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Relative angular distributions of neutrons from the Ca(p, n) Sc reaction to four positive-
parity states in Sc have been measured at 11 proton energies between 1.955 and 1.995 MeV,
This energy interval encompasses a number of the components of the 32isobaric analog of
the Ca ground state in 88c. The neutron decay of 4 Sc in the region of the two largest com-
ponents is discussed in terms of a model of the (p, n) reaction in which the isospin-violating
forces are assumed to manifest themselves through boundary-condition mixing only. The
gross features of most of the data throughout this energy interval can be described in terms
of two T& g states and a number of 2+ and 2+ levels. The branching ratio for neutron
decay to the various levels in Sc suggests that the two major ~ components have fairly
simple but somewhat different shell-model configurations.

I. INTRODUCTION

Analog-resonant (p, n) reactions to low-lying
states in the residual nucleus are usually isospin
forbidden. The resonance reaction occurs only
through the mixing of the analog with a "back-
ground" of compound-nucleus states of the same

spin and parity as that of the analog state but with
isospin T, one unit less than the isospin T, of the
analog. For many nuclei the density of T, levels
at analog-state excitation energies is sufficiently
large that the background levels can be treated
statistically. ' For the 48Ca(P, n)48Sc reaction,
however, at proton energies corresponding to an
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excitation of -11.6 MeV in 4'Sc, the 'QCa —,
' ground-

state analog is split' ' into a number of non-over-
lapping fine-structure components each with J"

The present investigation is concerned with

properties of the neutron decay from some of
these components to four final states in "Sc.

An ft-matrix description of (P, n) reactions
through analog resonances in the case of non-over-
lapping T, states has been given by Mello' and,
in a more general form, by Robson and Lane. '
Two equivalent expressions for the (P, n) collision-
matrix elements are obtained. In one expression
the effects of the analog on the T, states are cal-
culated explicitly, whereas in the second the ef-
fects of the T, states on the analog are explicit.

In the present report we specialize the first
form to the case of a single analog state with a
background of a few non-overlapping T, states in
order to analyze the neutron angular distributions
observed in the 48Ca(p, n)48Sc reaction. The mea-
sured distributions are compared with calculations
based on this model, and neutron branching ratios
for decay from the two major fine-structure com-
ponents in "Sc to the 5', 4', 3', and 2' final
states' in "Sc are determined.

The low-lying positive-parity states of 4'Sc can
be described' as relatively pure (vlf„„vlf„, ')
shell -model configurations. Enhancement of neu-
tron decay to such states occurs through those T,
compound-nucleus levels that mix strongly with
the analog state, which is known to be predomi-
nately a 2p-1h state (v1f„„vlf», '2P», ). Wilhjelm
et al. ' have suggested that the two largest & fine-
structure components associated with the analog
are of relatively simple 3p-2h character. A simi-

lar conclusion has been tentatively suggested by
Chasman et al. ' in a study of the 'Ca(P, y) 'Sc
reaction. In the present study the neutron branch-
ing ratios for the decay of these two & compo-
nents to several final states in "Sc are obtained
from the analysis of the differential cross sections,
and are discussed in terms of the possible struc-
ture of these T, components.

In the experiment, the relative differential cross
sections of the neutrons associated with four final
"Sc states are measured" by time-of-flight tech-
niques employing the pulsed and bunched proton
beam from the Dynamitron accelerator. Although
the "Ca ground state analog has been studied ex-
tensively in a variety of proton-induced reac-
tions, ' ""there have been few investigations'"
of the neutron decay to individual final states, and
no previous detailed angular distribution experi-
ments.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out at the Argonne
4-MV Dynamitron accelerator equipped with a
pulsed and bunched ion source. Proton beam
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FIG. 1. Total 0 neutron yield in the 4 Ca(P, n)4 Sc re-
action, plotted as a function of incident proton energy.
The solid curve represents data obtained with an over-
all energy resolution of about 4 keV. The dashed curves
are the results of Ref. 6, except that the energy scale
has been shifted 4 keV toward higher energies to match
the calibration of the present results.
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tion, as measured at O'. The data, which are plotted as
a function of incident proton energy, were obtained with
an over-all energy resolution width of about 8 keV. The
solid curve is drawn to guide the eye.
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bursts of 1.5-1.8 nsec full width at half maximum
(FWHM) with peak currents of 2-8 mA, at a 1-
MHz repetition rate were utilized in these mea-
surements. The accelerator voltage, and hence
the energy of the proton beam, was measured
and controlled by directing the H2 beam into a 90'
electrostatic analyzer which was calibrated with

