
PH YSICAL REVIEW VOLUME 98, NUMBER 5 JUNE 1, 1955

Properties of Excited States of Pd and Cd Nuclei by Coulomb Excitation
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We have Coulomb-excited the 6rst-excited (2+) states of most even-even nuclei of Pd and Cd using
enriched targets. Three of these states were previously unknown (Pd'os, Pd'", and Cd"'). We also observed
excited states in Pd' 5, Cd"', and Cd"', the latter yielding a new level at 290 kev. Transition probabilities
(lifetimes) for these transitions have been determined and show definite systematic trends.

mined previously'; correction for effective photopeak
efficiency at slightly diGerent energies was made adapt-
ing the results of some Swiss workers. The enriched
CdO yields were converted to equivalent Cd yields by
determining the ratio experimentally. (Observed CdO
yields had to be multiplied by 1.35.) The thick-target
yields were converted to cross sections making some
simplifying assumptions suggested by Huus. ' The cross
sections in turn were reduced to transition probabilities
B(Z2) using the improved theory of Alder and Winther. "
The justification for the last step rests on empirical"
and theoretical"" evidence concerning the correctness
of the semiclassical treatment of the Coulomb excitation
process. *

Ke shall now discuss the excited levels in some detail.
Palladium. —Figure 1 shows the pulse-height spectra

obtained from the even-even isotopes of Pd (with the
exception of Pd"', whose enrichment was insufhcient).
Previously established first-excited states were con-
firmed with respect to position, spin, and parity in
Pd"4 (550 kev) and Pd"' (510 kev); new 2+ states were
found in Pd'ss (424 kev) and Pd"e (370 kev). The latter
state is not accessible by other means. The systematic
trend in position of these states is very apparent. The
heights of the peaks in the pulse-height distributions
reflect many factors in addition to transition proba-
bility, such as Coulomb excitability, thick-target yield
dependence on level energy, and crystal efficiency.
When these factors are taken into account, some of the
trend remains, as can be seen from Table I. Two lines

are observed in Pd"' (266 and 433 kev); transition
probabilities were computed assuming that these ener-

gies correspond to levels at those energies, and that
their sole decay occurs via the observed gamma ray.

K have observed Coulomb excitation of most
nuclei of Pd and Cd, using our 6-Mev He++

beam' and targets enriched in the various isotopes. '
Because of the E2 character of the excitation process,
we excite only 2+ states in the even-even nuclei; a meas-
urement of the energy and yield of gamma radiation
emitted from these states amounts therefore to a
determination of spin, parity, energy, and transition
probability (lifetime) of first-excited states of even-even
nuclei. In view of the systematic behavior of the
position, spin, and parity of these states, " it is of
interest to obtain information concerning the system-
atics of their lifetimes as well; no such information for
nuclei around A = 100 is presently available because the
lifetimes are beyond the range accessible to fast-coinci-
dence studies '(see below).

For the odd-A nuclei the spin assignments are not as
definite and the positions of the levels reached are not
necessarily equal to the gamma-ray energies observed.
For the odd Cd nuclei (Is——sr+) the excited states must
have I=3/2+ or 5/2+; a wider range of possibilities

exists for the states excited in Pd"'(Io ——5/2+).
The gamma-ray yields from thick targets of Pd and

CdO were measured with a 14 in. &(2 in. NaI(T1) crystal
in our standard arrangement. ' The He++ beam was

produced by using a gas stripper similar to the one

described by Bittner, ' but installed some 30 inches

below the rf ion source in the accelerating tube. The
He+ ions are stripped of their second electron after
having reached about 300 kev, and receive twice the
voltage of the remainder of the electrostatic generator.
At the present time our knowledge of the energy of
the He++ beam is somewhat approximate (6.00&0.050
Mev). Up to 0.12 microampere of He++ beam has been

available. The absolute efficiency of the crystal for th
411-kev gamma radiation from Au"' had been deter

' Some preliminary results on these and other medium-heavy
nuclei, using natural targets, were presented at the Glasgow Inter-
national Conference on Nuclear Physics, July 13—17, 1954, and
can be found in the Proceedings (Pergamon Press Ltd. , London,
1955).
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These assumptions are completely justified in the case
of the even-even nuclei. Internal conversion correction
has been neglected in view of the smallness of the con-
version coefficients.

