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SUMMARY

LOW TEMPERATURE PHYSICS

The specific heat of anhydrous manganous chlo
ride has been measured from 1 3 to 4 2°K Sharp
maxima are found at 1 8 and 2 0°K close to the

magnetic susceptibi hty anomaly previously de
scribed

A proposal for the brute force polarization of
protons is discussed

A calculation of the anisotropy of magnetic
thermodynamic properties is given which is suitable
for some paramagnetic ions of the iron group

HEAVY ION PHYSICS

Investigations of electron capture and loss by
heavy ions passing through gases have been con
tinued and extensive results are given of the
measurement of the fraction of an ion beam in the
various charge states Curves of the ratios of
complementary cross sections calculable from
these data are shown and qualitative interpre
tations are given

NEUTRON PHYSICS

That the spin of the neutron is indeed }/2(h/2n)
has been fully demonstrated in a magnetic reso
nance experiment in which magnetite single crystals
were used as both polarizer and analyzer

THEORETICAL PHYSICS

Brief statements are made regarding some re
action theory problems involving resonance polan
zation maximum values of reaction cross sections

and spectrum shapes There is a calculation of
the oscillation frequencies of charged particles in
axially symmetric electrostatic fields The status
of some machine calculation problems having to do
with general nuclear physics is briefly reported
These include tabulation (by UNIVAC) of Racah
and Clebsch Gordon coefficients and an investi

gation (by ORACLE) of the electron scattering for
various nuclear models Computational work aimed
at evaluating a novel formulation of quantum
electrodynamics with thus far negative results
is reported



HIGH VOLTAGE PHYSICS

1 HIGH VOLTAGE PHYSICS

POLARIZATION OF FAST NEUTRONS

H B Willard J K Bair

J D Kington

Blin Stoyle and Simon and Welton have pointed
out that polarized particles may be produced in
nuclear reactions by the interference of nuclear
states involving spin orbit coupling Experimental
verification for this effect includes the double

scattering of protons by helium the observation
of polarized protons from the D(c/ p)H reaction
the analysis of polarized neutrons from the
D(d r?)He reaction by elastic scattering on car
bon and the preliminary work on polarization
of neutrons from the Li (p n)Be reaction analyzed
by elastic scattering from oxygen

In order to investigate the polarization of neutrons
from several (p n) reactions the geometry shown
in Fig 1 1 has been employed Neutrons produced
at angle 6 (laboratory system) are elastically
scattered by cylindrical samples and detected with

'R J Blin Stoyle Proc Phys Soc 64A 700(1951)
2A Smon nd T A Welton Phys Rev 89 886(1953)
3M Heusinkveld and G Freier Phys Rev 85 80

(1952)

4G R Bishop J M Westhead G Preston and H H
Halb n Nature 170 113(1953)

P H ber and E Baumgartne Helv Phys Act
XXXVI 420 (1953)

6R Ricamo Helv Phys Act XXXVI 423 (1953)
7S E Darden R E Field and R K Ada Bull

Am Phys Soc 28 No 6 27 (1953)

UNCLASSIFIED
w 777

RECOIL COUNTER

Fig 1 1 Geometrical Arrangement of Target
Shields and Detector To Study Polarization of
Neutrons from Li (p n)Be Reaction

a proton recoil counter at either +d2 or —02
ratio of scattering (~62/+d2) is given by

1 P1P2

1 P1P2

The

where P, is the polarization of the (p n) reaction
and P, is the polarization of the elastic scattering
reaction The latter can be calculated from the

data obtained by measuring the elastic scattering
angular distribution of unpolanzed neutrons Cor
rections were made for background and multiple
scattering in the sample

The asymmetry factor r-, for the Li (p n)Be re
action as analyzed by the 440 kev resonance in
0 (n n)0 was measured as a function of energy
and angle the results are given in Fig 1 2 The
oxygen analyzer was in the form of an H,0 cylinder
1 in in diameter and 4 in long It was placed 15
in from the Li target which was 20 kev thick
The neutron recoil counter subtended an average
angle of 10 deg Assuming the analyzing resonance
to be / = ^ with interference between p wave
resonance and s wave potential scattering the

8 M Walt PhD Thes s University of W sconsm 1953

300

Fig 1 2 Asymmetry Factor r of Li (p n)Be
Neutrons Analyzed by Elastic Scattering of Neu
trons from 0



HIGH VOLTAGE PHYSICS

maximum value of P2 (90 deg) is about 0 83 at
400 kev From the observed value of rT this gives
P1 = 0 54 A resonance in carbon at 2 95 Mev
(neutron energy) was also used for analyzing
Li (p n)Be at higher bombarding energies thus
giving a maximum asymmetry of r* = 2 13 +0 11
The T(p n)He reaction was also examined as to
the polarization of the neutrons produced At
6^ = 50 deg and a neutron energy of 400 kev
scattering through 62 = 90 deg on an O16 analyzer
yielded the value r? = 0 96 ± 0 05

DIFFERENTIAL NEUTRON SCATTERING

CROSS SECTION FOR NITROGEN

J L Fowler C H Johnson

The differential cross section for the scattering
of fast neutrons by nitrogen has been measured at
several neutron energies below 1 54 Mev Neutrons
were produced by bombarding a tritium gas target
with protons from the 2 5 Mev Van de Graaff gener
ator In computing the neutron energy a correction
to the proton energy scale was made for the thick
ness of the gas target and the nickel target window
The neutron-energy spread resulting from the
stopping power of the target and nonuniformity of
the foil was about 40 kev

A cylindrical scattering sample 3 cm in diameter
and 12 cm long was placed at 0 deg to the proton
beam with its axis perpendicular to the proton beam
axis and 30 cm from the target The sample con
sisted of a thin walled can containing LiN, An
identical can to be used for background measure
ments contained several equally spaced disks of
lithium cut to match the lithium in the original
sample Neutrons scattered by the sample were
detected with a 1-atm propane recoil counter that
was 1 in in diameter It was placed with its axis
perpendicular to the axis of the scattering sample
and with the center of its active volume approxi
mately 13 5 cm from the center of the sample At
each neutron energy the counter was biased to give
a flat response for neutrons scattered at all angles
from nitrogen A paraffin slab was placed to shield
the counter from the direct neutron flux The

scatterer paraffin and counter were supported by
wires in order to reduce the background At each
scattering angle neutrons were counted first with
the LiN3 sample in place and then with the back

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

ground sample of lithium The sample and paraffin
were then removed and neutrons were counted near

0 deg to the proton beam to determine the initial
flux to the scatterer All measurements were
monitored by a long counter At each counter
position the necessary lengths were recorded for
calculating the absolute cross section

Figure 1 3 shows the resulting angular distri
buttons The four curves show the differential

elastic scattering cross section in barns per
steradian plotted against the cosine of the scatter
ing angle in the center-of mass system The curve
plotted vertically at the right of the figure is the
known total cross section of nitrogen The arrows
connecting this curve to the angular distribution
curves indicate the four neutron energies used
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namely 0 80 1 28 1 40 and 1 54 Mev Three of
the angular distributions were obtained at energies
relatively far removed from resonances these do
not deviate strongly from isotropy The 1 40-Mev
curve was obtained at a resonance and shows

strong anisotropy with forward scattering of neu
trons The integral of the differential cross section
over all solid angle agrees with measured total
cross section to within 3% The curves have not

yet been corrected for multiple scattering in the
sample

A primary reason for making these measurements
was to check the range of validity of previous
results obtained by using a nitrogen recoil
counter The two methods agree in the region of
cos <j> < 0 5 For cos <f> > 0 5 that is for low
energy nitrogen recoils the nitrogen counter gave
an excessive number of counts The data enable

the potential scattering phase shifts to be esti
mated so that the interference between this and the

resonance scattering which is used in analyzing
the resonance scattering angular distributions can
be found

LEVELS IN Be8 AND Be9 FROM THE
Li6(He3 p)Be8 AND Li7(He3 p)Be9 REACTIONS

W E Kunz C D Moak

W M Good

The 20 channel pulse analyzer was used to re
investigate the charged particle spectra of the
following reactions Li6(He3 p)Be8 Li7(He3 p)Be9
Li7(He3 c/)Be8 and Li7(He3 a)Li6 The target
arrangement was identical to that described in the
previous investigation of these reactions How
ever the greatly improved analyzing efficiency
made possible much improved statistics The
results of the more recent measurements are shown

in Figs 1 4 and 1 5
10J L Fowle C H Johnson and J R R

Phys Rev 91 441(A) (1953)
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Fig 1 5 Spectrum of Protons from Reaction Li (He p)Be 0 1 mil of Nickel Absorber

It was desirable to secure better statistics for the

Li (He p)Be spectrum in order to examine what
has been reported to be structure in the second
most energetic proton group and also to seek
evidence for lesser energy proton groups of low
intensity Figure 1 4 is interpreted as confirming
the earlier result on Li (He p)Be namely that
only two groups of protons are evident In particu
far the second most-energetic proton group is cer
tainly not several unresolved groups Furthermore
the Li sample contained 5% Li7 and from what
is known about the Li7(He3 p)Be9 reaction groups
of low intensity are expected at energies of roughly
9 9 7 9 7 4 7 2 and 5 1 Mev

Figure 1 5 cannot be uniquely interpreted as yet

because of some uncertainty in the response of
Nal to deuterons When 4 mils of aluminum ab

sorber is placed in front of the Nal crystal each
of the groups 0 12 3 and 4 loses energy as
though it were a proton However depending on
the nature of the Nal response to deuterons groups
2 and 4 could conceivably be deuterons If
groups 2 and 4 are assumed to be deuterons group
1 probably corresponds to the known level at 2 43
Mev in Be Group 3 corresponding to 3 18 Mev
in Be appears to be a new level Group 5 is the
alpha particle from Li7(He3 a)Li6 and the con
tinuum is the mode Li7(He3 He4 n p)He4

Beryllium 9 has been bombarded with He3 and
two reaction modes have been observed namely



Be9(He3 p)Bn and Be9(He3 a)Be8 The proton
spectrum of the mode Be (He p)B closely re
sembles that of the reaction B (d p)B described
in the literature The Be + He reaction is being
investigated further

