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The decay schemes of Pd'®® and Ru!® have been studied with the use of two scintillation spectrometersin co-
incidence. It has been observed that the electron capture activity of Pd¥® is accompanied by faint v radiation
having the several quantum energies of 40, 65, 300, 365, and 495 kev with absolute intensities per disintegra-
tion of 1X1073, 4X 1075, 1.2X 1074, 6.6 X107, and 1X 1074 The gamma rays of energy 65 and 300 kev were
found to be in coincidence. The inner bremsstrahlung spectrum associated with the capture transition leading
to the 57-minute isomeric level in Rh!% is of intensity small in comparison with that of the aforementioned
gamma rays. The 8 decay of Ru!® is accompanied by gamma rays of energies 55, 440, 495, 555, and 610 kev
with absolute intensities per disintegration of 1X1072, 51073, 0.90, 5X 1073, and 6X1072. A 8 spectrum
of end point 1104:10 kev is coincident with the 610-kev gamma ray. A level scheme for Rh! with probable

orbitals has been proposed.

INTRODUCTION

REVIOUS investigations’? have indicated that

Pd"% decays by electron capture only to the
isomeric state at 40 kev in Rh'®. No unconverted
quantum radiations were observed. Recently, in an
attempt to study the inner bremsstrahlung of the
electron capture process, Rietjens, Van Den Bold, and
Endt? have reported low-intensity gamma quanta (the
absolute intensities per disintegration are indicated
parenthetically) of energies 503 kev (1.1X107%), 367
kev (6.0X107%), 305 kev (1.1X10™%), and 262 kev
(~4X107%). By an argument based upon the calculated
intensity of the quantum continuum, they estimated
the disintegration energy of the electron capture
process to be 494_,5t% kev. Since Ru'® also decays to
Rh!%, a comparison of the energy levels excited in Rh'®
with those excited in decay of Pd!%® should be possible.
The gamma rays of Ru'® have been extensively
investigated previously,247 the various sets of results
agreeing poorly. Accordingly, the decay schemes of
these two radionuclides having a common residual
nucleus have been reinvestigated.

PALLADIUM 103

The natural abundance of Pd"? is 0.8 percent. An
electromagnetically enriched (34 percent) sample of
200 mg of metallic palladium was obtained from Oak
Ridge and exposed for 15 days in the Brookhaven
reactor. The irradiated material was chemically
purified for removal of any rhodium or silver activities.

1 Assisted by the Joint Program of the Office of Naval Research
and the U. S. Atomic Energy Commission.

* Research Fellow, Bartol Research Foundation; on leave of
absence from Agra College, Agra, India; now at Nobel Institute
of Physics, Stockholm, Sweden.

1D. E. Matthews and M. L. Pool, Phys. Rev. 72, 163 (1947).

2 Mei, Huddleston, and Mitchell, Phys. Rev. 79, 429 (1950).

3 Rietjens, Van Den Bold, and Endt, Physica 20, 107 (1954).

4 C. E. Mandeville and E. Shapiro, Phys. Rev. 77, 439 (1950).

5 E. Kondaiah, Phys. Rev. 79, 891 (1950); M. Siegbahn Com-
memoration Volume, p. 442 (Uppsala, 1951).

( 6 C(;rk, LeBlanc, Nester, and Stumpf, Phys. Rev. 86, 575
1952).

7F. K. McGowan, Oak Ridge National Laboratory Report

ORNL-952, March, 1951 (unpublished).

Finally, palladium was precipitated from an alkaline
solution by addition of di-methyl glyoxine. In this
manner, a pure source of Pd'® of strength nearly five
millicuries was obtained.

In order to observe any gamma rays or inner brems-
strahlung of low intensity, it was necessary to absorb
before the detector the intense 20-kev x-rays of rhodium
which accompany K-capture. The gamma-ray spectrum
of Pd'® as measured with an intervening absorber of
surface density 375 mg/cm? of copper between source
and detector, is shown in Fig. 1. The full energy peaks
of gamma rays of energies 40, 65, 300, 365, and 495 kev
are clearly resolved. In the previously mentioned
investigation® of this activity, the 65-kev radiation
appears to have been heavily attenuated in a 1.7-g/cm?
thick brass absorber introduced to suppress the intense
K x-radiation, and so is undetected.

