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Natural calcium targets were bombarded with y rays from a 31-MeV betatron at several
bremsstrahlung end-point energies. Angular and energy distributions of photoprotons were
measured. In addition, the y-ray spectra emerging from the thick target were recorded at
several angles. They were used to study the vy rays accompanying the decay of excited resid-
ual nuclei formed in the reactions 4°Ca(y,p) and °Ca(y,n). The analysis yielded the following
results for the main reaction channels: the energy dependence of the cross sections, the en-
ergy dependence of photoproton angular distributions, and the bremsstrahlung-weighted an-
gular distributions of deexcitation y rays. According to the experimental results the follow-
ing amplitudes seem to dominate in the particle channels: f;/, waves for the (v,p,) reaction,
b3y waves for (v, p;), and p waves for reaction channels in which the residual nuclei are left
in states above 4.93 MeV. This is consistent with the giant dipole state configuration, pre-
dicted on the basis of the shell-model bound-state calculation by Gillet and Sanderson. The
agreement with continuum theories is less satisfactory. It is also found that the shapes of
cross sections are more uniform and that the angular distributions are less energy-dependent
than expected from theory. The (v, p;) cross section was separated into S=0 and S=1 chan-
nel spin contributions of which only the dominant S=0 part shows a resonant structure. Neg-
ative-parity hole channels bear evidence for two-step reaction processes and impurities in
the ground state of 40cqy. Ratios of (v, p) and (v, 7n) cross sections imply an admixture of less
than 3% of T=0 strength in the 4°Ca giant dipole resonance.

NUCLEAR REACTIONS “Ca(y,p), v,p7’), and (y,nv’), E,=11-30 MeV; mea-
sured o(E,¥) to states of residual nuclei; deduced reaction-channel configura-
tions.

I. INTRODUCTION

Experimental work related to the photonuclear
giant dipole resonance (GDR) is most frequently
limited to measurements in which properties of
reaction channels involving excited states of re-
sidual nuclei cannot be studied. This stems
mainly from experimental difficulties connected
with the separation of reaction products. On the
other hand, in the extensively investigated ground-
state~-to—ground-state transitions, the experi-
mental precision and details exceed the scope of
present calculations based on reaction theories
and nuclear models. It is believed, therefore,
that the experimental work directed to the study
of reaction channels involving residual nuclei in
definite states would help to improve the under-
standing of photonuclear processes. In particular,
it is expected that to a large extent the configura-
tion of the giant dipole state is preserved in par-
ticle-hole reaction channels. Of special interest,
therefore, are the closed-shell nuclei, where a
good knowledge of the configurations of the states
involved exists, and a simpler interpretation of
the experimental data is anticipated.

In the present work a study of photonuclear reac-
tions on the nucleus 4°Ca was undertaken with the
aim of providing lacking information of the dis-

cussed type. A number of reaction processes
accessible by the Ljubljana betatron facilities
were investigated in a combined experiment in
which photoproton spectra from the (v, p) reaction
and y-ray spectra from the (y,p y’) and (v, ny’)
reactions were measured. These were used to
deduce the energy dependence of the cross sec-
tions, angular distributions, and the configura-
tions of reaction channels involving residual
nuclei in different states.

1. EXPERIMENTAL PROCEDURE

Since the details of the experimental setup and
method were discussed elsewhere® only a brief
description is given here. Two independent ex-
periments were performed on two separate
natural calcium targets (Fig. 1).

A thin (6.5 mg/cm?) calcium target located in
a vacuum chamber at a distance of 1.23 m from
the source of betatron bremsstrahlung radiation
was used for the measurement of proton spectra.
Protons were detected at four different angles
with respect to the direction of the incident y-ray
beam: 30, 81.4, 98.6, and 150°. In the analysis,
spectra from the two closely spaced angles at
81.4 and 98.6° were combined and treated as 90°
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data. Target thickness determined almost en-
tirely the energy resolution which consequently
varied with detector angle. At a proton energy
of 10 MeV it was 220 keV for the 90° angle and
320 keV for 30 and 150°. Background was kept
low by adequate shielding, precise collimation,
and magnetic cleaning fields in the vacuum cham-
ber (for electron and positron suppression).
Pulses were collected only during the time in-
tervals determined by the duration of brems-
strahlung bursts.

For the measurement of the deexcitation y-ray
spectra resulting from the reactions (v, ny’) and
(7, p7’), a thick calcium target (8 cm X 8 cm X 6 cm)
was used. The target was located in a shielded
area outside the accelerator room (Fig. 1) at a
distance of about 10 m from the bremsstrahlung
source. Deexcitation y rays were detected by
means of a 27-cm® Ge(Li) counter. In order to
minimize pileup caused by background, 2.2 cm of
lead was placed in front of the counter. As in the
case of photoprotons, the y-ray spectrometer was
gated with the betatron bremsstrahlung bursts.

Two ionization chambers with current inte-
grators were used for monitoring the brems-
strahlung beam!: a transmission thin-wall ioniza-
tion chamber and a thick-wall ionization chamber
of the Pruitt type. The charge collected from
the latter was used for determination of the photon
flux® on which the evaluation of the absolute values
of cross sections was based.

III. EXPERIMENTAL DATA AND RESULTS OF
THE ANALYSIS

A. Photoproton data

Photoproton spectra measured at 10 brems-
strahlung end-point energies ranging from 15.2
to 24.6 MeV and at angles of 30, 90, and 150°
are shown in Fig. 2. Cross sections for photo-
proton reactions to different excited states of
the residual nucleus *°K were extracted from
the proton spectra by applying the method of least
squares.! In the analysis, only those excited

thin Ca target
collimator

bremsstrahiung
¥ -ray beam

silicon detectors

states of *K (in addition to the ground state)

were included which were found to be strongly
populated in the photoproton process. The ex-
tent of population was obtained from the spectra
of deexcitation y rays (see Fig. 3). The analysis
of the raw experimental data included transforma-
tion to the centre-of-mass system and finite solid
angle corrections. The results of the analysis
are presented in the form of coefficients 474,

=0, A,/A,, and (A, +§ A,)/A, (Figs. 4-8), obtained
by fitting the angular distributions to a Legendre
polynomial series

do
2 (9= 'f_; A, P, (cosd).

