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gravitational field, that is, a field whose metric is of the form TAsLE I. Data on straggling of beta-particles.

dss=g gx"dx", (p, v=1, ~ ~, 4),
with ag„v/as=0.

The energy momentum tensor is, as before, given by
T"v= 'T"v+ "T"v

)
ITpv gvp

(4)where
"T"" = {poo+po)(dx'/ds)'= (poo+po)/g44, (u= v=4)

=0 (all other components},

since dx'/ds=0; note that now g P1/g«. The equation expressing
the vanishing of the covariant derivative of T„maybe written
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pg 8 logg44—„,.+k(p-+~.) „,. =0. (6)

But (6) is identical with Eq. (26) in TE; so that the relation (2)
follows as before.

& R. C. Tolman and P. Ehrenfest. Phys. Rev. 36, 1791 (1930). This will
be referred to as 'TE'.
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w HEN a beam of particles having kinetic energies in unit
range of E, enters a solid normally to its surface, the par-

ticles suffer scattering and collisional losses of energy at Quctuat-
ing rates while traversing the solid; consequently the projected
(on the normal direction) ranges of the particles, r, are more or
less dispersed about some mean value 8 in accord with a suitable
statistical frequency distribution. For alpha-particles in air, for
example, scattering does not appreciably affect the distribution
function and it has the Gaussian form'

W= exp f(r R)/pp f —exp ——Dr —8)/pp,

~tv+ T l ev
Bx'

g T')~j=O. (5)8x' {-g) & Bx"

It follows immediately from (4) that the last term of (5) vanishes,
while the second term gives I (poo+ po) /2g44jgg44 /8x'], so that (5)
reduces to

ficial mass of 2.5 mg/cm'. This radioactive material was the
separated, reactor-made isotope, and was obtained from the
Isotope Division of the AEC's Oak Ridge Operations, at Oak
Ridge, Tennessee. Spectra from several active sources, prepared'
under the guidance of Dr. Arthur Roe, were measured with. an
electrostatic analyzer designed {after Backus)' by Mr. S.J. Same.
Column 2 of Table I shows the energy distribution in this spec-
trum as observed through the 0.001 cm of glass; because of the
weakness of sources used, these entries may be uncertain by
several percent. Column 3 presents the true spectrum as computed
from the theory of Fermi' according to the experimental studies
of Cook, Langer, and Price, and of Albert and Wu. Column 4
lists the effective transmission at the respective energies.

From a curve of r es. E, E was found to be 48.5 kev for v =50
percent; hence from the energy-range relation, 0.001 cm=k(48. 5
kev) P k was found to be 4.255X10 ' cm/kev. ' This enabled the
computation of p from the data, by Eq. {3);the results are shown
in column 5 of Table I. The test of the applicability of Eq. (1)
in this case, is in the values of p. Although there is evidence of a
trend in the p-values, it does not seem significant in view of the
appreciable uncertainties in O(E); therefore this study indicates
that p=4.4X10 ' cm, with an A.D. of 0.6&(10 cm. The sensible
constancy of p-values as here obtained, is rather surprising when
the complexity of the process of apparent straggling is considered;
but it does indicate that the simple Eq. (1) can describe the phe-
nomenon, at least for energies barely appropriate to penetration.

*The experimental work here reported was carried out in the research
laboratories of The University of North Carolina in Chapel Hill, North
Carolina, during the academic years 1947-1948and 1948-1949.The authors
are particularly indebted to Messrs. N. Di Costanzo and R. Morris for their
excellent shop-work in construction of the electrostatic analyzer.

~ E. Rutherford, J.Chadwick, and C. D. Ellis, Radiations from Radioactive
Substances (Cambridge University Press, London, 1930), pp. 112 et seg.

~ The preparation of active sources was carried out in the new laboratory
for radio-biological research at The University of North Carolina. The
Division of Biology and Medicine of the AEC provided, through the ONR,
a portion of the funds for this laboratory.

~ J. Backus, Phys. Rev. 68. 59 (1945).
4 E. J. Konopinski, Rev. Mod. Phys. 15, 209 (1943).
~ Cook, I,anger, and Price. Jr., Phys. Rev. 73, 1395 (1948).
4 R. D. Albert and C. S. Wu, Phys. Rev. 74, 847 (1948).

r(E) =f e~'dx f e~'dx,
(t-+)/p -&jp

(2)

for a slab of thickness t; and for p comparable to or greater than E,
p~(t- k~)/erfi '(1—2r). (3)

In getting Eq. (3), R was replaced by kE' according to the energy-
range relation; k is a constant.

