of three-body clusters.

Eden and Emery* have outlined an approach to
the Brueckner closed-shell
nuclei which avoids the local density approxima-

approximation for

tion by calculating reaction matrix elements di-

rectly between shell model states. The method

'0ak Ridge Graduate Fellow from Texas A & M Uni-
versity.

’K. A. Brueckner, J. L. Gammel, and H. Weitzner,
Phys. Rev. 110, 431 (1958); K. A. Brueckner, A. M.
Lockett, and M. Rotenberg, Phys. Rev. 121, 255 (1961);
K. S. Masterson and A. M. Lockett, Phys. Rev. 129,
776 (1963).

®H. s. Kohler, “Theory of Finite Nuclei,” to be pube
lished in the Physical Review; ‘*On the Properties of
Finite Nuclei,’*® preprint.

4R. J. Eden and V. J. Emery, Proc. Roy. Soc. (London)
A248, 266 (1958).

A. D. MacKellar!

relies on the ease of expanding products of single-
particle harmonic oscillator wave functions in
terms of similar wave functions in center-of-mass
and relative coordinates. Their detailed calcula-
tions involved many approximations and relatively
crude numerical procedures, but gave promising
results for 1°0,

To date we have performed calculations for '°0
in which the details of the Eden-Emery calculation
have been improved upon in several ways. Also
greater numerical accuracy is attained, parameters
are being explored more extensively, and more
recent nucleon-nucleon potentials are being used.
A generalization of the method to permit departure
of the single-particle potential from the local
harmonic oscillator form, which requires a con-
siderable increase in complexity, is being de-
veloped.

At this time we should like to stress the im-
poriance of an accurate treatment of the tensor
force, Figure 1 contains plots of calculations of
the binding energy of 160 as a function of the
rauge parameter, «, of the single-particle potential.
For all three curves the same Gammel-Thaler
nucleon-nucleon potential was used. The curve
labeled EES is that of Eden, Emery, and Sampan-
thar.® Curve 1 differs from curve EES only in
that coupled Bethe-Goldstone egquations were
solved for u, (r) and w, (@), the s and d radial
wave functions arising from the relative ls oscil-
lator function, whereas EES had used an approxi-
mation which neglected the influence of w, _on

1s

u, .. The value of a, namely a for which the

Brueckner-Hartree-Fock self-consistency condition

<n|V|n> - X [<nm14nm> <nm\z1mn>]

m
(occupied)

is most nearly satisfied is quite different for the
two curves, Moteover, the predicted binding
energies at the respective rLO’s differ by about 25

SR. J. Eden, V. J. Emery, and S, Sampanthar, Proc.
Roy. Soc. (London) A253, 177, 186 (1959).



Mev. When the predicted binding energies are
compared at the same value of a, the difference is
even greater, 55 Mev for a = 0.5 and ~ 105 Mev
for a0 = 0.6.

A very simple kind of velocity dependence of
the single-particle potential is contained in the
Eden-Emery method through a spatially constant
term which differs from state to state. The con-
stants can be varied to most nearly satisfy the
self-consistency condition at a given value of a.
Curve 2 of Fig. 1 differs from curve 1 in taking
into account the dependence of these constants
on the state of the center-of-mass motion of the
pair. This improvement has little effect on the
nuclear radius but results in greater binding energy.
Similar calculations are being made, using the
more recent Hamada-Johnston nucleon-nucleon
potential.
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Fig. 1. Calculated Ground State Binding Energy of

t6g vs @, the Harmonic Oscillator Range Parameter.

Curves are labeled as described in the text.

A COMPUTER PROGRAM FOR LARGE-SHELL-MODEL CALCULATIONS

E. C. Halbert® J. B. McGrory

An IBM 7090 program has been written to carry
out large-shell-model calculations in which pat-
ticles are allowed to occupy several different
j shells. The technique of the calculation is
based on a second-quantized formalism developed
by J. B. French.® Particles in a given j shell
are coupled to form single-shell states guantized

g jectronuclear Division.
?‘University of Rochester, Rochester, N.Y.

3Unpublished notes.

S. S. M. Wong?  J. B. French?

in J, T, seniority, and reduced isotopic spin.
Multishell states quantized in J and T are formed
by appropriate coupling of single-shell states.
The residual interaction introduced into the
calculation in the form of appropriately antisym-
metrized two-body matrix elements, which make
up part of the program input data for each calcula-
tion. Methods for the elimination of spurious
states are incorporated in the program for those
cases in which the nuclear radial wave functions
are approximated by those of the harmonic oscil-
lator,

is



DISTOR TED-WAVE CALCULATIONS AND SPECTROSCOPIC FACTORS!

G. R. Satchler

The accuracy of spectroscopic factors obtained
from distorted-wave analysis of stripping reactions
is reviewed, and some of the remaining theoretical
problems are discussed.

1Abstract of invited paper presented at Symposium on
Nuclear Spectroscopy with Direct Reactions, Chicago,
March 0-11, 1964. Proceedings of conference pub-
lished in Nuclear Spectroscopy with Direct Reactions.
II. Proceedings, AN1.-6878, p. 23.

“FINITE-RANGE' EFFECTS IN THE DISTORTED-WAYE THEQRY
OF STRIPPING REACTIONS!

R. M. Drisko?

The effects of removing the zero-range approxi-
mation in the distorted-wave theory are shown by
exact calculation for a number of typical stripping
reactions.

G. R. Satchler

!Abstract of published paper:
(1964).

Phys. Letters 9, 342

work performed while on leave of absence from the
University of Pittsburgh, Pittsburgh, Pa.

OP TICAL-MODEL ANALYSIS OF “QUASI-ELASTIC™ (p,n) REACTIONS'

G. R. Satchler

(p,n)
transitions between isobaric analog states are
compared with the predictions of an optical model
which includes an isobaric spin-dependent potential
proportional to ¢T , where t and T are the iso-
baric spins of projectile and target respectively,
The magnitudes of the measured cross sections
indicate a strength for this potential which is

Measured differential cross sections for

!Abstract of published paper: Phys. Rev. 136, B637
(1964).

2Work performed while on leave of absence from the
University of Pittsburgh, Pittsburgh, Pa.

3 Lo
Electronuclear Division,

R. M. Drisko?

R. H. Bassel?®

close to the symmetry potential found from analy-
The shapes of
the angular distributions give strong evidence for
the radial shape of this potential to be peaked
at the nuclear surface. The calculations are made

sis of elastic proton scattering.

in the distorted-wave Born approximation, using
optical-potential parameters determined by fits
to elastic scattering. Numerical studies are made
of the sensitivity of the predictions to various
parameter changes to determine the significance

of the fits obtained to experiment. Finally, some

‘‘quasi-inelastic’’ tran-

discussion is given of the
sitions to excited isobaric states, in terms of the

collective-model description of inelastic scattering.
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THE SHELL MODEL AND INELASTIC SCATTERING BY NUCLE]

R. H. Basgel®
M. B. Johnson*

In recent years the inelastic scattering of vari-
ous projectiles from nuclei has been successfully
interpreted in tems of the collective model. This
assumes that the optical-model potential is non-
spherical. However, in order to study the conse-
quences of recent nuclear structure calculations,
using shell-model wave functions, a more detailed,
microscopic description of the interaction between
projectile and target is needed. The present
studies assume that thig arises from a two-body
force between the projectile and each target nu-
cleon. Such an interaction has the characteristics
of a one-body operator in the space of the target
nucleons, and all the apparatus of the algebra of
tensor operators is available to study its prop-
erties, such as selection rules imposed by particu-
lar assumptions about the shell-model configura-
tions.

1Ele«:’tromlclear Division.
2University of Pittsburgh, Pittsburgh, Pa,
3011 loan from Michigan State University, East Lansing.

4Participanl' in Student Cooperative Program from
Virginia Polytechnic Institute.

sGraduate student, University of Tennessee, Knoxville.

R. M. Drisko?
L. W. Owen®

R. M. Haybron®
G. R. Satchler

At high energies the impulse approximation may
be used; the effective two-body force becomes the
scattering amplitude between the projectile and a
free nucleon and may be taken from experiment.
Calculations of the scattering of 150- to 200-Mev
protons from light nuclei indicate that this can be
a very useful tool; the present need is for more
extensive and more accurate experimental data,
rather than further theoretical sophistication.
Study of the available data seems to confirm the
general validity of the hole-particle wave functions
recently proposed.

At lower energies, the effective two-body force
has to be treated phenomenologically; it is hoped
that study of nuclei whose wave functions are
reasonably well understood will determine the
parameters of the force. Some progress has been
made in this direction for proton scattering from
*0Ca, 'Y, and °%Z:r.  The scattering of alpha
particles and deuterons is also being analyzed
with this model. An attempt is being made to use,
for the alpha interaction, the optical potential
which fits nucleon-helium scattering. This in-
cludes a spin-orbit term which could give rise to
nonnormal parity transitions in inelastic alpha
scattering.

FORM FACTORS FOR NUCLEAR STRIPPING REACTIONS'

W. T. Pinkston?+3

The wave function, or form factor, to be used
for the captured particle in a stripping reaction is
discussed. It is shown that the structure of the
nucleus must be taken into account, and leads to
a set of coupled equations for this form factor.

'Abstract of paper to be submitted for publication in
Nuclear Physics.

2Work performed while on leave at the Bartol Re-
search Foundation of the Franklin Institute, Swarthmore,
Pa.

3Present address: Department of Physics, Vanderbilt
University, Nashville, Tenn.

G. R. Satchler

Approximate sclutions to these equations are
studied, and their relations to various phenomeno-
logical prescriptions for the form factor are dis-
cussed. It is stressed that if an effective one-
body potential well is used to generate the wave
function, it is probably not sufficient to merely
vary its depth; but changes in shape (particulacly
in radius) must be considered. The procedure of
using an effective binding energy different from
the separation energy is shown, in principle, to
be wrong,



SLATER INTEGRALS AND FORM FACTORS FOR INELASTIC SCATTERING
USING REALISTIC SINGLE-PARTICLE WAVE FUNCTIONS:
THE CODE ATHENA'

M. B. Johnson?

A FORTRAN code has been written for the IBM
7090 which computes Slater integrals and form

!Abstract of ORNL~TM-964.

21'—’articipant in Student Cooperative Program, from
Virginia Polytechnic Institute,

3Graduate student, University of Tennessee, Knoxville.

L. W. Owen?

factors suitable for inelastic scattering calcula-
tions, using single-particle wave functions which
are eigenstates of motion in a Woods-Saxon poten-
tial well., Two-body forces of Gauss, Yukawa,
double-Yukawa (‘‘soft core’’), and Coulomb radial
dependence may be used. Nonlocal effects on the
single-particle wave functions may be included in
the local energy approximation.

PRIOR-FORM DWBA STRIPPING PROGRAM

F. P.

A computer program is being written which cal-
culates the d-p stripping differential cross section,
using the prior form of the distorted-wave Bormn
approximation matrix element. This element in
the infinite mass approximation is written as

follows (using center-of-mass and relative co-

ordinates):
. . . R
, T f I I
T <F(‘> <R F~)G <R_-) v (R+~-)
D 2/ n 2 pI\ 2
. TR,
4 Vn[ R 5 ) - UdR(K)‘ (pd(r)i' d(R) s

where the meaning of the symbols is obvious.
The potentials and ¢, the internal deuteron wave
function, are assumed to be spherically symmetric.
We also assume the deuteron scattering potential
to be

Uyn R =V _(R) £V (R).

Then, using translation operators, we write T as

lORINS Postgraduate Fellow.

. 1
Gibson

r- <F§) - >(fé>cn(ie’)‘ 0,V (R
0V | S 0FO®))

where

0, =exp

F v N7 AW
S =, V)

{ 7 = -
-— exp E N (\V/p — \/n) .

The V, acts on V., V acts on V_, V acts
. + - ni’ —_ nl p
on [‘p, and V

acts on G . Each Taylor operator
is integrated over solid angle and expanded; for

example,

7 S
ﬁmr exp [E - (M o~ W

4Wsinh (f/i)l\”p -V,
/D, =V

o

(127, = V)"

- 22920 ¢ 1)

The resultant terms are simplified with the aid of
Green’s theorem and the Schroedinger equation.



RADIAL INTEGRALS USING REALISTIC SINGLE-PARTICLE
WAVE FUNCTIONS AND THE CODE OVERLAP'

L. W. Owen?

A FORTRAN code has been written to compute
radial integrals of a variety of radial operators,
using single-particle wave functions which are

'Abstract of ORNL-TM-958.
2Graduate student, University of Tennessee, Knoxville.

eigenstates of motion in a Woods-Saxon potential
well. The radial operators currently available
are 1, 0% n £5, and (d/dx) (e + 1)1, where
x = {r — RO)/aD. Other functional foims may be
added easily.

ANALYSIS OF THE SCATTERING OF 28-Mev ALPHA PARTICLES'

G. R, Satchler

The elastic and the inelastic scattering of 28-
Mev alpha particles from the nuclei Ne, Mg, Al, Si,
Ti, Ni, Co, Ag, Cd, and Sn have been analyzed,
using a nonspherical optical-model potential and
the distorted-wave approximation. A four-parameter

Woods~Saxon potential was used. Good fits are

1A'sztrac'c of paper submitted to Nuclear Physics.

obtained for the medinm-weight and the heavy
nuclei, qualitative {its for the lighter nuclei. 'The
deformabilities extracted are in pood agreement
with those found by other methods. Coulomb ex-
citation is found to be important for the heavy
nuclei.  Some account is taken of quadrupole
contributions to the elastic scattering from alumi-
num.

THE REACTIONS *8Ti(n,)47Sc, 160(n,d)' N,

G. Paic?
2

V. Valkovic?
M. Cerineo

108(n,d)?Be, AND *Li(n,d)°He AT 14.4 Mev'

2

I. Slaus?:3 P. Tomas

G. R. Satchler

NUCLEAR REACTIONS. *3Ti(n.d), P0(n,d), '°B(a,d), PLi(n,d), E = 14.4 Mev; measured
O(Edﬁ), 47Sc, ISN, gBe, 5He deduced levels, 77, 1, spectroscopic factors.

The reactions *3Ti(n,d)*"Sc, 180(n, ) 5N,
103(n,d)%Be, and °Li(n,d)’He have been studied

!Abstract of paper to be submitted to the Physical
Review.

2 . . .
Institute **Ruder Boskovic,?’ Zagreb, Yugoslavia.

3Present address:
Angeles,

University of California at Los

at 14.4 Mev. The absolute differential
sections have been analyzed, using the distorted-

Cross

wave method and assuming simple proton pickup.
The effects of finite range, nonlocality, and
radial cutoff have been investigated. Good fits
obtained for the reactions !°0(n,d)'°N (ground
state), 19B(n, d)°Be (ground state), and LOR(n, d)°Be
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(2.43 Mev) yield spectroscopic factors in close not yet understood. The agreement between theory
agreement with shell model predictions. The and experiment for the reaction °Li(a,d)°He (ground
shape of the angular distribution of the reaction state) is not satisfactory, and this may indicate
*8Ti(n,d)*’Sc is well explained, but a discrepancy the importance of other processes such as knock-on.

in absolute magnitude of about a factor of 4 is

EXCITATION OF LOW-LYING LEVELS IN “%Ca BY (p,p’) SCATTERING AT E =55 Mev!

K. Yagi® H. Ejiri? M. Furukawa?** Y. Ishizaki?
M. Koike? K, Matsuda® Y. Nakajima®*? 1. Nonaka?
Y. Saji?  E. Tanaka’*®>  G. R. Satchler

| NUCLEAR REACTIONS. *%°Ca(p,p”), E = 55 Mev; measured TE 0. 40Ca deduced
levels, J, 77, B(A).

The measured differential cross section for ex-
! 2Insti‘tute for Nuclear Study, University of Tokyo,

citation of states at 0, 3.7, 4.5, and 6.9 Mev in Tokyo, Japan.
40 . . .

Ca are analyzed, using the distorted-wave *Now at Department of Nuclear Hngineering, Univers
method and the simple collective model. eity of Tokyo, Tokyo, Japan.

4Department of Nuclear Engineering, University of
Hiroshima.

!Abstract of published paper: Phys. Letters 10, 186 s
(1964). “Department of Physics, Tohoku University.

PROTON EXCITATION OF VIBRATIONAL STATES OF 1267¢!

G. C. Pramila®’®  R. Middleton*'®>  T. Tamura®
G. R. Satchler

NUCLEAR REACTIONS. '?%Te(p,p”), E = 12 Mev; measured CE 2,0 126:1¢ deduced
levels, J, 77, B(A).

S

The differential cross sections for the elastic The quadrupole and octupole vibrational states
and inelastic scattering of 12-Mev protons by are identified at 0.67 and 2.395 Mev respectively.
126Te have been measured. The results are inter- Levels at 1.36 and 1.42 Mev arc interpreted as
preted in terms of the collective model, using both due to two quadiupole phonons. Scattering to
the distorted-wave and coupled-chanuel methods. some of the group of states just above 2 Mev is

in agreement with the predictions f{otr the excita-
g B

lAbstract of published paper: Nucl. Phys. 61, 448 tion of three quadrupole phonons.
(1955).

4AWRE, Aldermaston, Berkshire, England.

2 . N
Nuclear Physics Laboratory, Oxford, kngland. 5
Fresent  address: University of Pennsylvania,

3 . . )
On leave from Tata Institute of Fundamental Re Philade Iphia.

search, Bombay, India, and supported by the Common- 6
wealth Scholarship Commission. On leave from Tokyo University of Education.
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ELASTIC SCATTERING OF DEUTERONS BY 4%Cq’

R. H. Bassel?

R. M. Drisko?®

G. R. Satchler

NUCLEAR REACTIONS. *°Ca(d,d), E =

7, 8,9, 10, 11, 12 Mev; measured 0'(9).

The elastic scattering from *°Ca of deuterons
with energies of 7, 8, 9, 10, 11, and 12 Mev has
been measured and subjected to optical-model

Labstract of published paper: Phys. Rev, 1368, B9G0
(1964).

2 PP
Electronuclear Division.

3Depa\rtment of Physics, University of Pittsburgh,
Pittsburgh, Pa.

analysis, as a preliminary to a distorted-wave
study of the *°Ca(d,p) reaction. Considerable
ambiguities in the optical-model parameters ate
found, and the results are discussed in detail.
Inclusion of a polarization potential and of spin-
orbit coupling is found to have little effect. An
attempt is made to find a set of parameters that
gives a good overall fit at all the energies.

40Cq(d,p)*'Ca, A TEST OF THE VALIDITY OF THE DISTORTED-WAVE BORN APPROXIMATION'

L. L. Lee, Jr.2
R. M. Drisko?

J. P. Schiffer 2

B. Zeidman? G. R, Satchler

R. H. Bassel?

NUCLEAR REACTIONS. 4OC::l(d,p), E =17,8,9,10, 11, 12 Mev; measured O’(Ep, .

deduced levels, I, 77, spectroscopic factors.

4 1Ca

The reaction 40Ca(d,p)“Ca has been studied at
deuteron energies of 7.0, 8.0, 9.0, 10.0, 11.0, and
12.0 Mev.

the four most prominent proton groups were meas-

Absolute differential cross sections for

lAbstract of published paper:
(1664).

Phys. Rev. 136, B971

2Argonne National Laboratory, Argonne, T11.
3Unive*rsity of Pittsburgh, Pittsburgh, Pa.

4 n s
Electronuclear Division.

ured and are compared with predictions based on
the distorted-wave Born approximation. Particular
emphasis is placed on the ability of this approach
to extract precise spectroscopic factors, which
for this reaction are expected to be known a priori.
Effects of variation of optical parameters and of
inclusion of spin-orbit and finite-range effects
are discussed in detail. It can be concluded that,
if one uses optical potentials which fit elastic-
scattering data, spectroscopic factors can bte ex-
tracted with an accuracy of 20% or better.



LEVELS IN *3Ca AND *%Co STUDIED BY THE 43Ca(d,d"), 45Ca(d,d”)

32

’

AND *5Ca(p,p’) REACTIONS'

T. A. Belote?

J. H. Bjerregaard?

2,3

Ole Hansen G. R. Satchler

NUC LEAR REACTIONS. *3ca(d,d”), E = 8.522 Mev; *%Ca(d,d”), £ = 10 Mev; *6Ca(p,p”),
E = 7 Mev; measured ¢ (E *,0). *3Ca, *5Ca deduced levels, 7, 1.

The **Ca(d,d”) and *®Ca(d,d’) reactions were
studied at bombarding energies of 8.522 and 10.005
Mev respectively. The deuterons were recorded
on photographic emulsions in a multiple-gap heavy-
particle spectrograph with an energy resolution of
15 kev. The measured angular distributions were
analyzed, using the distorted-wave theory, and
probable values of the angular momentum change
involved in the excitations were determined. The

LAbstract of paper submitted to the Physical Review.

2Laboratory for Nuclear Science, Massachusetts

Institute of Technology, Cambridge.

3Institute for Theoretical Physics, University of

Copenhagen, Copenhagen, Denmark.

absolute cross sections are compared with the
predictions obtained by using shell-model wave
functions as well as collective vibrational wave
functions. A simple model for the deuteron-nucleus
interaction is introduced. In addition to the (d,d”)
experiments, the *®Ca(p,p”) reaction was studied
at 3.8- and 7.00-Mev bombarding energies. The
energies (in Mev) of the states observed in *®Ca
and their assigned spins and parities are 1.347
(2%, 2.423, 2.575, 3.023 (2, 3%),3.614 (37),3.645,
3.780, and 4.434 (37). In *3Ca(d,d”) we observe
levels at 0.369 (%), 0.595 (% ™), 1.675 (*%, 2,7,

1.932 (™), 2.051 (%7), 2.070 (*% 2,7), 2.098
(9,/2 2,7, and 2.252 (?7) Mev.

LOW.LYING LEVELS IN 42Ca EXCITEDR BY THE *3Ca(d,f) REACTION]

J. H. Bjerregaard?
G. Sidenius?

H. R. Blieden?*3

Ole Hansen?

G. R. Satchler

NUCILEAR REACTIONS.

levels, I, 77, spectroscopic factors.

*ca(d,, E = 8.5 Mev; measured U(E ().

42ca deduced

Angular distributions of triton groups correspond-
ing to (d,t) transitions to five states in *?Ca have
been observed at a bombarding energy of 8.522
Mev.
broad-range spectrograph.

The tritons were recorded in a multigap
The elastic scattering
of deuterons from *?Ca was also measured and
fitted with an optical-model potential, which was

Labstract of published paper: Phys. Rev. 136, B1348
(1964).

2 . .
University of Copenhagen, Copenhagern, Denmark.

3Prcsant address: CERN, Geneva 23, Switzerland.

then used in a distorted-wave analysis of the (d,t)
cross sections. The results are in good agreement
with the predictions for an (f7/2)3 configuration
for **Ca and (f7/2)2 for *2Ca, eéxcept that the 27
parentage is split approximately equally between
the 1.53- and 2.44-Mev states of *?Ca. The data
do not allow [ - 1 pickup with more than a few
percent of the single-particle strength.
tions to the second 0% state at 1.84 Mev are not
The results are discussed in terms of

Transi-

observed.
the seniority coupling scheme and in temms of the
shell model with residual interactions.



ELASTIC SCATTERING OF 3He AND THE (°He,d) REACTION'

R. H. Bassel?

The *°Ca(®He,d)*'Sc reaction is analyzed in
zero-range distorted-wave approximation. Optical
parameters for the *He channel are found by fitting

!Abstract of paper presented at the International
Conference on Nuclear Physics, Paris, July 2--8, 1964.
Proceedings of the conference will be published in
Proceedings of the International Conference on Nu-
clear Physics.

25 P
Electronuclear Division.

G. R. Satchler

R. M. Drisko?

to experimental elastic-scattering data, Reason-
able agreement between theory and experiment is
found. The absolute normalization from the (*He,d)
analysis is in fair agreement with that found from
the *°Ca(d,*He)? °K reaction.

3Permanent address: University of Pittsburgh, Pitts=
burgh, Pa.

SHELL-MODEL SELECTION RULES AND EXCITATION OF 4% STATES
IN THE Ti(x,o”) REACTION!

G. R. Satchler

J. L. Yntema?

H. W, Broek?

NUCLEAR REACTIONS.
deduced levels, J, 7.

46'48‘50Ti(!1,(1'), E = 43 Mev, measured T(9).

46,48,50.1

Analysis of the double excitation of 47 states
in the titanium isotopes shows the influence of

lAbstract of published paper: Phys. Letters 12, 55

(1964).

the shell-model selection rule, which prevents
direct excitation in *87Ti.

2Argoxme National Laboratory, Argonne, Ill.

WIDE-ANGLE SCATTERING OF 43-Mev ALPHA PARTICLES BY 58N;!

H. W. Broek?

J. L. Yntema?

B. Buck?® G. R. Satchler

NUCLEAR REACTIONS.
levels, J, 77, B(\).

58Ni(a,a”y, E = 43 Mev, measured T(E 7,0,

58Ni deduced

Elastic and inelastic scattering of 43-Mev alpha
particles by %®Ni has been observed over the
angular range from 15 to 142° c.m. Angular dis-

LAbstract of paper submitted to Nuclear Physics.
2Arg0nne National Laboratory, Argoune, Ill.

3Nuclear Physics Laboratory, Oxford Unjversity.

tributions were derived for elastic scattering and
for inelastic scattering to the 27 first excited
level at 1.45 Mev, the two-phonon group at 2.47
Mev, and the strong 3™ level at 4.45 Mev. The
angular distributions show strong oscillations
(with a period of 10°) at angles less than about
70°, but the oscillations become less pronounced
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for angles greater than 70°.  The oscillation elastic scattering to the 2% and 4" levels was also
period tends to increase with increasing angle to undertaken. Good agreement with experiment is
a value of about 15° at the largest angles ob- found in all cases. It was necessary to use an
served.  Optical-model analysis of the elastic optical potential in which the absorptive potential
scattering has been made, and the inelastic scat- has a somewhat different shape than the real po-
tering to the 2+ and 37 levels has been calculated, tential. There is also some indication that better
using the distorted-wave method. A coupled-chan- results are obtained by using a complex coupling
nel analysis of the elastic scattering and of the in- in the distorted-wave calculations.

OPTICAL-MODEL ANALYSIS OF 182-Mev PROTON SCATTERING'

G. R. Satchler R. M. Haybron?

In order to obtain optical potentials for use in protons, the data on the elastic scattering of 182-
calculations of nuclear reactions with high-energy Mev protons were reanalyzed. Good fits were ob-
tained, yielding a y? that was one or two orders

1 .
f : Phys. Letters . .
(196A4b)5trad of published paper: Phys. Letters 11, 313 of magnitude smaller than those for previously

quoted ‘‘best fits.”’

2On loan from Michigan State University, East Lansing.

SYMPLECTIC SYMMETRY IN f SHELL NUCLE!'

7/2

J. N. Ginocchio 2

The status of the conservation of symplectic culated nuclear wave functions, and (3) by study-
symmetry in the nuclear [7/2 shell is investigated ing the calculated symplectic energy bands. The
(1) by comparing the two-body interaction with the interaction is determined from the best available
most general symplectic-conserving interaction us- data of the **Sc spectrum. It is concluded that,
ing an a priori criterion developed for the purpose, except in special cases, symplectic symmetry is
(2) by examining symplectic admixtures in the cal- not approximately conserved, and predictions

; based on a simple symplectic model are therefore
(lgg‘gsuad of published paper: Nucl. Phys. 63, 449 invalid. Some comments are made concerning an

alternative approach for studying the structure of
2Now at the Department of Physics, Rutgers Univer- pp ying

sity, New Brunswick, N.]J. the j7 configuration.

ANALYSES OF THE SCATTERING OF NUCLEAR PARTICLES BY COLLECTIVE
NUCLE! IN TERMS OF THE COUPLED-CHANNEL CALCULATION!

Taro Tamura

A detailed formalism for a coupled-channel cal- ticles by collective nuclei is presented. The
culation of the scattering of various nuclear par- formalism is sufficiently general that projectiles
e of any spin and targets of any kind of collectivity

lAbstract of paper submitted to Physical Review. can be treated, and excitations of many states can




be included. The results of numerical calcula-
tions, made by using a computer program based
on the above formalism, are given for several
typical cases, so that the behavior of various
cross sections as functions of parameters and
the scheme of coupling taken in each calculation
can be seen. Comparison of the theoretical re-
sults with various experimental data is made, and
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it is seen that very good agreement was obtained
It is concluded that the
coupled-channel calculation is a very powerful
tool for explaining scattering data and in turn for

in most of the cases.

clarifying the structure of nuclei. Interesting pos-
sibilities, both theoretical and experimental, are
suggested for future studies.

ADIABATIC AND NONADIABATIC COUPLED-CHANNEL CALCULATIONS OF
THE SCATTERING OF PROTONS BY DEFORMED NUCLE!!

Taro Tamura

Adiabatic and nonadiabatic coupled-channel cal-
culations were compared with each other in rela-
tion to the analyses of the scattering data? of
17.5-Mev protons by '®°Ho and '°°Gd. It was

YAbstract of published paper: Phys. Letters 12, 121
(1964).

2A. Lieber and C. A. Whitten, Phys. Rev. 132, 2582
(1963).

found that the adiabatic calculation is more ac-
curate and needs much shorter machine time, in
the present case, than does the nonadiabatic cal-
culation.® Very good agreement with experiment
was achieved by using parameters that seem more
reasonable than those used in the previous non-

adiabatic calculation.®

3. Tamura, Phys. Letters 9, 334 (1964),

EXCITATION OF THE UNNATURAL-PARITY 3* STATE IN 24Mg IN THE
INELASTIC SCATTERING OF ALPHA PARTICLES'

Taro Tamura

As an example of the excitation of unnatural-
parity states? in even nuclei by the inelastic
scattering of alpha particles, an analysis is made
of data® of 2*Mg(c,c")?*Mg” processes for E_ =
28.5 Mev. The theoretical cross sections are ob-
tained through the coupled-channel calculation,
in which 0%, 2% 4%, 6% 2% and 37 states are
coupled together, where the first four states are
assumed as members of the K = 0 ground band,

IAbstract of paper submitted to Nuclear Physics.

while the last two are assumed as members of the
K = 2 y-vibrational band. Reasonably good agree-
ment with experiment was obtained, allowing one
to conclude that the multiple-excitation processes
can account for the excitation of the unnatural-
parity states. Comparison of our final result with
experiment is made in Fig. 1.

w. W. Ridson and J. G. Cramer, Jr., Phys. Rev.
Letters 9, 497 (1962).

SJ. Kokame et al., Phys. Letters 8, 742 (1964).
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Fig. 1. Scatiering Cross Sections of 28.5-Mev Alphn
Particles by 24Mg. The solid lines are the results of
the calculation explained in the text. The dotted line
for the 31 state is twice the theoretical result obtained
with a weaker excitation assumed of the y-vibrational
states. This curve is shown in order to show that good
agreement of shape can be obtained if the experimental
3% cross section were somewhat overestimated, a pos-
sibility which cannot be ruled out (J. Kokame, private

communication).



37

POSSIBLE ADMIXTURE OF ONE-PHONON 2".STATE AMPLITUDE TO
THE SECOND EXCITED STATE OF %4zn

Taro Tamura

ORNI~-DWG 65-780

Data of the scattering’ of 17.5-Mev protons by
5471 were analyzed in terms of the coupled-
channel calculation, and the result is shown in -
Fig. 1. The solid line for the second 27 state [ |\
was obtained by considering a small admixture of
one-phonon amplitude to the dominant two-phonon
amplitude, while the dotted line was obtained
without assuming the admixture. The much better
agreement with experiment of the former than of
the latter indicates that the former model is more
reasonable than the latter,

1 . R R
N. R. Roberson, private communication.

da / d% {mb/steradian)

R =

Fig. 1. Scattering of 17.5-Mev Protons by 647.. - :
0.5 (- {005 |
02! —t — 0.0z ]
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INELASTIC SCATTERING OF PROTONS BY '14Cd AND POSSIBLE
QUADRUPOLE-OCTUPOLE TWO.PHONON STATES!

M. Sakai? T. Tamura

NUCLEAR REACTIONS, ‘cCd(p,p”), enriched target, B = 12.16 Mev; measured 0(0),

p‘spectrum. 114Cd deduced levels, J, 7.

Scattering cross sections of 12.16-Mev protons channel calculation,  The observed inelastic

by !'*Cd were observed and fitted by the coupled-

Labstract of published paper: Phys. Letters 10,

323 (1964).

2Inst.i'rute for
Tokyo, Japan.

Nuclear Study, Tokyo University,

cross-section data to 12 excited states were all
fitted very well by our calculation. Possible
spin assighments were made to states that could
be interpreted as the quadrupole~octupole two-
phonon states,



38

COUPLED-CHANNEL ANALYSIS OF THE SCATTERING OF PROTONS 8Y '65Ho AND 156G4!

Taro Tamura

Coupled-channel calculations were made for
the scattering of 17.5-Mev protons by '®5Ho and
1564, For the former a 7/2°-9/2 -11/2 cou-

pling was considered, while for the latter the

1Abstrac'( of published paper: Phys. Letters 9, 334

(1964).

considered coupling was 0%.2%4%6". The
agreement with experiments2 was quite good in
both cases.

2A. Lieber and C. A. Whitten, Phys. Rev. 132,
2582 (1963),

TOTAL NEUTRON CROSS SECTIOMS AT 1.44 ev!

L. A. Raybum?

Neutron transmission cross sections of several

elements, separated isotopes, and compounds

have been measured at the indium resonance

energy, 1.44 ev.

E. O. Wollan

lAbstract to be in Nuclear

Physics.

of paper published

2permanent address: University of Georgia. The
work reported in this paper was carried out while Dr.
Rayburn was a member of the ORNL staff (1950--52).
For various reasons a complete report of the work
was delayed for these many years.

LEVEL SPACINGS AND s-WAVE NEUTROM STRENGTH FUNCTIONS OF THE ISOTOPES OF HAFNIUM

T. Fuketa®

J. A. Harvey

NUCILEAR REACTIONS.
Deduced resonance parameters, £,

Enriched targets.

Y74, 17%ue, 177me, '7%mf, '7°mf, '8%HE; neasured o

1,1

n

W T

V‘V; level densities and [‘g/D for isotopes.

Neutron transmission measurements have been
made on enriched samples of the six isotopes of
hafnium from '7*Hf to '®°Hf by use of the fast-
chopper time-of-flight spectrometer at the ORR.
The measurements were made from 0.2 to ~240 ev
with an energy resolution from 1 to 2% below

1Visiting scientist frem the Japan Atomic Energy
Research Institute, Tokai, Japan.

50 ev and 60 nsec/m above 50 ev with the 45-m
flight path. Higher-resolution measurements
(0.3% energy resolution) with the 180-m flight
path at the ORR since high-
resolution capture and total cross-section meas-
urements at higher energies were planned at the
RPI linear accelerator.

The enriched hafnium samples were all used in
the powdered oxide form. Samples of the five

were not made,



abundant isotopes were pressed into cylinders
2141 in. in diameter and vacuum sealed in thin
aluminum containers by E. Olszewski of the
Target Preparation Group of the Isotopes Divi-
sion, These samples were fabricated for capture
measurements at the RPI linac and were suitable
for transmission measurements with the ORNL
fast-chopper spectrometer, Since only 0.660 g of
Y78 was available, it was loaded into a stand-
ard chopper sample holder with inside dimensions
0.062 x 0.60 x 1.06 in. The isotopic enrich-
ments and specifications of the various samples
are listed in Table 1,

The transmission data have been analyzed,
using the area and shape analysis programs,2
and parameters have been obtained for about 100
resonances. Listed in Table 2 are the parameters
of the resonances from the area analysis program
based on a value of 60 x 107* ev for I for all
the isotopes. The parameters are, in general,
averages of several values, since there was
considerable energy overlap of individual runs,
and strong resonances in a particular isotope
could easily be measured in a sample enriched in
another isotope. The errors are based on the
statistical accuracy of the transmission measure-

2S. E. Atta and J. A. Harvey, Numerical Analysis
of Neutron Resonances, ORNIL~3205 (1961) and
Addendum (1963).
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ment, the estimated error due to sample thickness,
the error in isotopic abundance of the sample, and
the agreement between the several values. Only
the two lowest energy resonances were analyzed
with the shape analysis program. The results for
several of the runs are listed in Table 3. The
are mostly due to the errors in
sample thicknesses and isotopic abundances of
the samples. These two resonances are in the
L77TUE isotope, but the ‘77Hf sample was much
too thick for its transmission to be analyzed by
the shape analysis program in this energy region,
The quoted errors on the individual values of I’
include the effect of an estimated error of 5%
in the Doppler width, of 20% in the resolution,
and a small etrror in the base line. The averaged
values of " and U' include the effects of these
systematic errors. ' The values of I, for these
two resonances are in excellent agreement with
previously reported values,® but the values of r
are somewhat smaller. The parameters of the
resonances listed in Table 2 are in reasonable
agreement with the results from older measure-

errors on l"n

ments,” but the present data are of higher ac-
curacy and extend to higher energies.

*H. H. Landon, Phys. Rev. 100, 1414 (1955).
1. A. Harvey et al., Phys. Rev. 99, 10 (1955).

Table 1. lsotopic Enrichments and Specifications of the Enriched Samples of the Hafnium lsotopes
Enrichment (%) Grams Transmission
Sample of Thickness
174 176 177 178 179 180
Hf Hf HE Hf Hf HE Oxide (atoms /barn)
174 ¢ 12.1 13.3 22.7 23.0 a.1 19.9 0.7785 0.00528
17654 <0.1 68.7 14.9 8.7 2.7 5.0 11.388 0.00128
Y77 y¢ <0.05 1.15 84.5 9,2 2.2 2.9 17.7 0.00198
1784¢ (thin) 17.7 0.00198
178 <0.05 0.52 4.4 89.1 2.9 3.1
HF (thick) 64.8 0.00723
179 4 <0.05 0.46 2.96 8.0 74.6 14,0 17.7 0.00197
Y804t (thin) 17.7 0.00196
150 <0,05 0.23 1.00 2.2 2.7 93.9
Hf (thick) 64.8 0,00716
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Table 2. Resonance Parameters of Hafnium lsotopes

Eo (ev) [n (mv) E0 (ev) Fn (mv)
174g¢ 4.25 +0.03 0.017 +0.004 17706 15
46.3 *+0.1 7.3
13.38 £0.08 4.8 £0.9 - 0.8
20.94 +0.15 32 7 48.9 £ 0.1 35 £10
70.5 £0.3 12 £5 49.6 0.2 7 +3
77.9 £0.3 65 £ 6 54.8 +0.1 19.5 1.0
107.1 £ 0.6 122 £25 56.5 +0.2 14.5 £ 1.5
124.6 +0.7 50 +20 57.2 £ 0.3 3.0 £1.0
+ 50 59.4 +0.2 3.5 1.0
147.6 £ 1.0 120
- 30 62.3 0.3 ~d
153.5 +1.0 85 +20 63.6 +0.2 78 4
211 2 180 +60 66.8 +0.2 43 =4
v 71.6 +0.3 18 +2
1764t 48.3 £0.1 125 15
76.1 + 0.2 18 +1
53.2 £0.2 2.0 £0.5
84.9 0.3 40 +7
67.1 = 0.2 20 £ 7
88.6 + 0.4 3.8 +0.7
123.8 + 0.6 48 £ 10
93.2 £ 0.4 5 41
177.0 £1.5 50 +15
97.3 = 0.4 20 +4
201 +1.5 37 +12
103.3 £ 0.4 55 +10
e 1,099 +0.002 1.92 +0.04 111.5 +0.6 4.5 + 1.5
2.385 0,005 8.95 10.15 115.2 £ 0.6 3.6 + 1.5
5.89 +0.02 5.1 £0.3 123.1 £ 0.6 14 5
+ 2.0 132.1 £ 1.0 55 +10
6.57 +0.02 9.5
- 0.8 136.9 £1.0 12 +5
8.87 +0.02 6.7 +0.6 £ 10
140.1 £ 1.5 12
10.94 *0.03 0.44 *0.04 -5
13.65 +0.05 0.60 *0.15 142.8 =1.0 35 +9
+ 0.3 146.7 1.5 12 7
13,94 *0.03 3.0
~ 0.4 +7
149.2 % 1.5 10
22.04 *0.05 3.3 £0.5 -5
23,47 £0.10 1.5 £0.5 163.4 = 1.5 45 +14
25.68 +0.15 0.41 +0.14 170.9 £ 1.5 24 t8
26.95 £0.10 2.6 +0.6 L 20
176.5 % 1.5 160
32,7 £0.2 1.3 +0.3 - 40
5+ +
36.25 +0.20 5.0 £2.5 178, 78 40.02 st
+3
36.9 0.3 ; 104.4 +0.5 9 +2
-2 164.4 +1.0 14 £3
42.9 +0.2 4.7 £ 0.7
45,2 + 0.1 3.8 £0.2
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Table 2. (continued)
Eo(ev) r'n (mv) EO (ev) Fn (mv)
179Hf ) o 179, 92.4 0.4 50 £15
5.68 £ 0.03 42 os | 101.3 1 0.4 130 +25
17.62 £0.04 2.15 +0.30 103.8 +0.5 1023
19.05 +0.10 0.12 £0.04 107.7 0.6 13 %3
o 117.0 0.6 39 7
23.55 +0.10 8.3 s 122.1 + 0.6 29 47
26.44 £0,15 1.0 £0.3 129.6 %0.7 12 +4
27.23 +0.15 0.43 +0.14 137.3 1.0 50 215
31.02 £ 0.10 7.5 0.7 144.4 £1.0 30 18
36.30 £0.20 30 3 147.1 21.5 9%3
10.0 0.2 95 &3 156.0 +1.0 50 +15
42t 202 13 +2 166.4 +1.5 20 £12
50.9 +0.2 2.2 +0.5 173.5 +1,5 160 20
54.8 +0.1 5.3 +1.0 - 40
69.0 + 0.2 10.0 *1.0 178.8 w28
73.8 £0.3 7 %3 185.9 ~20
6.6 103 3.0 £0.9 187.4 ~20
83.1 £0.3 6+2 180y¢ 72.5 +0.3 55 +3
85.2 +0.4 8 £3 171.9 £1.0 119 +20
NOTE: g, the statistical weight factor, is assumed to be 1/2 for 177Hf and 179F{f.
Table 3. Parameters of 1.098- and 2.384-ev Resonances in 17744 from Shape Analysis
Sample Energy (ev) Fn (mv) ' (mv) F)/ (mv)
170hy 1.099 * 0.002 1.93 +0.04 76 t5
Y78Hf (thin) 1.094 % 0.002 1.92 *0.04 68 2
1784t (thick) 1.099 *0.002 1.83 £0.06 73 £3
179y¢ 1.098 0,002 1.94 £ 0.04 68.3 1.5
Y804¢ (thin) 1.098 *+0.002 1.99 +0.10 67 +2
1804t (thick) 1.099 +0.002 1.91 £0.10 69 2
Average values 1.099 % 0.001 1.92 +0.03 68.3 1.0 66.4 1.0
176h¢ 2.384 +0.003 8.5 £ 0.3 75 +4
1784¢ (thin) 2.383 * 0,003 8.9 * 0.2 70 £3
179y¢ 2.386 *0.003 8.9 £0.2 70.0 + 1.6
Y894t (thin) 2,382 +0.003 9.2 +0.5 71 £ 2
1805¢ (thick) 2.384 +0.003 8.8 +0.5 70 £3
Average values 2.384 +0.002 8.9 +0.2 70.2 1.5 61.3 £ 1.5




The number of resonances is plotted vs neutron
energy for the odd-A and the even-A target
The
average level spacing, D, for each isotope per
spin state is given by the slope of the straight

nuclides in Figs. 1 and 2 respectively.

line, which includes a correction for the
. 5 AL . .

“missed’’ resonances, This correction for
. 177 .

“missed’’ resonances was 11% for Hf in the

°T. Fuketa and J. A, Harvey, Nuclear Instruments
and Methods, in press.
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Fig. 1.
Energy for the Odd-A Target Nuclides.
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energy range from 0 to 70 ev, 14% for '7°Hf from
0 to 100 ev, 22% for '"*Hf from 0 to 140 ev,
18% for *7°Hf from 0 to 200 ev, 12% for '"®Hf and
180Hf from 0 to 240 ev.
Table 4 of average level spacings with probable

A summary is given in

ORNI.-DWG 65-2421

NUMBER OF RESONANCES

180

200 240

Fig. 2. Plot of the Number of Resonances vs Neutron
Energy for the Even-A Target Nuclides.

Table 4. Average Level Spacings per Spin State D and

s-Wave Strength Function So for the Hafnium Isotopes®

Average
Target Level s-Wave Strength Function,
Nuclide Spacing per S, = 104 < T%p
Spin State D n
(ev)
1T 7y¢ 4.7 £ 0.6 2.8 +0.4
1790 9.0 ~1.3 2.1 0.4
T hyr 16 +3 2.8 +1.0
175q¢ 32 £7 1.4 0.6
L78y¢ 60 + 20 1.1 £0.7
1801¢ 100 = 40 0.7 +0.5

The level spacings for the two spin states in 1/7Hf
179

and Hf are assumed equal.



errors calculated from the equations; fractional
etror is 0.67/y/2n for the even-4 isotopes and
0.67/y/n for the odd-A isotnpes, where n is the
number of resonances used to determine D. The
gradual decrease in the level spacing with in-
creasing mass is expected, due to the decrease in
neutron binding energy. The small average level

ORNL-DWG 65-2422
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Fig. 3. Plot of the Sum of l‘g vs Neutron Energy for
the Odd-A Target Nuclides.
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spacings for the odd-A target nuclides are also
expected, due to the neutron binding energy
differences between odd-A4 and even-4 nuclides.

In Figs. 3 and 4 the sums of the reduced neu-
tron widths ['% are plotted vs neutron energy for
the odd-A and even-4 target nuclides respectively.
The s-wave strength function § = 10* x I"E/D
for each isotope is obtained from the slope of the
straight line, which includes a small correction
for “‘missed”’ The data over the
entire energy range can be used, since the cor-
rections for ‘‘missed’”” levels were less than a
few percent. A summary is given in Table 4 of
the s-wave strength functions with probable errors
computed from the formula 0.67 x /2.5/n. Al-
though the uncertainties in the values for the
even-A target nuclides are large because of the
small number of observed resonances, there are

resonances.
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indications of a decrease of the s-wave strength
function with This
apparent decrease is not in agreement with cal-

increasing mass number,

culations from the complex, spheroidal nuclear
potential with deformation appropriate to this
For both '77Hf and !7°Hf,
as can be readily seen in Fig. 3, there is an

atomic-weight region.

apparent local variation of the s-wave strength

14

function® with neutron energy which might be
interpreted in terms of the recent ‘‘doorway-state’’
model of nuclear reactions. However, a rigorous
statistical treatment must be made to be sure
that the fluctuations are significant.