The 3K states of excitations above 2.82 MeV
could not be resolved and, therefore, above this
energy summed cross sections for groups of
states are presented (Figs. 6-8). In these cases
the energy resolution of the summed cross sec-
tions is impaired, since a weighted® mean value
of excitation energies is used in the least-squares
analysis. The estimated resolutions are as
follows: 0.5 MeV for the group of negative-parity
states £~ 2.82 MeV, £~ 3.02 MeV, £~ 3.59, 3.88,
3.94 MeV (Fig. 6); 1 MeV for the 4.93-6.35-MeV
group (Fig. 7) with main contribution from the
5.27-, 5.62-, 6.35-MeV 2* states; and 1 MeV
for unbound states (Fig. 8).

In the case of the (y, p,) reaction a separation
of cross sections for channel spins 0 and 1 is pos-
sible assuming a dominant E1 process. The two
cross sections are given by*

0(S =0) =_§‘”Ao (% —Az/Ao)9

0(S=1)=27A4,(1+4,/A,).

It is seen from Fig. 9 that about 93% of the (y, p,)
cross section is of the S=0 character. An attempt
was also made to separate the two amplitudes

in the j-j coupling scheme. Since the amplitudes
j=3 and j=3% add coherently, the resulting cross
section depends on the relative phase. There

are, therefore, three unknown parameters (the

shielding and collimation

thick Ca target

Ge(Li)
detector

FIG. 1. Schematic drawing of the experimental arrangement.
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two amplitudes and the relative phase between point energy were used. In the case of other levels
them) and only two quantities obtained from the only energy-integrated cross sections (Table 1)
experiment (Legendre polynomial coefficients were calculated, assuming that the cross sections
A, and A,). However, studies of inverse reac- for different reaction channels were the same
tions with polarized protonsS'® indicate a constant shape. For comparison, integrated cross sections
ratio of the two amplitudes over the giant reso- obtained in the photoproton experiment are also
nance region for the studied nuclei. Assuming listed in Table I. ,
that such a constancy can be applied here, we The angular distribution of y rays following a
find that the ratio |p,/,/p,/,|? between 1 and 3 y-particle reaction depends on the configuration
would be consistent with the experimental data. of the particular reaction channel. There is strong
Consequently, a constant ratio of 2 was used to experimental evidence that over 90% of the cross
obtain an energy dependence for the cosine of section in the region of the giant resonance is
the relative phase (Fig. 10). due to the electromagnetic transitions of the elec-
tric dipole type. When other transitions can be
B. Deexcitation y-ray data neglected, and if the spin, parity, and decay
The spectra of ¥ rays (an example is shown in mode of the state of the residual nucleus are
Fig. 3) from the reactions (v, py’) and (y, ny’) known, a phase space can be defined to which the
were obtained at 12 bremsstrahlung end-point possible channel configurations are restricted.
energies between 14 and 31 MeV. At the highest In Table II the measured ratios of Legendre
bremsstrahlung end-point energy, angular dis- polynomial coefficients A,/A, are shown for
tributions at six angles between 90 and 163° were several levels with y-ray transitions to the ground
measured, but at lower energies the angle with state of the residual nuclei. (Only ground-state
the bremsstrahlung beam was 135°. transitions gave sufficient yields for the study
The y-ray yields of the strongly populated levels of angular distribution). Also spins, parities,
in 3°K (2.53, 2.82, 3.02, 3.94 MeV) and 3°Ca and mixing ratios for the decay to the ground
(2.47 MeV) were analyzed by the matrix inversion states are given in cases where such data are
method of Penfold and Leiss,” resulting in the available.
energy dependence of the cross sections (Fig. 11). As an example, the expression for the angular
For the evaluation of these cross sections the distribution of y rays in the +~ —3* transition
bremsstrahlung-weighted angular distributions has the following form'? in the j-j coupling (only
measured at the 30.25-MeV bremsstrahlung end- E1 transitions are considered in the excitation

o = ~ w = o o — o »

Reduced yields of photoprotons y (102 MeV mb/sr )

£y (Mev)

FIG. 2. (a) Photoproton spectra measured at different bremsstrahlung end-point energies E. .y at an angle 90° from
the bremsstrahlung beam. (b) Photoproton spectra measured at an angle 150° from the bremsstrahlung beam. (c) Pho-
toproton spectra measured at an angle 30° from the bremsstrahlung beam.
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of *°Ca):

W) _y, 5V [80/51°=2/VR1 |g/p 2 +2VF |dyfpl® =% VF -3 522/1/2_1' +386/V2

A, (807217 + 1827217 + 1 ds /2 |2 1+6

where |g/,|, /.|, and |d,/,| are amplitudes
of go/., 81/2, and d,,, proton waves, respectively,
and 0 is the mixing ratio. The sign of 6 is chosen
according to the convention of Rose and Brink.!?
It should be noted that since the nucleons are not
detected no interference terms are present in
the above expression.

