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PUBLICATIONS

The following papers by members of the Physics Division appeared in open publications during the

last quarter:
E. D. Klema and R. H. Ritchie, ''Thermal Neutron Flux Measurements in Graphite Using Gold and

Indium Foils,’’ Phys. Rev. 87, 167 (1952).
S. Bernstein, L. B. Borst, C. P. Stanford, T. E. Stephenson, and J. B. Dial, "‘Slow Neutron Crystal

Spectrometry: The Total Cross Sections of Co, Er, Hf, Ni®8, Ni¢?, Ho, and Fission Sm,” Phys. Rev.

87, 487 (1952).
E. D. Klema and F. K. McGowan, ‘‘Gamma-Gamma Angular Correlation in o AR Phys. Rev. 87,

524 (1952).
F. K. McGowan, ‘“‘Lifetime of an Excited State of Hf'78,”” Phys. Rev. 87, 542 (1952).
J. Schenck, *Neutron-Detecting Phosphors,” Nucleonics 10, 54 (August 1952).

ANNOUNCEMENTS

The following personnel have been added to the staff of the Physics Division during this quarter:
P. H. Stelson (high-voltage group); J. J. Lynn, R. A, Francis, Jr., and J. F. Ellis (ANP critical experi-

ments).
Terminations for this period were as follows: E. V. Hadke (ANP critical experiments); S. Tamor and

L. C. Biedenharn (theoretical group); L. S. Abbot (shielding program); L. A, Rayburn and K. L. Robertson

(neutron-diffraction studies).
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SUMMARY

High-Voltage Physics. The 2-Mev Van de Graaff
was moved into the new, permanent High-Voltage
Building during this period.

The elastic scattering of neutrons from nitrogen
nuclei has been investigated from 0.8 to 2.4 Mev
by use of the method of pulse-height analysis of
recoil nitrogen nuclei. The distributions for non-
resonance energies indicate pronounced forward
scattering of neutrons.

The angular distribution of neutrons from the
H3(p,n)He3 reaction has been remeasured as a
function of energy. The target was tritium gas
contained in a cell. The relative yield of gomma
rays from the H3(p,y)He? reaction has been deter-

mined from 1 to 5.22 Mev by use of the same target.
The threshold of the A|27(p,n)5i27 reaction was

found to be 5.819 + 0.010 Mev.

Acceleration of pure He® in the Cockeroft-Walton
machine has made possibie a study of the reactions
of He? with H3, He®, and Lié, The energy spectra
of charged particles associated with nine resulting
reactions have been studied.

Radicactivity and Nuclear Isomerism, Results
of measurements of gamma-ray absorption coef-
ficients in sodium iodide are reported. Coherent-
scattering cross sections were also measured and
were found not to be in good agreement with
theoretical expectations.

Further work is reported on the angulor corre-
lation of the gamma rays emitted during the decay
of Hf'81 and the dependence of the correlation on
the chemical stote of the source. The observed
anisotropy is not readily accounted for.

Neutron Diffraction. The paramagnetic scattering
of neutrons from the trivalent ions of neodymium

and erbium has been measured. These ions are of
special interest because of the large orbital con-
tribution to the magnetic scattering for which the
scattering theory has not yet been developed.

Neutron Cross Sections. The total cross sections
of copper and thorium were measured with the
time-of-flight spectrometer. Resonances for copper
appear ot 720 and 2200 ev, and six resonances for
thorium were observed between 23 and 870 ev.

A new measurement with the pile oscillator of
the capture cross section of vanadium gives
o_ = 23 1 1 barns. A measurement has also been
made on a 2.5-curie source of Ac?2?7, which gives
o_ = 500 £ 35 barns.

Theoretical Physics. Plans are discussed for
calculations for the Auger process. These calcu-
lations are closely related to and can be advanced
by the work being performed on the L-shell con-
version problems.

It is pointed out in connection with the subject
of quantum electrodynamics, which has been dis-
cussed in previous reports, that a number of new
experiments might give valuable information for
guiding the work in formulating the positron theory.
One such experiment involves a study of the
positron-induced deviation from the coulomb scat-
tering of low-energy protons from light nuclei.

The nuclear three-body problem has been studied
with the objective of putting the problem in a good
form for computation with the digital computer that
is scheduled for delivery to the Laboratory within
the year.

A calculation of the effect of nonzero orbital
moments on the magnetic scattering of neutrons
has been made for the region of small (sin 8)/A.
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1. HIGH-VOLTAGE PHYSICS

ANGULAR DISTRIBUTION OF NEUTRONS
SCATTERED FROM NITROGEN

J. L. Fowler C. H. Johnson
J. R. RissertV

The method of studying elastic scattering of
neutrons by performing pulse-height analysis of
nitrogen nuclei recoils in a counter gas?) has
been utilized on the 5-Mev Van de Graaff machine.
The active volume of the proportional counter used
is a cylinder 12.7 cm long and 7.62 cm in diameter.
Field tubes®) included in the counter design
eliminate end effects that result from nonuniform
electric fields. The counter wire is separated from
the field-tube voltage by grounded shield tubes.
The details of the counter design and fabrication
were handled by R. E. Zedler of the Instrument
Department.,

A test with the 630-kev proton peak from the
N'4(n,p)C'* reaction produced by thermal neutrons
indicated an energy resclution of the counting
system of about 6% (full width at half maximum of
the pulse-height distribution). Figure 1.1 shows
the pulse-height distributions of the nitrogen re-
coils from monoenergetic neutrons produced by the
H3(p,n)He3 reaction. Tritium contained in a gas
cell was bombarded with analyzed protons from
the 5-Mev Van de Graaff. The neutron energy
spread caused by thickness of target and straggling
of protons in the gas-cell window was of the order
of %20 kev. The energies chosen are those be-
tween the resonances in the total cross section
reported in the literature.(45+6)  These distribu-
tions have been corrected for an experimentally
determined nonlinear dependence of maximum re-
coil pulse height on neutron energy. The back-
ground near zero pulse height has been subtracted

( 1)Summer research participant.

(2)B. B. Rossi and H. H. Staub, lonization Chambers
and Counters; Experimental Techniques, p. 135, McGraw-
Hill, New York, 1949,

(34, L. Cockroft and S. C. Curran, Rev. Sci. Instru-
ments 22, 37 (1951).

(e, H, Johnson, B. Petree, and R. K. Adair, Phys.
Rev. 84, 775 (1951).

(S)J. J. Hinchley, P. H. Stelson, and W. M, Preston,
Phys. Rev. 86, 483 (1952},

(6)C. H. Johnson, H. B. Willard, J. K. Bair, and J. D.
Kington, Phys. Quar. Prog. Rep. June 20, 1952, ORNL-
1365, p. 1.
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from the distribution. This background was de-
termined by substituting helium for tritium in the
gas cell and was found to be completely negligible
for the upper three-fourths of the distribution. The
distribution at 0.8 Mev has been checked a number
of times under a variety of experimental conditions:

1. The nitrogen pressure in the counter was
changed by o factor of 3.

2. The counter voltage and consequently the gas
multiplication was varied over a considerable
range.

3. The tritium neutron source was altered;
nickel was substituted for aluminum as the tritium
cell window, and the experiment was performed
with a zirconium tritide target.

