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and copper sulfide. The first column purification removed a great
deal of activity and the second removed a small amount in addi-
tion, whereas after the third purification the activity was un-
changed. This residual activity, 5441 counts per minute for a
10-gram sample spread over 1650 cm? is thus attributable to
lanthanum.

An aluminum absorption curve was obtained with aluminum
foils rolled inside the sample foil. Because of the considerable
activity of the aluminum (5 to 80 counts/min), a separate back-
ground count had to be taken with each absorber over a bare
copper sheet. From the differences, curve 4 of Fig. 1 was ob-
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Fi1G. 1. Lal® absorption curve and its analysis.

tained. This shows a hard component, which was fitted with a
theoretical absorption curve® for Ba K x-rays in 50 percent geom-
etry, curve B. This extrapolates to 10 counts/min at zero absorber,
but since about 2 counts/min are expected from the gamma-radia-
tion,* we ascribe 8 counts/min to K x-radiation. We estimate our
counting yield for these x-rays to be 1.5 percent, giving a specific
activity of 1.0 K x-rays per second per gram of lanthanum. This
is somewhat greater than the value 0.4 reported previously* and,
if correct, would indicate appreciable electron capture to the
ground state of Bal®,

Curve C, the activity remaining after subtraction of the hard
component, indicates an energetic beta-radiation. For a compari-
son analysis absorption measurements were taken under identical
conditions on TI?* mixed with pure Nd,Os, giving curve D.
Subtraction of the weak hard component E leaves curve F with a
range of 300 mg/cm? It was found that curve F could be fitted to
curve C beyond about 30 mg/cm? by multiplying itsabscissa by 1.3
and its ordinate by a suitable factor, giving curve G. Thus we take
the range of the La1% particles to be 1.3X300=390 mg/cm?, corre-
sponding to a maximum energy of 1.04:0.2 Mev. The extrapolated
intensity for zero absorber is 19 counts/min. From the estimated
counting yield of about 53 percent, the specific beta-activity is
0.07 particle per second per gram lanthanum. Their intensity
relative to the y-rays is too high for conversion electrons without
isomerism, which is never observed in even-even nuclides. Their
intensity relative to the x-rays is probably too high for positrons,
and it would be difficult to reconcile the observed gamma-spec-
trum*? with annihilation radiation of the requisite intensity. Thus,
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we believe they are negative beta-particles. The excess radiations
below 30 mg/cm? are probably compounded of L x-rays, K Auger
electrons, and background enhancement,! although a weak soft
beta-component may also be present.

Assuming a fluorescence yield of 86 percent for barium® and
neglecting L-capture, we calculate an electron-capture partial
half-life of 7X 10 years and a negatron partial half-life of 1.2} 1012
years. The net half-life is essentially the same as for electron cap-
ture. The logj for the 8~ transition is 21.3, which seems consistent
with a fourth-forbidden transition from s Lag;!38 in a g7/a—ds/2 con-
figuration with spin 5 and even parity.

+ This work has been supported by the AEC. A detailed description of it
and that on neodymium (reference 1) is contained in an unpublished AEC
&EPX%CNYO -3228. TI2 was obtained from the Isotopes Division of
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Ionization Loss at Relativistic Velocities
in Nuclear Emulsions*

MAURICE M., SHAPIRO AND BERTRAM STILLER
Nucleonics Division, Naval Research Laboratory, Washington, D. C.
(Received June 18, 1952)

INCE 1949, when nuclear emulsions sensitive to particles at
minimum ionization became available, conflicting results
have been reported on the variation in 7, the rate of energy loss by
ionization with velocity in the emulsion, as measured by grain
density g at total energies >4 rest mass units.’"8 Analysis of im-
portant high energy phenomena requires a knowledge of this
variation; yet the very existence of a relativistic rise in g above its
minimum value gmin has been controversial. Ionization theories
predict a minimum rate of loss in at y=~4, and a rise in 7 with
increasing energy to a limiting value determined by the polariza-
tion of the medium.*1* The saturation of I sets in at different
energies in the various theories (e.g., 20<y<100 in iron), but
Fermi’s plateau value Ip; remains essentially unaltered in the
multifrequency theories of Wick and of Halpern and Hall.

In calibrating a set of 400 micron Ilford G.5 emulsions exposed
to the cosmic radiation at an altitude of 100,000 ft, we have found
evidence for a relativistic rise in 7 and measured its magnitude in
the following way. In plates from the same batch, exposed and
developed® together, a preliminary value gmi’ was first obtained.
Then g was measured for two groups of tracks: (a) thin shower
tracks (“s tracks” with g<1.25 gmin’) emerging from nuclear ex-
plosions; each was >2000x long; and contained 400 to 1400 grains;
and (b) “p tracks,” provisionally attributable to incident star-
producing particles, i.e., thin upper-hemisphere tracks approxi-
mately collinear with the shower axis. These were required to have
an associated shower multiplicity #,>5, and a length >35004.
(The s tracks were not restricted in multiplicity; they originated in
stars with z,>>1.) Altogether, some 105 Ag grains were counted in
this study.

