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FIG. 19. The time spectrum of neutrons from the Ne" (He', n)-
Mg" reaction for an incident energy of 3.40 Mev, as seen at 0' to
the incident He' beam. The peak labeled 0 corresponds to the
ground state of Mg2', that labeled 1 to the state at 0.995 Mev.
The Qight path was 1.97 m.

(60'); Qt= —1.03(7) (0'), —1.03(9) Mev (60'). And
while the absolute accuracy of the Q values is not very
high because of the uncertainty in the incident He'
energy, the excitation energy of the excited state is well
determined: E,=0.995&0.04 Mev (the error given
arises from the uncertainty in the t, value). This excita-
tion energy is consistent with the energy (1.274 Mev)
of the first excited state in Ne". The Qs and Qt values
are estimated to be —0.04&0.08 and —1.04~0.08
Mev. The Qs value leads to a mass excess (M —A) for
Mg"= —014&0.08 Mev (based on C" and on the
Mattauch-Wapstra masses" for Ne", He', and e). The
lowest particle binding energy in Mg" is then 5.22 Mev
for (Na"+p).

The relative yields of the 0 and 1 groups are con-
sistent with their presumably J=O+ and 2+ character.
Group 1 should become relatively stronger at 60'. An
extremely rough calculation of the differential cross
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FIG. 20. The data at 60', Z(He')=3. 40 Mev
(see also caption of Fig. 19).

section at 0' of the ground-state group suggests 0.5
mb/sr. This is a reasonable value for a (He', I) group. '

This experiment is obviously a very preliminary one.
One of us (F.A.S.) plans to repeat it in the near future.
It is reported here only because of the complete lack of
experimental information on Mg".
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The energy of some of the gamma radiation following the proton bombardment of K"has been measured,
and the origins of some of these gamma rays have been determined. The excitation functions of the 1.00-Mev
gamma from inelastic scattering in K4' and the 2.16-Mev gamma from the K"(p,ny) reaction have been
measured in a region between 2.3 and 3.5 Mev and approximately 50 resonances observed. The energies
and absolute cross sections, and the anisotropy of the gamma radiation proceeding from some of these
resonances have been measured, leading to information on the excited states in Ca at about 13-Mev
excitation, including an upper limit on the average level spacing. Evidence is given to show the 100-Mev
level in K4' is most likely a —,+ state in agreement with theoretical predictions.

INTRODUCTION

HE low-lying states of nuclei near the doubly
magic Ca~ are of particular interest from the

* Supported by the joint program of the U. S. Atomic Energy
Commission and the Lockheed General Research Program.

f Now at Aerospace Corporation, El Segundo, California.
$ Permanent Address: Physics Department, Princeton Uni-

versity, Princeton, New Jersey.

point of view of the jj-coupling shell model. Recent
theoretical analyses have yielded results in good agree-
ment with experiment, ' ' while other specific predic-

' C. Levinson and K. W. Ford, Phys. Rev. 99, 792 (1955);
100, 11 (1955).' J. B.French and B.J. Raz, Phys. Rev. 104, 1411 (1956).

3 S. P. Pandya, Progr. Theoret. Phys. (Kyoto) 19, 404 (1958).
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tions, including some on K", remain to be checked
experimentally. In particular, Pandya' calculates the
positions of the excited states of the (ds/s) '(f7/s) con-
Qguration in K4'. He obtains energies of 1.0, 2.1, 2.2,
and 1.8 Mev for the states of spin —,', —,', —'„and ~7,

respectively.
At high excitation energies, the average properties of

levels are at present all that can be compared with
theoretical predictions. Observations of the level density
can be compared with the semi-empirical models based
primarily on data obtained from slow neutron initiated
reactions. 4 ' These observations are especially valuable
if experimental information can be obtained on the
distribution of spins among the states. Measurements
of the distribution of partial reaction widths have been
interpreted by Porter and Thomas and others. ' 7 The
average values of the reaction cross section can provide
information about the relevant strength functions'
which have been predicted theoretically by the optical
model' and the independent-particle model. '

This paper presents information on the low-lying
states of K4' and the higher excited states of Ca4' which
were obtained from experiments involving the proton
bombardment of K"."At the time that these experi-
ments were initiated, very little was known about either
the low-lying states of K" or the higher excited states
of Ca". More recently, experimental work by Knge
et al.12 and by Clarke, et al'." has yielded information
about both these nuclei. Where comparable, these results
are in agreement with those reported here.

EXPERIMENTAL OBSERVATIONS

Identi6cation of Gamma Radiation

A preliminary study of the gamma radiation following
the proton bombardment of natural potassium targets
revealed several prominent gamma rays with energies
less than 3 Mev. Thick targets of various potassium
compounds of natural isotopic abundance (93.2%K"
and 68% K4') were bombarded with protons of energies

up to 3.3 Mev from the Lockheed electrostatic accelera-
tor, and the resulting spectra of gamma radiation were
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FIG. 1. A typical gamma-ray spectrum from the proton bom-
bardment of a thin natural KI target on a tantalum backing. The
gamma-ray energies in Mev are listed near the total absorption
peaks. The incident energy was 3.04 Mev, and the exposure length
was 214 microcoulombs.

