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should be evaluated for d-states between 1 and 2 since the pre-
dominantly cos'8 angular distribution from the (p+p-+m++d)
interaction shows that the final nucleons are mostly in d-states.
In the calculations, s-state wave functions were used for sim-
plicity in view of the crude nature of other approximations.

If one assumes that the deuterium neutron does not inftuence
the production except for the momentum distribution it gives to
the deuterium proton' and the interactions among the three nu-

do'
cleons in a triton the cross section —(p+d~H'+m-+) can be esti-)
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E is the total energy in the center-of-mass system including rest
mass; k is the momentum of the incident proton in the center of
mass system; q is the meson momentum. The quantities in the
bracket are evaluated at that energy which gives mesons of
momentum q. The factor 1/3 arises from the various spin sums.

We choose for the spatial part of the wave functions:

and
Pp(0, r) .(n'/8m) e

(6)

(7)
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&HE gamma-radiation from polonium has been the object of a
number of recent investigations, ' 5 but the present under-

standing of the situation is far from satisfactory. This is par-
ticularly so with regard to the soft radiation of energy about 80
kev, thought by Zajac et al.2 to be nuclear in origin. Grace et al. '
have recently found evidence that this component seems to be
almost entirely the x-radiation of lead following the internal
conversion of the well-established hard component at 800 kev,
and have estimated the internal conversion coefficient by a study
of the internal conversion electrons involved as being 6.7 percent.

with y=6P, P=0.32/X, a=1.6/~, ) =1.4X10 "cm.
The differential cross section in the center-of-mass system for

345-Mev incident protons is given in Fig. I. o(p+p x++D) for
90-Mev center-of-mass mesons was extrapolated from detailed
balancing on lower energy x absorption' to be about 6.4(0.07
+cos'8) X10 ' cm~ sterad ' which is 20 times a(P+P m-++D)
for 345-Mev incident protons. Although this estimate is uncer-
tain the very large increase of this cross section with meson energy,
which is certainly present, makes 0(p+d~H'+m+) fairly large,
approximately 1.3X10 2' cm'.

f This work was performed under the auspices of the AEC.
& K. Watson, Phys. Rev. 85, 842 (1952).' R. L. Garwin, Phys. Rev, 85, 1045 (1952).
3 Since the completion of this work, this result has been published by

A. M. L. Messiah, Phys. Rev. 80, 430 (1952),
4 Passman, Block, and Havens, Phys. Rev. 85, 370 (1952).
~ W. Dudziak, private communication.
& The use of an impulse approximation is better here than in the deu-

terium pick-up calculations [G. F. Chew and M. L. Goldberger, Phys. Rev.
77, 470 (1950)], where the momentum transfer between the incident and
struck nucleon is about equal to the internal momentum that the struck
deuteron must have for pick-up to be probable.

7 Frohlich, Huang, and Sneddon, Proc. Roy. Soc. (London) A191, 61
(1947).

8 Durbin, Loar, and Steinberger, Phys. Rev. 84, 581 (1951).
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FIG. 1. Pulse-height distribution for the gamma-radiation
from polonium 210.

With this interpretation the measurements of Zajac et al. would
have given a value close to 100percent. Further information comes
from Alburger and Friedlander, 4 who investigated the secondary
electrons with a beta-ray spectrometer and concluded that the
conversion coefficient must lie in the range 1 to 5 percent. De
Benedetti and Minton, as a result of alpha-gamma angular corre-
lation experiments, have shown that the 800-kev component is
probably E2, and thus imply that the conversion coefficient is less
than 1 percent.

In an attempt to clarify this confusing situation certain observa-
tions have been made on the radiations involved, using a coinci-
dence scintillation spectrometer and a weak source of polonium
in solution from which all traces of Ra and RaD had been re-
moved. Single channel pulse height distribution analysis (Fig. 1)
gave a value of 804&5 kev for the energy of the hard component,
considerably above the Siegbahn value of 773 kev, but in excellent
agreement with the Alburger and Friedlander value of 800+6 kev
obtained with a beta-ray spectrometer. Several standard gamma-
ray energies were used for purposes of calibration, and the value
of 804 kev is a mean for a number of experiments. The calibration
source used for the Fig. 1 distribution was a Ra contaminated Po
source, so that a residue of the Po line can be seen in the calibra-
tion curve. No evidence could be found to suggest the presence of
any other component in the gamma-radiation from Po in the
range 100 kev to 2 Mev.

Single channel analysis of the soft component failed to reveal
any structure because of the limited resolution available at this
energy in a scintillation spectrometer, but careful measurements
relative to the I"' 80.1-kev gamma-ray gave an average energy of
77~2 kev (see Fig. 1).This result is the mean of a number of de-
terminations made with a five-channel kicksorter and also by
means of the now conventional photographic storage methods
employing a cathode-ray oscillograph. The value is not in disagree-
ment with the observations of Grace et ul. , for, although the mean
energy is significantly above the value of 73 kev given by them
for the main component, it agrees well with the conclusions of
their critical absorption experiments that one-third of the radia-
tion has an energy higher than 76.5 kev, and most of this is higher
in energy than 78.6 kev. On the other hand, the value obtained in
this investigation disagrees with the conclusion of Zajac et al.
that no significant component of the soft radiation lies between
69.4 and 80.7 kev.

An estimate has been made of the intensity of the soft compo-
nent relative to the hard. component from a knowledge of the
relative counting rates in the apparatus and the detection effi-

ciencies for the two radiations. On the assumption that the soft
component is entirely x-radiation following internal conversion of
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the 804-kev gamma-ray, a conversion coefBcient is obtained for
this radiation of 20 to 30 percent. This value of the conversion
coeS.cient would require the 804-kev gamma-radiation to be M4,
but considerations of parity and angular momentum~ in this tran-
sition between two even-even nuclei indicate the radiation must
be electric.

