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Radioactivities Produced by Proton Bombardment of Palladium
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(Received September 11, 1939)

Proton bombardment of Pd produces the three known Ag periods of 2.3 min. (Ag'0'), 25
min. . and 8 days (Ag'"), and three new periods of 16.3 min. (+), 73 min. (+) and 45 days
(X capture). The latter are assigned tentatively to Ag' 2, Ag', and Ag"5, respectively. Exci-
tation functions for the isomeric 25-min. and 8-day periods give p-n thresholds of 3.8 and
3.9 Mev, respectively. The former agrees with the known positron spectrum of the short
period. The higher threshold for the 8-day period indicates that this state lies above the
25-min. state, This activity is accompanied by probably three gamma-rays of which two of
0.62 and 1,06 Mev have been identified with a beta-ray spectrograph. Since no positrons
accompany this activity it must decay mainly by E-electron capture to Pd'" rather than to the
lower isomeric state. Four gamma-rays of about 0.29, 0.42, 0.50, and 0.69 Mev accompany.
the 45-day period.

OMBARDMENT of Pd by fast protons
produces six radioactive periods. Decay

curves from which these are obtained are shown
in Figs. 1 and 2. The half-lives are 2.3 min. ,
16.3 min. , 25 min. , 73 min. , 8 days, and 45 days.
AJl of them have been assigned to Ag isotopes.
Fig. 3 shows the radioactive Ag isotopes (circles)
and the Rh, Pd, Ag, and Cd stable isotopes
(squares) .

The 2.3-min. , 25-min. , and 8-day periods have
been reported by previous observers' and assign-
ments fixed by several reactions. The 2.3-min.
activity (e ) is due to Ag"' while the 25-min.
and 8-day periods have been assigned to isomers
of Ag"'. The 25-min. state emits positrons whose
maximum energy is 2.0 Mev. ' ' The 8-day ac-
tivity has been reported' ' ' as emitting elec-
trons, a much smaller number of positrons, and
gamma-rays. A further study of its radiations
will be reported in this paper.

It should be possible to produce the 22-sec.
period assigned to Ag" by proton bombardment
of Pd" (Fig 3). No trace of this period was
found even when observations began within
2 min. after bombardment. It is easily observed
after slow neutron bombardment of Ag. If the
cross section of this activity at 6.5 Mev were of
the order of magnitude of other short period

' M. L. Pool, Phys. Rev. 53, 116 (1938).
~ N. Feather and J. V. Dunworth, Proc. Roy. Soc., 168,

566 (1938).
3 J. R. Richardson, Phys. Rev. SS, 609 (1939).

8

cross sections, the period would have been ob-
served. The p-e threshold, therefore, must be
quite high.

THE 16.3-MIN. AND 73-MIN. PERIODS

These periods have been assigned to Ag"4 and
Ag'", respectively, since they are probably formed
by p-n reactions. The assignments were made
in this way since the abundance of these isotopes
gave yield values of the order of magnitude of
those for the 25-min. period. These periods have
not been produced by other reactions. Ag'0' can-
not be produced by any other known type of
reaction but Ag'" could be formed by Cd'"
(d, n).

The activities probably consist of positrons
though no accurate sign determinations could
be .made because of the other short periods of
both signs.

The 16.3-min. activity is too strong to be
assigned to an impurity. There is however some
doubt concerning the assignment of the 73-min.
period. This activity appeared in the Pd foils
obtained from the American Platinum Works.
The purity was given as 99.8 percent and the
impurities listed as Pt, Rh, and Ir. None of these
elements show p nreactions at an energy-of 6.6
Mev. The period also appeared in Pd obtained
from another source. If the period is due to
impurities, it must be composed of several
periods from low atomic number elements occur-
ing as 0.1 percent or less in all Pd targets.
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Fir, 4. Long period y-ray spectra.

exposure was begun 3 days after bombardment
and a second 7-day exposure began 38 days after
bombardment. The sample was the same one
used to get the decay curves of Fig. 2. Exposure

should show spectra of both periods, but
exposure 2 should show only the 45-day period.
Lack of contrast in the films made high contrast
prints necessary for their analysis. Prints were
made on Kodalith film and developed in a special
high contrast developer prepared by Mr. T. W.
Finucane of the Institute of Optics. The edges
in the spectra were brought out by varying
the exposures of the Kodalith film. No edge was
assigned unless it appeared on several prints of
different exposures. Normal contact prints of
some of the Kodalith films are shown in Fig. 4.
The high energy edges are on the right side of
the prints.