With the exception of fluctuations near zero
pulse height the distributions obtained were es-
sentially the same. The number of nitrogen recoils
per incident neutron can be predicted from the
geometry and the nitrogen pressure by the use of
known values of the fotal cross section.(4+5:6)
The number of neutrons was determined with a long
counter calibrated against a polonium-beryllium
source. The comparison between the prediction
and the number of counts in actual distributions
extrapolated to zero energy indicated agreement
within the accuracy of the neutron measurements.

The cosine of the center-of-mass angle of scat-
tering of the neutron is plotted in Fig. 1.1 on the
same horizontal scale with the recoil energy. The
ordinate is thus proportional to the differential
scattering cross section in the center-of-mass
system.(2)  The rise in the cross section at low
angles, which is being investigated further, is
believed to be real and to be due to shadow scat-
tering.

Several distributions taken in going over the
1.595-Mev resonance'®) show a marked change in
the differential cross section associated with the
peak of the resonance.!”’ Forward scattering of
the neutrons becomes more pronounced at the
resonance.

THE A1?7(p,n)Si27 THRESHOLD
J. D. Kington J. K. Bair
H. B. Willard

The Al27(p,n)5i27 threshold has been determined
as £, = 5.819 t 0.010 Mev by using a Bonner-

(7)E. Baldinger, P. Huber, R, Ricamo, and W. Zinti,
Helv. Phys. Acta 23, 503 (1950).

HIGH-YOLTAGE PHYSICS

type counter as a detector.®) The resulting Q
value of —5.61 Mev gives 0.00519 atomic mass unit
for the Si27 — AI?7 mass difference and 3.81 Mev

for the maximum disintegration energy of Si?7,

THE REACTIONS H3(p,n)He? AND H3(p,y)He*

H. B. Willard J. K. Bair
J. D. Kington

The measurement of the angular distributions of
neutrons from the proton bombardment of tritium(?’
has been repeated by using a gas target as a
source. Results show a more pronounced minimum
in the center-of-mass system at 80 deg than was
found previously with the tritium-zirconium target.
It is assumed that the discrepancy is due to the
rather large correction that had to be applied to the
old data for absorption in the backing material and
for in-scattering.

A relative yield curve of the 20-Mev gamma rays
from the H3(p,y)He4 reaction!!?) has been obtained
from [ to 5.22 Mev as shown in Fig. 1.2.

(®H, B. Willard, J. K. Bair, T. M. Hahn, and J. D.
Kington, Phys. Quar. Prog. Rep. Sept. 20, 1957, ORNL.-
1164, p. 25

(94, B, Willard, J. K. Bair, and J. D. Kington, Phys.
Quar. Prog. Rep. Dec. 20, 1951 ORNL-1278, p. 2.

(IO)J. K. Bair, H, B. Willard, and J. D. Kington, Phys.
Quar. Prog. Rep. March 20, 1952, ORNL.-1289, p. 7.
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REACTIONS WITH THE COCKCROFT.WAL TON
He? BEAM

W. M, Good W. E. Kunz
C. D. Moak

The He®* output of the 400-kv Cockeroft-Walton
accelerator has recently been increased from 5 to
200 pa by employing pure He® as feed gas to the
ion source rather than a 5% He®, 95% He* mixture.
A He®** current of 2 pa is now available and is
being used to extend several cross-section meas-
urements to the energy region of 800 kev. The
increased current output has made feasible the
re-examination, with improved energy resolution,
of several reactions. By reducing the solid angle
subtended by the counting equipment, the energy
spread with angle resulting from center-of-mass
motion has been reduced to less than 1% at any
energy measured, The new spectrometer arrange-
ment is shown in Fig. 1.3. A sodium iodide crys-
tal, 2 mm thick, is mounted in the target vacuum
and is covered with 700 pg of aluminum to stop
He® particles scattered from the beam. The crystal
is optically coupled to a 5819 photomultiplier by a
Lucite button mounted in an *‘O’-ring vacuum
seal. With this arrangement the reactions of He®
on Li%, He®, and H® have been re-examined. In
each case, only charged particles are observed;
the spectra of these particles are discussed in
the following sections.

Lithium6. The Li® target was in the form
LigSO4 that was mounted on an aluminum backing.
A 3-mil aluminum absorber was placed between the
target and the crystal to absorb all alpha particles
so that the spectrum observed would be due to
protons only. The reactions observed were

UNCLASSIFIED
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Fig. 1.3. Schematic Diagram of Target Arrange-
ment for Studying the Energy Spectrum of Decay
Products from He® + He3.
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Fig. 1.4. Pulse Spectrum in Sodium lodide of
Protons from the Reactions Li%(He®,H')Be?,
Lié(He? He*)Li%, and Lié(He3 He?, He)H'.

ground state and first excited state of Bed, re-
spectively. The present experiment yields, for the
first excited state, an excitation energy of 3.16

Be® + H' — > H' + He? + He? (M
Li + He3—> B9 <> Li® + Het —> H' + He* + He* (2)
He! + He* + H! (3)

The bombarding energy of 720 kev was obtained
by accelerating doubly ionized He3 with 360 kv of
accelerating voltage. The target was arranged so
that deuterium-zirconium: could be substituted for
the Li® target, thus providing 14.7-Mev protons for
calibration of the spectrometer, Figure 1.4 shows
the proton spectrum obtained. The proton peadks
at 14,6 and 12.0 Mev are the transitions to the

Mev above the ground state with a width at half
maximum of 0.85 Mev. The presence of a peak at
the proton energy of 3.35 Mev is doubted because
recoiling Li® nuclei in reaction 2 will yield pro-
tons whose energies will extend to about 5.3 Mev.
The flat part of the spectrum above 5.3 Mev is
15 times background and presumably arises from
reaction 3, the three-body mode of decay.



The presence of only two groups of protons in
this reaction is in marked contrast with other
experiments leading to the formation of Be®, for
example, B'%(d,a)Be® (11 qgnd Li7(d,n)Be8,“2)
which show three and more than three groups of
particles, respectively.

Helium3. The He® reactions are as follows:

7

\ He? + H' + H' ()

L’ + H! (a)
He® + He® —> Beb"

The He® target was built up in an aluminum foil
by the He® in the beam as was mentioned previ-
ously. Figure 1.5 shows the spectrum of protons
that was obtained. The peak at pulse-height 850
results from deuterium contamination in the target
that gives rise to the He3(d,p)He? reaction; the
protons from this reaction give a 14.7-Mev energy
calibration and also give a measure of the instru-

(”)L. L. Green and W, M. Gibson, Proc. Phys. Soc.
(London) A62, 407 (1949).

(IZ)C. L. Smith and E. B. M. Murrell, Proc. Cam-
bridge Phil. Soc. 35, 298 (1939).