To obtain data for use in Eq. {3),the beta-particle spectrum
from the decay of ~sS'» was measured, using a glass Geiger-MQller
counter with a norm. i~~l window thickness of 0.001 cm and super-

where p is the coeKcient of straggling. The object of the present
investigation is to find out whether Eq. (1) can apply to the pas-
sage of beta-particles through a thin slab of glass; in this case
scattering is large, so that p might be expected to be far greater
than for alpha-particles. Equation (1) leads to a coeKcient of
transmission given by

Beo+H'~Lis+He'+Q~,
Be'+HL Bes+D'+Q2,

Be~2He4+Qs',
Li'+HL Hes+He'1 Q~.

(1)
(2)

(2')

(3)

Energy Release in Beryllium and Lithium
Reactions with Protons

A. V. TQLLEsTRUP, W. A. FowLER, AND C. C. LAURITsEN
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Pasadena, California

June 9, 1949

MEASUREMENTS have been made on the energy released
J. in the reactions:
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FIG. 1. Momentum analysis of the ions produced in the bombardment of Be' by protons. Inset: momentum
analysis of the products of the reaction Li5(pa)He5.

Protons monoenergetic to better than 0,03 percent were ob-
tained from an electrostatic accelerator and analyzer previously
described. ' The analyzer was calibrat'ed by measurements on the
strong gamma-ray resonance in F"(pe', y)O' which has been
carefully standardized at 873.5 kev. ' The targets used in studying
reactions (1) and (2) were beryllium foils which were 10-20 kev
thick for fast protons. The target for reaction (3) was produced by
evaporating a thin lithium layer on copper in vacuum.

The energy of the ions produced in the reactions was accurately
determined by a double-focusing magnetic spectrograph. ' Reac-
tions (1) and (2) were studied at two angles of observation in
laboratory coordinates, 80.0' and 137.8', while reaction (3) was
studied only at 137.8'. The angles were measured directly and the
angular aperture in each case was 6.6 in the plane in which
the particles were deflected. The spectrograph field was determined
by a null reading Quxmeter4 and could be held constant to 0.05
percent and reproduced to +0.15 percent. The Quxmeter was
calibrated by observing protons of known energy scattered elasti-
cally from copper, beryllium, carbon, and oxygen. The energy of
the scattered particles varies with angle for the light elements, and
thus the consistency of the measurements was a verification of the
direct measurement of the angle.

The scintillation counter used to detect the particles was ar-
ranged so that thin aluminum foils of known string power
could be introduced directly in front of the ZnS screen. This made
it possible to separate ions of different charge and energy that
appeared at the same value of the magnetic field. For particles of
energy greater than 100 kev, a plateau is exhibited in the integral
spectrum of pulses from the scintillation counter. It was possible
to set the discriminator bias high enough to eliminate all the dark
current pulses, and still be operating on the plateau. It was veri-
fied with an ionization chamber that the plateau represented a
counting dhciency of close to 100 percent.

Figure 1 shows data obtained by bombarding a 15-kev thick
beryllium foil with 603-kev protons. The angle of observation was
80.0'. The peak at a fluxmeter reading of 60 mv~ is elastically
scattered protons from the beryllium. At readings of 57 mv and
58 mv the peaks due to elastically scattered protons from 0"and
C~, respectively, appear. Very thin carbon and oxygen layers were
found on both the beryllium and lithium targets. Using the heights
of the peaks it is possible to estimate the thickness of the layers
from the cross sections for Rutherford scattering. The energies
of all particles involved in any reaction were corrected for energy
loss in these layers. The total carbon and oxygen layer in the
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FtG. 2. Distribution in energy of the alpha-particles resulting from the
disintegration of Bes produced in the reaction Be5(pd)Be5.

curve shown is 0.44 kev thick normal to the target for 603-kve
protons.

The alpha-particles from reaction (1) appear at 33 mv. They are
superimposed on the doubly ionized Li' ions from the same re-
action. ** These two groups were separated by means of foils
inserted in front of the ZnS screen. The triply ionized Lie ions from
this reaction are observed at about 50 mv. The singly ionized
He4 and Li' ions could not be observed in the spectrograph with
the maximum available field. The three groups of ions that were
measured give three independent determinations of Qi.