Angular distributions are shown in Figs. 12
and 13 for several levels. The following two
mixing ratios were used for the determination
of phase-space diagrams in Fig. 12: 6(E3/M2)
==0.19+0.10 for the ~ ~4* transition, and
8(M2/E1)=0.03 for the 4~ —4* transition. As
it can be concluded from upper diagrams in Fig.
12, the configurations of these two negative-

[

P,(cosv),

parity-hole reaction channels are well defined

by the measured angular distributions. Since

the E2/M1 mixing ratio for the decay of the 6.35-
MeV (2*) state is unknown, all possible values
were taken into account. Disregarding the region
of the phase-space diagram where the spin-flip
transition dominates, the possible configurations
are determined by the upper shaded area (lower
diagram of Fig. 12). A similar quantitative con-
clusion can be drawn for the other two 2*(5.27-
and 5.62-MeV) states having the same A,/A,
values. It is seen (Table II and Fig. 12) that for
the two J =3 first excited states of 3°K and 3°Ca
the experimental data show the expected isotropic
angular distributions.
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FIG. 3. Example of the deexcitation y-ray spectra obtained at 30.25-MeV bremsstrahlung end-point energy at an an-
gle 135° from the beam direction. Peaks are labeled by the energies of corresponding levels in the residual nuclei.
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C. Evaluation of errors

In a simplified case where only one level (e.g.,
ground state) is populated in the photoproton reac-
tion, the differential cross section (dcr/dQ)(Ey)
is evaluated from the proton spectrum by use of
a simple relation

do
Y(EP’ E70)=P(E77E70)E (Ey)-

Here the reduced yield Y is the number of photo-
protons per unit interval of their energy E,
normalized to the unit response of the brems-
strahlung monitor, divided by the detector ef-
fective solid angle and the number of irradiated
target nuclei. P(E E, ) represents the spectrum
of the bremsstrahlung w1th maximum energy E
normalized to the unit monitor response.

In the general case more than one level is
populated in the reaction and the right-hand side
of the equation is represented by a sum over cross
sections to different states in the residual nucleus.
To determine these cross sections, reduced yields
at several bremsstrahlung end-point energies
E, have to be measured and a set of simultaneous
equatlons solved. Since the general procedure

of least-squares fit is described in Ref. 1, our
discussion here is limited to the accuracy of the
results.
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FIG. 4. Energy dependence of the cross section inte-
grated over angles (upper diagram), and the correspond-
ing Legendre polynomial coefficients (lower diagrams)
for the 4Ca(y, p,)*°K reaction in which the residual nu-
cleus is left in the ground state.
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We discuss below the origin of errors in the
absolute cross-section scale arising from the
normalization of the reduced yields and the shape
of bremsstrahlung spectra:

i) Absolute calorimetric calibration of the Pruitt-
type beam monitor is considered to be accurate
within £2%.2 The error in the reproducibility

of monitoring was negligible.

ii) The absolute number of irradiated nuclei in
the target is subject to the +2% inaccuracy of

the target weight and to the +2 — 4% inaccuracy

in the measured distribution of the y-ray beam
over the target surface. This arises largely
from the diffuse beam boundaries. There was

no appreciable unflatness and inhomogeneity of
the target. Moreover, the symmetrical mounting
of detectors around the target annuls such errors
for even Legendre polynomial coefficients and
the calculated cross section would not be affected.
iii) The absolute values of the effective solid
angles extended by detectors are estimated to

I
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FIG. 5. Energy dependence of the cross section inte-
grated over angles (upper diagram), and the correspond-
ing Legendre polynomial coefficients (lower diagrams)
for the “°Ca(v, p,)*°K reaction in which the residual nu-
cleus is left in the 2.53-MeV 3* first excited state. Be-
low E, =17 MeV separation of this state from higher
neighboring states was possible only at 90°; therefore,
at these energies angular distributions (crossed squares
in the lower diagrams) were obtained from the sum of
cross sections for levels between 2.53-3.94 MeV excita-
tion energy (crossed squares in the upper diagram).
Open circles below 17 MeV (upper diagram) represent
the (v, p,) cross section evaluated from the 90° photo-
proton data and angular distributions of the summed
cross sections.
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TABLE II. Properties of residual-nuclei states and
Legendre-coefficient ratios A,/A, in the angular distri-

butions of deexcitation y rays to the ground states.

Mixing ratio for

Energy of the
excited residual

the decay to the

Ay /A,

(%)* ground

state

(Present
experiment)

JT

state
(MeV)

2.53 ¥K

la

0.04+0.13

2.47 ¥Ca

=
o 3] «
o w <
- © O
o (=4 (=4
H H A
[=2] N -
- -
©c o o
I | [
N
<t
-
o
H
<
N
o
!
]
=l
I
«
i
N
@
[\

0.03+0.15"

-0.21+0.12
—-0.32+£0.17

3=
2

39K
3.94 ¥K ®Ca)

3.02

lord
29T 2
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K

4.93
5.27 ¥K

0.19+0.30
0.31+0.15

I

5.62
6.35 39K
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¢ Reference 10.

2 Reference 8.

dReference 11.

b Reference 9.
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FIG. 6. Energy dependence of the cross section inte-
grated over angles (upper diagram) and the correspond-
ing Legendre polynomial coefficients (lower diagrams)
for the 4°Ca(v, p)**K reaction populating states in 3°K be-

tween 2.82 and 3.94 MeV excitation energy. The main
contribution is due to the levels 2.82 MeV

37, and 3.94 MeV (see Fig. 3).
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be accurate within +2%.

iv) Experimentally determined bremsstrahlung
spectra (Fig. 14) were used in the analysis. The
effect of the corresponding errors in the absolute
scale of the cross section is of the order of +1%.

v) The energy calibration and the integral linearity

of the detection system including multichannel
analyzer are estimated to introduce an error of
+1%.

The last two sources of errors [(iv), (v)] also
influence the shape of cross-section energy de-
pendence. The comparison of results, obtained
at different bremsstrahlung end-point energies
and different amplifications, showed that the
corresponding cross-section shapes agree within
the statistical errors.

Assuming that the errors (i)—(v) are not corre-
lated, the upper limit for the total systematic
error of the absolute scale of the cross section,
introduced through normalization of reduced yields
and bremsstrahlung shape, is 6%. This error is

T T T T T T T T T
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FIG. 7. Energy dependence of the cross section inte-
grated over angles (upper diagram) and the correspond-
ing Legendre polynomial coefficients (lower diagrams)
for the 'Ca(v, #)%¥K reaction in which states in the re-
sidual nucleus between 4.93 and 6.35 MeV excitation en-

ergy are populated. Below E, =18 MeV the cross section
was evaluated from the 90° photoproton spectra assuming

isotropic angular distribution.