Ter,z I. Energy determination of gamma radiation.

Calibration gamma radiation
Energy (Mev) Source

studied to determine which of the observed gamma rays
originated in the potassium nuclei.

The radiation was observed with a 4-in. by 4-in. NaI
crystal scintillation spectrometer. The instrument was
mounted on a carriage which could be rotated around
the target through an arc of 240' and set at any distance
between 1 and 12 in. from the target. Energy analysis
of the pulses from the spectrometer was performed with
the aid of a 100-channel analyzer. A typical spectrum
is shown in Fig. 1.

The energies of the observed gamma rays were deter-
mined by calibration of the spectrometer with various
radioactive sources whose gamma-ray energies are well
known. Table I lists the sources used and the resulting
energies of the potassium gamma radiation. The values
of the energies shown are accurate to within a1% for
the 1.00- and 2.16-Mev radiation and within ~3% for
the less prominent 1.27-Mev radiation. The gamma-ray

0.279
0.303
0.511
0.662
1.277
1.48
2.1.8
2.614

+g203
Ta'
Na22
Ca137
Na22
Pr144
Pr144
Th232

Gammas observed from proton bombardment of KI
Energy (Mev)

0.440&0.010
0.625+0.010
1.00 ~0.010
1.27 ~0.030
1.65b
2.16 ~0.020

Coulomb excitation of tantalum target backing.
b Several unresolved groups centered at this energy including first escape

peak of 2.16-Mev gamma.

4 T. D. Newton, Can. J.Phys. 34, 804 (1956).See also expression
by H. Feshbach, in Nuclear Spectroscopy, edited by F. Ajzenberg-
Selove (Academic Press, Inc. , New York, 1960), Part 8, p. 668.' A. G. W. Cameron, Can. J. Phys. 35, 1021 (1957); 36, 1040
(1958); 37, 244 (1959).' C. k. Porter and R. G. Thomas, Phys. Rev. 104, 483 (1956).' See review by J. A. Harvey, in Proceedings of the International
Conference on Nuclear Strnctnre, Eingston (University of Toronto
Press, Toronto, 1960), Chap. 71, p. 659.' J. P. Schiffer and L. L. Jee, Jr., Phys. Rev. 109, 2099 (1958).

H. Feshbach, C. E. Porter, and V. F. Keisskopf, Phys. Rev.
96, 448 (1954).' A. M. Lane, R. G. Thomas, and E. P. Wigner, Phys. Rev.
98, 693 (1955).' R. D. Sharp, R. M. Friedman, and L. F. Chase, Jr., Bull. Am.
Phys. Soc. 3, 419 (1958);4, 366 (1959);R. D. Sharp, L. F. Chase,
Jr., E. K. Warbnrton, and R. M. Friedman, ibid 6, 46 (1961). .

"H. A. Enge, W. H. Moore, and J. W. Kelley, Bull. Am. Phys.
Soc. 3, 210 (1958).' R. L. Clarke, E. Almqvist, and E. B. Paul, Nuclear Phys.
14, 472 (1959).
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Fr o. 5. (a) Excitation
function of 1.00-Mev gamma
radiation. The absolute
yields are given as follows:
Run 1—One scale unit
equals 29&(10 ' gamma ray
per incident proton. Run
2—One scale unit equals
33)&10 " gamma ray per
incident proton. (b) Meas-
ured and calculated ani-
sotropies. See Table VI and
text for assumptions made
in calculations and defini-
tions of terms.
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was made by vacuum evaporation onto a tantalum
backing. The excitation function was measured as de-
scribed above, except that it was studied in greater
detail. Over 500 exposures were made at approximately
3-kev intervals from 2.2 to 3.5 Mev. Each section of the
yield curve was gone over at least twice, both for in-
creasing and decreasing beam energy. Frequent repeti-
tions were made and the reproducibility of the data was
excellent. The effects of any carbon buildup on the
target were checked by repeatedly tracing out the front
edge of a particularly large resonance at intervals during

the course of the experiment and observing that any
energy degradation of the beam was negligible.