Figure 1 shows our experimental frequency distribution in g
for 43 s tracks and 48 p tracks. We shall show that the former group
can be used for precise evaluation of gmin, and the latter for estima-
tion of gpi, the “plateau” grain density corresponding to Ip.
Since g is proportional to I at low grain densities,>! the observed
gp1 and gmin determine at once the ratio Ip1/Zmin in AgBr.

The s tracks are known to be due predominantly to pions.?!?
We have used their energy spectrum?® and ionization theory!® to
calculate their expected distribution in ionization in the region
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F1G. 1. Histograms showing frequency distributions in grain density of
43 s-tracks and 48 p-tracks. The peak of the former group determines gmin,
and the right peak of the latter group is interpreted as corresponding to gp1.

1.0<1/Inin<1.10. The calculated maximum of the distribution
lies at Jmin to within 1 percent—a result which is insensitive to
the choice of ionization theory. The pions responsible for this peak
are in the range 3<y<6.

The p-track histogram has a principal peak, at 21<g<22,
clearly displaced from that of the s tracks. We believe that this
peak is due mainly to incident protons so energetic that their
g-values lie at or very near gp1. This view is supported by order-of-
magnitude estimates of the proton energies v, deduced from their
associated multiplicities #., by applying Fermi’s statistical theory
of pion production.’* At sufficiently high energies (y>100), this
theory predicts y=(7,/1.2)* for single nucleon-nucleon collisions.
Substitution of our observed values of #. in this formula would
lead to gross overestimates of v, since our s particles result from
plural as well as multiple production. We have tried to correct for
the effect of pluro-multiple production by employing a “reduced”
ns'=n,/2. The resulting energy values will be 1/16th as large as
those obtained from the observed #.. Table I gives the numbers of
observed p tracks with various #,.

TABLE 1. Distribution of p tracks according]to their associated
multiplicities #s.

Na 5 10-14
No. of p tracks 8 11

For 44 percent of the p tracks, 8<#n,< 14, the “reduced multi-
plicities” are 4<#,/<7, and the energies are ~10*°<y<103
These energies (lower by a factor 16 than those calculated for pure
multiple production) are still high enough so that the ionization
of the corresponding p tracks should lie at or near the plateau.
Hence, it seems reasonable to associate the main p-track peak
with gp1. About two-thirds of the p tracks cluster around this peak.
The remaining one-third contribute to a second peak, close to
Zmin. These may be due to (a) lower energy protons which generate
showers by plural production alone, and (b) pions ejected upwards
and misidentified as incoming particles.

In Fig. 2 we have plotted the grain-density data in a manner
which should yield improved resolution in g and hence, more pre-
cise determination of gmin and gp1 than that obtainable from a
simple block diagram, like that in Fig. 1. Since the g values of the
tracks had various standard errors Ag based on their respective
grain counts, we have constructed the histograms so as to give
maximum weight to the most probable value of g for each track,
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and proportionately lower weights to the neighboring values.
For each track we constructed a “triangle” whose base is propor-
tional to Ag and whose height was determined by normalizing the
triangle areas. Each triangle was centered at the appropriate g
interval. Then, for each interval, the contributions from all the
triangles which overlapped into it were added up. Each ordinate is
thus determined not only by the tracks centered in a given in-
terval, but also by the lesser contributions from other tracks whose
best value of g lies nearby.

After correcting g values by —0.4 grain/100u for background,
we obtain

8o1/gmin= (21.2_0,577)/(19.02£0.4) = 1.12_¢ os*0-04,

Preliminary investigation of energetic electrons (y>300, as
determined from their multiple scattering) indicates that gp1 for
electrons lies 1643 percent above gmin for mesons.

For comparison we have computed Ip1/Imin for AgBr according
to the theory of Halpern and Hall,) using for the average ioniza-
tion potential, however, the value 13.5X(47435)/2=554 ev
(lacking a better value for AgBr). Considering only transfers
<5 kev to electrons,* the calculated I'p1/Imin is 1.14. If the actual
value of the ionization potential differs by as much as 20 percent
from the one used here, the calculated ratio will differ by <4 per-
cent from 1.14.

Our results on mesons and protons suggest that the rate of
ionization loss in nuclear emulsions at energies y>4 rises to a
saturation value which lies 12_3*¢ percent above Imin. These re-
sults are in substantial agreement with those of Pickup and
Voyvodic?® and Voyvodic.!®* However, if our tentative results for
electrons should be confirmed, then our final estimate of Ip1/Imin
may be significantly higher than that of Voyvodic, who reports a
rise of about 9 percent.

If the relativistic rise in ionization is altogether due to energy
lost in the form of Cerenkov radiation*8 then one must assume
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F1G. 2. The data of Fig. 1 have here been plotted in a manner which
permits a somewhat more precise and less arbitrary determination of gmin
and gp) than that obtainable from a conventional block diagram. Each track
was p?otted as a triangle (like the two sample triangles shown) whose base is
proportional to the standard error in g. Each ordinate was then determined
by adding the contributions of all triangles which overlap into a given
narrow interval in g.
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that this radiation is almost entirely absorbed in traversing a
grain of AgBr (<1y). This seems unlikely. A recent alternative
explanation due to Schonberg!® is that most of the relativistic
increase arises from ionization and excitation.

