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GAMMA-RAY BRANCHING FROM THE Ca" GROUND-STATE ANALOG IN Sc4~ f

C. Chasman, K. W. Jones, R. A. Ristinen, and J. T. Sample*
Brookhaven National Laboratory, Upton, New York

(Received 20 October 1966)

Gamma rays from the reaction Ca (p, y) Sc4~ have been observed at proton energies
corresponding to formation of the Ca49 ground-state analog. Gamma-ray intensities
have been measured and anomalous behavior is observed.

The T= ~ isobaric analog states in Sc~'~, cor-
responding to the J~= 2 ground state of Ca 9,

have recently been identified by study of the
cross sections for the elastic scattering of pro-
tons~ by Ca, and the reactions Ca (p, ny)Sc
and Ca~(p, y)Sc . &3 Relatively few experiments
have been concerned with the electromagnetic
decay of analog states although the transition
rates from such states should be valuable in
determining their structure. The decay of the
analog states in Sc 9 is perhaps of particular
interest because the position of the low-lying
shell-model states in Sc is known from anal-
ysis of Ca (He', d)Sc ' angular distributions
and also because the strength of the 2 analog
state is shared between at least two close-ly-
ing states. We report here the results of a high-
resolution study of the reaction Ca~(p, y)Sc
at proton energies corresponding to the two
states in Sc~ * which carry the major portion
of the 2 analog-state strength.

The analog state of interest in Sc 9* is formed
at an excitation energy of 11.6 MeV. The Q
value for the reaction Ca~(p, no)Sc~ is -0.530
MeV; and it has been estimated by El-Nadi
et al. from their study of the reaction Ca~(p,
ny)Sc~ that the level density of the T= ~~ states
in Sc~ * at about 11.6-MeV excitation is approx-
imately 65 MeV ', which perhaps should be
taken as a lower limit since the energy reso-
lution used was about 5 keV. The average lev-
el width appears to be less than 5 keV for the
energy region around the analog states (Ref. 3
and Fig. 1). It is thus quite reasonable to ex-
pect that the analog state should be spread over
several states as has been found experimental-
ly. '&3 Whether there is further fine structure
such as is observed by Keyworth et al.' for
analog states in K~' cannot be answered from
the existing data. In the case considered here,
Sc with a single proton outside closed shells
is much less complex than the case of K~' and
it might be that the actual splitting is not as
complex.

The Ca target was prepared by evaporation

of Ca~CO, (96.5%%uo) onto a thick Pt backing.
The positions of the analog states were deter-
mined by measuring the excitation curve for
the 0.37-MeV gamma ray produced in the re-
action Ca (p, ny)Sc, which is a good measure
of the total (p, n) reaction cross section, as
well as by measuring the yields for capture
gamma rays with energies greater than 2.6
and 5.5 MeV. The over-all energy resolution

including beam energy spread and target thick-
ness was about 1 to 2 keV. The results are
shown in Fig. 1. Two strong states were ob-
served at Ep(lab) = 1.968 and 1.977 MeV which
could be identified with the states seen in elas-
tic scattering by Jones et al. ' Two other states
were also observed at Ep(lab) =1.963 and 1.985
MeV. They were considerably weaker than
the first two states and were not identified in
the elastic scattering experiment. These re-
sults are in agreement with the data of Ricci,
Chilosi, and Vigiani. e It is reasonable to as-
sume, however, that they might also carry
some of the analog-state strength. The ener-
gy resolution and size of step used in the ex-
citation curve in the present experiment and
that of Ricci, Chilosi, and Vigiani would aver-
age over any fine structure, such as that ob-
served by Keyworth et al.' [We note that the
energy scale for the present work is 10-12 keV
lower than that of Jones et al. (Ref. 1); and that
the uncertainty in our calibration is about +10
keV. ] Measurements of gamma-ray decay spec-
tra were made on the two strong states and back-
grounds were estimated from runs on close-
by minima in the cross section. Short runs
were also made on the two weak resonances.