57, Fuketa, Bull. Am. Phys. Soc. 9, 20 (1964).

HIGH-RESOLUTION MEASUREMENTS OF THERMAL NEUTRON CAPTURE GAMMA RAYS

G. G. Slaughter

J. A. Harvey

NUCLEAR REACTIONS.
117,118,120

118,119,121

Sn(n,¥), thermal; Y(n, V), thermal; measured E,},, 1

Sn, 90Y deduced levels, J, 7. 238

Bi(n, ), thermal; 238U(n,“/), thermal; Nb{(n,7¥), thermal,

239

9
Bi, 2*%y, ¢

210
v Nb,
117,118,120

U, Sn enriched target.

A neutron beam doubly reflected from Inconel
mimrors is used at the ORR fast-chopper facility
as a source of thermal neutrons for neutron cap-
ture gamma-ray measurements. Neutrons, ranging
in energy from the peak of the thermal spectrum
down, are reflected through a total angle of 4.2
milliradians to pass directly down the fast-
chopper flight path, Fast neutrons and gamma
rays are removed by a collimator between the
For a factor of 2.5 loss in thermal
neutrons in the beam, the fast neutrons and gamma

two mirrors.

rays are reduced by three to four orders of magni-
tude. The resultant highly pure thermal neutron
beam makes it possible to take the neutron cap-
ture gamma-ray spectrum of nuclides having
relatively small thermal absorption cross sections
without undue background from fast neutrons and
gamma After reflection and collimation,
the beam contains about 7 x 107 neutrons/sec in

an area of 6 x 12 cm at the 1l-m flight-path sta-

tays.

tion. Neutron capture gamma rays from a sample
placed in the beam at the 1ll-m station are de=
tected by a lithium-drifted germanium crystal
2.6 cmn? in area by 7 mm thick with a solid angle

of about 1 part in 2 x 10~ *,

The useful interaction in the gamma-ray energy
range above 2000 kev is pair production with
subsequent escape of both annihilation quanta.
For the crystal use, this double-escape peak
exhibits a resolution of about 11 kev at a gamma-
ray energy of 4000 kev, and is eight to ten times
the amplitude of the Compton edge resulting from
In general, there is a
complex spectrum with many gamma rays. As a
result, the double-escape peaks of gamma rays of
low intensity may be obscured by the Compton
The crystal detects

the single gamma ray.

edges of other gamma rays.
4000-kev gamma rays with an intrinsic efficiency
for the double-escape peak of about 0.3%. For
runs of several days duration subject to an
appreciable of electronic drift, the
energies of the lines may be measured to +10 kev
absolute and 15 kev relative to other lines. For
runs of shorter duration having careful intercali-
brations with lines of known energies, the errors
can be much smaller the values quoted
above. For the crystal used, the double-escape-
peak efficiency rises sharply from zero at the

amount

than

threshold (1022 kev gamma-ray energy) to a maxi-
mum at ~3000 kev, and falls slowly above 6000



kev. In the energy range from 600 to 1600 kev
deposited in the crystal, there is some ambiguity
as to whether a peak is the full energy peak of a
gamma ray or the double-escape peak of a gamma
ray having 1022 kev more energy.

The crystal used in this experiment was fur-
nished by R. J. Fox, Instrumentation and Con-
trols Division. It is encapsulated in an evacuated
thin-wall aluminum can, in which the closure is
effected by cold welding.
sults in a crystal which maintains its character-

This technique re-

istics for a long period of time, perhaps indefi-
nitely, if the crystal is kept cold. Since a con-
invested in each
crystal to determine its response function, longev-

ity is an important consideration.

siderable amount of time is

Spectra were taken of the gamma rays following
thermal neutron capture in samples of Bi, 238y
Nb, Sn isotopes, and Y.

’

Bismuth

Neutron capture by 209Bi forms a compound
nucleus which can be considered as a neutron and
a proton outside a doubly-closed-shell 2%%pp
core, In this case of unlike nucleons outside a
stable core, it appears necessary to invoke tensor
forces or appreciable configuration mixing to
explain the inverted level sequence (17, ground
state, 07 first excited state) and the anomalously
small magnetic moment. Experimental and
theoretical evidence indicates that the 2°Bj
nucleus has an almost pure hg/2 proton g, .
neutron configuration. In this case it is expected
that there will be a ground-state multiplet of ten
levels having intensities in the (d,p) reaction
proportional to (2] + 1),

Figure 1 is a level diagram inferred from the
results of (d,p) experiments upon “°°Bi. The
references are cited in the figure, The spins
and parities of the levels are those known from
other the relative
intensities in the (d,p) work. The ticks on the
energy scale represent the locations of all the
levels found in the (d,p) experiment, and the
excitation energies of some of the levels are
given under the line representing the level. The
connecting the (47, 57)

information or inferred from

solid wvertical lines

s-wave neutron capturing state at 4593 kev ex-
with
gamma-ray transitions which have been observed
with the Ge(Li) detector. The dotted vertical lines
represent gamma rays which, because of low in-
tensity or concurrence with background lines, may
not actually arise from the Bi(a,y) reaction, The

citation various levels represent primary

numbers in parentheses on the vertical lines are
the energies (in kev) of the gamma rays as meas-
ured with the Ge(Li) crystal, the numbers pre-
ceding these are the differences (in kev) between
the neutron binding energy and the levels found
by the (d, p) experiment.

Relative-intensity measurements were possible
for the four dominating lines in the spectrum and
are given in the figure. The relative intensities
of the three strongest lines agree well with the
relative intensities found for these lines by
Motz.! These four lines are M1 transitions or
higher multipolarity if the (d,p) spin assignments
are correct. The large relative intensities of
these lines tend to corroborate the (d,p) spin
assignments., The level at 433 kev is probably a
doublet, according to the (d,p) work. The corre-
sponding gamma transition is seen as single in
the present experiment, but the transition from
the capturing state to the 7 state (E2 or higher
multipolarity) probably would be of too low in-
tensity to be seen. The primary transition to a
27 state at 320 kev excitation would be an E2 or
higher multipolarity.
estimate of an E2 transition rate is only a factor

Since the single-particle

of 20 slower than for an M1 transition rate in
this energy range, it is not too surprising that
this £2 is observed. The presence of this transi-
tion and the strength of the transition to the 6~
level at 547 kev indicate that thermal neutron

capture in bismuth probably proceeds through
both the 47 and 5  capturing states. Figure 2
shows the double-escape peaks in the Ge(Li)

crystal for the four strongest gamma rays. Table
1 lists the stronger gamma rays, showing their
cortelation with the (d,p) results. The gamma-rtay
lines at 3632, 3396, and 3356 kev may represent
either primary transitions to levels not excited
in the (d,p) reaction or transitions other than

primary.

1Von L. Jarczyk et al., Z. Angew. Math. Phys.
13, 117 (1962).
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Table 1, Correlation of Neutron Capture Gamma Rays

with Levels Excited by the (d,p) Reaction in 209g;a
Relative E'y BE~E Ex (d,p) Remark
Intensity  (kev) (ke v) (kev)
4282 311 320
5 4252 341 347
43 4162 431 433
20 4092 501 501
32 4044 549 547
3682 911 912 12¢, YN(@m,y)?
3632 961
3396 1197
3356 1237

AWeak lines not listed.

Uranium-238

Many previously unreported gamma-ray lines
238U(n,y) reaction, The
most significant feature of the spectrum is the
resolution of a group of lines around 4060 kev.
Previous measurements by other experimenters
with an Nal detector showed a single line at
4.06 Mev which exhibited a remarkable lack of
intensity variation from resonance to resonance.
This implied that v, the number of degrees of
freedom available to a specific gamma ray for
decay, was of the order of 5 to 90. The resolu-
tion of this line into at least four other lines at
3981, 3987, 4059, and 4094 kev within the resolu~-
tion width of an Nal crystal indicates that the
contributions of these lines are responsible for
the lack of variation of the single line as seen
by the Nal crystal. Other unreported lines of
significant intensity were found at 4585, 4622,
and 4675 kev,

were observed in the

Niobium

It has been suggested®'® that the strongly
bound °°Zr nucleus may serve as a core for some

’R. K. Sheline ef al., to be published in Nuclear
Physics.

3U. Gruber et al., to be published in
Physics,

Nuclear
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additional nucleons. The compound nucleus °**Nb
formed by neutron capture by °*Nb could then be
considered as one proton and three neutrons
outside a °°Zr core. Calculations?'® were made
on this basis and compared with the results of
(d,p) and (n,y) experiments on ?3Nb. A compari-
son of these experimental results and the present
experimental results is given in Table 2,

Many gamma rays were found which correspond
to primary transitions from the capturing state
4 +, 5% for s-wave neutrons) to levels excited in
the (d,p) reaction, and other gamma rays were
found which correspond to transitions from these
levels to the ground state (6+). Inasmuch as
Table 2 considers only the above type of correla-
tion, it is perhaps surprising that so many (53)
are found. In 12 of the cases, both components of
a two~component cascade were seen. Of perhaps
more interest are the cases in which correlation

with the (d,p) results does not exist. A strong
gamma-ray transition of 6830 t 10 kev energy
presumably represents a transition from the

capturing state to an excited state at 399 kev
which is not found in the (d,p) tesults. This
level may correspond to an excited proton con-
figuration and thus not be populated? in the
(d,p) reaction. This explanation may be in
order for some other gamma lines, particularly
for a fairly intense group which corresponds to
transitions from the capturing state to levels
having excitation energies from 1800 to 2200 kev.

A comparison of the present results with the
bent-crystal results for the °>Nb(n,y) reaction
shows that all of the lines seen by the bent-
crystal spectrometer with relative intensities
>10% were also observed by the Ge(Li) spectrom-
eter. The lines from the bent-crystal spectrometer
which were not observed in the present experi-
ment are not listed in Table 2,

It is of interest to comment upon the spins and
parities suggested® for the low-lying levels in
“Nb based on estimates of relative intensities
from the present experiment and crude arguments
concerning the relative probabilities for transi-
tions of various multipole orders. The 7229-kev
primary transition from the capturing state to the
(6+) ground state is weak, which implies that
thermal neutron capture proceeds predominantly
through the 4% rather than the 57 capturing state.
The very strong 7188-kev primary transition to the
(3+) level at 41 kev excitation corroborates this
spin assignment if the capturing state is 4%, The
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Table 2. Correlation of Levels Excited by the (d,p) Reaction in 93Nb with Capture Gamma Rays?

. . E BE-~E’>/ Ex (d,p) Bent Crystal Suggestedb
Relative Intensity (o) (kew)'  (key) ~Relative Intensity (4P g (rev) Relative Intensity Spin and Parity
(kev) of Level
(Compare (RE—E_)and E
e x
+
7229 0 0 1 6
+
7186 43 41 0.49 3
2.7 N
7167 62 59 0.69 4
78 0.85 77
*
0.2 7115° 114 113 1.0 5
+
1.0 6917 312 314 5
:
6884 345 335 2
6830 399 )
4.3
6802 427
+
0.3 6599 630 637 6
6517 712
6482 747
0.5 6439 790 794
6411° 818 820
0.6 6335 894
0.4 6297 932
960
1004
1062
1.3 6067 1162 1168
5987 1242 1233
5964 1265
1.7
5954 1275 1278
5898 1331 1324
4.6
5887 1342
1402
1.4 5772 1457
5732 1497 1496
5708 1521
5§650° 1579 1572
1.0 5612° 1617 1625
1.3 5595 1634
5577° 1652 1654



49

Table 2. (continued)

Bent Crystal

E BE_E’)’ Ex (d,p) Suggestedh

Relative Intensity (kev) (kev) (kev)

Relative Intensity (d,p) Relative Intensity Spin and Parity

E_  (kev)
4 (kev) of Level
5539 1690 1696
{:5517 1712
5.6
5501 1728 1724
5454 1775 1784
5404 1825 1808
{5370° 1859 1863
4.3
5351 1878
1 5309 1920
5284 1945
.{5254 1975
2.2
5248 1981
5209 2020
4,7 5196 2033
5182 2047 2051
5132 2097
5108 2121
5102 2127
5090 2139 2142
2.7 5072 2157
1.2 5034 2195 2190
4980 2249
4912° 2317 2305
4849 2380 2372
2.1 4826 2403
4789 2440 2441
4754 2475 2474
3.9 4737 2492 Ta(n,y)?
4672 2557 2542 2
2574
4604 2625 2623
4592° 2637 2651 >
4560° 2669 2675
4501 2728 N@,7)?

4467 2762 2763



Table 2. (continued)

Relative Intensity

E
Y
(kev)

BEmhy E_(d,p)

(kev)

(kev)

Bent Crystal

Relative Intensity (d,p)
K

‘}/

(kev

)

Relative Intensity

(kev)

Suggestedb
Spin and Parity
of Level

4427°¢
4392

3877

3237

2820

2671

2657

2309

1977
1862

2802

2837

3102

3352

2813
2845
2896
3060
3105
3202
3264

3338

3338

3264

3202
3105
3060
2896
2845
2813
2763
2675
2651
2623
2574
2542
2474
2441
2372
2305
2190
2142
2051

1863
1808

Compare (BE--E_) and E
Y x

Very strong

Strong

Compare E_ and E
Y X

Strong

Very strong

N(n,v)?
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Table 2. (continued)

Bent Crystal
y Suggested b

Relative Intensity Ey BEwa E_(dp)

Relative Intensity (d,p)
(kev) (kev) (kev)

Relative Intensity Spin and Parity

Ey kev) (kev) of Level
Compare E7 and Ex
1784
1724
1696
1649 1654
1635 1625
1586 1572
1496
1402
1324
1287 1278
1233
1168
1062
1004
955 960 949 14
8407 820 > 836 18
794
637 6"
552
333 335 337 23 2"
305 314 309 29 5"
291 2937 29
252 ~2547 124 (2 lines)
111 113 1.0 113 35 57
98 99 100
78 0.85 a
59 0.69 at
54 557 1.9
41 0.49 3"
0 1.0 6"

®Weak, uncorrelated gamma rays not listed.
bSee ref. 3.
®Other member of two-component cascade observed.

dNonprimary transition terminating on excited state,



strong 7170-kev primary transition to the (4+)
59-kev excited state is in agreement with this
assigament, but gives no information concerning
the capturing state. The missing 7151-kev primary
transition to the (7 +) 78-kev excited state is very
weak evidence for a 4" capturing state. The
strengths of the 7116-kev primary transition to the
(5+) state at 113 kev and the 6915-kev primary
transition to the (5+) state at 314 kev are in
agreement with the spin assignments, and allow
either spin for the capturing state. The observa-
tion of the weak 6830-kev primary transition to
the (2 +) 335-kev state indicates that the capturing
state probably has a spin and parity of 4" if the
2" assignment for this level is correct.
maty, the relative intensities found in this meas-

In sum-~

urement corroborate the assigned spins if a 47
capturing state is assumed.

Tin-117, 118, and -120

Gamma-ray spectra from thermal neutron capture
in several of the isotopes of tin were measured

52

with the Ge(Li) spectrometer to supplement earlier
gamma-ray spectra measurements with a large Nal
spectrometer. A strong gamma ray with an energy
of 9.31 Mev (the ground-state transition) was
observed from thermal neutron capture in a 35-g
sample enriched to 89% in '!7Sn (1/q+), Since
the ground state has zero spin, this capturing
state must be 1+,

Many other gamma-ray lines were
including a strong line at 7.63 Mev

and the gamma ray is a strong
M1 transition.
observed,
going to an excited state at 1.68 Mev, a weak
line at 8.09 Mev going to an excited state at
1.22 Mev, and a strong line at 1.23 Mev. More
than 15 gamma rays were observed from thermal
capture in a 160-g sample enriched to 97% in
1186y, More than 20 gamma rays were observed
in a 200-g sample enriched to 98% in '?°Sn. Two
high-energy gamma rays with energies of 6164 and
6104 kev correspond to transitions to the ground
state and probably to an excited state at 60 kev.
The data from these three isotopes will be com-
pared with the results from (d,p) measurements to

obtain energy-level diagrams. Measurements of

Table 3. Correlations of Neutron Capture Gamma Rays with Levals® 8 Excited by the (d,p) Reaction in 89ya

b e Suggested® b e SuggestedC
E"y BE—'E"/ hx Spin and Parity E“/ BE-£ bx Spin and Parity

(kev) (kev) (kev) of Levels (kev) (kev) (kev) of Levels

60847 774° 2" 3422 3436° 3430; 3410

56477 1211 1214 o~ 3372 3486 3480

5482 1376 1374 1 3294 3564 35847

5037 1821 1819 3156 3702 3680; 3158

4657 2201 22457; 46307 3095 3763 3750

1614 2244 2245 28309 4028 4068; 2853

4377 2481° 2479 2" 2742 4116 4126; 2754 51t

4347 2511 2504; 43307 2499 4359 43307

41067 2752° 2754 17 2469 4389 2479 2"

4007 2851° 2853 7757 6083

3867 2991 3002; 3861 470 5737 6285

3602 3256 3230 1997 6659 202 37

“Weak, uncorrelated lines not listed. Stronger lines underlined.

bCompare (BE-E _)orE_ withE .
4 4 x

“Sec ref. 6.

dAlso reported in ref. 4. Other lines from this paper not listed.

e .
Other component of two-component cascade possibly seen.



the gamma-ray spectra from thermal neutron cap-
ture will also be made for the other isotopes
of tin.

Yttrium

The present measurements have yielded infor-
mation in addition to that previously available
concering the correlation of capture gamma rays*
and the levels in °°Y found through the (d,p)

4G. A, Bartholomew et al., Nucl. Phys. 10, 590
(1959).
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reaction.®® Table 3 lists the gamma-ray energies
showing the correlations with the (d,p) results,
similar to the previous tables. All of the stronger
gamma lines and some of the weaker lines showed
a correlation with the (d,p) results., Again it is
surprising that so many of the gamma rays are

either primary transitions or terminate at the
ground state. In five of the cases the second
component of a two-component cascade was

probably seen. Analysis is continuing on these
preliminary results.

SF.. W. Hamburger and A. I. Hamburger, to be pub-
lished.

6Charles Watson, C. F. Moore, and R. K. Sheline,
Nucl. Phys. 54, 519 (1964).

CAPTURE CROSS-SECTION MEASUREMENTS ON 182y, 183y 184w AND 186w AT THE RPI LINAC

R. C. Block

J. E. Russelll

R. W. Hockenbury'

NUCLEAR REACTIONS. %%y, 183y, 184

W, 186W (n,y). Measured Cfny (En) from ~35 ev
to 10 kev, average level spacings. Enriched targets.

Experimental Method

Radiative capture measurements have been
carried out on samples enriched in 182w, 183w,
184w, and !®5W with the ORNL 1.25-m-diam liquid-
scintillator capture detector installed at the RPI
linear accelerator laboratory. The experimental
method is very similar to that given in the 1963
annual report? and will only be briefly reviewed
here. The RPI linac was used to produce intense
bursts of neutrons through the bombardment of a
tungsten target by short bunches (~0.1 psec wide)

of 60-Mev electrons (see Fig. 1). The tesulting

1
Rensselaer Polytechnic Institute.

R. C. Block, J. E. Russell, and R. W. Hockenbury,
Phys, Div. Ann. Progr. Rept. Jan. 31, 1963, ORNIL.-3425,
p. 64.

photoneutrons were moderated in a 1-in.-thick
polyethylene moderator, and these moderated
neutrons provided the pulsed source of resonance-
energy neutrons which were allowed to pass through
an evacuated flight path to the detectors located
in the 25-m flight station (see Fig. 2). The linac
was operated at repetition frequencies up to 480
pulses/sec. A 0.6-g/cm? boron 1/v filter was
placed between the neutron moderator and the
detectors to reduce the background of low-energy
“overlap’” neutrons (i.e., neutrons produced in
earlier pulses).

In contrast to the earlier reported measurements,
counts from the large liquid-scintillator capture
detector and counts from the !°B-Nal neutron
detector were collected simultaneously in time-
of-flight analyzers so that information on  the
capture and the total cross section of a sample
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Fig. 1. Neutron Production Target at RFI.

Two inches of water-cooled tungsten plates are used to produce

photoneutrons from the electron beam, and the polyethylene moderator (5 in. diam. by 1 in. thick) is used to moderate

the photoneutrons into the resonance energy range.

was obtained in the same experiment. The ORNL
Fast Chopper Group’s 4096-channel two-parameter
analyzer was used to record either the capture-
detector counts as a function of time of flight
(with channel widths as narrow as 0.08 psec)
or to the pulse-height spectra from the
capture detector as a function of time of flight.
T'wo conventional

record

Technical Measurements Cor-
poration (TMC) 1024-channel time analyzers and
one conventional TMC 256-channel time analyzer
were used in conjunction with the 4096-channel
analyzer to record the capture detector and neutron
detector counts from 10 kev to ~4 ev.
The measurements were made over a neutron
energy range from about 4 ev to 10 kev, and with
a 0.1-ysec-wide electron burst; the time resolution
for the capture measurements was approximately
The
neutron flux was determined by (1) measuring the

5 nsec/m at the higher neutron energies.

counting rate from the 198.Nal neutron detector
with a very thin gold monitor sample placed in the
beam inside the large scintillator, (2) correcting
the neutron counting rate for detector efficiency
(as a function of neutron energy), and (3) normaliz-
ing the efficiency-corrected neutron counting rate
to the capture-detector counting rate observed in
the region of either the 4.9- or 60.6-ev gold reso-
nances. The efficiency of the large scintillator
was determined in the manner reported by Gibbons
et al.® by measuring the “‘spectrum fraction’’ for
neutron capture in the sample under investigation.
(The spectrum fraction is defined as that fraction
of capture counts which falls within the single-
channel window setting on the output of the capture-
detector amplifier.) The window was set to count
only pulses corresponding to gamma rays between

3], H. Gibbons et al., Phys. Rev. 122, 182 (1961).
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3 and 13 Mev. For the heavy nuclei, where, in
general, neutron capture is followed by a compli-
cated cascade of gamma rays, the large scintillator
detector efficiency is taken as equal to the spectrum
fraction. This was the procedure used in reducing
the capture counting data for the tungsten isotopes
to capture cross sections. The counting data ob-
tained with the !°B-Nal detector have not yet been
converted to transmissions and will not be pre-
sented here.

Results

182y 183y 1By gnd 186W Capture Cross
Sections. — Measurements were made on samples
of separated tungsten isotopes; the properties of
these samples are listed in- Table 1, columns
1 through 6. These samples were prepared by the

Isotopes Division in the form of WO, compressed
into 2.25-in.-diam disks.

The capture counting data were reduced to the
number of captures per neutron by application of
the following equation:

C .- (TDB), — (B
g Cu = (TDB), - ®) 0

X1
nx (;61'

where in is the number of captures per neutron
incident upon sample x over the time-of-flight
interval corresponding to channel i, CXI is the
number of capture counts (corrected for deadtime
losses) recorded in channel i, (TDB)i is the time-
dependent background per channel in the detector
at time channel 1, (B) is the constant background
per channel observed during the measurement,
1, is the detection efficiency for capture in sample
x (taken as equal to the spectrum fraction), and

¢, is the total number of neutrons incident on
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Table 1. Properties of the Tungsten Separated Isotope Samples
. Scale Factors to Be Used with
Atomi
Sample Nw omic Percent of Isotope Capture Cross-Section Curves
(atoms /barn) 182y 183y 184 186
W w 182y 183y 184y 186y,
182 -3 =
WO3 3.79 x 10 94.4 2.53 2.32 0.8 1.08 40.5 44.1 128
183 -3
WO, 1.99 x 10 6.4 82.5 9.6 1.5 13.5 1.05 9.01 57.7
184 -3
W03 2.52 x 10 1.91 1.87 94.3 1.91 53.2 54.4 1.08 53.2
186y, -3
\\03 10.1 x 10 0.38 0.31 2.05 97.23 297 364 55.0 1.16

“Based on the total number of tungsten atoms per barn, not just the number of atoms per barn of the enriched isotope.

sample x over the time-of-flight interval correspond-
ing to channel 1.

The time-dependent background was measured by
comparing the counting rate in the capture detector
with a 0.5-in.-thick high-purity carbon sample
placed inside the detector to the counting rate
with no sample placed inside the detector. The
constant background was determined from the
counting rate in the capture detector at long times
of flight when the boron overlap filter had essen-
tially removed all the resonance-energy neutrons
from the beam and all time-dependent background
effects had died away. As discussed previously,
the number of neutrons per channel, d)l., was deter-
mined from the !°B-Nal neutron-detector counting
rate and the capture-detector counting rate from
a thin gold monitor sample left inside the capture
detector throughout the measurements. The
spectrum fractions for the tungsten isotopes
were obtained by measuring the capture-detector
pulse-height
resonances below ~.200 ev.
resonances were measured in the same isotope,
the spectrum fraction was observed to be essentially
constant (This
constancy of spectrum fraction is consistent with
the interpretation that the gamma-ray cascades

distributions for isolated tungsten

When two or more
resonance to resonance.

from

following capture in tungsten are so complex that
the efficiency of the large detector is essentially

constant from resonance to resonance.) The
spectrum fractions for the tungsten isotopes were
measured to be 0.59, 0.70, 0.60, and 0.54, respec-
tively, for 182y 183w 184w and 186 These
spectrum fractions were obtained with the capture-
detector single-channel analyzer window set to
accept pulses corresponding to gamma rays between
3 and 13 Mev.

When the capture sample is sufficiently thin so
that the effects of exponential attenuation of the
neutron beam and the effects of multiple scattering
of neutrons in the sample can both be neglected,

the capture cross section is equal to

.

‘7;,-(”:}’) = NXi , @)

X

where U';i(n,y) is the ‘‘thin-sample’’ capture cross
section# (in barns) at the time of flight correspond-
ing to channel 1, ¥ is the thickness of sample x
(in atoms/barn), and in is the number of captures
per neutron, as defined in Eq. (1). The capture
data obtained for the samples enriched in !3%?W,
183y 184w and '8°W were reduced to the form of
‘“thin-sample’’ sections and are
plotted in Figs. 3—-6. Since each sample contained

capture cross

4This ‘‘thin-sample’® capture cross section includes
the effect of Doppler and resolution broadening.



significant amounts of minor isotopes, and hence
capture from more than one isotope was present
in each sample, it was convenient to use the same
value of _in Eq. (1) for all the data. The value
of 7, of 0.61 was used in generating all these
curves. (This 9, was equal to the spectrum fraction
for capture in the gold resonances and is close
to the spectrum fraction for the tungsten isotopes.)
The total number of tungsten atoms per barn,
listed in column 2 of Table 1, was used in applying
Eq. (2). In order to determine o {n,y) for each
isotope present in each sample, the ordinates in
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scale factor which includes the isotopic earichment
and deviation of the isotope’s spectrum fraction
from 0.61. These scale factors have been deter-
mined and are listed in columns 6—9 in Table 1.
For example, to obtain the value of ¢ i y) for
the !83W isotope present in the 184WO sample,
the '84W cross sections in Figs. 3—6 should be
multiplied by the scale factor of 54.4 in column 8
of Table 1.

It is apparent in the capture cross-section
curves of the tungsten isotopes that at low energies
the resonances are quite well resolved from each

Figs. 3-6 must be multiplied by an appropriate  other, but in the kev energy region the effect of
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finite resolution is showing up in the merging of
the resonances. These data have been analyzed
for the energies of the observed resonances through
the use of a computer code which locates the
center of each resonance by least-squares fitting
a second-order polynomial to each peak in the
capture cross section. Corrections have been
made for small resonances due to the gold monitor
inside the capture detector during the experiment,
and isotopic assignments were made by comparing
the capture data from all four enriched samples.
These results are listed in Tables 2--5, and the
integral level-spacing distributions for the tungsten

isotopes are plotted in Fig. 7. (The low-energy

resonances have also been included in plotting

Fig. 7.) 1In this figure a straight line has been
drawn through the low-energy portion of the '83W
integral level-spacing distribution, aand it is

apparent that above ~ 1000 ev the data significantly
depart from this line. This departure is interpreted
as a loss of observed resonances due to the effect
of increasingly poorer energy with
increasing energy. However, below ~ 1000 ev it
appears that most of the resonances in '83W have
been observed, and thus the line with slope of
15 ev per resonance is a reasonable interpretation

resolution
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of the level spacing. If it is assumed that most
of the levels up to 1000 ev are s-wave levels,
and hence lead to compound states in '8*W of
total angular momentum J = 0 or J = 1, and if the
(2] + 1) level-spacing law is valid here, then the
average level spacing for resonances in '®3W is
equal to 60 12 and 20 £ 2 ev for levels of J = 0
and J = 1 respectively. (The errors are based on
the number of levels observed in an energy interval.
The fractional error in determining the average
level spacing from the observation of N levels
of the same spin and parity is approximately equal

to +/ 1/2 N. Assuming the (2] + 1) law to apply,

approximately 16 J = 0 and 48 J = 1 resonances
comprise the 64 resonances observed up to 1000 ev;
the errors are based on these 16 and 48 levels.)

For the even-even isotopes of tungsten, however,
the plots in Fig. 7 are more difficult to interpret.
For example, the '82W integral plot can be fitted
with a straight line of slope 38 ev per resonance
in the region up to 800 ev, but above 800 ev the
data can be fitted with a slope of 69 ev per reso-
nance. The effect of finite energy resolution
predicts a gradual loss of observed resonances
with increasing energy and does not explain the
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(These cross sections must

be corrected for isotopic enrichment and for the change in the capture detection efficiency for each isotope.)
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sudden change of slope observed in this experi-
Thus the !'82W data could be interpreted
to have either an average level spacing of 38 *

6 ev for the 20 resonances observed up to 800 ev,
t7

ment.

or an average level spacing of 69 ev for the
46 resonances observed between 800 and 4000 ev,
where the errors are derived from the number of
observed levels in each interval. In like manner
the integral level-spacing distributions for !'2¥fW,
and to a somewhat lesser extent ' 34W, also exhibit
How-
ever, a more detailed analysis must be carried out
the statistical
specific regions of energy to analyze these data

unusual-looking changes of slope in Fig. 7.

upon significance of selecting

before interpretations of local level-

density fluctuations can be made regarding these
abrupt changes of slope.

physical

In order to compare the average level spacings
of the tungsten isotopes over the full energy inter-
val up to 4000 ev, the total number of observed
resonances in each isotope was divided into the
enetgy interval. This resulted in average level
spacings of 61, 86, and 89 ev, respectively, for
182 184y anq 186y,
such a measurement is usually taken as equal to
about 1/\/21V, where N is the total number of
observed levels, and this would lead to errors

of 5, £9, and 19 ev, respectively, for the average

(The fractional error in
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(These cross sections must

the capture detection efficiency for each isotope.)



level spacing in '22W, '3*W, and '%°W. However,
the presence of abrupt changes in slope of the
integral level-spacing distributions tends to indi-
cate that these errors may not be applicable here.)

In the energy region from ~1 to 10 kev, the
tungsten capture cross sections begin to ‘“‘smooth’’
out due to the averaging over many resonances
by the experimental resolution (see Fig. 3). Hence
it is more pertinent in this region to average the
data over wide energy intervals and then to inter-
pret these average data. Accordingly, the capture
data for each sample have been averaged, corrected
for the presence of isotopes of low enrichment,
and corrected for the spectrum fraction of each
isotope (assuming that this spectrum fraction is
the same in the kev energy region as was measured
in isolated resonances below 200 ev). These
results are listed in Table 6 in columns 3-6.
Columns 1 and 2 are the enetgy intervals over which
the average was taken, and column 7 is the average
capture cross section expected for a natural sample
of tungsten based on the natural isotopic abun-
dances and the isotopic capture cross sections in

Table 2. 182y

Energies of Resonances in

from About 35 to 4000 ev

Energy (ev) || Energy (ev) || Energy (ev) || Energy (ev)
98.0 672.5 1653 2806
114.7 762.3 1781 2886
130.5 784.7 1801 2956
213.5 866.0 1930 3000
249.6 922.1 2016 3061
282.4 951.3 2069 3135
303.2 1011 2112 3221
342.7 1099 2190 3275
377.6 1166 2236 3325
410.1 1281 2340 3359
430.1 1292 2394 3434
447.0 1332 2423 3536
486.2 1414 2541 3575
580.2 1509 2588 3615
615.9 1519 2620 3872
657.6 1588 2739 4005

61

columns 3-6. No corrections have been made for
resonance self-protection or for the effects of
multiple scattering in the samples. It is estimated
that the capture cross sections in Table 6 are
accurate to about 15%.

]83w

Table 3. Energies of Resconances in
from About 35 to 2800 ev

Energy {ev) Energy (ev) Energy (ev) Energy (ev)
40.7 426.9 086.8 1718
46.2 430.6 1003 1744
47.9 461.3 1012 1763
65.5 470.0 1066 1774

101.3 514.4 1076 1814
104.1 536.2 1088 13842
138.3 552.8 1103 1873
144.6 560.1 1118 1921
154.9 569.8 1131 1961
157.3 573.0 1144 2006
174.3 589.9 1155 2054
192.6 605.2 1169 2076
203.8 610.6 1182 2099
220.8 649.2 1199 2130
228.3 678.2 1245 2155
235.8 692.5 1318 2172
240.9 697.7 1335 2236
244.2 703.2 1375 2285
259.4 726.0 1402 2326
280.4 755.0 1453 2360
289.2 764.1 1467 2454
297.1 795.0 1487 2527
322.8 810.7 1519 2588
338.0 855.8 1539 2658
348.5 872.0 1550

353.9 897.5 1572

361.4 931.4 1592

378.8 944.5 1637

392.1 954.6 1669

419.1 964.3 1698
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Table 4. Energies of Resonances in 184y Table 5. Energies of Resonances in 186y
from About 35 to 4000 ev from About 35 to 4000 ev
Energy (ev) YEnergy (ev) Energy (ev) Energy (ev) Energy (ev) Energy (ev)
102.1 1339 2631 111.3 834.8 2600
184.7 1405 2850 171.5 857.6 2671
243.5 1429 2937 197.6 967.7 2793
311.3 1519 2997 218.4 1075 2893
424.4 1559 3148 245.1 1127 2993
594.8 1661 3204 287.8 1192 3055
683.5 1799 3236 317.9 1424 3179
705.4 1880 3328 407.3 1506 3332
786.8 1928 3468 457.9 1551 3442
801.7 2053 3557 511.8 1802 3589
960.5 2100 3613 531.9 1942 3732
1002 2219 3751 543.4 2035 3786
1088 2262 3831 666.0 2116 3895
1136 2421 3962 732.0 2360 3985
1215 2466 4025 774.2 2529
1265 2552

Table 6. Average Capture Cross Sections

Energy Interval over Which
Data Are Averaged (kev)

T (n,¥) (barns)

Epoves coper 182y, 184y 186y 183y rw{('é')'
11.0 8.9 0.581 0.373 0.431 1.25 0.570
3.9 7.3 0.697 0.424 0.427 1.30 0.622
7.3 6.1 0.778 0.522 0.407 1.62 0.714
6.1 5.18 0.812 0.495 0.418 1.88 0.755
5.18 3.87 1.10 0.700 0.485 2.40 0.988
3.87 3.00 1.28 0.862 0.776 2.66 1.21
3.00 2.15 1.53 0.938 0.663 3.65 1.40
2.15 1.49 1.87 1.213 0.603 4.99 1.75
1.49 1.01 1.87 1.69 1.10 5.49 2.11

(a) , _ N o o .
O = 0.2640 o+ 01440 oo+ 0.3060 o+ 0.28407 .
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Fig., 7.

Tungsten Isotopes.

Integral Level-Spacing Distribution for the

In Fig. 8a the logarithms of the average capture
cross sections listed in Table 6 are plotted as a
function of the logarithm of the neutron energy.
Typically, the s-wave component of the average
capture cross section is expected to vary as
1/\E for neutron energies below ~1 kev and to
vary as 1/E for neutron enerpies above ~ 10 kev,
and the data in Fig. 8 all seem to be consistent
with an energy dependence in between these two
extremes. Actually, the data of Fig. 8 for each
isotope (except, perhaps, '#%W) could be fitted to
a straight line in the energy region from ~3 to
10 kev, with the region from 3 to 1 kev progres-
sively falling below this line. This ‘‘falling
away’’ effect is consistent with the net effect of
resonance self-protection and multiple scattering.
At the lower neutron energies the samples become
very black at the resonance energies, and this
effect more than compensates for the increase in
the capture counting rate due to multiple scattering
in the samples. Therefore at the lower neutron
energies this treatment of the data tends to under-
estimate the value of the capture cross section.

In the energy range near ~ 10 kev, the average
capture cross section becomes proportional to the
ratio of the radiation width to the average level
spacing. Since the radiation widths of resonances
in the even-even tungsten isotopes are comparable
to each other, the average capture cross sections
should vary from isotope to isotope as the reciprocal
of the average level spacing. The average level
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spacings of '%2W, 184W, and !%°W are 61, 86,
and 89 ev respectively (up to 4 kev), and thus the
average capture cross sections should be in the
ratio of approximately 1.5:1:1. It is seen in Fig.
8a that the magnitudes of the experimental average
cross sections near 10 kev do vary in about this
ratio. The radiation width for the !%3W resonances
is slightly larger than the radiation widths for
the even-even tungsten isotopes, and in addition
the average level spacing per spin state is much
smaller for the !3°W resonances than for the
rtesonances in the even-even isotopes. Therefore
the '®3W average capture cross section should
be substantially larger than the average capture
cross section of any even-even isotope, and in
Fig. 8a it is seen that the magnitude of the '®%W
cross section is at least twice that of any even-
even isotope.

In Fig. 8b are plotted the average tungsten
capture cross sections listed in column 7 of Table
2.  As indicated in Table 2, this natural-tungsten
average capture cross section is simulated by
weighting the measured isotopic cross sections
by the isotopic abundances found in nature. The
30-kev capture cross section measured for tungsten
by Gibbons et al.? is also plotted in Fig. 8b, and
it is seen that a straight-line fit to the data from
1 to 10 kev extrapolates through the 30-kev point.
Thus, to within the estimated accuracy of this
experiment of ~15%, these measurements agree
with the result of Gibbons et al.3
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GAMMA-RAY SPECTRA FROM NEUTRONS CAPTURED IN *®Fe AT THE 1148-ev RESONANCE

R. C. Block

NUCLEAR REACTIONS. 56Fe(n,}/) at 1148-ev resonance; mecasured E'y’ I

partial radiation widths and J of resonance.

.+ Deduced

Natural target,

In 1960 a new low-energy resonance was reported
by Isakov et al.! to occur in the capture cross
section of iron at a neutron energy of 1180 80 ev.
Neutron capture measurements by Block et al.?
and Moxon et al.? confirmed the existence of this

la. J. Isakov, Yu P. Papov, and E. L. Shapiro,
J. Expt. Theoret. Phys. (USSR) 38, 989-92 (1960)
[Soviet Phys. JETP (English Transl.) 11, 712 (1960)].

’R. C. Block, J. E. Russell, and R. W. Hockenbury,

Conference on Low Energy Nuclear Physics, p. 1,
Harwell, United Kingdom, September 1962 [AERE-R4131
(1962)).

3

M. C. Moxon and E. R. Rae, Conference on Low
Energy Nuclear Physics, p. 1, Harwell, United Kingdom
[AERE-R4131 (1962)].

resonance, and through the use of separated iso-
topes, Block et al.? assigned this resonance to
56Fe target nuclei. Subsequent measurements
by Moore et al.® have confirmed the isotopic
assignment, and the resonance has been assigned
to s-wave neutrons on the basis of the similarity
of the gamma-ray spectrum from the capture of
resonance-energy neutrons to the spectrum from
the capture of thermal-energy neutrons. Recent

high-resolution transmission measurements at

4]. A. Moore, H. Palevsky, and R. E. Chrien, Phys.
Rev. 132, 801 (1963).



Harwell® have shown that this resonance cannot
be produced by s-wave neutrons, and this reso-
nance has been assigned to p-wave neutrons at a
resonance energy of 1148 13 ev.

For thermal neutron capture in 56Fe, only s-wave
interactions can effectively take place, so that
the capturing state in S7Fe has a spin and parity
of 1/2 *. The low-lying states of °’Fe ate of nega-
tive parity and low spin, so that the high-energy
gamma ray observed in thermal neutron capture can
be attributed to E1 transitions (i.e., Al = 1 plus
a change of parity). However, for the p-wave
resonance at 1148 ev the capturing state is either
1/2"‘ or 3/2", and the high-energy gamma transitions
cannot be E1, but are most probably M1 transitions
(Al 1, no change in parity). It thus appeared
interesting to measure the capture-gamma-ray spec-
tra with a gamma-ray resolution superior to that
used by Moore et al., so that the similarity of
spectra could be studied in more detail.

The 9-in.-diam x 12-in. Nal crystal detector
installed at the 25-m flight station of the ORNL
fast-chopper facility® was used to make the meas-
urements (see Fig. 1). For the resonance-energy
measurements the rotor was spun at 6520 rpm to
achieve a neutron energy resolution of 10% at
1148 ev; the thermal-energy measurements were
carried out with a rotor speed of 220 rpm. The
Nal detector pulse-height data were collected in
a Technical Corporation (TMC)
4096-channel two-parameter analyzer simultaneously
as functions of time of flight and pulse height.
For the resonance captute the analyzer was divided
into 16 channels of time of flight by 256 channels
of pulse height; Fig. 2 shows the analyzer display.
Each time-of-flight channel is 1.28 psec wide,
and the intensified pattern of dots represents the
intense high-energy gamma-ray lines appearing
in the 1148-ev resonance capture. The resonance-
capture spectrum was determined by subtracting
the spectra from ‘“off-resonance’’ time channels
from the spectra of ‘‘on-resonance’’ time channels.
The thermal-capture spectrum was determined by

Measurements

R, C. Block, ‘*“High Resolution Neutron Transmission
Measurements of the 1148-eV Resonance in 56Fe,**
to be published in Physics Letters,

5G. G. Slaughter et al., Phys. Div. Ann. Progr, Rept.
Jan. 31, 1963, ORNL.-3425, p. 60; J. A, Harvey et al.,
Phys. Div. Ann. Progr. Rept. Jan 31, 1964, ORNL-~
3582, p. 62.
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alternating a cadmium sheet in and out of the
neutron beam and subtracting the two pulse-height
spectra for these two conditions.

The thermal and resonance capture pulse-height
spectra are plotted in Fig. 3. Both spectra have
been normalized to unity for the high-energy
gamma-ray lines, and the error bars are standartd
deviations derived from the counting statistics.
The thermal-capture spectrum was obtained over-
night, and the 7.64-Mev line ‘had more than 10,000
counts in the peak. The resonance-capture spec-
trum was measured for a period of eight days, and
about 1500 counts were collected in the high-
energy peak. For the thermal-capture spectrum,
the background counting rate was only 1/2% of
spectrum counting rate at 7.64 Mev, and from 1
to 7 Mev the background did not exceed 8%. In
the resonance measurements the background was
13% at the 7.64-Mev peak, and from 2 to 7 Mev the
background varied from 20 to 60%. The scintillator
detector was periodically checked with a gamma-
ray source, and the overall gain shift of the equip-
ment did not exceed 2% during the experiment. :
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Fig. 2. Oscilloscope Display of the TMC 4096-Channel Two-Dimensional Analyzer. The data represent neutron

capture in iron near 1148 ev; the analyzer is divided into 256 channels of pulse height by 16 channels of time of

flight.

that the resonance and thermal
spectra are produced respectively by p-wave and
s-wave capture, the two spectra in Fig. 3 are

Considering

surprisingly similar in that both spectra are domi-
nated by a strong 7.64-Mev gamma ray going to
either the ’Fe ground state or first excited state
at 0.014 Mev. However, the strong 5.95-Mev line
in the thermal spectrum does not show up in the
resonance capture, but a strong line is observed
in resonance capture at 6.36 Mev which does not
show up in the thermal capture. In addition, there
are two weak gamma rays with energies slightly

smaller than the binding energy of the neutron
at 7.48 and 7.38 Mev, respectively, for resonance
and thermal capture.

The relative intensities of the three highest-
energy gamma-ray lines were obtained by graphically
“‘stripping’” off a line shape determined by thermal
neutron capture in 2°’Pb. These single lines
are plotted below the respective spectra in Fig. 3.
The intensities of the prominent lower-energy
gamma rays were determined by comparing their
peak heights with the peak height of the highest-

energy line. All of these relative intensities
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were then corrected for the relative efficiency of
the Nal detector to different-energy gamma rays.
(This relative efficiency was measured by observing
well-known cascades of gamma rays in the thermal
capture of neutrons upon C, Be, Ca, and S.) These
relative intensities for gamma rays above 4 Mev
are listed in Table 1 along with comparative results
from Groshev et al.” and Moore et al.*; for con-
venience these intensities have been normalized
to 100 for the 7.64-Mev gamma ray. A comparison
of the gamma-ray energies and relative intensities
for thermal capture between this experiment (col-
umns 5 and 6) and the results of Groshev et al.
(columns 7 and 8) show that within the accuracy
of this experiment the results are in agreement.
(For comparison the intensities of multiple lines
observed by Groshev, as indicated by bracketed
energies in column 7, have been summed in column
8.) However, a comparison of the gamma-ray
energies and relative intensities for the 1148-ev
resonance capture from this experiment (columns

"L.. V. Groshev et al., Nucl. Phys. 58, 465 (1964).

1 and 2) with those of Moore et al. (columns 3
and 4) is not in agreement. It must be pointed
out that Moore et al. used 3-in.-diam x 3-in. Nal
crystals for their experiment, and these small
crystals suffer from a very poor line shape for
high-energy gamma rays. Thus the results of
Moore et al. depended very sensitively on the
accuracy of their line shapes, and a glance at the
obsetved capture spectra in Fig., 2 of their paper
indicates the great difficulty they had in stripping
off the highest-energy gamma rays to determine
the intensities of the lower-energy gamma rays.

