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The decay of K* has been reinvestigated in an attempt to clarify the discrepancies existing in the ordering
of the energy levels of Ca®®. The external conversion spectrum showed lines corresponding to the following
gamma-ray energies: 0.2202-0.002, 0.3714-0.002, 0.388+-0.002, 0.3944-0.002, 0.591-+0.003, 0.614--0.004
Mev. In addition a v ray of 1.005 Mev was observed in the scintillation spectrum. 8-y coincidence measure-
ments establish that the gamma transitions to the ground state are the 0.371-Mev and the 0.591-Mev
gamma rays and not the 0.614-Mev gamma as believed previously. These results and the -y coincidence
measurements indicate only one possible level scheme in Ca®: 0, 0.371, 0.591, 0.985, 1.373 Mev. These
energy levels as well as their proposed spin and parity assignments are in good agreement with the results
from the Massachusetts Institute of Technology nuclear reaction data. A two-cycle baffle for the solenoid
B spectrometer is described. This baffle reduces significantly the background due to scattered gamma radia-

tion from very strong external conversion sources.

INTRODUCTION

HE low-lying nuclear energy levels of Ca® have
recently been the object of extensive studies.'—®

The experimental determination of the level scheme of
Ca® has been obtained from studies of the decays of
K%3 and Sc®,* as well as from studies of the nuclear
reactions Ca®(d,p)Ca® and Ca®(p,p")Ca®.¢ There were
serious discrepancies between the results of the K and
Sc® decay studies. Furthermore, neither of the proposed
possible level schemes for Ca® as deduced from g-decay
studies was in agreement with that found from the

nuclear reaction data. The reaction data of Braams e al.

on Ca®(d,p)Ca® and Ca®(p,p")Ca® indicated levels in
Ca® at 0, 0.373, 0.593, 0.991, 1.394, 1.678 Mev as well
as other levels at higher energies that cannot be fed
by B8 decay. A consideration of the possible 8 and v
transitions from Braams’ level ordering indicates that
several v rays differing in energy by only a few percent
may be emitted in the radioactive decays of K* and
Sc®, It was therefore suggested that the lack of agree-
ment between the 8-decay data and the reaction data
might be due to the inability to resolve several v rays
in the decay studies.

There has been intense theoretical interest in the
level positions and spacing in the region of the Ca
isotopes. The isotopes of 3Ca are sufficiently close to a
doubly magic configuration to facilitate theoretical cal-
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culations of level structure. Calculations of the level
ordering and spacings for Ca® have been performed by
Kurath” according to the j-j coupling model, by Bohr
and Mottelson,® who consider possible effects of surface
coupling, by Ford and Levinson,® who performed a
detailed calculation in the weak-coupling approxima-
tion, and most recently, by French and Raz® who
use a j-j coupling model including 7-j mixed con-
figurations. ,

In view of the great theoretical interest in the levels
of Ca®, it is important to ascertain a reliable energy
level scheme for Ca®. It was hoped that a study of the
decay of K* with a high-resolution S-ray spectrometer
and a selective coincidence scintillation spectrometer
would clarify some of the discrepancies mentioned
above.

SOURCE PREPARATION

K% was produced from the reaction A*(a,p)K% by
bombarding argon gas (99.6%, A%) in the external alpha-
particle beam of the Brookhaven National Laboratory
60-in. cyclotron. Argon at two atmospheres pressure
was contained in a 24-in. long, 6-in. diameter cylindrical
brass chamber. The alpha-particle beam entered the
container through a 0.002-in. duraluminum foil. After
bombardment the argon gas was allowed to escape and
the chamber was washed with several hundred cc of
distilled water. The potassium activity is readily
soluble in the water. Several drops of HCI were added
to the water to form KCIl and the water could be
evaporated leaving the potassium salt behind.

To prepare a source for the measurement of the 8
spectrum, a 0.008-in. Cu absorber was added to the
0.002-in. Al window in order to reduce the 40-Mev a
beam to an energy of about 8 Mev. At this energy there
are no significant activities produced other than the
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K%, The decay of these sources indicated a half-life of
22 hours in good agreement with that reported in the
literature.

For the external conversion and y-ray measurements
it was necessary to reduce the Cu absorber thickness
in front of the gas cylinder in order to produce sufficient
activity. For these bombardments the energy of the
beam was only reduced to about 20 Mev with the use
of a 0.005-in. Cu absorber. At this bombarding energy
the activity was found to contain about 209, of the
12-hr K* activity produced by the reaction A% (a,pn) K.
However, this contaminant does not interfere sig-
nificantly with the y-ray measurements.