Gamma rays emitted by the target were de-
tected with a, 30-cm~ coaxial Ge(Li) gamma-
ray detector with a resolution of 15 keV at 6
MeV and 22 keV at 11 MeV. A direct measure-
ment of the energy dependence of the efficien-
cy of the detector was not made, but it was
assumed that measurements by Broude, Lither-
land, Smulders, and Alexander on a 25-cm3
coaxial detector could be applied. The spectra
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citation curve taken with a 7.6-cmx 7.6-cm NaI(Tl) gamma-ray d t t t 90 t th ' 'de ec or a o e xnci ent beam.

of the 0.37-
a, e yiel of capture gamma rays with energies greater than 5.5 and 2.6 MeV respect' 1 ( ) Th ' ld

48e . 7-MeV gamma ray from the reaction Ca (p, @y)Sc4 . Since most of the cross section for the (p, n) reac-
tion is to excited states in Sc which cascade to the ground state by the transition which emits the 0.37-MeV am-
ma ray this curve is a good representation of the total cross section for the reaction Ca (p, n)Sc . (d), (e) The ra-
tio of the capture gamma rays to the 0.37-MeV gamma rays. If it is assumed that both reactions proceed strictly
through compound nucleus formation this ratio should be roughly proportional to I'&/I's where I' is the total width
for gamma-ray emission. The statistical uncertainties are approximately the size of the points. Capture gamma-
ray spectra were taken with a Ge(Li) gamma-ray detector at the points marked with arrows in (c). Linear scales
are used for the ordinates of all parts of the drawing.

were displayed in a 4096-channel pulse-height
analyzer with digital stabilization of the analog-
digital converter. The energy dispersion was
about 2.9 keV/channel, which allowed positive
identification of several of the capture gamma
rays by the energy shift between the spectra
taken at Ep(lab) = 1968 and 1977 keV. The en-
ergy calibration of the counter was made in
terms of lines from mell-known low-lying states &'

in Sc ' and 0" and wa, s extrapolated to higher
energies by means of an auxiliary calibration
with a precision pulser. The uncertainty in
the calibration should be less than 20 keV at
10 MeV and less than 10 keV at energies below
5 MeV. Gamma-ray widths, I', for the lines
observed were found by comparing the yield
of capture gammas to the yield of 0.37-MeV
gammas from the reaction Ca~(p, ny)Sc~. The
yield of the 0.37-MeV gamma is approximate-
ly proportional to the total (p, n) cross section

since most of the reaction cross section pro-
ceeds to high states in Se~ which cascade to
the lower states by emission of an 0.37-MeV
gamma ray. & Since the neutron widths of the
two states are known from the analysis of Jones
et al.' the gamma-ray width can be caleula, ted
from the relationship

yield of capture gammas

y n yield of 0.37-MeV gammas
ca,pt

where the counter efficiency is given by c. The
unc er tainties in the values of the counter effi-
ciency and neutron widths are relatively large,
and the values of the gamma widths extracted
are probably only accurate to within a factor
of 2or 3.

Portions of the 4096-channel spectra obtained
at Ep(lab) =1.968 and 1.977 MeV are shown in

Fig. 2 and a numerical summary of the results
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FEG. 2. Selected portions of pulse-height distributions obtained with a Ge(Li) gamma-ray detector. (a) Selected
lines obtained at a proton bombarding energy of 1.977 MeV; (b) the same pulse-height regions for a bombarding en-
ergy of 1.968 Mev. These two energies correspond to compound states which have a large proton width and which
are the analogs of the Ca 9 ground state. The energies of the final state in Sc49 for the gamma transition are given
at the top of the figure. The energy dispersion is about 2.9 keV/channel and the energy range covered by the en-
tire 4096-channel spectrum was about 0-12 MeV. Sample statistical uncertainties are shown in the figures. Peaks
shown are the two-escape peaks in all cases.

is given in Table I. It can be seen that the gam-
ma-ray de-excitation to low-lying states in Sc~
is strikingly different in the two cases. This
behavior of the gamma-ray branching from the
two analog states is quite surprising. If it is
assumed that the structure of the two states
is dominated by the strength of the Ca ' ground-
state analog and that the structure of the nor-
mal isospin states with which the analog state
is mixing are very complex, then the observed
branching ratios from the analog states to low-
lying single-particle states should be quite sim-
ilar. Such a behavior has indeed been observed
by Erne, Veltman, and%intermans for a some-
what similar situation in Cl 7+p where the an-