The bulk of the low-energy pulses of Fig. 1 below 20
volts could not be accounted for as Compton contri-
butions of the high-energy gamma rays. An analysis
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F1c. 1. Gamma-ray spectrum of Pd'® as observed in a spec-
trometer employing NaI(Tl), preabsorption thickness 375 mg/
cm? of copper. Coincidences between the 65- and 300-kev gamma
rays are also plotted.
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of the spectrum showed that a gamma-ray continuum
of low intensity is partially obscured by the Compton
distributions. In addition, the analysis exhibited also
the possible presence of a photopeak corresponding to
a quantum energy of ~260 kev.? This treatment of the
data was not so reliable as to yield quantitative infor-
mation concerning the actual shape of the gamma-ray
continuum. However, there was definite indication that
the spectral intensity at low. energies is considerably
greater than that suggested by the early theory of
Morrison and Schiff.® The spectrum was observed over
a period of three months, during which time no signifi-
cant change in the relative intensities of the various
gamma rays was noted.

By a coincidence study, the gamma rays of energies
65 and 300 kev were found to be in cascade. At the
lower left of Fig. 1, at a pulse height of 6 volts, a peak
corresponding to a gamma-ray energy of 65 kev is
present. This photopeak in the coincidence rate was
observed by fixing the channel of one spectrometer at

TaBLE I. Gamma rays of Pd1%,

Probable
electron
capture Transition Associated Gamma-ray
transition intensity per gamma-ray intensity per
Energy (kev) disintegration Log ft energy (kev) disintegration
(1.00.2) X104 49545 1104
€~185 (7£1) X107 7.9+0.2 3655 (6.6 1) X104
65 4-3 (0.4 +0.1) X104
€~250 ~0.8 X104 9.24+0.2 300+5 (1.240.2) X104
e~510 0.999 5.7+0.1 40 ~1X1073
(unconverted
quanta)

8 P. Morrison and L. I. Schiff, Phys. Rev. 58, 24 (1940).

40

300 kev and scanning the low-energy region with the
moving channel of the other spectrometer. No coin-
cidences between any other two gamma rays of the
spectrum were detected.

The strength of the source of Pd'® was measured by
counting the total number of x-rays emitted from the
source in a solid angle of 3.75X10~% steradian. The
following factors were taken into account: (1) Self
absorption in the source and absorption in 40 mg/cm?
of Al of the crystal assembly; (2) Fluorescence yield of
rhodium (0.8); (3) Total conversion coefficient and
K/L ratio of the 40-kev radiation. It was further
assumed that practically all of the capture transitions
terminate at the 57-minute isomeric level in Rh%,
The absolute intensities of the gamma rays were
estimated from the known thickness of the crystal, the
total absorption coefficient for each gamma ray and
the ratio for each gamma ray of the area under the full
energy peak to the area under the Compton distri-
bution and full energy peak combined. The absolute
intensities per disintegration of the various gamma rays
are given in Table I along with the associated electron
capture transition intensities per disintegration and
their respective values of log f.

The experimental value of the half-life of the transi-
tion going to the 535-kev level is approximately
1.5X10® seconds and to the isomeric level 1.47X10°
sec. According to Marshak’s formula,’ the mean life
of an allowed electron capture transition varies in-

“versely as the square of the decay energy. Thus, the

9 R. E. Marshak, Phys. Rev. 61, 431 (1942).
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decay energy of an allowed transition leading to the
535-kev level would be about one percent of the energy
of the allowed transition to the metastable level. It is
probable that the transition to the 535-kev level is
indeed allowed. Were it first forbidden, a transition
energy of about 100 kev would be necessary to explain
the absolute intensity of the 495-kev radiation. Such
a transition would in turn lead to an increased energy
of the end point of the quantum continuum so that
inner bremsstrahlung would be detectable beyond 500
kev, and also the valley between the photopeaks of
the 365-kev and 495-kev gamma rays would be less
prominent. Hence, in all probability, the electron
capture transition to the 535-kev level is allowed.

RUTHENIUM 103

Chemically pure RuO, was exposed in the Brook-
haven pile to produce the 43-day Ru'®. The irradiated
material was aged for a month, then further purified
for removal of impurities. RuO; was distilled from an
acid solution in HClOs. The gamma-ray spectrum of
Ru'® was observed in a cylindrical crystal of NaI(Tl) of
diameter 3.5 cm and height 3.5 cm. The data are shown
in Fig. 2, where full energy peaks corresponding to
quantum energies of 55, 495, and 610 kev are in
evidence. A careful comparison in energy was made of
the positions of the photopeaks of the 55-kev radiation
and the 65-kev gamma rays of Pd'®. The difference in
energy was found to be 1042 kev, indicating that two
different transitions are involved.