The excitations functions obtained with the enriched
targets are shown in F'ig. 5 (a) for the 1.00-Mev gammas
and Fig. 6(a) for the 2.16-Mev gammas. For clarity,
some of the data points have been omitted in the region
of overlap between runs 1 and 2 (2.5 to 2.75 Mev). In
the region above 3.25 Mev, the 2.16-Mev gamma ray
was obscured by 1.95-Mev radiations from the K4'(p, tL&)

and K"(p, ny) reactions. The thinner targets and higher
yields brought out considerable structure which was not

FIG. 6. (a) Excitation
function of 2.16-Mev
gamma radiation. The
absolute yields are given
as follows: Run 1—One
scale unit equals 6.5
X10 'o gamma ray per
incident proton. Run 2—One scale unit equals
7.5)&10 I gamma ray
per incident proton. (b)
Measured and calculated
anisotropies. See Table
VI and text for assump-
tions made in calcula-
tions and definitions of
terms.
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observed in the preliminary experiments. However, the
gkoss features of the excitation function reproduced
satisfactorily those results obtained with the natural
targets.

A precise energy calibration of the beam-analyzing
magnet was made to determine accurately the energies
of the resonances in the various excitation curves. Some
calibration points were taken both before and after each
run, and the calibration constant was observed to be the
same. In Table III are listed the well-known nuclear
reactions used as calibration points, and the correspond-
ing energies of the most prominent resonances in the
excitation functions obtained with both the nautral and
enriched targets. The widths of the observed resonances
were assumed to be due primarily to target thickness
and the corresponding correction of one-half this amount
has been applied.

The cross-section measurements were made absolute
by determining the photopeak eKciency of the NaI
crystal spectrometer in the geometry of the experiment
with a calibrated source of Na'4. '4 Two points on the
eKciency curve at 1.37 and 2.75 Mev gamma-ray energy
were thus obtained and were used to normalize eKciency
curves of the correct shape for a 4-in. by 4-in. NaI
crystal. ' The estimated precision of the absolute cross-
section scale shown on Figs. 5 and 6 is +25%

The target thickness was determined by elastically
scattering protons from the tantalum-backed target and
from a clean piece of tantalum. The difference in the
energy of the scattered protons was observed with our
new broad-range magnetic spectrograph. An energy
di6'erence (AE) corresponding to twice the target thick-
ness is obtained both from the relative displacement of
the step function due to protons scattered from tantalum
and from the width of the peak due to protons scattered
from the iodine in the KI of the target material. This
latter peak was not completely resolved from the tanta-
lum step. It was graphically separated using the above
condition on hE. A target thickness of 15 kev to 3-Mev
protons in the geometry of the excitation function
experiments was obtained.

Anisotropy Measurements

The region of the previously observed excitation curve
containing the most pronounced structure was repeated,
using as detectors, two 4-in. by 4-in. NaI crystal spec-
trometers set at 0' and 90 to the incident beam direc-
tion. The pulses from each detector were fed into
separate 100-channel analyzers. Three-inch-thick Pb
collimators were used to cut down the low-energy back-
ground and approximately match the counting rates in
the two detectors; thereby, making the dead-time cor-
rections to the derived anisotropy negligible. The in-

'4 Obtained from Nuclear-Chicago Corporation, 333 E. Howard
Street, Des Plaines, Illinois, and rechecked in our laboratory.

'~ W. F. Miller, J.Reynolds, and W. J. Snow, Argonne National
Laboratory Report, ANL 5902 (unpublis-hed).

TABLE IV. Measured asymmetries. A comparison of the in-
strumental asymmetry as measured with a Na'4 source and the
rms asymmetry for each gamma ray averaged over all resonances
studied,

Gamma radiation

1.00 Mev
2.f.6 Mev

Na'4

LW(90')/W(0') g rms

0.851~0.014
0.806&0.013
0.845+0.020

"A. H. Wapstra, G. J. Nijgh, and R. van Lieshout, Nuclear
SPectroscopy Tables (North-Holland Publishing Company, Amster-
dam, 1959), p. 10.

cident beam energy was calibrated at 1.747 Mev with
the C"(p,y)N44 reaction and with the previously ob-
served resonances in the gamma radiation from the
K4' target.

The instrumental anisotropy for gamma radiation
emitted at the position of the beam spot was measured
by inserting a NaBr target in the target chamber and
bombarding it with deuterons, thereby producing Xa'4
with a 15-hr half-life. Following the bombardment the
photopeak yields of the 2.75 and 1.37 Mev gamma rays
from this isotope were compared at 0' and 90, and the
measured K" gamma-ray anisotropies were corrected
by the observed ratio.

The observed anisotropy in the gamma radiation from
the K4' target is shown in Figs. 5(b) and 6(b). The
anisotropy is defined as LW(0') —W(90') j/W(90')
where W(8) is the integrated photopeak yield at the
angle 0 to the incident beam. A smooth background was
subtracted from the photopeaks. The errors indicated
are statistical, plus an estimate of the uncertainty in the
background subtraction.