- alog of the 5 first excited state of Cl ' is ap-
parently split by about 4 keV and the branching
ratios for decay from the two states are quite
similar. In the present case it is necessary
to provide some mechanism which can produce
a cancellation of the E2 strength to the ground
state and the M1 strength to the 3819-keV state

for the E~(lab) =1.968-MeV resonance and of
the M1 strength to the 3092-keV (T= &7, j~=2 )
state for the Ep(lab) = 1.977-MeV resonance.
One possibility is that the T =

2 state (or states)
with which the analog state is mixing is of com-
paratively simple character such as three-par-
ticle, two-hole, for example, and has relative-
ly large matrix elements for decays to the sin-
gle-particle states. Thus it is able to produce
large interference effects with the analog states.
That this is consistent with at least the mag-
nitude of the total gamma-ray width for neigh-
boring T = -,'states may be seen from the fol-
lowing argument.

The yield of high-energy gamma rays [Figs.
1(a) and I(b)] is proportional to I'PI' and the
yield of 0.37-MeV gammas is proportional to
rpi„, In both cases the identical resonance
denominator will appear. Hence the ratio of
these yields gives the ratio I'&/I'~ and it can
be seen in Fig. 1 that this ratio is consistent
to about a factor of 2 on all resonances. Since
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Table I. Transitions from analogs of the Ca4~ ground state in Sc49 to low-lying excited states in Sc+.

Sc48 final-statea
excitation ener gy

(keV) J7t
a S'a

Assumed
multipolar ity

of gamma
transition

b

(eV)

Ep(lab)
=1.968 Mev
r
7

(eV) I'~/I'~

Ep(lab)
=1.977 MeV
F
7

(ev) I'y/I'g)

0.0
2233.0
2382.0
3092.0
3819.0
3923.0
4OO4. Oc

408Q. O

(2)
(0)
1

(7/2 )
(3/2')
(I/2+)
{&/2 )
(5/2 )

(5/2

1.0
0.05
0.005
0.68
0.15

0.20

E2
El
E]
j/t1
Ml

1.8
745.0
710.0
12.9
9.8

8.9

2.1

«0.4

~~0 4
0.002
0.003
0.2

-0.04

3.9 0.4

3.5
0.9
1.2

M~Q 5
2.8

1.9
0.001
0.002

~0.04
0.3

3.0 0.3

The values under S' are spectroscopic factors which have been corrected for a small J dependence «
cross sections computed by the code used in the analysis of the data.

bThe values for the %eisskopf estimates I'~ given above were calculated from the tables given by D. H. %'ilkin-

son in Nuclear Spectroscopy, edited by F. Ajzenberg-Selove (Academic Press, Inc. , New York, 1960), Pt. B.
More detailed calculations by D. Kurath {private communication) indicate that the E2 width is =0.6 to 0.9 eV and

that the widths for the M1 transitions are about 0.1 to 0.46 Weisskopf units.
cThe transitions to these states were not observed because the energy region in which they fall was obscured by

the presence of Doppler-broadened lines from the reaction Fi~(P, ny)oi6 produced in fluorine which was present as

a target contaminant.

the elastic proton scattering experiment of Jones
et al.' shows that I"p is appreciable only at the
analog resonances and even there it is only
25% of I"„, it follows that I'„=I". The widths
of the peaks observed in the excitation curve
for the (p, n) reaction2 and Fig. 1(c) show that
I" is constant to within a factor of 2 or 3 for
bombarding energies from 1.87 to 2.03 MeV.
Therefore, I& for the T = ~ states in this re-
gion are roughly equal to the value of 1 for
the two T = —, analog states and are therefore
consistent with the observed interference. (This
argument should not depend strongly on wheth-
er the widths observed are for single levels
or for several partially resolved levels. ) Mea-
surement of the various partial gamma-ray
widths for the transitions from the T =

2 states
considered here, for example, the widths for
the ground-state transition, would be interest-
ing and are required before any definite con-
clusions can be drawn although even if they
are small an accidental degeneracy of the an-
alog state with a single simple T= -', state could
still be possible.

We, of course, do not rule out the possibil-
ity of other explanations, but, to our knowledge,
such differences in gamma branching have not
been previously observed for analog states in
this mass region, and it should be of interest
to determine whether the differences arise from

a fortuitous interference such as we have dis-
cussed, or whether it is a more general occur-
rence stemming from the splitting of the ana-
log states.