In Fig. 3 the area under the resonance-capture
spectrum is approximately equal to the area under
the thermal-capture spectrum. Since both spectra
have been normalized to unit intensity for the
7.64-Mev gamma ray, the fraction of 7.64-Mev
gamma rays per neutron capture is approximately
the same for both thermal and resonance capture.
Thus it is possible to normalize the relative
intensities in the resonance-capture spectrum to
the absolute intensities determined in thermal-
capture measurements.

Groshev et al.” have
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Table 1. Relative Intensities of Gamma Rays in Thermal and Resonance Capture

1148-ev Resonance Capture in 56re Thermal Capture in Fe
This Experiment Moore et al.? . This Experiment Groshev et al. 7
E. (Mev) Relative E'y (Mev) Relative Ey (Mev) Relative Ey (Mev) Relative
k4 Intensity Intensity Intensity Intensity
7.64 10.08 100 7.639 100 9.29 £ 0.04% 8 t1 9.298% 7.7%
8.98 t 0,009 2.0 £0.7 8.882 @ 1.92
8.368
7.48 £ 0,08 21 6 7.273 25 7.64 £ 0.08 100 7.643
7.629 100
6.9 <8) 6.932 35 7.38 + 0,08 10 £5 . 7.277 13
6.36 £ 0.08 41 16 6.440 21 6.40 1+ 0.12 543 —6.5047 2.1
6.379
[6.260|
(6.0 <8) 6.009 49 5.95 + 0.08 35 +7 [6.018 42
5.91 17 5.920J
4.9 +0.1 ~7 4.22 +0.08 13 £5 4.217 8
4.4 0.1 ~T
aCapture in SFe.
Table 2. Partial Radiation Widths measured the sum of the intensities of thermal-
of the 1148-ev Resonance capture gamma rays going to the ground state and
the 0.014-Mev excited state of 37Fe to be 43%,
Intensity  Partial Radiation a and the resonance-capture 7.64-Mev gamma-ray
E. (Mev) (%) Width (ev) Ey intensity has been set equal to this number. These
normalized intensities are listed in column 2 of
7.64 43 0.25 34 x 1073 Table 2. The total radiation width of the 1148-ev
5 resonance has been determined in ref. 5 to be
7.48 9 0.05 8x 107

0.58 ev, and thus the partial radiation widths can
6.36 18 0.10 25 %1073 be obtained by multiplying the intensities in
3 column 2 by 0.58 ev. These widths are listed
in column 3 of Table 2. According to Bartholomew, &
4.4 ~3 ~0.02 ~9x 10 the reduced width for the M1 transition, k,, is
equal to F;,(Ml)obs/€3D, where F,’Y(Ml)obsis the
partial radiation width in ev, € is the gamma-ray

4.9 ~3 ~0.02 ~9x10"

In units of 107° Mev™3.

8G. A. Bartholomew, Ann. Rev. Nucl. Sci. 11, 250
(1961).



energy in Mev, and D is the average level spacing
in Mev in the vicinity of the capturing state of
levels of the same spin and parity. The average
s-wave level spacing for resonances in 5°Fe is
observed to be about 25 kev,® and assuming the
(2] + 1) level-spacing law to be valid, the average
p-wave level spacing will be the order of one to
one-half of the average s-wave spacing. Thus,
assuming a p-wave spacing of ~16 kev, the k
for the resonance-capture transitions have been
calculated and listed in column 4 of Table 2.

In the review paper by Bartholomew,® he finds
that for A > 20 the measured values of k, , from
thermal capture do not exceed 40 x 1073 and that
the average value of k, is ~4 x 1073, The
magnitudes of the k,  ~in Table 2 fall within the
range of the thermal-capture &k, ’s, and thus the
assignment of the 1148-ev resonance to p-wave
capture plus predominant M1 deexcitation does
not lead to any anomalously large values of reduced
radiation widths. On the other hand, the assignment

9Neutron Cross Sections, BNL-325, 2d ed., suppl. 1
(1960).

of any of the transitions in Table 2 as E2 transi-
tions leads to very large E2 strengths, not at all
consistent with the observations of Bartholomew
for the E2 transitions measured for thermal capture.

Referring again to the resonance-capture spectrum
in Fig. 3, the observation of the gamma ray at
7.48 + 0.08 Mev favors a 3/2" spin assignment to
the 1148-ev resonance. Since the compound state
in 37Fe is formed essentially at an energy of
7.64 Mev, the (7.48 1+ 0.08)-Mev gamma ray is
interpreted as the transition to a (0.16 £ 0.08)-Mev
state in °’Fe. The low-lying states of ’Fe
nearest 0.16 Mev are the 3,,/2" state at 0.014 Mev,
the ,~ state at 0.136 Mev, and the 7" state at
0.366 Mev.'® If the (7.48 + 0.08)-Mev gamma ray
is interpreted as a transition to the 0.136-Mev
state, then of the two possible choices of a 4

or ¥~ p-wave capturing state, only the 3/2_ captur-
5,

2
ing state can lead to an M1 transition to the %
state. Better spectrum data, however, will be
required before a more confident spin assignment

can be made to this level.

10N uclear Data Sheets, NRC 61-2-13.

STUDY OF THE EVEN-EYEN COMPOUND NUCLEI
AT THE FIRST s-WAVE STRENGTH FUNCTION RESONANCE

W. M. Good

Daniel Paya’

Rolf Wagner?

43
48

NUCLEAR REACTIONS. 47

£ £60 kev. *Ca,

Ca,

Ti, 59741, %*cr,

. 0 ;
density, resonances, resonance parameters, | /D. Enriched targets.
n

Ti, *7Ti,

58

53

Cr, 57Fe, 63Cu, 65Cu, measured UT(E)’
64

Fe, Cu, 66Cu, deduced levels, [, level

During the past several years, at least one paper
on the s-wave strength function has been published
each year.>~'%® These works usually have as
their objective the fitting of the strength function

1Ps:rmanem address: Commissariat A L?Energie Ato-
mique, Centre D’Etudes Nucleaires de Saclay, Saclay,
France.

2Permanent address: Physikalisches Institut der

Universitat Basel, Basel, Switzerland.
3Yu. P. Elagin, Soviet Phys. JETP 17, 253 (1963).

‘yu. P. Elagin, V. A. Lyul’ka, and P. E. Nemirovskii,
Soviet Phys. JETP 14, 682 (1962).

in the mass region 85-140, which experiment finds
to be anomalously low. The observed strength
functions constituting the first resonance at about

5B. Buck and F. Perey, Phys. Rev. Letters 8, 444
(1962).

5p. A. Moldauer, Phys. Rev. Letters 9, 17 (1962).

“T. K. Krueger and B. Margolis, Nucl. Phys. 28,
578 (1961).

84. Fiedeldey and W. E. Frahn, Ann. Phys. 16, 387
(1961).

°A. Sugie, Phys. Rev, Letters 4, 286 (1960).
1OA. M. Lane et al., Phys. Rev. Letters 2, 424 (1959).
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mass 51 peak rather too high, compared with theory,
but this has not been taken as serious; the strength
in the region of masses above 140 can be accounted
for when deformation is taken into account.

The ability of theory to account very well for
the first s-wave resonance is a bit surprising
when considered in the light of two facts: (1) as
the first resonance is spanned, the f7/2 shell
becomes filled, and the 28- to 50-neutron shell
begins to fill; (2) many of the nuclei which had
been studied were even-even targets whose reso-
nant level spacings were =40 kev. for such spac-
ings the condition on [ (the energy interval over
which the reduced width is averaged) that D <<
1 << §/(ds/dE) << h%/2 Ma? (ref. 11) can scarcely be
met. The even-even compound nuclei which span
the first s-wave strength function have not been
systematically investigated. These nuclei would
be expected to have at least five times the level
density of the even-odd compound nuclei. They
are *3Ca, *’Ti, *°Ti, 33Cr, 3"Fe, and °'Ni, which
have, respectively, —4, -2, 0, +2, +4, and +6
neutrons with respect to the closed f7/,2 shell.
The total cross sections of these nuclei have
been measured up to 60 kev with the objective
of ascertaining what, if any, effect closure of the
f7/2 shell has on the strength function.

Figure 1 shows the strength functions of these
even-even compound nuclei 440g, 18.50T) S4cy,
58 and °®°Ni; the odd-odd nuclei *5Si, 5%Cu,
and ®%Cu are also included along with the optical-
model prediction as given by Buck and Perey.!?
Table 1 is a listing of individual resonance param-
eters.

The relatively good agreement between theory
and the present experimental results expresses
the latter’s disagreement with a mass of earlier
data indicating a peak strength considerably larger
than predicted by theory. At least one of the high
values previously obtained was 33Cr, which, as
shown in Fig, 1, appears quite ‘“‘normal.”

Insight into the cause of the discrepancy in the
case of *3Cr can be obtained from Fig. 5 and from
Table 2, where it will be seen that indeed 33Cr
has a large strength below 15 kev. More generally,
a superficial insight into the relation between the

£, shell closure and the s-wave strength comes

14 M. Lane and R. G. Thomas, Rev. Mod. Phys. 30,
309 (1958).

12p Buck and F. Perey, Phys. Rev. Letters 8, 444
(1962).

from the cross sections as shown in Figs. 2-7.
The connection appears as a ‘“‘lumping’’ of the
strength in place of a more nearly uniform distribu-
tion. Of course, such “‘lumping’’ is a statistical
possibility, but when it occurs in so marked a
fashion compared with *3Cu and ®!Ni, in such a
significant region of neutron number, a correlation
seems implied which is specifically assumed not
to be the case for the distribution function of the
majority of widths and spacings. In view of such
“lumping’’ it seems a bit more significant that in
the interval 0 to 60 kev the ‘‘optical strength’’
is nevertheless exhibited.

Finally, *’Ti and *°Ti are particularly interest-
ing, since in these two cases of 26 and 28 neutrons
in the compound nucleus, the proton number remains
constant. A similarity seems to appear (Figs. 3
and 4) between the resonances of *°Ti + n and the
first seven resonances in *’Ti + n; the resemblance
in appearance is matched in Table 2 by a matching
in the strengths of these same resonances. The
large value for the strength of *’Ti + n (Fig. 1)
arises from the large strength that seems to appear
at an energy greater than about 30 kev.
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Table 1. Rescnance Parameters
£, r r° E, r r°
(kev) (ev) (ev) J (kev) (ev) (ev)
ca 4.36 49 0.74 S3¢er 3.6 157 2,62
5.23 37 0.51 4.2 445 6.86
8.70 157 1.68 5.4 212 2.88
13.80 147 1.25 6.6 357 4.39
18.9 162 1.18 8.0 1073 10.7
21.0 54 0.37 10.5 224 2.20
22.5 109 0.73 19.3 132 0.95
26.9 204 1.24 25.3 237 1.49
29.2 89 0.52 26.4 350 2.15
30.6 60 0.34 28.8 555 3.27
36.5 299 1.57
57Fe 3.87 177 2.85
4714 2.98 161 2.95 6.10 396 5.07
8.15 104 1.15 28.7 3018 17.8
10.4 99 0.99 40.5 1258 4.95
11.9 80 0.73 45.5 404 1.60
12.6 73 0.65
16.0 160 1.26 61n; 6.97 23 0.28
26.6 1168 7.16 7.37 238 2.79
29.6 220 1.28 12.4 67.7 0.61
32.0 848 4.74 13.3 75.9 0.66
36.2 394 2.07 13.7 13.0 0.11
37.1 365 1.90 16.3 411 3.21
39.8 900 4.52 17.5 174 1.32
42.0 580 2.82 18.3 181 1.34
43.2 1080 5.21 23.8 100 0.64
45.9 1125 5.25 28.2 236 1.40
48.6 493 2.24 30.2 423 2.43
50.9 805 3.58 31.6 392 2.20
52.1 952 4.17 32.7 120 0.66
54.7 476 2.03 33.8 123 0.67
56.9 1438 6.01 36.0 294 1.55
40.0 243 1.21
491 3.62 162 2.7 42.2 133 0.65
8.08 145 1.6 44.0 169 0.80
18.2 183 1.36 48.4 83 0.38
20.9 95 0.65
22.1 716 4.80 83cu 2.63 6.9 0.13
26.8 462 2.82 4.80 8.3 0.13
29.2 173 1.16 5.31 28.2 0.39
31.2 1228 6.94 5.79 13.4 0.18
35.8 119 0.63 7.64 8.5 0.10
37.9 1973 10.14 7.98 69.3 0.77



Table 1 (continued)

E, r r?° E I [°
n n 7 0 n n
(kev) (ev) (ev) (kev) (ev) (ev)
53cu 9.21 425 0.44 65¢y 2.5 23.2 0.46
9.95 60.8 0.61 3.87 19.7 0.32
10.9 67.6 0.65 4.45 15.4 0.23
12.4 13.5 0.12 6.45 30.0 0.37
13.0 67.2 0.59 7.65 29.8 0.34
13.7 49.3 0.42 7.92 155 1.74
14.9 34.7 0.28 9.85
15.6 22.1 0.18 13.2 72.4 0.63
16.1 13.8 0.10 14.2 51.6 0.43
17.8 195.8 1.47 15.2 9.6 0.08
19.4 15.9 43.9 0.35
20.9 302.5 2,09 17.8 296 2.22
22.7 143 0.95 19.8 194 1.37
24.8 75.5 0.48 21.8 27.4 0.18
25.6 207 1.29 24.1 84 0.54
26.5 121 0.74 25.0 256 1.62
28.2 51.5 0.31 34.9 324 1.73
29.3 242 1.41 39.7 249 1.25
31.2 96 0.54 43.5 224 1.07
33.2 325 1.78 50.8 70 0.31
36.4 308 1.61 54.2 132 0.57
42.2 546 2.66 58 320 1.33
Table 2. Strength Functions
and Average Level Spacings
o ”
Isotope AE Sn 4 D
(kev) ao™h (kev)
43ca 0-36.5 1.4 +0.7 13.3 + 0.6
714 0--57 5.8 +2 2.6 £ 0.4
027 2.79 1
2757 8.1 t3
491 0—60 2.64 1.5 55.6 +1.0
53¢y 0--40 5.1 +2.6 3.0 0.7
3-15 12.4 +8
15—40 1.6 +1.3
57
Fe 055 3.7 +2.6 10 +3
o1ng 0--50 2.5 0.9 2.4 +0.6
63 ..
Cu 0-60 2.7 + 0.8 1.2 £ 0.2
55¢cu 060 1.5 + 0.5 1.67 0.3
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A STUDY OF THE GAMMA-RAY SPECTRA EMITTED IN THE RESONANCE CAPTURE
OF NEUTRONS BY '9F!

J. R. Bird? J. A. Biggerstaff

J. H. Gibbons W. M. Good

NUCLEAR REACTIONS. !°F(p,}), measured O(E, E), E S 80 kev. 29F, deduced

relative intensities, y-reduced widths. Natural target.

Gamma-ray spectra have been measured at the
27-kev (27) and the 49-kev (1) resonances of
19F(n,»)?°F. The E1 transition to ground is
virtually absent at both resonances, while the

1Abstract of paper submitted for publication in the
Physical Review.

2present address: Australian Atomic Energy Com-
mission, Sutherland, New South Wales, Australia.

other E1’s have strengths that appear normal when
compared with heavier nuclei in which the radiation
widths are proportional to level spacing. A
description is given of the two-parameter instru-
ment by means of which it is possible to simul-
taneously measure the neutron energy (flight time)
and gamma-ray pulse-height spectra for radiative
neutron capture.

ASTUDY OF THE RESONANCE STRUCTURE OF THE EVEN ZIRCONIUM ISOTOPES AT
BELOW 60-kev NEUTRON ENERGY

J. A. Biggerstaff

W. M. Good

H. J. Kim

94

NUCLEAR REACTIONS. °%z:, %2z,

93

l;]o,ﬂ’l). Enriched targets.

Zr, 96Zr, measured O_(F), E = 60 kev.

Zr, 9°2r, 97Zr, deduced levels, level density, resonances, resonance parameters

. lerp

In the previous annual report,! we reported on an
investigation into the neutron total cross sections
and strength functions of the isotopes of zirconium.
The results of these investigations indicated a
large average strength (1.5 x 10~%) compared with
the value = 0.3 x 10~ exhibited by other nuclei
of mass greater than 90. Furthermore, the data
were such as to leave in doubt the character of the
cross sections between resonances, that is, small
resonances were suggested, but the statistics
were too poor to reveal anything about their size
or density.

Measurements with in-
creased sample thicknesses for the purpose of

were therefore made

(1) confirming the previous results, (2) extending
the measurements to higher energy, and (3) im-

1y, A. Biggerstaff, W. M. Good, and H. Kim, Phys.
Div. Ann. Progr. Rept. Jan. 31, 1964, ORNIL.-3582, p. 82.

proving between-resonance statistics by employing
thicker samples, especially in the case of °%Zr.

The cross-section results for °0:92:94.967;, ip
cluding both the 1963 and 1964 measurements, are
shown in Figs. 1, 2, 3, and 4. The individual
resonance parameters are listed in Table 1, and
the statistical parameters are shown in Table 2,

Since the report of our measurements on zirconium

a year ago, Moskalev et al.? have published re-
In Tables 1 and 2
the various parameters that they obtained are given
for comparison. It will be seen that in energy

sults of similar measurements.

ranges common to the two experiments, the agree-
ment is good, and furthermore there is agreement
with the results quoted a year ago.
contrast with the agreements just described, there

However, by

%S, S. Moskalev, H. V. Muradian,
Adarmchuk, Nucl. Phys. 53, 667 (1964).

and Yu. V.



is also shown in Table 2 what appears to be a
significant rise in the strength at higher energy.
Since the values quoted a year ago were for an
intermediate range of energy, the dependence on
energy suggested by Table 2 partly accounts for
the somewhat higher value of 1.5 quoted last year.
At the energies extending on up to 40 to 60 kev,
the strength for all the zirconium isotopes taken
together reaches the surprisingly high value of
2.5 + 0.3 x 107*, a value considerably higher than
predicted by the optical models.

The level spacings obtained from the present set
of data and the level spacings obtained by

50 1

40

barns
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Moskalev et al. both show a decrease in level

spacing with neutron excess. The precise figures
do not agree so well in this case as in the strength
function case; however, the average level spacings
are derived from entirely different energy intervals
in the two experiments. It may be significant in
the case of %%Zr that the number of levels with
E < E, vs E, cannot be fitted by a single straight
line, but can be fitted rather well by two such
A discussion of these results can be found
in a forthcoming publication, now in rough draft.

lines.
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Table 1.

79

Resonance Parameters for the Even Isotopes of Zirconium

The errors in the ‘“Present Experiment®® columns are representative errors based upon analysis

of thick and thin sample data

E  (kev) L e 1 e
Isotope Present Present Present
Experiment Reference® Experiment Reference” Experiment Reference®
90z, 3.8 10.06 3.91 £0.025 14 +3 13.6 £ 0.5 0.245 10,05 0.22 10.08
6.9 10,03 8 t1 0.095 *0.02
7.9 10.05 +1 0.10 +0.02
13.3 t0.1 13.67 £ 0.16 69 +0 65 t15 0.595 +0.08 0.56 +0.13
17.2 t0.1 17.85 £ 0.25 227 +17 200 £70 1.795 +0.2 1.50 +0.52
34.7 to.1 89 0.84
40.1 *o0.1 94 0.47
41.6 362 1.79
42.4 To.2 342 1.68
44.1 *1 320 1.03
56 126 0.54
59 310 1.29
68 563 2.20
9yy 2.7 +0.06 2.72 +0.02 27 +4 14 £2 0.517 +0.1 0.28 10.04
4,10 +0.06 4,15 +0.03 6 3 3.5 £ 0.5 0.092 1 0.05 0.055 £ 0.008
4,71 £0.05 4,66 T 0.03 21 +4 10 4 0.321 +0.06 0.15 +0.06
6.88 10.02 6.88 1 0.06 86 20 80 t10 1.05 10.3 0.96 *0.11
12.1 25 0.23
14.5 38 0.32
17.2 38 0.30
23.1 121 0.81
27.0
31.2
34.3 217 1.19
39.2 208 1.07
44.7 186 0.90
46.8 607 2,70
52.0
947y 5.7 to.l 5.87 £0.06 22.1 27 7 0.294 0.35 +0.09
6.98 1 0.2 7.22 £0.06 30.4 72 8 0.367 0.85 10.10
12.7 12.80 +0.16 28.6 20 +7 0.27 0.175 +0.06
15.5 13.9 0.11
17.7 22.2 0.17
17.95 £0.2 65 *8 0.487 £0.08
19.4 +o.5 19.86 10,27 107 19 125 + 40 0.778 1 0.09 0.9 +0.3
20.2 +0.2 85 0.61
21.7
23.1 50 0.32
23.7 43.5 0.28

23, s. Moskalev, H. V. Muradian, and Yu., V. Adamchuk, Nucl. Phys. 53, 667 (1964).
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Table 1 (continued)

E‘O(kev) l'n(ev) l‘no(ev)
Isotope Present Present Present
Experiment Reference? Experiment Reference® Experiment Reference®
94zr 25.1 57 0.36
27.0
29.0 57 0.34
29.8 57 0.34
30.2 78 0.45
31.8 134 0.75
33.8 130 0.71
36.3 69 0.36
40.0 145 0.73
41.6 267 1.29
43.7
%67, 2.38 £0.015 1.5 +0.3 0.03 10.006
2.68 12 0.24
3.85 £0.06 3.84 +0.04 7 1.1 4.5 +1 0.12 to0.01 0.07 +0.016
4.11 £0.02 4.15 £ 0,03 14 71,1 12.5 +2 0.21 £0.01 0.195 +0.032
4.61 £0.01 10.8 £ 3 0.158 1 0.02
5.48 £ 0.1 5.51 £0.05 15.6 =3 16.0 8 0.215 £ 0.05 0.215 +0.110
5.84 +0.07 4 0.05
5.97 4 0.05
6.80 22 0.27
8.96
15.45
17.51
22.76 86 0.58
20.4 402 2.39
34,5 143 0.79
36.1 93 0.50
37.2 43 0.23
38.9 96 0.49
40,7 180 0.91
45.8 288 1.36
51.6 124 0.55
54.2 1170 5.11
58.3 558 2.35

4g, s. Moskalev, H. V. Muradian, and Yu. V, Adamchuk, Nucl, Phys. 53, 667 (1964).
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Table 2. Strength Functions and Average Level Spacings of the Even Isotopes of Zirconium

The errors in the ‘‘Present Experiment®® columns are based upon Porter-Thomas distribution

of level widths and Wigner Distribution of level spacings

o B
S °- 21 n D
AE n AE (kev)
Isotope
(kev) Present a Present a
Experiment Reference Experiment Reference
x 1074 x 107%
90z, 0—28 1.01 £ 0.7 0.85 1+ 0.65 4.5 £1.6
28-70 2.46 1 1.2
0—70 1.81 0.9 5.0 41,0
97r 0—12 1.20 0.9 1.2 to0.8 1.2 £ 0.4
1252 1.82 0.9
0--52 1.75 0.8 3.3 107
947, 0—21 1.18 +1 1.1 10.8 2,4 £ 0.9
21-44 2.84 t1
0—44 2.24 £1 1.7 103
967y 0-5.8 1.28 -1 0.9 0.6 0.750 1 0.2 1.0 £ 0.3
5.8--58 2.93 +1 4.12 10.8
0-—58 2.79 1

43, s. Moskalev, H, V., Muradian, and Yu. V. Adamchuk, Nucl. Phys. 53, 667 (1964),

NEUTRON CAPTURE DATA AT STELLAR TEMPERATURES'

R. L. Macklin

Neutron capture cross sections are averaged over
Maxwell-Boltzmann neutron distributions for tem-
pertinent to slow nucleosynthesis (s
process) in red giant stars.
together

peratures
Such cross sections,

with isotopic abundances, provide the

lAbstrac:t of published paper: Rev, Mod. Phys, 37,
166 (1965).

J. H. Gibbons

major quantitative experimental tests of the theory.
The cross sections are tabulated at convenient
intervals from kT = 5 kev to kT = 90 kev where
data are available. In many cases it has been
possible to supplement the often fragmentary (as of
June 1964) data with evidence {rom nuclear
systematics.
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RESONANCE NEUTRON CAPTURE AND TRANSMISSION IN SULFUR, IRON, AND LEAD'

R. L. Macklin

P. J. Pasma?

J. H. Gibbons

32 56

NUCLEAR REACTIONS.

Measured 9, T OnA'

Targets S,

densities (for I = 0, 1 separately), effective nuclear radii.

targets.

Fe,

[
Deduced resonances, resonance parameters, 'L, g, 7,
Y

206:7.8py (n, yand total), £ = 10~80 kev.
level

Enriched and natural

Resonances in both the capture and total cross
sections for 325, SOFe, 20°Pb, 207Pb, and 2°8Pb
were investigated in the energy range from 10 to
80 kev. Total and radiative widths, and in some
cases spins and/or parities, were assigned, and
isotopic identifications of resonances were made.
Previously unknown resonances, mostly due to

! Abstract Rev. 136,

B695 (1964).

2Visiting scientist from Natuurkundig IL.aboratorium,
Rijks-Universiteit, Groningen, The Netherlands.

of published paper: Phys.

1 > 0 neutrons, were found in all of these nuclei.
The p-wave level density for 2°5Pb and 2°7Pb
was found to be more than twice as high as one
would expect from the number of observed s
resonances., ‘The total radiative widths for an
I =0 vstwol =1 resonances for *°’Pb targets
differed by a factor of 10. The effective nuclear
radius, R’ was found to be 8.5 + 0.2 fermis
(?°°Pb), 9.5 + 0.3 fermis (2°7Pb), and 8.4 % 0.3
fermis (?°%Pb), giving an average of 8.8 + 0.3
fermis, which is in good agreement with an optical-
model prediction of 8.7 fermis.

THE INTERACTION OF 350-kev POLARIZED NEUTRONS WITH ORIENTED '¢Ho NUCLEI!

R. Wagner? P. D. Miller

T. Tamura H. Marshak?

The interaction of polarized and unpolarized
350-kev neutrons with oriented and unoriented
165Hp nuclei was investigated in order to study
the effect of nuclear deformation and to search for
a possible spin-spin interaction. The ORNL 3-mv
pulsed and bunched Van de Graaff proton beam was
used in conjunction with a time-of-flight spec-
trometer. The 7Li(p,n) reaction at a laboratory
angle of 51° provided a source of 55% polarized
350-kev neutrons. Using the NBS transportable
3He refrigerator, a single crystal of !°3Ho metal
was cooled to 0.34°K, and a nuclear polarization of
approximately 15% was obtained with a super-

! Abstract of paper to be submitted to the Physical
Review. A preliminary account has been published:
Phys. Letters 10, 316 (1964).

2Now at University of Basel, Basel, Switzerland.

3National Bureau of Standards, Washington, D. C,

NUCLEAR REACTIONS. !%“Ho(n), E, = 350 kev: measured 0. (), n polarization).

conducting split solenoid. The differential cross
section for unpolarized 350-kev neutrons, elasti-
cally scattered from unoriented !°5Ho nuclei, was
measured in a cylindrical geometry and is in good
agreement with the results of a coupled-channel
calculation. The total cross section of unoriented
185Ho was measured between 300 and 400 kev. A
coupled-channe! calculation of the total cross
section using the same optical-model parameters
as those that fitted the angular distribution is
found to agree very well with these data. To
the spin-spin interaction, measure-
were made of the transmitted intensities

investigate
ments
with the target nuclei polarized alternately parallel
antiparallel to the of neutron
polarization. The observed change in intensity,
(-=0.11 * 0.32)%, and the observed total cross
section of 7.94 bams imply a change in cross
section of (+30 + 85) mb, where the plus sign
corresponds

and direction

to a larger cross section for the



parallel orientation. Comparison of this result
with that of the coupled-channel

indicates that if the spin-spin interaction in the

calculation

optical-model potential is written as -—VSS(&*-I)
times a Saxon form factor, then V __ lies between
—130 and +280 kev. Since the !'%°Ho nucleus is
highly deformed, a transmission measurement was

made to determine the change in cross section
between a highly oriented and a nearly unoriented

target. The transmission of the target decreased
by (1.3 + 0.4)% for the higher orientation value,
which corresponds to a cross-section increase of
350 + 100 mb. This deformation effect on the total
cross section is also in good agreement with that
derived from the coupled-channel calculation. The
deformation parameter, (3, used in the optical-
model potential was +0.3, in agreement with other
measurements.

METHOD FOR OBTAINING BURSTS OF POLARIZED NEUTRONS OF ENERGY 10-700 kev

J. W. T. Dabbs

As first supgested by Schwinger,! fast neutrons
can be polarized by scattering from helium at
~90° (c.m.) and might be moderated while re-
taining the polarization.

In considering the use of the proposed ORNL
electron. linear accelerator, the observation was
made that the energy at which most neutrons will
be produced in a tungsten or uranium target agrees
almost exactly with the peak in both polarization
and cross section for scattering of neutrons
through a lab angle of 90 = 15° from helium, namely
~1.2 Mev.

scattered beam is

The calculated polarization of such a
~ 50-60%,
dependence on angle, and the effective intensity is
~0.5% of that without the scattering (solid angle
factors included). The scattering requites ~1 cm
thickness of liquid helium at 4.2°K with a heat
input expected to evaporate "1 liter of liquid
helium per hour at the expected neutron intensity
from the proposed linac. The median neutron
energy after a single 90° scattering from *He is
approximately 700 kev.

Such a polarized, scattered beam can be
moderated to lower energies without appreciable

with only slight

loss of polarization by a spin-zero moderator
which has sufficiently small differences between
the two p-wave and between the two d-wave phase
shifts. These requirements appear to be met by a
moderator of '2C in the form of a graphite block
~10 cm on a side. The ‘““‘slowing-down power’’ of
carbon is only about 1/20 that of hydrogen; thus a
severe loss of intensity occurs at lower energies

1y, schwinger, Phys. Rev. 69, 631 (1946).

J. A. Harvey

because of the high escape probability and the
large number of scatterings required to reach the
lower In spite of this,
intensity appears usable down to about 10 kev.

A major problem, that of wall backscattering into
the moderator, seems to have been essentially
solved in the basic design of the proposed linac
accelerator facility, which has a 10-ft-diam by
10-fi-high evacuated target room. With the addition
of suitable wall treatment to increase the neutron

energies. the neutron

absorption, a 10% background appears feasible on
It is not ex-
pected that the method described here would be
applicable to accelerators not having an evacuated

the basis of preliminary estimates.

target room, but clever use of shielding might

permit a reduction in background to a usable
level. Calculations have not been made on this,
however.

The estimated intensities as a function of
neutron energy for both graphite and hydrogen
moderators are given in Table 1. The N(E ) are
the numbers of neutrons that escape from the
moderator in the stated energy interval for each
neutron incident on the moderator, and are based
on a Monte Carlo calculation which was performed
by J. G, Sullivan and A. M. Craig, Jr., of the ORNL

Mathematics Division. The values of L given in
Table 1 are the averages over 1000 neutrons of the
time delay before escape, converted to a length at
the final velocity: thatis,

f 1

L=y —

i=tVE

\/E[ ’

i



where /. is the actual path length associated with
the 1th The

variances in the L values are denoted by (AL).
In the table, AL thus represents the effective
thickness of the moderator and determines the
limit on resolution due to the source using this
method. Detailed Monte Carlo calculations of the

trajectory within the moderator.

polarization after moderation by 12C are in progress
but have not yet been completed.

Since the inception of this approach, a clearly
superior method in the energy range 0~10 kev has
been demonstrated by Draghicescu et al.? Their
method would, in the linac case, consist of passing
H,-moderated through a dynamically
Their method has the
advantage of higher intensity, since the values in

neutrons
polarized proton target. 3

2}’, Draghicescu et al., Phys. Letters 12, 334 (1964).

3See, e.g., C. D. Jeffries, Dynamic Nuclear Polariza-
tion, Interscience, New York, 1963,
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the lower half of Table 1 would apply to the
intensity incident on the polarizer. The intensity

loss associated with the liquid helium single
scattering (factor 200) would not apply; a loss of a
factor of 10 because of the small size of the
polarizer® and a factor of 5 for transmission loss
in the polarizer gives an overall factor of ~4 in
favor of their method in addition to the intensity
factors between the upper and lower halves of
Table 1.
methods are rather comparable.
that the two methods are complementary with

respect to energy range and that together they will

The polarizations expected from the two
It would appear

provide means for obtaining bursts of polarized
neutrons over the entire range 0-700 kev with only
slow variations of polarization with energy.

4We wish to thank A. Michaudon for pointing this out,
and for an illuminating discussion regarding polari-
zation losses during moderation.

Table 1. Meutron Moderation; Monte Carlo Calculations
Based on 1000 neutrons
a ~p c No. Collisions
\E N(\E) L” (cm) AL (em) in AE (av)

EO = 700 kev, Graphite 10 x 10 x 8 cm
700—-100 kev 0.978 5.76 3.75 13
100--10 kev 0.021 12.0 4.6 14
10—1 kev 0.0009 14.0 4.9 14
1.-0.1 kev 0.00002 14.0 5.7 13

EO = 1000 kev; Water 10 x 10 x 2 c¢m
1000—-100 kev 0.822 2.44 0.74 3.4
100-10 kev 0.087 1.78 1.51 2.3
10--1 kev 0.044 1.43 1.46 2.2
1-0.1 kev 0.021 1.37 1.56 2.0
100--10 ev 0.012 1.27 1.60 2.0
~1 ev 0.008 0.95 1.06 3.2

aN(.’\E) is fraction of neutrons escaping within AE.

bL is effective source distance behind exit face of moderator.

AL is standard deviation in L.



DIFFERENTIAL SCATTERING OF NEUTRONS FROM '%0

C. . Johnson

J. L. Fowler

NUCLEAR REACTIONS. °0(n, m), E_ =2.25-4.00 Mev; measured 0(0). 1703, deduced

resonance parameters, phase shifts,

The recent development of the idea of inter-
mediate states has brought a renewed interest in
the spectroscopy of such nuclei as '70, where
relatively pure intermediate states are expected.
Previously we had measured differential cross
sections in the 3- to 4-Mev neutron energy region
by scattering T(p,n1) neutrons from beryllium oxide
and beryllium.! Since a preliminary phase-shift
analysis of this data revealed a 3/2" resonance of

e, H. Johnson and J, L. Fowler, Bull. Am. Phys.
Soc. 9, 348 (1964).

WATER SHIELD TANKS
{SATURATED WITH BORIC ACID ) -

considerable theoretical interest, it was desirable
to investigate this region in greater detail with
improved accuracy.

Figure 1 shows the apparatus for the improved
experiment.  The sample is liquid oxygen con-
in a l-mil-wall Dewar f(lask which was
designed to minimize background scattering. The
inner wall was only 1 mil thick. The outer wall,
which was under atmospheric pressure, was 10
mils of stainless steel; it has to be work-hardened
to withstand the pressure. An identical Dewar

tained

ORNL-LR-DWG 67369R2

LiF LOADED PARAFFIN
-~ SAMPLE
T GAS TARGET

. —~PROTON BEAM
v

—CRYSTAL NEUTRON
DETECTOR

Fig. 1. Apparatus for Measuring the Scottering of Neutrons from Liquid Oxygen.



flask was rotated into the neutron beam to evaluate
background. We detected T(p,n) neutrons scattered
from the sample with a stilbene crystal from which

pulses due to gamma rays are depressed by pulse-

shape discrimination. Both the stilbene crystal

and the sample can be rotated by remote control,
and their position can be noted in the control
room. Since we calibrated the neutron detector in
the 0° neutron beam with the sample out, the

measurements allowed us to calculate

absolute
cross sections.

Figure 2 shows our results together with data of
others up to 3.55 Mev.
corrected

resolution.

Our data have been
scattering and angular
The solid line through the points is
the result of a least-squares phase-shift fit to the
data, with the phase shifts which give the fit
shown on the left-hand side. We took a FORTRAN

code, ? compute differential cross
sections for neutron scattering from 0-spin nuclei

for multiple

written to

QJ. L. Fowler, J. Agnew, and M. J. Mader, Bull. Am.
Phys. Soc. 8, 549 (1963).

ORNL.-DWG 64 -10029
_ ~ —  BNL 400 2nd ED1962
£,=3.55 £ 0.030 Mev 08\  +D.D. PHILLIPS
B4ty = —131° 5 *MARTIN AND ZUCKER
Bp1s,=-60° 83/, =+60° 6 | 3
V2™ PT Sp¥e T O | 061 L Liquip oxveEN 8
§d3/2—+77, Bys/, = 19° A > BeD-Be
T/> =0.0125 04 3
857/, POT.=0° \l P
Fo=3.77 oz N
£,=3.470 £ 0.014 Mev 0 - -
By, = 112° 08 \
8oty =117, Bp3s = +44° &
gz, = +116° Bys,=-7° 06 |\
T/, = 0.0125 \\ 4
8¢7,4 POT. = 0° 04 \‘ L,
Fo=3.77
© . 02 \.\ /,/‘)
=4 e y
£,=3.35 £ 0015 Mey g 5 \
By, =101 co8f i
Bpip =—22°, Bp3s=+20° & §
Bg3), = +89% Bys,=-9° »\g 06 %\
T/z = 0.0125 2 /
815, 4 POT. =0° = 04 \;\ o -
Fo=377 5 o 3 P
: . A
Q! i\ex_ru"{ | L ,”
08 -
i . o 2.37 /)
06 /o
/o [ ‘ = 1s.|.9lx 2
4 ,/ == ! I ! :——|ss
I ] If‘/B:
e —_—
02 ! | . | > I
£,=3.00 £ 0.030 Mev o — B 3 ;) " A — 1.00 1
T/s = 0.070 [/ Lz
851, 4 POT. = -101° 02 1 = 044
Fo=2.37 r o B | ) [ l
8 1, =-24°, 5 3, = +15° / ’ 0
p’/2_+ o 893/2_ 250 02 I~ / 5 a4 3 2 { 0
8q3p= 137 By, =t "7‘“""**-:“"“' y oy (barns)
£,=2.25 + 0033 Mev 08 04 O -04 -08
T/, = 0.070 cos¢ (C. M.)
N 1,4 POT. = -88°
£gm=2.37 r
Bpyp =167, Bp3, = +8°
Bd3p= 7%, 85 = 75"

Fig. 2. Center-of-Mass Differential Cross Sections for Scattering of 2,25- to 3.55-Mev Neutrons from Oxygen.
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as a function of phase shifts, and incorporated it
into a search routine to obtain a fit to the ex-
perimental data. ‘The resulting combined code,
which averages the theoretical curves over the
energy spread of the experimental measurements,

uses matrix operations to adjust several phase

shifts simultaneously in order to arrive at a
minimum in the sum of the weighted square of the
deviations between experimental points and

theoretical values. The 3.55-Mev curve illustrates
a difficulty of phase-shift analysis. Another set
of phase shifts appear in Fig. 4 and give practi-
cally an identical fit but are much more consistent
with the neighboring phase shifts.

Figure 3 shows an extension of the data to
3.77 Mev. As can be seen by taking the 3.77-Mev
resonance as f_,_ and allowing for a ds y potential
phase shift, we get an excellent fit to the data.

CRNL-DWG 64-10030

1.8 -

1.6
e BNL 4C0 2nd ED 1962
I 4 DD PHILLIPS

1.4
|

£, =377 % 0.014 Mey F * LIQUID OXYGEN
12 5 ° BeO-Be

8y, = - 120° 1& 8
Sptp = - 26° |, By, = +148° [q-
8y3, = +209°, Bysy, = —27° [
T = 0.0125 }
8¢5y, 4 POT. = 0° [ 7
Eq=377
6
£,= 3.700 * 0.01 Mev 5
854y, = ~126° 5
Bplpy =~ 21° |, Bp3y, = +83° B
[
83y, = 138, Bysy, = —2° 2 S
~ 4 =
I = 0.0125 g ~
8¢5y, 4 POT. = 0° g W
Fo= 377 =
&
5
3
£, = 3.65 * 0030 Mev
By, = 130°
Sptp = =3° B3, = +76°
835 = +135°, 5y, = ~5° l 2
I = 0.0125 N = ]
Brsy § POT.=0° 02 |- \A / == o 1.32
Eg= 377 B I / | L L~ |
ol Ll ity | e '
1o - |14
£,=3.564 £ 0.014 Mev 08 M = 044
Byy, =~118° ) / l ‘
o 7o . / o o
Bprp, =27° Sp3/2= +42 06 j\ 5
. " . 4 3 2 1 )
Sy3, = +112°, By, =-8 r‘ \ o7 (barns)
T4 = 0.0125 04 }»
37, | POT.=0° 0z I \_\ ,//
Eo=3T77 | et
L T T T O O Y
08 04 O -04-08
cosg (C.M)

Fig. 3. Center-of-Mass Differentiol Cross Sections for Scattering of 3.564- to 3.77-Mev Neutrons from Oxygen.
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ORNL-DWG 6410113
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Fig. 4. Results of Phase-Shift Analysis of Differential Scattering of Neutrons from 160,

Since %0 proton scattering data have a resonance
level at about this
3 we have

corresponding
excitation energy in the mirror nucleus,

to an f7

recently measured the total neutron cross section

of %0 in this energy region with 5-kev resolution.

We find the 3.77-Mev resonance is indeed a 5/2

resonance in agreement with the results of Fossan

et al.,* but we obtained a width of 20 kev, slightly

less than the 22-kev® and the 25-kev* widths re-
ported in the literature for this resonance.

Figure 4 shows the phase shifts as a function
of neutron energy and includes results at lower
energy from a previous analysis.® For an estimate
of the uncertainties in these phase shifts,” we
take cross-section values from a theoretical curve
given by the set of phase shifts shown on the left
of the figure and alter these values by errors
selected in a random fashion but with the same
standard deviation as the experimental errors.

3s. R. Salisbury and H. T. Richards, Phys. Rev. 126,
2147 (1962).

4D. B. Fossan et al., Phys. Rev, 123, 209 (1961).

SR, B. Walton, J. D. Clement, and F. Boreli, Phys.
Rev. 107, 1065 (1957).

Thus we obtain a set of points to be fitted with
the original code. We repeat this procedure a
of times and calculate the standard
deviation of the resulting phase shifts. At 3 Mev
the uncertainties in the phase shifts range from
1.5 to 3.0°% Other typical phase-shift uncertainties
are shown.

number

This analysis shows a d , resonance at 3.40
Mev approximately 500 kev wide, another d, .,
resonance at 3.82 Mev 50 kev wide, and a ps;z
resonance at 3.75 Mev about 500 kev wide. The
broad d3 ., resonance corresponds to m1/2 of the
single-particle limit. There is, of course, already
a d,  resonance with a very large fraction of the
single-particle limit at 1 Mev. The p, ,, resonance
at 3.75 Mev is about 1/S of the single-particle limit,
and the [5/2 resonance at 3.77 Mev is about 1/10 of
this limit.

6y. L. Fowler and H. O. Cohn, Phys. Rev. 109, 89
(1958).

7s. T. Thornton, C. H. Johnson, and J. L. Fowler,
Bull. Southeastern Sect, Am. Phys. Soc. (1964).
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RESONANCE PARAMETERS FOR NEUTRON SCATTERING FROM 2%8pp

J. L.. Fowler

NUCLEAR REACTIONS., 298

Pb(n), enriched target, En = 0,7-1.9 Mev, measured

o(E, ). 209Pb, deduced resonance parameters, phase shifts,

The
neutrons from 2°%Pb, as shown in Fig. 1, were
among the first to be compared with theoretical

resonance states observed by scattering

expectations for intermediate states.® Here is
plotted the total cross section of 298Pb as
measured with ~3-kev energy resolution.? Of the

some 85 resonances that occur between 0.7 and 1.9
Mev, about one-third are sufficiently isolated and
are resolved so that one can assign values of total
angular momentum. Shakin, in 1963, compared the
widths of the J = 1/2 resonances at 1.204, 1.318,
1.354, 1.632, 1.715, and 1.872 with the widths he

had calculated for 1/2+ resonances under the
assumption that these arise from two-particle-~

one-hole excitations of 2°°Pb. He found order of
magnitude agreement. Of course, from total cross
section data, one in general only deduces J values.
Angular distributions are necessary to assign
I values and parities, Accordingly, the angular
of scattered neutrons have been
measured of the prominent isolated
resonances up to 1.76 Mev.?

Before each angular distribution measurement,
the resonances had to be relocated. Figure 1 in
the previous paper shows a drawing of the shielded
region in which the neutron scattering experiment
was carried out. Neutrons wete produced by the
Li(p,n) reaction in a thin evaporated lithium target
instead of the T(p,n) gas cell indicated in the
figure. The stilbene crystal rotated to 0° served
as the neutron detector for measuring the trans-
mission of a 72% 2°®Pb sample located between
the source and the front of the paraffin shield.
This gave the peak of the resonance. For the
angular distributions, the 72% sample was removed
and a separated 99.75% 2°*Pb cylinder was
supported in the center of the shielded scattering

distributions
at most

region. Neutrons were detected at various angles

with the stilbene crystal, from which gamma-ray

'Garl Shakin, Ann. Phys. 22, 373 (1963).

2]. L. Fowler and E. C. Campbell, Phys. Rev, 127,
2192 (1962).

3J. L. Fowler, Bull. Am. Phys. Soc. 10, 12 (1965).

pulses were suppressed by pulse-shape discrimi-
nation. Since the neutron flux incident upon the
sample was detected with the stilbene crystal
rotated to 0° the differential cross sections are
absolute.

Figure 2 shows a set of differential cross
sections plotted as a function of the center-of-
mass angle. The data have been corrected for
the effects of angular resolution, multiple scat-
tering, and the second group of neutrons from the
Li(p,n) reaction. The arrows indicate the energy
positions at which measurements were made as
they are related to the total cross section plotted
on the right-hand side.

A set of measurements made at the beginning of
this experiment at 1.646 Mev is shown as open
points.
later at the end of the experiment is shown as the
There is agreement within the
accuracy of the measurements. The phase shifts
and resonance parameters listed beside each curve

Another run at this energy made months

closed points.

These tesult from a least-
squares fit to the experimental points.* One starts

yield the solid curves.

with a set of trial phase shifts extrapolated from
lower energies. These phase shifts were adjusted
by a nonlinear least-squares fitting code, which
averages the Breit-Wigner the
energy spread of the measurements to give the fits
as shown. In this energy region, one sees a d3/2
resonance at 1.600 Mev and a p resonance at
1.620 Mev. The peak at 1.632 Mev is a Pis
resonance. One looks for a least-squares fit
which, within the fitting errors, gives the non-
resonant phase shifts as a satisfactory extrap-
olation from the values at lower energies.