A g' test" of the data indicates that it is consistent
with isotropy for both of the observed gamma rays over
the energy range studied. The spread expected on the
basis of the assigned errors, compared with that ob-
served in the measured anisotropies of the 2.16-Mev
radiation, yields x'/(1V —1)=0.7. The probability (1')
of x /(X —1) exceeding this value is 90/o if the radiation
were isotropic at all energies. This indicates that the
assigned errors are somewhat over-generous and that to
the precision of the experiment, the radiation is isotropic.
Similarly, for the 1.00-Mev radiation x'/(X —1)=0.8
and P=80%%uo.

Within the expected errors, the least square mean
anisotropies for each gamma ray are equal to each other
and to the instrumental anisotropy measured with the
Na'4 source. This is shown in Table IV. The errors
indicated do not include systematic errors due to (1)
possible misplacement of the Na'4 source and variations
in absorption in target backings (~0.03), (2) differences
in dead times between the two analyzers (a0.04), and

(3) differences in eKciencies and absorptions for the
different gamma energies involved (a0.02).
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RESULTS AND CONCLUSIONS

Cxoss Sections

Although most of the resonances are only partially
resolved, an attempt was made to fit the excitation
curves with peaks of half-width equal to the target
thickness and, thereby, to estimate the 90-deg peak
yield at each resonance. No background subtraction
was made, and it was found possible to satisfactorily fit
the curves over most of the range without (ad hoc)
assuming resonances that were not indicated by the
data.

Under the assumption that the natural resonance
widths are less than the target width, the peak gamma
yield at the various resonances can be related to the
integral of the cross section over the resonance. This
assumption is probably valid for a large majority of the
resonances, since they can be fit with a peak shape of the
same half-width, i.e., the target thickness.

The further approximation of isotropic gamma emis-
sion was made to obtain the total cross section from the
measurements at 90'. This is not a bad approximation
in the geometry used here, since the crystals subtend a
large solid angle and is, in fact, exact for the 1.00-Mev
gamma ray and for the 2.16-Mev gamma ray over a
large portion of the excitation function to the precision
of the measured isotropy.

Table V shows the results of this decomposition of the
excitation function. Column 1 lists the resonance energy
corrected for the energy loss due to the thickness of the
target. The values quoted are considered accurate to
~10kev absolute and ~5 kev relative. Columns 2 and 4
list the integrated absolute cross sections obtained from
the peak gamma-ray yield at resonance for the 1.00-Mev
gamma (o &) and the 2.16-Mev gamma (o 2), respectively.
They were calculated from the expression

o(E)dE= VSW/AF. E,

where Y is the measured maximum photopeak yield at
resonance per incident proton; 5 is the stopping power
of potassium iodide in Mev cm'/g; W is the molecular
weight of potassium iodide; A is Avogadro's number;
P is the fraction of K" in the sample, and E is the abso-
lute photo-efficiency of the detector at the relevant
energy. Only those resonances with definite observed
maxima are listed without question marks. Because of
the larg'e uncertainties in the unfolding of the partially
resolved resonances, and the expected occurrence of
smaller undetected resonances, the cross-section esti-
mates are only considered valid to 50%%u&. From the
tabulated values of J'odE, one can obtain the val. ue of
the product I"~O.R, where I'z is the width of the com-
pound state, and o-R is the cross section at the resonance
maximum, from the relationship

o(E)dE= (n/2) (I'ro ~)..

TABLE V. Properties of states in Ca near 13-Mev excitation.

L'z J'o.idEX 10"
(Mev) (Mev cm') (kev)

j'o 2dLX 10'8
(Mev c~~) (kev)

2.321
2.360
2.391
2.457
2.494
2.507
2.557
2.608
2.619
2.631
2.639
2.652
2.667
2.680
2.699
2.709
2.720
2.724
2.731
2.746
2.762
2.783
2.797
2.843
2.887
2.911
2.922
2.931
2.946
2.962
2.989
2.996
3.018
3.063
3.086
3.115
3.142
3.152
3.176
3.195
3.225
3.262
3.300
3.320
3.336
3.369
3.389
3.402
3.414

0.2
0.3
0.2

b

0.2(?)~

0.9a
b

0.3
0.2
0.3
0.3
0.3
0.3
0.3
0.4
0.3
0.4

b

0.6
0.5
0.4
0.4
0.4
0.7
0.3
0.7
0.6
0.5
0.6
0 5a
0.8

b

1.5'
0.9
1.1
0.6'
2.9'
1 6(')
i.la
0.9
1.5a
0.8
1.4a
0.7
1.0
1.0
0.9
1.2
1 5a

0.008
0.02
0.009

~ ~ ~

0.01
0.06

~ ~ ~

0.02
0.01
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.03

~ ~ ~

0.04
0.03
0.03
0.03
0.03
0.05
0.02
0.05
0.04
0.03
0.04
0.04
0.06

~ ~ ~

O. l1
0.06
0.08
0.04
0.21
0.12
0.09
0.07
0.11
0.07
0.11
0.06
0.08
0.08
0.07
O. io
0.12

0.2 (?)~
0.3 (?)
0.2(?)~

0.5
0.5'