TWO CYCLE BAFFLE

The activity of the sources used for external con-
version spectra are usually of the order of several milli-
curies. Measurements of these spectra require very low
gamma background. We have constructed a “two-cycle
baffle” for the Columbia solenoid spectrometer in order
to reduce the vy-ray background from the source. For-
tunately, the solenoid is sufficiently long to permit
the use of a two-cycle electron trajectory and still
maintain an entrance angle of about 45°. A schematic
drawing of the two-cycle baffle, showing the sinusoidal
electron trajectories, is shown in Fig. 1. The trace of
the electron path on the plane perpendicular to the
magnetic field consists of two complete superimposed
circles. All adjustments for resolution are performed in
the first baffle section. The annular openings in the
second section are fixed for a resolution of about 29%.
We have been able to adjust the second baffle so that
the over-all transmission (at ~29, resolution) is
reduced by less than 109, by the second baffle compared
to the transmission of the first single baffle.

The increased amount of lead between the source
and detector in this type baffle, as well as the doubling
of the source-to-detector distance, reduced the y-ray
background from a 2-mC v source to almost zero. All
the lead in the baffle system is covered with at least
t5-in. aluminum coating to reduce electron scattering.

EXTERNAL CONVERSION SPECTRUM

The K% photoelectron spectra were investigated
using both lead and uranium radiators. Sources of
about 1 mC were placed in brass capsules thick enough
to stop all electrons from both K* and K*2. The surface
density of the lead and uranium radiators was 11.5
mg/cm? and 19 mg/cm? respectively, and their diam-
eter was 2.5 mm. The resolution of the spectrometer
was 1.59.

Figure 2 shows the momentum distribution of photo-
electrons from the Pb radiator. The K line correspond-
ing to six gamma rays were identified. The v energies
corresponding to these photopeaks were calculated
from the position of the high-energy edge of the con-
version lines. The high-energy edge of the 624-kev Cs!*”
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Fic. 1. Schematic diagram of the “two-cycle baffle.”
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internal conversion line was used for calibration. The v
energies were also calculated from the peak position of
the conversion lines using the peak position of the Cs!37
internal conversion line for calibration and allowing
for ~1.7-kev energy loss in the Pb converter. A spec-
trum was obtained also with U converter. The v
energies determined from the measurements with the
U radiator were in excellent agreement with those
obtained with the Pb converter.

The energy of the resolved v rays are: v;=0.220
=#0.002, v2=0.37120.003, v;=0.388+-0.004, v,=0.394
4-0.004, v5=0.591-40.006, and v5=0.6144-0.006 Mev.
The errors quoted are due to the uncertainty in deter-
mining the energy lost in the converter and in specifying
the exact positions of the high-energy edges of the lines.
The 1.000-Mev « ray reported previously was not seen
in external conversion spectra because of its very low
intensity and the low photoelectric cross section.

The photoelectric cross section has a strong angular
dependence which varies with energy. Because of the
complex geometry of our source, converter, and spec-
trometer trajectories, calculation of the relative effi-
ciencies for photoelectron detection with varying
energy is impractical. This dependence is, however,
expected to be slowly varying over a small energy
interval. By assuming that the efficiency is constant
over a small energy interval we have determined the
relative intensities Iys:ly3:l44=100:7:13 and inde-
pendently, Ivs: Iv¢=16:100. The ratios Ivi:Iye: Ive will
be determined from the y-ray scintillation experiments.

Some important aspects of the level scheme of Ca®
are suggested from the accurate determination of the
v-ray energies. It is clear that Eyo+Ev¢=Evs+ Evs
=0.985 Mev. Furthermore, Evs— Evyo=Eyvs— Evs=E;
=0.220 Mev. Both these relationships are determined
experimentally to within ~5 kev. This information
strongly suggests the energy spacing of four levels in
Ca®, according to either Fig. 3(a) or Fig. 3(b). How-
ever, the ordering of these levels must be determined
from coincidence experiments.

SCINTILLATION SPECTROSCOPY
1. Single Gamma-Ray Analysis

"The spectrum of photons emitted in the decay of K3
was studied in a 2-in.X2-in. NaI(Tl) scintillation spec-
trometer with a 20-channel pulse-height analyzer. The
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Fic. 2. External conversion spectrum from a lead converter. The energy corresponding to the gamma rays whose K lines were
observed is indicated. The region between 0.375 and 0.400 Mev is amplified 5 times and shown in the insert.

spectrum is plotted in Fig. 4. Three gamma rays were
identified at the energies of 0.375, 0.615, 1.005 Mev.
When a 5-in.X2-in. lead block was placed behind the
source, a line previously reported* at 0.810 Mev was
observed, but it disappeared when the lead was removed.
This peak may be explained as a pile-up of the back-
scattered radiation and the 0.615-Mev peak.