Figure 3 shows the results up to 1.761 Mev.
This covers the highest-angular-momentum reso-
nances observed up to 1.9 Mev: [ = 7/2 at 1,749 and
1.761 Mev. These turn out to be both f reso-
nances. Attempts to fit them (particularly the
1.761-Mev peak) as ng resonances were without

resonance  over

4]. L. Fowler, John Agnew, and Mary J. Mader, Bull.
Am. Phys, Soc. 8, 549 (1963).



90

ORNL-LR-DWG 64862R3

St
0. 021\ B 5/271_'77ﬁ7 B N ﬁiﬁﬁ_Tﬁ__T_]
L 0.04 -
12{~ | '
- } 3.4
3/~ /2 3
10| - /2 0.02 /2 +
L 001 0.03
'g 8r 3/2_
S s b A 0.01
2 : .
6 i \
b‘\ '
ar : ¥ I
_ 1
27
Qi [ U SR (OSSN ST SOV AU NN S SN EUUUS NN SN S J

070 074 078 082 0.86 090 094 098 102 106 110
10 'I—T“'V'\%‘fj/—“r”"' T Yt
-

3o- 002 3ot 3~
0.0t

/2~

o, {(barns)
)
————

1. 11

ij
&

AL
138 142 146 150

oy {barns)

o

S S AN S S S MU N SN VNN R AU AN B
148 152 156 160 164 168 172 176 .80 184 i

£, (Mev)

Fig. 1. Total Cross Section of 208ph with 3-kev Resolution. Listed above prominent isolated resonances are

the J-value, parity, and fraction of single particle width.



success. The difference in their appearance
arises from the rapidly changing S, phase shift,
which is going through a resonance in this region.
This indicates the broad peak centered around
1.72 Mev is an s, ,, fesonance, At 1,701 Mev there
is an {5,/2 resonance.

Figure 1 also summarizes the parity assignments,
The numbers over the prominent isolated resonances
give the J value, parity, and reduced widths in

single-particle units. There is only one s

1/2
resonance in this region— at 1.715 Mev - to be
compared with Shakin’s calculations of widths of

one-hole~two-particle states.

There is, however,
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an s resonance of ~5% of the single-particle
width at 500 kev. There are a number of odd-parity
including three f resonances with
rather large reduced widths. Since most of the

shell-model hole states have odd parity and most

resonances

of the particles states have even parity, “Doorway’’
states, that is, one-hole—two-particle states, of
odd parities should be plentiful. Also, the
coupling of particle states with the 37 collective
state of the ?°3Pb core would lead to odd-parity

states. The spectrum of ?°®Pb plus a neutron
shows a number of candidates for intermediate
states.

ORNL-DWG 63-1448R
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Fig. 2. Differential Cross Sections of 208pL Neutron Scattering in Center-of-Mass System from 1.586 to 1.646

Mev.
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EXCITATION OF COLLECTIVE STATES BY THE INELASTIC SCATTERING OF
14-Mev MEUTRONS'

P. H. Stelson
J. Rapaport?

R. L.. Robinson

H. J. Kim
G. R. Satchler

NUCLEAR REACTIONS.

(n, 1), (n,n”); Bi, Pb, Sb, Sn, Cd, Zn, Ni, Cr, S, P, Si, Al,
Mg; En =14 Mev, absolute 0(0), /32, [53,

Differential cross sections for the inelastic
scattering of 14-Mev neutrons to low-lying col-
lective states have been measured for the 13

elements Bi, Pb, Sb, Sn, Cd, Zn, Ni, Cr, §, P,

Si, Al, and Mg. The inelastically scattered
neutrons were separated from the elastically
scattered neutrons by a time-of-flight system

which had an energy resolution of 450 kev for

1Abstract of paper submitted for publication in

Nuclear Physics.

2Present address: Instituto de Ciencias, Universidad
de Chile.

14-Mev neutrons. The absolute cross sections
were determined to an accuracy of 20% over the
angular range 20 to 130°

tained for excitation of collective quadrupole and

The cross sections ob-

octupole states are compared to the distorted-wave
theory for direct interactions. It is found that the
shapes of the differential cross

reasonable agreement in most

experimental
sections are in
cases with those predicted by theoty. The nuclear
deformation parameters, /3/\, are extracted, and
these are compared both to the available electro-
magnetic £, values and to 3y values obtained from
other direct-interaction experiments.

ELASTIC SCATTERING OF 17. TO 21-Mev NEUTRONS FROM '2C!

M. V. Harlow, Jr.?

R. L. Robinson

B. B. Kinsey?

deduced level.

NUCLEAR REACTIONS. '?C(n,n), E, = 17-21 Mev; measured 0. (E), O(E, O).

IBC’

A search for a resonance in the vyield of
elastically scattered 17- to 21-Mev neutrons from
12C has been made. The differential cross section
has been measured for laboratory angles of 36, 51,
60, 86, 123.5, and 139°, The total cross section
was also measured for the same range of neutron
energies. In the differential cross sections which
were measured at 36, 51, and 60° a broad peak was
present at a laboratory neutron energy of 19.5 &

1Abstract of paper submitted for publication in

Nuclear Physics.

2present address:
England.

Rutherford Laboratory, Harwell,

3University of Texas, Austin.

0.2 Mev. Its total width at half maximum was
approximately 1.1 Mev and its height was between
14 and 21% of the value of the continuum. Within
the 4.5% statistical error of our measurements, the
peak does not appear at 86° At 123.5 and 139°
the cross section decreases monotonically by a
factor of 3 between 17,5 and 20.5 Mev. The total-
cross-gection data, which exhibit a weak resonance
at 19.6 + 0.2 Mev having a total width at half
maximum of about 1.2 Mev, are consistent with the
differential-cross-section results. The resonance,
which presumably results from a state or states in
the compound nucleus '°C, appears similar to the
known resonance in the vyield of elastically
scattered 22.5-Mev protons from 12C.
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TOTAL NEUTRON CROSS SECTIONS OF HYDROGEN AND CARBON IN THE
20~30 Mev REGION

M, L. West II*

C. M. Jones

H. B. Willard

NUCLEAR REACTIONS.
19.58-30.46 Mev, measured L"t (E).

1H(n,n), 12C(n, n), polyethylene and graphite samples, En =

Precise n-p scattering and polarization measure-
ments in the 0—42 Mev region are needed as an aid
theoretical of the nucleon-
nucleon interaction, since theoretical fits to the
data to describe
unambiguously the interaction.

to interpretation

present are not sufficient
Measurements of
the n-p differential scattering cross section in the
20-30 Mev region are now in progress at this
Laboratory, The total n-p cross section has been
measured and will be used to normalize the n-p
angular distributions.

The transmissions of polyethylene and carbon
were measured to determine their respective total
cross sections, and a difference technique was used
to extract the hydrogen cross section. Neutrons of
the desired energy were produced by bombarding a
tritium-zirconium target with deuterons from the
ORNL 5.5-Mv Van de Graaff and Tandem acceler-
ators. The deuteron energy calibration was ob-
tained relative to the "Li(p,n)"Be threshold on the
5.5-Mv accelerator and relative to the 27Al(p,n)”Si
threshold on the Tandem accelerator.

The polyethylene sample
analyzed at ORNL and found to have a hydrogen-
ratio of (2.038 t 0.020):1 with no
significant impurities. The carbon sample was
fabricated from CGB-grade graphite. This is an
experimental-grade graphite and is specified to be
99.98%

x-ray photography to ensure the absence of voids

was chemically

to-carbon

pure. The scatterers were checked by

and other inhomogeneities. These samples were
machined in the shape of right cylinders with a
diameter of 1 in. Sample length and density were

measured to within 0.1%.

1oax Ridge Graduate Fellow from the University of
Texas, Austin.

Stilbene scintillators served for both the neutron
monitor and detector. The detector was located at
0° and 25 from the target. Backgrounds
measured with zirconium blank were always less
than 0.5%, the background room
scattering was less than 0.6% for all runs. The
geometry of this experiment was chosen so that

in.

while from

sample alignment was not critical. In all cases
corrections for in-scattering were less than 2%.
Preliminary results are presented in Table 1.
Corrections have been made for background and in-
scattering effects. Neutron energies are known to
better than 0.2%.

increased from the statistical error to

The probable errors have been
include
estimated maximum values of systematic errors.
calculations of these errors and

More exact

corrections are in progress.

Table 1. The Total Neutron Cross Sections of
Hydrogen and Carbon

E Hydrogen Carbon
Mev) (barns) (barns)
19.58 0.498 10,012 1.51 £0.04
20.81 0.467 *0.012 1.43 +0.04
21.93 0.432 t0.011 1.34 £0.03
26.32 0.329 0,012 1.32 +0.05
30.46 0.287 t0.011 1.32 £ 0.05
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A STUDY OF FLUCTUATING LOW.ENERGY (p,n) REACTION CROSS SECTION!

H. J. Kim

NUCLEAR REACTIONS. %3Cr(p, 1)%*Mn, 2.3 <E <3.1 Mev, measured TE,).

The 53Crp,m)%*Mn  reaction
cross sections were investigated for the incident
energy ranges 2.3--2.6 Mev and 2.8-3.1 Mev, The
excitation function of the total neutron yield
measured with 1-kev energy steps by using a thin
target (30 pg/cm?), the flat-response graphite ball
neutron detector, and the 5-Mv Van de Graaff
shows very rapid fluctuations of the yields with
energy. Besides these fluctuations, no visible
systematic energy dependence of the yields is
seen within the above energy ranges. Assuming
the (p,n) reaction cross section to represent the
compound-nucleus section (i.e.,

n I tal) and ignoring possible systematic
energy dependence of the cross section, the
fluctuations are analyzed in terms of the fluctu-
ations of the proton reduced width and the reso-

fluctuations in

entire

Ko

Cross

1Abstract of published paper: Phys. Letfers 14, 51
(1965).

nance spacing.?  The interval cross sections

a(w)’s, where

EXw/2) ,
alw) —f Ton dE ",

E—-(w/2)

have a x? probability distribution, and the

probability distribution approaches that of a normal
distribution as the internal w increases. The
variances of a(w)’s are lineatly dependent on
1/w, and this linear dependence implies that the
a(w)'s are members of a statistical distribution.
The information concerning the parameters of the
probability distributions of the proton width and
the spacing are extracted from the statistical
nature of a(w)’s.

?A. M. Lane and J. E. Lynn, AERE-TR-2210 (1957).

CROSS SECTIONS FOR (p,n) REACTIONS IN FIVE ISOTOPES OF TIN

R. L. Kernell?

C. H. Johnson

117 119

NUCLEAR REACTIONS. Sn{p,n),

. 1
sn(p,n), 12%n(p,n),

122

Sn@,n), ! 24Sn(p,n),

E :=2,5-5.5 Mev; measured O(F), Q. Enriched targets.

This
section measurements initiated to
proton strength functions, isotope effects on cross
sections, and (p,n) thresholds.? Protons that
were accelerated by a Van de Graaff to energies

report is an extension of (p,n) cross-
investigate

! Graduate student, University of Tennessee.

LI < Johnson, A. Galonsky, and C. N. Inskeep,
Phys. Div. Ann. Progr. Rept. Mar. 25, 1960, ORNL-
2910, p. 25.

in the range 2.5 to 5.5 Mev impinged on the target.
Neutrons resulting from (p,n) reactions were
counted by a 4 flat-response graphite-sphere
detector, 3

Thin targets were prepared by evaporating
isotopically enriched samples onto 10-mil plati-

num backings. Table 1 lists the five isotopes,

3R. L. Macklin, Nucl. Instr. 1, 335 (1957).



Table 1. Properties of Targets
Target Thickness

s Abundance .

Target Nucleus at 3 Mev
(at. %) (kev)
17gn 85.4 265
119 80.8 188
1204, 98.39 205
12264 90.8 196
124gn 92.8 173

their percentage abundances in the targets, and
the target thicknesses at 3 Mev. Target thick-
nesses were chosen to be many times the level
spacings in the compound nuclei but considerably
less than the range of proton energies used in the
investigation. Hence the observed neutron yields
are averaged over resonances.

Figure 1 shows the cross section for !2%Sn, the
heaviest of the five isotopes studied. The cross
section increases from a few thousandths of a
millibarn near 2 Mev to 42 mb at 5.5 Mev. Using
values of the '2%Sn cross section read from the
smooth curve shown in Fig. 1, the cross sections
of the other isotopes relative to '24Sn were deter-
The results are presented in Fig. 2.
Values below approximately 3 Mev are uncertain
because of relatively high yields from target
Further work is being conducted

mined.

contaminants.
with new targets to obtain more accurate cross
sections at the lower energies. The peaks at
4.5 Mev on the ''7Sn curve and at 4.6 Mev on the
1198y curve result from isobaric analog states in
the compound nuclei. A detailed investigation of
these resonances using thin (10 kev) targets is
reported elsewhere in this report.?

The threshold for '%2°Sn(p,n)!2?%Sb was deter-
mined to be 3494 + 7 kev. This corresponds to
Q = 3465 *+ 7 kev, in good agreement with the
value Q = —3462.9 t 7.1 kev reported by Okano
and Nishimura, ®

‘e, H Johnson and R. L. Kernell, ‘“Isobaric Analog

States in 2°Zr, 115gp, '8, and 12%sb.”

SK. Okano and K. Nishimura, J. Phys. Soc. Japan 18,
1563 (1963).
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An attempt has been made to relate the experi-
mental (p,n) cross section to that predicted by an
optical model. Since the protons have energies
considerably below the Coulomb barrier for tin,
the (p,n) cross section is expected to be essentially
equal to the cross section for formation of the

compound nucleus. The latter was calculated

97

using the optical-model parameters of Perey.® A
preliminary analysis indicates that the observed
cross sections show a larger increase with atomic
number than is predicted by the optical model
based on these parameters.

F. G. Perey, Phys. Rev. 131, 745 (1963).

ISOBARIC ANALOG STATES IN 70z, 116sp 1185 qand 1205

C. H. Johnson

R. L. Kernell?

NUCLEAR REACTIONS.
Mev; measured T(FE), Q.

targets.

QOZr, 1 lﬁsb,

89 1154 117
Y(p,n), 17sn,n), 17sn(p,n),
118

9%n(p,n), E = 3.6 to 5.1
Sb, IQOSb, deduced levels, ], I, Enriched

Recently isobaric analog states have been dis-
covered? in highly excited compound nuclei. If a
target nucleus (¥, Z) is bombarded by protons, the
compound nucleus will have many normal states
whose isobaric spin T = ¥ - 2)/2 - %, has the
same magnitude as the z component. The isobaric
analog states have T = T  + 1 and have large
energy spacings similar to the low-lying levels
formed with T = T,+ 1 by the target nucleus plus
a neutron. The Coulomb interaction of the proton
with the rest of the nucleus is responsible for
displacing the analog states to high excitations in
the compound nucleus, The fact that resonances
due to these states are observed not only in proton
scattering but also in (p,n) reactions shows that
they have impure isobaric spin, and the nature of
this mixing with the normal states is of con-
If the (p,n) reaction channel is
reaction cross

siderable interest.
open, both the scattering and
sections must be measured in order to determine
the partial widths, including the mixing width.
This report is concerned with the measurement
of total (p,n) reaction cross sections. Protons

!Graduate student, University of Tennessee,

2]. D. Fox, C. F. Moore, and D. Robson, Phys. Rev.
Letters 12, 198 (1964).

from the 5.5-Mv Van de Graaff bombarded tar-
gets of separated isotopes which had been evap-
orated onto platinum blanks, Neutrons were
detected with Macklin’s? flat-response 477 counter.
Since measurements were restricted to the (p,n)
reaction cross section, only the resonance
energies and total widths can be extracted from
the data; however, the shapes and peak heights of
the tesonances allow some further qualitative
conclusions,

Figure 1shows the cross sectionfor 7Y (p,n)°Zr.
The smooth curve, labeled o, is the compound-
nucleus cross section calculated with Perey’s?
optical-model parameters but normalized with a
multiplicative factor of 0.48 in order to fit the
observed (p,n) cross section in the smooth region
near 4.9 Mev. The reason for the normalization is
that the (p,n) cross section is expected® to be
nearly equal to o_ providing that several neutron
channels are open and that the proton energy is
well below the top of the Coulomb barrier. It
seems reasonable that minor adjustments in the

. L. Macklin, Nucl. Instr. 1, 335 (1057).
. G. Perey, Phys. Rev. 131, 745 (1963).

H. Johnson, A. Galonsky,
. Rev, 109, 1243 (1958).

and J. P. Ulrich,
Phys
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Fig. 1. The Y(p,n)°”Zr Cross Section Measured

with a Target Which was 6 kev thick at 5 Mev. Thresh-
olds indicated at G. S., E], and E2 correspond to neutron
emission to the ground state and to the first two excited
states of 897¢. The curve labeled T_is the compound-
nucleus cross section calculated with an optical medel

and normalized to fit the data near 4.9 Mev.

model parameters can account for the required

normalization.
The three thresholds in Fig. 1 are of interest
apart from the main topic on analog states.

Thresholds G.S. and E_ to the ground and first
BQZr

literature; ®» 7 however, the

excited states of have appeared in the
threshold E, at 4751 7
Subtraction of the
ground-state threshold” results in an energy of
1084 + 8 kev for the second excited state in 8°Zr.
This agrees with other 8.9 by
different methods. The shape of the excitation

function near the thresholds is also of interest.

kev has not been reported.

measurements

The curve above G.S. and E is qualitatively (and
perhaps quantitatively) in agreement with Hauser-

6C. H. Johnson, C. C. Trail, and A. Galonsky, Phys.
Rev, 136, B1719 (1964).

7K. Okano and K. Nishimura, J. Phys. Soc. Japan 18,
1563 (1963).

8D. B. Lightbody, G. E. Mitchell,
Bull. Am. Phys. Soc. 9, 651 (1964).

and A. Sayres,

gC. D. Goodman et al., Electronuclear Div, Ann.
Progr. Rept. Dec. 31, 1963, ORNL-3630, p. 21.
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Feshbach!?® the
9

/2+ ground state and 1/2_ excited state of ®°Zr.

predictions for transitions to
Now consider the conditions just below the £
threshold.  All states formed by s- or p-wave
protons can decay to the 1/2“ state by emission of
s- or p-wave neutrons, and 37 states formed by d-
wave protons can decay by p-wave neutrons to the
9/2+ ground state. In eac)b case the neutron trans-
mission factors are much .;llpis',,se’than the proton fac-
tors, so that the (p,n) cross sections for these chan-
nels are nearly equal to the compound-nucleus cross
sections. However, 2~ states formed by d-wave
protons can emit neutrons only if [ 7 2; hence the
(p,n) cross section should be somewhat less than
The fact

threshold is observed indicates that

the compound-nucleus cross section,

that the E2

just above the threshold, compound 2~ states can

emit neutrons with I < 2. Goodman ct al.? found

from the °°Zr(p,d)89Zr pickup angular distributions
3 -

that the new state is either 1/2' or ¥ If it were
1

/2" then a sharp rise in neutron yield would not be
expected, but if it is 3,,/2"

cause 2 states can decay with s-wave neutrons.

a rise would result be-

The above arguments, based on the very fact that
the threshold is observed, indicate that 3/2” is the
Goodman et al.? made theoretical
arguments to show that %~

correct choice.
is the correct as-
signment.

In Fig. 1 the resonances at 4804 + 6 and 5007 +6
kev are the 27 and 37 analog states which Fox
et al.? discovered. The shape of these resonances
is shown more clearly in Fig. 2, which gives the
ratio of the observed cross section to the normal-
This ratio has the effect of
removing the energy dependence of the Coulomb

ized theoretical o

penetrability and of the geometric factor 742
A slightly better procedure near the resonances
would be to use a particular proton partial wave for
finding the energy dependence of the resonance
ratio; however, since the penetrabilities for all
the
dependence, the ratio shown is a good approxi-

partial waves have nearly same energy
mation. The resonances are each about 25 kev
wide, considerably broader than the target thick-
ness of 6 kev. Fox et al.? reported widths of about
10 kev, and the reason for this discrepancy is not
clear. In Fig. 2 curves are shown for Lorentz
shapes of the indicated widths averaged over the

target thicknesses. Clearly the cross section

1O, Hauser and H. Feshbach, Phys. Rev. 87, 366
(1952).
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Fig. 2. The 89Y(p,n) Cross Section Plotted in a
Manner Which Removes
Coulomb Penetrability and on 77X2, The ordinate is the

ratio of the 8S’Y(p,n)gg'Zr reaction cross section to the

the Energy Dependence on

cross section labeled o in Fig. 1. The two resonances

and a 37 state which are isobaric

9OY_

arise from a 27
analogs to low levels in Lorentz curves of the
indicated widths have been averaged over the target
thickness and plotted at the two resonances. In the
lower part of the figure are indicated the energy cross
sections predicted by the optical model for production
of 27 states by (5.872 protons and for 37 states by Ay s

protons in the absence of the resonances.

does not follow the Lorentz shape, and this may be
related to the fine structure observed!! at other
analog states in this mass region. In the lower
part of the figure, below each resonance,
indicated the cross sections that are predicted by
the optical model for the partial waves that give
The resonances rise to 10

are

rise to the resonances.
to 25 times this “background.”

Figure 3 shows resonances in (p,n) reactions in
the three odd isotopes of tin. The percentage
isotopic abundances for *'38a, ''78n, and *!%Sn
were 11.8, 89.2, and 89.8 respectively. Un-
cerfainties in the cross sections are about +10%
for the two heavier isotopes but about #25% for
1156n, which had such poor enrichment. The
smooth cuwes are optical-model? compound-
nucleus cross sections normalized by multiplying
by 0.70, 0.83, and 0.91 for isotopes 115, 117, and

119 respectively.

Up  Richard et al., Phys. Rev. Letters 13, 343a
(1964).
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Fig. 3. The {p,n) Cross Sections for the Odd Isotopes
of Tin.

somewhat narrowsr than the isobaric analog resonances.

The target thicknesses were about 10 kev,

The smooth curves are compound-nucleus cross sections
calculated from an optical model and normalized to fit

the off-resonance cross sections.

Figure 4 gives the ratios of the (p,n) cross
to the nommalized compound-nucleus
As stated above, the plot of the ratios is

section
values.
convenient for studying the shapes of the reso-
nances. The resonant energies for isotopes 115,
117, and 119 are 4330 £ 15, 4491 £ 6, and 4642 + 6
kev respectively, and the corresponding Coulomb
displacement energies based on recent!? neutron
separation energies are 13.862 + 0.018, 13.772 +
0.015, and 13.707 + 0.015 Mev. These values are
agreement with (although they are about 2%
lower than) those reported!® for the even isotopes.
These energies indicate that the states are the 0
analogs to the ground states of 11%8n, 1188n, and
1206,

The resonances for 1'7Sn and '1°Sn are each
beautifully symmetric and somewhat broader than

in

12R. A. Damerow, R. R. Ries, and W, H., Johnson, Jr.,
Phys. Rev, 132, 1673 (1963).

131. A. Becker et al., Bull. Am. Phys. Soc. 9, 107
(1964).
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for forming the 0" state by s-wave protons in the
absence of the resonance. If one considers the
resonance to be of the giant-resonance type, then
the s-wave proton strength function must increase
by a factor of 40 to 60 at resonance.

Little can be said about the weak resonance in
'138n. The curve shown is simply an experimental
one. The peak is only about 20% above back-
ground, and this is consistent with the fact that
the neutrons emitted are probably d-wave with

only 500 kev energy.

the experimental 10-kev energy resolution. Curves
of the L.orentz shape for 1" - 30 kev were averaged
over the experimental resolution and plotted in the
figure. The fact that the experimentally observed
resonances have nearly a Lorentz shape indicates
that the analog state is mixed with a large number
of normal states. Off resonances, the ratios are
nearly unity, which simply means that the calcu-
lated o has about the right energy dependence and
that the normalization factor was well chosen.

The lines labeled (0 * s, /2) in the lower part of
the figure indicate the optical-model predictions
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malized compound-nucleus cross section in Fig. 3.
nesses are shown for the two heavier isotopes. The curve through the 1190 data is simply an experimental one.

+ +
The lines labeled (0, S]/z) are the average cross sections for producing 0 states by s-wave protons as predicted

by an optical model in the absence of the resonance.
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ELASTIC AND INELASTIC SCATTERING OF 12- AND 13-Mev PROTONS FROM '%¢Pd AND '08p4

R. L. Robinson J. L. C. Ford, Jr.

P. H. Steison G. R. Satchler

NUCLLEAR REACTIONS. 106,108

o(®). 19%1%%pg deduced levels, 3

!

Pd(p,p ’), enriched targets, EP = 12, 13 Mev; measured I

/5’3 .

The distorted-wave theory for direct nuclear
interactions has enjoyed considerable success in
explaining proton scattering data for protons with
energies greater than 4 Mev above the (p,n) thresh-
old. From a comparison of the predictions of
this theory and experimental results, one can
deduce spectroscopy factors of the target nuclei
and information about the nuclear reaction mech-
anism. This has led us to undertake a study in
which the differential cross sections of protons
elastically and inelastically scattered from medium-
weight nuclei are measured. The results for the
two nuclei *26Pd and '2%Pd are reported here.

Protons from the Tandem Van de Graaff accele-
rator were scattered from self-supporting, ~1 mg/
cm? foils of the enriched isotopes. The scattered
protons were detected by two semiconductor particle
detectors which were placed 7 in. from the target
and subtended a solid angle of 2.75 x 10~ % stera-
dian. These detectors were suspended from the

102 -

COUNTS

100 L...
160

240

200

top of an 18-in.-diam scattering chamber. The
angle between the incident proton beam and the
detectors was varied by rotating the top. Data
were normalized to the number of elastically
scattered protons observed by a detector fixed at
90° relative to the incident beam.

The differential cross sections for 13-Mev
protons scattered from '%°Pd and 12- and 13-Mev
protons scattered from ! %®Pd have been measured.
Representative proton spectra are shown in Figs.
1 and 2. For each target, proton groups were
observed which correspond to excitation of the
firsst 2% state, the two phonon states, and the
octupole state. These states are identified in the
figures by spin assignments. Energies determined
for the octupole states are 2.08 + 0.02 Mev in
'%0pd and 2.04 %0.02 Mev in '°®Pd. There was
also evidence for several weakly excited levels
between 2 and 2.5 Mev in both nuclei.
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Fig. 1. Spectra of 13-Mev Protans Scattered frem a | 98Pd Target Through an Angle of 115°
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Fig. 2. Spectra of 13-Mev Protons Scattered from a 108py Target Through an Angle of 90°

The elastic differential cross sections divided
by the Rutherford cross section are illustrated in
Fig. 3. The predictions of the distorted-wave
theory are given by the curves in this figure. To
obtain the best agreement between the theory and
experimental results, the optical-model parameters’
V and W and the magnitude of the cross sections
were treated as free parameters. Values deduced
for V and W are listed in Fig. 3. The normalization
factors used for the magnitude of the cross sections
were also applied to the inelastic differential
sections. The other parameters in the
optical-model potential were taken as rj - 1.2
fermis, r(; = 1.25 fermis, a = 0.7 fermi, a” = 0.65
fermi, and V__ = 6 Mev. Equally good fits of the
theory to the elastic differential cross sections
were obtained if r’ was increased to 1.3 fermis.

0
However, the data were poorly fitted for r” = r

Cross

o
The differential cross sections for the inelastic-
ally scattered proton groups for £ - 13 Mev are

given in Fig. 4 for '%%Pd and in ng. 5 for '°%pPd.
Comparison of the data for excitation of the first
2% states with the theoretical prediction gives
values for the quadrupole deformation parameter
B, of 0.25 £ 0.02 for '°°Pd and 0.23 £ 0.02 for

lDefinition of the parameters in the optical-model
potential can be found in the paper: F. G. Perey,
Phys. Rev. 131, 745 (1963).

108Pd.
of 0.226
106pg from Coulomb
excitation studies. From the cross section for
excitation of the octupole states, (3,’s are esti-
mated to be 0.15 £ 0.02 in '°°Pd and 0.14 * 0.02
in '9%Pd. These correspond to enhancements over
the single-particle estimate of 20 and 17 for the
E3 ftransitions from the octupole states to the
ground states in '°°Pd and !%%pPd.

For the theoretical curves shown in Figs. 4 and
5, both the real and the imaginary parts of the
optical-model potential were taken as nonspherical.
This assumption gave noticeably better fits to the
differential cross sections for excitation of the
octupole states than if only the real part of the
potential was taken as nonspherical. The theoreti-
cal curves in Figs. 4 and 5 also include contribu-
tions due to Coulomb excitation.

These are compatible with the f3, values
= 0.008 and 0.244 + 0.009 obtained for

and '°%Pd, respectively,
2

Since excitation of the two phonon levels cannot
be treated by the first-order distorted-wave approxi-
mation, no effort has yet been made to fit their
differential cross sections. The curves shown
with these cross sections in Figs. 4 and 5 are
only visual fits of the experimental points and
have no theoretical significance.

?p. H. Stelson and F. K. McGowan, Phys. Rev. 110,
489 (1958).
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SEQUENTIAL EMISSION IN THE REACTION 7Li(d,n)2a!

C. M. Jones
J. K. Bair

C. H. Johnson
H. B. Willard

Mark Reeves III2

| NUCLEAR REACTIONS.

"Li(d,20); measured U(E; E,, E_, 0, , 6, , ¢ , &
1

o a )
2 1 ™ 1 %

Deduced reaction mechanism. Enriched target.

The reaction Li(d,n)2a has been studied by
observing the two emitted alpha particles in coin-

Labstract of paper presented at Topical Conference
on Correlations of Particles Emitted in Nuclear Reac-
tions, Gatlinburg, Tenn., October 15—17, 1964, (Pro-
ceedings of conference will be published in Reviews
of Modern Physics.)

INow a graduate fellow at the University of Tennessee,
Knoxville.

cidence. A number of three-dimensional correlation
spectra have been measured at deuteron bombarding
energies between 2.0 and 7 Mev. The structure
observed in these spectra is consistent with the
assumption that the reaction proceeds primarily
through a sequential mechanism via the
mediate nuclei SHe and ®Be.

inter-

Q VALUES OF THREE-BODY NUCLEAR REACTIONS'

Mark Reeves 1112

The @ values for nuclear reactions having three
particles in the final state and the FORTRAN

L Abstract of ORNL-TM-038.

Now a graduate fellow at the University of Tennessee,
Knoxville.

program from which these values were calculated
are presented. Protons, deuterons, 3He ions, and
“He ions are considered as projectiles, and all
stable nuclides for which 3 < Z < 20 are
as targets.

used

T5N(3He,p)'70 AND '">N(3He,d)'°0 REACTIONS AND INTERMEDIATE RESONANCES

K. K. Seth’
J. A. Biggerstaff

G. Walter!

P. D. Miller
G. R. Satchler

NUCLEAR REACTIONS. !’N(®He,d)'®0, ' N(PHe,p)' 70 reactions. Angular distribution

at E3 = 6.41 Mev.
He

Deduced character of states in residual nuclei.

One of the most intriguing aspects of the nuclear
reaction mechanism problem is the transition from
the relatively straightforward mechanism, usually
referred to as the direct interaction, to the chaotic

situation represented by the compound-nucleus

lNorthwestem University, Evanston, I11.

interaction. Recently, Block and Feshbach? pro-

posed the concept that three quasi-particle inter-
mediate states in the reaction play the dominant
role of being the doorways to compound-nucleus

formation. They called these states doorway

?B. Block and H. Feshbach, Ann. Phys. (N.Y.) 23,
47 (1963).



105

states. Lemmer,’ Shakin,* and a number of other
workers at MIT, notably Kerman, Rodberg, and
Young® have made significant contributions to
the development of this idea.

The intermediate state comes about as follows.
In the simplest interaction between an incoming
particle and the target nucleus, the particle sees
what is essentially the real nuclear potential.
The next stage of involvement consists of a two-
body interaction between the incident particle and
a nucleon of the target nucleus. The interacting
particle is raised to a higher level and leaves a
hole behind. This three-quasi-particle structure
subsequently either leads to more complicated
five-quasi-particle excitations, seven-quasi-particle
excitations, and so on until the compound-nucleus
limit is reached, or else it may dissolve back to
the single particle in a potential well with the
particle escaping. There is no doubt that a process
somewhat similar to this takes place.
the significant question is:
doorway step?

However,
How important is the
In clearer terms, does the doorway
state live long enough to give rise to a ‘‘narrow-
enough-to-be-observed™ structure, or is the life-
time so small and the width consequently so large
that the structure is wiped out?

Indirect proofs of the existence of intermediate
resonances have been provided by the work of
Glasgow and Foster® (Et), Langsdotf et al.”
lo_ ()], and Seth® (F). A more direct confirma-
tion of the idea is, however, sorely needed.

For light nuclei, this elucidation would consist
of the observation of individual states which could
be ascribed to a two-particle—one-hole nature, With
thig in mind, Lemmer suggested the 'SN(®He,p)!’0
experiment to us. It is to be expected that in this
reaction strong enhancement of two-particle—one-
hole states will be observed, since the '°N ground-
state (GS) configuration is (pl/z)“l, and the reac-
tion is a two-particle transfer reaction.

Doubly charged 3He ions of about 6.4 Mev were
incident on an isotopically pure SN gas target

3R. H. Lemmer, Phys. Lotters 4, 205 (1963).

R. H. Lemmer and C. M. Shakin, Ann. Phys. (N.Y.)
27, 13 (1964).

SA. K. Kerman, L. S. Rodberg, and J. E. Young, Phys.
Rev, Letters 11, 422 (1963).

Sp. W. Glasgow and D. G. Foster, Bull. Am. Phys.
Soc. 8, 321 (1963).

a. Langsdorf, R. O. Lane, and J. E. Monahan, Phys.
Rev, 107, 1077 (1957).

8}{. K. Seth, to be published in Physics Lefters.

confined in a small scattering chamber. Solid-
state detectors were employed. A typical pulse-
height spectrum is illustrated in Fig. 1. It may be

noted that groups from the reactions *SN(3He, a)!*N
and '°N(PHe,d)'%0 are also observed. To be
particularly noted are the strong proton groups
corresponding to excitations of the 8th, 18th, and
~ 35th excited states of 170. The elastic-scattering
angular distribution is shown in Fig. 2. The
ordinate scale is based on the observation that
(7(6))/Cfr(0) ~ 0.66 + 0.02 at 9, = 36° for all
reasonable choices of an optical potential for *He.
Once this is accepted, all of our relative angular
distributions acquire absolute cross-section scales.
The optical-model fit to the elastic-scatteting data
is entirely satistfactory, consideting the statistical
accuracy of the data.

ISN(BHe’d)l 60

A number of significant observations can be made
about this reaction.

1. While a weak ground-state transition (to 0+)
was observed, transitions to the second 0%
and the 27 excited states were not observed,
and an upper limit of 5% of the yield of the
6.14-Mev (37) state can be placed for them.

2. Strong transitions to all three negative parity
states, 6.14 Mev (37), 7.12 Mev (17), and
8.88 Mev (27), were observed. These are all
about 20 to 30 times stronger than the ground-
state transition. These two observations con-

that these negative parity

states have large parentage in the (pl/z)“1
ground state of 'SN. It has long been thought
that the negative parity states of '°0 are one-
particle—one-hole states. Elliott and Flowers,®
and more recently Brown et al.'® and Gillet,!}
have developed this picture in detail. A striking
confirmation of this interpretation is provided
in Fig. 3. Here, along with the obsetved
angular distributions,
distorted-wave Born

clusively prove

are shown results of
approximation (DWBA)
calculations, using the particle-hole wave
functions of Gillet,

gj. P.Elliott and B. Flowers, Proc. Roy. Soc. (London)
A229, 536 (1955).

104, E. Brown, J. A. Evans, and D. J. Thouless, Nucl.
Phys. 45, 164 (1963).

11y, Gillet and N. Vinh Mau, Nucl. Phys. 54, 321 (1964).
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Notice that for all three negative parity states
the predicted angular distributions are in good
agreement with the data both qualitatively and
quantitatively. It is worth noting that these curves
were obtained without any attempt at fitting the
data; that is, Gillet’s spectroscopic factors were
used with the DWBA code. It is also noteworthy
that both the calculated and the experimental cross
sections are absolute. Finite-range and nonlocality
effects have not been included in these calculations,
but the insensitivity of the results to use of a
radial cutoff suggests that these effects are small.
Spin-orbit coupling is expected to have little effect
also. The spectroscopic factors obtained f{rom
the wave functions of Gillet’s random phase
approximation—number one (RPAI) were:

37 ) - 0.934lp, ,, ",y Yo

1= ) - 06130p, ;s >
£ 0433lp, 1 -
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Fig. 3. ISN(aHe,d)]bO Angular Disteibutions ta the
Ground State and Negative Parity Excited States of 164,
Distorted-wave Born approximation predictions as dis-

cussed in the text are shown,
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12 >=0.965lf’1/2 s /2 >+

where other configurations do not contribute if '°N
is in a pure p  -hole state.

1 5N(3He,p)] 70

Figures 4 and 5 show our observed angular dis-
tributions. Unfortunately, we have neither spectro-
scopic factors not results of DWBA calculations
to report here.

As illustrated in Table 1, the following observa-
tions can, however, be made:

1. The relative cross sections reduced by [(2] +
1)O’GS]~~1 for the three positive parity states
are 1.00, 1.4, and 0.69, while those for the
negative parity states are 2.4, 1.4, 1.4, 1.9,
and 2.2. Thus the average of the reduced
yields of the negative parity states is approxi-
mately twice as large as that of the positive
parity states, strongly indicating the altogether
different parentage of the negative parity states,

The reduced yields of the five adjoining negative
parity states are 2.4 (Zw), 1.4 (5/2"), 1.4 (3/2"), 1.9
(3/2“), and 2.2 (7/2‘). Their approximate equality
strongly suggests a common pareatage for them
and is strongly reminiscent of the near equality
of the E2 transition strenpths in the levels of
the same vibrational band. These observations
suggest an even simpler picture than the (two-
particle—one-hole) states we started to look
for. One wonders if indeed these states do not
represent (vibration + one particle) states with

the particle being in a d state and

17, or 27

S/2 or Sl/2

the vibration being one of the 3~
states in 150,

’

Indeed, some time ago, Brown, and
Thouless® suggested precisely this nature for
the ‘70 states. The three strongest groups (all
about four times as strong as the positive parity
levels) are Eg (5.70 Mev, 7/2”), E o (7.37 Hev,
52“), and £ (9.16 Mev, ...). We tentatively
regard these as the ‘‘center of gravity’’ of the set
of levels having different J but all consisting of
the same vibration and the same particle. The
results of this picture are displayed in Table 2.
In the first column the vibrational excitation of
163 is given. In the second column the assumed

Evans,



108

UNCLASSIFIED
ORNL—DWG 65-191

]

3 o

° [ 15N (3He, p)170 | U
' P EX =087, (Vo) 3.08, (V" );

3 v
0.8 £, (°He) = 6.4 MeV L
0(0)=8.55 Mev ,

‘ ‘ |
06 g5 = o (5/2+) -k t { e
oal - ,* I . |
| |
e A Al
o

- —} M *AP H
&—0—4‘ | i

\
- ”f*

£5 =508, (¥2)] ,T

RN
T

[ £5=1385, (7).

e e—
Ll
|
HH
T, ¢
Pl L rer
T
re-
. ol
I
e

I

do/df). {mbd/steradion)

|
08+ ﬂ; . i‘

T,,
\
’7

L

|

L. |

0 40 80 120 160 O 40 80 120 160 O 40 80 60
B¢ (deq)

Fig. 4. ISN(3He,p)]7O Angular Distributions to the Ground and First Five Excited States of 170.

UNCLASSIFIED
ORNL-DWG 65-192

7.37, (5%) - 8., (deg)

5N (3He, o) 'O
f:_( He] 6.4 MeV
0 = 8,55 MeV

do/dQ. (mb/steradian)
\

i

! ‘
o 40 80 120 1600 40 80 120 160
B¢ . (deg) 8¢ . (deg)

Fig. 5. ISN(3He,p)]7O Angular Distributions to the Higher Excited States of 170,



109

Table 1. Experimental Cross Sections and Reduced Yields for Farmation of States in 170

States GS 1 2 3 4 5 6 7 8 9 10 18 3s

Energies* 0 0.87 3.06 3.85 4.56 5.08 5.22 5.38 5.70 5.73 5.87 7.38 0.16
Mev)

J@@ st 1t 12T st 3T 3o 3T 727 >3/2 5/

2] +1 6 2 2 6 4 4 4 8 >4 6

(7(31{9,[)) 5.17 2.43 4.20 7.21 4,86 2.39 4.18 6.66 15.5 5.06 20.7 23.9)
(mb)

o/QRJ + 1) 1.00 1.4 2.4 1.4 1.4 0.69 1.9 2.2 <1.5 4.0
(relative)

single-particle configuration is given with the Table 2. Comparison of Observed Excitation Energies

excitation energy relative to the ground state of
170, The third column is simply the sum of the
first two, and the fourth column is the observed
The defect (difference between
third and fourth columns) represents the difference

excitation energy.

between the coupling strength of an odd neutron
to the ground state of 1°0 and the coupling strength
of an odd neutron to a vibrational state of 1°0.
All energy values are in Mev.

The defect appears to be relatively small and
constant. While we do not claim that this is a
complete analysis, it nevertheless suggests a self-
consistent picture of strong vibrational excitations
which are modified but little by the odd-particle
coupling.

It is interesting to compare these data with those
of Cerny'? on the '5N(a,d)'70 reaction. The
experiment is qualitatively comparable to ours
even though it was done at 45 Mev. As Fig. 6
illustrates, the spectra are remarkably similar.
Cerny observed what he called three strong groups
at 5.7, 7.6, and 9.0 Mev excitation in '70. This
result is exactly the same as ours, except that
with 400-kev resolution he actually saw the ‘‘center

in 170 with the Prediction
of the (Vibration + One Particle) Mode!

Vibration Particle Predicted Observed Defect
E* E*

37 61D dS/Z ) 6.14 5.70 Q.44

17 (7.12) Sy 9 (0.87) 7.99 7.37 0.62

27 {8.88) S1/2 (0.87) 9.75 9.16 0.59

of gravity’’ of a group of levels that we resolve.
(Incidentally, this verifies our center locations.)
Unfortunately, Cerny proposed a (d /2)2 explanation
for two of these states, which does not agree with
our conclusions.

12_]. Cerny II, Two-Nucleon Transfer Reactions in the
Light Elements (Thesis), 1961, UCRIL.-9714.
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TOTAL CROSS SECTION FOR "Be(c,n)!

J. H. Gibbons

R. L. Macklin

NUCLEAR REACTIONS. 9138((1,”), E =

12

deduced levels, 1. Other than

Natural target.

1.7-~10.5 Mev; measured O(E).

13C

Nucleus

C, 12¢+ final states dominant near E, =10 Mev.

The absolute total (47) neutron yield from °Be(a,n)
has been measured for alpha energies from 1.7 to
10.5 Mev by extension of earlier measurements.
In addition to previously reported states in 3¢,

lAbstract of paper accepted by the Physical Review.

resonance peaks are observed corresponding to
E_ . of 153 and 17.0 Mev. The widths for reso-
nances at £ _= 1.92, 2.25, and 2.58 Mev are 0.2,
0.4, and 0.3 Mev respectively. Near E =10 Mev,
reactions 12¢  apparently

account for <30% of the observed cross section.

leading to states in
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TOTAL NEUTRON YIELD FROM THE REACTION '4C(x,n)'70!

J. K. Bair

J. L. C. Ford, Jr.

C. M. Jones

NUCLEAR REACTIONS. '*C(a,n); measured o'(E). %0 deduced levels, [

The total neutron yield of the reaction ! *C(a,n)'70
has been measured in the alpha-particle bombarding

energy range 2.5 to 5.1 Mev. Six new levels were

! Abstract of paper to be submitted to the Physical
Review.

observed in the compound '%0 nucleus at bombard-
ing energies of 4,030 £ 0.015, 4.07 +0.03, 4.17 &
0.03, 4.434 +0.010, 4.70 + 0.4, and 5.004 + 0.010
Mev. These correspond to excitation energies of
9.361, 9.39, 9.47, 9.675, 9.88, and 10.119 Mev.
The experimental widths varied from 21 to 200 kev.

COULOMB EXCITATION OF VIBRATIONAL TRIPLET STATES
AND OCTUPOLE STATES IN THE EVEN CADMIUM NUCLE!'

F. K. McGowan
R. L. Robinson

Stelson

P. H.
J. L.C. Foxd, Jr.

NUCLEAR REACTIONS.

enriched targets, E
1 60

110,112,114,116

110,112,114,116

= 42-49 Mev, E

Cd, deduced levels, J, m, B(E2), B(E3).

Cd(lGO,IGO,}/), 110,112,114,116cd(a’a‘,y),

= 9~10.9 Mev; measured y, yy spectra.

Oxygen-16 ions with energies of 42 to 49 Mev
have been used to Coulomb-excite higher states
in the even cadmium isotopes. Double E2 excitation
of the 0% state at 1133 kev in ''*Cd has been
observed. The E2 transition between the excited
0% state and the first 2% state is strongly en-
hanced; that is, B(E2, 0" —2)/B(E2,2 ~0) = 0.85 &
0.17. The second 27 state and the 4% state in
1160 are degenerate to within 5 kev at 1222 kev
excitation. The values obtained for the ratio
B(E2, 4 —»2)/B(E2, 2 = 0) are 1.42 +£0.19, 1.82 *

L Abstract of paper submitted to Nuclear Physics,

0.23, 1.80 + 0.23, and 1.63 * 0.36, respectively,

for 11%4d, ''2¢d, ''%Cd, and '!'°Cd. States at
2051 +16, 1968 £16, 1945 +16, and 1900 + 16 kev
are excited in '!'°%Cd, 1'2¢d, ''*cd, and ''®Cd
respectively. If these states are interpreted to be
the result of direct E3 Coulomb excitation, the
B(E3, 0 —3) are 10.3, 10.6, 9.0, and 7.5 x 10~7*
e’cm®, with an accuracy of £20%, provided the
branching ratio of cascades to crossover from the
37 state is large compared with unity. These
B(E3) values represent enhancements of 13 to 20.
They are 3 to 6 times smaller than the results
derived from yield measurements with 14- to 15-Mev
alpha particles at Copenhagen.
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LOW-LYING LEVELS IN 73As

R. L. Robinson
F. K. McGowan

measured Ey’ I,y,

J. 7, B(E2), BM1), 8, 7,

Mev;

9"

NUCLEAR REACTIONS. "As(2,ay), E_= 3.5-8.1 Mev, " °As(

yy spectra, yl 80 spectra, (8.