If, in fact, the internal conversion coeKcient for the 804-kev
gamma-ray is about 5 percent and the soft component is E-radia-
tion, the above intensity measurements indicate that most of the
E-shell ionization is due to processes other than internal conver-
sion, for example, ionization by alpha-particles,

In an attempt to resolve these difhculties a search was made
for a possible time association between the two components. A
spectrum of coincidences was plotted in the region of 80 kev,
with one channel set on the high energy component only. No
signi6cant coincidences to the 77-kev component were observed
with a resolving time of 0.3 microsecond, and it was concluded
that less than I percent of the soft radiation is in coincidence with
the 804-kev component. This was taken as evidence that, even if
part of the soft radiation is nuclear in origin, a prompt cascade
de-excitation process does not exist.

i K. Siegbahn and S. H. E. Slatis, Nature 159, 471 (1947).
2Zajac, Broda, and Feather, Proc, Phys, Soc. (London) 60, 501 (1948).
'Grace, Allen, West, and Halban, Proc. Phys. Soc. (London) 64, 493

(1951}.
4 D. Alburger and G. Friedlander, Phys. Rev. 81, 523 (1951).
6 S. De Benedetti and G, H. Minton, Phys. Rev. 85, 944 (1952).
g Since the completion of the above work, W. C. Barber and R. H. Helm

have reported similar results [Phys. Rev. 86, 275 (1952}].They find the
ratio of the number of soft rays to the number of 800-kev gamma-rays to be
0,234&0.025 to 1, and suggest that only about one-third or one-half of the
K-shell ionization is due to internal conversion, the remaining ionization
being a direct result of alpha-'emission.

Wall Energy of Ferroelectric Domains
W. KA'NziC

Swiss Federal Institute of Technology, Zurich, Sufitzerland
(Received May 12, 1952)

~HE present paper will give a simple tentative explanation
of the behavior of small ferroelectric particles reported in

a previous letter. '
The stable domain con6guration of an isolated and non-

conducting ferroelectric crystal corresponds to a minimum of the
sum of wall energy and volume energy. The arrangement of the
domains which has to be expected for a KH2PO4-crystal is shown
in Fig. I. Assuming a cube-shaped crystal with edges D, consisting
of m domains and imbedded in a medium with the dielectric con-
stant e, the depolarization energy is'

8"g,I,= I.7P'D' jne.

For the surface energy density of the domain walls, we may put
cr =nP'. Hence, .

5„.ii ——(I—j.)aP'D'. (2)

These energies are now introduced into the well-known Mueller
interaction theory. 4 According to Mueller the free energy density
of the shorted (single domain) crystal is

W = (T—T&)P2/2C+-,'g'P +", (3)

where Tg is the Curie temperature (=123'K), C is the constant of
the Curie-gneiss law (=260'C) i2 and the coeKcients $' ~ ~ are
assumed to be independent of temperature.

Introducing IVY,„and 8', ii into Eq. (3), the total free energy
of the free energy of the crystal described above turns out to be

Wo~=o~P s(T r,+S.4C—(~.+2(N l)oC)D—)y2C
+5'P'/4+ j (4)

Comparing this expression with (3), we find that the Curie tem-
perature is lowered by

~To= —(3.4C/ne+2(n —1)~C/D). (5)

The stable domain number a corresponds to a minimum of
~
5To ~.

Hence, for given e and D, the relation between ATg and a is
unique.

For small particles the second term in (5) becomes important.
The measurement of the Curie temperature of small isolated
particles allows, therefore, the evaluation of the wall energy coeK-
cient a. The previously reported investigations on colloidal
KHqPO4 have now been completed by dielectric measurements
with an improved sample technique. 5 A lowering of the Curie
temperature with decreasing c and decreasing D has been observed.

For ~ 5 and D&4000A the Curie point was found to be above
the temperature of liquid nitrogen (i.e., ~nTc~ (46'C). From
this an upper limit for a can be deduced:

~&26X10 ' cm.

On the other hand, for &~5 and D&1500A the Curie point is below
the temperature of liquid nitrogen (i.e. , ~

Are
~
)46'C), indicating

a lower limit

a&9X&0 'cm

These limits are consistent with the assumption of classical dipole-
dipole interaction together with a domain wall thickness of a few

lattice constants. '
The value of the spontaneous polarization being' 5 g 10 ' coul-

omb/cm', the limits for the surface energy density of a domain
wall are

20&cr &58 erg/cm'.

The author is indebted to Professor P. Scherrer for illuminating
discussions.

~ W. Kanzig and M. Peter, Phys. Rev. SS, 940 (1952).
g See, e.g., Baumgartner, Jona, and Kanzig, Ergeb. Exakt„Naturwiss. 23,

235 (1950).
g C. Kittel, Revs. Modern Phys. 21, 541 (1949}.
4See, e.g., W. G. , Cady, Piezoelectricity (McGraw-Hill Book Company,

Inc. , New York, 1946), p. 580.
6 The dielectric measurements reported in the first; paper (see reference 1)

are not conclusive, as the colloid had undergone a change from being pressed
into disks

6 C. Kittel, Phys. Rev. 82, 965 (1951}.

FIG. l. Expected arrangement of the domains for a KHzP04 crystal.
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N magnetic resonance absorption of salts containing Cu~,
.. no structure is observed in the resonance lines except for
hyper6ne structure. The reason is that the ion is in a ~D state and