T T T T
10 WPy *
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o

1 Il 1 1 1

18 0
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FIG. 8. Energy dependence of the cross section inte-
grated over angles for the 4'Ca(y, p)3°K reaction in which
unbound states of residual nucleus are populated. In the
least-squares analysis the contribution of all levels be-
tween 6.5 and 8.5 MeV was represented by a mean exci-
tation energy of 7.4 MeV. Within errors, the angular
distribution for photoprotons above E, =21 MeV (closed
circles) was isotropic, while below this energy isotropy
was assumed and the cross section calculated from 90°
photoproton data (open circles).
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FIG. 9. Separated cross sections belonging to the chan-

nel spins S =0 (upper diagram) and S=1 (lower diagram)
for the °Ca(7v, 1)**K reaction populating the 2.53-MeV
1+ first excited state in *°K.
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FIG. 10. Energy dependence of the relative phase an-
gle between p, 5 and py, proton waves in the Ca(y, p,)-
39K reaction populating the 2.53-MeV }* first excited
level in %K. A constant value of V2 was assumed for the
|p3/9l/1py5] amplitude ratio.
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FIG. 11. Cross sections for reactions (v, p) and (v, n)
in ¥Ca calculated by the matrix inversion method (Ref.
7) from the yields of the strongest 7y lines in deexcitation
spectra. The yields were corrected for cascades from
known decay schemes and those observed in deexcitation
spectra. Vertical bars on histograms represent statis-
tical errors.
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not shown explicitly in the diagrams, however,

it is practically the only error_[exclusive of error
(v)] quoted for the energy-integrated cross sec-
tions in Table I (where the statistical error and/
or errors introduced through least-squares fit are
much smaller). The error bars plotted on dia-
grams of Figs. 4-10 represent either true statis-
tical errors of measured yields, or errors
calculated from the x? analysis; for each

data point the larger of the two was adopted.

The statistical errors were larger than x? errors
in about % of the cases. Therefore, itisreasonable
to expect that errors from numerical analysis

do not contribute significantly to the plotted
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FIG. 12. Angular distributions of deexcitation vy rays
from the 2.82-MeV §~, 3.02-MeV §~, and 6.35-MeV §
levels in 3°K measured at 30.25-MeV bremsstrahlung
end-point energy. The solid curves are fits to Legendre
polynomial expansions 1+ (A ,/A ) Py(cos ¥). Configura-
tions of reaction channels are shown on phase-space dia-
grams (right half of the figure), where the squares of
amplitudes are represented as rectangular coordinates
of a point on the surface of the plane. The shading den-
sity shown represents the precision of the experimentally
determined configuration.
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errors. In connection with the choice of mean
energies to represent the position of groups of
levels unresolved by the least-squares fit (Figs.
6-8), trial calculations have been made and show
that small changes around the chosen values do
not appreciably affect the magnitude of the cross
sections.

The accuracy of the ratios of Legendre poly-
nomial coefficients is affected by two kinds of
systematic errors only: errors in the deter-
mined ratio of effective detector solid angles
(which was known within +1.5%), and irregulari-
ties and improper mounting of the target itself
(which could affect the odd coefficients only).
The yield ratio of the two detectors placed sym-
metrically on either side of the target at an angle
close to 90° did not reveal any errors of the
latter type. We conclude, therefore, that statis-
tical errors or x® errors shown in diagrams are
by far the largest appearing in the angular dis-
tributions.

The yields of the intense lines in the spectra of
deexcitation y rays have been analyzed by the
inverse matrix method of Penfold and Leiss” and
the errors resulting from analysis are less than
the statistical errors in our measurements.
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FIG. 13. Angular distributions of deexcitation 7y rays
from several excited states in 3K and 3°Ca listed in
Table II. Open and closed circles represent data ob-
tained from full-energy and double escape peaks, respec-
tively. The solid curve is a fit to the Legendre polyno-
mial expansion 1+ (A,/A() Py(cos ).
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FIG. 14. Shapes of the Y-ray bremsstrahlung spectra
obtained by Compton-spectrometer measurements and
used for cross-section calculations in the present work.
Spectra calculated from Schiff’s formula integrated over
angles are shown for comparison (solid curves).

Systematic errors of the absolute scale of the
cross section introduced by the sources discussed
in paragraphs (i)-(v) are estimated to amount up
to +6%. Additional sources of systematic errors
can, however, be introduced into these measure-
ments by cascading y rays, especially since the
decay scheme of *K for the levels above 5 MeV
is not known. The corresponding corrections for
the yields of the low-lying levels were performed
on the basis of the known decay schemes. It was
assumed that the states above 5 MeV decay only

3
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FIG. 15. Comparisons of differential cross sections
for the 4°Ca(v, p )**K . reaction at 90°: present work
(points with error bars), the data of Wu et al. (Ref. 20)
(full curve), data from the inverse reaction of Hafele,
Bingham, and Allen (Ref. 16) (dashed curve). The solid
and dashed curves have been arbitrarily drawn through
the experimental points. Errors in the absolute cross-
section scale determination are + 6% for the present
work, +10% for Ref. 20, and + 70% for Ref. 16.
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to the ground state, with the exception of the
5.62-MeV state, for which the 2.61-MeV line was
ascribed to the 5.62—~ 3.02-MeV cascade. It is
possible that some cascade lines with energies
less than 1 MeV were hidden in heavy background
at low energies and were unobserved. The mag-
nitude of this type of errors is difficult to esti-
mate. Nevertheless, the comparison of integrated
deexcitation cross sections to proton cross sec-
tions shows that errors of this type are not large.