166,160y, E

75

= 3638
16,

As, deduced levels,

Although extensive studies have been made of
the low-lying levels in 7%As through the investiga-
tion of the gamma rays and the conversion electrons
following the decays of the radioactive nuclei 73Ge
and 75Se,! many of the level properties have not
been established.
standing of the nature of the nucleus when in
these excited modes, it is necessary to ascertain
the properties of these levels. Coulomb excitation
of 7°As provides a means of reducing the number
of unknowns.

Coulomb excitation has been effected by bombard-
ing a thick arsenic target with helium and oxygen
ions. A description of the experimental arrangement
for study of gamma rays resulting from this bom-

In order to achieve an under-

1Nuclear Data Sheets, Nuclear Data Group, Oak Ridge
National Laboratory; M. de Croes and G. Backstrom,
Arkiv Fysik 16, 567 (1960); W. F. Edwards and C. J.
Gallagher, Jr., Nucl. Phys, 26, 649 (1961).
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Fig. 1. Gamma-Ray Spectrum for 7,08-Mev Alpha Par-

ticles on o Target of As as Measured with a 3 in. X 3 in.
Nal Crystal.

bardment can be found in earlier publications.?
Two new techniques have been added during the
past year: (1) gamma-ray spectra were taken with
a lithium-drifted germanium detector as well as
with the conventional Nal crystal, and (2) gamma-
ray spectra were taken in coincidence with back-
scattered bombarding particles.

Examples of the spectra are given in Figs. 1-4.
The contrast between Figs. 1 and 2 demonstrates
the greatly improved resolution of the lithium-drifted
germanium detector over the Nal crystal. The
narrowness of the peaks in the spectrum, as meas-
ured with the germanium detector, not only makes
possible observation of additional gamma-ray trans-
itions but also enables one to determine energies to

?p. H. Stelson and F. K. McGowan, Phys. Rev. 110,
489 (1958); ¥F. K. McGowan and P. H. Stelson, Phys.
Rev. 106, 522 (1957).
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£, =700 MeV
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W
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0 {20 240 360
CHANNEL NUMBER

Fig. 2. Gamma-Ray Spectrum for 7.00-Mev Alpha Par-

ticles on a Target of As as Measured with a Lithium-

Drifted Germanium Detector. The volume of this detector

is about 0.2 cm3.
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a few tenths of a kev. Figures 3 and 4 illustrate
the improvement achieved in a spectrum by observ-
ing only gamma rays which are in coincidence with
the back-scattered particles. Also note in Figs.
1 and 3 that, at least for this target, a ‘“‘cleaner’’
spectrum is obtained when the target is bombarded
with helium ions than when bombarded with oxygen
ions. The peak at 353 kev in Fig. 1 is from the
reaction 1%0(a,n)?!Ne. Osxygen results from the
oxidation of the arsenic metal target. The amount
present was estimated from a comparison of the
magnitudes of the 353-kev gamma ray as observed
with the arsenic target and with a GeO, target.

From the gamma-ray yields determined from
spectra taken at 11 alpha-particle energies between
3.5 and 8.1 Mev and at two oxygen ion energies
(36 and 38 Mev), it is established that levels at
199, 280, 469, 572, and 822 kev are populated via
the E2 Coulomb excitation process.

also measured

Spectra were
in coincidence with the 199- and
280-kev gamma rays for four alpha-particle energies
and one oxygen ion energy. These spectra reveal
three cascade transitions with energies of 296,
418, and 543 kev. Their positions are shown in
the level diagram in Fig. 5. The yields found for
the 418-kev gamma ray indicate that there is a
level at 617 kev populated by the E2 Coulomb
excitation process.

Coulomb esxcitation of the known 265-kev level
shown in Fig. 5 is inferred from the presence of a
264.6-kev peak in the spectrum measured with the
lithium-drifted germanium detector (see Fig. 2).

Similarly, the 249.3-kev transition, which fits
energetically between the 822- and the 572-kev
levels, was only seen in this spectrum. The
dashed lines in Fig. 5 are for transitions not
observed in the present study.
are taken from earlier investigations.

The reduced E2 transition probabilities for
excitation, B(E2)_ , deduced from the gamma-ray
yields, are given in Table 1. Corrections for the
gamma-ray branching ratios, which are given above
the levels in Fig. 5, for internal conversion, and
for oxygen in the target were applied. The latter

Their intensities
1

correction was 3 to 14% for the metal arsenic
target. To check this correction, spectra were

measured when a thick target of As, O, (a target
in which the amount of oxygen was known) was
bombarded with 4.0- and 4.5-Mev alpha particles.
The B(EZ)ex’s obtained from these runs are shown
in the last column in Table 1 and are seen to agree
with those found when the metal arsenic target
was used.

Angular anisotropies for the strongest transitions
were measured relative to the direction of the
incident beam for E_ = 3.5, 5.1, and 7.1 Mev.
The data were fitted to the equation

W) =1+ a2g2A2P2(cos a9,

where a,

particle parameter and the correction for the finite

and g, are, respectively, the thick-target

angular resolution of the detector. Table 2 contains
average Az’s along with the level spins which are
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Fig. 5. Energy-Level Diogram of Coulomb Excited Levels in 7545,



consistent with these coefficients, The level
spins which are compatible with all experimental
results are given in the level scheme in Fig. 5.

Since the levels are all populated by the E2 Coulomb

Table 1. The B(E2)_ 's of Levels in ' As

BE2), x 10°° (e%em®)

excitation process, their parities are identical to
the parity of the ground state.

Table 3 summarizes the known properties of the
Coulomb-excited levels and the gamma rays origi-
nating at these levels. The value taken for the

2
single-particle B(E2) is B(E2), = 32/47713/5 R2I,
with R = 1.2 %1071 A'/3 cm. The single-particle

Level estimate for the reduced M1 transition probability,
(kev) Me on %0 on *He on B(M1), is apptoximately (ch/2Mc)?.
As As A5203

198.6 1.59 + 0.14 1.61 £0.19 1.63 +0.17 Table 2. Experimental Angular Distribution Coefficients

264.6 0.54 +0.07 ossible
EV A2 i} Spin

279.6 4,4 + 0.5 4.4 0.6 4.5 £0.5

468.9 0.33 +0.03 0.44 *0.08 198.6 ~0.005 +0.016 1/2,3/2, 5/2

572.2 7.4 0.7 6.8 1.0 7.2 £ 0.9 279.6 ~0.191 £0.010 5/2

616.6 0.120 + 0.021 0.109 1 0.036 572.2 +0.064 £0.014 572

821.8 113 +1.1 10.4 £1.4 821.8 +0.22 +0.02 /2

Table 3. Level and Gamma-Ray Properties

Cever E, BE2), x10%° ) BE), x10°°  BEY, 5o e PO 197 -

(kev) (kev) (e?cmty f (7emty BED) (efi /2Mc)* (sec)

198.6  198.6 ¢ (.17 1.61 £ 0.14 1/2 3.22 £0.28 17 [0:43 0.4 0.47 £0.06 (9.0 £+1.0)x 10-19°

264.6  264.6 0.3 0.54 +0.07 3/2 0.54 +0.07 2.9 |0.037 +0.003]| 20 2 (1.09 £ 0.07) x 1011

264.6 66 t 0.1 <|0.045| 28 +359

279.6  279.6 + 0.3 4.5 £ 0.4 5/2 3.0 £ 0.3 16 ~0.47 +0.08 0.74 £0.14 (2.0 £0.3) x 1071°

279.6 80.8 t 0.17 9.8 £2.8 52 @

468.9  468.5 t 0.7 0.35 £ 0.03 1/2 0.70 % 0.06 3.7

572.2  572.2 0.3 7.2 £ 0.7 5/2 4.8 £0.5 25 +0.39 £ 0.05 7.5 £1.9 (2.4 +0.6)x 10712

572.2 296 4 <0.9

616.6 628 5° 0.116 +0.019  1/2,3/2  0.23, 0.12 1.2, 0.6

616.6 418.0 + 0.7

821.8  821.8 * 0.4 10.9 1.0 772 5.5 £ 0.5 29 ® (2.3 t0.2) x 10712

821.8 543.3 £1.2 <1

821.8  249.3 £ 0.5 g +39

“Ref. 1.

be. N, Shipley, F. J. Lynch, and R. E. Holland, Bull. Am. Phys. Soc. 4, 404 (1959).

°F. R. Metzger, Phys. Rev. 127, 220 (1962).
YAssumed B(E2) < 100 BE2) .
®A. W. Schardt and J. P. Welker, Phys. Rev, 99, 810 (1955).
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GAMMA-RAY SPECTROSCOPY WITH A LITHIUM-DRIFTED GERMANIUM DETECTOR

R. L. Robinson

The energies of gamma rays from about 50 nu-
clides have been determined to within a few tenths
of a kev by means of a lithium-drifted germanium
detector. This accuracy is about an order of mag-
nitude better than has generally been achieved
with the Nal crystal, due principally to the superior
resolution of the germanium detector. For example,
the width of a peak of a 320-kev gamma ray is
3.7 kev as measured with our germanium detector
and 31 kev as measured with an Nal crystal.
A second advantage of the germanium semicon-
ductor over the scintillation spectrometer in energy
determinations is that its energy response is linear.
Furthermore, the gain stability of a germanium
detector is better than that of an Nal detector.

Although data were obtained with a variety of
instrumentation, the electronics for the greater
part consisted of a Tennelec 100C preamplifier,
a Tennelec TC-200 amplifier, and an 800-channel
Victoreen analyzer. The detector, which had an
active volume of 0.2 cm?®, was vacuum packed in

1

a thin-walled aluminum container. It was con-

nected to the preamplifier via a special, low-

1. . - .
Fabricated by R. J. Fox of the Instrumentation and
Controls Division.

Table 1. Energies of Calibration Gamma Rays
Isotope E'y (kev)
2034, 270.12 £ 0.05
198 Ay 411.76 +0.03

Annihilation radiation 510.976 * 0.007

Bi 569.6 * 0.5
137
Cs 661.62 * 0.15

88y 898.4 £ 0.4
207g; 1063.7 * 0.3
60 -

Co 1173.0 0.2
60

Co 1332.7 £ 0.2

P. H. Stelson
J. L. C. Ford, Jr.

F. K. McGowan
W. T. Milner

capacitance, 6-in.-long connector. This permitted
submersing the detector into a Dewar flask con-
taining a 30-hr supply of liquid nitrogen. The
total input capacitance, which needs to be a mini-
mum to optimize the intrinsic resolution, was 10 pf.
The linearity of the electronic system was checked
by replacing the detector with a signal generator
capable at maximum output of producing pulses
with an amplitude known to 1 part in 10%.? Gamma-
ray energies were determined by measuring the
transition in question with two or more radioactive
sources producing gamma rays of known energies.
The calibration sources are listed in Table 1.
Errors assigned to the measured energies incorpo-
rate statistically the uncertainties in the energies
of the calibration lines and in the reading errors
of the peaks in the spectra.

Table 2 lists energy values estimated by this
method for gamma rays which are frequently used
as energy standards but which had greater uncertain-
ties than those listed in Table 1. Table 3 contains
energies found for gamma rays resulting from the
decay of the radioactive nuclei '°?Rh and ' ?°Rh.
In both nuclei, two near-lying transitions between
two members of the ‘‘two-phonon’’ states and the

. +
first 2 state were resolved. These can be seen

*We are indebted to J. A. Biggerstaff for the use of a
precision pulser which he designed.

Table 2. Energies Determined for Transitions

Frequently Used as Colibrations

Isotope E“/ (kev)
Sler 319.8 +0.3
"Be 477.4 +0.2
S4Mn 835.0 £ 0.3
6570 1115.6 * 0.4
22Na 1274.6 £ 0.3
88y 1836.2 + 0.3




Table 3. Energies of the Prominent 106gp
and 102RL Gamma Rays

106 102
E,y Rh (kev) E.y, Rh (kev)
511.6 £ 0.5 418.2 £ 0.5
616.2 + 0.9 475.2 £ 0.5
622.2 £ 0.5 628,1 £0.5
873.5 £ 0.7 631.6 + 0.5
1049.8 + 0.7 698.0 £ 0.5
1127.4 0.7 767.6 £ 0.5
1562.5 £1.1 1047.2 £ 0.7
1103.3 £ 0.7
1113.2 £ 0.7
a4
O Bl g e
AR
5
2
10°
5
3
402
s
2
‘01 R
240 280 320 360 4C0o 440 480
CHANNEL NUMBER
Fig. 1. Spectrum of Gamma Rays Between 500 and

640 kev from 1C0Rh,

for '°%Rh in Fig. 1 at 622.2 and 616.2 kev. The
ratio of their intensities was estimated as 14 t2.
In !'92Rh the gamma rays of the doublet have
energies of 631.6 and 628.1 kev and an intensity
ratio of 10 = 2. Figure 2 illustrates the gamma-ray
spectrum of '°?Rh. The observed transitions fit
energetically into a decay scheme (see Fig. 2)
proposed by McGowan and Stelson.3

3F. K. McGowan and P. H. Stelson, Phys.
2131 (1961).

Rev. 123,
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Fig. 22 Gamma-Ray Spectrum of 162py,,

Table 4 contains energies determined for gamma
rays resulting from Coulomb excitation. They were
induced by bombarding thick targets of the enriched
isotopes with 7- to 9-Mev alpha particles. In
several spectra a line due to the '80(a,n)?'Ne
teaction was observed. From this, the energy for
the first excited level of 2!Ne was estimated as
350.2 £0.8 kev,

The spectrum of gamma rays from Coulomb-
excited 77Se is illustrated in Fig. 3. In our pre-
vious Coulomb-excitation investigation of this
nucleus,? the presence of the weak 250-kev transi-
tion could only be inferred from gamma-gamma
coincidence results, and its intensity could only
be deduced in an indirect manner. Here, the transi-
tion is clearly resolvable from the strong 239-kev
gamma ray. From the ratio of the intensities of
the 250- to the 239-kev gamma rays (0.035 + 0.007),
a new estimate of (0.97 £0.23) » 1075% ¢%cm? was
determined for the 8(1‘52)ex of the 250-kev level.
This is about twice that predicted by the single-
particle estimate.

4R. L. Robinson, F. K. McGowan, and P. H. Stelson,
Phys. Rev, 125, 137% (1962).
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Table 4. Energies of Gamma Rays Resulting from Coulomb Excitation

Isotope E,y (kev) Isotope Ey (kev)
;gTi 983.1 +1.5 10854 433.9 % 0.2
50 110py4 373.8 £ 0.3
e 783.1 * 0.4 -8 10

106
5 cd 632.8 + 0.2
°2Fe 846.8 * 0.6 48
o4 } 10809 633.2 + 0.2
Stzn 991.7 + 0.7
1204 617.4 + 0.3
5674 1039.2 * 0.9
g 558.5 + 0.3
5874 1077.6 + 0.8
11604 513.1 + 0.2
074 883.7 + 0.7 .
é%Sn 1257.3 + 0.9
’gGe 1039.8 + 0.7
H6gy, 1293.3 *+ 0.8
72 Ge 834.8 £ 0.6
17g4 861.4 + 0.6
"4 Ge 596.0 * 0.3 1004.3 + 0.8
"%Ge 563.2 + 0.3 18 1230.2 £ 0.9
;aSe 200.7 £1.0 losn 898.4 * 0.6
239.1 +1.0 921.6 + 0.6
250.1 1.0
120, - .
439.9 £1.0 Sn 1171.5 1.0
122
;:Br 217.5 1.0 Sn 1140.2 +1.0
262.0 £1.0
0 1246, 1131.4 + 0.9
306.5 +1.0
522.2 £2.0 lgiSb 572.8 + 0.4
%Mo 871.1 *+ 0.7 123
42 . . Sb 160.2 £ 0.3
o s s 381.6 * 0.3
Mo 8.5 £0.6 542.4 +1.1
I8Mo 786.8 + 0.4 122
2Te 564.4 + 0.9
100 535.5 + 0.3
1241 602.8 + 0.8
2 oRu 832.6 * 0.6
126 666.5 * 0.8
100 -
R 30.6 + 0.3
“ ° 128y 743.2 + 0.8
104
R 357.7 £ 0.3
“ 1307, 839.9 £ 0.8
104
Pd 555.5 + 0.4
46 1$;pt 98.9 £ 0.5
139.8 + 0.4
106pg 511.7 + 0.3
211.2 + 0.3

239.0 £ 0.3
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Fig, 3. Spectrum of Gamma Rays from Coulomb Ex-
citation of 77Se.
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DECAY OF 79K, - 79Br

R. L. Robinson

levels, log ft, J, 77. Natural target.

RADIOACTIVITY. gy [from 798r(p,n)], measured E)/' I)/' Yy spectra. "9Br deduced

From our Coulomb excitation studies,! it was
possible to establish the reduced E2 transition
probabilities for excitation, B(EQ)GX, for seven
low-lying levels of 7?Br. However, the B(E2),

" and B(Ml)d for the majority of gamma rays could
not be ascertained because of insufficient knowl-
edge of level spins and gamma-ray multipole ad-

In principle, the situation could be

clarified through the measurement of the directional

mixtures.

angular correlations of coincident gamma rays from

levels of "?Br. An investigation of gamma rays

R L. Robinson, F. K. McGowan, and P. H. Stelson,
Bull, Am. Phys. Scc. 8, 60 (1963); and private communi=
cation.

from the decay of 7?Kr provides the best method
of procuring this type of data; thus such a study
was initiated. Unfortunately, because of the com-
plexity of the decay, the original goal has not yet
However, information was obtained
about the levels populated through the decay of

been achieved.

79Kr and the branching ratios of gamma rays from
these levels.

Four samples of 7°Kr were produced by bombard-
ing KBr with an " 8-pa beam of 4.1-Mev protons
from 4 to 12 hr. To eliminate the contributions
from activities with short lifetimes,
studies were not undertaken until several hours
after the completion of a bombardment. No chem-
istry was performed. A typical singles gamma-ray

gamma-ray
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Fig. 1. Gomma-Ray Spectrum of 79Kr as Measured with an Nal Crystal. The segments labeled A through J in

the lower part of the figure indicate the gates used in the gamma-gamma coincidence studies.

spectrum as taken with a 3- by 3-in. Nal crystal
is shown in Fig. 1. The rate of decay of the 12
strongest peaks was followed over a period of up
to 300 hr. All but the peaks at 95, 186, and 1114
kev were found to have half-lives consistent with
the 35-hr half-life reported for 7 %Kr.?

Singles spectra were also taken with a lithium-

drifted germanium detector which had an active
3

.

volume of 0.2 cm As can be seen from one of
these spectra, which is illustrated in Fig., 2,

2Nuclear Data Sheets, National Academy of Science —
National Research Council, Washington, D, C,

additional gamma rays were revealed, Energies
of the gamma rays in this figure were determined
to approximately 1 kev.

gamma-gamma coincidence spectra were
The energy intervals of the gating
gamma rays are shown in the lower part of Fig.
1. Gamma-ray intensities were deduced from these
spectra and also from the singles spectrum in the
figure.  The relative intensities of members of
three doublets at 207.5-217.1, 299.2-306.8, and
389.5-398.0 kev, which could not be resolved in

the singles scintillation spectrum, were estimated

Ten
measured.

from the spectrum as measured with the germanium
detector.
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Fig. 2. Gamma-Ray Spectrum of 79+ as Measured with a Lithium-Drifted Germanium Detector.

A proposed decay scheme consistent with the
present investigation is given in Fig. 3. The pair
of numbers associated with each transition gives
its energy in kev and the relative intensity as
nomalized to 100 for the 261.8-kev gamma ray.
The spins and parities shown for the levels below
700 kev are those obtained in previous investiga-
tions, '#? If the energy difference between 7°Kr
and 7%Br is taken as 1620 kev,? the log ft values
for decay by electron capture to the 1328-, 1094-,
1046-, and 831.9-kev levels are, respectively, 5.8,
6.8, 7.5, and 6.4. Since the ground-state spin of
T9Kr is 1/q, the log ft values established that the
spins of these states are % or %. The low value
of the log ft associated with population of the
1328-kev state indicates that its parity is the same
as the ground state of 7°Kr (i.e., odd). Spin 3’/2 is
slightly favored over 1/2 for the 1328-kev state be-
cause gamma rays with similar intensities from

this level terminate at spin 3/2 and spin 5/2 states.
An assignment of 1/2+ for the 1094-kev level can
be ruled out, since an M2 transition would not be
as intense as the 864-kev gamma ray was found to
be.

Three other levels are known to exist in 77Br
below 1.5 Mev which are not included in Fig. 3.
Two, with energies of 526 and 765 kev, were dis-
closed through Coulomb excitation studies,! and
a third, a 9/2+ isomeric state at 208 kev, was lo-
cated through (p,y) studies.® There are a number
of indications in the present investigation that
the complexity of the ’°Kr decay is considerably
greater than shown in Fig. 3., However, a more
thorough investigation is needed to establish the
reality of weak transitions and other levels.

3A. Goodman and A, W. Schardt, Bull. Am. Phys.
Soc. 4, 56 (1959).
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INTERNAL BREMSSTRAHLUNG FROM SHe'

J. K. Bienlein 2

Frances Pleasonton

RADICACTIVITY, He measured shape of internal bremsstrahlung spectrum.

The spectrum of internal bremsstrahlung from the
super-allowed beta emitter °He has been measured,
using a sodium iodide scintillation spectrometer.
The shape of the experimental spectrum agrees

'Abstract of paper submitted to Nuclear Physics.

CERN, Geneva, Switzerland;
Universitat Erlangen, Erlangen,

2Present address:
permanent address:
Germany,

with the theory of Knipp, Uhlenbeck, and Bloch
for energies greater than 0.3 Mev. In this decay,
Coulomb corrections are of little significance;
thus the results can be interpreted as confirming
the fundamental concept of internal bremsstrahlung
as a process in which the electron exists first
in a virtual state and then goes to its final state
by emitting a photon.
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INTERNAL BREMSSTRAHLUNG ACCOMPANYING THE BETA DECAY OF 42!

J. K. Bienlein?

Frances Pleasonton

RADIOACTIVITY. *?K. Measured total yield of internal bremsstrahlung in the beta decay

of 2% 42C:~1.

The total yield of internal bremsstrahlung in the
decay of *?K—=>*2Ca was measured with an Nal

!Abstract of paper to be published in the Proceedings
of the Intemational Conference on Nuclear Physics,
Paris, 1964, sponsored by [UPAP, UNESCO, and Societe
Francaise.

2Presently at CERN, Geneva, Switzerland.

scintillation spectrometer. The experimental
results are higher than the yields predicted by
theory. Over the internal bremsstrahlung energy
range from 100 to 400 kev, the ratio of experiment
to theory decreases from about 5 to 3 (Knipp,
Uhlenbeck, and Bloch) or from about 3 to 2 (Fels-
ner).

SOME HEAVY.ION

C. D. Moak

The discovery of energy compounding through
continuous stripping in the second stage of the
Tandem Van de Graaff Accelerator has produced
a source of heavy ions of accurately known ener-
gies, closely simulating fission fragments, and
having the useful property of a series of lines
of different energies ranging from 10 to 100 Mev.?
The spectrum of the lines observed is illustrated
for bromine in Fig. 1 and for iodine in Fig. 2. It
should be noted that the width of the lines shown
in these figures is characteristic of the solid-
state detector used; the lines would be quite
sharp for a perfect detector.® A feature of the
bromine spectrum is that both “°Br and ®'Br
contribute to give a double peak. Since Fig, 1
was made, a technique has been devised whereby
either 7°Br or ®!Br can be suppressed at the ac-
celerator ion source.

1Graduate student, University of Tennessee, Knoxville,

2C. D. Moak et al., Rev. Sci. Instr. 34, 853 (1963).

3%, J. Walter et al., Bull. Am. Phys. Soc. 8, 39 (1963).

STOPPING POWERS

M. D. Brown®

Stopping powers of several materials have been
measured by placing foils of known thicknesses
in front of the detector and measuring the shifts
Foils of Be, C, Al, Ni, Ag,
and Au were prepared by evaporation onto very
thin carbon films. The resulting foils are thought
to be reasonably polycrystalline, but no informa-
tion as to crystal size is available for the foils
used, [Foil thicknesses were measured by obtain-
ing alpha-particle energy-loss data for each foil
and converting these to thickness with the aid of
alpha-particle stopping-power curves provided by
Whaling. *

The curves shown in Figs, 3 and 4 illustrate
the results obtained. Esxperimental errors are
thought to be mostly systematic in that alpha-
particle stopping-power errors would be contained
in the results, as well as any systematic errors
in the procedure for foil
Total experimental error is be-
lieved to be £10% for the final results shown in
Figs. 3 and 4.

of the various peaks.

contained thickness

measurement.

‘w. Whaling, private communication.
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RESPONSE OF GERMANIUM AND SILICON DETECTORS TO ENERGETIC
BROMINE AND IODINE IONS

W. W. Walker®

In silicon semiconductor detectors, a ‘‘pulse-
height defect’’ of several Mev (equivalent) at
energies of ~50 to 100 Mev for heavy jons and fis-
sion fragments, together with rather poor resolu-
tion ("1 Mev full width at half maximum) for such
particles, has been known for some time.? The
mechanisms responsible for these deviations from
the ideal response are unknown. In view of this,
it seemed desirable to study the behavior of ger-
manium semiconductor detectors in the hope that
a comparison with silicon detectors might provide
a clue toward understanding these effects.

We have therefore fabricated a number of ger-
manium surface-barrier detectors and exposed them
to energetic 7°Br and '?7I ions from the Tandem
Van de Graaff Accelerator, to spontaneous fission
fragments from **?Cf, and to alpha particles from

11064 summer research participant from the University
of Alabama.
2y, J. Walter et al., Bull. Am. Phys. Soc. 8, 39 (1963,

H. W. Schmitt et al., Proc. Intern. Conf. Phys. Chem.
Fission, Salzburg, March 1965, IAEA, Vienna, 1965,

C. D. Moak

J. W. T. Dabbs

241Am and 252Cf,
essentially the same as that used previously for

The fabrication technique was

silicon: Wafers % in. in diameter by 1 mm thick
were cut from a large slice of n-type germanium
(G-5-6; 45.6 ohm-cm at 294°K, 25.8 ohm-cm at
77°K; 1.1 x 10'? net donor impurities per em®).
After lapping with 1850-mesh Al O, the wafers
were etched (all sutfaces) in modified CP-4 (4.5
acetic acid, SHNOS, 3HF) for a period of 1 to 6
min, followed by removal to a S5-cm? H,O bath for
15 to 90 min, where a very slow etching action
continued. After rinsing and drying, the wafers
were mounted in lavite rings * with a low-temperature
epoxy.? Two wafers were given a 10-min soak in
80°C, 1% sodium dichromate solution. Only one
of these was of acceptable quality, however. The
detectors had active areas of 2 to 6 mm?2, After

3R, J. Fox, Semiconductor Nuclear Particle Detectors,
ed. by J. W. T. Dabbs and F. J. Walter, NAS-NRC Pub-
lication 871 (1961).

YGrodan “‘Hivac No. 17 containing 1.8 g per g of
resin ‘‘X-16"* filler.
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Fig. 1.
with an Si Surface Barrier Detector at 300°K.

evaporating gold (™50 ng/em?) on both sides,
the detectors were tested for alpha-particle resolu-
tion. Rather surprisingly, seven of ten detectors
fabricated gave good alpha-particle resolutions.
Two had resolutions of ~20 kev (full width at
half maximum) for alpha particles at 77°K.

For purposes of comparison, several silicon
detectors were studied along with the germanium
detectors. The silicon detectors used were pre-
pared by the sodium dichromate method, which had
been shown to produce good results for fission
fragments.

Pulse-height spectra for the two types of detec-
tor are shown in Fig. 1. Clearly the germanium
detector has poorer resolution, but it may be that
different surface treatments would produce better

results. Curves of pulse height vs energy for

5F, J. Walter, IRE Trans. Nucl. Sci. 11(3), 232 (1964).

Pulse-Height Spectrum of 127 Jons; (a) Taken with Ge Surface Basrier Detector at 77°K, and (b) Token

bromine and iodine ions for germanium detectors
are shown in Fig. 2. The horizontal lines shown
crossing the curves correspond to the pulse-height
locations of heavy and light fragment peaks from
spontaneous *°*Cf fission.

Analysis of the response curves for the six
germanium detectors tested shows some variation
in both ‘“‘pulse-height defect’’ and in the slope.
As with silicon detectors, the defects are larger
for iodine ions than for bromine ions, and in the
case of iodine ions, the slope differs from the
slope of the extrapolated alpha-particle response
by a significant amount.

It would seem that these experiments indicate
that detector resolution and detector “‘pulse-height
defect’” are not necessarily related, since varia-
tions of resolution without variation of “‘pulse-
height defect’” have been observed. It may be
that further improvements in resolution are to be
found through improvements in fabrication technique.

750 800
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FISSION OF ORIENTED NUCLE!

J. W. T. Dabbs

During this report period the cryostat modifica-
tions mentioned in the last report? have been

Reactor Chemistry Division.

2y, W. T. Dabbs, F. J. Walter, and G. W, Parker,
Phys. Div. Ann. Progr. Rept. Jan. 31, 1964, ORNL-
3582, pp. 121-26.

G. W, Parker!

completed, and the apparatus has been returned
to the ORR. A number of unexpected difficulties
appeared, however, and much time and effort have
been required to resolve them. These primarily
revolve around the attempt to increase the counting
rates by approximately an order of magnitude.



Three major difficulties appeared, as follows:

1.

The rotating counter arrangement was found to
operate at a much higher temperature than ex-
pected because of the difficulty in making an
adequate flexible braid heat shunt from the
rotating counter assembly to liquid-nitrogen
temperatures. This situation has been improved
to the point that the temperature of the detec-
tors is ~89°K (with the N, bath at 81°K under
delivery pressure). At this temperature, radiant
heat from the detectors is 46% higher than
previously.

The sample container surface exposed to
radiant heat from the detectors is now 30 cm?
compared with 3 cm? previously. The total
heat input from radiation is thus ~15 times
larger than before. It has been found neces-
sary to evaporate gold on the exposed surfaces
to reduce their absorptivity; even in these
circumstances a heat input of more than 0.5 mw
is obtained. After considerable improvement
in the efficiency of the >He refrigerator, a
temperature of 0.50 to 0.51°K appears to be
the limit attainable in the present apparatus.
The evaporating *He has a temperature of
0.42°K. A ‘‘Kapitza resistance’” occasioned
by the acoustical impedance mismatch for
phonons crossing the metal-helium boundaries
is probably responsible for the observed temper-
ature difference.

The area of the thin (225 /lg/sz) nickel win-
dow has been enlarged from 3 cm? to 27 em?;
this order of magnitude increase in area has
made the task of fabricating gas-tight windows
much more difficult. It has been found neces-
sary to obtain nickel foil from one supplier?
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and have a nickel mesh of 20 lines per inch
and 92% transmission electroformed (electro-
plated through a photoresist pattern) onto the
sutface by another supplier.®* The foils are
backed with ™~ 0.5-mil copper, which is etched
away after mounting.® The inner side of the
foil is then wetted with a 1 wt % solution of
VYNS (polyvinyl chloride--acetate copolymer;
~85% chloride, 15% acetate) resin in cyclo-
hexanone, and the excess drained off. Upon
evaporation of the solvent, the resin makes a
thin coating (estimated 40 pg/cm?) which
covers minor pinholes in the foil. Further
difficulties with differential shrinkage have re-
quired changes in the mounting methods; in
particular, soft solder has been used to elimi-
nate the shrinkage associated with epoxy use,
although with care an epoxy mounting can be
made. Following a leak detector test at 77°K,
the window and support can are coated with
evaporated gold to reduce the absorptivity as
described above. A coating of ~50 ug/cm? is
applied over the window area itself; a heavier
coating is used over the can surfaces and any
exposed epoxy or solder used in mounting.

The observed counting rates are indeed increased
by a factor of ~9, and all the electronic apparatus
is in satisfactory operation. Data obtained to
date, however, are insufficient to justify presenta-
tion here.

The assistance of W. W. Walker during a portion
of his summer visit is gratefully acknowledged.

3Chromium Corporation of America, Waterbury, Conn.
(Grade D Ni foil, 0.000010 in. thick).

4Buckbee-Mears Co., 245 E. 6th St,, St. Paul, Minn.

SThe selective etchant used is composed of CCISCOOH,
100 g/liter and NH4OH, 500 ml/liter.
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FISSION FRAGMENT ENERGY CORRELATION EXPERIMENTS

H. W. Schmitt

J. H. Neiler?

F. J. Walter?

235

NUCLEAR FISSION. 2°%Cf and

mass and energy distributions, mass~energy correlations.

U, measured correlated fragment energies, deduced

Introduction

In order to understand the fission process, it
is essential that details of the mass and energy
distributions and mass-energy correlations in fis-
sion at low excitation energies be known. Further,
it is necessary to obtain the absolute fragment
energies as accurately as possible in order that
valid, quantitative calculations of the parameters
derived from these quantities may be made. An
error of only 2% in total fragment kinetic energy,
for example, is magnified to 20% or more in de-
duced fragment excitation energies.

Over the past several years, we have carried
out fragment energy correlation experiments for
a number of cases, including spontaneous fission
of 2%2Cf; thermal-neutron-induced fission of
23517, 3.4 239py 5.6 gnd 241py; % resonance-neutron
fission of 23°Pyu;® and proton-induced fission of
226Ra.” We have used many of the same tech-
niques in studies of temary fission® and of prompt
gamma rays accompanying fission.®  Previous
reports have included descriptions of these ex-
periments® and have given partial results.®™®
It is only within the past year, however, that
we have developed an accurate absolute energy

'Present address: Oak Ridge Technical Enterprises
Corp., Oak Ridge, Tenn.

Zpresent address: Radiation Instruments Development
Laboratory, Oak Ridge, Tenn.

Y, W. Schmitt et al., Phys. Rev, Letters 9, 427
(1962).

4F. J. Walter et al., Phys. Div. Ann. Progr. Rept.
Jan. 31, 1962, ORNL-3268, p. 54.

S
Jan. 31, 1963, ORNL-3425, p. 79.

b, J. Walter, H, W. Schmitt, and J. H. Neiler, Phys.
Rev. 133, B1500 (1964).

“H. W. Schmitt, J. W. T. Dabbs, and P. D. Miller,
Proceedings of IAEA Symposium on the Physics and
Chemistry of Fission, Salzburg, Austria, 1965, to be

published. (See also “Correlated Fragment Energy

s . 226
Measurements and Mass-vs-Angle Correlations in ZéRa 4
p Fission,’® this report.)

¥. J. Walter ef al., Phys. Div. Ann. Progr. Rept.

calibration for semiconductor detectors for fis-
fragments. This development was pos-
sible through a series of experiments®®*'! with
fission fragments and with heavy ions (" °Br, %'Br,
and '?7]) accelerated in the Tandem Van de Graaff,
together with a measurement of correlated energies

sion

and velocities of the heavy ions and 2%2Cf spon-
taneous fission fragments. !?

Thus we are now able to analyze our energy
cortelation data with a proper absolute energy
calibration. This work has been in progress for
the past few months, and it is our purpose in this
report to review the experiments briefly, to outline
the present analysis, and to give the results as
far as they have been carried for ?32Cf spon-
taneous fission and ?3°U thermal-neutron fission.
Although we have carried out some preliminary
calculations which appear promising for future
interpretation of the data, we shall postpone dis-
cussions along these lines until all the experi-

mental data have been analyzed in detail.
Method and Apparatus
A description of the method and apparatus used

in the 2°5U experiment is contained in an earlier
publication.® We have modified the logic circuitry

8H. Maier-Leibnitz, H. W. Schmitt, and P. Armbruster,
Proceedings of TAEA Symposium on the Physics and
Chemistry of Fission, Salzburg, Austria, 1965, to be

published. (See “*Average Number and Energy of Gamma
Rays Emitted .as a Function of Fragment Mass in 235U.

Thermal-Neutron-Induced Fission,’? this report.)

9. W. Williams ef al., Nucl. Instr. Methods 29, 205
(1964).

18¢. D. Moak et al., Rev. Sci. Instr. 34, 853 (1963).

“H. W. Schmitt et al., Proceedings of IAEA Sympo-
sium on the Physics and Chemistry of Fission, Salzburg,
Austria, 1965, to be published. (See **Absolute Energy
Calibration of Solid State Detectors for Fission Frag-
ments and Heavy lons,’? this report.)

124, W. Schmitt, W. E. Kiker, and C. W. Williams,
Phys. Rev. 137, B837 (1965).



somewhat,
system is shown in Fig. 1.
for the 2°2Cf experiment.

and a block diagram of our present

This system was used
The linear circuitry

indicated in Fig. 1 is self-explanatory. All units
were connected into the system throughout the
runs; periodic checks of stability and linearity
of the system were made with the pulser. The
function of the inspector circuit was to reject
pileup pulses, that is, pulses resulting from the
near superposition of a fission-fragment pulse
with an accidental scattered-proton or natural
alpha-particle pulse. Pairs of pulses in either
detector whose time separations were in the range
of 20 nsec to 2 pusec were detected by the inspector
circuit, and the anticoincidence signals generated
in such cases served to reject these events. When
no pileup occurred, the two coincident fission-
fragment pulse heights (channel numbers) were
recorded event by event on punched paper tape;
the data were sorted, and otherwise
processed by means of a digital computer.

summed,

The fissile deposit and backing are both rela-
tively thin and uniform. In the present experi-

ment the 252Cf spontaneous fission source was

CHARGE SENSTIVE
—————
PREAMPLIFIER
I
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- DELAY-LINE

AMPLIFIER

deposited by the self-transfer method (see Acknowl-
edgments) onto a thin film of aluminum oxide in
which the energy loss for fission fragments was
§,4 Mev. The source strength was ~3 » 10° fis-
sions/min, and the ?°2Cf deposit was about 1 cm?
in area. The 23%U target was prepared by vacuum
evaporation of 235UF4 onto a carbon film about
20 pg/cm’ thick, for which the fragment energy
loss was ,(;3 Mev. The deposit thickness was
about 20 pg/cm?, and the area was about 1 cm?.
The sample was >99% pure, and only a fraction of
a percent of the impurity content consisted of other
themmally fissionable materials. The nentron beam
from the ORR was collimated so that no part of
the beam struck the target mounting frame, detec-
tors, or any other parts inside the chamber.

The fragments were collimated with rounded
(i.e., doughnut-shaped) collimators. There are
generally edge effects associated with solid-state
detectors; these may occur at the edge of the
silicon itself, where possible lower electric fields
may give rise to reduced pulse heights, or at the
inside edge of a protective layer (usually epoxy),
where some of the fragments may be degraded in
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Fission-Fragment Energy Correlation Experiments.



energy before entering the silicon. The rounded,
“doughnut-like’’ shape of the collimator minimizes
the number of degraded and accidentally scattered
fragments which are detected, provided the etfec-
tive collimator suface area available to small-
angle scattering’?® is kept as small as possible
while maintaining a radius large enough to com-
pletely stop the fragments incident at larger angles.
Accordingly, we have used 1/8—ir1.~thick aluminum
collimators, carefully rounded, with circular aper-
tures of 3.5 to 3.8 cm? area — slightly smaller
than the total effective detector area.
rangement, low-energy pulses due to tailing ef-
fects were almost completely absent. (These ef-
fects are not so important for light particles such
as protons or alpha particles, and the problem of

In this ar-

collimation is different in those cases.)

The detectors were surface-barrier detectors,
~4 cm? in area, matched as closely as possible.
They were fabricated from ~500-ohm-cm n-type
silicon, and the front electrode of each detector
consisted of a vacuum-evaporated gold film about
40 pg/cm? thick.
these detectors was found to saturate satisfactorily

The pulse-height response of

(i.e., the same pulse heights and peak-to-valley
ratios were obtained) for bias voltages between
50 and 150 v. A bias voltage of ~100 v was
maintained throughout the experiments. The de-
tectors exhibited alpha-particle resolutions of <60
kev when tested with a standard low-noise, charge-
sensitive amplifier.

Anclysis

Neutron Emission. — It is necessary first to
establish the relation between the initial and final
enetgies of a fragment, with respect {o neutron
emission. For this purpose we consider a single
fragment of initial mass m*, final mass m after
emission of v neutrons, and initial and final
energies E* and E respectively., (We use the
asterisk to refer to the excited, pre-neutron-emis-
sion fragments.) The neutrons are assumed to be
emitted after the fragment has been fully accel-
erated. The angular distribution of the neuirons
in the fragment center-of-mass system is assumed

13p, Engelkemeir and G. N, Walton, AERE-R 4716
(1964), unpublished.
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to be isotropic. It is then easily shown that

<E> = (m/m*)E* + E_, 1)

where E_ is the center-of-mass recoil energy of
the fragment. The energy E_ is of the order of
0.1 Mev or less and ig negligible, for most pur-
poses, compared with the first term of Eq. (1).

To analyze the energy correlation experiments,
we assume that mass and linear momentum are
rigorously conserved before neutron emission.

That is,

mlE1 = sz2 s (2
* *
myaom, = A, 3)

where the subscripts refer fo fragments 1 and 2,
and A is the mass of the fissioning nucleus. If
we note that

m, = uz: - v, (i1=1,2, (4>
then it is easily shown that the mass m: is related
to the measured energies as follows:

AE

_ 2
RS
Ez ' El(l §1)

*
i

(5)

»

where

¢ = v /m - v,/ m, . (6)
The equations for m; are obtained by iaterchanging
subscripts.

In most energy correlation experiments the values
of v and v, are not kaown as functions of both
mass and energy, as would be required in Egs.
(5) and (&).
present to analyze the energy correlation data

Thus it appears most reasonable at

according to simple, though slightly incorrect,
relations and then to correct the functions and

distributions of interest as accurately as possible
for effects of neutron emission.

Data Processing and Anclysis. — We write the
following equations:

7
)



where now the p, are ‘‘pseudo-masses’ of the
fragments and are obtained from the measured
encrgies E| and E, as indicated. These quantities
are not expected to differ greatly (<2 amu) from the
correct masses mi*, inasmuch as both fragments
and the error

emit neutrons, is to some extent

canceled by the use of E1 and E_2 in Eq. (7). It
is readily shown that m: is related to p, and 1,
through the equation
m ol FTE ‘?1/ . 9
1 2
Expressing j2, solely in terms of the mi* and v,
we have
o,
pp-m {1 +--X—§1 . 10)

The energies of Egs. (7) and (9) are obtained
with the aid of the mass-dependent pulse-height
calibration equations for the particular detectors
used in the experiment. It is sufficiently accurate
to use the in the calibration equations, inas-
much as the coefficients of the mass-dependent

I

terms are small enough so that errors in mass up
to a few atomic mass units give rise to erors in
energy of only ~ 0.2 Mev or less.

Detailed total kinetic energy distributions as
a function of fragment mass (or mass distributions
as a function of total kinetic energy) are required
for study and comparison in theoretical approaches
to fission. Thus we transform the data in the
pulse-height
N(x,,x,) to a pseudo-mass vs total kinetic energy
matrix N(/Ll,Ek) by means of the equation

original vs pulse-height matrix

X \
N(u,,E,) - N(xl,x2)J(m‘ Y),an

T kS
where E, = E, E,, the total measured kinetic
energy of the fragments. The mass-dependent

energy calibration equations’!+!? are

b, (i=1,2), (12)

E. ={(a; - a/p)x; + b~
and the appropriate equations for the transformation

are then
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E 1 —-p /A ~bp —b
(e, E) = S T )
a, +ap,
LE /A~ bA+ b/, — b
X (i Ep) Rt W B V')
azA —ay, +a,
A van) Ya,+alAd—-ap)?
J E N (a1 ayihy 2 T2 2t
My Fg
x #1> a1Ek/A+alb1,‘al’Ek . blal’)
A a, ajm, /
( _l(ab/‘l%a ;%az'Ek—w 232\>
\ A a,+a, A—ajy )
(15)
Although the equations are cumbersome, they are

straightforward and have been programmed for
computer use. We note in Eg. (11) that the value
of N(xl,x2) is required at the point x ,x , corre-
sponding to the chosen values of p,E, . This
quantity is obtained by a quadratic interpolation
method described in a previous paper in connection
with another experiment. ' ?

An alternative to the transformation described in
the preceding paragraph for obtaining the array
N({L],Ek) is as follows: The cells (1 channel x
1 channel) in the data array N(x1
divided into a number of smaller cells, and the
number of counts in the original unit is divided
The coordinates

'Xz) are sub-

equally among the smaller units.

[Ll,Ek are then calculated for the center of each
of these smaller subboxes, and the assigned
counts are then added to those in the uE,

interval in which the coordinates fall. We have
analyzed the data of the present experiment by
this method; each of the original units in the data
array were divided into 100 subboxes for this
analysis. Although the results of the two methods
are in generally good agreement throughout the
arrays, we feel (1) that the interpolation method
is somewhat better where the statistical uncertain-
ties in the data are small, so that advantage may

be taken of the local shapes of the distributions,



and (2) that the ‘“‘subboxing’ calculation is some-
what better in regions where the statistical un-
certainties are large and the number of counts is
small. The results presented in the next section
have been taken from both analyses in accordance
with this evaluation, although only small differences
would occur if either analysis were used alone,
From the array N(;Ll,Ek), we may now obtain the
distribution of ‘‘pseudo-masses,”” N(u )

)= KW, EY. (16)
Tk

Then with a knowledge of the average number of
neutrons emitted as a function of fragment mass,
V(mI), we may obtain the pre-neutron-emission
mass distribution, IV(mI), from the relation

. . d“’1
N(m}dm} = N(p,) | =+

dm*
dm’ 1
LIHI

, a7

where, in the present analysis, the derivative is
obtained numerically; N(uz,) is determined (by
intetpolation) at the value of p, cormesponding to
a particular integral value of mj.

Similarly, we obtain the average measured total
fragment kinetic energy (post-neutron-emission
energy) <E,> as a function of y; from the relation

<E(u) - gj E, N(,LI,EkVFZ NG E - (18)
k "k

Again, from a knowledge of V(m:) we determine the
value of y, corresponding to a particular mI from
Eq. (10); then we obtain the average initial (i.e.,
pre-neutron-emission) total kinetic energy < E;(m:)>
from the equation

L
2z 2l 1y, (19)
m, A m,

Mass and Energy Resolution. — The energy reso-
lution inherent in fragment-energy-corelation meas-
urements is determined by the inherent resolution
in the detectors and by the distributions in angle
of emission, number, and energy of the neutrons
emitted., The detector resolution has been meas-
ured and is of the order of 1.5 Mev (full width at
half maximum, EWHM).''!?