respect to the 'Li(P, n)'Be threshold. The "Ca
targets were prepared by vacuum evaporation of
CaCO, (enriched to 95.6% in «'Ca) onto thick tanta-
lum backings. The target was supported on an 0-
ring seal at the end of an aluminum can which also
acted as a Faraday cup. A conventional low-input-
impedance current integrator and a standard long
counter were used as monitors. A jet of com-
pressed air cooled the target, which was rotated
at about 1 rev/sec about the incident proton beam
so that the beam spot described a circle 2 in. in
diameter.

Measurements were taken at proton beam ener-
gies from 1.955 to 1.995 MeV in steps of 4 keV.
The total (P, n) yield in this energy region was ob-
tained at 0' by use of a long counter; the over-all
energy resolution width was about 4 keV. The re-
sults (Fig. 1) show six peaks at approximately
1.953, 1.963, 1.968, 1.978, 1.986, and 1.995 MeV.
The dashed curve, shown for comparison, repre-
sents data" taken with much better energy resolu-
tion and shows additional structure. Eight of the
almost-resolved peaks have been identified' as

resonances and are interpreted as the fine-
structure components associated with the splitting
of the 2 "Ca ground-state analog.

In the angular -distribution measurements, a
thicker "Ca target (-8 keV thick) was used. The
total 0' neutron yield from this target is shown in
Fig. 2. Two large peaks, at about 1.965 and 1.975
MeV, are observed. This doublet is similar to
that observed by Jones et a l.' and apparently
should be associated primarily with the two

largest components labeled 3 and 4 in Fig. 1.
Differential cross sections for 'Ca(P, n)"Sc

reactions to the various final states in "Sc were
determined by time -of -flight measurements of
the neutron groups corresponding to these states.
The use of four detectors, each of which was a
cylindrical stilbene scintillator 1 in. long and 2

in. in diameter directly coupled to an RCA-8575
photomultiplier, allowed simultaneous measure-
ments at four angles. Each counter assembly was
supported by a wedge-shaped arm which could
rotate about a pivot directly below the target posi-
tion, and it could also slide along the arm to ad-
just the flight path from 0.5 to 2.0 m. The final
data were taken with the detector placed 1 m from
the target. This was found to be sufficient to re-
solve the neutron groups.

The main features of the electronic instrumenta-
tion are shown schematically in Fig. 3, which for
simplicity shows only the input from neutron de-
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FIG. 3. Block diagram of the time-of-flight electronics. For simplicity, only neutron detector No. 1 and its input
circuit are shown. The points at which the input circuits of the other three detectors feed into the main circuit are
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tector No. 1 and merely uses the circled numbers
2, 3, and 4 to show the points at which the input
circuits of the other three detectors feed in. A
time-to-amplitude converter (TAC) is used to
measure the time interval between signals from
the neutron detectors and from a capacitive time
pickoff (TPO) placed in the proton beam about
1 m from the target. The y-ray background was
reduced by use of pulse -shape discrimination
circuitry' in which the time interval between the
signal from the fast-start discriminator and the
crossover point of a clipped signal from the double-
delay-line (DDL) linear amplifier is measured.
VVhen this discriminator has identified a detected
particle as a neutron, it opens a linear gate which
allows the time-of-flight information to pass to
the analog-to-digital converter (ADC). At the same
time, a signal coming from the neutron detector
causes the routing circuit to add two bits to the
address of the ADC information in order to indi-
cate the neutron detector from which the signal
came. Thus the time spectrum associated with
each of the four neutron detectors is stored in a
separate section of the 4000-channel memory. An
ASI-2100 computer with an 8000-word memory is
used on line for preliminary data reduction.

The time calibration, linearity, and counting-
rate stability of the TAC were checked by use of
a precision time calibrator. " The intrinsic time
resolution of the electronic equipment, as mea-
sured with annihilation y coincidences from a "Ge
source, was about 0.8 nsec. One of the limiting
factors in over-all time resolution is the spread
of the beam pulses from the bunching system. The
observed resolution width in the y-ray peak is
1.8-2 nsec FWHM. This implies that the pulsed-
beam contribution was of the order of 1.5-1.8
nsec.