HIGH-VOLTAGE PHYSICS

mental resolution. The curve of Fig. 1.5 indicates
that reactions (a) and (b) both occur, but more
data will be required to verify the existence of the
structure in the spectrum. The shape of the proton
spectrum of reaction (b) is not known either ex-
perimentally or theoretically, and without a knowl-
edge of the shape of this part of the spectrum
there is an essential uncertainty in the position
of the barely perceptible group of protons at
energy 8.6 Mev. Apart from the uncertainties in
the location of the maximum energy peak at 8.6
Mev owing to reaction (b), the value 8.6 Mev would
correspond to the ground state of Li® being lo-
cated 2.8 Mev above an alpha particle and a free
proton.

Critchfield and Dodder!3) found from analysis
of proton scattering on helium that either a 2P1/2
state at 1.8 Mev or a 2P3/2 state at 2.2 Mev is
consistent with the scattering data. The value of
2.4 Mev obtained in the present experiment to-
gether with the scattering results would identify
the ground state of Li® as 2P3/2.

(3¢, L. Critchfield and D. C. Dodder, Phys. Rev.
76, 602°(1949).
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A comparison of the two companion reactions,
He? + He® and Hed + H3 (see next section),
makes it possible to question whether the mode
He3(He®,p)Li® has been observed; in contrast, the
companion mode He3(H3 p)He® is prominent and
constitutes about 10% of the transitions. Further
studies will show whether the peaks of Fig, 1.5
do in fact exist.

Tritivm. The H® reactions involved are the
following:

be found on this figure that would correspond to
levels in He®. Unfortunately, the expected po-
sition of a peak corresponding to the ground state
of He® was just under, and obscured by, the line
spectrum of deuterons coming from Eq. 2. An
absorber, placed between the target and the
counter, was used to uncover this region of the
proton spectrum of Eq. 3. A deuteron will lose
almost twice as much energy in an absorber as
will a proton of the same energy; by virtue of this

/He4 +n + H! m

He* + H2 (2)

3 3 6% L7

He® + H'——=Li YHJ + H'—=He* + H' 4+ n (3)
Li + n—==He* + H' + n (4)

The target used in this case was a thick layer of
zirconium impregnated with tritium, The charged-
particle spectrum obtained from these reactions is
that shown in Fig. 1.6, The various parts of the
spectrum are labeled to show which mode of decay
is being observed. No evidence of structure could

fact the peak of deuterons was shifted downscale
by an aluminum absorber without a correspondingly
large shift for protons of the same energy. The
spectrum shown in Fig. 1.7 was obtained by re-
peating the pulse-height analysis with 11 mils
of aluminum placed between the target and the
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RADIOACTIVITY AND NUCLEAR [SOMERISM

counter, The peak corresponding to the ground
state of He® is clearly visible in this instance.
Analysis of the data gives a value of -0.79 Mev
for the binding energy of the He® nucleus.

It can be seen in Fig. 1.7 that the width of the
He® peak is considerably larger than that resulting
from error in instrumental resolution. Unfortunately
this peak is superimposed on the spectrum of

three-body breakup (Eq. 1) whose shape in this

region is unknown. Since the shape of this spec-
trum is unknown, the resultant peak caused by
He® alone cannot be derived from the data; for
this reason no estimate can be given for the width
of the He3 ground state,

The measurement of the cross section for this
reaction is almost complete and will be reported
after the conclusion of some angular-distribution
studies,

2. RADIOACTIVITY AND NUCLEAR ISOMERISM

GAMMA-RAY ABSORPTION AND SCATTERING

P. R. Bell D. S. Hughest"
R. C. Davis W. H. Jordan
C. A. Randall("

In much of the work with radicactive isotopes it
is important to know the number of gamma rays of
a given energy that are emitted per second from
the source in question. In some cases it is possi-
ble to determine the absolute disintegration rate
by coincidence techniques. If such a calibrated
source is placed near the crystal of a scintillation
counter, a measurement of the counting rate is all
that is needed to determine the efficiency of the
counter for the particular geometry and gamma-ray
energy involved, This method has been used for
determining the efficiency of a sodium iodide
crystal for detecting the 1.33-Mev gamma rays from
a Co%% source. It amounts to an indirect measure-
ment of the absorption coefficient; the results are

(Msymmer research participant.

listed in Table 2.1 along with direct measurements
that are subsequently described in this section.

A knowledge of the absorption coefficients of
sodium iodide for various gamma-ray energies
permits, from purely geometric considerations, a
computation to be made on the efficiency of a
crystal of known size when it is placed in a known
position with respect to a gamma-ray source. A
table of efficiencies for arbitrary values of r (ab-
sorption coefficient) has been computed for a fixed
geometry by the Mathematics Panel and is avail-
able for distribution. The major uncertainty lies
in the value of the absorption coefficient. It is
necessary to know the sum of the photoelectric,
Compton, and pair cross sections, What is usually
measured is the total cross section from which
the coherent-scattering cross section must be
substracted. Attempts have been made to measure
the absorption cross sections and the scattering
cross sections of sodium iodide for several gamma-
ray energies.

TABLE 2.1. GAMMA-RAY ABSORPTION COEFFICIENTS IN SODIUM 10DIDE

-RAY
SOURCE GAMMA-RA ABSORPTION R REMARKS
ENERGY (kev) COEFFICIENT (cm™ ")
ce'! 141 2.23 Measured by Bell and Heath
Hg203 279 0.591 Measured by Bell and Heath
0.6061 Measured by Hughes and Randall
cs'¥7 661 0.275 Measured by Bell and Heath
0.2578 Measured by Hughes and Randall, Harshaw crystals
0.2574 Measured by Hughes and Randall, cast crystals
Zn® 1.114 0.192 Measured by Bell and Heath
0.1910 % 0.0008 Measured by Hughes and Randall
Co6° 1.33 0.191 Measured by Bell and Davis, beta-gamma coincidences




The work of Bell and Heath on absorption co-
efficients was described in the last quarterly
(2} The experimental arrangement has been
modified somewhat, as shown in Fig. 2.1, but the
procedure for analyzing the data is unchanged.
The sodium iodide absorbers are surrounded with
a hydrogen atmosphere to reduce the effects re-
sulting from small-angle scattering by the atmos-
phere into the crystal. A lead collimator above
the crystal further reduces such interference. The
scintillation spectrometer measures the quantity
of undegraded radiation falling on the detector for
several thicknesses of absorber.

report.

UNCLASSIFIED
DWG. 16797

@%‘\\\\“\-SOURCE

HYDROGEN—
= FILLED CAN

| —NaI ABSORBERS

N

D
D
LTI

~—DETECTOR AND
PHOTOMULTIPLIER

Fig. 2.1. Apparatus for Measuring Attenuation
of Gamma Rays in Sodium lodide.

The absorption coefficients obtained from these
measurements are listed in Table 2.1, The earlier
work of Bell and Heath is listed as well as the
values obtained by Hughes and Randall with the
improved arrangement described in the preceding
paragraph. The data in Table 2.1 are plotted as
solid dots on the graph of Fig. 2.2, The solid
line in this graph was taken from the tables com-
piled by White® for the total cross section of

(2)P. R. Bell, J. E. Richardson, and R. L. Heath,
Phys. Quar. Prog. Rep. June 20, 1952, ORNL-1365,
4

Glg, R, White, X-Ray Attenuation Coefficients from
10 kev to 100 Mev, NBS-1003, p. 76 (May 13, 1952).
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Fig. 2.2, Measured Values of Gamma-Ray Ab-
sorption Coefficients in Sodium lodide.

sodium iodide. (A density of 3.667 was used to
convert from g-cm™2 to em™'.)