<E;(mI)> = <Ek(“1)><1 +

The dispersion in
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fragment energy due to the effects of neutron emis-
sion has been evaluated by Terrell'® with the as-
sumption that the neutrons are emitted isotropically
in the fragment center-of-mass system and that
the energy

pEN)

the angle of emission, number, and
of the neutrons may be treated as independent
In the present case the variance of

is added

variables.
the detector
to the variance due to neutron emisszion to obtlain

resolution function, Ué,
the total variance 2 of the single-fragment encrgy
resolution function. The resclutions in mass and
total kinetic energy are then obtained in terms of

2

o

~2
E and g .

1 Y2
Results for 252C Spontanecus Fission
The correlation data array showing N(xl,xz)

Data were obtained in 256 x
The numbers labeling the contours

is given in Fig. 2.
256 channels,
indicate the number of events per cell (1 channel =
1 channel). Lines of constant total kinetic enerpy
E, and of constant pseudo-mass j, or p, are

k
included.

As indicated in the previous section,
a transformation to the array N(;Ll,Ek) was carried
out.  This array is shown in Fig. 3; numbets
labeling the contours indicate the number of events
per Mev per amu.

Complete two-dimensional data giving v as a
function of fragment mass and kinetic energy
would be required to construct lines of constant
m: or Ek* in the above arrays or to construct the
array N(m7,E}). Such data have been abtained, '
however, for general application to these and
other energy correlation experiments,
taken the
section;

we have
approach indicated in the previous
that is, we derive the parameters and
functions of interest from the N(“ka) array,
with the included.
The relation between 1ty and m:, based on the
average neutron emission data of Bowman et al.,15
is given in Fig. 4.

effects of neutron emission

The fragment mass distribution obtained from
the present experiment is shown in Fig. 5. For
comparison we show both the “pseudo-mass”
distribution N(u) and the pre-neutron-emission
mass distribution N(x”) obtained from N(;) and

14J. Terrell, Phys. Rev. 127, 8380 (1962).

1541, R. Bowman et al., Phys. Rev. 126, 2120 (1962);
129, 2133 (1963).
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v(m") as indicated in the analysis. The distribu-
tion N(m™) obtained by Whetstone'® from double
velocity measurements is also shown; the distribu-
tion obtained by Fraser et al.'” differs only
slightly from that of Whetstone.
have been made for resolution in any of the data
of Fig. 5.
present energy correlation experiment is ~ 4 amu

No corrections

We note that the mass resolution in the

16w 1. Whetstone, Phys. Rev. 131, 1232 (1963).
173.'S, Fraser et al., Can. J. Phys. 41, 2080 (1963).

for 252¢¢ Spontaneous Fission,

(FWHM), compared with ~2 amu (FWHM) for the
double velocity experiments. Therefore, some of
the fine structure of Whetstone’s distribution is
not reproduced clearly in our mass distribution,
and the valley and wings of the present distribution
are slightly higher.

The average kinetic energy as a function of
fragment mass is plotted in Fig. 6. For comparison
we show the two functions E,(x) and E;(m*)
obtained from the present experiment. Also shown

in the figure are the average kinetic energies
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Fig. 3. Mass vs Total Fragment Kinetic Energy Array, N(‘u,Ek)' for 252¢¢ Spontaneous Fission.

E;(m*) of Whetstone,'%1®  We note that the
agreement in E (m") is within ~1 Mev, or 0.7%,
throughout, except for points at a few masses
at the extreme asymmetric end of the curve and

one or two masses just at symmetry. The dis-

18The data of Fraser et al. lie somewhat lower than
the curves shown in Fig. 6; the discrepancy, however,
is explained by small tailing effects which are possible
in fhat experiment, as discussed by those authors in
ref, 17 and private communication (1964).

crepancy seen in the figure in the symmetric region
is qualitatively accounted for by the somewhat
poorer mass resolution of the present experiment.
Also, our more precise energy-velocity correlation
experiment on post-neutron-emission *°2Cf fission
fragments '? confirms a somewhat lower average
total kinetic energy at symmetry than is observed
in the present experiment. The small discrepancy
in E;(m*) seen in Fig. 6 for a few masses at
extreme asymmetry may arise from otherwise



136

ORNL-DWG 65-2435

2 ] ‘ ‘ f
+.-.,i i 2524 ‘
.
' o |
0 I "-‘ |
| Tees
v | LY
I | | .
1_‘ L J
fe : : ‘
l".! i 235 ‘
. . | |
1 .'w‘# ) - : * . W*ri
i i |
.n | 000...... i 1
0 hd i . ‘ :
i .. ‘
i '.L I
1 1 \ j \."'Q‘;.
120 125 130 135 140 145 150 155 160 165

m* FRAGMENT MASS (AMU)

I
66— i ‘,/3_:3 - S
: 19’ \ |
o® A \%’ N{m™)
TR d
/s \
4 4o
5 —_— ',’I‘ -\
7 PN ()
e |
/ \:- N {m*) WHETSTONE
lcg ‘
4 —— e —

ELD (%)
o
/“‘-o-

MASS Y

(&4

—

\D

i

o
-c/”

I Y
a! i %
/ o
&
o ’\?3;;:
¥ ! | <&p
<l | ‘ |
o N
126 130 140 150 160 170
126 122 "2 102 22 82
FRAGMENT MASS (AMU)
Fig. 5. Fragment Mass Distribution for 252¢y Spon-
taneous Fission. The distribution N{j1) is obtained

directly from the data; correction for neutron emission
N(m*). The distribution of

obtained from double velocity

the distribution
(ref. 16),
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Whetstone
No correction

for resolution has been included.

Relation Between m* and p, Plotted as

Fig. 4.
(m* — 1) vs m*, for Two Fission Cases. Calculation is
basea on 1{m) given by Bowman et al. (ref, 15) for 252Cf

and on 1{m) given by Apalin et al. (ref. 19) for 235U.
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quantity <E, (u)> is obtained directly from the data;

Function of Mass for 252¢y Spontaneous Fission.

correction for neutron emission yields the relation

<E}*((m*)>. The double velocity results of Whetstone

(ref. 16) are shown for comparison.
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. . . * .
kinetic energies <E, (m )> seem to be given

negligible experimental effects in either experiment.

the analysis of the

accurately by

reasonably

The comparisons discussed above and shown

that these
and velocity-correlation

we conclude

and

previous section;

in Figs. 5 and 6 demonstrate the necessity of
taking into account the effects of neutron emission

from energy-

results

experimenis are in good agreement, or where they

are not, the differences are understood.

together with the mass-dependent energy calibra-
tion in the analysis of energy correlation experi-

ative

where detailed quantit

particularly

results are required

ments,

Results for 235U Thermal-Neutron-Induced Fission
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of Milton and
Again, no corrections

Phys. 55, 249 (1964).

experiment
D. Milton and J. S. Fraser, Can. J. Phys. 40,

The fragment mass distribution N(m™) for 235U
is shown in Fig. 9; the distribution N(m") from
The average total kinetic energy as a function

19V. F. Apalin et al., Nucl

205 ¢

reasonable to account for the observed differences
1626 (1962).

principally in terms of the somewhat poorer mass
resolution of the energy correlation experiment.

for resolution have been included, and it appears
of fragment mass, <Ek(m*) >, is shown in Fig. 10;

Fraser?® is also shown.

the double velocity
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Actual

The numbers

the neutron emission

’

The same treatment was carried
data of Apalin'® were used, and the relation

is shown in Fig. 4.

*
1

, and u,/p, are included.
numbers have been entered outside the contours
labeled 10 in order to show the locations of rarer

events.

E

Transformation to the array IV(ul,Ek) yields the

labeling the contours indicate the number of events
per cell (1 channel x 1 channel), and lines of
labeling the contours and the numbers entered
outside the last contour give the number of events

contour diagram shown in Fig. 8.
out for these data as for 252Cf;

per Mev per amu.
between i, and m

constant
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Fig. 9. Fragment Mass Distribution for 235 Thermal-
Neutron-Induced Fission. The distribution N(u) is
obtained directly from the data; correction for neutron
The distribution
double

No

emission yields the distribution V{m*).
of Milton and Fraser (ref., 20), obtained from
velocity measurements, is shown for comparison.

correction for resoluiion has been included.

as above, corrections for resolution have not been
included. Alsc shown in the figure are the regultls
of Milton and Fraser.?® The discrepancy between
the two curves is ~4 Mev (two or more times the
quoted standard deviations) over most of the mass
range; it increases toward symmetry and decreases
somewhat for m* > 145 amu. The difference
between the two curves may be accounted for on
the basis of two considerations: (1) dispersion
effects in the present results tend to give kinetic
energies which are too high, perhaps by as much
as 1 Mev in certain regions; (2) velocity tailing
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Fig. 10. Average Total Fragment Kinetic Energy as a
Function of Mass for 233U Thermal-Neutron-Induced
Fission, The quantity <Ek(/1)> is obtained directly
from the date; correction for neutron amission yields the
relation <E;(m*)>. The

Milton and Fraser are also shown ~ see text.

double velocity results of

effects (caused by small-angle scattering along
the drift tubes) which might be present in the
would tend to give
Quantitative

time-of-flight experiments
kinetic energies which are too low.
evaluation of the latter effect is difficult; however,
a later discussion on this point by Fraser et al.l?
and recent measurements by Engelkemeir'® indi-
cate its possible importance. Our value for the
overall total fragment kinetic ewergy for 235U is
171.9 £ 1.2 Mev, compared with the value 168.3 +
1.7 Mev of ref, 20,
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CORRELATED FRAGMENT ENERGY MEASUREMENTS AND MASS-vs-ANGLE
CORRELATIONS IN 225Rg + p FISSION

H. W. Schmitt

J. W. T. Dabbs

P. D. Miller

NUCLEAR FISSION. 22°r

a, proton-induced, measured fragment energies, deduced mass

and energy distributions, mass-energy and mass-angle correlations.

Introduction

The charged-particle-induced fission of ?2°Ra
exhibits
particular, mass distribution for
proton-induced fission of 2?%°Ra was found by
Jensen and Fairhall' to contain three distinct
peaks. Since the discovery of this ‘‘anomalous’’
mass distribution, radiochemical measurements for

unique and interesting features. In

the fragment

22Z6R, fission have been extended to include mass
distribution studies of deuteron- and helium-ion-
induced fission,? angular distribution measure-
ments,? and yield measurements for a few nuclei
over a wider range of incident proton energies.*
More recently, a number of kinetic experiments
have been carried out for deuteron-® and helium-
ion-induced®:® fission of ?2°Ra; total fragment
angular distribution measurements for

deuteron-,

proton-,
and helium-ion-induced fission of
225Ra have also been reported.’

It has seemed especially appropriate to us to
study also in detail the kinetics of proton-induced
fission of ??°Ra; in this case the excitation
(??7Ac) is suf-
ficiently low so that the probability for second-
chance (p,nf) fission is much reduced with respect
to that for first-chance (p,f) fission. Thus the

kinetic energies, mass distributions, etc., should

energy of the compound nucleus

'k, c. Jensen and A. W. Fairhall, Phys. Rev. 109,
942 (13958),

’R. C. Jensen and A. W. Fairhall, Phys. Rev. 118,
771 (1960).

3C. T. Coffin and 1. Halpern, Phys. Rev. 112, 536
(1958),

‘R.L. Wolke, Phys. Rev. 120, 543 (1960).

SH. C. Britt, H. E. Wegner, and J. C. Gursky, Phys.
Rev. 129, 2239 (1963).

6_]. P. Unik and J. R, Huizenga, Phys. Rev. 134, B90

(1964).

’J. E. Gindler, G. L. Bate, and J. R, Huizenga, Phys.
Rev. 136, B1333 (1964).

be characteristic of first-chance fission principally,
and, in addition, a search for any appreciable
correlation between the mass distribution and
angle of emission of the fragments might be
meaningful.

In the present work, detailed fragment-energy-
correlation measurements were carried out for
fragments emitted at a center-of-mass angle 0 =
90° with respect to the incident proton beam, for
= 11.0, 12,0, and 13.5 Mev.
In our search for a mass-angle correlation, similar
= 13.5 Mev

proton energies Ep

measurements were cairried out for £
at angles ¢ = 30, 40, 60, and 90°

Experimental Method

A schematic diagram of the experimental arrange-
ment is shown in Fig. 1, together with a block
The target
consisted of a l-cm-diam vacuum-evaporated de-
posit of radium bromide about 20 pg/cm? thick on
a 2.5-cm-diam carbon backing film about 20 pg/
cm? thick. The proton beam was focused and
collimated to a diameter of less than ~ 5 mm.

Rounded collimators were used in front of the
silicon detectors, as shown in Fig. 1, to minimize

diagram of the electronic equipment.

low-energy tailing effects in the fragment pulse-
height and energy spectra. The surface-barrier
detectors were operated in the saturation region
of the curve of pulse height vs applied bias.
The absolute energy calibration of the detectors
was accomplished with reference to ?°2Cf spon-
taneous fission fragment spectra by the method
previously developed and described in the other
papers, ®-°

84. W. Schmitt, W. E. Kiker, and C. W. Williams, Phys.
Rev. 137, B837 (1965).

°H. W. Schmitt et al., paper SM 60/40 to be presented
at IAEA Symposivm on Fission, Salzburg, Austria,
March 1965.
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Fission-Fragment Energy Correlation Experiments,

The linear circuitry indicated in Fig. 1 is self-
explanatory. All units were connected into the
system throughout the runs; periodic checks of
stability and linearity of the system were made
with the pulser. The function of the inspector
circuit was to reject pileup pulses, that is, pulses
resulting from the near superposition of a fission
fragment pulse with an accidental scattered-proton
ot patural alpha-particle pulse. Pairs of pulses
in either detector whose time separations were in
the range from 20 nsec to 2 psec were detected
by the inspector circuit, and the anticoincidence
signals generated in such cases served to reject
these events. When no pileup occurred, the two
coincident fission fragment pulse heights (channel
numbers) were recorded event by event on punched
paper tape; the data were sorted, summed, and

otherwise processed by means of a digital computer.

Experimental Results

The two-parameter data array is given by N(Xl,Xz),
where / is the number of counts appearing in the

combination of channel numbers X, and X, ©or-

responding to detectors 1 and 2 respectively,
This array was transformed to an array given by
N([LI,EK), where EK is the measured total kinetic
energy and e, is a “mass’ of the fragment de-
1. For fragments emitted at
center-of-mass angle 0 = 90°
beam, the quantity ju, is calculated from the data

tected in detector
with respect to the

with the assumption of linear momentum conserva-
tion applied to the measured fragment energies

E1 and E25 the relationships among the various
quantities are then
pE = '“2E2 ’ M
Byt =4, @
E +E, =E_, 3)

where A is the mass of the fissioning nucleus
(in the present case 227 amu). The average total
kinetic energy <E_> as a function of ¢, and the
“mass’’ distribution !V(;Ll) were obtained directly
from the array N(/Ll,EK). For fragment angles



other than 90° the data were processed in the same
manner; then additional transformations of the
final functions were carried out to correct for the
center-of-mass motion.

We have chosen to use the symbols p, and p,
to distinguish these ‘‘masses’ from the actual
pre-neutron-emission masses mI and m; (the
asterisk denotes highly excited or neutron-rich
nuclei) and post-neutron-emission masses m, and
m,. In practice the g, do not differ greatly (f,2
amu) from the mi*, inasmuch as both fragments
emit neutrons, and the error is to some extent
canceled by the use of the measured, post-neutron-
emission energies in Eq. (1). We have not in-
cluded neutron emission corrections in the results
reported here.  Such corrections would change
slightly the shape of the mass distributions; the
total pre-neutron-emission kinetic energies E;
would be larger than the values of E  reported
here by an amount (up to a few percent) which
takes into account the mass changes of the frag-

ments in neutron emission.
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Fig. 2. Summary of Results for Proton-Induced Fission
of 226R0; Ep = 13,5 Mev, @ = 90°. No corrections for
neutron emission have been included. The solid curves

are calculated — see text for discussion.
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A summary of the results for proton energy Ep =
13.5 Mev, for fragments emitted at a mean center~
of-mass angle 0 = 90° with respect to the beam,
is shown in Fig. 2. A similar summary of results
for E_ = 11.0 Mev, 0 = 909 is given in Fig. 3.
In the lowest part of each figure the mass distribu-~
tion N(u) is shown; the average total fragment
kinetic energy <E, > as a function of p is shown
in the center portion of each figure, and the var-
iance o? of the total kinetic energy distribution
for a given yt is shown as a function of p in the
uppermost position of each figure. The mass
distributions are triple-peaked, as expected from
previous studies’*?+3+% of proton-, deuteron-, and
alpha-induced fission of 22%Ra. The average total
kinetic energy is seen to reach a maximum in the
region where the heavy-fragment mass is ™~ 134
amu, slightly above the masses where the Z :: 50
and NV = 82 shells close. Maximum values of
<E_ > in the region of Z = 50 or & = 82 nuclei
have been observed for many cases of both inter-
mediate and low excitation fission. The variance
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Fig. 3. Summary of Results for Proton-Induced Fission
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emission have been included.

No corrections for neutron

The solid curves are

calculated — see text for discussion,
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of the kinetic energy distribution as a function of
mass appears to be nearly the same in the region
of symmetric fission and very asymmetric fission,
but peaks quite strongly in the region of p ~ 130
amu. Various features of these and related curves
will be discussed further in a later section of this
paper.

In Fig. 4 we have plotted the mass distributions
for the three different proton energies: 11.0, 12.0,
and 13.5 Mev. All of these distributions were
obtained at 0 = 90° For ease of comparison we
have drawn only the smooth curves through the
points and normalized the distributions at the
asymmetric peak. The ratio p of fragmen: abun-
dance at the symmetric peak to that at the asym-
metric peak is seen to increase from 1.11 for 11.0-
Mev protons to 1.27 for 12.0-Mev protons, and to
1.54 for 13.5-Mev protons. The total increase in
fragment yield at the symmetric peak relative to
that at the asymmetric peak (i.e., the increase in
p) is thus about 40% for the proton energy increase
from 11.0 to 13.5 Mev.

In our search for a possible correlation between
fragment mass and angular distribution, mass
distributions were obtained at center-of-mass
angles 6 = 30, 40, 60, and 90° for Ep = 13.5 Mev.
The ratio p was determined for each of these
angles and is plotted in Fig. 5 as a function of 6.
An increase of ~5% in p is observed from 6 = 30°
to 0 = 90°% the statistical uncertainties are quite
large, as shown, and the uncertainty in the coef-
ficient of P (cos ) is +0.03.

Analysis and Discussien

We shall divide our discussion of the results
into two parls. First, we shall consider the mass
distributions obtained as a function of incident
proton energy together with the total fragment
kinetic energy as a function of mass, particularly
as these functions relate to the two-mode hypoth-
esis. Second, we shall consider the observed
mass-angle correlation.

Kinetic Energy and Mass Distributions. — The
suggestion that fission could be discussed mean-
ingfully in temms of two modes, symmetric and

asymmetric, was made by Turkevich and Niday *°

I0A . Turkevich and J. B. Niday, Phys. Rev. 84, 52
(1951).
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in 1951. A number of authors,'’ notably Jensen
and Fairhall'’? with respect to radium, have em-
ployed the two-mode hypothesis and have further
suggested its validity in discussions of the dif-
ferences in fragment mass distributions observed
as functions of the Z and 4 of the fissioning nu-
cleus and as functions of the energy of the bom-
barding particle. More recently, a number of au-
thors®+®+12:13 have discussed the results of
various kinetic experiments in terms of two modes
of fission. These include results for deuteron-
induced?® helium-ion-induced®*® fission of
228Ra. Principal evidence in favor of the two-
mode hypothesis consists of (1) the analysis of
the shapes of the fragment mass distributions in
terms of symmetric and asymmetric components
whose relative yields are functions of the fission-

and

ing nucleus and incident particle energy, and (2)
the analysis of the average total kinetic energy
as a function of fragment mass in terms of an ef-
fective separation D of charge centers which ap-
pears to have different, but approximately con-
stant, values for the two modes.

In the present experiment, the two-mode hypoth-
esis suggests itself almost immediately in the
results of Fig. 4. The principal difference in the
mass distributions is seen in the increased yield
of the entire symmetric peak relative to the asym-
metric peak as the incident proton energy is in-
creased. Because of this result, and particularly
in view of the recent success of nonviscous-liquid-
drop model calculations'* as applied in the case
of ?°°Bi (ref. 6) and other nuclei whose mass
yields are symmetric and single peaked, it is
tempting to analyze the data of the present experi-
ment in tems of two modes of fission with the
symmetric mode described by the nonviscous-
liquid-drop model. The region of masses around
radium, A ™~ 226, represents roughly the upper
limit of validity of Nix’s calculations;'*
some minor departures may be expected.

hence
None-
theless, we have carried out a preliminary analysis
from this basic assumption, as follows.

'y Halpern, Ann. Rev. Nucl. Sci. 9, 245 (1959).

124, C. Britt and S. L. Whetstone, Phys. Rev. 133,
B603 (1964).

13 L. Whetstone, Phys. Rev. 133, B613 (1964).
147 R. Nix, UCRL-11338 (1064), unpublished.
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On the assumption that the contribution of the
asymmetric mode is negligible near symmetry, we
obtained least-squares fits of the mass distribu-
tions covering 18 mass units centered about sym-
metry to the Gaussian function: ' *

1 2
N=N,exp—{0.5-(aI/C . @
- 11.0 and 13.5 Mev, the
values of the constant Cm (Nix’s notation) were

found to be 0.00453 and 0.00456 respectively.
These values agree within

For proton energies Ep

their uncertainties
and correspond to an equivalent standard devia-
Plots of the cal-
culated distributions are given as solid curves
in Figs. 2 and 3, along with the measured distribu-
tions.

The total translational kinetic energy at sym-

tion in mass of ~10.8 amu.

metry is given by Nix in terms of the surface
energy Eéo) at the saddle point and as a function
of the fissionability parameter x, where x = (Z2/A)/
(Z?/A),,;p with (Z%/4)_,,, = 50.13.

energy is given as

. The surface
crit

15;0)taSA2/3 , (5)
where a_ is a constant and is specified'* as 17.80
Mev. The calculated total kinetic energy for sym-
metric fragments in the present case would then be
E©®) Z 158 Mev, or ~ 15 Mev larger than the meas-
ured value and ~ 12 Mev larger than the approxi-
mate neutron-coriected value. This discrepancy
can be accounted for by errors in the nuclear con-
stants (e.g., ~10% error in as). Since such con-
stants of the mass formula are not precisely known
for nuclei in the region of fission fragments, per-
haps it is justified to consider a_ as a somewhat
free parameter adjusted (within 10%) so that for
the present discussion E® - <E > . & 143
Mev, as measured. (A simple calculation based
on Nix’s equations then leads to an effective
temperature ¢ at the saddle point of ~0.95 Mev.)
We have used Nix’s formulation with the adjusted
values of a_ to calculate the average total frag-
ment kinetic energy characteristic of liquid-drop
fission as a function of fragment mass. The re-
sults are shown as solid curves in the center
portions of Figs. 2 and 3, along with the measured
values of <E, > for E = 13.5 and 11.0 Mev re-
spectively. We shall (fiscuss these curves again

below.



Note now, however, that the measured <EK> is
approximately the same at symmetry for the two
proton energies (Figs. 2 and 3, center portions),
while in the region of the asymmetric mass yield
peak, <E, > is somewhat lower for the higher
proton energy. This observation may be accounted
for as follows: If the total kinetic energy which
is characteristic of liquid-drop fission is lower
than that characteristic of the asymmetric mode,
then as the contribution in yield at the asymmetric
peak from the symmetric mode increases, the
average measured kinetic energy <E_> for those
masses must decrease. We may express this by
means of an equation of the form

<E >*sz KLD

~ f

+ (1 . K)E (6)

KA’

where EKLD and EK

energies at mass p characteristic of the ‘‘liquid-
27

, are the average total kinetic

drop’’ mode and ‘‘asymmetric’ mode respectively.
Thus, for example, in the mass region g ™~ 138
amu, the liquid-drop fission energy EKI o 1S, from

Fig. 3, = 136.4 Mev, the measured energy is <EK >

149.3 Mev for E_ = 13.5 Mev, and f, ¥ 0.12;
the calculated energy E.. chdractenstlc of the
asymmetric mode is then 151 Mev, a value which
is quite consistent with low-excitation fission
systematics.

A complete analysis would give quantitative
results on these points for all masses; however,
neutron-emission and mass-resolution effects must
be taken into account for detailed accuracy, and
we have not included these in the preliminary cal-
culations reported here, Nofe that a straightfor-
ward calculation for the variance o which is
based on the two-mode hypothesis can be carried
out, since the yields, energy distributions, and
variances of the two modes can be estimated or
deduced. These calculations have been postponed
until the neuiron-emission and mass-resolution
corrections have been made. The peaks in the
variance curves of Figs., 2 and 3 appear to be
consistent with this hypothesis, however.

It is suggested, then, on the basis of analyses
to date, that the two-mode hypothesis is valid for
228Ra (p,fission), and further that one of the two
modes is describable in terms of the nonviscous
liquid-drop model'* and is therefore indeed a sym-
metric mode. The so-called “asymmetric mode”’
may possibly have no fixed, general description
or configuration, but may exhibit properties de-
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termined by the nuclear structure parameters of
the fragments themselves, as occurs for the low-
excitation fission of heavier elements.'®
Mass-Angle Correlation. — The present form of
the theory of angular distribution of fission frag-
16 For cases where
the compound nucleus is oriented by virtue of the

ments was advanced by Bohr.

incoming angulat momentum, the theory has been
amplified and applied by many authors, including
Halpem and Strutinski,'” Griffin,'® and Huizenga
and co-wotkers.”*'® In the theory the angular
distribution is determined by the K distribution of
the compound nucleus before scission, where K
is the projection of the total angular momentum [
on the nuclear symmetry axis. For moderately
high excitation energies, for which statistical
considerations may be applied, the K distribution
is characterized by a parameter K(Z) defined by

K2 - ol /h0 @)

Where t is the effective nuclear temperature, and

is the effective moment of inertia given by
&15“/(9 ”), in which SJ_ and &” are the per-
pendicular and parallel components of the moment
of inertia. For small values of Kg, the theory
predicts anisotropic fragment distributions which
peak toward 0 and 180°; for larger values of K;,
the theory predicts more nearly isotropic distribu-
tions.

The mass-angle effect observed (see Fig. 5)
is not sufficiently large to indicate a difference
in angular distributions for masses in the sym-
metric and asymmetric peaks for first-chance fis-
sion. The 5% effect which is observed may be
interpreted on the basis of a small probability
for second-chance fission; these arguments have
been outlined by Halpern and Strutinski.!” In
essence, the excitation energy of the compound

15R. Vandenbosch, Nucl. Phys. 46, 129 (1963).

164, Bohr, Proc. 1st Intern. Conf. Peaceful Uses At.
Energy, Geneva 2, 151 (1955),

171. Halpern and V, M. Strutinski, Proc. 2nd Intern.
Conf. Peaceful Uses At. Energy, Geneva 15, 408 (1958).

185 116, 107 (1959); 127, 1248
(1962).

Griffin, Phys. Rev.

gj. R. Huizenga and R. Vandenbosch, in Nuclear
Reactions 2 (P. M. Endt and P, BB. Smith, eds.), chap.
1I, North Holland, Amsterdam, 1962.



nucleus in second-chance fission will be lower
than that in the case of first-chance fission; hence
Kg for second-chance fission will be smaller, and
the angular distribution will be more anisotropic
It has been shown above and in
Fig. 4 that asymmetric fission is relatively more
abundant for lower excitations; therefore, if both
first- and second-chance fission occur, the asym-

for those events.

metric fragments should exhibit a somewhat more
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anisotropic angular distribution, as indeed occurs
(Fig. 5).
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AVERAGE NUMBER AND ENERGY OF GAMMA RAYS EMITTED AS A FUNCTION OF FRAGMENT
MASS IN 235U THERMAL-NEUTRON-INDUCED FiSSION'

H. Maier-Leibnitz 2

H. W. Schmitt

P. Armbruster?®

NUCLEAR FISSION. 2S’SU, measured correlated prompt ¥ and fragment energies, deduced

<E,>,> as function of fragment mass.
/

The average number and energy of gamma rays
emitted as a function of fragment mass in *3°U
thermal-neutron-induced fission have been meas-
ured. A three-parameter correlation experiment
was performed in which two silicon surface-barrier
detectors were used to measure the fragment en-
ergies, and a 12.5-cm-diam, 10-cm-thick NaI(Tl)
scintillation crystal was used to measure the
gamma-ray energies. Extreme care was taken in
the experimental arrangement to avoid counting
direct-fission neutrons, scattered gamma rays and
neutrons, and other false events. Data were re-
corded event-by-event in a system similar to that
used in previous energy correlation experiments
at Oak Ridge, and were analyzed according to a
“‘weighting method’’ developed by Maier-Leibnitz.

The total number and energy of the gamma rays
for both fragments, as a function of mass ratio,

were obtained directly. The number and energy

1Abstrac’t of paper to be published in the Proceedings
of the IAEA Symposium on the Physics and Chemistry
of Fission, Salzburg, Austria, March 19635,

*Visitor to Oak Ridge National Laboratory, from
Physikalisches Institut, Technische Hochschule,
Munchen, Germany, October 1963 to May 1964.

3Visitor to ©Oak Ridge DNational ILaboratory, from
Kernforschungsanlage, Julich, Germany, April to July
1964.

of gamma rays for individual fragment masses
were determined by noting the variation in labora-
tory angular distribution of the gamma rays in
relation to the velocity of the gamma-emitting
In particular, the 0 to 180° ratio of the

number of gamma rays from a moving source emit=

fragment.

ting isotropically in its center-of-mass system is
proportional to 1 + 2v/c; similarly, the 0 to 180°
ratio of average gamma energy is proportional
to 1 + 3v/c. Thus, by comparing appropriate ratios
in the analysis for light and heavy fragments mov-
ing toward or away from the gamma-ray detector,
one obtains these quantities as a function of indi-
vidual fragment mass.

Results of preliminary analyses show interesting
similarities in the behavior of the fragments to
Both the total number
and total energy of gamma rays are essentially

the results for neutrons.

constant over most of the range of mass ratios;
however, a broad minimum is observed in the region
where MH ~ 130, that is, where z, ™ B0 and/or
NH ~ 82. An increase is observed in both total
number and energy as the mass ratio approaches
unity. The average number and energy of gamma
rays emitted from individual fragments are observed
to increase in both fragment groups, as has been

observed for (M) by Apalin et al.
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PRECISION MEASUREMENTS OF CORRELATED ENERGIES AND VELOCITIES OF 252¢¢
FISSION FRAGMENTS'

H. W. Schmitt

W. E. Kiker?

C. W. Williams?®

NUCLEAR FISSION.

duced mass and energy distributions, mass-energy correlations, and vM); absolute

energy calibration for semiconductor detectors.

252Cf, measured correlated fragment energies and velocities, de-

Correlated energies and velocities of single fis-
sion fragments from the spontaneous fission of
252Cf have been measured. Absolute energies and
times of flight are obtained with estimated accu-
racies of £0.5% f{rom direct comparison measure-
ments with 30- to 120-Mev 7°Br, ®'Br, and '27]
ions from the Tandem Van de Graaff accelerator.
The post-neutron-emission kinetic parameters ob-
tained from this experiment for *32Cf fragments
are compared with pre-neutron-emission quantities
obtained from double-time-of-flight experiments of
Whetstone and of Milton and Fraser. Of special

!Abstract of published paper: Phys. Rev., 137, 3837
(1965).

2Oak Ridge Graduate Fellow, University of Tennese
see; present address: University of California, Lawe
rence Radiation Laboratory, Livermore, Calif,

3Present address; Oak Ridge Technical Enterprises
Corp,, Oak Ridge, Tenn.

interest is the fine structure which appears in
the post-neutron-emission mass distribution. This
structure reflects the fine structure observed in
the pre-neutron-emission mass distribution, which
in tum is known to reflect certain energetically
preferred even-even fragment configurations in
Within the ~2.5%
resolution of the present experiment, no

2520f spontaneous fission.
mass
additional fine structure appears as a result of
neutron boil-off to specific fragment masses. The
number of neutrons (M) as a function of fragment
mass has been calculated from the pre- and post-
neutron-emission mass distributions. A “univer-
sal’”’ energy calibration procedure for solid-state
detectors for fission fragments is given; this
procedure is based on the present absolute frag-
ment energy determinations and takes into account
the mass dependence of the pulse-height vs energy
relation.

ABSOLUTE ENERGY CALIBRATION OF SOLID-STATE DETECTORS FOR FISSION FRAGMENTS
AND HEAVY IONS!

H. W. Schmitt W. M. Gibson?

J. H. Neiter?

F. J. Walter® T. D. Thomas®

NUCLEAR FISSION.

conductor detectors for fission fragments and heavy ions.

Absolute energy calibtration and pulse-height response of semi-

Detailed measurements of the pulse-height re-
sponse of silicon solid-state detectors to energetic
heavy ions and fission fragments have been made.

!Abstract of paper to be published in the Proceedings
of the IAEA Symposium on the Physics and Chemistry
of Fission, Salzburg, Austria, March 1965.

ZBCU Telephone Laboratories, Inc., Murray Hill, N.J.

3Present address: Qak Ridge Technical Enterprises
Corp., Oak Ridge, Tenn.

These studies have now led to a reliable method
of absolute energy calibration of solid-state de-
tectors for fission fragments, as well as to a
better understanding of the somewhat peculiar
response characteristics of the detectors to fission
fragments and heavy ions.

‘Present address: Radiation Instrument Development
Laboratories, Oak Ridge, Tenn.

SPrinccton University, Princeton, N.J.



The use of silicon solid-state detectors in frag-
ment kinetic energy measurements in recent years
has been widespread. At the same time, questions
have been raised about the detailed interpretation
of such measurements because of the increasing
evidence for anomalous behavior in charge pro-
duction, charge collection, and charge multipli-
cation in the case of densely ionizing particles.
The present report discusses the systematics and
possible origins of these effects. Application of
the absolute energy calibration method, which
takes into account the mass and energy dependence
of the response, is based simply on a *32Cf or
235(J fragment pulse-height spectrum. Our studies
were carried out with monoenergetic ' 'Br, ®'Br,
and '27] ions of energies from 30 to 120 Mev,

and with fission
25 2(\

from spontaneous
f and neutron-induced {ission of
239Pu

fragments
fission of

235y and It is shown that for a given
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fragment mass, over a wide energy range, the
fragment energy vs pulse-height relationship is
of the form E = ax + b, where E ig the fragment
energy and x is the measured pulse height. A
dependence of pulse height on fragment mass has
also been established which leads to an energy
vs pulse-height relationship, for the range of fis-
sion fragment masses and energies, of the form

E -(a+ amx+ b+ b'M, where M is the fragment

mass. The effects of detector window and detector
type, resistivity, and electric field have been
studied. Guides to the selection of detectors and

The

calibration procedure

to their use with fission fragments are given.
effect of the more exact
outlined above, relative to standard approximate
calibration methods, is discussed quantitatively
with the aid of appropriate comparisons of fissijon
fragment mass and energy distributions derived
from correlated fragment energy measurements.

CORRELATED ENERGY AND TIME-OF-FLIGHT MEASUREMENTS OF FISSION FRAGMENTS WITH
SEMICONDUCTOR DETECTORS: SYSTEM DESIGN AND PERFORMANCE'

C. W. Williams?

W. E. Kiker?®

H. W. Schmitt

NUCLEAR FISSION.

Instrumentation for correlated energy and velocity measurements.

A system for the measurement of correlated en-
ergies and times of flight of fission fragments has
been developed. This system, adaptable for use
with other charged particles as well, includes a
fast-response transformer coupling scheme in which

the charge originating in a solid-state detector

!Abstract of published paper: Rev., Sci. Instr. 35,

116 (1964).

2Present address: Oak Ridge Technical Enterprises
Corp., Oak Ridge, Tenn.

3F‘resen‘t address: University of California, Lawrence
Radiation Laboratory, Livermore, Calif.

passes through the transformer primary to a low-
noise, charge-sensitive amplifier; the fast timing
signal is obtained from the transformer secondary.
The noise thereby added to the linear energy
signal is negligible. The measured time resolution
of the system for particles in a narrow band of
energies was <0.4 nsec, full width at half maxi-
The design of the system is described, and
the detailed results of performance tests, including
tests with coincident *°2Cf spontaneous fission

mum.

fragments and energy-time correlation measure-
ments for bromine and iodine ions (artificial fission
fragments), are given.
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NUCLEAR DATA PROJECT

A. Artna
A. K. Sen Gupta

K. Way
H. Ogata

Compilation of the data on level properties and
decay properties of 104 nuclel in the mass region
A = 150 to A = 171 has been completed and pub-
lished with comments and diagrams of ‘‘best”’
In
have been

level schemes in the Nuclear Data Sheets.
connection with this work, studies
made of the systematics of rotational band param-
eters (by M. J. Martin) and gamma transition half-
lives (by N. B. Gove and C. §. Han). C. S. Han
also completed 601 plots of conversion coefficients
which have saved the Group a great deal of time.
These large-scale drawings, not very suitable for
duplication, are available in the library of the
Nuclear Data Group.

Consideration is given constantly to the specifi-
cation of ‘‘strong’ grounds for spin and parity
assignments,
for members of the Group to use similar points
of view in making spin-parity assignments. A new
basic to strong and weak
arguments, has been prepared for Set 4, Vol. 6.

since it is necessary, of course,

list of propositions,

A new edition of Recent References, a bibliog-
raphy of articles and reports not yet analyzed for
the Sheets, is also being issued in Vol. 6.
references are arranged according to nucleus.

These

A four-year project of compiling values of nuclear
according to the experimental method
uged for their determination has been completed
by Mrs. Gladys H. Fuller in collaboration with
V. W. Cohen of the Brookhaven National Labora-
tory. Spins, magnetic dipole and octupole moments,
and electric quadrupole moments are covered. A
summary table of “‘rounded-off’’ values gives one

moments

value of each measured moment, to the number
of significant figures on which there is experi-
mental agreement, and refers to the appropriate
subsections where all experimental results are
listed. The 148-page table will be published as
an appendix to the Nuclear Data Sheets and also

Ypart time employee,
2 .
At National Bureau of Standards, pari time.

3At University of Maryland, part time,

W. B. Ewbank
E. C. Campbell!

N. B. Gove
G. H. Fuller?

M. J. Martin
C. S. Han?®

offered for sale separately by the National Acad-
emy of Sciences National Research Council
(NAS-NRC) Printing and Publishing Office, 2101
p.C., 20418,
at a price of about $3.00. Mrs. Fuller also com-

Constitution Avenue, Washington,
pleted a convenient list of measured values of
nuclear moments published during the period Oc-
tober 1956 to September 1963. The list was
published with Set 1 of Vol. 6 of the Nuclear Data
Sheets.

The Group continues to collect all data on nu-
clear masses. A computer program for making
least-squares mass adjustments, developed by the
Mainz-Amsterdam group, has, with the help of
Werner Thiele of Mainz, been adapted to our needs
The

Nuclear Data Sheets now give the best values of

for making adjustments in limited regions.

neutron and proton separation energies and beta-
decay energies as determined by the program,
rather than values found by hand computation and
approximate methods. A summary of measured
nuclear reaction ground-state Q values published
between October 1956 and December 1963, prepared
by former research assistant H. T. Tu and by
N. B. Gove, will be published with the Nuclear
Data Sheets, Set 4, Vol. 6.

Group members have taken an active interest in
general problems of scientific information. They
were instrumental the establishment of an
International Union of Pure and Applied Physics
Subcommission on Nuclear Data. The Group is
in the NAS-NRC Subcommittee on
Techniques for the Distribution of Scientific
Information, the NAS-NRC Subcommittee on Nu-
clear Structure,

in

represented

and the planning committee of
the Gordon Conference series on Scientific Infor-
mation Problems in Research. The key-word
system proposed by the Group is being tried by
the journal of Nuclear Physics.

The idea of a compilation journal, first proposed
in 1961, has been discussed with a number of
publishers during 1964. Specific plans for the
establishment of such a journal are nearing com-
pletion.
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COMPILATION OF CHARGED-PARTICLE NUCLEAR CROSS SECTIONS

F. K. McGowan

The past year has been devoted primarily to
maintaining an up-to-date literature search, com-
piling cross-section data in tabular form, and pre-
paring two volumes of the series Nuclear Cross
Sections for Charged-Particle-Induced Reactions.
ORNL-CPX-1, which includes data for Mn, Fe,
and Co, was completed in June 1964 and was
included in the material presented by the U.S.

delegation at the third Geneva conference. The

H. J. Kim

W. T. Milner

second volume, ORNL-CPX-2, which includes
data for Ni and Cu, was completed in August 1964

and will be distributed in January 1965.

Approximately 3500 sets of data have been key
punched and processed by computer programs. Of
these, about 2500 sets are stored on magnetic
tape. In the future all tabular data which are
entered in the system will be stored on magnetic
tape.

WAVE FUNCTIONS FOR MUON CAPTURE IN HYDROGEN ,-MOL ECUL AR IONS

R. L. Becker

The determination of the coupling constants for
muon captute, p + p~ —> n + v, in liquid hydro-
gen is subject to an uncertainty in the probability
y of finding the muon at a proton in the pup mol-
ecule. The calculation of y by Weinberg? has an
estimated uncertainty of 10%, since it is based
on the adiabatic wave function of Cohen et al.,?
which includes only first-order corrections to the
Born-Oppenheimer approximation (BOA). Moreover,
the BO wave functions had been computed varia-
tionally by using the Guillemin-Zener trial func-
tion. In October 1963 we began a calculation of
more accurate wave functions, the first step of
which, the computation of exact BO muonic wave
functions, was reported in ORNL-3582.°

The expansion parameter for the corrections to
the BOA is € = 4m/u/(2M + mﬂ) for homonuclear

1Centra1 Data Processing, ORGDP.
2S. Weinberg, Phys. Rev. Letters 4, 575 (1960).

3s. Cohen, D. L. Judd, and R. R. Riddell, Jr., Phys.
Rev. 119, 384, 397 (1960).

4Phys. Div. Ann. Progr. Rept. Jan. 31, 1964, ORNL-
3582, p. 130.

M. R. Patterson '

molecules, where M is the mass of the nucleus
(p, d, or t). For pup, ¢ =~ 2/9.
the first-order correction to the BO static potential
from the exact BO wave functions, 4;’;n1m For the
ground state, both the static potential, W (R), and
the first-order correction,

T
egH(R);e-Zf

-

-V

J
n’ 100

We have calculated

—

YA/ S
Vn¥100(E )

(& s r (& - nHdédy,

differ somewhat, though not appreciably, from the
results of Cohen et al.® Energy eigenvalues and
wave functions have been obtained for the low-
lying states of nuclear motion in the adiabatic
potential W (R) + €8, (R) + 2/R; as expected, the
energies differ only slightly from those of ref. 3.
Similar but apparently less accurate results of
Belyaev et al.,® for which the adiabatic potential
was approximated by a Morse potential, are given

5v. B. Belyaev et al., Zh, Eksperim. i Teor. Fiz., 37,
1652 (1959); Soviet Phys. JETP (English Transl.) 37,
1171 (1960).
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for comparison in Table 1. In this table, L is the
angular momentum of molecular rotation. For pup,
the L = 0 and L = 1 states are rigorously para and
ortho states, respectively, in the adiabatic spin-
independent approximation used. We regard the
comparison with ref. 3 to show that the Guillemin-
Zener approximation to the adiabatic state is
indeed a good one., The guestion of the importance
of higher-order corrections remains, however. The
higher-order corrections involve the functions?

-3 1 -
£, (B) 3 J (& b5 eIV (E

b5 T8 = 0Py didy di,

Codes are being written to calculate the }ij and
to solve the coupled equations for the nuclear

energy and a decrease in the overlap probability y
were found (see Table 2). The improvement in
binding energy indicates that the admixture of
higher BO states is considerable. 1t is not clear
to the writers whether the variational parameters
have been chosen in such a way as to guarantee an
accurate value of y. This question would be
answered by the present calculation if the con-
vergence turns out to be rapid enough to attain
an equally good binding energy. A value of ¥
known to be accurate to within 1% would be of
great help to weak interaction theory, especially
in pinning down the effective pseudoscalar cou-
pling constant.

Table 1.
Adiabatic Approximation

Binding Energies (ev) in the

motion. While this coding effort was in progress, System I Present Work Ref. 3 Ref. 5
two variational calculations were rep()rted.6'7 In
each of these a sipnificant increase in binding Pip 0 241.04 241 250
1 94,41 93 109
Sw. R. Wessel and P. Phillipson, Phays. Rev. Letters dud 0 320.99 322 330
13, 23 (1964). 1 222,26 223 226
A. Halpern, Phys. Rev. Letters 13, 660 (1964),
Table 2. Muon-Proton Dverlap, v, and Mean Internuclear Separation, <R >a
Adiabatic Variational
System L Present Work Ref. 2 Ref. 6 Ref, 7
2y (R) 2y (R 2y (R) 2y (R)
pLp 0 1.3044 3.142 1.308 1.1466 3.13
1 1.1718 3.948 1.166 1.000 3.83 1.010 3.89 +0.02
dud 0 1.2552
1 1.1614 3.098
%In units of the muon rednced Bohr radins appropriate to pup or dud, that is, ap 33/(:0)(1 w‘mlu/’z.rnp)"_1 and

FN Coo PRIY -1
agua T Q1 +4 m}L/2md) .



SEARCH FOR HYPERFRAGMENTS IN THE X~ + He REACTION

H. O. Cohn

We have scanned film from a slow K~ exposure
in the Northwestern University Helium Bubble
Chamber in search of hyperfragments formed by

-

slow 27 interactions. The only hypothetically

allowed reactions that leave a hyperfragment in
the final states are:

27~ *He —> \*H +n

and
Y74 *He —= *n+p
— > \*n +d(or p,n)
- AQn + t (or d,n or p,2n)

It should
be pointed out that neutron hyperfragment formation

Energetically, no pions may be emitted.

in this reaction is the more difficult process, since
it requires AQ = 2.