TRITON YIELDS FROM LITHIUM ISOTOPES

R L Macklm H E Banta

Cross sections have been measured by the acti
vation technique for tritium production in the
lithium isotopes by deuterons and by reactor and
polonium beryllium neutrons These measurements
are a continuation from the Li (d t)Li cross
section measurements reported previously The
calibrations of the tritium recovery and counting

nR L Macklm and H E Bant Phy
Prog Rep Sept 10 7953 ORNL 1620 p 5

lem ann

• 10 mil Al CATCHER TUBE

•Al SAMPLE SUPPORT

COOLING WATER

HIGH VOLTAGE PHYSICS

apparatus previously employed have been refined
The two methods gave results agreeing within
2 /-% well within their anticipated uncertainty
The average value of the calibration constant was
6 70 x 10 tritons per count per second The
reproducibility of the method was determined as
±2?^ standard deviation by simultaneous reactor
exposures of a group of natural LiF targets

The measurement of the Li (d f)Li reaction
cross section was extended to higher energies
(2 5 to 4 Mev) than in the previous experiments
At the higher energies the energy of the tritons
emitted at the back angles is too great for use of
the aluminum overcoat technique Accordingly a
modification of the target arrangement was devised
(Fig 1 6) wherein all but a negligible fraction of
the backward tritons were captured in an aluminum
tube from which they were recovered in the same
manner as were the forward tritons from each target

UNCLASSIFIED

DWG 23267

SPLIT COLLIMATOR
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Fig 1 6 Deuteron Activation Apparatus
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The cross section results on this reaction are

incomplete and further experiments are required
The modified technique for high energy triton

recovery has allowed the investigation of the
cross section for the exoergic reactions Li (d t)Li
together with Li (d t p)He The triton yield from
0 4 to 4 Mev is indicated in Fig 1 7 Pending
further work with the modified triton recovery
technique an uncertainty of perhaps 20% is indi
cated for the cross sections The results seem to

show an excess of backward tritons at the lowest

energies (0 4 to 0 6 Mev) and probably a forward
excess above 1 Mev deuteron energy Uncertainty
as to the end products of the reaction makes an
exact calculation of the expected distribution and
the self-absorption of the LiF targets impossible

The Li (n t n)He reaction together with the
Li (n t)He reaction was detected using decigram
samples of Li F from which the tritium was re
covered by repeated fusion in hydrogen argon A
cross section of 72 + 18 millibarns was found for

fission neutrons above 2 8 Mev [the computed
threshold for Li (n t n)He ] For polonium beryl
lium neutrons (broad maximum near 4 Mev) the
cross section found was 30 ± 20 millibarns The

Li (n t)He contamination was evaluated by the
simultaneous exposure of natural LiF in these
experiments

EXCITATION OF NUCLEI BY THE

COULOMB FIELD OF PROTONS

P H Stelson F K McGowan

When heavy nuclei are bombarded with charged
particles having an energy appreciably below the
coulomb barrier of the nucleus the short range
nuclear forces cannot operate The collisions may
however still give rise to nuclear excitations
produced by the electric field of the impinging
particles The excitation cross sections can be
expressed in terms of the same nuclear properties
that determine the transition probabilities for
electromagnetic radiative transitions Recently
the feasibility of coulomb excitation has been
exhibited by the observation of gamma radiation

12
K A Ter M rtiro yan Zhur Eksp I Teori Fiz

22 284 (1952) Refe en e to othe theo et al p per
on oulomb ex itat on e g ve n Append x IV of A
Boh and B Mottel on Don Mat Fys Medd 27 16
(1953)

13 T H us and C Zupan c Dan Mat Fys Medd 28
1 (1953) C L McClell nd and C Goodman Phys Rev
91 760 (1953)
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Fig 1 7 L.6(c/f) Yield

following the nuclear excitation of Ta W and Pt
Bohr and Mottelson have suggested that the

method of coulomb excitation should provide a
powerful tool for the study of nuclear collective
properties According to therr nuclear model
which describes the nucleus in terms of the coupled
motion of individual particles and surface oscil
lations low lying excited states of the collective
type in contrast to single particle states should
reveal themselves by especially large cross
sections for coulomb excitation In addition from

the explicit expressions for the angular distri
bution of the gamma radiation following coulomb
excitation given by Alder and Winther 15 the angu
lar momenta of the coulomb excited state and the

final state after gamma ray emission may be
inferred

An investigation of coulomb excitation of nuclei
by protons from the 5 Mev Van de Graaff generator
has been undertaken For the detection of the

gamma radiation a scintillation spectrometer em
ploying Nal crystals 1 5 in in diameter by 1 in
thick has been used Differential pulse height
spectra of the electromagnetic radiation from thick
targets (thick to protons) of the heavier elements
bombarded by 2 to 4 Mev protons have been ob
served at 0 deg to the incident protons

Figure 1 8 is the differential pulse height spec
trum of the gamma radiation from tantalum for

A Bohr and B Mottelson Don Mat Fys Medd
27 16 (1953)

15K Alder nd A Winther Phys Rev 91 1578(1953)
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Ep = 4 0 Mev A graded shield of 0 040 in of
tin plus 0 005 in of copper was used to attenuate
the K x rays from tantalum that result mostly from
ionization in the K shell by the impinging protons
The observed nuclear gamma rays of 137 166 and
303 kev result from the decay of 137 and 303 kev
levels in tantalum excited by coulomb excitation
Thick target yields of the gamma rays are given in
Table 1 1 The 137 kev level was shown to exist

from the beta decay of Hf181 but the 303 kev level
/in Ta is not populated by the beta decay
directly or by gamma emission from higher levels
in Ta From gamma gamma directional angular
correlation and K shell internal conversion-coef
ficient measurements the angular momentum of
the 137 kev level is ^ and the radiation from the
decay of the state is E2 + Ml with the intensity
ratio E2/M1 equal to 0 25 On the basis of this
information the proton gamma angular distribution
of the 137 kev gamma radiation resulting from
direct coulomb excitation of the 137 kev level
should be only about 1% anisotropic The proton
gamma angular distributions of the 166 and 303
kev ganma radiation have been measured and the
data are being analyzed Both distributions are
anisotropic

16 F K McGowan Phys Rev 93 471 (1954)

TABLE 1 1 THICK TARGET YIELD OF GAMMA

RAYS BY COULOMB EXCITATION

NUCLEUS EP
(Mev)

EJ
(kev)

YIELD

(g mraa/fico lomb) X 10-5

T ,81 2 6 137 4 3

T 181 4 0 137 20 4

T 181 2 6 166 0 25

T 18] - 0 166 2 5

Ta181 26 303 0 18

Ta181 4 0 303 1 8

A 197 4 0 192 0 60

A 197 4 0 282 2 4

Au197 4 0 550 1 4

T,205
4 0 203 0 73

T|203
4 0 279 0 40

T|203 205
40 415 0 12
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In order to measure excitation cross sections it

would be desirable to use thin targets rather than
to attempt to extract the cross sections from thick
target yields For the heavier nuclei targets of
a few mg/sq cm thick deposited ona backing ma
terial which does not exhibit any nuclear reaction
or coulomb excitation by the impinging protons
would be required A number of nuclei with closed
or nearly closed shells were examined for coulomb
excitation The elements Sn Pb and Bi all

yielded in addition to the usual K x rays a con
tinuum of electromagnetic radiation when irradiated
with protons Typical differential pulse height
spectra of the radiation from tin and bismuth for
various proton energies are shown in Fig 1 9
The continuum observed from lead targets is
similar to that from bismuth except that the pulse
spectrum corresponding to 650 to 1400 kev of
energy dissipated in the phosphor shows some
structure which may be attributed to either coulomb
excitation in lead or to low Z impurities in lead
A nickel target also exhibited this same continuum
and a few gamma rays from nuclear reactions for
E = 2 83 Mev This source of radiation is not
understood clearly except that it is coming from
the target and the intensity dependence on the
energy of the impinging proton excludes nuclear
barrier penetration by the proton At the present
bismuth appears to be the material best suited for
target backing In any case the pulse height
spectra of gamma rays resulting from coulomb
excitation will be superimposed on this continuum
of electromagnetic radiation

Gamma rays of 192 282 and 550 kev have been
observed from Au and thick target yields are
listed in Table 1 1 An interpretation of these
gamma rays in terms of levels excited in Au197 by
coulomb excitation is not complete Several low
lying levels in Au 7 are known from the e capture
decay of Hg197 however the 550 kev level is not
populated by the decay of Hg197

Curve 1 in Fig 1 10 is the differential pulse
height spectrum of the gamma radiation from thai
hum for £.=4 0 Mev Thallium has two isotopes
T|203 (29p5%) and Tl205 (70 5%) From the beta
decay of Hg203 and e capture decay of Pb203
levels at 279 and 683 kev are known to exist in
Tl203 No levels in Tl205 are known from radio
active decay The observed gamma rays of 279
and 415 kev are attributed to the decay of two
levels excited in Tl203 by coulomb excitation
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Fig 1 9 Pulse Spectrum in Nal from Gamma
Radiation Produced by Protons on Tin and Bismuth

There is some evidence for the 683 kev cross over

transition in the pulse spectrum The 203 kev
gamma ray is probably to be attributed to an ex
cited state in Tl Po ibly a second level
exists at 630 kev In this case the peak at 415
kev could be composed of two gamma rays of nearly
the same energy such that a gamma ray cascade of
415 and 203 kev exists in Tl205 Some comci
dence spectrometry measurements of the gamma
rays should resolve these tentative conclusions
Curve 2 in Fig 1 10 is the pulse spectrum of the

HIGH VOLTAGE PHYSICS

continuum from a Bi2 target Thick target yields
of the gamma rays from thallium have been ob
tamed from the data shown in Fig 1 10 on the
assumption that the continuum from thallium is
identical to that observed from bismuth Curve 3

in Fig 1 10 is the result of peeling off the con
tinuum from the thallium data The apparent peak
at 520 pulse height units is believed to be a false
peak The true shape is probably the dashed
section of the curve which represents the super
position of the Compton recoi I electron distri
buttons for the two cross over gamma ray transitions
of about 630 and 683 kev The thick target yields
are listed in Table 1 1

GAMMA RAY SPECTRUM AND GAMMA RAY

YIELD FROM BORON BOMBARDED BY PROTONS

J K Bair H B Willard

J D Kington

A large 3 x 3 in Nal crystal mounted on a 3 in
dia photo tube has recently been obtained This
combination has a full width at half maximum for

the Cs137 photo peak of less than 8% Figure 1 11
shows the ThC 2 62 Mev gamma ray spectrum and
F19(p ay)016 spectrum (87% 6 13 Mev) taken with
a l'/j x 2 in Nal crystal Figure 1 12 shows the
same spectra taken with the 3 x 3 in crystal The
most striking feature of these data is the marked
accentuation of the ThC full energy peak as
obtained with the larger crystal In the case of the
6 13 Mev gamma ray this accentuation of the full
energy peak is not so marked and the center peak
corresponding to the escape of a single quantum of
annihilation radiation appears to be considerably
larger than would be expected