A typical time -of -flight spectrum is shown in
Fig. 4. The time dispersion is 0.46 nsec/channel.
The spectrum was measured at 0' at a bombarding
energy of 1.975 MeV. Neutron groups n„n„n„
and n4 correspond to transitions leading to the

first four excited states in "Sc at 0.131, 0.252,
0.624, and 1.144 MeV, respectively. An asym-
metry in line shape can be seen (Fig. 4) in the
form of a low-energy tail. This effect is caused
mainly by some time walk at low pulse heights
(a dynamic range of 20: 1 was a.ccepted). Air scat-
tering and target thickness can also contribute to
the tail. Because of the nonlinear variation of neu-
tron energy with flight time, the resolution im-
proves rapidly with decreasing neutron energy.
The over-all energy resolution (FWHM) is 70 keV
for the high-energy doublet (n, and n„with E„
=1.25 MeV) and 20 keV for the lowest-energy
group (n„with E„=270 keV). All integral discrim-
inators were set below the lower-level discrim-
inator of the timing single-channel analyzer (TSCA}
in the pulse-shape discrimination circuit which is
common to all four channels. This discriminator,
therefore, determined the detection efficiency,
and it was set so that the threshold for detection
corresponded to a neutron energy of about 100 keV.
For optimum performance, the upper-level dis-
criminator of the TSCA was set at a level corre-
sponding to the Compton edge of the 0.360-keV
line of "'Ba. From previous calibration" this is
known to correspond to the maximum pulse height
for protons recoiling after the scattering of -1.4-
Me V neutrons.

The relative efficiency of each of the four neu-
tron detectors was determined by comparing its
response to neutrons of a given energy from the
'Li(P, n)'Be reaction with that of a standard long
counter. The gains and other settings of the elec-
tronics were adjusted so the differences among
their efficiencies were at most -10%. Since the
flat response of the long counter had been con-
firmed by use of several standard neutron sources,
the energy dependence of the efficiency of each de-
tector was readily determined by use of the known"
cross section of the 'Li(P, n}'Be reaction. These
calibrations enabled us to correct the data for all
variations in the relative efficiencies of the detec-
tors. Because the thickness of the lithium target
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FIG. 4. Neutron time-of-flight spectrum obtained at an incident proton energy of 1.975 MeV at an angle of O'. The
flight path was 1 m and the time dispersion was 0.46 nsec/channel. The arrows mark the y-ray peak (y) and the var-
ious neutron groups (n&-n4), as discussed in the text. Spectra obtained at other energies and angles are similar.
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was not known, absolute detector efficiencies
could not be obtained.

The background at the detectors was evaluated
by intercepting the direct neutron beam with a
Lucite absorber placed between the target and
each detector and also by using a blank tantalum
target in place of the Ca sample. It was found
that the background associated with the "Ca
target itself was flat and negligible. Some time-
correlated neutron background, later associated
with the beam hitting a Cu beam-line reducer,
was observed at backward angles only. Because
of its characteristic time correlation, this back-
ground was easily subtracted out.

Most of the angular-distribution data were col-
lected over a 3-day period with the same "Ca
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reaction at the indicated incident energies E&. The
smooth curves are drawn only to guide the eye.

target. The total neutron yield from the target was
checked each day over the entire proton energy
range of interest. Over the 3-day period, the peak
positions shifted about 1.5 keV. This shift was
attributed to carbon deposition on the target, and

was considered to be negligible relative to the
target thickness.

Angular distributions were measured for eleven
proton energies at six angles between 0 and 135'.
In each time-of-flight spectrum, four neutron
groups —n„n„n„and n4 in Fig. 4 -were identi-
fied and were assigned, as mentioned previously,
to transitions leading to the first four excited
states in 'Sc at excitation energies 0.131, 0.252,
0.624, and 1.144 MeV, respectively. In none of
the data is there evidence for a neutron transition
to the ground state (8' = 6'), to the known' J' = 7'
state at 1.096 MeV, nor to the negative-parity
(probably 2 ) state9'" at 1.402 MeV.

The intensity of isolated peaks (n, and n, ) was
found by summing the contents of the relevant
channels and subtracting the background. To ob-
tain the net yield to each of the two unresolved
neutron groups (n, and n, ), an unfolding procedure
was used. " For such an analysis, a standard line
shape is needed. Since the line shapes of time-of-
flight spectra are complicated functions of expe ri-
mental parameters, a simple analytical peak shape
is inappropriate. Our approach has been to use
the strong isolated neutron group n, as a reference
standard. The three groups (n„n„and n, ) were
fitted simultaneously and the goodness of fit for
the isolated group was used as a measure of the
correctness of the standard line shape.