The 0.220-Mev gamma radiation seen in the external
conversion spectrum was hidden in the scintillation
spectrum by the back-scattered radiation from higher-
energy gammas.

Since the resolution of the detector is only 99 at
661 kev, the 0.371-, 0.388-, and 0.394-Mev and the
0.591-Mev and 0.614-Mev v rays form two compound
peaks. The relative intensities Ive:lvs:Iys and Iys:Ive

are known from the external conversion data. The in-
tensities Ivo+Ivs+Ivs:Ivs+1Ivs can be obtained from
the scintillation spectrum. It is therefore possible to
calculate the relative abundance of these five v rays.
The results are shown in Table I. The over-all efficiency
of the scintillation detector as a function of energy was
estimated to within 109, by a method outlined pre-
viously.!!

Special measurements were required to determine
the relative intensity of the two fractions of the ap-
parent 1.005-Mev line. The peak seen in the scintillation
spectrum actually consists of two parts: the first is due
to a real 1.005-Mev line in K*; the second comes from
the pile-up peak at 0.985 Mev due to the two very
strong lines at 0.371 and 0.614 Mev, a peak which

TasLE I. Relative intensities of the gamma radiations of K%,

Energy (Mev) Percent of total decay

0.985 Mev 0.985 Mev
0.394
0371 0.591 0614
0614 0.591
0.614 0.220 0.220
0.394 0.371
0.394 0.371 0.591
[ o
@ ®

Ti6. 3. Two probable schemes for the four low-lying levels of

1 0.2204-0.002 31
vz 0.371+0.003 85+8
vs  0.3880.004 741
vs 0.3943-0.004 111
vs 0.59140.006 131
ve 0.6144-0.006 8148
v 1.00540.020 240.2

K% as suggested by the analysis of the gamma-ray external con-
version spectrum.

11 Koerts, Macklin, Farrelly, Van Lieshout, and Wu, Phys.
Rev. 98, 1230 (1955).
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cannot be resolved from a 1.005-Mev line. (It will be
shown below that the intense 0.371- and the 0.614-Mev
lines are in true time coincidence.) Two methods were
used to obtain the relative contributions of these two
effects.

(e) A 2-mm lead absorber was placed between the
source and detector, and the spectrum thus obtained
was compared to the spectrum seen with the source in
the same position but without Pb absorber. Let N be
the source strength ; k1, k2, k3 the relative intensities of
the 0.371-; 0.614-, and 1.005-Mev transitions; e, €, €;
the relative efficiencies of the counter for detection of
these gamma rays; and let N1, N, N3 be the number
of counts in the spectrum corresponding to these
energies, and « the solid angle subtended by the
crystal: then

N1=J\7k161w, (13)
N2= Nk2€2w, (1b)
N 3= Nksesw+ Nkikoerea0?, (1c)

where the last term in (1c) gives the pile-up counting
rate of the 0.614+0.371(=0.985-Mev) v rays. With an
absorber between the source and the detector the
number N’ of counts corresponding to the three gamma
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Frc. 4. (a) K* gamma-ray scintillation spectrum using a
2-in.X2-in. NaI(Tl) crystal mounted on a 6292 Dumont photo-
multiplier. The source detector distance was 10 cm. (b) Gamma-
ray scintillation spectrum in the 0.800-Mev region with a block
of lead placed behind the source. The 0.810-Mev peak is the pile-up
of the 0.614-Mev gamma and back-scattered radiation.
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Fic. 5. (a) Gamma-ray spectrum in coincidence with the
0.371-, 0.388-, and 0.394-Mev lines. (b) Gamma-ray spectrum in
coincidence with the 0.591- and 0.614-Meyv lines. (c) Gamma-ray
spectrum in coincidence with the 1.005-Mev line.

rays considered becomes

]\71' = Nklelwe“"ld, (23')
Ny = Nkseswe™24, (2b)
N4 = Nkseswe 384 Nkikoe exw?e™Hrtund) (2¢)

where w1, u2, and us are the absorption coefficients in
cm~! for each of the three gammas and d is the absorber
thickness. The solution of Egs. (1) and (2) yields the
relative intensity of the true 1.005-Mev line:

ky/ k1= (2.84:0.3)%.