The deuterons from reaction (2) appear at 32 mv and Q~ is
calculated, using the energy of these particles. The Be' residual
nucleus formed in reaction (2) recoils with a momentum equal and
opposite to that of the deuteron in the center-of-mass system.
Because of its short half-life, it disintegrates before it can travel
far enough to make collisions and hence slow down. Since it
disintegrates while in motion, the resultant two alpha-particles
generate a continuous energy distribution. This is shown extend-
ing from 37 mv to 48 mv. The doubly ionized Lis peak gave some
interference and foils were again used to separate the particles.
The spectrum X(E ) plotted against E is shown in Fig. 2. The
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linearity of the curve within 150 kev of the end point is in accord-
ance with theoretical expectations. The "fiOet" near the end point
can be accounted for by the angular window of the spectrograph.
The extrapolated end point of this spectrum was used along with
Q~ to calculate Q2'.

The curves obtained from reaction (3) are shown in the insert
in I'ig. 1.Both the doubly ionized He4 and He' ions were detected
and both groups were used in the energy determination. The
reaction was studied at 742- and 1237-kev bombarding energy.

In the calculations, the midpoint of the front edge of the peaks
was taken as corresponding to particles leaving the front surfaces
of the target at the mean entrance angle of the spectrograph.
Small corrections for relativity and surface layers have been made
in each case. The errors were calculated by compounding the
estimated systematic errors with the observed statistical errors
which were very small. The probable systematic errors assumed
were 0.3' in the angle of observation, 0.3 percent in observed
energy, and 0.2 percent in the bombarding energy.

QI is found to be 2.121&0.012 Mev, Qs is 0.558+0.003 Mev,
while Q3 is 4.017&0.022. These are both somewhat higher than
the measurements of Rosario, s and Perlow. s Q's is 89+5 kev,
which is to be compared with Hemmendinger's value of 102&10
after his value is corrected for the gamma-ray recoil. T A combina-
tion of the above Q values with those of D(dp)Hs and D(dN)He',
which have Q-values of 4.036+0.022 Mev and 3.265+0.018 Mev,
respectively, s and the binding energy of the deuteron, 2.237+0.007
Mev' makes it possible to calculate the energy release in the
reactions Li {F3)He and Be'{ye)Be'. We find for the first
reaction Q=4.788+0.023 Mev and f'or the second, Q= —1.679
~0.008 Mev. The ratio of the Q-value of H {ye)H' to that of
Be'(ye)Be is 1.332+0.010, which is in agreement with the
measurement of Waldman and Miller" who find 1.338+0.004.
The recently determined ranges of the particles in the Li' reac-
tion" give the following two points on the range energy relations:
0.912-Mev protons have a range of 2.00&0.02 cm and 2.058-Mev
alpha-particles have a range 1.04&0.02 cm in air at N.T.P.

We should like to thank Mr. Robert G. Thomas for his help in
obtaining the data on beryllium. This work was assisted by the
joint program of the ONR and the AEC.

+ Fluxmeter readings are proportional to the (charge)/(momentum) of
the observed particles.

's4' The particles and residual nuclei produced in a reaction at a given
angle have approximately the same momentum. Hence, the ions of the two
products with the same charge overlap in a momentum analysis made by a
magnetic field. This is quite difFerent than in an analysis by range measure-
ments.

~ Fowler, Lauritsen, and Lauritsen, Rev. Sci. Inst. 18, 818 (1947).
s Herb. Snowdon, and Sala, Phys. Rev. 75, 246 (1949}.
I Snyder, Lauritsen, Fowler, and Rubin, Phys. Rev. V4, 1564(A) (1948).
4 C. C. Lauritsen and T. Lauritsen, Rev. Sci. Inst. 19, 916 (1948).
s Leticia del Rosario, Phys. Rev. V4, 304 (1948).
4 G. J. Perlow, Phys. Rev. 58, 218 (1940).
'A. Hemmendinger, Phys. Rev. V3, 806 (1948); Phys. Rev. 74, 1267

(1949).
s Tollestrup, Jenkins, Fowler, and Lauritsen. Phys. Rev. 75, 1947 (1949}.
s R. E. Bell and L. G. Elliott, Phys. Rev. 74, 1552 (1948).
Io B.Waldman and W. C. Miller. Phys. Rev. V4, 1225(A) (1948).
» J. K. Bpggild and L, Minnhagen, Phys. Rev. 75, 782 {1949).

spectrometer was eEected through the use of photoelectrons
produced by annihilation radiation and of conversion electrons
from ThB (F-line).