Figure 1 13 shows the pulse height spectra of
the radiation resulting from the proton bombardment
ot boron This curve was obtained in two separate
runs having different window widths as shown for
the low and high energy regions These differing
resolutions were dictated by counting rate con
siderations The two highest energy peaks are the
result of the capture gamma ray going to the ground
state and to the 4 43 Mev excited state in C

No structure is apparent in the peaks resulting from
these gamma rays either in the pulse height curves
or in photographs taken of the pulses displayed on
an oscilloscope screen The small irregularities

17 Furn shed by N H Lazar
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Fig 1 10 Pulse Spectrum in Nal of Gamma Radiation Produced by Protons on Natural Thallium
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Fig 1 12 Pulse Spectrum Produced in a 3 x 3 in Nal Crystal by Gamma Rays of 2 62 and 6 13 Mev
Energy

in the curve at pulse heights of 250 to 350 are
believed to be due to target impurities probably
tluonne Figure 1 14 shows a more detailed
spectra of these reaction products in the region
below 3 Mev together with Cs137 and ThC call
brations Peak I 0 72 Mev results from the

B1 (p py)B reaction leaving B ° at a known
level at 718 ± 5 kev peak II 1 00 Mev is of
unknown origin probably an impurity but is not
due to B peaks IV and V are the single escape
and Compton peak corresponding to peak VI 2 14
Mev which is the full energy peak resulting from

14

the B"(pp')B" reaction leaving B at a known
level at 2 138 Mev The peak corresponding to
2 14 Mev with the escape ot t oth annihilation
radiations is masked by peak II

The B (p y)C gamma ray yield has been
extended to proton energies of about 4 Mev Figure
1 15 shows the yield of gamma rays at 0 and 90
deg to the proton beam Curves II and IV are tor
the transition to the ground state curves I and III
are for the transition through the level in C at
4 43 Mev Further worl- is in progress to extend
these data to higher energies
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2 RADIOACTIVITY AND NUCLEAR ISOMERISM

ANGULAR CORRELATION OF GAMMA RAYS

E D Klema F K McGowan

Neodymium 144

The directional angular correlation of the 1480—
700 kev gamma-gamma cascade in Nd has been
measured in a series of four experiments with a
total of 10 coincidence counts obtained at 19

angular positions The correlation function ob
tamed is

W(d) = 1 - (0 2534 + 0 0095)P2 (cos d)
+ (0 033 + 0 013)P4 (cos d)

The relative intensities of the 700 1480 and

2180 kev gamma rays have been measured and
from this information the intensity of the beta
spectrum to the 2180 kev level relative to that of
the spectrum to the 700 kev level has been found
to be 0 90 ± 0 14 Alburger and Kraushaar had
measured this gamma gamma cascade previously
and had concluded that their data supported spin
assignments 1D1D0 lQlDO or 1 D 2 Q 0
all of which lead to the same correlation function

W(d) = 1-0 2500 P2(cos 6) In the last spin se
quence mentioned above they could not exclude
up to 6% admixture of quadrupole radiation in the
first transition The present measurement of the
coefficient of P~(cos 6) excludes admixtures
greater than 0 01%

Barium 134

The angular correlation of the 1367—603 kev
gamma gamma cascade in Ba has been measured
in a series of five experiments with a total of
11 x 10 coincidence counts The correlation

function found is

W(0) 1 (0 0902 ± 0 0086)P2 (cos 6)
- (0 004 ±0 013)P4 (cos d)

An experiment was performed which showed that
the 1367 and 794 kev gamma rays in the decay
scheme are not in coincidence An unambiguous
spin assignment for the three energy levels in
volved cannot be made on the basis of these

measurements alone Because of the small values

'd E Alburger and J J Kr usha r Phys Rev 87
448 (1952)

18

of the coefficients of P_(cos 6) and P.(cos 6) in
this correlation the precision of the determination
is not sufficient to allow a selection from among
the possibilities of 4 Q 2 Q 0 3(D + Q)2 Q 0 and
2(0 + Q)2 Q 0 However the last of these assign
ments can be ruled out because the spin of the
ground state of Cs has been measured to be
4 and no beta rays have been observed leading to
the 603 kev state in Ba134

Lutetium 175

At the suggestion of M E Rose the angular
correlation of the 54 kev x ray from e capture in
Hf and the 342 kev gamma ray in Lu was
measured to make certain that the correlation is

really isotropic as exoected This experiment is
also a good test of the apparatus since the counting
rate is high in this case and a large number of
coincidence counts can be obtained In a series

of four experiments with a total of 1 85 x 10
coincidence counts the correlation function ob

tamed is

W(6) = 1 - (0 0019 ± 0 0022)P2 (cos 0)
+ (0 0034 ± 0 0034)P4 (cos 6)

The angular correlation of the 89—342 kev gamma
gamma cascade in Lu has been measured in a
series of eight experiments with a total of 2 9 x 10
counts The correlation function found is

W(d) = 1 - (0 00056 ± 0 0043)P2 (cos 0)
+ (0 0051 ± 0 0074)P4 (cos 6)

The K shell internal conversion coefficient of the

342 kev gamma ray has been measured to be
9 ± 1 x 10 which indicates that the transition

is probably mixed electric quadrupole and magnetic
dipole radiation An upper limit on the lifetime of
the state emitting the 342 kev gamma ray has been
measured to be 10~ sec Calculations are in

progress to determine whether any spin assignment
with the 89 kev gamma ray considered to be pure
and the 342 kev considered to be mixed leads to

the observed isotropic angular correlation function

Cesium 133

The angular correlations of the 357—82 kev and

V J ccarmo B Bederson nd H H Stroke Phys
Rev 87 676(1952)



the 300—82 kev gamma gamma cascades of the
excited states of Cs have been measured For

the 357-82 kev cascade the measured correlation

function for a series of four experiments with a
total of 9 2 x 10 coincidence counts is

W{0) = 1 + (0 0515 ± 0 0028)P2 (cos 0)
- (0 0091 ± 0 0044)P4 (cos 0)

The correlation function for the 300—82 kev cascade

obtained in a series of three experiments with a
total of 4 2 x 105 counts is

W(0) = 1 + (0 0175 ± 0 0039)P2 (cos 0)
+ (0 0004 ± 0 0061 )P4 (cos (?)

The interpretation of these experimental results is
not unambiguous because of the smallness of the
coefficients in both correlation functions and

because the effect of the 357-82 kev cascade on

the measurement of the 300-82 kev correlation has
not yet been taken into account Since the 82 kev
level is metastable with a half life of 6 x 10-9
sec the coefficients of the above correlation

functions may be attenuated

Europium 153

Investigations have been made of the gamma rays
from Eu with a delayed coincidence scintillation
spectrometer which uses Nal detectors Samarium
153 (47 hr) decays by beta emission to Eu
which emits gamma rays of 70 and 103 kev and
while one of these excited states in Eu was

known to be metastable the position of the meta
stable state and order of emission of the gamma
rays were not known Recent measurements have
shown conclusively that the 70 kev transition
precedes the 103-kev isomeric transition and that
the latter has a 3 4 x 10-9 sec half life Further
more the 103 kev transition following the e capture
decay of Gd153 (225 d) decays with T]/2=34x
10~ sec In addition the e capture decay of
Gd leads to another excited state in Eu

within a few kev of the 103 kev level The gamma
ray from the decay of this state is in prompt
coincidence (7\/2 < 10 sec) with the Kx rays
from e capture and is 1 4 times as intense as the
103 kev gamma ray The cross over gamma ray of
173 kev for the 70—103 kev gamma ray cascade and
a gamma ray of 530 kev were also observed to
follow the beta decay of Sm The intensities
of these two gamma rays relative to the 103 kev
gamma ray are 0 22 and 0 42% respectively

RADIOACTIVITY AND NUCLEAR ISOMERISM

The directional angular correlation of the 70—
103 kev gamma ray cascade appears to be nearly
isotropic Observed angular correlation coefficients
of the various terms in the expansion of the corre
lation function in Legendre polynomials are

and

-(0 0022 ± 0 0029)

A4 = 0 0124 ± 0 0080

Both transitions are known3 to be mixed multipole
radiations from K shell internal conversion co

efficient measurements The explicit form of the
angular correlation function for a mixed gamma-
mixed gamma cascade is a function of S, and 8-
where <5. and S? are defined as the intensity ratio
(in this case) of quadrupole to dipole radiation in
transitions 1 and 2 respectively The intensity
ratio E2//M1 for the 70 kev transition is 2 0 The

following spin sequences were examined for
vanishing angular correlation coefficients with
§2 = 20 ;, =; or / ±1 (£2 +Ml) ; =5/2 5/2 +
1 (Q + D) 5/2 All nine sequences lead to real
roots for |§2| with 18 roots ranging between 0 09
and 0 39 and 6 roots equal to 3 23 Unfortunately
the uncertainty in the internal conversion coef
ficient measurement which fixes |8J makes it
impossible to exclude any of these roots

BROAD BEAM GAMMA ATTENUATIONS

R Stephenson P R Bell

Experiments on the attenuation of gamma rays
through thick absorbers as described in the previ
ous report (ORNL 1620) are continuing and a
satisfactory method has been developed for ana
lyzing the data The detector is a standard 1V2
in dia by 1 in thick sodium iodide scintillation
counter resting inside a lead cubicle which is
lined with a graded shield The signal from the
scintillation counter is amplified by an Al linear
amplifier and is then fed to the 20-channel ana
lyzer to obtain the counting rate as a function of
pulse height Sources of various energy can be
suspended above the scintillation counter in a
small polystyrene cup and large sheets of lead or
aluminum are placed between the source and
detector Experiments with the following gamma
sources have now been completed for various
thicknesses of both lead and aluminum Cs

SF K McGowan Phys Rev 93 163(1954)
4M E Rose Phys Rev 93 477 (1954)
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(661 kev) K42 (1 51 Mev) Na24 (2 76 and 1 38
Mev) and Po Be (4 44 Mev excited carbon)

Figures 2 1 and 2 2 show the attenuation in lead
and aluminum of the 4 44 Mev excited carbon gamma
from polonium beryllium The source was con
tamed within a block of lithiated paraffin to
minimize hydrogen capture gammas and paraffin
scatterers were used to scatter out neutrons with

out appreciably attenuating the gammas Figure
gammas in

600 800

PULSE HEIGHT

2 3 gives the attenuation of Cs

Fig 2 1 Broad Beam Attenuations 4 44-Mev
Excited Carbon from Polonium Beryllium in Lead
Runs AT 11 20 53 to AT 11 30-53
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water and Fig 2 4 gives the attenuation of K42
gammas in water