The arrangement shown in Fig. 2.1 is not a
*‘good”’ geometry arrangement, since photons that
are scattered at small angles may still reach the
detector, It is believed that the method of data
analysis automatically corrects for small-angle
Compton scattering; estimates as to the amount of
small-angle coherent scattering have been made
by D. S. Hughes. In order to compare these results
with those from other laboratories, the coherent-
scattering cross section must either be computed
or measured, and the correction to be added to the
measured values to obtain the total cross section
must be estimated from the geometry of the experi-
ment, This correction will increase the values
listed in Toble 2.1 by 1 or 2% but still leaves
these values for total cross section several per
cent below those obtained by the National Bureau
of Standards, This discrepancy is a source of
some concern.
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In the computation of crystal efficiencies, the
cross section desired is the total minus the co-
herent-scattering cross section. Very little infor-
mation exists in the literature on the coherent
cross section for these energies. Compton and
Allison proposed a formula for the cross section
that involves the distribution of electrons in the
atom. Hughes has developed an empirical expres-
~sion that fits very well the numerical values for
this distribution as given by the Fermi-Thomas
model of the atom., This expression can be sub-
stituted into the formula and the integration can
then be carried out numerically for various values
of energy and atomic number, The results of these
calculations, which are shown in Table 2.2 (num-
bers not in parentheses), express the computed
amount of scattered radiation at an angle 0 relative
to the amount of Compton scattered radiation at
the same angle. ,

An experiment has been performed to test the
validity of the foregoing calculations. A beam of
monoenergetic gamma rays was allowed to impinge
vpon a thin scattering disk. The radiation from
the disk was measured at 90 and 135 deg with a
scintillation spectrometer so that the coherent
radiation could be separated from the Compton
radiation emitted at the same angle. Figure 2.3
shows the puise spectrum obtained when a lead
scatterer was irradiated with the gamma rays from
a Hg?%3 source. The curve for 135 deg shows the
coherent-scattering peak very plainly. The height
of the peak at 90 deg can be obtained by subtract-

ing trial amounts of Hg?®3

pulse spectra to give a
Corrections for the absorption of
Compton and coherent radiation in the scatterer as

well as for the relative detection efficiencies of

smooth curve.

each must be made, The observed ratio for the
amount of coherent to Compton scattered radiation
for a few values of energy and angle are shown by
the numbers in parentheses in Table 2.2, The
agreement between computed and observed ratios
is not very satisfactory — both theory and experi-
ment are believed to be at fault.

RATIO OF PEAK TO TOTAL FOR A
THALLIUM-ACTIVATED SODIUM IODIDE
CRYSTAL

R. L. Heath(4)
R. C. Davis

P. R. Bell

A measurement of the rate of emission of gamma
rays from a given source involves a knowledge of
the detection efficiency and a counting of the total
number of gamma rays detected (in a given time
interval) by the crystal. The latter requires a plot
of the entire pulse spectrum and an integration
under the curve. This is readily accomplished
with a monoenergetic gamma ray but is time-
consuming; the process can hardly be done when
a mixed gamma-ray source is used. Therefore, a
sodium iodide crystal, ]1/2 in. in diameter and
1 in. high, and a source distance 1 cm from the
crystal face have been adopted as standard, With
this arrangement, the integral under the entire
pulse spectrum and the integral under the photo-
peak portion have been measured with several
monoenergetic sources. The ratio of these two
integrals has been measured and is shown in
Table 2.3. Figure 2.4 shows a plot of these ratios
vs. energy of the gamma rays. With this curve and

(4o lean from the American Cyanamid Co.

TABLE 2.2, RATIO OF COHERENT TO COMPTON SCATTERED RADIATION, (dac/dQ)/(doK/dQ)

g
V4 E
45deg 90deg 135 deg
48 279 0.034 0.0082 0.0049
(0.0026)
661 0.0032 0.00027 0.00020
(0.00015)
82 279 0.096 0.022 0.014
(0.014) (0.030)
661 0.0026 0.00062
(0.0017)

10
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Fig. 2.3. Pulse Spectrum of Coherent-scattered Gamma Rays from Lead.
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Fig. 2.4. Ratio of Integrated Photopeak of Total
Counts Produced in a 1%. by l-in. Crystal of
Thallium-octivated Sodium fodide.

the standard geometry, an unknown gamma-ray
intensity can be determined by measuring only the
area under the photopeak.

GAMMA-GAMMA ANGULAR CORRELATIONS
IN Ta'®! AND Hf'77

F. K. McGowan

It was reported in the last quarterly(S) that there
was an appreciable effect of the chemical state of
the Hf'8! sources on the directional angular cor-
relation of the 132- and 481-kev gamma-ray cas-
cades in Ta'®l, A number of solutions of the
radicactive material have been prepared with the
aid of B. H. Kettelle of the Chemistry Division.
Results for the directional angular-correlation
anisotropy of the 132- and 481-kev gamma-ray cas-
cades are shown in Table 2.4,

(S)F. K. McGowan, Phys. Quar. Prog. Rep. June 20,
1952, ORNL-1365, p. 8.
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The calculated anisotropy for the sequence
1/2(E2)5/2(E2,M1)7/2 is ~0.62 for |B/a| = 1.3.
It would appear that the disturbance of the angular
correlation by the electron shell is still appreciable
even with solution sources, The directional cor-
relation function in the presence of a magnetic
field caused by the electron shell can be written as

weey =1 + 2 G2,.A2‘.P2'. (cos 6) ,

where the influence of the shell is contained in
the attenuation factor G2'..(6) The attenuation
becomes stronger with increasing index i and with
decreasing spin of the intermediate nuclear state
of the cascade. [f the attenuation of the directional
correlation is due to the action of the magnetic
field, then a measurement of the coefficients A,
and A, in the expansion

W) = 1 + AP, (cos 6) + AP, (cos 6)

should serve as a guide to the correctness of the
foregoing sequence assignment,

A series of experiments has been performed to
measure A, and A, by using a liquid source (hafni-
um metal faken up in 0.05 ml of HF) of Hf'8), A
total of N = 2.4 x 10° coincidence counts was
collected with N/2 taken at 135 deg, N/4 taken at
90 deg, and N/4 taken at 180 degrees. The results
are tabulated in Table 2.5. The coefficients a,
and a, for W(0) expanded in a power series of
cos? 0 are also tabulated. The experimental
coefficients have not been corrected for the finite
angular resclution of the detectors, These cor-
rections, as a function of gamma-ray energy, are
being computed by the Mathematics Panel. Inas-
much as the corrections are small, these values
may be compared with the expected unperturbed
directional angular correlation, where a, + a, =
-0.62, A, = -0.487, and A, = -0.0448. The
fact that A, is not attenuated throws some doubt
on the correctness of the sequence assignment
given in the preceding paragraph. The sequence
5/2(E2)9/2(M1,E2)7/2 does agree with the ani-
sotropy of —0.38 and with the measured values of
a, and a,. However, this assignment fails to
explain the low intensity (0.8%) of the crossover
transition, 5/2 — 7/2, of 612 kev that is in compe-
tition with the 132-kev E2 transition.