b

0.7'
0.6
0.4

b
b

0.9
0.7
0.3 (?)
0.7

b
'b

09
b

0.3 (?)
1 0a
0 3(?)a
0.6 (?)s

1.4a
1.2
1.0
0.5(?)~

0.5(?)'
0.5 (&)
0.5a

a

1.5
1.1a
0.9
0.7'

b

0.8'
0.9
1 2a
1.0
1.4

0.01
0.02
0.01
0.03
0.03

~ ~ ~

0.04
0.04
0.03

~ ~ ~

0.06
0.05
0.02
0.05

~ ~ ~

0.06
~ ~ ~

0.02
0.07
0.02
0.04
0.09
0.09
0.07
0.04
0.04
0.04
0.04

~ ~ ~

0.11
0.08
0.07
0.05

0.06
0.07
0.09
0.08
0.11

~ ~ ~

2.5

~ ~ ~

2.3
2.3

~ ~ ~

3.4
2.3
1.2
1.9

~ ~ ~

0.6
2.6
0.8
1.3
1.9
4.1
1.5
0.9
1.1
0.9
1.0

~ ~ ~

0.7
1.1
0.6
~ ~ ~

0.3
0.6
1.0
1.1
1.0

Shape indicates possible unresolved pair. The cross section was esti-
mated for the larger component if only one value is listed.
;„bNo indications of resonance observed in this yield curve.
& e This region obscured in 2.16-Mev yield curve by interfering 1.95-Mev
radiation from K41(p,23} and K»(p, a) reactions.

(P) Not a definite differentiated maximum in this yield curve, although
curve fitting indicates likely resonance at this energy of approximately
the magnitude listed.

where ) is the wavelength of the incident proton in the
center-of-mass system, J is the total angular momentum
of the compound state, I'„is the partial width for forma-
tion of the compound state through the entrance
channel, F is the partial width for decay of the corn-

The integrated cross section can also be related to the
partial widths involved in the reaction

r,r.
o (E)dE=—(21+1)—,

16 I'g
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pound state through the exit channel, and the numerical
factor includes the statistical factor for the target
nucleus and incident proton. Therefore, from the tabu-
lated values of J'odE, one can obtain the commonly
defined parameter cry for the various resonances,

These values are listed in columns 3 and 5 of Table V.
For those resonances observed in both yield curves, the
ratio of the measured peak cross sections leads to the
partial width ratio for the relative decay probabilities
through the two different exit channels, i.e., emission
of a proton to the 1.00-Mev state in K4'(rr), and emis-
sion of an alpha particle to the 2.16-Mev state in
Arss(rs). This ratio is listed in column 6.

Often in experiments of this type, one of the two par-
tial widths entering the above equations can be shown
to be the dominant component of the total width by a
calculation of the penetrabilities. In this case, one can
calculate 27+1 times the smaller partial width from the
measured values of J'odE for the. individual resonances,
and the average or integral value of the cross section
over a large energy region provides information about
the strength function. In the energy region of these
experiments, however, we are above neutron threshold,
and on the basis of the relative penetrabilities involved,
the partial neutron width is expected to be an important
contributor to the total width. Thus, the individual
partial widths and the strength functions cannot be
obtained.

Anisotroyies

To calculate the expected anisotropies, we first make
the approximation of single isolated compound states
and later consider the effects of the breakdown of this
assumption. The calculations were made for the case of
a triple correlation with the intermediate radiation un-

observed, using the tables of Sharp et al." Only the
lowest allowable orbital angular momenta were con-
sidered. Those compound states were chosen which
would lead to penetrabilities within an order of magni-
tude of the most favored situation. The channel spin
ratios were calculated assuming pure jj coupling, using
the Racah coefficients of Simon, et ul."The theoretical
anisotropies were modified to account for the finite solid
angle subtended by the detector by the method of
Rose. ' The E2 admixtures to the M1 transitions were
neglected. The calculated anisotropies and definitions
of the notation employed are shown in Table VI. Those
situations where the neglected higher orbitals give a
contribution within an order of magnitude of the most
favored case are indicated. In these cases, interference

'~%. T. Sharp, J. M. Kennedy, S. J. Sears, and M. 6, Hoyle,
Atomic Energy of Canada Limited Report, CRT-556, 1954
(unpublished).

' A. Simon, J. H. Vander Sluis, and L. C. Biedenharn,
Oak Ridge National Laboratory Report, ORNL-1679, 1954
(unpublished).

' M. E. Rose, Phys. Rev. 91, 611 (1953).

TABLE VI. Calculated anisotropies.

Reaction I:
R1,L1 R12)L12 R2,L2

K4'(-', +)—:Ca4s*(jg y):K4'*(j2s 2)
— - K4'(-,'+).