Values of absorption coefficient and build up
factor derived from our experimental data are given
in Table 2 1 together with theoretical values
calculated by the National Bureau of Standards and
NDA The agreement is very good Our values of
absorption coefficient tend to be slightly lower
than the NBS values indicating perhaps that
coherent scattering may be higher under broad
beam geometry Since the NDA buildup factors
are for a point source and detector within an
infinite medium whereas our values are for a point
source and detector separated by a slab shield
the NDA values should be slightly higher because
of back scattering

Theory

The theoretical response of a scintillation counter
to monoenergetic gammas of energy £- is illus
trated diagrammatically in Fig 2 5 Depending
upon the gamma energy the possible reactions in
the crystal are as follows

1 Photoelectric absorption - this produces a
pulse equal to the full energy of the gamma photon

2 Compton scattering at any angle from 0 to
180 deg - this produces a continuum from an
energy of zero to a maximum energy corresponding
to 180-deg scattering of the gamma

3 Pair production —this gives pulses of three
discrete energies If both annihilation gammas
are absorbed in the crystal a pulse equal to the
full energy is obtained If one annihilation gamma
escapes a pulse is obtained of 0 51 Mev less than
the full energy and if both annihilation gammas
escape a pulse is obtained of 1 02 Mev less than
the full energy There is also a possibility of
Compton interaction of the 0 51 Mev gammas which
produces a continuum down to 1 02 Mev less than
the full energy

4 Coherent scattering by bound electrons in
the crystal —there is negligible transfer of energy
to the crystal negligible degradation of the photon
energy and hence no crystal response from such
an interaction Coherent scattering is more im
portant than is commonly realized and it is sig
nificant in sodium iodide for energies as high as
2 Mev

The actual response of a crystal and its associ
ated electronic circuit differs from the theoretical
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Fig 2 5 Theoretical and Actual Response of a
Scintillation Counter

response in the following ways
1 Because of the finite resolution of the equip

ment pulses of a discrete energy will be smeared
by a Gaussian distribution about that energy

2 When a gamma undergoes a Compton scatter
ing the probability of photoelectric absorption of
the scattered photon is increased because of its
lower energy and multiple processes leading to
the complete absorption of the incident gamma are
possible Thus for a crystal of any appreciable
size the relative number of full energy pulses will
be much greater than predicted trom the ratio of
the photoelectric to the total cross section

3 Since the crystal is normally contained within
a lead cubicle to minimize background radiation
primary gammas may scatter from the surroundings
to produce a back scatter spectrum which usually
peaks at an energy corresponding to 180 deg
scattering If a graded shield is not employed
there will also be a peak corresponding to K shell
x rays produced in the lead shield If the primary
radiation is greater than 1 02 Mev in energy there
will also be a peak at 0 51 Mev corresponding to
annihilation radiation produced in the surroundings

4 For a large crystal the Compton distribution
will be considerably reduced and those photons
scattered in the top face of the crystal will have
the greatest probability of escaping This causes
a noticeable bulge in the Compton distribution at
higher energies

5 At very low gamma energies the iodine photo
electric cross section is so large that the photons
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TABLE 2 1 SUMMARY OF EXPERIMENTAL DATA

NUCLIDE
ENERGY

(k )
SHIELD

SHIELD

THICKNESS

( m)

ABSORPTION

COEFFICIENT

( m ')

NBS VALUE OF

ABSORPTION

COEFFICIENT

NUMBER

BUILD UP

FACTOR

DOSE

BUILD UP

FACTOR

NDA DOSE

BUILD UP

FACTOR

RELAXATION

LENGTHS

C ,37 661 Al m m 74 97 0 203 0 203 213 64 60 15 2

C ,37 661 Aim m 41 69 0 200 0 203 34 3 134 24 8 34

C ,37 661 Al m m 20 91 0 197 0 203 10 7 5 12 8 2 4 11

C ,37 661 L d 10 39 1 146 1 143 2 50 2 22 3 2 11 91

c 137
661 N 1 18 12 0 262 0 270 4 75

K42 1510 Al m m 36 49 0 136 0 136 4 96

K42 1510 L d 13 12 0 568 0 574 3 98 3 20 3 5 7 45

K42 1510 L d 6 46 0 565 0 574 2 53 2 07 2 27 3 65

do not penetrate very far into the crystal Under
these conditions the 28 kev iodine K x rays may
escape the crystal and an iodine escape peak is
formed

If only the full energy or photopeak is considered
the distribution about the energy EQ is very closely
Gaussian and the counting rate may be expressed
by the equation

_(V_V0)2/K2V0
y = Ae

where

y = counts/(sec)(pulse height interval)
A = maximun counting rate

V = pulse height
VQ = pulse height corresponding to the primary

energy EQ
K = constant depending upon the resolution of

the crystal and its associated electronic
equipment

The pulse height is proportional to energy so that
at any energy E

V = CE

where the constant C is determined by the voltage
on the phototube and the gain of the linear ampli
fier

At half the maximum counting rate y = A/2 and

(v ~ v0)2
In 2

K2Vr

The resolution is arbitrarily defined as the width
of the Gaussian at half maximum divided by the
peak pulse height for the gamma energy E. Thus

or

Resolution =
%V ~ Vo) 2K^\rV2

Resolution
2(£ - EQ) ^ 2KVTr7T

E0 ^JeZ

The smaller the resolution the less will be the

smearing of the true spectrum and the easier will
be the analysis of the data In our experiments
the resolution was about 10% for Cs (661 kev)
The resolution depends primarily upon the number
of photoelectrons produced in the photomultiplier
for a given total energy loss in the crystal At
higher energies the percentage variation in the
number of photoelectrons is smaller and the reso
lution becomes better As can be seen from the

above equation the resolution is inversely pro
portional to the square root of the gamma energy

For two gammas of energy £Q and E, measured
under the same conditions the ratio of the widths

of the Gaussians at half maximum is

2(£ - *0> 2K\lEQ In 2/\JC

2<E - £1> 2KVE, In2/^C
Thus the width of a Gaussian at a given fraction of
the maximum counting rate is directly proportional
to the square root of the energy If two gammas of
different energy are counted simultaneously the
lower energy Gaussian will be narrower but the
resolution will be better at the higher energy
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In analyzing the spectrum it is desirable that a
line of any energy should have the same shape and
width If the width of a Gaussian is considered as

some fraction F of its maximum height

A

y = Ae

In A - In F
(V

In A -

K2Vr

V V„ K VQ\nF

But if the resolution of the system is of the order
of 10% or less for Cs the value of the Gaussian

will be very small except when V is close to VQ
Under these conditions this equation may be re
written

Vv^- VV7

f(V) =

24

Ky/JrTT
Vvr+ V^u"

Thus if the logarithm of the counting rate is plotted
as a function of the square root of the pulse height
the Gaussians will all have the same shape
regardless of energy

Analysis of a Continuum

When an absorber is placed between source and
detector single and multiple Compton scatterings
in the absorber produce a continuum of degraded
photons from zero energy to the full primary energy
The crystal response to this continuum is now
added to that of the primary radiation and for any
appreciable attenuation the integrated number of
degraded photons striking the crystal will be much
larger than the number of primaries To obtain the
build-up factor the spectrum of the primary radi
ation must first be subtracted and the resultant

degraded spectrum then separated into its com
ponents

Consider now the response of a crystal to a
continuum extending up to the full energy pulse
height VQ as illustrated in Fig 2 6 If g{V) repre
sents the actual pulse height distribution in the
crystal the smeared pulse height spectrum will be

i

KVIn F

g(v)
•(V-V})2/K2V,

dV,

where

g(V)

f(V)

V,

V,

true spectrum counts/(sec)(pulse height
interval)
smeared spectrum counts/(sec)(pulse
height interval)
variable of intergration

It has been found experimentally that immediately
below the primary energy g(V) is nearly a straight
line on semilogarithmic paper so that

g(V) = Be4DV/K2
where B and D are constants The equation is
written in this form to simplify future calculations

But as before the Gaussian contributions are

small except when V. is close to V Thus as an
approximation

(v - v,)2 _ _n (VF+ Vv])2
i^T- y/7\?

~ 4(\Ar- V^)2
and substituting the value of g(V) at the pulse
height V}

f(V) =
s rvr-vo

kV^v J „
exp (DV,

- V + 2)y/VV} - V, dV,

1 "
PULSE HEIGHT
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Fig 2 6 True and Smeared Pulse Distributions



which with the substitution

2vr^o ^77 2^7-

reduces to

Ky/1 - D

f(V) B -4DV/K2(1-D)
K\fW 2(1 - D)

Ky/V~ 1 2
+ e~x dx

(1 - D)3/2J

Since pulse heights considerably greater than zero
are being considered the solution is

f(V) =
Be4DV/Ki(l-D)

(1 - D)3/2 if e~x dx

2(1 - O) 1/2

K

K(l - D)1/2 -x\
e

4\/77v"

2VV

K(l - D)1/2

At pulse heights well below that height corre
spondmg to the primary energy the quantity within
the brackets becomes equal to unity and f(V) is a
straight line on semi logarithmic paper When
D = 0 /(V) and g(V) are identical at energies well
below the source energy

Analysis of Data

The first problem to be considered is that of
peeling off the proper amount of primary One of
the chief ob|ects of this work is to measure experi
mentally the absorption coefficient under broad
beam conditions which is given by the equation

where

2 absorption coefficient of primary radi
ation cm"

RADIOACTIVITY AND NUCLEAR ISOMERISM

/„// ratio of intensities before and after

shielding
x = thickness of shield

Because of the logarithmic term in the numerator
the calculated value of the absorption coefficient
will be more accurate at the larger attenuations
which are also of greater interest to the shield
designer Our values of absorption coefficients
and build up factors are thus more precise at the
higher attenuations

From the thickness of the shield and the absorp
tion coefficient reported in the literature (with
coherent scattering deducted) the attenuation of
the primary radiation is first estimated The in
tensity without shield is then multiplied by this
value and subtracted point by point from the
spectrum with shield At high attenuations the
relative amount to be subtracted is often small at

energies less than the photopeak

The values of B and D are then determined from

the slope of the degraded spectrum immediately
below the photopeak The theoretical distribution
is then calculated from the above equation and
subtracted from the original curve to obtain the
primary peak alone The absorption coefficient is
calculated from the intensities with and without

absorber Figure 2 7 shows a typical curve for the
case of K in aluminum In this case the rela

tive amount of degraded spectrum in the full energy
peak is small

To analyze the degraded spectrum into its com
ponents the curve is replotted on a square root
scale of pulse height and the Gaussian shape
corresponding to the photopeak without any absorber
is successively subtracted starting at the high
energy end as illustrated in Fig 2 8 Each
Gaussian subtraction must of course be accompa
nied by its Compton distribution as estimated from
experimental measurements summarized in Fig 2 9