It has since become possible for us to obtain sources which
would permit comparative measurements of the internal con-
version line corresponding to the 2.62 Mev gamma-ray of ThC"
and the F-line from ThB. Such a comparison was considered de-
sirable, since it mould afford a definitive check of the presumed
proportionality between the focused momenta and the currents
in the spectrometer. Upon learning from Dr. T. Lauritsen that
spectrometer work' at the California Institute of Technology
indicated energies for the Co'0 gamma-radiations approximately
15 kev higher than those cited by us, ' we undertook to perform this
check of our instrument As conjunction with a remeasurement of the
photoelectric conversion lines from Co' . This work has confirmed
the linearity of the instrument but has led to a revised value of the
spectrometer constant which is almost one percent greater than
that found in our earlier work.

Based on momentum values of 1385 and 10,000 gauss-cm for
the internal conversion electrons from ThB and ThC", respec-
tively, ' and with the corrections for the photoelectric radiator
made in the manner previously described, ' our recent measure-
ments lead to energies of 1.169 and 1.33I Mev for the gamma-
radiations from Co". It is believed that these new values are more
reliable than those given by us previously, as the stability of the
spectrometer has been improved since the earlier data were ob-
tained. These revised values are consistent with those determined
by Hornyak et al. ,' and with the precision wave-length measure-
ments which have now been reported by Lind, Brown, and
DuMond. ' The values we have now obtained, when used in con-
junction with previously reported' data obtained from a comPosite
source in which both Co' and Zn ' activities were present, leads to
a revised value of 1.11& Mev for the Zn's gamma-ray.

It should be mentioned that our corrections for the energy loss
experienced by the electrons in the photoelectric converter are
based' on the average energy loss by collision and, in the energy
range with which we are concerned here, disregard complicating
scattering effects. It is understood that the results of a more elab-
orate analysis have been used in the work of Hornyak et al. ,s and
lead to corrections appreciably smaller than those which we have
been led to apply.

*Paper No. 72 from the Institute for Atomic Research. Work was per-
formed at the Ames Laboratory of the AEC.

I Jensen, Laslett, and Pratt, Phys. Rev. 75, 458 (1949).
s Hornyak, Lauritsen, and Rasmussen, Gemma-Ray Measurements uith a

Magnetic Lees Spectrometer, Phys. Rev. (to be published). We are indebted
to Dr. Lauritsen for his courtesy in sending us a copy of the manuscript for
this paper in ad'vance of its publication and for discussing with us some
aspects of the work.

s In computing the calibration constant of the spectrometer, the results
of the ThB measurements were assigned twice the weight given to the data
for the weaker ThC" conversion line.

4 D. A. Lied, J. R. Brown, and J. W. M. DuMond, Bull. Am. Phys. Soc.
24, No. 6, paper F4 (1949).

4 Jensen, Laslett, and Pratt, Phys. Rev. 73, 529 {1948).

A Reva1uation of the Gamma-Radiations from
Co" and Zn"

ERLING N. JENSEN, L. JACKSON LASLETT, AND WILLIAM W. PRATT
Institute for Atomic Research and Department of Physics,

Soma State CoQege, Ames, lomae'

June 22, 1949

~N a recent paper' we described brieQy the construction of an
~ ~ iron-free magnetic lens spectrometer and discussed the char-
acter of the corrections to be applied to gamma-ray measurements
made with an instrument of that type. Energy values for the
gamma-radiations from Co s and Zn's, obtained by measurement
of photoelectric conversion lines, were reported. Calibration of the

Ferro-electric properties of WO&
B. T. MATTHIAS

Bel/ Telephone Laboratories, Murray Hill, Nnv Jersey
June 23, 1949

w E have recently grown single crystals of WO3 and have
found that these crystals appear to show ferro-electric

behavior. The crystal structure of WO3 may be looked at as being
similar to a perovskite structure with the omission of the cations
at the cube corners of the unit cell. That is, we may view %03 as
derived from BaTi03 by the complete omission of the Ba-ions and
the substitution of W for Ti. The ionic radius' of W+' is 0.62 A and
we therefore see that the WOs octahedra obey the empirical rule
for the occurrence of ferro-electricity in perovskite-type structures