III. RESULTS

Although the measured yield at each angle and
energy was corrected for the relative detector
efficiency, no absolute cross sections were ob-
tained. In Figs. 5 and 6, the relative differential
cross sections of the four neutron groups are
shown at each of the 11 proton energies E~. The
coefficients B„.. . , B, in an expansion of the dif-
ferential cross section into a series of Legendre
polynomials are displayed in Figs. 7 and 8.

For the 0.252-MeV (4'), 0.624-MeV (3'), and
the 1.144-MeV (2') final states, the total yield
(as represented by the coefficient Bo) is dominated
by a peak near a proton energy of 1.965 MeV -the
energy region associated with the lower energy
peak of the doublet observed in Fig. 2; resonances
in the region of the higher-energy component ap-
parently contribute very little to the yield to these
positive-parity final states. In the reaction pro-
ceeding to the 5' state at 0.131 MeV, the relative
yields throughout are quite small; at energies
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near 1.965 MeV the intensity is about ~ of that to
the 2' state.

The angular distributions, particularly in the
decay to the 0.131- and 0.624-MeV final states,
are in general asymmetric about 90', as indicated
by the nonzero values of the odd -order Legendr e-
polynomial coefficients. The existence of such
odd-order coefficients implies that there is inter-
ference between odd and even partial waves partic-
ipating in the reaction. Since T, compound-nu-
cleus states associated with the "Ca ground-state
isobaric analog resonance have J"= —, , nonzero
values for the coefficients B, and B, indicate that

Ex 0 131 MeV (5') E„=0.252 Mev (4')

positive-parity levels in the compound nucleus
"Sc are being excited as well.

Both the 2' (1.144-MeV} and 3' (0.624-MeV)
final states are reached predominantly via P-wave
neutron emission from the & compound-nucleus
levels. Since the odd-order coefficients associated
with the 2' state are small, the reaction is prob-
ably dominated by resonant decay from such &

states. For neutron decay to the 3' state, on the
other hand, lar ge values of B, indicate that posi-
tive-parity levels participate strongly (at least at
certain energies). In the case of neutron decay
from —, levels to the 4' (0.252-MeV) and 5' (0.131-
MeV} states, the reaction proceeds via f wave n-eu-

trons. On the basis of calculated neutron and pro-
ton penetrabilities alone, the yield to the 5' state
in such decay should be only about ~ of that to the
2' state at E~= 1.965 MeV, in good agreement with
the observations mentioned above. Thus, at ener-
gies near 1.965 MeV the reaction to the 5' state is
in all likelihood dominated by & resonant states.
At higher proton energies the relatively large val-
ues of the coefficient By indicate the participation
of positive-parity resonances. For the 4' state,
on the other hand, calculated values of neutron
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FIG. 7. The coefficients BI (in the c.m. system) in
the expansion of the neutron differential cross sections
into a series of Legendre polynomials. They are plot-
ted as a function of laboratory proton energy for the 5+
(0.131-MeV) state and the 4+ (0.252-MeV) state in Sc.
The smooth curves are drawn only to guide the eye.
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and proton penetrabilities would predict that the
yields near a proton energy of 1.965 MeV would be
down by a factor of 15 from those actually ob-
served. On this basis, therefore, as well as from
a more complete analysis of the angular distribu-
tions, the (p, n) reaction to the 4' state is seen to
be dominated by positive -parity resonant states
rather than by the T, —, analog state components.
As discussed in Sec. VA, it appears likely that
the positive-parity states have J' = &'.

As was mentioned in Sec. II, the neutrons asso-
ciated with the 6' ground state of "Sc, the 7' ex-
cited state at 1.096 MeV, and the negative-parity
state at 1.402 MeV were not observed. For the
case of the two positive-parity states, neutron de-
cay from compound-nucleus resonances with J'
~ &' would require partial waves with l & 4 and
would thus be strongly inhibited at the energies
involved in the reaction. In the decay to the (prob-
ably) 2 final state, the reaction (though the &

resonances) should proceed quite readily by s-
wave neutron emission, ' however, the emitted neu-
trons have an energy of =20 keV, which is well
below the detector threshold. Consequently, they
would not have been observed in these measure-
ments.