Apart from hyperfragment only a
lambda and one charged nucleon are allowed in the

formation,
final state for X~ absorption. Thus, hyperfrag-
ments that decay via the charged mesic mode are
readily identifiable.

Over 400 candidates for X7 interactions were
Only events that could definitely be
classed as genuine X7 + He interactions were
This reduced the sample to 370
A considerable fraction of these events
at the first vertex but no discernable
77, thus guaranteeing that a X~ was indeed in-

examined.

considered.

events.
+

have a n

volved in the reaction.

Five events were found that can be identified as
This number needs to
be corrected for scanning efficiency, for missed
events that looked like decays (short hyperfragment

hydrogen hyperfragments.

and no stub), and, most importantly, for the ratio
of charged mesic to neutral mesic and nonmesic
decay modes. Applying these cormections brings

the total number of hydrogen hyperfragments to

lConsultant from the University of Tennessee,

W. M. Bugg'

seven. Hence, we conclude that 2% of all 27 + He
interactions result in hydrogen hyperfragments.

The only hope of seeing neutron hyperfragments
is in the two-body final state interactions:

X7+ e —> \'n+p
- > 1\31‘1 +d
> A%t

The respective momenta are: 284 Mev/c (proton),
356 Mev/c (deuteron), 381 Mev/c (triton), with
ranges of 12 cm, 4.5 cm, and 2 cm respectively.
Since the X7 interacts at rest, the yn and the stub
must be collinear. Such an event can look like an
ordinary -7 interaction, but with the stub and the
direction to the A vertex collinear.

The momentum spectrum of the stubs from 27 +
He interaction is shown in Fig. 1. Three scales
are shown, assuming the stub to be a triton, deu-
teron, or proton. The shaded area corresponds to
events for which the angle between the stub and

the lambda had cosine between 0.9 and —1.0.

ORNL-DWG 65-t727
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Fig. 1. Momentum Distribution of the Charged Particle
(Stub) Emitted in 2 The shaded

area corresponds to events for which the lambda and

+ He Interaction.

stub are collinear.



Three events had tracks that left the chamber.
On the basis of stub lengths, no candidates were
found for A4n, except for the three leaving tracks.
A’s
The
third did not have a A. Thus, no evidence for

“n is seen.

Only one event with stub length in the required

Two of these had associated noncollinear
and thus must be eliminated as candidates.

range for an 1\3’7 was seen. This event had no A
associated with it. Again, we must conclude that

no evidence for Asn is seen.
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Next, we examine candidates for Azn. Ten can-
didates with 360 = 2 < 400 Mev/c were found; 4 had
no A, 2 had noncollinear A’s, and 4 had cos O be-
tween —0.9 and ~1.0. All of these were accurately
measured. Two events had cos 0 consisteat with
—1.0, the other two had cos 8 several standard
deviations away from —1.0. More important, all
the A momenta were above 250 Mev/c, whereas
the expected momentum is only 206 Mev/c. We
thus conclude that no evidence for neutron hyper-
fragments is found.

EXCHANGE MECHANISM FOR o PRODUCTION IN ="-n INTERACTIONS

H. 0. Cohn

Recently, considerable attention has been fo-
cused on decay correlations and exchange mech-
anisms in the production of pmesons in m-nucleon
interactions. The one-meson exchange model with
absorptive corrections, as developed by several
authors, > has exhibited considerable success in
describing the salient features of p and N* pro-
duction from m-nucleon encounters as well as of
K* and N* production in K-nucleon collisions.
The purpose of this note is to present the corre-
sponding data for @ production in the reaction
o The production of o mesons
in 77+—p collisions has been reported by the ABC
Collaboration, ® by Shen ef al.,* and by Alff et al.’

However, the reactions are not directly comparable,

n—>=> p + @

since in the latter case the @ is produced either
in conjunction with an N¥ or an uncorrelated 77+,p
pair.

lconsultant from the University of Tennessee.

2y, Salzman and G. Salzman, Phys. Rev. 120, 599
(1960); E. Ferrari and F. Selleri, Nuovo Cimento, Suppl,
24, 453 (1962); L.. Stedolsky and J. J. Sakurai, Phys.
Rev. Letters 11, 90 (1963); J. D. Jackson and H. Pikuhn,
Nuovo Cimento 33, 906 (1964);, K. Gottfried and J. D.
Jackson, Phys. Letters 8, 144 (1964); Nuovo Cimento
33, 309 (1964); J. D. Jackson, to be published in the
Reviews of Modermm Physics. The last is a compre-
hensive intreduction to the subject.

3A:—xcket“L-Berlin-»C‘,I?lRN Collaboration, Phys. Letters
12, 356 (1964),

43, Shen et al., Bull. Am. Phys. Soc. 9, 722 (1964).
Sc. Alf et al., Phys. Rev. Letters 9, 322 (1962).

W. M. Bugg!

G. T. Condo!?

We have analyzed ~2800 events of the type
trd— @) +p+a+ 7 +r° from 3.25 Bev/c
7 mesons incident on the BNL
bubble chamber.
topologies:

20-in. deuterium
These events arise from two
4-prong events and 3-prong events
where the spectator proton does not leave a
visible recoil in the chambet. The latter events
were kinematically filted by setting the spectator
momentum equal to zero, All events were required
to have at least one proton identifiable by ioniza-
tion, which delimits our discussion to momentum
transfers S50 mfr. No corrections have been in-
corporated in the momentum transfer distributions
for those events where the spectator proton was
not visible.

Figures la and b show the Chew-Low plots for
the 37 events as well as for 2800 27 events from
+d-—>(p)+p+a +a. The
narrow « band at mzw = 0.6 Bev is clearly resolved
and shows that o production is present at much
higher momentum transfer (A?) than is p production,
which has practically vanished at A? s 15m727.

. +
the reaction o

These plots also indicate the presence of the 7y
and f° mesons in our experiment as well as a 37
resonance in the mass region of the A, (1310).
As in the recent n'-d experiment of the Saclay-
Orsay-Bari-Bologna Collaboration,® we have been
unable to demonstrate that this is a p-7 resonance

6Sac1ay-0rsay-Bari-Bologna Collaboration, Phys, Let-
ters 11, 347 (1964).
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as might be expected from its close equality with
the A, (1310) mass.

An important test of the validity of any model
for resonance production is the variation of the
production cross section with momentum transfer.
It is the narrowness of this distribution in p pro-
duction that requires modification of the one-pion
exchange model either via the application of form
factors or through the introduction of absorptive
effects. In Fig. 2a we present a histogram of o
production vs A%, No background subtraction was
deemed necessary due to the narrow width of the
o and the similarity of the distribution for adjacent
mass regions. The theoretical curves are due to
Jackson,” assuming p exchange as the dominant
mechanism. The parameters y and C  are related
to the elastic-scattering cross section for the
initial state, while y, and C, refer to the final
state. A detailed discussion of these parameters
may be found in the review article by Jackson.2
The parameter

2G

y= -,
G,l_,+GV

7 . . :
J. D. Jackson, private communication.

Ae/ m.,ZT

System and (b) far 277 System.

where GT and GV are the tensor and vector cou-
pling constants for the n-p-n vertex., The value
y = 1.575 comresponds to the assumption that p
dominates the electromagnetic form factor of the
nucleon, so that G_/G = ;1; — /1; = 3,71,

Figures 2b and ¢ show the decay angular distri-
butions for the decay of the «. The angle 0 is
the angle between the incident 7' and the normal
to the decay plane measured in the rest system
of the », and @ is the azimuthal angle specified
by choosing the normal to the production plane as
the y axis.

For a J = 1 resonance, the decay angular distri-
butions are of the form

do

G comst = pgg) B, ~1) cos? O]

do
o const x [1 — 2p, _, cos aml,

where the p - are the elements of the spin den-
sity matrix of the resonance. For the o region
with no background subtraction, a least-squares fit
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(2) w production as a function of momentum transfer (the theoretical

curves are due to Jackson7); (b} and (c) decay angular distributions for the o decay.

; .8 ; +to.15 -
yields® p, o = 0.62_ " 7 and Pr_y 7 0.19 £ 0.05.
The assumption of pure vector meson exchange

=0,
is expected to be large. It is therefore

without absorptive corrections predicts p
while p, _,
seen that such a model yields only poor agreement
with experiment. The inclusion of absorptive ef-
fects (see Table 1) improves the agreement con-
siderably. It is recalled that for p production
the one-pion exchange model without absorptive
corrections predicts decay correlations which agree
rather well with experiment® (Poo = 0.7 vs py o =
1.0 for one-pion exchange, while the model fails
to predict the variations of cross section with
momentum transfer, Inclusion of absorptive effects
decreases p . and alters the production cross
section, so that agreement with experiment is
quite good.!? In the  case, the absorptive cor-
rections predict decay correlations which are much

closer to those experimentally observed, while

8 The large upper limit is intended to reflect uncer-

tainty in the true value of o _ due to the difficulty in

00

effecting a proper background subtraction. The value

of Py _q Was not altered by the background subtraction.

gAachen-Berlin—Birmingham«BoxmmHamburg-London I1.
C.)»Munchen Collaboration, Nuove Cimento 34, 495
1964; I. Derado, V. P. Kenney, and W. D, Shephard,
Phys, Rev, Letters 13, 505 (1964).

0%, Gottfried and J. D. Jackson, Nuovo Cimento 34,
735 (1964).

Table 1.

Elementz with Absorptive Corrections

Prediction for the Spin-Density Matrix

The averages are taken over momentum transfer

(see ref. 7)

y GGy oo Py,-1

1.33 2 0.24 0.35

1.575 3.7 0.45 0.20

1.67 5 0.55 0.14
retaining a reasonable wvariation of production

cross section with momentum transfer. We there-
fore conclude that, whereas the one-p exchange
model with absorption does not fit the data as
well as might be hoped, it represents a consider-

able improvement over strict one-p exchange.

Acknowledgements

We are grateful to J. Steinberger for making the
bubble-chamber and thank
him and N. Gelfand and G. Lutjens for permission

film available to us
to include data from a previous collaboration in
this analysis. We also acknowledge the thought-
fulness of J. D. Jackson in providing us with
theoretical curves and for his interest and sug-
gestions.



156

1
NEUTRAL DECAY AND ISOTOPIC SPIN OF THE f°

N. Gelfand? G. Lutjens?

H. 0. Cohn

We have analyzed the reactions (1) 7t d —
+

p + p + neutrals and (2) 7
in an effort to determine the isotopic spin of the f°.

+ —
+d-——=>p+p+ug +7

1Abstract of published paper: Phys. Rev. Letters 12,
567 (1964).

2C olumbia University,

3Consu1tant from the University of Tennessee.

W. M. Bugg?®

J. Steinberger?
G. T. Condo*

M. Nussbaum?

The effective two-pion mass in reaction (1) shows
prominent peaks corresponding to the p and £,
The missing mass distribution for reaction (§)
shows peaks at the masses of the », w, and . 1t
is argued that this peak for the f° is primarily
due to the two-=° decay of the f°. From the ob-
served branching ratio, (1> — neutrals)/(f° ——>
charged), it is concluded that the f° isospin is
zero.,

ANALYSIS OF =~ ABSORPTION IN HELIUM'

K. H. Bhatt ?

The momentum spectra of the lambda and the
triton observed in the reaction X7 (at rest) +
‘“He —> A + n + H have been calculated, as-
suming a phenomenological interaction Hamiltonian

1Abstract of paper submitted to Nuovo Cimento.
2Electronuclear Division.

3 . .
Consultant from the University of Tennessee.

H. O. Cohn

W. M. Bugg’®
for the basic process X7 + p —> A + n. Final-
state interactions were neglected. Reasonable

agreement is obtained for the A spectrum and also
for the neutron spectrum. Marked deviation is
obtained between the calculated and the experi-
mental triton spectrum, indicating strongly the
possibility of a A-n resonance at about 43 Mev in
a A-n system.

REACTION =~ 4 *He — A%, 5 4 3H?

H. 0. Cohn

The absorption of X7 at

studied.

rest in helium was

Most of the events were found to have a

IAbstract of published paper: Phys. Rev, Letters 13,
668 (1964).

2 c .
Electronuclear Division.

3Consultant from the University of Tennessee.

K. H. Bhatt?

W. M. Bugg?®

three-body final state: A, n, *H. The momentum
spectra for the A and the neutron were found to
agree well with the prediction of the impulse
model. The triton spectrum, however, disagreed
drastically. It is suggested that the anomaly in
the triton spectrum is due to a resonance in the
A-n system at a mass value 2098 + 6 Mev/c>.
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Publications which have appeared in print (since the preparation of last year’s publication listing in
the Annual Report) by Physics Division staff members have included book and journal articles; addi-
tionally, reports published have included Ph.D. theses, topical reports, the annual progress report itself,

and Information Center reports.

Book and Journal Articles

Austern, N., R. M. Drisko, E. C. Halbert, and G. R. Satchler, “Theory of Finite-Range Distorted-Waves
Calculations,”® Phys. Rev. 133, B3-16 (1964),

Bair, J. K., C. M. Jones, and H. B. Willard, “Neutrons from the Proton Bombardment of °Li, "Li, °Be,
118, and 180,’” Nucl. Phys. 53, 209-18 (1964).

Bassel, R. H., R. M. Drisko, G. R. Satchler, L. L. Lee, Jr., J. P. Schiffer, and B. Zeidman, ‘‘Elastic
Scattering of Deuterons by 4°Ca,”’ Phys. Rev. 136, B960-70 (1964).

Bassel, R. H., G. R. Satchler, and R. M. Drisko, ‘‘Elastic and Inelastic Scattering of Carbon from Car-
bon,”’ pp. 45-49 in Proc. Conf. Reactions Complex Nucler, 3rd, Pacific Grove, Calif., Apr. 1963 (ed.
by A. Ghiorso, R. M. Diamond, and H. E. Conzett), University of California Press, 1963.

Becker, R. L. (book review), Perturbation Theory and the Nuclear Many Body Problem, by K. Kumar
(North Holland Publishing Co., Amsterdam; Interscience, New York), Nucl. Sci. Eng. 19, 137-38
(1964).

Bjerregaard, J. H., H. R. Blieden, O. Hansen, G. Sidenius, and G. R. Satchler, ““Low-Lying Levels in
42Ca Excited by the *3Ca (d,¢) Reaction,” Phys. Rev. 136, B1248-54 (1964).

Cable, J. W., W. C. Koehler, and E. O. Wollan, ‘“Magnetic Order in Rare Earth Intermetallic Compounds,’’
Phys. Rev. 136, A240-42 (1964).

Cable, J. W., R. M. Moon, W. C. Koehler, and E. O. Wollan, ““On the Antiferromagnetism of Praseo-
dymium,’’ Phys. Rev. Letters 12, 55355 (1964).

Cable, J. W., E. 0. Wollan, and W. C. Koehler, ““The Crystal Structure of Nickel Hydride,”” J. Phys.
(Paris) 25, 460 (1964).

Cable, J. W., E. O. Wollan, W. C. Koehler, and H. R. Child, ‘“Alignment of Rare Earth Moments in Dilute
Pd-Fe Alloys,”’ J. Phys. Chem. Solids 25, 145357 (1964).

Charles, G. W., ““‘Comments on ‘The Isotope Effect in the Spectrum of Thorium’ (by Vernyi and Egorov),”’
Letter to Editor, J. Opt. Soc. Am. 54, 26768 (1964).

Cohn, H. 0., K. H. Bhatt, and W. M. Bugg, “The Reaction &~ + *He = A® + n + °H,”” Phys. Rev. Letters
13, 66870 (1964).

Condo, G. T., “On the Absorption of Negative Pions by Liquid Helium,’’ Phys. Letters 9, 6566 (1964).

Davies, K. T. R., and G. R. Satchler, “‘Spin-Spin Interactions and Scattering {rom Polarized Nuclei,’’
Nucl. Phys. 53, 1-21 (1964).

Drisko, R. M., and G. R. Satchler, ‘““Finite-Range Effects in the Distorted-Wave Theory of Stripping Re-
actions,’” Phys. Letters 9, 34245 (1964).

Drisko, R. M., G. R. Satchler, and R. H. Bassel, “Pick-Up of Heavy Clusters,’ pp. 85—89 in Proc, Conf.
Reactions Complex Nuclei, 3rd, Pacific Grove, Calif., Apr. 1963 (ed. by A. Ghiorso, R. M. Diamond,
and H. E. Conzett), University of California Press, 1963.

Felcher, G. P., J. W. Cable, and M. K. Wilkinson, ‘“The Magnetic Moment Distribution in CuzMnAl,”
J. Phys. Chem. Solids 24, 1663—-65 (1963).
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Ford, J. L. C., Jr., J. K. Bair, R. L. Robinson, and H. B. Willard, ““A Search for Interference Effects Be-
tween Nuclear Resonance and Coulomb Excitation in the 23Na(p,p ”) Reaction,” Nucl. Phys. 55,
4348 (1964).

Fowler, J. L.,! ““The Interaction of Neutrons with ?°®Pb,”” Program of the Topical Conference on Com-
pound Nuclear States, ORNL-CF-63-10-89, pp. 8--11 (1963).

Fowler, T. K., ““Bounds on Plasma Instability Growth Rates,’’ Phys. Fluids 7, 249-56 (1964).

Fowler, T. K., and M. Rankin, ‘‘“Ambipolar Scattering Losses from Magnetic Mirrors,”” J. Nucl. Energy:
Pt C 6, 51314 (1964).

Gelfand, N., G. Lutjens, M. Nussbaum, J. Steinberger, H. O. Cohn, W. M. Bugg, and G. T. Condo, ‘‘Neu-
tral Decay and Isotopic Spin of the f?,’” Phys. Rev. Letters 12, 567—68 (1964).

Ginocchio, J. N., and J. B. French, ‘““Energies of f , -Shell Nuclei,” Phys. Letters 7, 137~-39 (1963).

Halbert, M. L., F. E. Durtham, C. D. Moak, and A. Zucker, ‘““Fluctuations in the !2C(1°0,2)?*Mg Re-
action,” pp. 213-18 in Proc. Conf. Reactions Complex Nuclei, 3rd, Pacific Grove, Calif., Apr. 1963
(ed. by A. Ghiorso, R. M. Diamond, and H. E. Conzett), University of California Press, 1963.

Harvey, J. A., G. G. Slaughter, J. R. Bird, and G. T. Chapman, ‘“‘Gamma-Ray Spectra from Resonance
Neutron Capture in the Tin Isotopes,’’ Paper IlII-4, pp. 230-35 in Proc. Intern. Conf. on Physics with
Reactor Neutrons (Argonne National Laboratory, October 1963), ANL-6797 (1963).

Haybron, R. M., H. McManus, A. Wemer, R. M. Drisko, and G. R. Satchler, ‘‘Polarization in High-Energy
Inelastic Scattering,”’ Phys. Rev. Letters 12, 249--51 (1964).

Johnson, C. H., and C. C. Trail, ‘“‘Neutron Spectra from ‘Li(d,n)*Be and '°F(d,n)?°Ne for 1.98-MeV
Deuterons,’’ Phys. Rev. 133, B1183-90 (1964).

Johnson, C. H., C. C. Trail, and A. Galonsky, ‘‘Thresholds for (p,n) Reactions on 26 Intermediate Weight
Nuclei,”” Phys. Rev. 136, B1719-29 (1964).

Koehler, W. C., E. O. Wollan, H. R. Child, and J. W. Cable, ““Some Magnetic Structure Properties of Rare
Earth Alloys,’” pp. 199-208 in Conference on Rare Earth Research Il (Proc. 3rd Rare Earth Conf.,
Clearwater, Fla., Apr. 1963) (ed. by K. S. Vorres), Gordon and Breach, 1964.

Koehler, W. C., H. L. Yakel, E. O. Wollan, and J. W. Cable, ‘“A Note on the Magnetic Structure of Rare
Earth Manganese Oxides,’’ Phys. Letters 9, 93-95 (1964).

Krause, M. O., M. L. Vestal, W. H. Johnston, and T. A. Carlson, ‘‘Readjustment of the Neon Atom
Ionized in the K-Shell by X-Rays,’’ Phys. Rev. 133, A385-90 (1964).

Kronsbein, J., and T. A. Welton, ‘“Note on Parametrization of the Four-Dimensional Real Symplectic
Group,’ J. London Math. Soc. 39, 291-95 (1964).

Lee, L. L., J. P. Schiffer, B. Zeidman, G. R. Satchler, R. M. Drisko, and R. H. Bassel, **4°Ca(d,p)*!Ca,
a Test of the Validity of the Distorted-Wave Born Approximation,” Phys. Rev. 136, B971-93 (1964).

McGowan, F. K., P. H. Stelson, and W. G. Smith, ““Cross Sections for the $8Ni(a,y) and >°Co(a,n) Re-
actions,”” Phys. Rev. 133, B907-10 (1964).

Macklin, R. L., “The MnSO, Bath and Graphite Pile Flux Measuring Techniques,’” in Proceedings
EANDC Symposium on Absolute Determination of Neutron Flux in the Energy Range 1—-100 keV
(Oxford, England, September 1963), EANDC-33 (1963).

Macklin, R. L., ‘‘Resonance Self-Shielding in Neutron Capture Cross Section Measurements,”” Nucl
Instr. Methods 26, 21315 (1964).

i

IFor the Introductory Note by J. L. Fowler and the Invited Papers from the Topical Conference on Compound
Nuclear States see Rev. Mod, Phys. 36, 1065--1102 (1964).
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Macklin, R. L., P. J. Pasma, and J. . Gibbons, ‘““Resonance Neutron Capture and Transmission in
Sulfur, Iron, and Lead,” Phys. Rev. 136, B695—702 (1964).

Miller, P. D., J. L. Duggan, and M. M. Duncan, ‘“‘Absence of States in ®Be at 7.56, 13.91, and 18.00
MeV,”” Nucl. Phys. 54, 155-60 (1964).

Moak, C. D., “Experiments with Heavy lons,”” Proc. Third Intern. Accelerator Conf., Boston, Mass.,
Nov. 1963 [Nucl. Iastr. Methods 28, 155-59 (1964) ].

Moak, C. D., W. M. Good, R. F. King, J. W. Johnson, H. E. Banta, J. Judish, and W. H. duPreez, ‘“‘Nano-
second Pulsing for Van de Graaff Accelerators,”” Rev. Sci. Instr. 35, 672--79 (1964).

Moon, R. M., J. W. Cable, and W. C. Koehler, ““The Magnetic Structure of Meodymium,’’ J. Appl. Phys.,
Suppl. 35, 1041 -42 (1964).

Owen, L. W., and G. R. Satchler, ‘*‘Multipole Moments of a Rounded Charge-Distribution,’’ Nucl. Phys.
51, 155-60 (1964). ’

Paya, D., J. W. T. Dabbs, J. A. Harvey, and H. Horstmann, ‘‘Acceleration of Free Neutrons Under
Gravity,”’ paper I-5, pp. 30-34 in Proc. Intern. Conf. on Physics with Reactor Neutrons (Argonne
National Laboratory, October 1963), ANL-~-6797 (1963).

Pemy, S. K., and G. R. Satchler, “Inelastic Effects in Stripping and Other Direct Reactions,”’ Nucl.
Phys. 53, 14558 (1964).

Pleasonton, Frances, and C. H. Johnson, ‘““System for Continuous Generation and Fast Transfer of Ra-
dicactive Gases,”” Rev. Sci. Instr. 35, 97-102 (1964).

Powers, D., J. K. Bair, J. L. C. Ford, Jr., and H. B. Willard, “The Elastic Scattering of Alpha Particles
by '%0,”” Phys. Rev. 134, B1237-42 (1964).

Roberts, L. D., and J. O. Thomson, ‘“A Study of the Magnetic Properties of Gold in Alloys with Iron,
Cobalt, and Nickel at 4.2°K by the Recoilless Radiation Method,’” pp. 26768 in Proc. Intern. Conf.
Low Temp. Phys., 8th, London, 1962 (1963).

Robinson, R. L., F. K. McGowan, and P. H. Stelson, ““Coulomb Excitation of °3*Cu and °°Cuy,”’ Pays.
Rev. 134, B567-74 (1964).

Sakai, M., H. Ikegami, Y. Nakagima, K. Yagi, E. Ejiri, and G. R. Satchler, ‘‘Excitation of Low Excited
States in 11*Cd by (p,p ") Reaction,’’ Phys. Letters 8, 197-200 (1964).

Sakai, M., and T. Tamura, “‘Inelastic Scattering of Protons by ''*Cd and Possible Quadrupole-Octupole
Two-Phonen States,?’ Phys. Letters 10, 323-25 (1964).

Satchler, G. R., “The Distorted-Waves Theory of Direct Nuclear Reactions with Spin-Orbit Effects,”’
Nucl. Phys. 55, 1-33 (1964).

Satchler, G. R., “‘Distorted-Wave Calculations and Spectroscopic Factors,’” pp. 23-50 in Proc. Topical
Conf. Nucl. Spectroscopy with Direct Reactions (Chicago, Ill., March 1964), ANL-6878 (1964).

Satchler, G. R., R. M. Drisko, and R. H. Bassel, “Optical Model Analysis of Quasi-Elastic (p,n) Re-
actions,” Phys. Rev. 136, B637-47 (1964).

Satchler, G. R., and R. M. Haybron, “‘Optical Model Analysis of 182 MeV Proton Scattering,’’ Phys.
Letters 11, 313-15 (1964).

Satchler, G. R., J. L. Yntema, and H. W. Broek, ‘“‘Shell-Model Selection Rules and Excitation of 4°
States in the Ti(x,a”) Reaction,’’ Phys. Letters 12, 55-56 (1964).

Schmitt, H. W., ““Remarks on Absolute Heavy Element Neutron Capture Cross Sections Determined by the
Sphere-Transmission Method,’’ pp. 41-43 in Proc. FANDC Symp. on Absolute Determination of Neu-
tron Flux in the Energy Range 1-100 keV (Oxford, England, September 1963), EANDC-33 (1963).

Schmitt, H. W., and N. Feather, ‘“‘Interpretation of the Fragment Mass Distribution for 235U Thermal-
Neutron-Induced Fission with Long-Range Alpha Emission,” Phys. Rev. 134, B565-67 (1964).
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Sheldon, Eric, ““lLegendre Hyperpolynomials in Angular Correlation’”’ (Appendix to ““Angular Correlation
in Inelastic Nucleon Scattering’’), Rev. Mod. Phys. 35, 849--53 (1963).

Stelson, P. H., and F. K. McGowan, ‘“Cross Sections for («,n) Reactions for Medium-Weight Nuclei,”
Phys. Rev. 133, BO11-19 (1964).

Stelson, P. H., and R. L. Robinson, ‘‘Excitation of Collective States by Inelastic Scattering of 14-MeV
Neutrons,’ p. 852 in Direct Interactions and Nuclear Reaction Mechanisms, Nuclear Physics Vol. |
(Proc. Intern. Symp. on Direct Interactions and Nuclear Reaction Mechanisms, Padova, Italy, Sep-
tember 1962) (ed. by E. Clementel and C. Villi), Gordon and Breach, New York, 1963.

Tamura, T., ““Coupled-Channel Analysis of the Scattering of Protons by '®°Ho and ' °°Gd,”’ Phys. Letters
9, 33436 (1964).

Tamura, T., ‘“‘Adiabatic and Non-Adiabatic Coupled Channel Calculations of the Scattering of Protons by
Deformed Nuclei,’’ Phys. Letters 12, 121--23 (1964).

Tamura, T., and T. Terasawa, ‘‘Optical Model plus Resonance Analysis of the Elastic Scattering of
Protons by 12C,?" Phys. Letters 8, 41—-43 (1964).

Tamura, T., and T. Udagawa, ‘“‘Higher Random Phase Approximation Applied to the Description of the
Spherical Vibrational Nuclei,”” Nucl. Phys. 53, 33-53 (1964).

Terasawa, T., and G. R. Satchler, ‘“The Shape of the Symmetry-Term in the Nuclear Optical Potential,”’
Phys. Letters 7, 265--67 (1963).

Wagner, R., P. D. Miller, T. Tamura, and H. Marshak, ‘““The Interaction of 350 keV Polarized Neutrons
with Oriented '®°Ho Nuclei,”’ Phys. Letters 10, 31618 (1964).

Walter, F. J., H. W. Schmitt, and J. H. Neiler, ““Correlated Fragment Energy Measurements for Low
Energy Neutron Induced Fission,”” paper V-5, pp. 441-48 in Proc. Intern. Conf. on Physics with
Reactor Neutrons (Argonne National Laboratory, October 1963), ANL-6797 (1963).

Walter, F. J., H. W. Schmitt, and J. H. Neiler, “Fragment Mass Distributions for Thermal Neutron In-
duced Fission of 23°Pu and 24'Pu,”’ Phys. Rev. 133, B1500-2 (1964).

Way, K. (book reviews)
Isobaric Nuclei with the Mass Number A = 73 by Grigor’ev; Isobaric Nuclei with the Mass Number
A = 74 by Dzhelepov; Isobaric Nuclel with the Mass Number A = 110 by Dzhelepov and Khukovskii;
Isobaric Nuclei with the Mass Number A = 140 by Dzhelepov, Prikhodtseva, and Kohl’nov. Russian
translations, ed. by R. W. Clarke, Pergamon, Oxford — Macmillan, New York, 1963. Phys. Today
17(11), 72 (1964).

Willard, 1. B., J. K. Bair, and C. M. Jones, ‘““N¥-D Scattering: A Search for Effects Due to the Dineutron,”
Phys. Letters 9, 339-41 (1964).

Williams, C. W., and J. A. Biggerstaff, ‘“‘Sub-Nanosecond Timing with Semiconductor Detectors,”” Nucl.
Instr. Methods 25, 370 (1964).

Williams, C. W., W. E. Kiker, and H. W. Schmitt, ‘‘Correlated Energy and Time-of-Flight Measurements of
Fission Fragments with Semiconductor Detectors: System Design and Performance,’ Rev. Sci. Instr.

35, 111623 (1964).

Williams, C. W., H. W. Schmitt, F. J. Walter, and J. H. Neiler, ‘‘Instrumentation for Fission-Fragment
Energy Correlation Experiments with Pile-Up Reduction Capabilities,”” paper IV-4, pp. 438—40 in
Proc. Intern. Conf. on Physics with Reactor Neutrons (Argonne National Laboratory, October 1963),
ANL-6797 (1963).

Williams, C. W., H. W. Schmitt, F. J. Walter, and J. H. Neiler, ‘“‘Instrumentation for Fission Fragment
Energy Correlation Experiments,’’ Nucl. Instr. Methods 29, 205-12 (1964).

Yagi, K., H. Ejiri, M. Furukawa, Y. Ishizaki, M. Koike, K. Matsuda, Y. Nakajima, I. Nonaka, Y. Saji,
E. Tanaka, and G. R. Satchler, ‘‘Excitation of Low-Lying Levels in *°Ca by (p,p") Scattering at
Ep = 55 MeV,’”’ Phys. Letters 10, 186-91 (1964).
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Yntema, J. L., and G. R. Satchler, ‘“(d,®He) Reaction on *°Ca and the Titanium Isotopes,’” Phys. Rev.
134, B976--84 (1964).

Yntema, J. L., and G. R. Satchler, ““Nucleon Capture Reactions near A = 40, p. 177 in Proc. Topical
Conf. on Nuclear Spectroscopy with Direct Reactions (Argonne National Laboratory, March 1964),
ANL-6848 (1964).

Theses
Forester, D. W., Mésshauer Studies of the Hyperfine Structure Spectra of 57 Fe in FeRh Alloys, a.—Fe2O3,
and p‘eNH4(so4)2 . 12H2O, Ph.D. Thesis, University of Tennessee, ORNL-3705.

Harlow, M. V., The Yield of Elastically Scattered 17 to 21 MeV Neutrons from the Reaction 12C(n,n)??C,
Ph.D. Thesis, University of Texas, ORNL-3615.

Kiker, W. E., Correlated Energy and Time-of-Flight Measurements of Fission Fragments, Ph.D. Thesis,
University of Tennessee, ORNL-3692,

Muir, R. B., A Study of Hyperon Production by 430 MeV/c K~ Mesons in Helium, Ph.D. Thesis, Uni-
versity of Tennessee, ORNL-3717.

Physics Division Annual Progress Report

Fowler, J. L., H. B. Willard, and E. O. Wollan, ORNL Physics Division Annual Progress Report for the
Period Ending January 31, 1964, 156 pp., ORNL-3582.

Topical Reports
Johnson, M. B., and L. W. Owen, Slater Integrals and Form Factors for Inelastic Scattering Using Re-
alistic Single-Particle Wave Functions: The Code ATHENA, ORNL-TM-964.
Perey, F. G., and A. M. Saruis, Effects of Non-Locality in Off-Diagonal Potentials, ORNL-TM-967.
Reeves, Martk, III, Q Values of 3-Body Nuclear Reactions, ORNL-TM-938.

Stelson, P. H., Some Recent Nuclear Cross Section Measurements at the Oak Ridge National Laboratory,
June 2, 1964--October 1, 1964, ORNL-TM-954.

Willard, H. B., Nuclear Cross Section Program at the Qak Ridge National Laboratory, August 1, 1963—
January 2, 1964, ORNL-TM-761.

Willard, H. B., Nuclear Cross Section Program at the Oak Ridge National Laboratory, January 2, 1964—
June 1, 1964, ORNL-TM-874.

Information Center Reports

McGowan, F. K., W. T. Milner, and H. J. Kim,? Nuclear Cross Sections for Charged-Particle Induced Re-
actions Mn, Fe, Co, ORNL-CPX-1,

Way, K., A. Artna, E. C. Campbell, W. B. Ewbank, N. B. Gove, M. J. Martin, H. Ogata, and A. K. Sen
Gupta,? Nuclear Data Sheets: Vol. 5, Set 6, A = 150, 152, 154, 156, 158, 160; Appendix 1, Table
F. Vol. 6, Set 1, 4 = 162, 163, 164, 167, 169; Nuclear Moments; Appendix 4. Vol. 6, Sets 2--3,
Recent References.

Way, K., A. Artna, E. C. Campbell, W. B. Ewbank, N. B. Gove, M. J. Martin, H. Ogata, and A. K. Sen
Gupta,? Nuclear Theory Index, Cumulation for 1963, Booklet 4.

Way, K.,? World-Wide News of Compilations in Nuclear Physics, vol. 1, No. 2, June 1964,

2Charged Particle Cross Section Data Center.

*Nuclear Data Group.
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PAPERS PRESENTED AT SCIENTIFIC AND TECHNICAL MEETINGS

Australian and New Zealand Association for the Advancement of Science, Australian National University,
Canbecrra, Australia, January 2024, 1964

J. L. Fowler, ““Nuclear Physics at the Oak Ridge National Laboratory,”’
American Physical Society Meeting, New York, New York, January 22-25. 1961
S. Bermnstein and E. C. Campbell, ‘“Polarization of Totally Reflected M&ssbauer Radiation.”’
T. A. Carlson and M. O. Krause, ‘“Atomic Readjustment to Inner Shell Vacancies in Neon and Argon.”’
H. O. Cohn and W. M. Bugg, ‘‘~~ Interaction with Helium.”’

J. C. Hiebert and J. A. Mclntyre, “The "N(!*N,!3N)!°N Reaction at E (c.m.) = 7.2, 8.0, and 8.8
Mev.”

M. O. Krause and T. A. Carlson, ‘““‘Ionization of Krypton by X-Rays.”’

F. K. McGowan, R. L. Robinson, P. H. Stelson, J. L. C. Ford, and W. T. Milner, ‘“‘Coulomb Excita-
tion of Vibrational Triplet States and Octupole States in the Even Cadmium Nuclei.”’

H. Maier-Leibnitz, ‘“‘Proposed Method for Obtaining Beams of Homogeneous Energy from Low-En-
ergy Accelerators,”’

H. Marshak, R. K. H. Wagner, and P. D. Miller, ““Search for a Spin-Spin Effect in the Interaction of
Polarized Neutrons with a Polarized '®°Ho Target. II.”’

P. D. Miller, J. L. Duggan, and M. M. Duncan, ““Absence of States in ®Be at 7.36, 13.91, and 18.00
MeV.”

D. S. Onley and T. Tamura, ‘‘Shell Model Description of Transition Charge Distribution for Excitation
of Vibrational States in Nuclei.”

H. W. Schmitt, F. J. Walter, and J. R. Oleson, ‘“‘Fission Fragment Energy Correlation Measurements:
Fission at Low Excitation Energies.”’

G. G. Seaman, J. S. Greenberg, D. A. Bromley, and F. K. McGowan, ‘‘Collective Excitations in the
Even-Even Samarium Isotopes.”

R. K. H. Wagner, P. D. Miller, and H. Marshak, ‘‘Search for a Spin-Spin Effect in the Interaction of
Polarized Neutrons with a Polarized '°°Ho Target. L7

H. B. Willard, J. K. Bair, and C. M. Jones, ‘‘n-D Scattering and the Di-Neutron.”

Electron Microscope Meeting, Argonne National Laboratory, Argonne, Illinois, February 13-1.4, 1964

T. A. Welton, ““The ORNL Program in Electron Microscopy.”
American Chemical Society (Kentucky Lake Section), Paducah, Kentucky, February 13~14, 1964
P. M. Griffin, ““An Introduction to the Optical Maser, with Demonstrations.”’
National Symposium on Nuclear Spectroscopy, Thilisi, U.S.S.R., February 14-22, 1964
P. H. Stelson, ‘“Excitation of Collective States by Coulomb Excitation and by (n,n").”’
Biophysical Society (8th Annual Meeting), Chicago, Illinois, February 2628, 1961
T. A. Welton, ““Molecular Structure Determination by High-Resolution Electron Microscopy.”’

Scintillation and Semiconductor Counter Symposium (9th Annual Meeting), Washington, D.C., February
26-28, 1964

F. J. Walter, “Multiplication in the Fission Fragment Pulse Height Response of Silicon Surface
Barriers.”’



163

Conference on Nuclear Spectroscopy with Direct Reactions (Topical Conlerence of the American Physical
Society and Argonne National Laboratory), Chicago, Illinois, March 9—11, 1964

G. R. Satchler, “Distorted-Wave Calculations and Spectroscopic Factors.??

T. Tamura, ““Analysis of the Scattering of Protons by '®°Ho in Terms of the Coupled Channel Cal-
culation.?””

J. L. Yntema and G. R. Satchler, ““Nucleon Capture Reactions near 4 = 40.”’

American Physical Society Meeting, Philadelphia, Pennsylvania, March 23-26, 1964

J. W. Cable, W. C. Koehler, and E. 0. Wollan, *““Magnetic Order in Rare Farth Intermetallic Com-
pounds.’?

H. R. Child, W. C. Koehler, E. O. Wollan, and J. W. Cable, “Magnetic Properties of Intra-Rare-Earth
Alloys.”

W. C. Koehler, H. R. Child, E. O. Wollan, and J. W. Cable, ““Magnetic Structures of Rare-Earth/Lan-
thanum Alloys.”’
Instrument Society of America (Carolina Piedmont Section), Charlotte, North Carolina, April 17-18,

1964

P. M. Griffin, ‘““‘An Introduction to the Optical Maser, with Demonstrations.”’

Fourth Rare Earth Conference, Phoenix, Arizona, April 22--25, 1964

W. C. Koehler, H. L. Yakel, E. O. Wollan, and J. W. Cable, ““The Magnetic Structures of Rare Earth
Manganites RMnO,.””

American Physical Society Meeting, Washington, D.C., April 2730, 1964

R. H. Bassel, G. R. Satchler, and R. M. Drisko, ‘‘Analysis of Mutual and Double Excitation Processes
in the Scattering of Heavy Jons.”’

S. Bernstein, ““Total Reflection of Gamma Rays from 57Fe in the Region of Nuclear Anomalous Dis-
persion (Méssbauer Effect).”’

J. A. Biggerstaff, J. H. Gibbons, W. M. Good, R. L. Macklin, and P. J. Pasma, ‘‘keV-Range Neutron
Resonances in 328, 3%Fe, 29°Pb, 297Pb, and 2°8pb. "

C. F. Coleman, F. E. Obenshain, L. D. Roberts, and J. O. Thomson, ‘A M&ssbauer Study of the
Effective Field at the °’Fe Nucleus in Hydrated Ferric Ammonium Alum.”’

J. W. T. Dabbs, F. J. Walter, and G. W. Parker, ‘‘Resonance Fission of Oriented ?°5U Nuclei.”

N. Gelfand, M. Nussbaum, J. Steinberger, H. O. Cohn, W. M. Bugg, and G. T. Condo, ‘“The Isotopic
Spin of the f® and Its Possible Identity with the Buddha.”’

C. H. Johnson and J. L. Fowler, ““Phase Shift Analysis of Neutron Scattering from !°0.”
C. M. Jones, J. K. Bair, C. H. Johnson, and H. B. Willard, ““Alpha-Alpha Correlations in the Re-
action "Li + d » 22 + n.”

J. B. McGrory and W. T. Pinkston, “Calculation of Beta-Decay Transition Rates for the Decay of
208
rL”

L. D. Roberts, F. E. Obenshain, R. L.. Becker, and J. O. Thomson, ‘“The Residual Resistance Due
to Gold in an Alloy Containing Two Atomic Percent of Gold in Nickel.”

R. L. Robinson, P. H, Stelson, H. J. Kim, and J. Rapaport, *Excitation of Collective States by In-
elastic Scattering of 14-MeV Neutrons.”’

P. H. Stelson, ‘“Excitation of Collective Motions of Nuclei by Inelastically Scattered 14-MeV Neu-
trons.”’
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P. H. Stelson, F. K. McGowan, R. L. Robinson, and J. L. C. Ford, Jr., ““Coulomb Excitation of
States in 2*Mo and '1%Sn.”?

C. W. Williams, W. E. Kiker, and H. W. Schmitt, ‘“Correlated Energy and Time-of-Flight Measure-
ments of Fission Fragments with Semiconductor Detectors: System Design and Performance.”’

American Physical Society Mecting, Denver, Colorado, June 25-27, 1964

j. L. Duggan, P. D. Miller, M. M. Duncan, and V. H. Webb, “The '*C(°He,)!*C and '*C(*He,p)' °N
Reactions.”
International Symposium on Diffusion of Plasma Across a Magnetic Field, Munich, Germany, June 29—
July 3, 1964

T. K. Fowler, ““Bounds on Diffusion by Microinstabilities.”
Congrés Intemational de Physique Nucleaire, Paris, France, fuly 28, 1964

J. K. Bienlein and F. Pleasonton, “Internal Bremsstrahlung Accompanying the f3-Decay of **K.”

P. F. Fettweis and E. C. Campbell, ‘““Conversion Electrons of (p,n) Excited States in !'!*In and
11611"..“

C. M. Jones, J. K. Bair, C. {. Johnson, and H. B. Willard, ‘“Sequential Emission in the Reaction
"Li(d,n)2*He.”

K. Way, “Proposal of Key-Word System.”’

K. Way, ‘‘Exposition of Organization of the American Group.”’

Fisk University Infrared Institute (15th Annual Meeting), Nashville, Tennessec, August 10—14, 1964
P. A. Staats, “Experimental Infrared Spectroscopy.”’
Ninth International Confercnce on Low Temperature Physics, Columbus, Ohio, August 31-September 4,
1964
J. W. T. Dabbs, “Method for Obtaining Second Derivatives in Electron Tunneling.”’

F. E. Obenshain, L. D. Roberts, C. F. Coleman, D. W. Forester, and J. O. Thomson, ‘A Study of
the Hyperfine Interactions in Ferric Ammonium Alum as a Function of H/T in the Liquid Helium Tem-
perature Region.”

L. D. Roberts, F. E. Obenshain, R. L. Becker, and J. O. Thomson, ‘‘A Correlation of the M&ssbauer
Isomer Shift and the Residual Electrical Resistivity for '®7Au Alloys: Experiments and Theory.”’

Gordon Research Conference on Nuclear Reaction Mechanisms, New London, New Hampshire, August
31—-September -, 1964

J. L.. Fowler, “Elastic Neutron Scattering from Closed Shell Nuclei and Intermediate States.”’

G. R. Satchler, ““Direct Reaction Calculations.”

P. H. Stelson, “Review of Neutron Reactions Involving Direct Interactions.”’

International Conference on Magnetism, Nottingham, England, September 7—11, 196.4

W. C. Koehler, J. W. Cable, H. R. Child, R. M. Moon, and E. O. Wollan, ‘‘Neutron-Magnetic Scattering
Studies at the OQak Ridge National Laboratory.”’

Society for Applied Spectroscopy (3rd National Meeting), Cleveland, Ohio, September 28--October 2, 1964

H. W. Morgan, P. A. Staats, and R. G. Steinhardt, ““A Low Temperature Liquid Infrared Absorption
Cell.”
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Electron Microscopy Society of America, Detroit, Michigan, October 13, 1964
T. A. Welton, ‘“Molecular Structure Determination by Electron Microscopy.”’
Conference on Correlations of Particles Emitted in Nuclear Reactions (Topical Conference of the Ameri-
can Physical Society and Qak Ridge National Laboratory), Gatlinburg, Tennessee, October 15—17, 1964
C. M. Jones, J. K. Bair, C. H. Johnson, and H. B. Willard, “Sequential Emission in the Reaction
"Li(d,n)2*He,”’
Metallurgical Society of the American Institute of Mining and Metallurgical Enagineers, Philadelphia,
Pennsylvania, October 19-22, 1964

W. C. Koehler, ““Neutron Diffraction and Magnetic Structure.”’
(=)

American Physical Society Meeting, Chicago, [llinois, October 2324, 1964

G. G. Slaughter and J. A. Harvey, “Gamma Ray Spectrum from the Capture of Thermal Neutrons in
Bismuth.”’
Division of Plasma Physics of the American Physical Society (6th Annual Meeting), New York, New
York, November 4-7, 1964

T. K. Fowler, “Effect of Plasma Potential on Minimum-8 Stability.”’
Southeastern Section Meeting of the American Physical Society, Chattanooga, Tennessee, November 5-7,
1964

G. W. Charles, “Hypetfine Structure of 2°%Po.”’

H. 0. Cohn and W. M. Bugg, ‘‘Search for Hyperfragments in the X7 + He Reaction.”

J. L. Fowler and C. H. Johnson, ‘‘Differential Scattering of Neutrons from '°0.”’

P. M. Griffin, H. W. Morgan, O. B. Rudolph, P. A. Staats, K. L. Vander Sluis, and G. K. Wemer,
“pescription of an Easily Built, Inexpensive, Helium-Neon Demonstration Laser,”’

R. L. Kemell, C. H. Johnson, and S. T. Thornton, “Cross Sections for the (p,n) Reaction for Five
Isotopes of Sn and the 12°Sn(p,n)!2%Sh Threshold.”