These measurements are being continued with
resolving times of approximately 10~2 rather than

(8). Alder, Phys. Rev. 83, 1266 (1951).



RADIOACTIVITY AND NUCL EAR ISOMERISM

TABLE 2.3, RATIO OF INTEGRATED COUNTS UNDER PHOTOPEAK TO TOTAL COUNTS PRODUCED
IN A STANDARD CYLINDER OF THALLIUM-ACTIVATED SODIUM IODIDE

Source 1 cm from face of crystal unless noted otherwise

RATIO O
SOURCE ENERGY (kev) Tio oF REMARKS
PEAK TO TOTAL
Ce'4! 141 0.976
0.967
Hg203 279 0.833
sntld 390 0.60 255-kev gamma ray was subtracted
A,198 41 0.565
cutt 511, 0.437 135-kev gamma ray was subtracted
583 511 0.433 ;
0.418 Source 6 cm from crystal
cs!%7 661 ~ 0.3365
0.335
0.3405
cp¥® 758 ¢ 0.313
zn%> 1.114 0.217 511-kev gamma ray was subtracted

TABLE 2.4, EFFECT OF CHEMICAL STATE OF HAFNIUM ON ANGUL AR CORRELATION

FORM ANISOTROPY
Metal -0.06
Liquid {metal taken up in 0.100 ml of HF) -0.38
(metal taken up in 0.300 ml of HF) -0.38
{above source with 0.100 m} of HCIO4.2H20 added to the solution) -0.38
(above source 24 hr after preparation) -0.31
(above source 48 hr after preparation) -0.26
{above source 21 days after preparation) ~0.22
(0.300 mi of HfOCl2 solution) -~0.28
(dilute HF to just take up the metal into solution) -0.32
(Hf was extracted into a benzene layer containing TTA) -0.12
10~7 second. Measurements of the anisotropy as measurements for the 132- and 481-kev correlation,

a function of the time of emission of the 481-kev
fransition are being considered,

The combined correlation of the 132- with the
345-kev gamma ray and the 345- with the 135-kev
gamma ray has been measured with liquid sources
(HfO2 taken up in HF) enriched in Hf 180 before

irradiation with neutrons.  After correcting the

the combined anisotropy is 0.23, The interpretation
of this result is not complete.

The directional angular correlation of the gomma-
ray cascade in Hf'77 was re-examined for possible
electron shell perturbation on the correlation,
Measurements of the anisotropy do not differ more

than 5% between a dry and a liquid source of Lu'77,

13
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TABLE 2.5. EXPERIMENTAL MEASUREMENTS OF THE COEFFICIENTS A, AND A4

EXPERIMENT ANISOTROPY
a a A A
NUMBER a, +a, 2 4 2 4
1 -0.385 -0.198 -0.187 ~0.266 ~0.0476
2 ~0.380 -0.196 ~0.184 ~0.262 ~0.0467
3 -0.389 -0.195 ~0.194 ~0.269 ~0.0495
4 -0.380 ~0.196 ~0.184 ~0.262 ~0.0467

3. NEUTRON DIFFRACTION

PARAMAGNETIC SCATTERING OF NEUTRONS
BY TRIVALENT IONS OF NEODYMIUM
AND ERBIUM

W. C. Koehler E. O. Wollan

Neutron-diffraction measurements have been
made on the oxides of the rare earths in order to
study the paramagnetic scattering by the ions of
the 4f series. Magnetic-scattering studies, up tfo
the present time, have been confined primarily to
members of the 3d transition group for which the
orbital moments are in general strongly quenched
and the scattering arises in most cases from spin
only. This is the case for which the magnetic-
scattering theory of Halpern and Johnson has been
derived. For many rare-earth compounds, however,
susceptibility data show the orbital
moments to be wholly operative, and it was one of
the objects of this study to obtain information on
the nature of the magnetic scattering for such
coses.

magnetic

Not all the rare earths are amenable to study by
neutron-diffraction methods, either because of the
excessive thermal-neutron capfure cross sections
of some of them, or because of the extreme rarity
of others. Fortunately, as a result of the develop-
ment of column extraction techniques, it was possi-
ble to obtain sizeable quantities (several grams)
of Nd,O, and Pr 0, from F. Spedding at Ames and
of Er,0, from G. E. Boyd of the ORNL Chemistry
Division. The ion pair, Nd*** and Er**?, is par-
ticularly interesting because these ions are comple-
mentary; Nd*** with three 4f electrons is in a
4J9/2 state, and Er*** with three vacancies in
the 4f sheil is in a 4J15/2 state,

14

Measurements were made at room temperature on
the hexagonal sesquioxides of praseodymium and
neodymium for scattering angles from 3 to 90 deg,
on the cubic form of Nd203, and on Er203 for the
same angular range. From the analysis of the data,
the following conclusions were reached:

1. In each case the cross section for magnetic
scattering in the forwarddirection is in satisfactory
agreement with that calculated by replacing
gg S(S + 1) with 95 J(J + 1) in the Halpern and
Johnson expression for the magnetic scattering.

2. The angular dependence of the magnetic
scattering is similar for Pr,0, and Nd,0, but
markedly different for Er,0,. For comparison
purposes the amplitude form factor for the 4f shell
was calculated from the semiempirical screening
constants given by Pauling and Sherman.(!? This
electron-distribution form factor, which would
apply to magnetic scattering arising from spin only,
falls essentially to zero for k = (4 sin 6)/A = 5.0.
For Er,0. the observed magnetic-scottering ampli-
tude has the same general character but it persists
to considerable higher k values. In Nd,0, and
Pr,0; the scattering amplitude is essentially
angularly independent fromk = 0to k = 3.5, after
which it falls off slowly to zero in the region of
k = 6.5

3. The cubic form of Nd,0, was prepared to
change the electrostatic field acting on the neo-
dymium ion. Within an estimated experimental
error of less than 10%, no change in the magnetic
scatfering was observed.

Measurements were also made on these salts ot
temperatures as low as 20.4°K. No coherent

(DL, Pauling and J. Sherman, Z. Krist. 81, 1 (1932).



magnetic effects, suggestive of strong exchange
coupling, were observed, and the diffuse scattering
remained constant within experimental error. The
theory of magnetic scattering of neutrons has, as
was mentioned, been worked out for the case of
spin only. In those cases where there are also
orbital contributions, the theory becomes much more
difficult,

The difference in the angular dependence of the
scattering by the neodymium and erbium ions can,
however, be approximately accounted for on the
basis of the following considerations. Although
the forward scattering is proportional to g\/J(J + 1),
it is, in this case, approximately equal to L + 2§,
and hence it may be considered that the scattering
amplitudes are approximately of the form Fa(f, *f(),
where the plus sign would apply to erbium and the
minus sign to neodymium. The angular dependence
of f¢ depends on the electron distribution and can

NEUTRON CROSS SECTIONS

be obtained approximately from the data of Pauling
and Sherman.
hand may, on a classical basis, be considered as
distributed over the area of the electronic orbit,
and hence the form factor for orbital scattering will
persist to larger scattering angles than for spin,
A reasonable estimate of f, on this basis, when
combined with the properly normalized value for
fc, leads to an angular dependence of the scattering
by neodymium and erbium that is in good accord
with the experiments.