IV. DISCUSSION

A. (v,p,) reaction

Previous experimental data on the (y, p,) reac-
tion'*~22 consist mainly of differential cross sec-
tions at one angle only (with the exception of
Ref. 21 where measurements at two angles are
presented for the low-energy part), while angular
distributions were not studied extensively. There-
fore, in the present work only 90° data are com-
pared to other experimental results. In Fig. 15
we see that present measurements reproduce
well the cross-section shape of Refs. 16 and 20
except for the possible energy shift of =150 keV.
Such good agreement is also found with low-energy
data of Refs. 19 and 21 (peaks at 12.6, 13.1, and
~ 14 MeV) for which no energy shift is observed
also. Wu et al.?® (Fig. 15) measured the (y, p,)
cross section in the y-ray energy interval 17-24
MeV and determined its absolute value within an
error of 10% which is comparable to the 6% pre-
cision of the present work and the experiments
agree on the same magnitude of the cross section.
On the other hand, little significance can be at-
tached to the agreement with absolute value of
the other experiments in which data are obtained
with lower precision. It should be noted that
Feldman, Baliga, and Nessin'? present for the
(p, v,) cross section (not shown in Fig. 15) an
absolute value which amounts to only about half
the value observed in the other experiments.
However, these authors obtain a similar discrep-

ancy for the reaction B(p, v,)*2C (cf. Refs. 23-25).

The cross section integrated over angles
(Fig. 4) shows essentially the same structure as
the 90° data. Its shape is in good agreement with
the total photonuclear cross section.?

The existing continuum theory calculations
are based on pure shell-model configurations
for the *°Ca ground state and the states of residual
nuclei. Therefore the significance of the compar-
ison with theoretical results depends on the
purity of these states. It has been argued on the
bases of experimental?*~3! and theoretical®*~%
work that the ground state of *°Ca contains, be-
sides its dominant closed shell structure, con-

27,28

siderable admixture (about 30%) of more compli-
cated states also (some authors®*®~% suggest even
larger impurities). Similarly, there seem to be
indications?®*! for the presence of core excitations
in the dominantly d,/, hole ground-state wave
function of *K.

Cross sections for the dy/, reaction channels
resulting from 1p-1h coupled channel?” and eigen-
channel®® calculations based on Woods-Saxon po-
tential greatly exceed the measured value for the
(y, p,) reaction. The introduction of an absorptive
potential®’ tends to reduce the cross section and
to broaden the peaks, thus partly diminishing the
discrepancy with the experimentally observed
gross structure. The calculated cross section of
Marangoni and Saruis®’ (Fig. 16) is in a fair agree-
ment with the experimental results as far as the
energy distribution of the (y, p,) width is con-
cerned, while in other cases including bound state
calculations (cf. Refs. 36, 42) too low energies
are obtained for the position of the main peaks.

The experimental integrated (v, p,) cross sec-
tion up to a y-ray energy of 25 MeV amounts to
21+ 3% of the giant resonance photoabsorption
cross section (Table III), as compared to the cal-
culated continuum theory values for the d,/, hole
channels of 45%2® and 53% (with an absorptive
potential in the latter case).?” On the other hand,
Gillet and Sanderson®'*? obtain in their bound-
state calculation 24% for the d,;, hole contribution
to the total dipole strength. Since the (y, p,) in-
tegrated cross section is 2.2 times larger than
the (v, ny) cross section,? the amount of dy/, hole
strength that should be attributed to the proton
channel following the results of Gillet and Sander-
son is 17%, in good agreement with the observed
value for the ground-state cross section. All
these authors use pure shell-model ground-state
configurations in their calculations.

In previous experiments only angular distribu-
tions at a few values of proton energies were mea-
sured?”? and in some cases'*'!® 3 bremsstrahlung-
weighted angular distribution was presented. The
ratio of Legendre polynomial coefficients A,/A,
from these experiments ranges from -0.3 to -0.5
which, considering their experimental uncertainty,
is in good agreement with the present average
value of —-0.45. The only serious discrepancy
seems to arise at an excitation energy of 14 MeV,
where Diener et al.?? present a value of 0.6+ 0.2,
excitation functions of Heimlich and Mausberg?!
at 0 and 90° imply A,/A,~0.2, while present data
(Fig. 4) give a value around -0.5. There seems
to be no explanation for such a disagreement.

Although the number of measured Legendre
polynomial coefficients is smaller than the number
of unknown parameters in angular distributions,
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one can still use them for a restriction of possible (with a negligible spin-flip p,,, amplitude).
reaction channel configurations. Assuming only Similarly, as observed with other nuclei, the
E1 transitions to continuum states of **Ca, a pure coefficients A,/A, of photoproton angular distribu-
fs/2 configuration would give A,/A,= -0.40 (see, tions are fairly energy-independent. This is in
e.g., formulas in Ref. 43), while only a small contradiction to continuum theory calculations
admixture (3%) of p,/, proton waves would suffice (cf. Fig. 17) where large variations are predicted.
to fit the experimentally observed mean value There is a slight correlation between the experi-
of -0.45. Of course, larger admixtures of p,, mental data and the theory®’ in the vicinity of 16.5
(up to 90%) are also consistent with the present MeV, where measured A,/A, coefficients have
data. This is compared to the prediction of Gillet smaller absolute values although they are still
and Sanderson®* for the composition of the main negative (calculation predicts positive values but
dipole state at 18 MeV which gives 6% for |p,,|* their magnitude and sign are very sensitive to
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FIG. 16. Comparisons of experimental results (left half of the figure) to the theoretical 1p-1% coupled-channel calcu-
lations with absorptive potential of Marangoni and Sarius (Ref. 27) (right half of the figure). Beside present results (un-
labeled), the following data are presented on the left half o. the figure: (a) total absorption cross section from Ref. 26;
(b) (7, n;) total cross section from Table I, Ref. (i); (c) (7, n,) differential cross section from Ref. 20 where the abso-
lute scale representing the cross section integrated over angles was plotted assuming the same angular distributions as
obtained from the (v,p( reaction in the present work.
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relative phases of continuum state eigenvectors).
Consistently with the prediction of Marangoni
and Saruis,?” this might be due to the presence of
a larger proportion of the p,/,(dy,)”! amplitude
in this energy region.