Reaction II:
RlyL1 R12pL12 R2,L2

K"(-,'+):Ca"*(j&s-&):Ar"*(2+) — - Ar" (0+).
R;= type of radiation (R& =proton, R&z =proton or alpha,
Rs=gamma). I,=total angular momentum of radiation. (j;s;)
=spin and parity of intermediate state. A = LW(0') —W(90')g/
W(90'). W(g)=relative intensity of gamma radiation at the
angle 8 to the incident beam.

(jets s)

Reaction I: (1.00-Mev radiation)

(jinni) I.i I.n
0+, 1+,2+
0—,1—,2—

1+
2+
0—
1—

2—
3

1+
2+
3+

2—
3

1+
2+
3+

Oa

Oa

0
0
0

+0.27
+0.19

0
+0.30

0
Oa

—0.31—0.25
0

+0.17
0—0.31—0.18

0
0

+0.51
+0.43
+0.65

0
+0.51
+0.33

(j&s.&)

1+
2+
1—

2—
3—

Reaction II: (2.16-Mev radiation)
Ll A

0
Pa
0—0.26
0

+0.59

Neglected higher orbitals most likely to contribute.

terms with the higher orbital are most likely to modify
the distributions.

The 2.16-Mev gamma radiation originates in a state
of known spin (2+) in Ar" so that the only parameters
in the calculation are the spin and parity of the corn-
pound state (j&a.&) and the total angular momentum of
the incident proton (L~). The calculated anisotropies
for the various assumed values of these parameters are
plotted. in Fig. 6(b) along with the experimental results.
It is seen that under the assumptions noted, it is unlikely
that there are any 3—or 1—(L&——-', ) states with large
cross sections in the regions of excitation of Ca42 that
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were studied. The observed states can be 1+, 2+,
1— (I.i=z), or 2—within the penetrability limits
indicated.

The 1.00-Mev gamma radiation originates in a state
of unknown spin in K". From the previously known
information about the low-lying states of this nucleus,
we can estimate the most likely range of values for the
spin and a parity of the 1.00-Mev state as follows. The
ground state has been measured to be as+, and is prob-
ably of the (ds/&) '[(f&/&)')s configuration. The 1.29-Mev
state has been measured as —,

' —from the decay of Ar4',

and is probably of the [(d3/s) ')s[(fr/s) )7/s configura-
tion. This con6guration is expected to correspond to the
lowest lying negative parity state, The 1.00-Mev state,
therefore, is probably positive, and is most likely one
of those states expected from the (ds/s) '[(fr/s)')s
configuration. '0

The fact that neither the P decay from a [(d3/p)
—')s

X [(f7/s)')7/s configuration in Ar4', nor the (dn. ) reaction
from a [(ds/s) ')o[(fr/s)')o configuration in Ar4' goes to
the 1.00-Mev state, while both are observed going to the
higher 1.29-Mev state, supports this hypothesis, since
in both cases a core rearrangement would be necessary
to go to the former, but not to the latter. If this is indeed
the configuration of the 1.00-Mev state, the possible
spins are —'„—,', ~, and —,'. The anisotropies for each of
these spins were calculated under the assumptions pre-
viously indicated. In Fig. 5(b), they are plotted along
with the experimental results.

It is seen that a likely explanation for the observed
isotropy is that the spin of the 1.00-Mev state is -', +,
although, because of the large experimental uncer-
tainties, this is by no means certain. If, for example, one
assumes that many of the same states are excited in each
reaction, as seems reasonable from the correspondence
in energies, then in the energy region up to about 3.25
Mev, one can say from the 2.16-Mev results that 3—
and 1—(I.i———', ) states are not found anyway; and the
assumption of spin ~ for j& becomes as likely as -', .
However, the isotropy in the case of j&=—,

' is due to a
general rule and remains even under the breakdown of
the poor approximation of isolated compound states.
The "accidental" isotropies calculated for the other
hypothetical spins are dependent on this and the as-
sumption that no higher orbital angular momenta enter
(a poor assumption for those states indicated in
Table UI). Thus, any breakdown of these assumptions
strengthens the likelihood of the assignment —', +.

Also, in the region above 3.25 Mev we have eight
more resonances for the 1.00-Mev radiation where there
are no restrictions on the spins from the 2.16-Mev
measurements, and, therefore, no reason not to expect
anisotropies in the 1,00-Mev radiation unless jr= —,.
Therefore, it is felt that the observed isotropy of the

'0 Since the 2+ first-excited state in Ca42 is probably (f»P}2,
one expects this condguration to be low lying in K".

1.00-Mev radiation does indicate that the most likely
assignment for this level is is+.

This assignment is in agreement with the predictions
of Pandya. ' Based on a jj-coupling shell model and the
positions of low-lying states in adjoining nuclei, he
calculates the excitation energy of a —', + level of the

(ds/s) '(f7/s)' configuration to be 1.00 Mev in K4'.