Cadmium. —Figure 2 shows the pulse-height spectra
obtained from the even-even isotopes of Cd (with the
exception of Cd"' and Cd"', whose enrichment was
insufficient). Previously established first-excited 2+

states were confirmed in Cd"' (654 kev), Cd'" (620 kev),
and Cd"4 (550 kev); a new 2+ state was found in
Cd"' (508 kev), the latter again not accessible by other
means. The persistent peak at 342 kev is due to the
presence of oxygen and results from the 0"(rr, rid)Ne"
reaction, as pointed out previously. " Once again, the
systematic trend of the level positions stands out. In the
odd-A isotopes, the known 340-kev level (I=3/2+) was
excited in Cd'"; this level is known to decay pre-
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FIG. 2. Pulse-height spectra obtained for gamma rays from
enriched even-even Cd isotopes under 6-Mev alpha-particle bom-
bardment. 1-,' in. &(2 in. NaI crystal. Gamma-ray energies, re-
sponsible isotopes and target enrichments are indicated over each
peak. Peak BS is due to backscattered gamma rays. Peak at
342 kev, always present in oxide targets, is dne to 0"(n, ey)Ne"
reaction. Excess at that position in Cd'" target is due to 18.6
percent Cd"' component. To compare peak heights of these CdO
targets with metallic Pd targets in Fig. 1, they must be raised by
35 percent (see text).

500

1

~370 KEV IPd, 9I4 Foj

400

l~ 300
O

z 20C
0
V

of the ( dns(d, p)( d i Q-values i4 If we see this same
state, it too cannot be the isomeric level. A summary of
the results on Cd can be found in Table I.
I:,, The accuracy in the energy determinations of the
gamma rays is about &j. percent. The over-all un-
certainty in the final values of the transition proba-
bilities is estimated at ~30 percent in absollte value;
the relative values for the series of Pd and Cd isotopes
are less uncertain (+15 percent).

As was mentioned above, a definite trend in the size
of the even-even transition probabilities can be dis-
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TABLE I. Properties of excited states of Pd and Cd nuclei
Coulomb-excited with 6-Mev alpha particles. I0 and I*are ground-
state and excited-state spins and parities, respectively; B(E2) is
the reduced transition probability; Q0 is the intrinsic quadrupole
moment derived from 8(E2). k(E2) refers to the upward
transition.

FIG. 1. Pulse-height spectra obtained for gamma rays from
enriched even-even Pd isotopes under 6-Mev alpha-particle bom-
bardment. 1-,' in. )&2 in. NaI crystal. Gamma-ray energies, re-
sponsible isotopes and target enrichments are indicated over each
peak. Peak BS is due to backscattered gamma rays.

dominantly to the ground state, " and the transition
probability was computed accordingly. An interesting
situation exists in Cd"', whose one neighboring isobar,
In'" is stable, whereas the other neighbor, Ag"',
decays without gamma-ray emissioa. We have found
a gamma ray of 290 kev in Cd'" and have shown it to
be the first excited state of that nucleus by its excitation
function. The absence (?) of gamma radiation in the
decay of Ag"' would favor a 5/2+ spin assignment for
that level. The latter cannot be the 5-year isomer of
Cd"' because of the multipolarity of the transition. We
find some slight evidence for another state at 550 kev.
A state in that vicinity has been reported from a study

B(B2)(10 48 cm4) Qo(10 94 cm2)Z~ (kev)

550
266
433
510
424b
37ob
654
340
620
290b

(550)
550
508b

Nucleus Io

46Pdm4 0+
Pd105 5/2+

2+
p+
?+

0+ 2+
0+ 2+
0+ 2+
0+ 2+

1/2+ 3/2+
0+ 2+

1/2+ (5/2+)
p+

0+ 2+
0+ 2+

2.50.61
0.013
0.18
0.73
0.80
0.94
0.66
0.16
0.70
0.080
0.14'
0.73
0.76

~ ~ e

2.0.
2.7
2.8
3.1
2.6
2.0
2.6
1.2

Pd106
Pdlps
Pd110
Cd110
Cdlll
Cd112
Cd'"

~ ~ ~

2.7
2.8

Cd114
Cdl1 6

& Computed by assuming I+ 7/2+.
b Level previously unknown.