(b) Several single gamma-ray spectra were taken
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F16. 6. (a) Gamma-ray spectrum in coincidence with electrons
with Eg<0.820 Mev. (b) Gamma-ray spectrum in coincidence
with electrons with Eg>0.820 Mev.

varying the source-detector distance; the relative inten-
sities of the gamma rays were compared as a function
of the solid angle.
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Using the same notation as in case (a), we can write

Ny

N3 ka €3
(—* —) + ke

k1 €1

If now M is plotted versus the solid angle w, then the
intercept of the straight line with the M axis gives
kses/kie1, and therefrom k3/k; since the relative effi-
ciences are known. The value of k3/k; obtained by this
method is (2.340.5)%, which is in good agreement
with that obtained from the lead absorption method.

2. Coincidence Measurements

(@) v~y coincidence.—The selective coincidence spec-
trometer used was described in detail in a previous
paper.!! The spectra of v rays in coincidence with the
composite lines at 0.375, 0.615, and 1.005 Mev are
shown in Fig. 5(a), (b), (c). An important feature is the
fact that the 0.220-Mev line is seen in coincidence only
with lines from the 0.3714-0.388-+-0.394-Mev compound
peak. The intensity of the 0.220-Mev lines can be
estimated from Fig. 5(c). The estimate is made with
an uncertainty of ~309, due to the large background
in the peak region.

(b) B-v coincidence.—Anthracene and NaI(Tl) scin-
tillators were used for the 8-y coincidence experiments.
The vy-rays spectrum in coincidence with the g8 rays
within a certain energy interval were displayed on the
20-channel analyzer. When 8~ rays of energy less than
0.812 Mev are selected, the coincident gamma spectrum
is identical to the single gamma spectrum. But when
B~ rays of energy higher than 0.820 Mev are selected,
the peak at 0.615 Mev shifts to lower energy (Fig. 6).
This effect is in agreement with the decay scheme of
Fig. 3(b) and not with Fig. 3(a). The relative intensity
of the 0.371- and 0.591-Mev lines in coincidence with
B~ rays above 0.812 Mev are in agreement with the
finally proposed decay scheme of Fig. 7.

8 SPECTRUM

.The g~ spectrum was measured with the solenoid
spectrometer. The momentum distribution obtained is
shown in Fig. 8. Kurie analysis of the upper 0.300 Mev
indicates that the ground-state transition has unique
first-forbidden shape. The shape-corrected Kurie plot
is shown in Fig. 9(a). Analysis of the lower groups was

TasLE IL. Relative intensities and logf¢ values of the
various B-ray transitions in the decay of K.

Energy (Mev) Percent of total decay

8 181440025 13 log f1£=8.69
g: 83‘;&; 35 log ft>7.4
B: 082540010 87 log fot=5.50
Bs 0.465+0.050 8.2

a Unresolved groups.
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performed by successive subtraction methods. The
results are shown in Fig. 9(b), (c), (d). The relative
intensities and log f# values are given in Table II.

The decay scheme of Fig. 7 suggests possible 5~
groups with end points of 1.444 and 1.224 Mev. The
Kurie analysis results in a group with intermediate end
point ~1.24 Mev. This suggests that the two 8~ groups
are present and that the sum of their intensities is
~3.5%.

The end point of the most intense group is 0.825 Mev.
Deviations from the linear shape of the Kurie plot
begin below 0.465 Mev. Kurie analysis below 0.465
indicates a group with end point ~0.465 Mev. The
analysis is extremely sensitive to the successive sub-
tractions and we therefore assign an error of 0.050 Mev
to the lowest end point. The intensity of the lowest
group has been determined from y-ray intensities since
the effects of scattering in the spectrometer baffle and
source are very likely to distort the spectrum in the
low-energy region.

0.388- AND 1.000-MEV y RAYS

It is suspected from the 8~ decay data that the
0.388-Mev line is due to the decay of a level above the
0.985-Mev state. Experiments with a well-type crystal
have confirmed this assumption.

A K#® source surrounded by a brass cylinder for
absorption of all 8~ rays was placed centrally in a
12-in.X 2-in. NaI(Tl) well-type crystal. The pulse-
height spectrum obtained is shown in Fig. 10. In the
471 geometry of this experimental arrangement, v rays
in coincidence are seen as a sum peak. The 1.000-Mev
line seen in the figure is practically due to the sum
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F16. 8. Momentum distribution of the composite
electron spectrum of K%,

peak of the 0.371- and 0.614-Mev and the 0.394- and
0.591-Mev v-rays. The peak at 1.375 Mev can be
interpreted as the sum of the 0.388+-0.371+40.614
=1.373- and 0.388+0.394+0.591=1.373-Mev ~y-rays.
However, the intensity of the 1.375-Mev peak is well
above the expected accidental coincidence rate. This
evidence indicates a level at 1.375 Mev. The intensity
of the sum peak is in agreement with this conclusion
and the relative intensity of the 0.388-Mev peak from
the conversion spectrum.