Average Level Spacing

If one assumes that the levels in the compound
nucleus are positioned randomly, it can be shown that
the distribution function for the spacings is given by
P(x) =e *, where x=S/D=spacing/mean spacing, and

P(x) is the probability distribution for a spacing having
a value between x and x+dx. Recently, Wigner has

proposed that for levels of the same spin and parity the
spacings distribution should be given to a good approxi-
mation by P(x) = (2z.x) ' exp( —~marx'), which corre-
sponds to a reduced number of small spacings. This
"level repulsion" has been observed experimentally. "

As the number of families of compound states of the
same spin and parity increases, the distribution in

spacings varies from the VVigner distribution to the
exponential. Under the approximation that they each
have the same average spacing, the distribution of level

spacings for five or more families of compound states is

represented to a good approximation by the exponential
distribution. A calculation of the barrier-penetration
coefficients for the reactions considered here (assuming
spin —,'+ for the 1.00-Mev state) shows that the trans-
mission coefficients are within an order of magnitude
for the excitation of compound states of spin 1+, 2+,
1—,2 —,and 3—in the 2.16-Mev excitation function,
and for compound states of spin 0+, 1+,2+, 0—,1—,
and 2—for the 1.00-Mev excitation function. Therefore,
the approximation of an exponential distribution of level

spacings about their average value was considered
justifiable.

In general, one expects a distribution in resonance
sizes as well as a distribution in spacings. This size
distribution can be related to the distributions in re-
duced partial widths involved in the reaction. For a
given family of compound states of the same spin and

parity, these partial-width distributions have been
found to be roughly exponential in character. "

We are missing resonances in our experimental ob-
servations because of their small sizes and close spacings
to other resonances. We will approximate these effects
by assuming cutoffs at some minimum spacing (5; )
and size (Y;„)in the distributions.

First consider the spacing distribution as it would be

s' See N. Rosenzweig and C. E. Porter LPhys. Rev. 120, 1698
(1960}jand the references cited therein for an analysis of the
distribution of level spacings in nuclei.

s' A distribution of the form z & exp( ——,'x} has been shown to
6t best the observed distributions of neutron reduced widths,
where x equals a particular value of the reduced width divided
by the average value for levels of that spin and parity. See also
references 6 and 7.
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Fro. 7. Integral spacings distribution of levels in Ca4'. The
number of level spacings larger than S' from the 1.00-Mev and
2.16-Mev excitation curves. Upper limits on the average level
spacing (D'),corresponding to the lines drawn through the points,
are obtained from the slope and intercept of each line. For the
1.00-Mev curve: D' (slo e)~&9 kev, D' (intercept)~&7 kev. For
the 2.16-Mev curve: D' slope) ~&14 kev, D' (intercept) &~12 kev.

observed with infinitely good resolution and sensitivity

N($) = (Nr/D)e s~,

where N($) is the number of spacings between 5 and

5+dS, Nz is the total number of spacings in the energy
region d E, and Np= AE/D. If this were a good approxi-
mation to the observed spacing distribution, one could

plot the logarithm of the observed distribution and
obtain the average spacing D from the slope of the best
linear approximation to the data or from its total
integrated area Ez.

The effects of finite resolution and sensitivity will

distort the observed distribution from the one given
above. It will be shown, however, that the procedure
outlined will result in an upper limit to the average
level spacing.

First, consider the eRects of 6nite sensitivity only.
We remove from the above distribution all those reso-

nances whose size is below some cutoff, I'; . If the size

and spacing distributions are independent, "the remain-

ing resonances are still randomly spaced and, therefore,
exponentially distributed. There are fewer spacings,
however, and the average spacing is therefore larger.
The exponential distribution will, therefore, be lowered

in normalization and have an increased decay length.
Let Ez' be the total number of resonances in the new

distribution N (S').

N($') =Ns'e 8'In'/D'

where D' is the average level spacing of Ep' resonances
larger than I';„.(Nr'&Nr and D&D'.)

Now consider the eRects of 6nite resolution. To a
6rst approximation they can be represented as a cutoff
in the S' distribution at some S; '. To this approxi-
mation an extrapolation of the observed S' distribution

ss J. A. Harvey and J.D. Hughes LPhys. Rev. 109, 471 (1958)g
have shown that for the reduced neutron widths and spacings in
U'38 the two distributions are independent. This is assumed to
hold for the situation considered here.

back to the origin should give Xz, which is certainly a
lower limit on the total number of levels Vz. An upper
limit on the average level spacing could therefore be
obtained from the relation D'=DE//Ns', and the same
D' should be obtained from the slope of the logarithm
of the N (5') distribution in the observed regions
S +Smin ~