B. (v.#,) and (7,7,) reactions

The cross sections for the (y, p,) reaction in-
tegrated over angles obtained from the measure-
ment of protons and deexcitation y rays (see Figs.
5 and 11, respectively) agree with each other with-
in the experimental errors.

It is noted that the energy dependence of the
cross section has a gross structure similar to the
total photoabsorption cross section (cf. Fig. 16)
and peaks at the same photon energy. This fea-
ture—already observed in (y, p,)—seems to be
typical for all partial cross sections. It is in
contradiction to the expectations from the coupled
channel calculation of Marangoni and Saruis?®’
where no peaking at 19 MeV is predicted (Fig. 16)
for the (y, p,) cross section. On the other hand,
Barrett et al.?® present a result of eigenchannel
calculation in which the (y, p,) cross-section peaks
at 17 MeV, as does their predicted nuclear photo-
absorption cross section. Their results, however,
indicate a 5-MeV displacement towards higher
energies for the peak of the (y,n,) cross section
which is not observed experimentally (Figs. 11
and 16). The (y,n,) cross section is about 3 times
smaller than (y, p,). The isospin impurity of the
giant dipole state can be estimated using the ex-
pression of Barker and Mann.** A value between
0-0.18 is found*® for the ratio of the T=0to T=1
amplitude, in agreement with a similar value
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FIG. 17. Measured ratio of Legendre polynomial coef-
ficients 4,/A, from the °Ca(v, p)**K,s. reaction, com-
pared to predictions of coupled-channel calculation (Ref.
27) (solid curve) and eigenchannel calculation (Ref. 28)
(dashed curve) for the (da,z)" reaction channel.

obtained for the ground-state cross sections. Both
cross sections (y, p,) and (y,n,) together comprise
14% of the nuclear absorption cross section, which
is fairly consistent with the value of 9% for the
2s,/, hole configuration obtained by Gillet and
Sanderson?? in their bound-state calculation (Table
III). The agreement with continuum calculations

is less satisfactory. The predicted proportion

for the (y, p, +n,) cross section in the giant dipole
region is 4.5% (coupled channel®”) and 28% (eigen-
channel®®) of the total photonuclear cross section.
In the former case this discrepancy and the dis-
placement of the cross section peak are possibly
due to a different choice of the py/, single particle
energy (0.5 MeV lower). In the latter case the
excessive (y, p,) cross section is probably of a
more general character.

TABLE III. Measured and calculated main decay modes of GDR in 4°Ca. Present results are underlined.

Residual nucleus

Integrated cross sections relative to the

Dominant integrated total absorption cross section (%)
Energy and spin of shell-model Coupled-channel Eigenchannel Bound state

Reaction the residual state hole config. Experiment calculation? calculation® calculation®

(025 29, 0 MeV; 2%, %K o)t 21 53 45 24

tv,mg) 0 MeV; $*,%Ca 372 gd 20 14

.01 2.53; 4", ¥K @51)" 10.5 9 (2.5%) 25 0

tv,my) 2.47;1%,%Ca 2 3.5 2 4

sp) 2.82—4,08, %K 10.5

v.p) 4.93-8.0,%K e )=t 34t 14 11 67

ty,n) 5.11-6.13; §*,%Ca 572 2 2 1

2 Reference 27. Theoretical integrated total absorption cross section is a sum of the 1p-1h reaction-channel cross

sections calculated with absorptive potential.
b Reference 28.
¢ References 36, 42.

dReference 20, assuming angular distribution of (y,p,) as obtained in the present work.
0
¢ The figure in parentheses represents the part of integrated cross section in the region of the giant resonance.

f4Ca(y,p)®K 54,93
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The analysis of the (y, p,) cross section in
terms of channel spin representation shows an
interesting feature. Only channel spin 0 exhibits
a resonant behavior, while S=1 cross section is
remarkably nonresonant (Fig. 9). The dominance
of the S=0 amplitude is consistent with the picture
according to which the dipole operator affects
mainly the space part of the wave function of the
nucleus. We only note that in the 3 P(p, y,)**S re-
action* the fluctuation analysis gave no indication
for different reaction mechanisms since similar
proportions of direct components were found in
both channels. As in the case of 3!'P(p, y,)*S the
S$=0 channel is dominant also in the “Caf(y, p,)
reaction.

For the comparison with theory an analysis in
the j -j coupling scheme is more convenient al-
though it is somewhat ambiguous. It was per-
formed with the assumption of a constant amplitude
ratio |py,|/|py.| =V2. Such an amplitude ratio
is consistent with all A,/A, values encountered in
the (y, p,) angular distributions, as well as with
the dominance of the channel spin S=0 strength.
It also agrees with the ratio of (2s,/,) ' (1p,/,) and
(2s,/,)"*(1p,/,) amplitudes predicted by Gillet and
Sanderson*?'*® (the 18.6-MeV state in the latter
case). The resulting phases shown in Fig. 10 are
rather insensitive to changes of amplitude ratio.
The average value of the phase angle between the
|pye| and —|py,| amplitudes is about 50°. It
shows considerable variations in the region of
the giant resonance peak. Similar variations of
the phase angle between the s,/, and d;/, amplitudes
were observed in the *N(p, y,)*°O reaction.®

C. Photonuclear reactions to channels involving
negative -parity states of residual nuclei

The negative-parity states of the residual nuclei
are mainly populated through the photoproton re-
actions. The dominant contribution—amounting
to 7% of the photonuclear absorption cross sec-
tion in the giant resonance region—comes from
the states at 2.82 MeV (§7) and 3.02 MeV(37) in
39K. The %K 3.94-MeV state, for which the spin
and parity are uncertain,**” contributes about
2% to the total photonuclear cross section. The
results of the matrix inversion method applied to
the deexcitation y-ray spectra are shown in Fig.
11 in the form of energy-dependent cross sections.
Photoproton spectra, on the other hand, provide
summed (y, p) cross sections for the states of
the residual nucleus *K in the energy region 2.82
-3.94 MeV (Fig. 6). The latter compares well
with the deexcitation results for the sum of con-
tributions to states at 2.82, 3.02, and 3.94 MeV.
The small difference can be accounted for by the

reaction channels involving states at 3.59, 3.88,
4,08, and possibly at 4.02 MeV (unobserved).
These states have not been considered in the above
sum.