Mrs. H. F. Shapiro, Mrs. N. T. Redfearn, and Miss M. Leong
have ably assisted us in microscopy, and Mr. F. W. O’Dell drew
the figures. We are grateful to Dr. F. N. D. Kurie for his continued
interest in this work.

* Maurice M. Shapiro and Bertram Stiller, Bull. Am. Phys. Soc. 27, No.

, p. 18.
1 G. P. 8. Occhialini, Nuovo cimento 6, 413 (1949) ; also see discussion by
P. M. S. Blackett, Nuovo cimento 6, 427 (1949).

2 P. H. Fowler, Phil. Mag. 41, 169 (1950). The asymptotic zero slopes in
Fig. 3 imply that no relativistic rise was observed.

3 E. Pickup and L. Voyvodic, Phys. Rev. 80, 89 (1950).

4 H. Messel and D. M. Ritson, Phil. Mag. 41, 1129 (1950). These authors
correctly stress one source of confusion: the fa)lure to distinguish between
total lomzatlon loss and the limited loss along a track measured by Ag grain
density. By “ionization” we shall mean the latter loss, arising from energy
transfers to electrons up to, say, 5 kev.

5 Bradt, Kaplon, and Peters, Helv. Phys. Acta 23, 24 (1950).

6 I, B, McDiarmid, Phys. Rev. 84, 851 (1951).

7 A. H. Morrish, Phil. Mag. 43, 533 (1952).

8 M. Schénberg, Nuovo cimento 8, 159 (1951).

9 E. Fermi, Phys. Rev. 57, 485 (1940).

100, Halpern and H. Hall. Phys. Rev. 73, 477 (1948).

11 References to the literature on ionization theory will be found in the
monograph by A. Bohr, Det. Kgl. Danske Videnskab. Selskabs, Mat.-fys.
Medd. 24, No. 19 (1948).

12 The plates were processes as described by Stiller, Shapiro, and O'Dell,
[Phys. Rev. 85, 712 (1952); paper to appear in Rev. Sci. Instr.], so as to
give a favorable ratio of g to background, hence the low values of
£(gmin =19.0 grams/ 100 mlcrons) compared to those attainable by stronger
development. Ag ‘“‘blobs” were infrequent since g was low. Grains were
counted individually, not by blobs. Through 95 percent of the emulsion
depth, g was remarkably uniform. Counting was avoided in the top 5
percent.

18 Camerini, Lock, and Perkins, Progress in Cosmic-Ray Physics (North-
Holland Publishing Company, Amsterdam, 1952), p. 24.

1 E, Fermi, Prog. Theoret. Phys. 5, 570 (1950).

15 L, Voyvodic, Report, Bristol Conf. on Heavy Mesons, Dec., 1951, p. 16.

16 M. Schénberg, Nuovo cimento 9, 372 (1952).

The Decay of Kr®”

SIGVARD THULIN
Nobel Institute of Physics, Stockholm, Sweden
(Received July 2, 1952)

HE decay of 78-min Kr® has not previously been studied

B-spectrometrically. By absorption measurements on elec-
tromagnetically separated Kr®#?, formed in fission, Koch et al.!
found a maximum energy of the S-particles of 3.2 Mev.
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Fi1G. 1. Fermi plot of the B-continuum of Krs7.
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Fi1G. 2. Scintillation spectrum of Kr87, The inset shows a separate
measurement of the 0.89-Mev line.

In the present investigation Kr8” has been electromagnetically
separated from other rare gas isotopes formed in uranium fission.
The isotope of mass number 87 was collected on an Al foil of thick-
ness 0.15 mg/cm?. This foil was then used as a 8-source in a mag-
netic lens spectrometer (resolution ~6 percent).

The B-continuum appears to be complex. The Fermi plot (Fig. 1)
shows the presence of two B-components of energies 3.6340.07
and 1.27240.1 Mev, with relative intensities 75 percent and 25
percent, respectively. The values of logjft are found to be 7.3
(the Fermi plot having “not forbidden” form) and 5.9, respectively.

The scintillation spectrum of Kr# (Fig. 2) shows the presence of
a pronounced photopeak of a y-ray of energy 405420 kev. The
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F1G. 3. Tentative decay scheme for Kr87.

weak line at 0.89 Mev may be interpreted as the pair line of a
y-ray of energy 1.89%0.07 Mev, the Compton peak of which
appears at ¢ (Fig. 2). The high energy peak b is most probably
due to Compton quanta corresponding to a vy-ray of energy
~2.3 Mev. The scintillation spectrum ends at 2.6 Mev.

The data thus obtained can be accounted for by the decay
scheme of Fig. 3. [Spin terms are given according to the strong
spin orbit coupling theory.?] If this interpretation (Fig. 3) is
correct, it is worth noting that the fs/2 level is so far above the
already filled fy/, level.
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