IU. THEORY

which we write as

G G~ + G~

The corresponding operator

(H+L E) '—= G—
for the physical system is given in terms of G',

and G,' by the relation

G = G, +(1 —G,h)(1 + G~h') 'G~(1 —hG, ),
where

(2}

G, =(1+G,'h) 'G,',
h=(H -eo)+ (L -L'),

(1+Goh)

(6)

(6)

(7)

For our present purpose it is convenient to intro-
duce the level expansions

(1+G,'h') 'G,'=g IIJ&A„'„'.&IJ'I,
IfP

' (9a)

where A ' and A~" are the respective inverses of
matrices with elements

(E~-E)6/, v+&J-lhl J'&

(E„-E)6„„+&IIh'II '&.

(8b)

(9b)

In the notation of Lane and Thomas, "the colli-
sion matrix U can be written in terms of G as

U= QR'0, (10}

where, if we restrict ourselves to matrix elements
U„. in which both c and c' denote open channels,

W = 1+2' P'"CG CP'".

We consider the present "Ca(P, n)488c data in
terms of a single analog state plus a background
of two nonoverlapping & T, states in the compound
system "Sc.

The collision matrix elements that describe
this process are obtained from the results given

by Robson and Lane. ' In addition to the Hamil-
tonian H and physical boundary-matching operator
L that define the states of the compound system,
these authors introduce an "ideal" Hamiltonian II
and boundary-matching operator I. such that the
eigenstates of H'+L' are the "ideal" analog states

I » and the normal T, states I IJ&.

The Green's function operator for the ideal sys-
tem is

(ffo+Lo E)-i Go g I»&~l +g II &&I" I (1)Eg-E E -E '
p Ii
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C = (@a 2/2M )'~o (12)

where a, is the channel radius and M, is the re-
duced mass for channel c. For co c', Eq. (11)
becomes

Here 0 is a diagonal matrix that contains the Cou-
lomb and hard-sphere phase shifts, P is the diag-
onal penetrability matrix, and C is a diagonal ma-
trix with elements

From Eqs. (8a), (9a), and (14) we obtain

(n I CGC
I p) =p yo„AIoqI.o.'o.~,

PP'

where

yacc co(cll ) I

o-'~. =yo. -Q (u Ihl »A'vyv. .
XV

The matrix element

(16)

(17)

(18)

W„.= 2i(P,P, .) '~'(c
I
CGC

I
c'), (13) &u lhl» =(a IH-H'I»+&I II -I'I» (19)

where
I c) is the channel wave function

I r, '5(r,-a.) y i ' F,&.

For (p, n) reactions to low-lying (T, —,) states of
the residual nucleus, the isospin of the neutron
channel is T„whereas the isospin of the I»
states is T, Cons.equently the states I » do not
contribute to the n channel and Eq. (4) reduces to
the form

G=(1+G,h') 'G,(1 —hG, ). (14)

C

O

Ll
O

8aI

We could, of course, have assigned the T, states
to Go in Eq. (4), and the G matrix in n Pchan-nel
space would then have become

G G~ G~h(1+ Gooh )-iGoo(1 hG~) (15)

Equations (14) and (15) give equivalent expressions
for the (P, n) collision matrix. In Eq. (14) the ef-
fects of the analog on the T, states are explicit,
whereas in Eq. (15) the inverse dependence is
given explicitly. This has been described more
fully by Mello. ' The representation (14) was
chosen for the analysis of the present data.

determines the mixing of T, and T, states in the
real nucleus, the H and L terms on the right
represent interaction mixing and boundary-condi-
tion mixing (internal and external mixing), respec-
tively. As shown by Robson, "

(u I
I - f.'I » = QI-yg, y.„,, (20)

where L, = S, + i P, —b, . Here S, is the usual shift
function, P, the penetrability, and b, the boundary
value for channel c. For proton channels b~
= S„(E—Ac), where S„ is the (negative-energy)
shift function for the charge-exchange channel,
and ~~ is the Coulomb displacement energy. For
c~p, the value of b, can be chosen such that S,
—b, = 0 for energies in the interval of interest.

Since only a single dominant proton channel con-
tributes to each resonance in the "Ca(P, n)~'Sc
reaction, and since yq„=0, Eq. (20) reduces to

cy xc y~c py~&op' (21)

where
(I I hl»=n, --,'ir„

I'), = 2Ppy), p,
EA=E), +6), .