Negative-parity states are considerably less
populated in the (y,n) reaction. The yield to the
2.80-MeV state in *Ca is only about 0.2 times
the yield of its (y, p) counterpart (the 3~ 2.82-MeV
state in ¥K). The yield to this state was too
small to allow a deduction of the energy depen-
dence for the cross section. Even smaller is
the contribution of the 3~ 3.03-MeV state due to
the prohibitive reaction threshold (19 MeV). It
could not be resolved in the deexcitation spectra
because of the proximity of y rays from the anal-
ogous state in *K,

The limits for the proton wave amplitudes have
been deduced from the angular distributions of the
deexcitation y rays. The spin-flip amplitudes are
small, and while d/, (for the 2.82-MeV state) and °
sy, (for the 3.02-MeV state) amplitudes seem to
dominate, admixtures of up to 60% of |g/,|* and
70% of |dy,|?, respectively, would still be con-
sistent with the deexcitation data. A further re-
striction is imposed by proton angular distribu-
tions; a simultaneous absence of d/, (for the
2.82-MeV state) and s,/, (for the 3.02-MeV state)
proton waves would be inconsistent with the large
negative A,/A, value (Fig. 6).

Theoretical predictions for negative-parity
hole channels would have to take into account
configuration mixing in the ground state and/or
second-order reaction processes. Such calcula-
tions have not yet been performed. Nevertheless,
it is tempting to try to understand the mechanism
leading to such photonuclear reaction channels.
There is evidence for the admixture of a consid-
erable amount of [(1dy ;) %(1f7z)*],-0+ configura-
tion in the ground state of *°Ca.?®:3%:948:49 A o_ray
excitation of this configuration could result in a
dipole state formed by [(1dy/,)"2(1f4/5) ]2~ coupled
to either a d/,, g7/, OF go/, particle. The above
configuration (two d;/, holes in a doubly closed
2s51d shell and one f,/, particle) is just the one
which seems to be dominant®+®! in the 5~ 2.82-
MeV state of **K. It will be shown later that an
alternative mechanism is also possible.

A similar interpretation for the 3~ contribution
is less appropriate since the population of this
state in the pickup reactions is about an order
of magnitude smaller, while the integrated photo-
nuclear cross section for the corresponding chan-
nel is about the same magnitude. Furthermore,
there are indications that the 3.02-MeV 3~ state
could be described as a collective state5!5? either
by phonon-hole interaction®® or by weak coupling
of the “°Ca excited core (the 3~ vibrational state
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at 3.73 MeV) to a d,/, hole.’* In both cases the
dominant configurations of the 3~ state in **K are
similar. The photonuclear reaction through this

channel could be understood as a two-step process.

In the first step the absorbed y ray excites a pro-
ton to the f,/, shell (as already noted, excitations
2py/, and 2p,,, contribute little to the d,,, hole
configuration). In the second step this proton in-
elastically scatters on the **K core, exciting it

to the 3~ state. Such an interpretation implies
that the shape of the “°Ca(y, p)*°K; o, cross section
should be correlated to the one for “°Ca(y,p)39Kg.s_.
This is not in disagreement with present obser-
vations (Fig. 11).

A two-step reaction process could provide an
alternative mechanism also for the photonuclear
process leading to the 2.82-MeV hole channel,
especially since the yield in the (p, p’) scattering
on ¥K is relatively large® and there is evidence®’
for a significant admixture of collective configura-
tions in the 2.82 MeV *K state. Keeping in mind
the magnitude of the spectroscopic factor for this
state, it is most likely that both configuration
mixing in the ground state [combined with a direct
(y, p) reaction] and a two-step process are re-
sponsible for the observed yield in this reaction
channel.

All the above conclusions are based on the as-
sumption that the photonuclear processes involve
mainly E1 transitions. This assumption is justi-
fied by the almost nonexistent odd Legendre poly-
nomial coefficients in the angular distributions of
protons.

The interpretation of the data for the 3.94-MeV
state in *K is presently not possible due to the
unknown properties of this state.

D. Reaction channels involving excitations of
residual nuclei above 4.93 MeV

Photonuclear reactions in which residual nuclei
are left in excitations of 4.93 MeV or more are
almost entirely limited to proton channels be-
cause of high thresholds for other processes.

The (y, p) cross section is roughly equally divided
between channels with the nucleus *K in its bound
and unbound (excitations above 6.35 MeV) states
(Fig. 186).

As for all of the rest of the channels with 3*K and
%9Ca in excited states, the only other existing ex-
perimental data are those of Ullrich and Krauth®
consisting of deexcitation y-ray yields. Their re-
sults show a systematic relative decrease of
yields with increasing energy as compared to the
presently measured integrated cross sections’
(Table I). Such an effect could be due to an error
in the determination of the efficiency function of
the Ge(Li) detector.

The integrated cross section from deexcitation
data in this energy region (assuming an uniform
giant resonance shape for all partial cross sec-
tions) accounts for about 55% of the bound-state
integrated cross sections seen in the photoproton
experiment (Table III). The remaining yield is
unobserved probably due to the large number of
residual states which are poorly populated in
photonuclear reactions. These residual states
decay either directly to the ground state or through
intermediate states. The only cascade observed
in the present work is the decay 5.62 MeV (3*)
~3.02 MeV (§7) ~g.s. (3*), presumably with a
branching ratio®® of about 0.5. In this energy
region mainly $* bound states of **K are populated
(the three 3* states at 5.27, 5.62, and 6.35 MeV
account for about 60% of the cross section seen
in the deexcitation spectra). It is typical that
the extent of population of these states is roughly
proportional to the spectroscopic factors found
in nucleon transfer reactions®® which also seem to
have a dominant dy/, configuration. It is believed
that the d;,, hole configuration may extend to
excitations in the continuum as high as 8 MeV
or more,*” with a center of gravity at about 6.6
MeV. Therefore it is justified to assume that
the reaction channels involving states of *K with
excitations above 4.93 MeV have a dominant dy/,
hole configuration.