Represents upper limit.
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cerned, increasing monotonically with i.ncreasing neu-
tron number, while the excitation energies of the 2+
states decrease. According to the simplest "strong
coupling" approximation in the unified description of
the nucleus, ""which identifies the 2+ state with the
first rotational state of a deformed nucleus, this is just
as expected: in both Pd and Cd we are moving away
from the closed shell at /=50 toward greater deforma-
tion, i.e., larger values of the intrinsic quadrupole
moment Qo. The nuclei of 4sCd are presumably some-
what less deformed than those of 46Pd because their
proton number lies closer to the shell at Z=50. Now
the position of the 2+ state is inmrsely proportional to
Qo'(Es+=6A'/28; d Qos), while the (upward) transition
Probability to the 2+ state is proportional to Qos[B(E2)
= 5/16sr (e'Qo )j"' The values of Qo obtained from the
transition probabilities are listed in the last column of
Table I. The values are quite comparable to those we
found previously for the odd-Z nuclei 4&Rh'", 47Ag"',
and 47Ag"', as well as to the spectroscopically meas-

"A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab.
Selskab, Mat. -fys. Medd. 27, No. 16 (1953).

"A. Bohr, "Rotational states of atomic nuclei, " dissertation,
Copenhagen, 1954 (unpublished).

ured Qo in 4sin' '. It is just such continuity of nuclear
properties which seems to support the unified model.
The values of Qo as derived from the moments of inertia
(level positions) follow the same trend but turn out to
be about three times larger, a tendency which has been
previously noted. ""All transition probabilities are
about twenty times greater than would be predicted on
the basis of a single-particle transition.

Since all these nuclei have spins of either 0 or —,
'

(except Pd"'), their intrinsic quadrupole moments are
not accessible to conventional measurement. The
equivalent lifetimes for the transitions we observe here
range between 2 and 7)(10 "second.

Ke have obtained additional results in even-even
nuclei of Ti, Fe, Zn, Ge, Se, Ru, and Mo, to be published
at a later date.
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The gamma radiation produced in the Be'(p, y)B'o reaction at proton energies of approximately 300 lrev
was investigated with scintillation spectrometers. A three-crystal scintillation spectrometer detected
6.7~0.15, 6.0~0.1, 5.1&0.1, and 4.7&0.15-Mev gamma rays with relative intensities (+25 percent) of
0.15, 0.40, 1.00 and 0.45, respectively. A thick target yield of (1.2~0.3) )&10 "gamma per proton at 315-
kev proton energy was measured for gamma radiation of 5.1-Mev energy. These gamma rays are produced
in transitions to the ground-state and low-lying levels in B ' and their relative intensities and yield imply
spin 1 for the level at 6.89 Mev. A limited single-crystal spectrometer detected 0.41~0.02, 0.72~0.02,
1.03+0.03, and 1.43&0.03-Mev gamma rays corresponding to transitions between the low-lying levels
in B' . The angular correlation of the 0.72- and 1.03-Mev gamma rays was found to be consistent with a
spin of 1+ or 2+ for the first excited state of B".

INTRODUCTION

'HE energy levels of the B" nucleus have been
studied in a number of nuclear reactions. The

results are summarized in the review article by Ajzen-
berg and Lauritsen. ' Briefly, low-lying levels at 0.72,
1.74, 2.15, and 3.58 Mev are very well established,
having been deduced from inelastic scattering experi-
ments with protons and deuterons (with the exception
of the 1.74-Mev state in the case of deuterons). Also,
the first level has been seen in the reaction C"(d,n) B";
the first and second, in the beta decay of C"; the first,

t Supported in part by the U. S. Atomic Energy Commission.
' F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 24, 321

(1952). See also forthcoming supplement in the Reviews of
Modern Physics. We wish to thank Professor Lauritsen for a
preprint of the supplement.

second, and third, in the reaction Li'(n, n) B".A level at
4.78 Mev has appeared in the inelastic proton scattering
work. The above-mentioned levels and levels at 5.11,
5.17, 5.37, 5.58, 5.72, 5.93, 6.12, 6.38, 6.58, and 6.77
Mev appear in work on the neutron groups from
Be'(d,n)B". Further levels resulting from proton cap-
ture resonances in Be' show up at 6.89, 7.03, 7.19, 7.48,
and 7.56 Mev.

The ground-state spin of B" is known' to be 3 and
the parity even. ' Sherr and Gerhart4 present various
arguments to show that the first, second, third, and
fourth excited states have spins and parities of 1+, 0+,

' Gordy, Ring, and Burg, Phys. Rev. 78, 512 (1950).' F. Ajzenberg, Phys. Rev. 88, 298 (1952).' R. Sherr and J. B. Gerhart& Phys. Rev. 91, 909 (1953).