(22b)

(22c)

(22d)

For the case of two T, levels in the neighbor-
hood of the analog resonance, Eq. (9b) gives

In the case of a single isolated analog resonance,
we have from Eqs. (8b), (18), and (21) that

E~ -E+&&IH -H'I » -&p
I
H-ff 'I »(y~, /y„~)

PP 4P
A 2

(22a)

l.94
I

1.96 l.98 2.00
E

p
( MeV )

2.02
~I»=~I»= h~ /D,

D =(E ' E ——' iI' )(E,' E —-i I', ) —h„-"—,

where for p. =1, 2

(23a)

FIG. 9. Calculated neutron yield B 0 to a single final
state, as obtained with the theory of Sec. IV for a single
T& state in the region of a single analog state. The
T& state is at 1.964 MeV and has a neutron partial width
of 3.5 keV and an unenhanced proton width of -8.5 keV,
while the analog state is at 1.986 MeV and its width is
-29.6 keV.

r„=-2 Im(p. I
h'

I u &
= 2P P. I &„,I

'

E„'= „ER+( elhi'I p&,

(23b)

(23c)

ho. =&V lh'I ~& = &u I hl ~& — (23d)
EA -E —~iI'
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If the mixing due to H H-o is ignored, Eq. (23d)
reduces to

&,r~pw, ~(E x -E'}
Pv c~vcYPC E E 1

C& A 2 l

and the quantity A„ in Eq. (22b) is given as

6 x = -(S~
—S„)7 x~' .

(24a)

(24b)

V. DISCUSSION

A. Comparison with Data
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FIG. 10. Comparison between the measured yields Bo
(points) and the calculated curve based on the theory of
Sec. IV for a single T& state in the neighborhood of an
analog state. The T& state is at 1.964 MeV, the analog
is at 1.986 MeV, and the various partial-width ampli-
tudes are discussed in the text. The experimental reso-
lution was approximated by a Gaussian-shaped curve
that was truncated at its half-height and included as a
smearing function in the calculations.

Initial calculations were based on the assumption
of a single & T, state" in the neighborhood of a —,

'
analog state. %'ith all matrix elements of 0 —0'
set equal to zero, the collision matrix elements
for the (P, n) reactions to various final states were
calculated by use of Eqs. (13), (16), (22a), and
(23a). The energy dependence of the total yield
B, predicted in such a calculation is illustrated in
Fig. 9. In this calculation E,' (lab) =1.964 MeV and
E„(lab) = 1.986 MeV. An interesting result is the
existence of two peaks, one occuring near the ener-
gy of the T, state and the second in the vicinity of
E„. The magnitudes and positions of the peaks de-

pend upon the relative energies of the two states
as well as on the values of the partial-width am-
plitudes specified in the calculation. The charac-
teristic asymmetric shape of such calculated
curves arises from the energy dependence asso-
ciated with the enhancement factor given in Eq.
(22a).

These general characteristics of calculations
based on the assumption of a single T, state in the
region of an analog resonance are consistent with
the gross features of the measured yields (Figs.
7 and 8) for the excitation of the 2' final state (and
perhaps the 3'}. Figure 10 compares the data with
these calculations. The T, state is at an energy
E,' (lab) = 1.964 MeV. Since absolute cross sec-
tions were not measured, absolute neutron and
proton widths could not be determined. Neverthe-
less, relative neutron widths in the decay to the
various final states have significance in these and
in the subsequent calculations discussed below. In
the calculations shown in Fig. 10, the neutron re-
duced-width amplitudes, p, „, in the decay to all fi-
nal states were set equal to each other. The analog
state in these calculations was placed at E„(lab)
=1.986 MeV and was assigned a total proton width
I'), between 0.6 and 1.2 keV. These values are
less than the value 1.9 keV given in Ref. 6.

As can be seen, the agreement between the mea-
sured yields and those calculated for the excitation
of the 2' residual state is fairly good. In fact, the
complete measured differential cross section for
the reaction to this state can be fitted acceptably
on the basis of a model of a single T, resonance
in the neighborhood of an analog. However, at
least some of the features of the measured yield
to the 3' state and to the 5' state are not repro-
duced in this calculation. Furthermore, the angu-
lar distributions calculated on the basis of a sin-
gle T, resonance do not correspond to those mea-
sured in the excitation of the 4' state at 0.252 MeV
in "Sc.