Table I gives the IZp values of the observed
edges and the corresponding y-ray energy values.
It is seen that the 45-day spectrum consists of
four gamma-rays of 0.29 Mev, 0.42 Mev, 0.51
Mev, and 0.62 Mev. The 8-day spectrum shows
two gamma-rays of 0.69 Mev and 1.06 Mev.

EXCITATION DATA

TABLE I. Garnrna-rays from 8-day and 45-day periods of Ag.

EXPOSURE LINE NO.

A
8
C

E

A'
pl
CI
Dl

FIp IN GAUSS-CM

1650
2260
2620
2980
3270
4560

1610
2140
2470
2990

bv IN MEV

0.29+0.03
0.43+ .04
0.52+ .04
0.62+ .04
0.69+ .05
1.06+ .05

0.29+ .03
0.40+ .04
0.49+ .04
0.62+ .04

The fraction of the initial activity of 8-day and
45-day periods caused by x-rays was obtained
from the data of Fig. 2, and the same ratios as-
sumed for the thin targets. The ionization cham-
ber was calibrated for x-rays by observing the
deHection caused by a known number of In
x-ray quanta from radioactive4 Sn'". The ioniza-
tion produced by one x-ray quantum was found
to be 1/25 of that for one P-ray.

The excitation curves of Fig. 5 were obtained
from observations on stacked Pd foils 0.2 mil
thick. The energy intervals were increased in
some cases by placing Al foils between the tar-
gets. To make possible a closer examination of
the long period thresholds, a bombardment was
made on 0.1-mil foils without intermediate Al
foils.

Energy determinations were made by measur-

ing the visible range in air of the proton beam.
This value was corrected for temperature and

pressure, and assumed to be the extrapolated
range. The mean range was calculated and the
energy read from the curves given by M. S.
Livingston and H. A. Bethe, ' The energy values
used were thus maxima rather than average

Table II gives the thick target yields and thin
target cross sections for the reactions observed.
The yields are expressed as radioactive atoms
formed per proton for a thick target of the pure
isotope with incident protons of 6.3 Mev energy.
The cross sections were calculated from thin
film excitation measurements using stacked foils
with incident protons of 6.63 Mev.

The 8-day period and 45-day period cross
sections are calculated for E-electron capture,
the number of radioactive atoms decaying being
taken equal to the number of x-ray quanta.

TABLE II. Yields for p-n reactions yield~'ng silver isotopes.

ISOTOPE AND
EMITTED
PARTICLE

Ag108(e —
)

Ag'"(e+)
Agl 06(+}
Ag"6(Z}
Ag104 (e+)
Ag102 (e+}

HALI"-LIFE

2.3+0.2 min.
25.0+0.5 min.
8.2+0.2 days

45 + 5 days
16.3+0.7 min,
73 +10 min.

YIELD
RAD. ATOMS PER

106 PROTONS

4.5+0.5
2,7+ .3

2.6+ 1.0
2.1+1.0

r IN CM~
)(' 1026

8.1 +0.8
5.5 +0.6
0.13+0.05
3.7 +1.0
1.8 +0.9

' S. W. Barnes, Phys. Rev. 56, 414 (1939).
5 M. S. Livingston and H. A. Bethe, Rev. Mod. Phys.

9, 245 (1937).
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values. This was desirable as threshold de-
terminations were the main object of the
measurements.

The 25-min. threshold was established as
3.8 &0.1 Mev. The 8-day period and 45-day
period thresholds are probably within 0.4 Mev
of each other. A composite excitation curve
taken within 4 days of the end of the bombard-
ment time has been plotted. This shows a 3.9-
Mev threshoM. At 3.8 Mev the foils showed no
activity. At 4.3 Mev the activity had a period
of about 20 days. The 8-day period threshold
was therefore between these limits.
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FIG. 5. Excitation curves for protons on Pd.

THE IsOMERs OF AG"'

Energy level diagrams for the decay of the
25-min. and 8-day Ag' 6 isomers to Pd' ' are
shown in Fig. 6. The Pd"' energy is taken as the
ground level. The Ag'" energies are obtained by
subtracting the rI pmass-difference ( 0.8 Mev)
from the observed p-n thresholds.