The gross spectrum falling on the crystal can
then be determined by dividing the area of each
subtracted Gaussian peak by the peak to total and
by the crystal efficiency for a gamma of that
particular energy Figures 2 10 2 11 and 2 12
give the values of these two quantities Degraded
photon distributions for Cs in aluminum Cs
in lead and K in lead are given in Figs 2 13
2 14 and 2 15
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Fig 2 11 Calculated Efficiency of Nal Crystal
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3 NEUTRON DIFFRACTION

NEUTRON DIFFRACTION STUDIES ON

IRON AT HIGH TEMPERATURES

M K Wilkinson C G Shull

Neutron diffraction patterns have been taken for
iron at various temperatures up to about 1000°C in
a study of the ferromagnetic disorder scattering
below the Curie temperature (T = 770°C) and of
the paramagnetic scattering above T The sample
used for this study was cut from a polycrystallme
block of Armco iron (purity 99 92%) Heating was
accomplished with tantalum resistance wires in
direct thermal contact with the sample and temper

atures were measured with a calibrated (Pt Pt Rh)
thermocouple The heated sample was surrounded
by a number of floating radiation shields to mini
mize heat losses and the whole assembly was
contained within a high vacuum envelope In order
to miminize spurious neutron scattering vanadium
windows were used in the shields and vacuum

|acket at places where the neutron beam passed
Figure 3 1 presents typical patterns taken at room
temperature and at high temperature that show the
transformation from a body centered cubic structure
(a form) to the face centered cubic structure (y
form) which is known to occur at a temperature of
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Fig 3 1 Neutron Diffraction Patterns from Iron
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about 900°C These patterns have been corrected
for instrumental and background scattering by
standard procedures and they represent the true
scattering by the iron sample

It is to be noticed that the y iron pattern of Fig
3 1 shows no evidence of superstructure intensity
at the (100) (110) etc positions and this fact
eliminates the possibility that face centered cubic
iron is antiferromagnetic as has been suggested in
the literature a number of times The pattern for
the ferromagnetic a iron phase contains both
nuclear and ferromagnetic scattering components
and Fig 3 2 illustrates how these two components
can be recognized In Fig 3 2 is plotted the (110)
reflection at two temperatures below T and two
temperatures above T It is known that the in
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tensity of such a reflection should decrease with
increasing temperature because of enhanced thermal
oscillation of the scattering centers in the lattice
and the expected decrease in intensity due to this
cause is indicated on the figure by the vertical
arrows An additional intensity decrease is to be
noted however and this is caused by the dis
appearance of the ferromagnetic scattering when
the sample temperature reaches the vicinity of 7
A calculation of the ferromagnetic component by
use of known values for the nuclear and magnetic
scattering amplitudes agrees closely with the
observed component

Most interest in the patterns of the type shown
in Fig 3 1 resides in the diffuse scattering com
ponents since the ferromagnetic disorder scattering
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Fig 3 2 (110) Reflection from a Fe
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and the paramagnetic scattering should be of dif
fuse character Figure 3 3 illustrates regions of
the diffuse scattering as measured at a series of
temperatures in the vicinity of 7 and well above
7 Most of the intensity change at the larger
angles of scattering can be accounted for by the
expected increase in thermal diffuse scattering
whose calculated values for the different temper
atures are shown in the bottom part of the figure
There appears however an excess scattering in
addition to the thermal scattering in the close
vicinity of the coherent diffraction peak and even
more pronouncedly in the small angle scattering
region On the same intensity scale is placed the
expected paramagnetic scattering (assuming the
paramagnetic and ferromagnetic moments to be the
same) and it is seen that the observed intensity
change from belowto well above 7 is much smaller
than expected Before discussing the implications
of this it will be advisable to consider in more

NEUTRON DIFFRACTION

detail the small angle scattering effects noted
above

The data presented in Figs 3 1 to 3 3 have all
been taken with the usual spectrometer resolution
which does not permit study at angles below 4 or
5 deg because of pronounced background effects in
this region In order to make this angular region
accessible the primary beam width and collimation
were successively reduced until it was possible
to obtain significant data into scattering angles
of slightly less than 1 deg Figure 3 4 illustrates
the small angle scattering intensity which is ob
tamed in excess of the intensity measured at room
temperature Pronounced intensity is found to
develop at a temperature of about 600°C and this
intensity increases until the Curie temperature of
770°C is reached Above 7 it reverses itself and

falls but it is still observable at the highest
temperature studied about 970°C This small
angle scattering is interpreted as being the result

SCATTERING ANGLE (d g)

Fig 3 3 Diffuse Scattering from Iron
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of domain diffraction with the domain structure

becoming more disrupted as the Curre temperature
is approached Earlier work by Hughes Burgy
Heller and Wallace had shown the presence of
domain scattering of neutrons into angles less than
1 mm of arc for iron at room temperature where the
domain size was about 10-3 cm With the reso

lution used in the present study such small angle
scattering is unobservable at room temperature but
at the higher temperatures the scattering becomes
measurable in the 1 to 5 deg region

Figure 3 5 illustrates the logarithmic variation
of the small angle scattering intensity plotted in
absolute units of magnetic scattering cross section
as a function of the square of the scattering angle
The theory of small angle scattering by scattering
discontinuities (in this case the regions of mag
netic coherence or domains) yields a linear re
lationship between the logarithm of the intensity
and the scattering angle squared if the discon

'D J Hughes M T Burgy R B Heller and J W
Wallace Pfiys Rev 75 565(1949)
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Fig 3 5 Iron

tinuities are all of the same size Pronounced

curvature is to be noted in the data plot of Fig
3 5 and this would merely imply a distribution of
domain sizes at a given temperature The slope of
the outer part of the 750°C curve corresponds to a
domain size of about 12 A so that only a few unit
cells would be magnetically coherent at this
temperature near the Curie temperature

These data suggest then that the regions over
which magnetic coherence occurs (the domains) get
smaller and smaller as the Curie temperature is
approached until finally they represent only a few
magnetic unit cells coupled together There ap
pears a gradual reorganization of the scattering
pattern at the Curie temperature from such a domain
scattering into short range order scattering with
the short range order characteristics becoming less
noticeable as 7 increases above 7 At the highest
temperature studied 970^ there is still evidence
of residual short range order

NEUTRON-MAGNETIC DIFFRACTION STUDY

OF THE PEROVSKITE TYPE COMPOUNDS

(La Ca)Mn0-

E 0 Wollan W C Koehler

A neutron diffraction study is being made of the
magnetic properties of a series of compounds of
the form [xLa (1 - x)Ca]Mn0, where x varies from



zero to unity For all values of the parameter x
these mixed oxides crystallize in one or another
modification of the perovskite structure The ideal
unit cube of a perovskite contains one molecule
ABO, where A is a large ion for example La
Nd3+ Ca2+ Sr2+ Ba2+ etc located at the cube
center B is a small ion Mn3+ Co3+ Te4+ Mn4+
etc situated at cube corners and where the three

oxygen ions are at the mid points of the cube
edges Many examples of the perovskite structure
are known only a few of which are perfectly cubic
For the series above the structures are probably
cubic only for a very narrow range of the parameter
x

Jonker and Van Santen have investigated the
magnetic properties of a number of perovskite type
compounds and have found that certain mixed
oxides containing manganese or cobalt become
ferromagnetic with Curie points ranging downward
from about room temperature In particular their
measurements of Curie temperature and saturation
moments for the (La Ca)MnO, series are reproduced
here as Fig 3 6 The CaMnO, content against

G H Jonker and J H Wan Santen Physica 16 337
(1950) G H Jonker and J H Va Santen Physica 19
120 (1953)
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Fig 3 6 Curie Temperatures and Average Satu
ration Moments per Manganese Ion (Jonker and
Van Santen)

NEUTRON DIFFRACTION

which these quantities are plotted is a measure
of the Mn concentrations in the samples to
which the magnetic properties are markedly sensi
tive The saturation moments represented here
are the average ferromagnetic moments of the
macroscopic specimens The Curie points refer to
the temperature of transition to the ferromagnetic
state With the neutron diffraction technique the
magnitude and alignment of individual atomic
moments at temperatures below the Curie or Neel
point can be observed To study the moment distri
butions in these perovskites a number of samples
of various compositions in the (La Ca)Mn0~ series
have been examined The samples were prepared
by a technique similar to that described by Jonker
and Van Santen

Since complete analytical data on these prepa
rations are not yet available the Mn Mn con
tent of the samples cannot be reported This and
the fact that the neutron measurements have shown

results which are so startlmgly dependent upon the
composition and upon the temperature and atmos
phere of firing of the samples require us to empha
size that this is strictly a progress report

The technique has been to obtain diffraction
patterns with good statistics from about 5 to 40
deg in scattering angle at room temperature (re
ferred to as 300°K) and at one or more temperatures
below the respective Curie or Neel points

An example of a low temperature pattern is shown
in Fig 3 7 The data from the several runs at
each temperature are averaged point by point and

UNC ASSI ED

ORNL LR DWG 7
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Fig 3 7 Diffraction Pattern of LaMnO, at 77°K
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the room temperature data are then subtracted from
the low temperature data and in plotting the points
are averaged over an angular range up to 1 deg
when this averaging does not lose detail to the
pattern Since the magnetic diffuse scattering is
larger at room temperature than below the Curie or
Neel temperatures the diffuse scattering excess
will appear as a negative contribution in the plot
of /To|< - /300oK vs scattering angle The results
for several samples are shown in Figs 3 8 to 3 13

Figure 3 8 is for pure LaMnO. fired in 1% oxy
gen—99% nitrogen and the manganese in this
sample should be almost entirely Mn3+ The tem
peratures at which the diffraction patterns were
taken for this sample and for succeeding samples
are shown on the figures For this case a satu
ration curve fitted by a Bnllouin function is shown
in Fig 3 14 The critical temperature can be seen
to be near 140°K The three lines in this difference
pattern can be accounted for by doubling the
elementary cell along one of the cube edges The
system is thus antiferromagnetic and from the
intensities and line positions one finds the spins
to be aligned as shown in Fig 3 15a

Figure 3 9 shows the case of LaMnO- fired in an
oxygen atmosphere and at such a temperature as
to give about 20% Mn4+ ions The unshaded peaks

UNCLASSIFIED

ORNL LR DWG 742

50

25

-50

^k-'sook"5"* heights>

(Oil) (101]