A more rigorous treatment of this problem has
been made by G. T. Trammell, who has calculated
the first two terms in a series expansion of the
magnetic form factor for neodymium and erbium
(cf. “Theoretical Physics,’’ this report). An ex-
tension of the theory will, however, be required to
permit a good comparison with the results of the
experiments to be made.

The orbital moments on the other

4. NEUTRON CROSS SECTIONS

TOTAL CROSS-SECTION MEASUREMENTS WITH
TIME-OF-FLIGHT SPECTROMETER

G. S. Pawlicki E. C. Smith
P. E. F. Thurlow

Cross-section measurements with the time-of-
flight spectrometer were made on copper and thorium
with resolutions of 0.55 and 0.50 psec/m, respec-
tively. Resolutions quoted henceforth will be the
full width at half maximum of the resolution func-
tion,

Copper. The transmission of a 22.43 g/cm?
sample of copper metal is presented in Fig. 4.1.
The resonances at 1.6 and 2.6 psec/m correspond
to energies of 2200 and 720 volts, respectively.
The results are in agreement with those published
by the Harwell group.‘"

Thorium. The results of a measurement of the
transmission of a 10.14 g/cm? sample of ThO, are
shown in Fig, 4.2, The data indicote resonances

at 23, 35, 71, 130, 260, and 870 ev.

(1)Neufron Cross Sections, AECU-2040
1952).

(May 15,

PILE-OSCILLATOR MEASUREMENTS OF
STABLE-ISOTOPE CROSS SECTIONS

H. Pomerance

The thermal-neutron cross section of scandium
was remeasured with the pile oscillator; the value
of 11.8 barns that had been obtained previously
was found to be in error. The recently obtained
value of 23 barns (+5%) agrees with the work of
others, including Littler and Lockett of Harwell,
who determined the cross section to be 24 barns
and suggested that the difference be investigated.
The activation cross section was measured by
W. S. Lyon of the Analytical Chemistry Division,
whose first value of 23 barns (+20% because of an
uncertain sample weight) is in agreement with the
value of 22 barns found by Seren et al. in 1945,
No reason for the error in the previous measure-
ment can be found, except possibly a mistake in
using gross weights instead of net weights for the
samples.

Two and one-half curies of Ac??7 recently be-

came available in the form of the oxide., It was
placed in a quartz tube that in turn was sealed and
placed in a bismuth cylinder. The thermal-neutron
capture cross section was measured to be 500 + 35

15
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Fig. 4.1. Transmission of Copper Obtained by Using a 22.43 g/cm? Sample.

barns. The uncertainties are estimated to be: (3) 1 or 2% for mismatch of the true containers
(1) 5% for the pile oscillator, (2) 5% for the half and the dummy containers,
life of 22 years used to convert the calorimetric The oscillator has been used for service analyses
measurement to the number of actinium atoms, of various materials, principally stainless steels.
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Fig. 4.2. Transmission of ThO2 Obtained by Using a 10,14 g/cm2 Sample.

5. THEORETICAL PHYSICS

AUGER EFFECT
M. E. Rose G. Goertzel(!

The need for an adequate calculation of the Auger
effect has existed for several years. Such calcu-
lations, if done with sufficient accuracy, could be
used to determine from auxiliary experimental data
the number of K- or L-shell vacancies formed in
nuclear transitions and, hence, the
conversion coefficient.  Applications can also
be made to experiments involving capture of orbital
electrons.

The existing calculations are, with one exception,
nonrelativistic, and it is known from the one ex-
ception, which is a relativistic calculation made

internal-

(])Summer visitor from New York University.

with the use of Slater screening constants,(?) that
this approximation can lead to large errors for
elements as heavy as gold. However, these calcu-
lations are far from being complete. With a K hole,
only L\L, L, and L /L, initial states were
considered, and in the L L, case a parficulor
final state was omitted.

The calculation for a K hole has been set up for
the six L-shell initial states. The procedure for
calculation would follow the methods used in the
calculation of the L-shell internal conversion. This
involves computation, for each Z, of the K- and
L-shell bound-state wave functions and the ap-
propriate continuum wave functions in each case

@y, s, w, Massey and E. H. S, Burhop, Proc. Roy.
Soc. (London) A153, 661 (1936).
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the relativistic central-field, Dirac wave
equation,  The screening is represented by a
Thomas-Fermi potential with exchange. Much of
this work has already been done on the SEAC for
the L-shell internal-conversion problem. In fact,
from a consideration of the calculations, the Auger
effect
conversion process. (The Auger effect differs from
the internal-conversion process only in that the
exclusion principle must be incorporated, and the
“nucleus’’ is no longer a point, but is indefinitely
extended.)

Pians have been made to examine the higher
shells to include L-M and M-M fransitions. Then,
with a comparatively straightforward calculation of
the x-ray emission, the fluorescent yield can be
obtained.

from

is the natural extension of the internal-

QUANTUM ELECTRODYNAMICS
T. A, Welton

The work on quantum electrodynamics previously
reported has been continued with the hope of
making possible an experimental check of the as-
sumptions involved. When the internal consistency
is considered, it is evident that a completely satis-
factory positron theory comparable to the parame-
terized single-particle theory previously described
The point has, in fact,
been reached where further theoretical work is
likely to be fruitless without experimental guid-
The experiments that could possibly be
used are described as follows:

1. The level shift in hydrogen, deuterium, and
ionized helium. This work has been done to suf-
ficient accuracy by Lamb and co-workers.

has not yet been found.

ance.

2. The scattering of x rays from a nuclear cou-
lomb field (Delbruck scattering). This experiment
is apparently being carefully done by R. R, Wilson
of Cornell University, but no results are vyet
available,

3. The scattering of low-energy (below the ener-
gy at which nuclear scattering appears) protons or
alpha particles from light nuclei. This work is
apparently not in progress; some of the required
numbers will be presented later in this section.