To study beta-gamma coincidences, a thin source of
Ru'® was placed before an anthracene crystal (dimen-
sions 2.5 cm in diameter, 1 cm thick) which was covered
by a reflecting aluminum foil of thickness 1.4 mg/cm?
and attached to the photomultiplier tube surface with
silicone fluid intervening. The gamma rays were de-
tected in NaI(Tl). Curve 4 of Fig. 3 is a plot of the
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Fi1c. 3. Curve A4, pulse-height spectrum in anthracene of an
unshielded source of Ru!®. Curve B, spectrum of beta rays
coincident with 495-kev gamma rays. Curve C, beta spectrum
coincident with 610-kev gamma rays.
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F1G. 4. Spectrum of soft gamma rays coincident with
gamma rays of energy greater than 400 kev.

energy distribution of the beta rays of Ru!®. Some
pulses arising from Compton scattering of the 495- and
610-kev quanta are contained in the spectrum. Beyond
a pulse height of twenty volts, the counting rate is
undoubtedly composed of both high-energy Compton
recoils and hard beta rays from Ru'®. Curve B of
Fig. 3 shows the energy distribution of the beta rays
coincident with the 495-kev radiation and curve C
that of beta rays coincident with the 610-kev gamma
rays. Taking the end point of the intense spectrum
(Curve B) coincident with the 495-kev radiation as
220 kev and taking into account the nonlinear nature
of the energy dependence of the pulse heights from
anthracene, the end point of the beta spectrum of
curve C is estimated to be 110410 kev. This result has
also been corrected for energy loss in the covering
foil. A search was made for coincidences between the
55-kev radiation and the harder beta rays. From the
measurements, it was estimated that at most five
percent of the beta rays of the weak hard spectrum
might be coincident with any unconverted 55-kev
gamma radiation.

In order to determine the nature of the level in
de-excitation of which the 55-kev radiation is emitted,
gamma-gamma coincidences were studied. In one
channel of the coincidence circuit, all pulses corre-
sponding to gamma-ray energies greater than 400 kev
were accepted while the channel of the other spec-
trometer was used to the spectrum at lower energies.
A piece of copper, of surface density 1.5 g/cm?, was
placed before the high-energy detector to absorb any
K-radiation of iodine which might escape to be detected
in the low energy scanning channel and thus give rise
to spurious coincidences at 30 kev. The coincidence

“spectrum obtained in this manner is shown in Fig. 4,
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Fi1G. 5. Spectrum of gamma rays in coincidence
with 55-kev radiation.

where a peak of coincidences clearly coincides with a
peak at 55 kev in the single counting rate. The peak
in the coincidence curve at 20 kev arises from the
presence of x-rays of rhodium which result from internal
conversion of the 55-kev radiation. A few of the pulses
at 20 kev fall in the escape peak of the 55-kev radiation.
After correcting for the absorption of the 20 kev and
55-kev radiation in the layer of Al,O; in the crystal
assembly and for escape of iodine x-rays® in detection
of the 55-kev quanta, the K-conversion coefficient of
the 55-kev gamma ray was calculated to be 1.2+0.3,
indicating a possible M1 transition. In similar manner,
the coincidence spectrum of Fig. 5 was observed.
In this case, pulses corresponding to a gamma-ray
energy of 55 kev were accepted in one channel, and the
high-energy gamma spectrum was scanned in the other
channel. In Fig. 5 are shown coincidence peaks corre-
sponding to gamma-ray energies of 440 and 555 kev.
To obtain further assurance that the observed coinci-
dences did indeed correspond to coincidences between
the two hard gamma rays and the 55-kev radiation, a
molybdenum foil of thickness 550 mg/cm? was placed
between the source and the 55-kev detector. The
coincidence rates at the peaks of Fig. 5 decreased by
more than a factor of 10, as would be expected if the
coincidences were actually associated with a 55-kev
gamma ray.

Returning to the relative intensities of the gamma
rays of Fig. 2, possible branching ratios of the various
beta-ray spectra can be estimated, taking the absolute
intensity of the 495-kev line as 0.9 per disintegration.
The data concerning the B spectra are summarized in
Table II.

McGowan” has reported gamma rays of energies 312
and 239 kev in Ru'®. No unconverted quantum radia-
tions of these energies were detected in the present
investigation, suggesting the possibility of presence of
impurities in the target material of the earlier studies.”