A
J-

(111)
"(003)-

/

_„_ Li

10 20

SCATTERING ANGLE (d g)

30
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fall at the same positions as the nuclear peaks
and hence represent ferromagnetic scattering The
peaks at the larger scattering angles have some
contribution arising from the smaller thermal motion
effect at low temperatures and the intensities are
such as to require also some nuclear contribution
arising presumably from minor shifts in oxygen
positions as one passes below the Curie point

The three peaks which have been shaded are
evidently to be associated with the antiferromag
netic phase of Fig 3 8 Exactly how these dif
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Fig 3 9 Difference Pattern for a Sample of
LaMnO3 Fired to Give About 20% Mn4 +
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Fig 3 12 Difference Pattern for (0 25La
0 75Ca)MnO3 Indexed for a Cell Doubled Along
Two of the Cube Edges

ferent magnetic phases are distributed in the
sample or why a finely divided homogeneous
mixture fired for 2 hr or more at high temperatures
should be magnetically inhomogeneous is difficult
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to say A simple magnetic test at liquid nitrogen
temperature showed the sample to be ferromagnetic
to a scale comparable to the particle size (~ 100
mesh) It has been suggested by Jonker and Van
Santen that the ferromagnetic coupling in these
compounds should be between Mn and Mn ions
(the coupling must of course be of the superex
change type via the intervening oxygen ions) A
small percentage of Mn might then be insufficient
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Fig 3 15 Cells Proposed for the Various Anti
ferromagnetic Patterns in This Series of Com
pounds

to produce ferromagnetism in the whole sample
but electron shifts could take place between ions
and the lowest energy could correspond to part of
the sample on a small scale being ferromagnetic
and part being antiferromagnetic The Curie and
Neel points for the two phases in this sample both
fall at about 140°K which was the value found for

the single magnetic phase in Fig 3 8
The patterns for all the samples shown will not

be discussed in detail and data obtained for other

samples will not be described in this report How
ever the coexistence of more than one magnetic
phase seems to be characteristic of most of the
samples Figure 3 10 shows primarily ferromag
netic scattering with a small unresolved antiferro
magnetic contribution that suggests a build up of
the phases appearing in later patterns

In Fig 3 12 there are primarily two lines which
can best be accounted for on the basis of an

antiferromagnetic cell doubled along two of the
cube edges as shown in Fig 3 15£> There may be
some of this phase in the sample of Fig 3 11 also

38

A pattern for a pure CaMnO, sample is shown in
Fig 3 13 This sample may have considerably
less than 100% Mn Another pure sample (not
shown) although having the same lines shows a
different intensity distribution The pattern for
these samples requires a cell doubled along all
three of the cube edges and the line intensities
cannot be accounted for on the bases of a single
cell consisting of two simple interpenetrating
lattices with opposite spin orientation The cells
shown in parts c and d of Fig 3 15 are capable of
accounting for the lines shown and on the as
sumption that these two cells are not in this case
energetically very different mixtures of these can
account for variations in the line intensities from

one sample to another In fact mixtures are re
quired to account for the lines in Fig 3 13

The antiferromagnetic cells shown in Fig 3 15
all have closest neighbor relations involving both
ferro and antiferromagnetic coupling in different
amounts There is also a region of stability in
volving purely ferromagnetic coupling and it is
conceivable that a cell of two interpenetrating
lattices having opposite spins and involving only
antiferromagnetic coupling between neighbors may
also exist

Preliminary study has also been made of the
crystallographic features of the problem Although
the structures in all cases are close to cubic with

the oxygens in the mid points of the edges (or of
the faces if the manganese atom is taken at the
center of the cube) the perovskite structure itself
(CaTi03) has small displacements of the oxygens
from these special positions and this is also true
for this system In some cases the room temper
ature x ray patterns show a small line splitting
and also in some cases there are weak lines which

require doubling of the unit cell dimensions In
the case of the mainly ferromagnetic patterns of
Figs 3 9 and 3 10 there seems to be no measurable
line shift as one goes below the Curie point as
evidenced by the clean nature of the difference
lines In other cases the difference pattern over
the nuclear peaks shows an easily observable shift
at the low temperatures

The nrture of the superexchange responsible for
the con plex magnetic character of these compounds
will certainly not be easily ascertained It was
suggested by Jonker and Van Santen that the ex
change Mn4+-0-Mn3+ is ferromagnetic and the
exchange between like ions is of antiferromagnetic



character Zener has postulated a resonance type
of superexchange in which an electron moves from
the Mn4+ ion to the oxygen and simultaneously from
the oxygen to the Mn ion in a rapid back and
forth alternation of this process Undoubtedly the
irregular displacements of the oxygen ions from
their special positions also bear some relation
to the type of magnetic coupling Detailed con
sideration of the type of magnetic coupling must
however wait for more complete experimental data

SEARCH FOR ANTIFERROMAGNETISM IN THE

SILICIDES V3Si

W C Koehler

Cr3S, AND M03S1

E 0 Wollan

Neutron diffraction data at room temperature and
at 20 4°K have been obtained for the isostructural

si hcides

^

V Siv3oi Cr3S. and Mo3Si for which the

V Cr
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Fig 3 16 Structure of VgSi Cr3Si and Mo3Si
In the model proposed by Zener the spins of the
transition group atoms are assumed to alternate
along the linear chains in the crystal so that this
would represent \ of the magnetic unit cell

NEUTRON DIFFRACTION

structure is shown in Fig 3 16 In no case has an
antiferromagnetic structure been detected nor is
there any indication of paramagnetic scattering
The situation with regard to the coherent scattering
is illustrated for V,Si in Fig 3 17 and the absence
of paramagnetic scattering is seen in Fig 3 18
An upper limit of 0 2 [i„ is found for the moments
of the V Cr and Mo ions in these crystal lattices
As a side aspect the silicon coherent neutron
scattering cross section has been redetermined as
2 16 + 0 06 barns
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Fig 3 18 Comparison of Observed and Ex
pected Diffuse Scattering The observed scattering
has been corrected for nuclear incoherent effects
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4 LOW TEMPERATURE PHYSICS

AN APPROXIMATE PARTITION FUNCTION FOR

CERTAIN IRON GROUP SALTS AT LOW

TEMPERATURES

L D Roberts J W T Dabbs

For certain paramagnetic salts of the iron group
the predominant interaction in the spin Hamil
toman of the magnetic ion is that due to the
crystalline electric field This term will produce
an anisotropy in the magnetic thermodynamic
properties of the salt as for example in the
adiabatic dependence of temperature on magnetic
field and entropy Assuming the Hamiltonian
H= g}fiH}S} + g2@H2S2 + g3j8//3S3 + DS2 where
the gr Hi and S; are components of the spectro
scopic splitting factor magnetic field and electron
spin operator where /3 is the Bohr magneton and
D is the electric field splitting coefficient this
anisotropy may be estimated Assuming the D
term large compared to the terms in H and using
the interaction representation of Schwinger the
partition function Z can be obtained

Z = -m2/t
Jhl

m — — S
02

+Y{h? +*2) S(S + 1) +
,-\/4t

202

[S(S + 1) - m[m + 1)]
-m2/6

0{2m + 1)
m— — S

e-(m+1)2/e _ e-m2/6

(2m + I)2

where m is the magnetic quantum number h -
gftH/D and 0 = kT/D Figure 4 1 gives a calcu
lation of the entropy as a function of temperature
at h = 0 3 at three angles to the polar axis and
with S = 5/2

i

METHOD FOR BRUTE FORCE POLARIZATION

OF HYDROGEN NUCLEI

J W T Dabbs L D Roberts

Certain anisotropic paramagnetic salts con
taming hydrogen allow adiabatic demagnetization
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Fig 4 1 Specific Heat of MnCI2 (0 2 mole) as
a Function of Temperature

by rotation of a magnetic field H from the direction
of large spectroscopic splitting factor g, to the
direction of small splitting factor g at constant
H Starting at an initial temperature T the proton
polarization obtained by brute force is given by
/ = 1 0 x 10" ^g/Tigs for small polarizations
in an ideal case Values of H/T up to about
2 x 10 are available using techniques ot indirect
cooling together with the superconducting heat
switch 2 for thermal isolation after cooling to
T; and before rotation

The salt Ce2Mg3(N03)12 24H20 has a magnetic
anisotropy3 given by g/gs %7 and for this case
values of / in the range 0 055 to 0 07 are avail
able taking into account both the electron and
proton spin system (Schottky) specific heats which
arise from the Zeeman splittings AE (electronic) =
2gs/3SH and AE (protons) = 2/x H these are the
only important specific heats in the region of
interest Calculations on this basis indicate that

proton polarizations of about 6 to 7% probably
could be maintained for reasonable times It is
assumed that the ortho para energy difference is
small compared to kT

L D Roberts S Bernstein J W T Dabbs and
C P Stanford Phys Rev ( n p ess)

2J Da by J Hatto B V Roll n E F WSeymo
and H B Si Is bee Proc Phys Soc (London) A64 861
(1951)

3A H Cooke H J Duff s and W P Wolf Phil
Mag 44 623 (1953)



It is interesting to note that if a similar material
with g % 0 were available a proton polarization
of about 0 20 would be attainable Theoretical

calculations4 of the magnetic properties of ytter
bium and dysprosium in the ethyl sulfates suggest
that here g =0 Since no thermodynamic measure
ments have been made on these salts below 1°K
it is not yet possible to design a polarization
experiment around these salts

LOW TEMPERATURE SPECIFIC HEAT

ANOMALY OF MnCI2

R B Murray

The specific heat of a polycrystallme sample of
anhydrous MnCL has been measured from 1 3 to
4 2°K by the techniques of adiabatic calonmetry
The sample was prepared by the dehydration of
pure MnCL4H20 in a dry HCI atmosphere The
anhydrous MnCL was then fused ground to a
coarse powder and sealed with a small amount of
helium exchange gas in the calorimeter cup
Specific heat measurements were carried out by
observing the rise in temperature of the sample
associated with the input of a measured amount of
heat from an electrical heater coil Sample temper
atures were measured with a carbon resistance

thermometer whose resistance was carefully call
brated against the temperature of the liquid helium

4B Blea ey nd K W H Stevens Repts Progr in
Phys XVI 108(1953)

LOW TEMPERATURE PHYSICS

bath at the beginning of each experiment The
thermometer resistance as a function of temperature
(in the liquid helium temperature range) may be
accurately described by a function of the form

C
\n R = A + B In T + — + DT

T

where the parameters ABC and D are evaluated
by a least squares fit of the calibration data Such
a treatment permits an accurate measurement of
temperature increments of the order of 0 05°K

Six specific heat experiments have been carried
out in the liquid helium range on an approximately
0 2 mole sample The results are shown in Fig
4 2 The measurements show an anomalously large
specific heat throughout this region the maxima
are located at 1 8 and 2 0°K The specific heat is
falling very slowly at 1 4°K and suggests the
possibility of further anomalies at even lower
temperatures

The observed anomalies are tentatively associ
ated with a transition from the paramagnetic state
to the antiferromagnetic state Such transitions
however are usually accompanied by a single
specific heat maximum The observation of two
maxima suggests the existence of two separate
phases in the crystal lattice A two phase struc
ture might arise from the mechanical grinding of
the fused MnCL before filling the calorimeter cup
X ray diffraction patterns of ground MnCL are
being studied in this laboratory to examine this
possibility

41



LOW TEMPERATURE PHYSICS

4 0

36

32

2 8

„ 24

J 20

1 6

1 2

08

04

UNCLASSIFIED

ORNL-LR-DWG 282

.IftM 11 P54

JAN 19 1954

JAN 27 1954

FEB 4 1954

FEB 15 1954

FEB 18 1954

»

•

i

] d

, i

o>

—t

•A

^

t 8 i-

•a

•

•

A A

•

12 1 6 20 24 28

TEMPERATURE ( K)

32 36 40

Fig 4 2 Specific Heat of MnCL Sample 0 2 mole MnCI.