W. E. Kinney, J. K. Dickens, J. A. Biggerstaff, and F. G. Perey, “Study of Neutron Inelastic Scat-
teting for 3 MeV < E <5 MeV.”

J. B. McGrory and K. H. Bhatt, ““The Residual n-p Interaction in Isotopes of Nb and Mo.”’
H. W. Morgan, ‘“‘Infrared Studies on the Solid State.”

W. B. Newbolt, W. K. Robinson, J. O. Thomson, F. E. Obenshain, and L. D. Roberts, ‘‘The Lifetime
of the 77.3 keV First Excited State of °7Au by the M&ssbauer Method.”’

F. E. Obenshain, L. D. Roberts, C. F. Coleman, and J. O. Thomsoen, ‘“Hyperfine Structure Coupling
in Ferric Ammonium Sulfate as a Function of Magnetic Field and Temperature.”

W. K. Robinson, W. B. Newbolt, J. O. Thomson, F. E. Obenshain, and L. D. Roberts, ““The '?7Au
Méssbauer Isomer Shift as a Function of Composition for Au-Ni Alloys.”’

R. L. Robinson and P. H. Stelson, ‘“Gamma-Ray Spectroscopy with a Lithium-Drifted Germanium De-
tector.”’

G. G. Slaughter and J. A. Harvey, ‘“‘Neutron Capture Gamma Ray Measurements with a Lithium-Drifted
Germanium Detector.”

J. O. Thomson, W. B. Newbolt, W. K. Robinson, F. E. Obenshain, and L. D. Roberts, ‘“The Magnetic
Field at the 1°7Au Nucleus in Au-Ni Alloys.”’

S. T. Thornton, C. H. Johnson, and J. L. Fowler, “Errors of Phase Shifts Resulting from Elastic
Differential Scattering Analysis.”
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H. B. Willard, ““Cooperative Efforts Between Universities and the National laboratories in the
Training of Physicists.”

Conference on Magnetism and Magnetic Materials (10th Annual Meeting), Minneapolis, Minnesota, Novem-
ber 16—19, 1964

J. W. Cable, W. C. Koehler, and H. R. Child, “Magnetic Structure Versus Electron Number for Some
Rare Earth Intermetallic Compounds.”’

W. C. Koehler, ““The Magnetic Properties of Rare Earth Metals and Alloys.”’

R. M. Moon, W. C. Koehler, and J. J. Farrell, “Magnetic Structures of Rare Earth—Cobalt (RCOZ)
Intermetallic Compounds.?”’
Symposium on Chemical Effects Associated with Nuclear Reactions and Radioactive Transformations,
Vienna, Austria, December 711, 1964

T. A. Carlson and R. M. White, “Explosion of Multi-Charged Molecular lons: Chemical Conse-
quences of Inner Shell Vacancies.”

FOREIGN TRAVEL

Talks presented by Physics Division staff members at conferences outside the United States during
the past year are included in the two preceding sections either as proceedings articles in the ‘‘Publi-
cations’ section or in the section entitled ‘“Papers Presented at Scientific and Technical Meetings’’;
a few talks are also listed under a later section headed ‘“‘University Seminars.”” In addition to these
talks, and connected visits while abroad to atomic energy installations and universities for discussions
on scientific subjects of mutual interest, the following Division members engaged in foreign travel
during 1964,

J. K. Bair (High Voltage Group) began a one-year assignment at the Atomic Energy Research Es-
tablishment in Harwell, England, where he is engaged in research concerning nuclear structure physics.
This assignment is a continuation of the profitable liaison in physics between AERE and ORNL, which
originated in 1959, and is the fifth such exchange-type assignment of a Physics Division staff member to
the Harwell Laboratory.

T. A. Carlson’ (Charge Spectrometry Group) was assigned for five weeks during January and February
to the Pakistan Atomic Energy Center at Lahore, Pakistan. He was engaged in setting up a program for
calculations of charge spectra measurements which are now being carried out on the ORNL 1604 com-
puter. This visit was a continuation of collaboration between F. B. Malik? of Pakistan and T. A. Carlson
on the problem of relativistic electron wave functions.

T. K. Fowler (Plasma Physics Group) was a member of a United States team of scientists who
visited controlled fusion research facilities in the U.S.S.R. Visits and contacts during the two-week

period spent there in February were arranged by the U.S. Atomic Energy Commission.

L'ORNL Chemistry Division,

21964 summer employee with the ORNL Physics Division; presently at Yale University on leave from the
Pakistan Atomic Energy Center.
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T. K. Fowler additionally spent the three-month period of June through September at the Culham
Laboratory in Abingdon, England, where he was engaged in the pursuit of theoretical plasma physics
research at the invitation of Dr. J. B. Taylor, Head of the Theoretical Division at Culham. This re-
search provided valuable scientific liaison between ORNL and the Culham Laboratory in the field of
plasma physics.

J. H. Gibbons® (High Voltage Group) spent two weeks as Special Representative of the Oak Ridge
Institute of Nuclear Studies University Relations Division at the United States Atomic Energy Com-
mission’s ‘‘Atoms in Action’’ exhibit which opened April 15 in Madrid, Spain. He supervised final
arrangements and preparations for the ORINS Lecture Demonstration Program and participated in the
first week of program presentation. The program was basically one of presenting modern lecture dem-
onstration techniques for the teaching of science at the secondary school level. He also preseated
seminars in Madrid on current research in neutron capture work at ORNL.

Frances Pleasonton (Charge Spectrometry Group) consulted with J. K. Bienlein® at CERN, Geneva,
Switzerland, for three weeks during September and October for the completion of joint internal brems-
strahlung research.

K. Way (Nuclear Data Group) was cochairman (with Professor L. Rosenfeld of Nordita, Copenhagen,
Denmark) of a Session on Scientific Information held at the Congrés International de Physique Nucléaire
in Paris, France, in July. W. B. Ewbank (Nuclear Data Group) also attended the Paris conference as an
observer and reporter; in the same capacity he attended the 7th ‘‘Brockhaven’ Conference on Molecular

Beams, which was held in Uppsala, Sweden, during June.

30n leave to the Oak Ridge Institute of Nuclear Studies for this assignment.

4Former consultant with the ORNL Physics Division.

ANNOUNCEMENTS

Listed in other sections of this report are those Ph.D. candidates engaged in thesis research, co-op
students, consultants under subcontract, and summer investigators (including research participants,
visitors, and student trainees) who have been associated with the Physics Division during 1964. Addi-
tionally, nine investigators from six foreign countries began or completed temporary assignments which
varied from six months to two years in duration. Presently with the Laboratory from abroad are G. Maz-
zone! of the Comitato Nazionale per I’Energia Nucieare in Rome, Italy (Neutron Diffraction Group) and
D. M. Seyboth of the University of Erlangen in Erlangen, Germany (Mdssbauer Experimental Program).
Assignments were completed by the following individuals who have returned to their home organizations
abroad: P. J. Ammbruster of the Kemforschungsanlage Jiilich in Jiilich, Germany (Physics of Fission

Group); C. F. Coleman of the Atomic Energy Research Establishment in Harwell, England (High Voltage

INow with the ORNL Solid State Division.



168

Group); Y. Hamaguchi of the Japan Atomic Energy Research Institute in Tokai, Japan (Neutron Dif-
fraction Group); H. Maier-Leibnitz, Director of the Laboratorium fiir Technische Physik der Technischen
Hochschule in Munich, Germany (ORNL Director’s Division and collaborator with the Physics of Fission
Group); D. Paya? of the Commissariat & 1’Energie Atomique in Paris, France (Low Energy Neutron Time-
of-Flight Spectrometry Group), Anna Maria Saruis of the Centro di Calcolo, Comitato Nazionale per
I’Energia Nucleare, in Bologna, Italy (Theoretical Physics Group); and R. K. H. Wagner of the University
of Basel in Basel, Switzerland (High Voltage Group).

Loances assigned temporarily to the Division during this period have included R. M. Haybron, pro-
fessor of physics from Michigan State University (Theoretical Physics Group); and three students in

% a graduate student (High Voltage Group —

physics from the University of Tennessee — M. Brown,
Tandem Accelerator); J. T. Humphreys, an undergraduate student (High Energy Physics Group); and
S. T. Thornton,* a graduate student (High Voltage Group).

An academic-year leave of absence (1964—65) was granted to S. Bernstein (M&ssbauer Experimental
Program), during which time he will be engaged as professor of physics at the University of Illinois.

In the fall of 1964, J. H. Gibbons (High Voltage Group) began a part-time assignment of one year
with the ORNL Civil Defense Study Program, which is headed by E. P. Wigner.

There were seven intralaboratory transfers among research personnel during the year. G. W. Charles
(Spectroscopy Research Group) transferred to the Thermonuclear Division. The Neutron Diffraction
Group, a highly active and productive research team within the Physics Division for the past twenty
years, transferred to the Solid State Division late in 1964. E. O. Wollan, group leader since the in-
ception of the neutron diffraction program at ORNL and Associate Division Director since 1948, is now
Special Scientific Advisor to the Director’s Division. Members of the group who are now a part of the
Solid State Division include W. C. Koehler (newly appointed group leader), J. W. Cable, H. R. Child,
G. Mazzone,® and R. M. Moon, Jr.

Technician D. G. Peach (Physics of Fission Group) terminated employment with the Laboratory

during this report period.

2Exchange visitor. G. de Saussure of the Neutron Physics Division was the ORNL exchange visitor to the
Paris laboratory,

3Assignrnent completed.
41964 summer employee with the ORNL Physics Division.

5Temporary assignment.
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ADVISORY COMMITTEE

Advisory committees are attached to the majority of the research divisions of the Oak Ridge National
Laboratory for the purpose of offering advice on the cogency and effectiveness of the many scientific
programs under way.

At the June 22-26, 1964, Annual Information Meeting,! 15 Physics Division investigators presented
talks before Laboratory staff members, Advisory Committee members, and guests from the AEC and other
installations, which covered 21 areas of research during the year. Advisory Committee members at that

time included:

Dr. A. M. Clogston Bell Telephone Laboratories
Murray Hill, New Jersey

Prof. B. L. Cohen University of Pittsburgh
Pittsburgh, Pennsylvania

Prof. Martin Deutsch Massachusetts Institute of Technology
Cambridge, Massachusetts

Prof. D. L. Judd Lawrence Radiation Laboratory

University of California

Berkeley, California
Prof. L.. J. Rainwater Columbia University

New York, New York

Prof. J. A. Wheeler Princeton University
Princeton, New Jersey

LThe Electronuclear Division and the Physics Division hold their Annual Information Meetings jointly and are
served by the same Advisory Committee.

AMERICAN PHYSICAL SOCIETY
Southeastern Section Meeting

The Thirty-first Meeting of the Southeastern Section of the American Physical Society was co-
sponsored by the University of Chattancoga and the Oak Ridge National Laboratory and took place on
the campus in Chattanooga November 5-~7, 1964. The elected Chairman of the Society for 1963--64 was
L. D. Roberts of the Physics Division; on the 12-member Program Committee from the Division were
H. B. Willard and J. O. Thomson.! In addition to the active part taken by the above-mentioned indi-
viduals in planning and conducting the meeting, there were 2 invited papers and 14 contributed papers

presented by others of the Division.

1Faculty member of the University of Tennessee and consultant to the ORNL Physics Division.
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NUCLEAR CROSS SECTIONS ADVISORY GROUP
Oak Ridge Meeting

A meeting of the Nuclear Cross Sections Advisory Group to the Division of Research of the U.S.
Atomic Energy Commission was held at the Oak Ridge National Laboratory October 13 and 14, 1964,
Physics Division staff members H. B. Willard (Associate Director) and P. H. Stelson (Director of the
High Voltage Laboratory), retiring member and newly appointed NCSAG member, respectively, arranged

and conducted the meeting, which was attended by 20 NCSAG members and guests.

MISCELLANEOUS ACTIVITIES OF DiVISIONAL PERSONNEL

Physies Division staff members are frequently requested or appointed to assume certain professional
duties which, although related to, are incident to their primary responsibilities at ORNL. Such duties
may be in connection with scientific joumals, societies, committees, institutes, etc., and have included

during the past year the following:

J. L. Fowler Member of the National Research Council to represent the American
Physical Society in the Division of Physical Sciences

Member of Brookhaven National Laboratory Physics Visiting Committee
Member of Carnegie Institute of Technology Physics Visiting Committee

Member of AEC Accelerator Review Panel (1964)

T. K. Fowler Chairman of Sherwood Theory Meeting (Gatlinburg, Tennessee, May 1964)
Member of the Board of Editors of Physics of Fluids
N. B. Gove Secretary of the National Academy of Sciences—National Research
Council Subcommittee on Nuclear Structure

Secretary of the National Academy of Sciences—National Research
Council Subcommittee on Techniques for the Distribution of Scientific
Information

Reviewer for Computing Reviews

Member of the Program Committee for the Gordon Research Conference
on Critical Tables

J. A. Harvey Reviewer for Computing Reviews
Reviewer for Nuclear Science and Engineering

Assistant in the preparation of Supplement 2, Second Edition of BNL-
325, ‘““Neutron Cross Section Compilation’ (Vol. 1 published in 1964)

W. C. Koehler! Committeeman (Solid State Physics), National Research Council Ad-
visory Committee on Basic Research to the U.S. Army Research Office,
Durham

Member of Advisory Committee for the ‘“Conference on Magnetism and
Magnetic Materials”’

Member of the ORNL High Flux Isotope Reactor Review Committee

!Now with the ORNL Solid State Division.



R. L. Macklin

P. D. Miller

C. D. Moak

H. W. Morgan

Frances Pleasonton

L. D. Roberts

G. R. Satchler

P. A. Staats

P. H. Stelson

K. L.. Vander Sluis

Katharine Way

T. A. Welton
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Member of the Oak Ridge Gaseous Diffusion Plant Nuclear Safety Com-
mittee

Member of the Membership Committee for the Research Society of
America (Oak Ridge Branch)

Member of the ORNL Reactor Operations Review Committee

Reviewer for Computing Reviews

Representative from the Physics Division for the ORNL Computer Ad-
visory Committee

Reviewer for Reviews of Scientific Instruments

Member of the Program Committee for the American Physical Society
Topical Conference on Particle Accelerators (Washington, D.C.,
March 1965)

Faculty Member of Fisk Infrared Spectroscopy Institute

Member of Subcommittee on Infrared Band Intensities of the Interna-

tional Union of Pure and Applied Chemistry

Compiler and coeditor of brochure entitled ‘“The Cak Ridge National
Laboratory and Its Scientific Activities” (published in 1964)

Chairman of the Southeastern Section of the American Physical Society
(1963-64)

Chairman of the Fritz London Award Committee

Member of Organizing Committee for *‘Ninth International Conference on
Low Temperature Physicg”

Member of the ORNL Graduate Fellow Selection Panel

Reviewer for Physical Review

Member of Organizing Committee for ‘‘Gordon Research Conference on
Nuclear Reaction Mechanisms’’

Faculty Member of Fisk Infrared Spectroscopy Institute

Member of the National Academy of Sciences—~National Research
Council Subcommittee on Nuclear Structure

Member of the Atomic Energy Commission Nuclear Cross Section Ad-
visory Group

Member of the National Academy of Sciences—~National Research
Council Committee on Line Spectra of the Elements

Chairman of the National Academy of Sciences—National Research
Council Subcommittee on the Techniques for Distribution of
Scientific Information

Member of the Subcommittee on Nuclear Data of the International Union
of Pure and Applied Physics (Commission on Low-Energy Nuclear
Physics)

Reviewer for Journal of Applied Physics



H. B. Willard Member of the Atomic Energy Commission Nuclear Cross Section Ad-
visory Group (until September 1964)

Member of the ORNL Graduate Fellow Selection Panel (former Panel
Chairman)

ACTIVITIES RELATED TO EDUCATIONAL INSTITUTIONS
Research Participants

The Research Participation Program of the Oak Ridge Institute of Nuclear Studies' enables selected
university faculty members to participate in research, primarily during the summer months, at several
major installations of the U.S. Atomic Energy Commission. The Oak Ridge National Laboratory provides
most of these appointments; some projects are conducted at the University of Tennessee Agricultural
Research Laboratory and at the Oak Ridge Institute of Nuclear Studies. In addition, appointments are
now possible at the Puerto Rico Nuclear Center and at the Savannah River Laboratory. Of mutual benefit
to the participant and to the laboratory where he carries out his work, this arrangement between the
Oak Ridge Institute of Nuclear Studies and laboratories in OQak Ridge has, since its inception in 1947,
also been extremely important to the progress of nuclear energy research and development, not only in
the South, but in the entire nation. To date, 767 faculty members from 222 colleges and universities in
45 states, Puerto Rico, and the District of Columbia have engaged in research under this program.

In the summer of 1964, 57 Research Participants, represenfing 48 colleges and universities in 28
states, received appointments. The following 0 investigators were engaged in research with the Physics
Division of the Oak Ridge National Laboratory: G. T. Condo? (Assistant Professor, University of Ten-
nessee), High Energy Physics Group; R. T. Folk (Associate Professor, Lehigh University), Theoretical
Physics Group; W. E. Hunt (Assistant Professor and Chairman, Physics Department, David Lipscomb
College), Charge Spectrometry Group; W. B. Newbolt (Instructor, Washington and Lee University), Low
Temperature Physics Group and the Méssbauer Program; W. K. Robinson (Associate Professor, St.
Lawrence University), Mdssbauer Program; and W. W. Walker (Assistant Professor, University of Ala-

bama), High Voltage Group and Physics of Fission Group.

Summer Visitors

Summer visitors with the Division in 1964 included: W. M. Bugg? (Associate Professor, University

of Tennessee), High Energy Physics Group; F. B. Malik® (Senior Scientific Officer, Pakistan Atomic

1Under contract with the U.S. Atomic Energy Commission,
2Consultemt to the ORNL Physics Division.

3Visiting Fellow at Yale University from fall 1964 to spring 1967,
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Energy Commission), Theoretical Physics Group; M. Reeves [II (graduate student and teaching assistant,
University of Tennessee), High Voltage Group; and 5. T. Thomten? (graduate student under AEC Nu-
clear Science and Engineering Fellowship, University of Tennessee), High Voltage Group.

Physics Division staff members were pleased also to have had close association and collaboration
with investigators assigned to other ORNL Divisions during the summer months. These included W. C.
Marshall (Atomic Energy Research Establishment, Harwell, England), M. A. Melvin (Professor, Florida
State University) J. A. Wheeler® (Professor, Princeton University), and R. M. White (Assistant Professor,

Baker University).

Summer Student Trainee Program

The Summer Student Trainee Program is administered by the Oak Ridge Tustitute of Nuclear Studies in
cooperation with the Oak Ridge National Laboratory under the sponsowship of the U.S. Atomic Energy
Commission. The program offers temporary summer appointments, on a competitive basis, to a limited
number of students who have.completed their junior vear of college and who are majoring in the sciences.
Primarily for students (citizens of the United States) from small colleges in the southern region, this
arrangement affords studeats the opportunity of working in a full-time research laboratory during the
summer months and serves to encourage them to carry on graduate work after they have attained the

bachelor degree in science.

In 1964, the sixth year of the Student Trainee Program, students with the Physics Division under
the auspices of this program were selected from 41 applicants whose majors were either physics or
mathematics. These included: Edith A. Adams (Oklahoma City University), Theoretical Physics Group;
A. C. Bolling (Pfeiffer College), Spectroscopy Research Group; Sarah M. Farlow (Asbury College),
Theoretical Physics Group; D. W. Holland (Union University), High Energy Physics Group; J. C. Propes
(Eastern New Mexico University), High Voltage Group; and Wendy N. Torrance (Occidental College),

Neutron Diffraction Group.

Cooperative Education Program for Undergraduate Students

Promising students in science and engineering, who have completed at least two quarters of under-
graduate study, are selected to participate in the Cooperative Education Program of the Oak Ridge
National Laboratory. Students alternate between equal periods of time spent in school attendance and
in work at the Laboratory.

Now in its 13th year at ORNL, the Co-op Program continues to prove a highly successful means
both for promoting the professional development of students and for providing valuable technical as-

sistance in the varied research programs at the Laboratory.

4 . . ca
Now assigned to the ORNL Physics Division as a loanee.

"Member of the Advisory Committee for the Physics Division and the Electronuclear Division of ORNL.



Eleven Co-op students were with the Physics Division during the past year; five were assigned to
the High Energy Physics Group, three to the Theoretical Physics Group, two to the High Voltage Group,
and one to the Physics of Fission Group. These students included: E. R. Golston, Jr., of the Georgia
Institute of Technology in Atlanta, Georgia; D. T. OlSOr.lﬁ of the University of Louisville, Kentucky;
M. B. Johnson and M. Lynne McFadden of the Virginia Polytechnic Institute in Blacksburg, Virginia;
D. J. Burkholz® and S. I.. Kramer of the Drexel Institute of Technology in Philadelphia, Pennsylvania;
and R. G. Beidel, D. N. Mashburn, R. J. Metzger, J. R. Penland, and A. Rebecca Tyson of the Uni-

versity of Tennessee in Knoxville.

Cooperative Program in Graduate Education Between ORNL and the University of Tennessee
Supported by the Ford Foundation

The Ford Foundation grant to the University of Tennessee now supports 24 ORNL staff members as
part-time faculty members in the Departments of Chemistry, Mathematics, Physics, Biological Sciences,
Nuclear Engineering, Engineering Mechanics, Chemical Engineering, and Metallurgical Engineering.
These joint appointments, under AEC approval, allow the participants to be released from their Labora-
tory duties in order to spend 20% of their time at the University teaching courses, supervising theses,
consulting with students and other professors, and participating in seminars, staff meetings, and exami-
nations. Physics Division staff members who have continued in this arrangement as Professors of

Physics include L. D. Roberts, T. A. Welton, and H. B. Willard.

Oak Ridge Graduate Fellowship Program

There were 23 new applications for predoctoral fellowships during the 1964 calendar year, of which
17 were recommended for fellowships by the ORNIL Graduate Fellow Selection Panel. At present, Panel
members from the Physics Division are (. R. Satchler and H. B. Willard.

The cumrent distribution of approved Oak Ridge Graduate Fellows includes 14 physicists (A. D.
MacKellar and M. L. West II of the Physics Division), 4 chemists, 5 biologists, 3 mathematicians, 3 nu-

clear engineers, 1 electrical engineer, and 1 chemical engineer.

AEC Postdoctoral Program

At the present time there are eight AEC Postdoctoral Fellows at the Laboratory, including ¥. P.
Gibson’ in the Physics Division. This program has not grown a great deal in the past year, because of

budgetary restrictions.

6'I‘erm'mated Co=-0p assignment during this period.

7Ph.D in physics from Massachusetts Institute of Technology, 1962.
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Ph.D. Thesis Research

During the past year, 20 Physics Division staff members served in an advisory or supervisory ca-

pacity for thesis research conducted by 18 Ph.D. candidates; 6 of these candidates received their

doctorates and 1 completied the required thesis research in 1964, Following is a listing of the indi-

viduals concerned:

Ph.D. Candidate

Raymond Carpenter
University of Tennessee

H. R. Child®
University of Tennessee

D. W. Forester'?-!!
University of Tennessee

M. V. Harlow!%-!!
University of Texas

R. W. Hockenbury
Rensselaer Polytechnic
Institute

R. L. Kemell!?
University of Tennessee
(on leave from College of
William and Mary)

W. E. Kiker'%-1
University of Tennessee

I. King
Rensselaer Polytechnic
Institute

A. D. MacKellar'®

Texas A and M University

J. H. Marable

University of Tennessee
W. T. Milner

University of Teanessee

Staff Member(s)

H. W. Morgan and
P. A. Staats

. O. Wollan? and
W. C. Koehler®

L.. D. Roberts and
F. E. Obenshain

R. L. Robinson and

J. L. Fowler

R. C. Block

C. H. Johnson

H. W. Schmitt

R. C. Block

R. L. Becker and
T. A, Welton

T. A. Welton

F. K. McGowan

Field of Research

High Resolution Infrared Spectroscopy
of Tritiated Molecules

Magnetic Properties of Rare Earth
Alloys

Méssbauer Studies of the Hyperfine
Structure Spectra of *’Fe in FeRh
Alloys, a-Fez()a, and FeNH4(SO R
121'120 (see ORNL-3705)

The Yield of Elastically Scattered 17
to 21 MeV Neutrons from the Reaction
12¢(n,m)1 2C (see ORNL-3615)

Neutron Capture Measurements

Neutron Capture Cross Sections in
the Kilovolt Range

Correlated Energy and Time-of-
Flight Measurements of Fission
Fragments (see ORNL-3692)

Neutron Capture Measurements
Brueckner Theory for Finite Nuclei
Nuclear Three~-Body Problem

Coulomb Excitation with Heavy Ions

" Now with the ORNL Solid State Division.
“Now with the ORNL Directors Division.
Couk Ridge Graduate Fellow.
HMpoctorate received in 1964,

lzNationaI Science Foundation Faculty Predoctoral Fellow.
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R. B. Muir'®-1! H. O. Cohn A Study of Hyperon Production by 430
University of Tennessee MeV/c K~ Mesons in Helium (see
ORNL-3717)
C. W. Nestor, ]Jr. G. R. Satchler Theory of Nuclear Structure
Vanderbilt University
T. C. Oakberg!! P. M. Griffin Experimental Determination of Atomic
University of Cincinnati Transition Probabilities Using a

D-C Arc Plasma Jet

S. K. Penny G. R. Satchler Theory of Nuclear Reactions
University of Tennessee

Gordon Soper!?-11 T. K. Fowler Studies of the Ion Cyclotron Reso-
University of Tennessee nance Instability (see ORNL-3696)

F. J. Walter!? J. W. T. Dabbs and The Kinetics of Thermal- and Reso-
University of Tennessee H. W. Schmitt nance-Neutron-Induced Fission

M. L. West IT'° H. B. Willard and (n,p) Differential Scattering Cross
University of Texas C. H. Johnson Section

Ock Ridge Resident Graduote Program of the University of Tennessee

During the past year three members of the Physics Division staff have been affiliated with the Oak
Ridge Resident Graduate Program of the University of Tennessee — E. C. Campbell as Acting Director,
and R. L. Becker, E. C. Campbell, and W. C. Koehler® as lecturers in physics.

There are at present 316 students enrolled in the Oak Ridge Resident Graduate Program, of which 27
are candidates for the Ph.D. degree in physics and 29 are candidates for the Master’s degree in physics.
Since the Graduate Program of the University began operation in 1947, about one-half of the 66 Ph.D.’s

granted in physics have been conferred on students enrolled in the OQak Ridge Resident Graduate Program.

Consultants Under Subcontract

Staff members of universities, both in the United States and in Europe, who have served as con-
sultants to the Division during the past year are listed below. Numerous other consultants have pre-
sented seminar talks and have worked in collaboration with the various Physics groups during this

period.

M. Baranger Theoretical Physics Group

Carnegie Institute of Technology

L. C. Biedenharn, Jr. Thecretical Physics Group

Duke University

'3 Thesis research completed in 1964; now with Radiation Instrument Development ILaboratory, Oak Ridge.
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W. M. Bugg High Energy Physics Group

University of Tennessee

G. T. Condo High Energy Physics Group

University of Tennessee

R. D. Edge High Voltage Group
University of South Carolina

J. B. French Thenretical Physics Group

University of Rochester

J. H. Goldstein Spectroscopy Research Group
Emory University

W. G. Holladay Theoretical Physics Group
Vanderbilt University

J. M. Jauch14 Theoretical Physics Group
University of Geneva, Geneva,
Switzerland

. Lauritsen®? High Voltage Group

California Institute of Technology

R. W. Lide Physics of Fission Group
University of Tennessee

J. B, Marion IL.ow Energy Neutron Time-of-Flight Spectroscopy Group
University of Maryland

S. A. Moszkowski Theoretical Physics Group
University of California at

Los Angeles

H. W, Newson High Voltage Group

Duke University

A, H. Nielsen Spectroscopy Research Group
Univergity of Tennessee

W. T. Pinkston Theoretical Physics Group

Vanderbilt University

W. Thiele!? Nuclear Data Group
Max-Planck Institut fir Chemie

Mainz, Germany

J. O. Thomson Low Temperature Group and Mosshauer Program
University of Tennessee

H. H. F, Wegener14

University of Erlangen

Mosshauer Program

Erlangen, Germany

K. Wildermuth Phyeics of Fission Group
Florida State University

J. H. Wise Spectroscopy Research Group

Washington and Lee University

Dgubcontract closed during 1964,



Three graduate students were also under subcontract with the Division as part-time consultants during

the year:

J. Ginocchio? Theoretical Physics Group

University of Rochester

C. S. Han14 Nuclear Data Group

University of Maryland

R. Nutt!® High Voltage Group

University of Tennessee

Traveling Lecture Program

The Traveling Lecture Program is conducted in cooperation with the Oak Ridge Institute of Nuclear
Studies as a part of the U.S. Atomic Energy Commission’s program of encouraging the dissemination of
scientific and technical information to universities, particularly those in the South. Laboratory per-
sonnel present in their lectures unclassified information to university undergraduate and graduate
students and to faculty members. The lectures serve to stimulate interest in research in the university
departments and also assist the teaching staff in expanding the scope of instruction offered under the
regular curricula. Through such personal contacts, ORNL staff members are also able to observe de-
partmental activities at the universities. During the current academic year (1964—65), 13 members of
the Physics Division have to date accepted invitations to present 24 lectures under this program; a
complete listing of these will appear in the next annual report.

Listed below are 14 members of the Division who participated in the Traveling Lecture Program
during the academic year 1963-64, presenting a total of 53 lectures at 45 different colleges and uni-

versities:

J. W. T. Dabbs I.ounisiana State University in New Orleans, March 18, 1964
Texas A and M University, March 20, 1964
f*Resonance Neutron-Induced Fission of Oriented Uranium Nuclei®’
K. 1. R. Davies Christian Brothers College, April 9, 1964
fClassical Mechanics with Special Fmphasis on the Hamiltonian
Operator”?
University of Maryland, April 23, 196
““Symimetry Properties of the S-Matrix with Application to Resonance Reactions'
J. L. Fowler University of Miami, February 27, 1964

‘*Elastic Neutron Scattering and Nuclear Structure?”’

15On leave from the ORNL Instrumentation and Controls Division.
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J. H. Gibbons Berea College, February 27, 1964
“‘Big Things from Little Packages®’

P, M. Griffin Clemson College, November 12, 1963
University of Chattanooga, December 2, 1963
University of Kentucky, December 6, 1963
University of Cincinnati, December 7, 1963
Virginia Polytechnic Institute, February 11, 1964
Davidson College, April 14, 1964
Pfeiffer College, April 15, 1964

““An Introduction to the Optical Maser, with Demonstrations??

C. H. Johnson Catholic University of America, January 10, 1964
University of Kentucky, January 24, 1964
Notth Carolina State College, February 17, 1964

*On Recoil Experiments and the Neutrino’s Helicity’’

H. J. Kim Case Institute of Technology, November 19, 1963

‘“Experimental Observation of Fluctuations in Nuclear Cross Scctions”’

F. K. McGowan University of Alabama, January 16, 1964
University of Kentucky, February 14, 1964

“A Review of Recent Coulomb Excitation Results??

P. D. Miller Roanoke College, QOctober 18, 1963
Virginia Polytechnic Institute, November 19, 1963
“*Neutron Time-of-Flighi Work at ORNL”’

Bethany College, November 21, 1663

f*History of Nuclear Physics”?

University of Maryland, May 7, 1964

“The Role of a Small Computer in a Nuclear Physics Laboratory’’

H. W. Morgan Florida State University, December 12, 1963
Louisiana State University, December 13, 1963
University of Southwestern Louisiana, December 16, 1963
Tulane University, March 16, 1964
Loyola University, March 17, 1964
Glenville State College, April 20, 1964
Bethany College, April 22, 1964
John Carroll University, April 24, 1964

“An Introduction to the Optical Maser, with Demonstrations?’

L. D. Roberts Carnegie Institute of Technology, December 2, 1963
Western Reserve University, December 4, 1963
A Correlation of the Mossbauer Isomer Shift with the Residual Electrical

Resistance for Gold Alloysg??

Rice University, February 26, 1964
Texas A and M University, February 27, 1964
University of Virginia, March 20, 1964

£ 197

#¢Bolid State and Nuclear Results from a Mossbauer-Type Study o Au*?

H. W. Schmitt CGeorgia Institute of Technology, February 20, 1964
Western Carolina College, April 20, 1964

f*Kinetics of the Fission Process’?
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K. L. Vander Sluis University of Miami, February 17, 1964
Tuskegee Institute, February 19, 1964
University of Alabama, February 20, 1964
Louisiana State University, February 25, 1964
Sam Houston State College, February 27, 1964
University of Arkansas, February 28, 1964
Hamline University, April 6, 1964
Luther College, April 8, 1964
St. Olaf College, April 7, 1964
University of Notre Dame, April 10, 1964

““An Introduction to the Optical Maser, with Demonstrations’’

G. K. Werner University of Oklahoma, October 29, 1963
University of Dallas, October 25, 1963
Phillips University, October 28, 1963
University of Nebraska, October 31, 1963

““‘Introduction to the Optical Laser, with Demonstrations of the Gas lasei’’

Visiting Scientists Program in Physics — Colleges

The Visiting Scientists Program in Physics -- Colleges, now in its eighth year, is sponsored jointly
by the American Association of Physics Teachers and the American Institute of Physics under grants
from the National Science Foundation. The Program has the following objectives: (1) to stimulate
interest in physics among undergraduates in colleges and universities through visits by leaders in
physics research, (2) to provide opportunities for physics staff members of the visited institutions to
discuss their research and teaching problems with the visiting physicists, and (3) to acquaint other
members of the academic community and the public with recent developments in physics. Emphasis is
placed on visits to the smaller colleges and universities. Two Physics Division staff members lectured

under this program during the past year:

R. C. Block West Virginia University, March 19, 1964

*Physics Research at a National Laboratory”’

I.. D. Roberts St. Lawrence University
““Nuclear Alignment’’

“The Mdssbauer Effcct’

University Seminars

In addition to lectures presented under the Traveling Lecture Program and the Visiting Scientists
Program in Physics, and to talks given at scientific meetings and conferences, Divisional staff members
receive numerous requests from universities and colleges for seminar talks. Seventeen such invitations

were accepted from 15 different educational institutions during this report period:
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J. L. Fowler University of Auckland, New Zealand, January 30, 1964
““Elastic Neutron Scattering and Phase Shift Analysis®’
T. K. Fowler Princeton University, December 2, 1964
“*Bounds on Anomalous Diffusion”’
P. M. Griffin Antioch College, March 13, 1964
“Introduction to the Optical Maser, with Demonstrations®”
J. A. Harvey Rensselaer Polytechnic Institute, October 28, 1964
University of Saskatchewan, Canada, July 14, 1964
“Neutron Spectroscopy, Capture Gamma Ray Spectra from Neutron Capture,
and Resonant Gamma Ray Absorption®?
w. C. Koehler!® University of Pittsburgh, July 15, 1964
““Magnetic Structures of Rare Earth Metals and Alloys”?

7

H. Maier-Leibnitz! Rensselaer Polytechnic Iastitute, February 20, 1964

““Some Work on Fission Using Thermal Neutrons®?

H. W. Morgan Loyola University, March 14, 1964
Louisiana State University, March 14, 1964
Davidson College, May 7, 1964

f‘An Introduction tothe Optical Maser, with Demonstrations”?

R. L. Robinson Vanderbilt University, May 15, 1964

¢“Coulomb Excitation of Medium Weight Even-Odd Nuclei”’

G. R. Satchler University of Michigan, Cctober 29 and November 2, 1964
¢“Optical Model of the Nucleus?’

¥Recent Studies of Direct Nuclear Reactions?’

Michigan State University, November 4, 1964
“Optical Model of the Nucleus?®’

P. H. Stelson University of Rochester, November 19, 1964
¢ Excitation of Collective Motions by Coulomb Excitation and Direct Inter-

actions?®’

T. Tamura Institute for Nuclear Research, Dubna, U,S8.8.R., December 17--23, 1964
Institute for Theoretical Physics, Copenhagen, Denmark, December 26, 1964
“Analyses of the Scattering of Nuclear Particles by Collective Nuclei in

Terms of the Coupled-Channel Calculation®’

ORINS-ORNL Summer Institute

A Summer Institute in Modern Physics for physics teachers from small colleges was held in QOak
Ridge June 15 through August 7, 1964. This was the fourth such Institute conducted by the Oak Ridge
Institute of Nuclear Studies in cooperation with the Oak Ridge National Laboratory and sponsored by
the U.S. Atomic Energy Commission. As in past years, the Institute was designed primarily to give
participants an opportunity to review modern physics, acquire an understanding of current developments,
become familiar with new equipment, and gain greater insight into the development of college courses in

the fields of their interests.

18 Now with ORNL Solid State Division.

17"1‘&*:mporary assignment to the ORNL Directors Division,



Attendance at the Summer Institute was restricted to 20 college physics teachers from as many
colleges. The scheduled program was geared to adhere to normal academic work loads; the major portion
of the formally scheduled time was used for classroom lectures, laboratory assignments, and visits to
Oak Ridge laboratories. Additional unscheduled time was provided for group discussions, library work,
individual study, and attendance at lectures and discussions given by distinguished visiting scientists.

Included among the lecturers during the eight-weeck Institute were four Physics Division staff mem-
bers. Fifteen lectures were presented by J. L. Fowler on “Nuclear Physics’’; R. L. Becker presented
two lectures on “Theory of Beta Decay’ and three lectures on ‘“‘Paiticles of Physics’’; and P. M.
Griffin and W. C. Koehler!? lectured, respectively, on ‘“‘Lasers” and ‘“‘Neutron Diffraction.”

emonstrations and tours conducted by members of the Division were as follows:

L, D. Roberts Mossbauer Experiment at ORNL
H. B. Willard Tour of the High Voltage Laboratory
J. A. Harvey Neutron Chopper and the Oak Ridge Research Reactor

ORINS Conference on ‘‘Science and Contemporary Social Problems™’

The Oak Ridge Institute of Nuclear Studies sponsored a Conference on ‘“Science and Contemporary
Social Problems,’”” which was held in Oak Ridge, June 15 through July 15, 1964. The Oak Ridge Na-
tional Laboratory cooperated with ORINS in this venture with regular participation by five Laboratory
staff members and informal discussions between other staff members and conference participants. J. H.
Gibbons, of the Physics Division’s High Voltage Group, spoke on two topics — ‘‘Accelerators: Their
Development and Purpose’” and ‘“‘Low Energy Research at ORNL: Kinds of Problems Dealt With; Kinds
of Questions Asked; Ways of Finding Answers.”

The Conference was attended by 25 participaats, most of whom hold academic positions, and was
based on three themes: (1) characteristics of the scientific activity, especially as exemplified by
ORNL; (2) the social aspects of science and scientists, and their consequence for modern society; and
(3) selected social and intellectual problems in contemporary society, sharpened by the impact of science

and technology.

ORNL PHYSICS SEMINARS

Divisional seminars are normally held at the Laboratory each Firday at 3:15 PM; for topics of espe-
cial timeliness or interest additional talks are freguently scheduled. R. L. Becker assumed the duties
of seminar chairman in July 1964, replacing H. O. Cohn, who served as seminar chairman the preceding

two years. Lectures presented during calendar year 1964 are listed below:

January 10 Everett Fuller, National Bureau of Standards

““Nuclear Photoeffect in Deformed Nuclei’’

January 13 P. F. M. Fettweis, Centre d’Etude de "Energie Nucléairc, Mol, Belgium

““Conversion Electrons from Nuclear States of Indium Excited by (p,n) Reactions”’
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January 17 Eugene Guth, ORNL
S Excitation of Nuclei by X-Rays and Electrons?’’
January 31 Roy Middleton, University of Pennsylvania
“Some Experiments with the Aldermaston Multiangle Spectrograph®’
February 3 F. P. Gibson, ORINS-ORNL
“Effect of Finite-Range n-p Potential in Coulomb Stripping Reactions®’
February 14 H. Maier-Leibnitz, Director, Laboratorium fliir Technische Physik der Technischen
Hochschule, Munchen, Germany
““Detailed Investigation of the Fission Process Using Slow Neutrons?’
February 28 Michel Baranger, Carnegie Institute of Technology
“Nuclear Deformations in the Pairing plus Quadrupole Model®?
March 6 Anton Peterlin, Camille Dreyfuss [.aboratory, Research Triangle Institate
“NMR and Electron Microscope Investigations of Drawn Polymers?’
March 13 Katharine Way, ORNL
“Nuclear Systematics and Scientific Information®’
March 20 L. R. B. Elton, Battersea College of Technology, London, England
¢“Rotational States in Light Nuclei??
April 3 Yuval Ne’eman, California Institute of Technology
#¢The Eight-FFold Way and the Omega Minus®’
April 7 Y. Yoshizawa, Osaka University, Japan, and Indiana University
¢ Coulomb Excitation of Some Deformed Nuclei”’
April 10 J. W. T. Dabbs, ORNL
¢“Gravitational Acceleration of Free Neutrons?’’
April 16 Juergen Heberle, Argonne National Laboratory
*The Magnetic Moment of the 26.8 keV State of Todine-129 Measured with the
Aid of Superconducting Magnets®’
April 24 A, H. Snell and T. K. Fowler, ORNL
“Thermonuclear Research in the U.S.8.R.”’
May 1 P. Swan, Rice University
“Method for Deducing Potentials from Phase Shifts??
May 6 Y. A. Rocher, University of Paris, France
‘““Resonance Effects in Rare Earth Metals?’
May 8 Hans Frauenfelder, University of Illinois
“Mosshauer Bffect”’
May 15 C. F. Coleman, Atomic Energy Research Establishment, Harwell, England
““Experiments Using the Rutherford Laboratory 51-MeV Proton Linac’?
May 20 L. C. Biedenharn, Duke University
*Operator Struciures in the Uaitary Groups®’
May 22 . Armbruster, Kernforschungsanlage, Jilich, Germany
“*Measurement of the Mean Primary Charge for 235 gission Fragments?’
June 4 J. W. Beams, University of Virginia
“Some Uses of Constant Speed Rotation??
June 12 R. C. Block, ORNL
““Research with the 30-MeV Electron Linac at Harwell’’
June 19 D. D. Clayton, Rice University

“Current Events and Developments in Cosmology?®’
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June 30 Y. Hamaguchi, Japan Atomic Energy Research Institute

““Neutron Diffraction Study of Cr-Dilute Alloys’’

July 2 J. A. Wheeler, Princeton University
¢¢Gravitational Contraction and Baryon Conservation’’
July 7 J. L. Beeby,l University of Illinois
A Comparison of Propagator Methods and Band Structure Calculations’’
July 9 Martin Blume,1 Brookhaven National Laboratory
f¢Relaxation Problems in the Mdssbauer Effect’’
July 10 K. H. Bhatt, ORNL
‘“Nuclear Spectroscopy of the Isotopes of Nb, Mo, and Tc¢??
July 17 Joseph Ford, Georgia Institute of Technology
¢“The Ubiquitous Non-Linear Oscillator®’
July 23 M. A. I\/lel\'in,1 Florida State University
f¢Introduction to General Relativity: 1. The Magnetic Universe’?
July 24 Sven Wahlborn, Los Alamos Scientific Laboratory
‘“Parity Impurities in Nuclear States’’
July 30 M. A. Melvin,! Florida State University
““Introduction to General Relativity: II, Electromagnetism in General
Spacetimes’?
July 31 Marvin Abraham, ORNI.
‘“Electron Spin Resonance on Rare Earth Ions in ThO *’
August 6 A, Isihari,1 Brooklyn Polytechnic Institute
“Pair Correlation Function of a Many-Body System’’
August 14 Shiro Yoshida, Osaka University, Japan
““Nuclear Spectroscopy of Deformed Nuclei’?
August 21 H. Ikegami, Tokyo Institute of Technology, Japan
““Capture Gamma Ray Spectroscopy and the Capture Mechanism’’
August 25 R. D. Edge, Yale University
f‘Electrodisintegration in the Region Up to 100 MeV?’
August 25 S. I\ioszkov\/ski,1 University of California at Los Angeles
“‘Nuclear Many Body Theory”’
August 27 M. A, Mclvin,l Florida State University
“Introduction to General Relativity: III, Time, Length, Light Velocity and
Red Shift in Curved Spacetimes®’
September 3 M. A, lVIelvin,1 Florida State University
““Introduction to General Relativity: IV. Energy and Stability of a Universe’’
September 11 R. B. Muir, ORNL
““The Interactions of 430 MeV/c K -Mesons in Helium?’
September 18 A, Chetham-Strode, ORNL
fThe Transuranic Program at ORNL??
September 25 J. M. Rowell, Bell Telephone Laboratories
““Tunneling in Superconductors’’
October 2 F. K. McGowan, ORNL

¢“Coulomb Excitation of Vibrational States”’’

!presented as part of a Special Theoretical Seminar Series coordinated by R. I.. Beceker.
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October 9 P. R. Bell, ORNL

¢*PDiscussion of Pictures from Ranger-7 Moon Shot”’

October 23 W. M. Good, ORNL

“Neutron Physics in the Kilovolt Region??

October 30 R. J. Fox and Russell Robinson, ORNL
““Fabrication and Use of Lithium-Drifted Germanium Gamma-Ray Detectors?’’
November 3 Marcos Moshinsky, University of Mexico
““*Group Theory and Nuclear Structure’?
November 13 F. A. Wedgwood, Massachusetts Institute of Technology
#¢A Theory of Spiral Spin Structures?’?
November 20 Sheldon Datz, ORNL
““Molecular Beam Scattering?’
December 4 Peter Fong, Utica College of Syracuse University
“‘Statistical Theory of Nuclear Fission”’
December 11 R. D. Birkhoff, ORNL
f*Experiments and Theory on the Electron Slowing Down Flux®’
December 11 D. W. Colvin, Neutron Compilation Centre, Saclay, France
¢ The ENEA Neutron Compilation Center at Saclay”’
December 14 J. B. French, University of Rochester

#Multipole Sum Rules in Nucleon Transfer Reactions®?

December 18 C. M. Jones, ORNL

“Nuclear Reactions Leading to Three Parlicles”’
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