The 25-min. period belonging to the lower
state must decay directly to the ground state
of Pd' ' by positron emission, the threshold
measurements being in agreement with the
known positron spectrum. Since the 8-day
period is accompanied by few if any positrons,
and since the gamma-rays accompanying it are

F/G. 6. Energy levl diagram for Ag and Pd'

of much higher energy than the 0.1 to 0.2 Mev
threshold difference, it is necessary to assume
that this state decays by E-electron capture and
gamma-ray emission directly to Pd'" rather than
to the lower 25-min. state. Since a total of 3 Mev
must be assigned to neurino and gamma-radia-
tion and since two gamma-ray lines of 0.69 and
1.06 Mev have been identified it is evident
that at least three gamma-ray quanta must be
emitted in cascade in the process. Coincidence
counter measurements by Feather and Dun-
worth' have previously indicated 3 to 5 quanta
emitted simultaneously. It is probable that there
are two quanta, unresolved on our plates, of
about 1 Mev as shown in Fig. 6. Measurements
of the relative ionization produced by the x-rays
and gamma-rays also indicate about one x-ray
quantum to three or four gamma-rays.

Since the electrons which accompany this
period can be assumed to be conversion electrons,
and since no continuous negative P-ray spectrum
has been established, ' it is unnecessary to postu-
late that electron decay to Cd' ' occurs to any
appreciable extent.

Although our cloud-chamber observations
showed no positrons accompanying this period
a small number of positrons was reported by Pool.
These may be due to occasional direct positron
emission from this state or to decay from the
8-day to the 25-min. state followed by positron
emission.

The p-n cross section for the 25-min. period is
about 30 to 40 times as great as for the 8-day



period (Table II). Poop reports that for the n-2e
reaction the 8-day period cross section is greater
than the 25-min. period cross section.
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valuable advice. He is also grateful to Dr. S. N.
Van Voorhis and Dr. S. %A'. Barnes for advice and
assistance. The Sn"' used for x-ray calibration

was prepared by Dr. Barnes. The high contrast
development of the spectrograph prints was
kindly done by Mr. T. W. Finucane of the
Institute of Optics. Other members of the
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cyclotron and P-ray spectrograph.
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Disintegration of Beryllium by Electrons
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The beryllium nucleus has been disintegrated by fast
electrons whose energies exceeded the photoelectric
threshold. The source of the electrons was a 1.8-Mv Van
de Graa8 generator. As was predicted by Guth, neutrons
were produced, and the radioactivity which these neutrons
induced in silver was used as a measure of the rate of dis-
integration. The. possibility that the observed disintegra-
tion was not due to the direct action of the electrons, but
resulted from stray x-rays, or x-rays produced in the

beryllium by the electrons was eliminated. The yield curve
for disintegration by electrons was obtained, and fixed
the threshold for this process at 1.63+0,05 Mev, At 1.:73
Mev the cross section was found to be 10 "cm2, in good
agreement with theory.

The yield curve for photodisintegration by continuous
x-radiation was also obtained, and the threshold was found
to be identical with that for disintegration by electrons.

EVERAL attempts have been made in the
past to disintegrate atomic nuclei with elec-

trons. ' Cathode rays and positrons with energies
up to 800 kev have been used to irradiate a wide
variety of elements, but no evidence of nuclear
disintegration has been reported. Recently, how-

ever, one of us' has presented a theoretical treat-
ment of this problem and has indicated clearly
the conditions under which disintegration by
electrons may be expected to take place. His
theory points out a similarity between this
process and that of photodisintegration and
states that before disintegration by electrons
may occur the energy of. the electrons must ex-
ceed the photoelectric threshold of the nucleus.

It was to be expected then, that disintegration
by electrons would be most likely to succeed with
the element beryllium, since it has the lowest

~ J. J. Livingood and A. H. Snell. , Phys. Rev. 48, 851
(1935);W. B.Lewis and %.E.Burcham, Camb, Phil. Soc.
Proc. 32, 503 (1936); G. P. Thomson and J. A. Saxt'on,
Phil. Mag. 23, 241 (1937).

2 E. Guth, Phys. Rev. 55, 412 (1939).

known photoelectric threshold. The threshold
has been estlIIlated to be about j..6 Mev whlgh

fortunately is somewhat lower than the maximum
potential of our Van de Graaff generator. The
reaction predicted is the following

Be'+e,—+Be'+n+ e„,
where v and e' indicate energies of electrons be-
fore and after disintegration. If Be is unstable,
on which point there is some disagreement, ' it
would soon disintegrate into two low energy
helium nuclei. The cross section of this process
for electrons having energies a few 100 kilovolts
above the threshold is estimated' to be about
10 "cm'. It was decided to allow the neutrons
produced by the above process to induce radio-
activity in another element and to use this
induced radioactivity as a measure of the
rate of disintegration by electrons. Considera-

3 J. Chadwick and M. Goldhaber, Proc. Roy. Soc. 151„
479 (1935}.

4 Allison, Skaggs, Smith, Phys. Rev. 56, 288 (1939).