10 P, Axel, Rev. Sci. Instr. 25, 391 (1954).
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DECAY SCHEMES

The coincidence study of Pd'® showed that 65- and
300-kev gamma rays are in cascade. Since the 300-kev
quanta are the more intense, it can be concluded that
they are preceeded in time by the 65-kev transition.
The 365-kev radiation is evidently emitted in the
cross-over transition. From all of the previously
described measurements, however, it is not possible
to ascertain whether the 300 and 365-kev gamma rays
terminate at the ground state or the isomeric level
at 40 kev. In recent studies of Coulomb excitation of
Rh, Heydenburg and Temmer™ have observed gamma
rays of energies 295 and 357 kev. In their measure-
ments, the intensity of the 295-kev radiation is greater
than that of the 357-kev line, whereas in the decay of
Pd'%, the reverse is true. Thus, the two gamma rays can-
not originate from the same level, further confirmation
of the fact that the 300-kev radiation is preceded by
the 65-kev gamma ray. The cross section for Coulomb
excitation of the 300-kev gamma ray is such as to
suggest that it results from de-excitation of the first
rotational level of the ground state. Since the 365-kev
radiation is emitted in the cross-over transition of the
65 kev-300 kev cascade, it can be concluded that
both the 365-kev and the 300-kev transitions terminate
at the ground state of Rh'®. A comparison of the energies
of the gamma rays from Pd'® and from Ru'® shows
that only the 495-kev gamma ray is emitted in the
decay of both radionuclides. The intermediate levels
at 300 and 365 kev are not excited in the decay of
Ru103.

It has been previously shown® that the 495-kev
gamma transition of Ru'® leads to the 57-minute
isomeric level of the residual nucleus so that a level
in Rh'® is located at 535 kev above the ground state.
The energy difference of the end points of the two
B spectra, one of which is coincident with the 495-kev
radiation and the other with the 610-kev quanta,
(see Fig. 3) is 110410 kev, while the energy difference
of the two gamma rays is 115435 kev, showing that
the 610-kev transition must also lead to the isomeric
level, originating from a level 650 kev above the ground
state of Rh'®. From energy considerations, it is con-

TaBLE II. Beta spectra and gamma rays of Rul%.

B-ray 3 Tran§ition Associated .Gamn}a ray
energy intensity per gamma-ray intensity per
(kev) disintegration Log ft energy (kev) disintegration
11010 0.07-£0.01 5.940.2 610£5 0.064-0.01
555410 0.0054-0.002
220 0.90 5.740.1 49545 0.90
44010 0.0054-0.002
670 1073 10.2 55+£3 0.00540.002
715 0.3 9.3 40 o
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cluded that the aforementioned 495- and 610-kev
quanta are emitted in cross-over transitions of the 440
kev —55 kev and 555 kev —355 kev cascades. Thus, a
level at 95 kev above the ground state is established.

The spin and magnetic moment of Rh!% have been
measured.? The related orbital was thus determined
to be py/s, in agreement with that indicated by the shell
model. The 40-kev transition from the 57-minute
isomeric level has been classified® as E3, the level
assignment being 7/24-. Since the 55-kev gamma ray
is probably emitted in an M1 transition; so possible
spin values of the level at 95 kev are 5/2+ or 9/24.
The K-shell conversion coefficient of the 495-kev
transition is 0.006, the K/L ratio 6.5, and the lifetime
less than 2X107° sec, corresponding to an M1 or E2
transition (AI=0, 1, 2; no!). Thus possible spins for
the 535-kev level are 3/24, 5/24, 7/2+, 9/2+, or
11/2+. The spin value 3/2+ is not admissible, because
there exists no detectable E1 transition to the ground
state. Since the ground state of Ru'® is, according to the
shell model, of orbital dss or grs, and since the beta
transition between it and the 535 kev level is allowed,
the spin of the latter level cannot be 11/24. A spin of
9/2+4+ would require that the 7/2+ and 9/2+ con-
figuration states of five go/» protons have a splitting

2., Kuhn and G. K. Woodgate, Proc. Roy. Soc. (London)
A64, 1090 (1951).
( 135M). Goldhaber and R. D. Hill, Revs. Modern Phys. 24, 198
1952).

#T, C. Engelder, Phys. Rev. 90, 259 (1953).

energy of 495 kev, an improbable condition. The
remaining possible spin values for the 535-kev level
are 5/2+ or 7/2+. If a purely single particle viewpoint
is taken, the level would be characterized by orbitals
ds/2 Or gre. A similar argument is applicable to the
610-kev gamma transition of the 650-kev level so that
its spin assignments could likewise be dg2 or g7/s. From
a careful consideration of the relative intensities of
the 440- and 495-kev gamma rays and the 555- and
610-kev gamma rays, it was concluded that the most
probable spin assignments of the 95, 535, and 650 kev
levels ate 9/2-+, ds/2, and grje.