Let us further consider the eRects of Rnite resolution.
To a second approximation, when two resonances are
unresolved their sizes become partially additive. Thus,
some smaller resonances, which were below the cutoff,
become observable. These effects can be represented by
a lowering of I'; to some effective I';„'.The previous
considerations should still be valid, however. A further
effect of those spacings, unobserved because they are
smaller than S;„,is to increase the size of the adjoining
spacings (assuming that the spacings are measured from
the centers of the composite peaks). Thus, the value of
D' obtained from the slope of the logarithm of the ob-
served distribution is going to be larger than expected
from considering the eRects of Y;„'only. The estimate
of Sz' obtained from the extrapolation is still a lower
limit on the total number of resonances, but will result
in a somewhat smaller D' than obtained from the slope,
since one is in effect "putting back" some of the reso-
nances missed due to their small spacing, and estimating,
to a erst approximation, the effects of I';„'alone. Thus,
the value of D' obtained from the quotient d,E/Nr'
should give the best limit.

These considerations are illustrated in Fig. 7, where,
to minimize statistical fluctuations, we have plotted the
integral distribution; namely, the number of observed
spacings greater than some 5' as a function of S', M'(5').

3f(S') =Nr
Sl/D f

,e—S'/D'

D'

The slope of the logarithm of the integral distribution
should be the same, and Ez' is now obtained from the
extrapolated ordinate at D'=0. Otherwise, all the pre-
vious considerations still hold.

The result of this procedure is upper limits of 7 kev
on the average level spacing observed in the 1.00-Mev
excitation curve and j.2 kev for the 2.16-Mev excitation
curve.

Now, let us compare our observed limits for the
average level spacing with the predictions of the semi-
empirical formulas based primarily on slow-neutron
data."Evaluation of Newton's formula yields about
12 kev as the average level spacing for J=O levels in
Ca4' at this excitation. We assume that those compound
states, whose penetrabilities are down by an order of
magnitude from the most favored, are not appreciably
excited. Then in the 2.16-Mev gamma excitation func-
tion we should expect 1+,2+, 1—,2—,and 3—states
to be formed and the average level spacing, using
Cameron's corrected J dependence (1959) becomes
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D=0.8 kev. )We have here included 3— and 1—
(1.&= 2) states even though they appear to be absent in
that portion of the excitation function for which ani-
sotropy measurements were made. Leaving out 3—and
1—states completely yields a D=1.4 kev. ] For the
1.00-Mev excitation function, including those compound
states whose penetrabilities are within an order of
magnitude (0—,1—,2 —,0+, 1+, 2+), we obtain
similarly a predicted average level spacing of D =0.9 kev.

It is seen that the predictions of the model are an
order of magnitude smaller than our observed upper
limits. However, one does not expect to see all the reso-
nances of the families of compound states listed above,
but only those at the high end of the size distribution.
The experiments are only imcompatible with the theory
if the small average spacing required by the theory
would necessarily mean the washing out of the structure
of the excitation function. This is difficult to say without
a detailed knowledge of the distribution of resonance
sizes among the compound states considered. If the
distribution is steep enough, it is possible that even the
large number of resonances required by the theory would
not appreciably wash out the structure. The resonance
size distribution is not simply related to the Porter-
Thomas distribution expected for individual reaction
widths, since several reaction widths enter the expres-
sion for the cross section, and several families of com-
pound states of different spins and parities are expected
to be excited. It is, however, most likely that the dis-
tribution rises sharply for small sizes, and a significant
number of resonances are unobserved. Therefore, the
most that can be said is that these endings are not
obviously inconsistent with the predictions of the semi-
empirical theory.

H, however, the average level spacing were indeed
this small, one might question the results of the analysis
of the anisotropy measurements. If the interference
terms in the angular distributions, due to these many

small resonances, are enough to wash out the structure
in the angular distributions, even though the intensity
of these resonances is not large enough to wash out the
structure in the excitation curve, then one could explain
the observed isotropy by saying that we were in the
"statistical region" for angular distribution measure-
ments, but not for excitation function measurements.
This is certainly a possibility; however, we consider it
less likely than the alternative conclusions of the pre-
vious section.

SUMMARY

The results of these experiments can be summarized
as follows: (1) The energy measurement and identinca-
tion of some of the gamma radiation following the proton
bombardment of potassium as proceeding from the
K"(p,p'7) and K"(p,ay) reactions. (2) The determina-
tion of the energies and absolute cross sections of ap-
proximately 50 resonances corresponding to excited
states in Ca" near j.3-Mev excitation, and the tabulation
of some of the resonance parameters. (3) Anisotropy
measurements leading to restrictions on the spins of the
compound states excited in Ca4' and to the likelihood
of the 1.00-Mev state being 2+. (4) An upper limit on
the average level spacing, in Ca4', which is an order of
magnitude larger than predicted by the semiempirical
theory, possibly accountable for by the missing of a
large number of very small resonances.
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