42



HEAVY ION PHYSICS

5 HEAVY ION PHYSICS

INVESTIGATION OF ELECTRON CAPTURE

AND LOSS FOR HEAVY IONS PASSING

THROUGH GASES

P M Stier C F Barnett

G E Evans

During the past six months the energy depend
ence of the equilibrium charge distribution has
been determined for the ions H He N Ne

and A+ with energies of from 20 to 250 kev passing
through each of the following gases hydrogen
helium nitrogen oxygen neon and argon A de
scription of the equipment and preliminary results
were given in the preceding semiannual report

The results of the determinations of the fraction

of the particle beam which was neutral at charge
equilibrium are displayed in Figs 5 1 to 5 6 The
ratios of the charge + 2 to charge +1 components
are given in Figs 5 7 to 5 10

The number of negative ions formed in the charge
exchange chamber was below the detectable limit
(about 0 1% of the total beam at 30 kev 0 01% at
100 kev) for the incident ions He N Ne and
A+ The energy dependence of the H~ component

On leave to Union Carbide and Carbon Corporation
Cleveland Ohio

2P M St er C F Barnett G E Evans and V L
DiRito Phys Semiann Prog Rep Sept 10 1953
ORNL 1620 p 37
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Gases

formed by the passage of protons through nitrogen
is shown in Fig 5 11

Interpretation of the results of experiments which
measure the equilibrium charge distribution is
difficult because only the ratio of the electron
capture to electron loss cross sections is deter
mined These cross sections are for different

types of interactions the energy dependence of
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which is expected to differ The electron loss is
ionization of a fast atom by the target atom and
therefore the loss cross section is expected to
increase to a maximum and then decrease slowly
at higher energies The capture cross section
which is the cross section for the transfer of an

electron from the target atom to the pro|ectile ion
will in this low energy region be largely determined
by the relative ionization potential of the target
and projectile atoms This low energy behavior is
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ENERGY (k )

L SS ED
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Fig 5 4 Equilibrium Fraction of N in Various
Gases
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Fig 5 5 Equilibrium Fraction of Ne in Various
Gases
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not to be confused with the behavior expected at
high energy

If it s assumed that the probability is small that
two electrons are transferred in a single collision
the ratio of the number of particles in charge states
+ 1 and 0 (or in +2 and + 1) is the same as the ratio
of the complementary cross sections for transitions
between these states The ratios 3 c01/ff10 calcu
lated from the values taken from the smooth curves

C oss sect o not t on the fi st s bs r pt refe s to
the n t al charge state the second to the f nal state
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in Figs 5 1 to 5 6 are plotted as a function of the
incident ion velocity in Figs 5 12 and 5 13 It is
seen that much of the experimental data is well
represented in this energy range by a formula of
the type cr_|/cr. _ = K,vm where v is the particle
velocity and K, and m are empirically determined
constants Values of m are listed in Table 5 1 for

each ion gas combination for which the data could
be represented by a straight line over a reasonable
portion of the velocity range The interesting
behavior of the relatively easily ionized heavy ions
(nitrogen and argon) passing through the gases of
high ionization potential (helium and neon) is to
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Fig 5 8 Equilibrium Ratio of N to N in
Various Gases
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HEAVY ION PHYSICS

be noted As discussed above the velocity de
pendence of the reactions involved is expected to
differ therefore it would seem that detailed dis

cussion of the shapes of these curves should be
deferred until the separate cross sections have
been measured
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Fig 5 10 Equilibrium Ratio of A to A in
Various Gases
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TABLE 5 1 VALUES OF THE EXPONENT m IN THE

FOR THE VARIOUS ION

GAS COMBINATIONS

RELATION <701/<710 = K,v

ION

GAS

H+ He+ N+ Ne+ A+

H2 6 5 3 3 2 0 2 2 2 8

He 4 7 2 6 1 9

N2 54 2 9 2 2 2 9 3 3

°2 4 6 2 6 1 7 2 8 2 5

Ne 3 7 2 8 25

A 58 3 5 3 1 4 3 3 7

No straight sect on

It is evident from Figs 5 7 to 5 10 that in many
cases the ratios of the cross sections for tran

sitions between charge states 2 and 1 cannot be
represented by a simple power law in the velocity
over the energy range studied since the curves do
not extrapolate to n+ /n+ = o^a7\ = ^ at zero
energy However the data are well represented by

formula of the type °^a2\ ~ K2^v ~ vt)™ as ls
shown in Figs 5 14 and 5 15 The empirically
determined values for the constants m and v are

given in Table 5 2. The constant v corresponds
to a threshold velocity below which there is
very little probability of forming the doubly charged
ion Here again it is difficult to interpret the
details of this table because of the unknown and

different velocity dependence of the two cross
sections involved
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Experiments are now in progress in which the
cross section for electron loss by fast atoms in
this energy range is being measured From these
data and the reported ratios of loss to capture cross
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HEAVY ION PHYSICS

sections the electron capture cross section and
the rate of loss of energy due to charge exchange
can be calculated
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TABLE 5 2 VALUES OF THE THRESHOLD VELOCITY vc AND THE EXPONENT m IN THE RELATION

ff12/a21 =K2(v ~vc)m F0R THE VAR,0US ,0N GAS COMBINATIONS

GAS

VALUES OF m FOR VALUES OF vc (cm/sec x 10~8) FOR

He+ N+ Ne+ A+ He+ N+ Ne+ A+

H2

He

N2

°2
Ne

A

5 7

4 7

34

1 1

4 7

0 6

1 1

1 0

1 0

08

1 1

3 0

1 3

2 8

2 7

1 4

3 8

1 3

1 3
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6 NEUTRON PHYSICS

DEMONSTRATION OF NEUTRON SPIN FROM

BLOCH ALVAREZ TYPE OF EXPERIMENT

C P Stanford T E Stephenson
S Bernstein

Rabi developed the magnetic resonance method
of measuring the gyromagnetic ratio of molecular
beams This type of experiment was modified for
use in the measurement of the neutron gyromagnetic
ratio Alvarez and Bloch selected a given neutron
spin state by transmission through a magnetically
saturated piece of iron instead of passing the beam
through an inhomogeneous magnetic field as is
usual with molecular beams This magnetic reso
nance type of experiment has been extended to
give a demonstration of the neutron spin

Two magnetized single crystals of magnetite
were used for the neutron polarizer and analyzer
as shown in Fig 6 1 Use of magnetite has dis
tinct advantages over the transmission method
mentioned above in the selection of a particular
spin state in that a monoergic neutron beam is pro
duced which has a high degree of polarization
Between these two magnetite crystals a constant
field H. of several hundred oersteds is maintained

'l I Rabi J R Zachar as S M lima and P Kusch
Phys Rev 53 318 (1938)

2L W Alvare nd F Bloch Phys Rev 57 111
(1940)

3C G Sh II Phys Rev 81 626(1951)
C P Sta ford T E Stephenson L W Cochran and

S Be n te p e ented fo publ cat on The Phys cal
Rev ew

MAGNETIZED
MAGNETITE CRYSTAL

NEUTRON

SOURCE

UNCLASSIFIED
DWG 2 37

,0 '-MAGNETIZED
^0 MAGNETITE CRYSTAL

PARALLEL PLATE MAGNET

Fig 6 1 Arrangement for Measuring Polarization
Using Two Magnetite Crystals and Magnetic
Resonance Method
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parallel to the field applied to the crystals Tran
sitions between neutron energy levels in the con
stant field are induced by an oscillating field
H. perpendicular to HQ The frequency co of H,
is ad|usted so as to satisfy the relation

where y/S is the gyromagnetic ratio of the neutron
with fj. and S expressed in fundamental units

The transition probability in a rotating magnetic
field of a particle possessing a magnetic moment
is a function of the frequency and amplitude of the
rotating field and of the length of time spent by
the particle in this field The transition proba
bility also depends upon the angular momentum /
of the particle and upon its initial and final mag
netic quantum numbers M and M The shape of the
transition probability curve plotted against the
amplitude of the oscillating magnetic field is
distinctly different for the different values of /
Using these calculated transition probabilities and
the calculated reflectivity of the magnetite crystals
for different values of neutron spin the neutron
intensity reflected from the two magnetite crystals
can be calculated as a function of the amplitude
of the oscillating magnetic field for various as
sumed values of neutron spin With co = <yn the
transition probability curve for spin L is of the
form T = sin a/2 where a is proportional to the
amplitude r/1 of the oscillating magnetic field
The intensity reflected from the second magnetite
crystal is then proportional to 1 —A sin a/2
where for identical magnetite crystals A is a
function of the polarization P produced by either
crystal alone A = (2P2)/(1 + P2)

With co = a)g the intensity reflected from the two
magnetite crystals was measured as a function of
the amplitude of the oscillating magnetic field the
measured values are shown in Fig 6 2. The solid
curve shows the calculated intensity for spin L
that is 1 - A sin a/2 the curve is ad|usted to
give the best fit to the experimental points The
observed close agreement of Fig 6 2 cannot be
approached by using any other value of neutron
spin

The straight line in Fig 6 2 gives the measured
counting rate when the neutron beam is depolarized
between the two crystals The fact that the sin