The availability of the level-shift results is
counterbalanced by the fact that the calculated
result is a sum of two contributions, each un-
certain, so that a unique conclusion is difficult
to reach. The two contributions are the electro-

18

dynamic shift (about 1080 megacycles/sec) and the
positron shift (-27 megacycles/sec). The electro-
dynamic shift must unfortunately be considered
sufficiently ambiguous to prevent a clear-cut
identification of the positron shift, The reason for
this is that at least two different procedures exist
for calculating the electrodynamic shift, The
first procedure has recently been independently
carried out by Baranger and by Schwinger and
Karplus. Their results coincide, and satisfactory
agreement with experiment is obtained by adding
in the negative positron shift,

The other available procedure is that of the
parameterized single-particle theory previously
described. No numerical result has yet been ob-
tained, but some preliminary observations follow:

1. The usual g-factor change (a/27) follows from
this formalism,

2. The electrodynamic level shift is grossly
correct, in that the term proportional to the expec-
tation value of the Laplacion of the atomic po-
tential and the diverging for soft quanta agrees
with previous calculations,

3. The level shift does not agree in detail with
the foregoing results, and a calculation of this
detailed difference is being attempted. It seems
perfectly possible that this difference may be as
large in magnitude as the positron shift,

By tdking into account the foregoing observa-
tions, it seems desirable to perform a test of the
positron effect alone. The Delbruck scattering
does not check this point precisely, and some
calculation has therefore been done to determine
what alterations in charged-particle scattering
would result from the positron effect. This effect
manifests itself as a spreading-out of part of the
nuclear charge over a region that is roughly a
Compton wavelength in radius. Since this distance
is large compared with the range of nuclear forces,
yet small compared with the Bohr radius, it should
be possible to study the positron-induced deviation
from the coulomb field by measuring the ratio of
actual scattering to Rutherford scattering over a
region of energy and angle such that neither
screening nor nuclear scattering plays any role.

For simplicity, it may be assumed that protons
are incident on protons with an energy sufficiently
low that no partial wave undergoes an appreciable
nuclear phase shift, and only the | = 0 wave will
be shifted by the positron effect. The alteration
of the coulomb potential by the positron effect is



quite weak, and a perturbation calculation should
therefore be valid. The additional S-wave phase

shift is:
Mk e
= —— | 2dr L) 8V() , (m
k2 Jo
where
M = proton mass,
k = wave number for relative motion,
L2(r) = square of appropriately normalized, regu-
lar coulomb S-wave function,
8V(r) = alteration in potential owing to positron

effect.
For small k (small barrier penetration), L2 is given

by
8r
44 (\/—a‘>
“7\/8——? @
, a

where @ = 26%/M e2 and 1) = 1/ka over the range
of r where the integrand of Eq. 1 is important. The
alteration in the potential is given by

2

2
LYy = — 7 4
e27m -1

a e? > ds (s2
= — (s
3r r J1 $2

8V(r)

where K = mc/Kand m = electron mass. For the
specific problem of interest, both Eqs. 2 and 3 can
be approximated by asymptotic expansions, and
Eq. 1 becomes

2
-2 B, (4)

a vV 27 f°° dx
1 JI

-— —e
167 &27M 0) 4

X

in which 8 = 4/\/Ka = 10.38, where the lower
limit designated (0) is only approximately defined
(it is roughly unity), with the apparent divergence
arising from the use of the asymptotic expansions
to zero value of the argument. The treatment will
be valid providing the bulk of the integral arises
from x >> 1, as it does in the present case. The
integrand of Eq. 4 has a saddle-point at x = B/2,
and an approximate volue for Eq.4 is then given by

5. V2 P4 (5)
ﬁd(eﬂTTl — ”
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This expression for & increases with energy
(n ~ V/\/E, E = bombarding energy in Mev) and
reaches a unity value at something less than 10 kv,
Beyond this point a perturbation approach is pre-
sumably invalid, and the required work has not yet
been done. A rough expression for the predicted
fractional correction to the cross section at large
angles is 25/7, which is already uvnity at 10 kv.

It therefore seems possible to obtain good experi-
mental evidence on the existence or nonexistence
of the positron effect by such an experiment.

NUCLE AR THREE-BODY PROBLEM
A. Simon

The separation of the angular dependence in the
wave equation has been studied with the intention
of setting up the nuclear three-body problem for
machine computation. The result is the replace-
ment of a set of coupled partial-differential equa-
tions in six independent variables by a set of
equations in three variables. The remaining three
variables are the interparticle distances. The
result checks with that recently obtained by
Majumdar. ®)

1
])1/2 e-2sKr <2 +___> , (3)
52

The resulting equation can be handled by a
digital computer in several ways, and it is planned
to schedule sample calculations in order to make
some decision from among the available methods.
The first objective is to develop a flexible and
reliable method for studying the effects of various
nuclear-force assumptions on the binding energies.

SCATTERING OF SLOW NEUTRONS BY ATOMS
WITH NONZERO ORBITAL MOMENTS

G. T. Trammell

The magnetic scattering of neutrons by paramag-
netic rare-earth ions has been studied experi-
mentally at this laboratory by Koehler and Wollan
(cf. '*Neutron Diffraction,'’ this report). The
electrons that are responsible for the scattering
are those in the 4f shell. The orbital moments are

B)s. p. Majumdar, Z. Physik 131, 528 (1952).
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not quenched by the crystalline fields and are, for
these crystals at room temperatures, free to orient
themselves at random with respect to each other,
The wavegengfh of the neutrons involved is approxi-
mately 1 A.

The problem of obtaining a theoretical expression
for the scattering is quite complicated if there are
more than one or two electrons with nonzero orbital
moments contributing to the scattering. In par-
ticular, the scattering by Nd*** (three 4f electrons
withL = 6,S = 3/2, and J = 9/2) is of interest
here. The corresponding expression that is valid
for S electrons, or for electrons for which the

e iksr
- — W3 z e "|¢)

e( 12 1 (_‘ ik'rn
T Wils g, Pa e

e

e

ko (0,3 L fk

mc

orbital moments are quenched because of crystal-

line fields, has been given by Halpern and

Johnson, (4)

The expressions developed in the following
material make it possible to predict the scattering
so long as

.2
5 sin escoHering
r
atom 2
nevtron

is small., Work is in progress on a more general
treatment of this problem,

Since the neutron-electron magnetic interaction
is quite small, the Born approximation is used in
the following treatment,

If the neutron is assumed initially to be in the
plane wave state with momentum p, and spin state
X; and the atom to be in the unperturbed electronic
state ¢, then the amplitude for the neutron to make
a transition fo a state with momentum ;—)\‘ + hkk and
spin state x, and for the atom to make a transition
to the state i is(4:3)

(4)0. Halpern and M. H. Johnson, Phys. Rev. 55, 898
(1939); see also, J. S. Schwinger, Phys. Rev. 51, 544
(1937).

<S)The assumption is made that the neutron has in-
sufficient energy to excite the atom.
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Sif = INTC el Sydx) -+ ——
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where g, is the gyromagnetic ratio for the neutron,
Sy is the spin of the neutron, @ is the Dirac
velocity operator for the nth electron, and the sum
is for the atomic electrons. The differential cross
section involves just the absolute square of Eq. 1.
Upon moking the Pauli nonrelativistic approxi-
mation, the following expression is obtained:

X (‘l’f‘% a\n e

iker 1 > = ike
e "B)+—kxS e ")
m
2 a iker
-rn)f(k-rn) L +25 e ") 2)
where
(ik- "

(n+ 2t ' )

fk-r) =i
0

and §n and in are respectively the spin and orbital
angular momentum operators for the nth electron.

