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ANNIHILATION RADIATION

o. C CleFs
b. CCleFe

f can be calculated from these points after some simple correc-
tions. Figure 2 shows the results obtained. The short cross-
bars on the vertical bars indicate the probable scatter of the
individual points while the full vertical lengths include the uncer-
tainty of normalization, background, etc. The fact that, for the
strongest fields, f approaches -', of its value at zero field supports
our assumption of the absence of re-orientation before annihila-
tion. The solid line in Fig. 2 represents the best fit to the points
assuming the dependence of f on H to have the theoretical func-
tional form. It yields the value E=9.4X10 ' ev given above. The
two dashed curves are theoretical curves calculated with and with-
out the exchange term. Further discussion of these experiments
will be presen. ted in a paper now in preparation.

We wish to thank Dr. Henry Primako6 for valuable discussions
of the theoretical aspects of the problem.
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FIG. 1. Annihilation radiation spectra for f=1 and f~0.
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FIG. 2. Relative probability of three-photon annihilation as a function of
magnetic field. Theoretical curves for different values of the fine structure
of positronium.

table 25 state of hydrogen by an electric 6eld. 3 In the case of
positronium in a magnetic 6eld the state with S=1,3f=0 gets a
small admixture of S=O by virtue of the quadratic Zeeman effect.
Linear Zeeman effect is absent in all states. To an accuracy more
than sufhcient for our purpose, the fraction of para-state admixed
to the ortho state with M=O is u2= {2poH/E)'. Only the ortho-
positronium atoms with M =0 are affected, since the probability
of reorientation before annihilation is negligibly small. The pure
ortho-state decays by three-photon emission at the rate P 0 =7 X10'
sec&' while the para-state decays at the rate )„=8)(10'sec ' by
two-photon annihilation. ' The effect of the admixture of para-
state in a magnetic 6eld H is therefore twofold: (1) The decay
rate of one third of the ortho-positronium atoms is increased to
) (H) =Xp(1 —u')+A~us. (2) The probability that an ortho-
positronium atom decay by three-photon annihilation, nearly
unity in the absence of a 6eld, ' is reduced to f(H) =Xo(1—a')/
(~0(1—+')+'A„a').By measuring f{H) es H we have found us and
from this E. A large volume of uniform magnetic field was pro-
vided by a large electromagnet of the Research Laboratory of
Electronics. e We are indebted to Prof. F. Bitter for the oppor-
tunity to use this magnet.
f was determined by observing in a scintillation spectrometer

the annihilation radiation spectrum produced in freon. Experi-
mental conditions were much improved over those in our earlier
communications. s Figure 1 shows typical spectra obtained in the
absence of a 6eld in pure freon (f—1) and freon with 3 percent
nitric oxide (f~0}i Spectra obtai. ned in pure freon with a rnag-
netic field were intermediate between these two. In the actual
experiments only points near the maximum and the minimum
of a spectrum were measured with very good statistical accuracy.

~ This work has been supported in part by the joint program of the ONR
and AEC.' J. Pirenne, Arch. Sci. Phys. et Nat. 28, 233 (1946); 29, 121, 207 (1947).

s V. B. Berestetskil and L. D. Landau, J. Exptl. Theor. Phys. SSSR 19,
673, 1130 (1949).

s W. E. Lamb and R. C. Retherford, Phys. Rev. 'F9, 549 (1950).
4A. Ore and J. L. Powell, Phys. Rev. VS, 1696 (1949).
s M. Deutsch, Phys. Rev. 82, 455; 83, 866 (1951).
s F. Bitter and F. E. Reed, Rev. Sci. Instr. 22, 171 (1951).

Nuclear Electric Quadrupole Interaction in
Crystals with Nonaxially Symmetric Fields*

H. E. PETcH, t D. W. SMELLIE,f AND G. M. VQLK0FF
Department of Physics, Unitjersity of British Columbia,

Vancouver, Canada
(Received September 17, 1951)

OUND' has reported the theory and some experiments on the
splitting of nuclear magnetic resonance absorption lines in

single crystals by the interaction of the nuclear electric quadrupole
moment Q with the electric 6eld gradient at the site of the nuclei
in question. His work on the influence of the crystal orientation on
the line splitting is restricted primarily to the special case of
crystals in which the 6eld gradient tensor has an axis of symmetry.
Becker and Kruger' report further experiments on rotating a
crystal with an axially symmetric 6eld. Schuster and Pake, 3 and
Hatton, Rollin, and Seymour4 report some additional work on
crystals, but they do not discuss the dependence of the line
splitting on the crystal orientation.

We have extended Pound's theory' to cover the dependence of
the line splitting on the crystal orientation for the general case of
crystals in which the traceless symmetric 6eld gradient tensor does
not necessarily have an axis of symmetry, but is given in terms of
its principal axes by:

BE,/Bx= eq(1 —rt)/2 BE„/By=eq(1+ted/2 BE,/Bz= —eq

with
BE, BEy BE,

ett—=Z;e, {3cos~8 —1)r; 3 g =—
Bx By Bz

in the notation of Pound's paper. ' (The z axis is here chosen as the
one with the largest absolute value of the field gradient compo-
nent, and x with the smallest, so that 0&g & 1). We have also
experimentally verified this theory in the case of the Li~ lines
obtained from a single crystal of LiA1{SiO&)2 (spodumene).