The major features of all of the neutron angular
distributions associated with the four final states
that were measured can be reproduced quite suc-
cessfully by means of a more detailed calculation.
Figure 11 compares the experimental coefficients
B„B„andB, with the results of a calculation
that (a} included not only the T, resonance near
E,' (lab) = 1.964 Me V but also a second T„J"= —,

'
resonance at E,' (lab) =1.986 MeV, (b) moved the
T, (analog) state from E„(lab) = 1.986 MeV (where
it had been in the one-level fit) down to E„(lab)
= 1.978 MeV, and (c) added a few positive-parity
states (the necessity for which was discussed in
Sec. III). Small changes in E2 do not substantially
affect the agreement with experiment. The width
I'q associated with the analog state was taken to
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be somewhat less (i.e., I'z =0.6-1.2 MeV) than the
value given in Ref. 6, although good fits to the data
were also found for I"

&
—-1.9 keV, a value consis-

tent" with the results of Ref. 6. A fairly narrow
—,
" resonance, which decays mostly to the 3' and
5' states in "Sc, was postulated at a proton ener-
gy of 1.978 MeV; and a —,

" resonance was included
at 1.967 MeV. This latter state provides the ma-
jor contribution to the yield near an energy of
1.965 MeV in the excitation of the 4' final state.

The over-all fit was improved by including a
smoothly varying positive-parity contribution to
the cross sections throughout the energy region.
Within the restrictions of the computer program,
this background was represented by a broad —,

'
(total width =76 keV) resonance centered near 2.0
MeV. The unobserved but open channel associated
with s-wave neutron decay from 2 compound-nu-
cleus resonances to the negative-parity (probably
2 ) final state at 1.402 MeV excitation in "Sc was
explicitly included in the calculations. A radius
a, =1.258'" fm was used in all calculations.

The computer program was written to handle one
or two T, states, a single T, state, and one or

two non-analog-related states of different J" in
which each group of ncn-analog-related states is
treated by means of a one- or two-level Breit-
Wigner expression. While some of the data could
be reproduced by calculations with an assumed
analog-state energy different from E„(lab) = 1.978
a 0.002 MeV, the best simultaneous fit to all the
data could be obtained only for values within this
range. This can be compared with the analog-
state energy" of 1.975 MeV that Wilhjelm et al.'
suggested on the basis of an average of good-res-
olution measurements, and with the value of 1.980
+0.003 MeV used by Jones et al.' in an analysis
of the "Ca(p, p) reaction data.

Over all, then, from individual T, —, compo-
nents in the energy region near the —, "Ca ground-
state isobaric analog resonance, the neutron de-
cay to individual final "Sc states is consistent with
the analysis described in Sec. IV and the assump-
tion of external isospin mixing only. Such a con-
clusion, although obviously not unique under the
present experimental conditions, appears to be
the simplest reasonable explanation of the observa. —

tions: Once the parameters associated with the
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FIG. 11. Comparison between the experimental values of Bo, B&, and B2 (points) for transitions to four Sc final
states and the curves calculated on the basis of the theory of Sec. IV for two T& states in the neighborhood of an analog
state. Included in this calculation were some positive-parity non-analog-related resonances treated by means of a
multilevel Breit-signer formula as discussed in the text. The calculations include the effects of the experimental reso-
lution, as mentioned in the caption of Fig. 10.
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TABLE I. Branching ratios in the neutron decay from
the two main analog components at E& (lab) =1.964 and

E2 (lab) =1.986 MeV to Sc final states. These results
are based on the calculations shown in Fig. 11.

E„(48Sc)
(Mev)

Present results Vingiani et al .
1.964 1.986 1.964 1.986 b

1.402
1.144
0.624
0.252
0.131

2 0.43
2+ 0.12
3+ 0.42
4+ 0.02
5+ 0.01

0.77
0.04
0.18
0.001
0.005

0.42
0.18
0.35

&0.06

0.77
0.08
0.12

&0.03

Represents an average of the branching ratios of
Ref. 4 at @ (lab) =1.959 and 1.964 MeV.

"Represents an average of the branching ratios of
Ref. 4 at E& (lab) =1.975, 1.982, and 1.991 MeV.

analog state are taken as known, this model re-
quires the specification of the fewest number of
parameters for other resonances in order to fit
the measured differential cross sections.