Aside from some constant factors, Eq. 1 may be
written as

Sif = (Xf‘ﬂ‘f“g'm (g‘gn) - 3\n"-;b<i¢’i) o 4
where

=

u o= % {Ln {(k.rn)

BN -

iker
+ fker )L+ 25 e "} (5)
—
and & = k/k. What is of interest here is

X,'lellib,'ll)l’f

and from Eq. 4 the expression
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is obtained, except for some factors of K. In Eq. 6
the assumption has been made that the incoming
neutron beam is unpolarized. A summation over
the initial and final states of the atom ond the
assumption that the atoms are oriented at random
gives the equation

S 2
Uul X uXs I Si¢]

2,2, Wl 22l (| Be719) . ()

S, . . . n
where e’ is some unit vector perpendicular to .

1
-—2—% lSiflz = ,E} I(l’bflnEan + 2snzll/]in

2
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quantum numbers and that the neutron has insuf-
ficient energy to excite the atom to a state with a
different set of these quantum numbers, With this
assumption the various states ¥, and i, over
which a sum is to be made, are completely speci-
fied by their value of some component of J, for
example, J , and it is further assumed that the
energy does not depend on this value.

Upon substitution of Eq. 8 into Eq. 6 and with
the neglection of terms containing k4, it is possible
to obtain

n

k
__-2— Ef((/’fl% an + 2Snz,”bi) (¢1,§ anx2 + sznz + Ssnzx:h[,f)

k2
- —2——% (‘/III% an + anz|¢p (lzlfl; anxi + xr":an + 8'Snz)(i[l7&i) (9)
-J
= 3 ML, +25_ M2
M=J
- 2
- k32?2 2 MIZL_+25 (MM L [1-
M=J n nz nz n nz r2
z;
+45 {1 - M) ., (10)
2

Aside from the inclusion in ji of the effect of
the orbital currents, the development up to this
point is essentially the same as that of Halpern

and Johnson, 4
The expansion of the right side of Eq. 5 in
powers of k2 gives

Wel@elv) = W3 WL, +25,)

- — (L x? & XL
nz n n

- + 85, _x3)

nz

L ey L ®

where & has been taken to be the x direction and
e’ the z direction. The small-angle approximation
is made by neglecting terms in Eq. 8 involving
powers of k higher than k2,

It is assumed that all the atoms of the assembly
have the same values of 52, L2, J2, and radial

r
n

where (in Eq. 10) |M) indicates an eigenstate of
J_ with an eigenvalue of M and 2 = (zﬁlr?,z//).

To evaluate Eq. 10, use is made of the following
theorem: If T, and J, (i =1, 2, 3) are vector
operators, and if [T,., JJ = 0 (no sum intended),
then for the states that are sjmultaneous eigen-
states of some component of J, for example, Jk'
and a sufficient number of other operators to com-
pletely specify the state, coefficients q, b, ¢, ...
can be found such that

(a,M*]T ~ aJ|a,M) =0 ,
(a,M|T,T, = b8, ~ cJJ, = dl J | aM) =0 ,

(@MITTT, =~ —8,J, - g8,J; (1)
— RS -~ - K,
— M =~ mddd = nd e M) =0,
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etc., where |a,M) represents a state with eigen-
value M for J, and eigenvalues represented by a for
the other operators necessary to complete the
specification of the state, and the numbers q, b
c, +.. are functions of @, not of M. In the follow-
ing material the relations of Eq. 11 will sometimes
be written symbolically as operator relations,
thus: T = aJ, but it is understood that this is
only true for those elements of the matrix repre-
sentation of the operators which refer to the same
value of a. This theorem is known from group
theory (Wigner-Eckart theorem).

r

To evaluate the first term on the right side of
Eq. 10, use is made of

Since it is assumed that the atoms are in eigen-
states of J?, L2, S, L:‘: 53 all scalar quantities
appearing in Eqgs. 12 to 15 are known.

In order to write X Li and % S, L2 {which
result from the substitution of Eqs "12" 15 in
Eq. 10) in terms of L _and S_ (and eventually in
terms of Jz) it must be known how fhe |nd|v1duo|
L s are coupled to give L and how S s give S.
Russel-Saunders coupling, with L2 and §2 good
quantum numbers, has been assumed. It is
further assumed that Hund’'s rule gives the ground
state of the atom: the g elec’rrons have their spins
aligned to give the maximum S? consistent with
the Pauli principle, the L 's then add to give the
maximum L2 consistent with this §2 , and the L ond
S are then coupled such that L - S is as small as

s T 2—‘ ~ _7 possible if g < 2L+ 1 and as large as possible
0 tolo, = ol if ¢ > 2L + 1. |If the shell is more than half
A a - A a full (g < 2L + 1), it is convenient to replace it
Jod+ Sed=ald, (12) by a shell con'rolnmg 22L  + 1) - q electrons,
J? 4 ?7 and in the material that follows it is understood
L+ 25 = J, that this is done.
J? With these assumptions it is easy to show that
IL13 @12 -1 - BL2 = 1) ¢,(,9 L] (312 = 1) ~ 5¢,(l,q)
2 L3 = L+ LZ ., (16)
n=1 5/L13 - @3L%2 - 1) L] [L]@L2 - 1) - 5/L]|83
For the evaluation of the second term on the right  where
side of Eq. 10, use is made of
L.J =
an = Jz ’ (]3) ¢3(I,Q) = p3 (I - m)3
J2 m=
s = S-J J (14) and 1 is the orbital moment of each of the g elec-
nz J2 z ! trons,

I B b L 2.2
T T ) AR B )

X r

r r

! » 2
L-L = b(LL?

- 2
2 2
(L - L, - LL,.> ,
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33|12 - 2]
where

q=-1

¢2(IIQ) = 20 (I - m)2 .

m=

In Eq. 17, S, may be replaced by (Jz - Lz) and
then all that remains to be done is to express Lz
and Li in terms of J_. Straightforward algebra
yields

2
: L-J@2L.J=-1) -—3—1_212

L2-—|L2-3
3 J2-—3
2 2,42
L-J(2L-J-l)—-5—LJ
+ 3 Jg,(ls)
(J? - 3)J2
2
L3=——]— L.J(6L2 - 2)
10 2

- (6J2 - 2)4 J_+xd3, (19
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{q/2[31L|2 - 2] - 238,04 - o]

+3[3s,019 - 92] L2}, (1)

where
X = {21_4 [3L-0)? - 6(L-) + 2| +3L22

2
5

(L)) (3J2-1)(3L? - 1)}

9
.{2J2[<3J" - -2—12 + 2>

-1

—]’(3J2 1) (20
-6 - . (20)

The quantities A(J2, L2, $2, 12, q) and B(J?, L2,
52, 12, g) in the equality

z, ,
MISL 1= —)+ds [1~—]IM)

r r

n n

= (MIAJ_ + B2 |M) (21)

are now obtained easily from Egs. 12 to 20; since
they are rather cumbersome expressions, they are
not given explicitly here.

%]SH[ 2 as given by Eq. 12 is readily evaluated
with the aid of Eq. 21, and an expression for the
scattering cross section that is valid for small
angles is obtained.
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