The position of the 2.09, 1.00-Mev peak has not
been definitely ascertained. It may be at either or both
positions indicated in the decay scheme of Fig. 7. The
relatively poor resolutions of scintillation spectrometers

50 T

Fic. 9. (a) Fermi-
Kurie analysis of the
high-energy group cor-
rected with the unique-
shape correction factor

1/ (@* g%
(b) Fermi-Kurie plot of
the unresolved second
and third groups ob-
tained by the subtrac-
tion method. (c) Fermi-
Kurie analysis of the
most intense 8 group,in
the decay of K%. (d)
Fermi-Kurie plot of the
fifth B group obtained
from three successive
subtractions. Both the
end-point determination
and the relative inten-
sity of this group have o—
large errors in view of
the indeterminate scat-
tering of electrons in the
source and spectrometer.

40—

30—

20—

N2
n3F

Ny
X10
( 7;3F(p2+q§))

1.224 Mev
1.444 Me"'/ 1.814 Mev
(a)

|
1.5 ENERGY IN Mev



114 BENCZER-KOLLER,

1000 T T
t— 375 -

100

F16. 10. Gamma-ray scin-
tillation spectrum taken
with a  1%-in.X2-in. well-
type NaI(Tl) crystal and a
6292 Dumont photomulti-
plier.

» o @O

ol ’ | |
(0] 500 1000 1500
ENERGY IN kev

obviates the possibility of determining its position by
coincidence methods.

DISCUSSION

The final proposed decay scheme of K*, as presented
at the New York American Physical Society Meeting
of January, 1957, is shown in Fig. 7. The energies of
the Ca® levels are essentially in agreement with the
reaction data of Braams, and the recent K# decay
scheme of Bickstrom and Lindqvist.!® The discrepancy
in energy between our 1.371-Mev level and Braams’
level at 1.394 Mev does, however, seem outside the
limit of our experimental accuracy. If we assume that
we have a small systematic error in determination of
the photoelectron energy loss in passing through the
Pb or U converter, which may accumulate by addition
of several y-ray energies, we can still not explain this
discrepancy. Braams’ level spacing between the 0.991-
and 1.394-Mev levels would suggest that there should
be a vy ray of 0.403 Mev rather than 0.388 Mev. The
proximity of the 0.388-Mev to the 0.371-Mev photo-
electrons lines in our spectra, coupled with the excellent
agreement between our 0.371-Mev y-ray energy and
Braams’ 0.373-Mev first excited state strongly indicates
that our 0.388-Mev y-energy determination is correct.

Shell model predictions and the f¢ values of the g
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transitions of K* suggest the spin assignment indicated
in our level diagram. The ground-state configuration
fr/2 of Ca® is based on the spin and magnetic moment
measurement of Jeffries.” The unique first-forbidden
(AJ =2, yes) character of the ground-state 8~ transition
indicates that the spin and parity of K% is 3/2t in
agreement with the shell model predictions. The g~
transitions to the 0.371- and 0.591-Mev states have
large log ft value, implying negative parity for these
states. Since the 8 transitions to both the 0.991- and
1.371-Mev levels are allowed, they each will have
positive parities and possible spin assignments as indi-
cated in the decay scheme. The underlined spin values
are those favored by Lindqvist from v~y angular corre-
lation measurements.!®

The spin and parity assignments could also be made
by analyzing the angular distribution of protons in the
Ca®(d,p)Ca® stripping reaction.!® Unfortunately, the
angular distribution measurements cannot be inter-
preted uniquely. Nevertheless, the experimental data
can be fitted by theoretical curves corresponding to the
set of spins and parities for the levels involved which is
not in disagreement with the predictions from the g
decay.

There have been theoretical speculations regarding a
possible high-spin state (9/2, 11/2, or 13/2) below
1.5 Mev in Ca®. Such a level could not be found in the
B decay of K* due to the high degree of forbiddenness
for such a transition. The evidence for a 0.810-Mev state
as observed in the decay of Sc® which was assigned
spin 9/2 by Lindqvist and Mitchell, is weak. IFurther-
more, no such level has been observed in any of the
nuclear reaction work. It should be noted that the
recent theoretical analysis of Ca® levels by French and
Raz does not require such a level in this energy region.

The very successful analysis using j-7 coupling with
mixed configurations by French and Raz! is in excellent
agreement with our experimental results. The spin and
parity assignments, as well as the level energies calcu-
lated by them, are in agreement with our decay scheme.
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