The levels at 300 and 365 kev, which have been
interpreted! as rotational levels of the collective
model of the nucleus, have spin values of 3/2(—) and
5/2(—). If these spin assignments are, indeed, correct,
the transition from the 365 kev level to the 57-minute
metastable level would be E1 and, consequently,
prominent, if single particle transition probabilities were
to apply. However, no such transition is observed in the
present investigations. In the case of Ag, Huus and
Lundén! have observed a similar E1 transition to have
only one-fiftieth of the intensity of a competing E2
transition. It is further interesting that no observable
transitions occur between the single-particle levels at
535 and 610 kev and the supposed rotational levels.

The nucleus of Ru'® contains 44 protons and 59
neutrons. According to the shell model, the odd neutron
may occupy a gz or dys state, Either of these orbitals
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suggests allowed beta transitions to the 535- and 650-
kev levels as observed. However, with the invocation
of conventional selection rules, it is not possible to
explain the large value of log f# of the transition to the
57-minute metastable level (AI=1, no, allowed).
Recently, De-Shalit and Goldhaber!® have discussed
the problem of anomalous values of log f¢ for allowed
and first forbidden beta transitions. They have empha-
sized the possible influence of the nuclear core. Their
explanation can be applied if the ground state of Rul®
is assumed to have orbital g7». In that event, one or
more pairs of neutrons of orbital ds, will be present
in the ground state configuration of Ru!%. The most
probable configuration would be gz2" ds2. On the
other hand, the effect of the go/2 protons of Rh!% on
the isomeric and 95-kev levels would be such as to
make the neutron configuration of those levels gy/.®
ds;®. According to De-Shalit and Goldhaber,® the
beta transitions would be further slowed by the change
of orbitals (ds;>—grs) experienced by one pair of
neutrons. From these considerations, it can be said

18 A. De-Shalit and M. Goldhaber, Phys. Rev. 92, 1211 (1953).
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that the neutron configuration of the 535- and 650-kev
levels of Rh'® is probably g7s® dss?, very similar to the
arrangement of the neutron pairs of the ground state
of Ru'®,

Since the value of log f for the electron capture decay
of Pd'® to the isomeric level of Rh'® corresponds to an
allowed transition, the ground state configuration of
Pd'® is probably gzs".
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Resonances for emission of gamma rays of energy greater than 8 Mev in the reaction F1(p,v)Ne® have
been measured for proton energies from 550 to 1450 kev using a thin target. Resonances were seen at 669,
874, 935, 980, 1090, 1280, 1320, 1355, 1380, and 1430 kev. The effect of false high-energy gamma-ray counts
resulting from the nearly simultaneous detection of two 6-7 Mev gamma rays in the reaction F2*(p,ay)08
was noted and a method for correcting for this effect was devised. The intensities of gamma rays for the two
reactions were compared at each resonance. Also, the angular distribution of the 12-Mev gamma rays
emitted at the 669-kev (p,y) resonance was measured and found to be isotropic to within two percent

probable error.

INTRODUCTION

ESONANCES for the emission of 6.1-, 6.9-, and
7.1-Mev gamma rays from the proton bombard-
ment of fluorine in the reaction F¥(p,ay)O'¢ are well
known.! It is also known that at 669-kev proton
bombarding energy the compound nucleus NeX* can
decay by alpha-particle emission to O!%* and also by
gamma-ray emission to the 1.63-Mev level in Ne2,

* Sponsored by the Office of Ordnance Research, U. S. Army.
I tNow at Bell Telephone Laboratories, Murray Hill, New
ersey.
I Now at Virginia Polytechnic Institute, Blacksburg, Virginia.
§ Now at International Business Machines Corporation, Louis-
ville, Kentucky.
(lgg)Ajzenberg and T. Lauritsen, Revs, Modern Phys. 24, 321

The energy of this gamma ray has been measured to
be about 12 Mev.?3 It was the purpose of this experi-
ment to look for other resonances for emission of
gamma rays of energy greater than 8 Mev, indicating a
transition to some lower energy state of Ne?,

The angular distribution with respect to the proton
beam of the 12-Mev gamma rays emitted at the 669-
kev (p,v) resonance in fluorine has been measured by
using two Geiger counters in an absorption-coincidence
measurement.? The distribution was found to be
isotropic within ten percent. In the present work,

2 Rae, Rutherglen, and Smith, Proc. Phys. Soc. (London)
A63, 775 (1950).

3 J. H. Carver and D. H. Wilkinson, Proc. Phys. Soc. (London)
A64, 199 (1951).

45, Devons and H. G, Hereward, Nature 162, 331 (1948),