We are indebted to Dr. D. Kurath for furnish-
ing us with the single-particle transition widths
quoted in Table I. We are grateful to Dr. A. Z.
Schwarzschild, Dr. S. Kahana, Dr. B. Margolis,
Dr. L. L. Lee, and Dr. J. P. Schiffer for sev-
eral very helpful conversations and criticisms
and to Dr. T. K. Alexander and Dr. F. C. Erne
for communicating their results prior to pub-
lication.

)Work performed under the auspices of the U. S.
Atomic Energy Commission.
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MAGNETIC MOMENT OF THE FIRST EXCITED STATE OF "Cdj
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The magnetic moment of the first 2+ state at 558.5 keV in ~~4Cd has been measured to
be ip2i = 0.88 +0.12 p& by the perturbed gamma-gamma angular correlation technique uti-

lizing the internal hyperfine field in an Fe lattice.

The nucleus '"Cd has played a significant
role in nuclear physics as it has long been thought
to exhibit every feature of a quadrupole-type
vibrational spectrum. ' However, the recent
experimental determination' of the static quad-
rupole moment Q2 of the 558.5-keV first excit-
ed 2+ state of "Cd has shown a large value
which is quite incompatible with that expected
from a simple harmonic-quadrupole vibration
of a spherical nucleus. The average experi-
mental value Qpxpt = -0.50+0.25 b can be ob-
tained if "Cd is assumed to be a rotational
nucleus; however, other spectroscopic proper-
ties of at least the low-lying states are well
described as the characteristic quadrupole
vibrations of a spherical nucleus. Tamura
and Udagawa' have recently shown that reason-
able models of vibrational nuclei can be con-
structed which can explain the large observed
Q2. In their phenomenological model (model

A), where the first 2+ state is assumed to be
an orthogonal linear combination of one-pho-
non and two-phonon harmonic vibrational 2+

states, they predict iQ, I =0.58 b, the sign de-
pending on the details of the mixing interaction.
On the other hand, in their microscopic mod-
el (model B) they predict Q2 = —0.511 b for eeff
=1. Thus both models seem to explain the large
Q, while retaining the vibrational character
of the nucleus. However, the predictions of
these two models for the magnetic moment,
p,„of this state are widely different. Model
A predicts p 2

(A) = 0.86 p &, whereas model
B predicts p. (B)=2.38 p, &. Thus a measure-

2
ment of p., can decide which of the two models
is more appropriate in explaining most of the
low-lying nuclear properties of the '"Cd nu-
cleus.

The present note describes our experimen-
tal results on the determination of the g fac-
tor of the 558.5-keV 2+ state utilizing the in-
tegral-reversed-field method of the perturbed
gamma-gamma angular correlation technique.
The mean life of this state is known to be T

= (1.32 + 0.09) && 10 "sec from the measured
B(E2) values following Coulomb excitation. '
In order to measure the g factor of such a short-
lived state, we employed the large hyperfine
magnetic field available at the site of the Cd
nuclei when they are introduced in very dilute
form into an Fe lattice. The known field H. t
at Cd in Fe lattice is Bl =348+10 kG. The
activity utilized in this experiment is the 49-
day " In, which decays by electron capture'
(branching ratio of 3.5'%%uo of the total activity)
to the 1278-keV state which in turn decays to
the ground state of ' Cd via the (722-558.5)-
keV gamma-gamma cascade. The angular cor-
relation coefficients for this cascade have been
measured by Steffen' to be A, =0.099+0.005,
4~=0.Ol +0.07 and also by Kawamura' to be
A, =0.091+0.006, A.~=0.030+0.009; thus this
cascade is believed to be 4+(E2)2+(E2)0+.

Indium metal, enriched to 96.4%%uc in "SIn as
obtained from Oak Ridge National Laboratory,
was irradiated for 7 days at a, flux of 2& 10'~
n/cm' sec to produce the " In activity. 0.15
mg of active In was sealed in vacuum in an
Fe container (purity 99.999%) weighing 1 g
and was then melted in an induction furnance
employing a levitating Ag boat. The molten
alloy (about 0.015% In by weight) was rapidly
cooled to room temperature and later was coined
into a cylinder of 5-mm diameter and 6-mm
height. Two such sources were prepared (source
1 and source 2). After an initial measurement
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