We choose three mutually perpendicular right-handed axes in
the crystal which are easily recognized externally, and label them
X, Y, Z (in the monoclinic spodumene crystal the b axis was
chosen as X, the c axis as Y, and the direction perpendicular to b

and c as Z. The crystallographic u axis lies between our Y and —Z
axes.).Let Xhave the direction cosines X;, Y have Itt;, and Z have v;,
with respect to the right-handed axes x, y, z in which the field
gradient tensor is diagonal at the site of the nuclei in question.
(Although in spodumene there are four Li atoms per unit cell
the existence of known symmetry centers and of twofold screw
axes in the b direction guarantees that the principal axes of the
6eld gradient tensor have the same orientation at the four sites
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plicable to larger values of a'gQ/h in asymmetric fields are now in
progress.

A complete account of this work is being submitted to the
Canadk n Journal of Physics.

*Work supported by grant from the National Research Council of
Canada.
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FIG. 1. Decay scheme of Cs» and schematic sketch of
detector system (P-ray detector exploded).

to a "pulse-height" coincidence circuit, whose resolving time is
—,
' @sec. The pulse-height selectors are set to accept pulses corre-
sponding to p-ray energies appropriate to the problem. For in-
stance, in experiments on Co" and Cs'~, whose &-rays are all of
nearly the same energy, the pulse-, height selectors are set to the
peak of the Compton distribution. The "fast" and "pulse-height"
coincidence signals are fed into still another coincidence circuit.
An output signal in this last stage then indicates that there has
been a coincidence of two signals of proper pulse height. All
critical voltages are regulated, and the battery supplying the
photomultipliers is monitored continuously.

The system was checked by measuring the angular correlation
of the p-rays of Coso. The ratio 8'(x)/8'(-,'~) was found to be

TAm. E I. Angular correlation of y-rays coincident with 660-kev p-ray of
Cs». Spins 4, 2, 0, and quadrupole radiations.

Theoretical value
Theoretical value corrected

for solid angle
Experimental value

W(tr/2) W(3 m/4)

1.073
1.063

1.085 +0.03

1.167
1.139

1.109+0.03

Angular Correlation of the Gamma-Rays of Cs"'*
BERoL L. RoBINsoNt AND LEoN MADANsKY

Johns HoPkins University, Baltimore, Maryland
(Received September 12, 1951)

PROGRAM has been initiated for the study of the correla-
tions of cascade radiations' in the decay of radioisotopes.

We make use of the proportional properties of scintillation crystals
and of the high efFiciency of NaI(Tl) as a p-ray detector. We re-
duce the accidental counting rates considerably by using fast
amplifiers and a fast coincidence circuit for timing, and slower,
linear amplifiers in parallel, pulse-height selection channels.
There are no heavy metals in the vicinity of the detecting crystal
and no collimation is used. We rely only upon pulse-height selec-
tion to eliminate false coincidences due to scattered radiation.

Each photomultiplier output goes to two parallel channels.
One consists of a fast amplifier and leads to a "fast" coincidence
circuit whose resolving time is 30 @sec. The other channel is a
linear amplifier and single channel pulse-height selector and leads

TAaLE II. Theoretical and experimental "over-all" correlation
ratios for Cs».

Spin of 3rd state

5
5
6

Experimental values

Multipole
character of

1st y-ray

Dipole
Quadrupole
Quadrupole

W(tr/2)

1
1
1

a{3~/4)
1.036
1.027
1.063
1.046 &0.01

1.074
1.037
1.139
1.106&0.01

Anomalous Resistance of Noble Metals
Containing Paramagnetic lons

A. N, GERRITsEN
Kamerlingh Onnes Laboratory, Leiden, Netherlands

J. KoRR INCA

Ohio State University, Columbus. Ohio
(Received August 16, 1951)

' EXPERIMENTS performed by Gerritsen and Linde' on
~ diluted alloys of Mn in Cu, Ag, and Au reveal anomalies

which are similar but more pronounced than those observed in

1.17+0.05, in good agreement with the results of other experi-
ments. s

With a slight modification of this system we have investigated
the p-ray cascade following the P-decay of the 2.3-year isomer of
Cs"4. The decay scheme is shown in Fig. 1.' The source was de-
posited on a mica flake mounted upon a chip of anthracene (about
1 crnx1 cmx1.5 mm) as shown in Fig. 1. The output of the
P-detector photomultiplier was amplified by one of the fast
amplifiers and fed into the "fast" coincidence circuit. The 90-kev
P-ray was entirely suppressed since it gave pulses too small to
actuate the fast coincidence circuit. The anthracene was quite
insensitive to &-rays and the overall efIiciency for the 660-kev
P-ray was about —',. Thus we required a coincidence of two p-rays
with the further condition that one of them be in coincidence with
a 660-kev P-ray.

Some 40{M events were counted at each of three positions,
(90', 135', 180'). The angular correlation of the y-rays coincident
with the 660-kev P-ray is in good agreement with the theoretical
correlation function for transitions involving spins 4, 2, 0, and
quadrupole radiations. The results are shown in Table I.

At the same time we measured the "over-all" correlation of all
the p-rays; that is, accepting any of the three p-rays. The results
are shown in Table II and are in agreement with the other ob-
servations. '

Assuming the spins 4, 2, 0, and quadrupole radiations, theo-
retical correlation functions were calculated4 on the assumptions
that the third excited state of Ba'" had spin 5 (dipole and quad-
rupole radiation) and spin 6 (quadrupole radiation. } Using the
P-decay branching ratio of 3:1and correcting for solid angle, we
derive the results shown in Table II.

The spins of the excited states of Ba'" may then be assigned as
indicated in Fig. 1. This assignment is in agreement with the
character of the radiations as deduced from interval conversion
coeflicients. '

Work is in progress on other triple correlations.
We are indebted to Dr. M. E. Rose of the Oak Ridge National

Laboratory for the calculation of the angular correlations of the
first and third y-rays with the second unobserved one.
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