E Ma|orana Nuovo cimento 9 43 (1932)



a/2 portion of the best fit calculated curve is
symmetrical about this line demonstrates that the
maximum transition probability obtained was 100%

NEUTRON PHYSICS

The neutron polarization produced by reflection
from either magnetite crystal alone as determined
by this work is 86%
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7 THEORETICAL PHYSICS

TABULATION OF ANGULAR MOMENTUM

FUNCTIONS

A Simon

UNIVAC tabulation of the numerical values of

the Racah function W(abcd ef) is now complete
The tables were printed out by the UNIVAC in
completely edited form and are being photographi
cally reproduced for final distribution as ORNL
1679 The Racah functions are given to 10 places
after the decimal point while the range of argu
ments is as follows

1
ac=0—1

2

15

Y

1
b d = 0—1

2

9

~2

1
e = 0— 1

2
3

/ = 0 1 2 8

A similar (but much simpler) tabulation of the
Clebsch Gordon coefficient CaZ, is also now

complete All coefficients which have no argument
greater than 9/2 are tabulated Distribution of this
report will follow shortly after the Racah tables

Machine tabulation of the X and G functions is

now in the planning stage

MACHINE COMPUTATION OF HIGH ENERGY

ELECTRON SCATTERING

G T Trammell

The ORACLE is being programed to calculate
the elastic scattering which would be expected to
result from high energy electrons —of the order of
100 Mev — falling on various static continuous
distributions of positive charge It is hoped that
a comparison of these results with the elastic
scattering cross sections of heavy nuclei for high
energy electrons which have been measured by
Hofstadter and collaborators at Stanford will im

prove the knowledge of nuclear charge distributions
A portion of the program has been completed and
performed by the ORACLE and the complete
program is expected to be ready soon

52

MAXIMUM VALUES FOR RESONANCE

CROSS SECTIONS

A Simon T A Welton

An old controversy as to the maximum permissible
resonance cross sections has been resolved Sup
pose that only a single compound state contributes
(definite / and parity) and that potential scattering
is ignored From simple statistical arguments (or
from the general properties of the scattering matrix)
it can be shown that for elastic scattering (a = a
with a and a designating initial and final chan
nels) the maximum value of the cross section is

4tt 2/ + 1
(1) ex =

aa k2 (2i + 1) (21 + 1) NsNl

where / and i are target and pro|ectile spins and
N and N, are the numbers of possible incident
channel spins and orbital angular momenta If
a 4 a

(2) ^ £ 2/ 1
NN,

,2 (2« + 1) (21 + 1) s l

Unless N and N, = 1 the results are at variance

with those which follow from the simple Breit
Wigner formula The resolution of the apparent
paradox lies in the fact that if N and N, / 1 there
exists a degeneracy with more than one state having
the same energy / and parity (various eigenfunc
tions of the scattering matrix) Except by accident
however only one of these degenerate states will
be resonant in a given energy range This implies
that a cross section curve of Breit Wigner shape
must satisfy Eqs 1 and 2 with N = N, = 1 The
energy dependence may be complicated by the
accidental near coincidence of resonances of two

or more of these degenerate states in which case
Eqs 1 and 2 must be used It is interesting to
note that in such cases the angular distribution
will be that appropriate to a single level

POLARIZATION FROM ISOLATED RESONANCES

A Simon T A Welton

Previous work on polarization arising from nuclear
reaction has been specialized to the interesting



case where only a single resonant compound state
(definite / and parity) contributes In this case
constant (and perhaps large) fractional polarization
can be observed across the resonance if / 4 0
and if two different values of orbital angular
momentum contribute for either the incident or

outgoing beam This resonance polarization is
discussed in a paper to appear shortly in The
Physical Review

THEORY OF NUCLEAR REACTIONS WITH

RADIOACTIVE PRODUCTS

T A Welton

A number of nuclear reactions have been observed

which yield a stable product and a short lived
unstable product Under these conditions even
monoenergetic bombardment will yield a spectrum
of energies for the stable product This arises
because the decay of the unstable product makes
its energy uncertain and this uncertainty must be
reflected in the energy spectrum for the stable
product It has been previously assumed (without
proof) that the spectrum is essentially identical
with the energy variation of the resonance cross
section for scattering of one of the products by the
other This speculation has been confirmed by
calculation of a simple model and detailed results
are being obtained by extension of the Wigner
Eisenbud formalism

QUANTUM ELECTRODYNAMICS

T A Welton

An extremely symmetrical and simple formulation
of quantum electrodynamics has been found by
treating relativistic quantum mechanics as a direct
extension of nonrelativistic quantum mechanics
This extension is made by treating the motion of
hypothetical particles of mass n in a space of four
completely equivalent dimensions The motion
is specified in terms of a fifth variable which plays
the same role as time in nonrelativistic calcu

lations Corresponding to any physical problem
a related problem can be found in the hypothetical
space The computation procedure is then to
calculate the appropriate result for the related
problem and finally set the quantity n equal to im
where m is the actual electron mass The formalism

offers several definite advantages and in spite of
its bizarre appearance gives completely sensible
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results in the usual elementary calculations
Application has been made to the level shift calcu
lation with the result that the electrodynamic
shift of order Z arm is unchanged from previous
results The electrodynamic shift of order Z arm
is completely altered in detail and very much
reduced if previously used approximation methods
are adhered to The term of order Z.arm arising
from positron theory is eliminated if a plausible
reformulation is made along the lines indicated
above The net result is very poor agreement with
experiment and the formulation may be only an
interesting curiosity Further investigation of the
approximations entering the calculation is how
ever being made

OSCILLATION FREQUENCIES OF CHARGED

PARTICLES IN AXIALLY SYMMETRIC

ELECTROSTATIC FIELDS

E C Campbell

A charged particle moves with constant angular
frequency coQ in an axially symmetric electrostatic
field Its orbit is a circle perpendicular to the
axis of symmetry and with its center on the axis
If the field shape is such that the orbit is stable
then small impulses applied to the particle in the
axial and radial directions will result in small

amplitude oscillations of frequency co and co
respectively about the original orbit It is shown
then that

(1) iu n -r u,^ - .^Q

and the stability condition is that 1 < «„ < 3 where

P_ P_
"E = Ep dp

at the orbit

Two limiting cases in which the equation is
satisfied are well known

1 For the purely cylindrical potential V = log p
there is no restoring force in the z direction For
this case Eq 1 reduces to co = \j2 coQ Therefore
in a time equal to a radial oscillation half period

2 2
CO* + CO

P z
= 2c

T 77 77

Y ~~" "P V2«0

the parti clle moves through an angle

T 77
'V; 127 deg

V2"
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This radial focusing property of the cylindrical
potential was discovered by Hughes and Ro|ansky
in 1929

2 The focusing properties of the spherical field

1
V =• = (p2 + z2)-"2

follow from the circumstance that for this field

co = co Equation 1 implies that co = co = con
P z r P z 0

which is |ust the condition for 180 deg focusing
In order to prove Eq 1 expand the potential

V(p z) in the vicinity of the equilibrium orbit
p = pQ z = 0 The result is

(2) V(p z) = (P - Po)
ey

•i >••>&.
21

fshy

ydz2)

The term linear in z is omitted since the z com

ponent of the field should vanish at the equilibrium
orbit The equations of motion are

dV
(3)

(4)

and

(5)

p - pep
dp

dt

~~dz~

(p2*) = o

Since the component of angular momentum about
the axis is constant set

(5 )

and obtain

(3) P -

54

p24> = Pq^o

Poal

- (p - p0)
fdzv'

y*P2/

\ 1

and

(4 )

Now let y = (p —p0)/p0 anc' expand the second term
of Eq 3 for y « 1 Then

(3 ) y - co2(] - 3y)

"u =
Po \dP

0 \WP /0

From the equilibrium condition that y = 0 at y = 0

1 fdv'
(6)

- y

+ 2co2

yp2'

By comparing Eqs 4 and 3 with the equations
for oscillatory motion it is found that

(7)

and

(8)
'd2V

yp2,
+ 3co2

But the derivatives of the potential must satisfy
Laplace s equation

d2V 1 dV d2V
(9) + — —- + =0

dp2 P dP dz2

On substitution of Eqs 6 7 ano 8 into Eq 9

or

co2 - 3gj2 + col + co = 0
p 0 0 z

co2 + co\ = 2a>2

is obtained which is the result stated in Eq 1

The conditions for radial and axial stability are
most simply expressed in terms of the index of the



radial component of the electric tield

„ dEn

nE = -•
dp

J

where of course E = -dV/dp Equations 7 and
8 are thus transformed into

(7 )

and

(8 ) ^p - \~ ~ "E/

In order that the motion be stable (both frequencies
real) np must satisfy the condition
(10) 1 < nE < 3

It is of interest to compare these expressions
with the analogous ones for stable orbits in a
magnetic field Expressed in terms of the mag
netic field index

\ = (»B - iK

= (3 - nc)cor

dH

H dp

these are

(ID <°l = nH<*\
and

(12) <*% = (1 ~ "h)wo
whence

(13) 0 < n < 1

is the stability condition and

(14) + co.

is the relation analogous to Eq 1 It is evident
that the electric field stability conditions permit
somewhat greater stability for particle orbits
associated with a given angular velocity than do
those tor a shaped magnetic field The restoring
forces for the transverse motion (proportional to
the square of the frequency) are in fact twice as

THEORETICAL PHYSICS

large in the electric as in the corresponding mag
netic case

By combining appropriate axially symmetric so
lutions of Laplace s equation a potential function

«„ + 1
,2 . EV(p z) = z2 - —p- .

2 n^ - I

1
log p

can be obtained which has certain desirable proper
ties and which contains the electric field index

np as an ad|ustable parameter In particular the
axial field component is independent of p and the
radial field component is independent ot z so that
the dynamical equations are simple If the magni
tude of the field is ad|usted so that the equilibrium
orbit is a circle of radius p = 1 lying in the plane
2=0 then it can be shown that the frequencies of
the small amplitude transverse oscillations are
given explicitly by Eqs 7 and 8 For n —5» 1
the field approaches the purely cylindrical field
E =0 \E I = 1/p while for «„ = 2 the field in

z ' p[ r E
the neighborhood of the equilibrium orbit is spheri
cal

It is of interest in view of certain applications
of these fields to show how the kinetic energy
E and the angular velocity co of the particles in
stable circular orbits depend on the radius of the
orbit in a fixed field For the magnetic case

dE
= 2(1

and

dco
- —n

nH)
dp_

P

dp
H

CO P

are obtained For the electric field

sponding expressions are

and

dE

E
(1 - n )

P

dco I(»E + ]\ dp
CO V 2 ) P

the
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