In the present work we have not really studied
the detailed nature of the isospin-mixing process.
Because of the rather large beam-energy spread
(-8 keV), the observed resonant shapes are gov-
erned primarily by the experimental resolution,
and consequently any contribution from the inter-
nal mixing process in Egs. (22a) and (23d) may be
masked. An attempt to separate the effects of ex-
ternal and internal mixing for the case of a statis-
tical distribution of T, states has been reported. "

B. Branching Ratios

The branching ratios for neutron decay from the
energy region of the two major components asso-
ciated with the analog state to final states in "Se
were obtained from the calculations illustrated in
Fig. 11. In Table I these results are compared"
with the branching ratios of Vingiani et al.' ob-
tained in an analysis of single-angle yield mea-
surements of both the 'Ca(p, ny) and 'Ca(p, n)
reactions. When the cross sections for the reac-
tions to the final states in "Sc are calculated with
parameters based on the branching ratios from
Ref. 4, the fit to the data is poorer than that shown
in Fig. 11.

At E,' (lab) = 1.964 Me V, about 45%%uc of the neutron
decays proceed to the negative-parity state at
1.402 MeV excitation, and the remainder go to the
positive-parity final states —mainly the 3' state at
0.624 MeV and the 2' level at 1.144 MeV. On the
other hand, at E,' (lab) = 1.986 MeV, which corre-
sponds to the energy region associated with the
largest analog component (as seen, for example,
in Fig. 2), approximately 80%%uo of the neutrons de-
cay to the negative-parity state and only 20%%u& to

the four positive-parity levels. This increase in
the branching ratios to the negative-parity final
state at the energy of the largest analog compo-
nent is not due to the fairly rapid increase of the
s-wave neutron penetrability as the corresponding
proton energy is increased from 1.96 to 1.99 MeV.
Even when the energy-dependent factors are re-
moved, the branching ratios to the 2 state are
about the same as shown in Table I.

These results suggest that the two major T, = ~
components have somewhat different shell-model
configurations. Moreover, these states are prob-
ably fairly simple, since, if their configurations
were very complicated, approximately equal prob-
abilities for decay to the various low-lying states
in "Sc would be expected.

The & analog state in "Sc has predominately
the 2p-lh configuration (vlf„„vlf„, ')' v2p»„
whereas the low-lying positive -parity states
in "Sc are described by the configuration
(vlf»„v1f», ') ' with J'=0', . . . , 7'. The most-
likely low-lying negative-parity state of "Sc is
(vlf„» v ld3/2 ')."'"

Bloom, McGrory, and Moszkowski" have studied
the J' = 2, T, = ~ states in "Sc that are generated
by the configuration (lf», )'(2p„,). In particular,
these authors conclude that one of these 2p-1h
states may have an excitation energy as large as
-10.0 MeV. It is not unreasonable therefore to
consider the T, state at 1.964 MeV (E„=11.55
MeV) in terms of this 2p-lh configuration. How-
ever, the present results are not entirely consis-
tent with this interpretation. The calculations re-
ported in Ref. 28 would predict a branching ratio
of -7/1 for P-wave neutron decay to the 3' relative
to the 2' state in "Sc, whereas a ratio of -3.5/1
is observed. Furthermore, on the basis of this
picture alone it would be rather difficult to explain
the 0.43 branching ratio for decay to the negative-
parity state at 1.402 MeV. On the other hand, this
2p-1h state could be considerably spread amongst
core-excited states so that the 2p-1h contribution
at 1.964 MeV might be less dominant. The role
of 3p-2h configurations might then become rela-
tively more important.

Using a two-body residual interaction consisting
of a radial 4 function with Soper exchange mixture. ,
Divadeenam and Heres" find that no 2p-1h states
(including those considered by Bloom et al.")mix
strongly enough with the analog at E„(lab) = 1.978
Me V to produce observable fragmentation. They
further suggest that the fine-structure components
of the analog are due to 3p-2h or more complicated
couplings. Wilhjelm et al. ' have considered the
coupling of 3p-2h states with the same residual
interaction and find that very few 3p-2h states
couple strongly to the 2p-1h analog. Thus the two
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major T, components could be the result of selec-
tive coupling of 3p-2h configurations. This inter-
pretation is made plausible by a level-density cal-
culation' which shows that the average level spac-
ing of 3p-2h —,

' states in the neighborhood of

E„(lab) = 1.978 MeV is -40 keV. Any specification
of the structure of these states, however, pre-
supposes more detailed calculations than have been
carried out to date.
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