The energy integral up to 24.6 MeV excitation
in “°Ca yields a value of 163 MeV mb for the photo-
proton cross section involving states in **K above
4.93 MeV (Table I). It corresponds to 34% of the
total absorption cross section®® in the same en-
ergy region. This result is compared to calculated
values of 13% for the d/, hole channels, obtained
using continuum theories.?”*?® On the other hand,
the bound-state calculation of Gillet and Sander-
son®® predicts a d;/, hole contribution to the giant
resonance state of as much as 66%. It was shown
by Fujii®® for the case of shell-model continuum
calculations that the branching of the dipole reso-
nance into different reaction channels depends
critically on the parameters of the two-body inter
action. It is probable, therefore, that a suitable
choice of the two-body interaction potential would
improve the agreement between the experimental
data and the results of continuum calculations, as
far as the branching is concerned.

The shape of the “Cal(y, p)**K¥, o5 mev CrOSS SeC-
tion follows the general pattern of the *°Ca giant
dipole resonance with the exception of the low-
energy part which is depressed due to the vicinity
of reaction thresholds. The shape also shows a
general agreement with the results of the coupled
channel calculation®” except for the 1-MeV shift.
The “°Caly, p)**Kf ¢5-¢.35 Dart of the cross section
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exhibits some structure in the energy region
around 22 MeV, which might correspond to the
peak at 22.4 MeV in the data of Marangoni and
Saruis. The configuration of the wave function
for this peak involves fy/,(ds,)"" and fyp(dy/,)™?
components. Thus dominantly f,, proton waves
would be expected. The same configuration is
also predicted by Gillet and Sanderson at a some-
what lower energy. A pure spin-flip amplitude
would produce a positive value for the A, coef-
ficient in angular distributions. Unfortunately,
very small admixtures of other waves may change
the A, value considerably. At energies above
20.5 MeV there seems to be a tendency for angular
distributions to change from a negative A, value
to almost zero (Fig. 7), which might be due to a
dominant spin-flip amplitude in this region.

Neither angular distributions of deexcitation
y rays for the 3°K states at 5.27, 5.62, and 6.35
MeV nor angular distribution of protons to the
4,93-6.35-MeV **K bound states can lead to a
detailed determination of the proton channel con-
figuration. This is seen from the experimental
values for A,/A, coefficients and the formulas for
angular distributions.'®+** Both types of angular
distributions favor dominant p,/, proton waves,
but a reaction channel configuration identical with
the theoretically predicted®®'*? d,;, hole configura-
tion of dominant f,/, particles in the dipole state
would still be consistent with the experimental
data. It is, however, reasonable to assume that
the dipole state configuration and the reaction
channel configuration are not identical because
of the different transmission coefficients for p
and f waves. Therefore, we expect the proton
p-wave amplitude to be enhanced as indicated by
the experimental results.

The experimental uncertainties of the channel
amplitudes are mainly due to the unknown mixing
ratios for the decay of the 3* states. As seen from
the formulas for the deexcitation y rays, present
experimental results restrict the possible values
of the mixing ratio for the 6.35-MeV state to
6<0 or 5>0.45 (here the phase convention of Rose
and Brink'® was used).

The small value of odd Legendre polynomial co-
efficients in angular distribution of protons indi-
cates that most of the cross section is due to re-
action channels involving J" =1 intermediate
states in “°Ca, as assumed in the analysis.

V. CONCLUSIONS

The presented experimental data comprise cross
sections and angular distributions for most of the
photoproton and photoneutron reaction channels.
Cross sections for photonuclear channels studied
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in the present work, to which the (y,n,) cross
section? is added (a contribution of about 8%),
represent 90 + 10% of the total photoabsorption
cross section of Ref. 26. The measurement of
photoprotons and deexcitation y rays provided a
double set of experimental results which are con-
sistent with each other. The present result for
the case of the (y, p,) differential cross section,
which was also measured elsewhere, isin a
complete agreement with these data.

It is shown that less than 3 of the photonuclear
absorption cross section is due to reaction chan-
nels with the residual nuclei in their ground states,
while results of continuum theory calculations
ascribe % of the cross section to the ground-state
transitions. On the other hand, there seems to
be a consistency between the configuration of the
dipole state in the bound-state calculation of Gillet
and Sanderson and the experimentally found in-
formation about the reaction channel configura-
tions. This is exhibited in the experimental data
in two ways. Firstly, the branching of the giant
resonance into channels with different hole con-
figurations (observed through the integrated cross
sections for processes involving residual nuclei
in different states) is in agreement with the pre-
dicted hole configurations of the giant dipole state.
Secondly, angular distributions of protons and
deexcitation y rays indicate dominant f,,, waves
in (v, p,), b3/, waves in (y, p,) and p waves for
reaction channels in which mainly 3* states are
populated (excitations above 4.93 MeV). This is
again consistent with the predictions of Gillet and
Sanderson.

All the measured partial reactions exhibit
similar resonant energy dependence, with the
cross sections peaking at the same energy of
about 19 MeV. Such a uniformity of the cross
sections is not in a good agreement with results
of coupled-channel and eigenchannel calculations.

Theoretically predicted variations of angular
distributions are likewise not found experimentally.
The weak energy dependence of angular distribu-
tions which was observed elsewhere in other nuclei
is also found here. In two cases, however, there
are indications for a correlation between theo-
retical results of Marangoni and Saruis, and the
experimentally found angular distributions. These
are: the (v, p,) reaction in the vicinity of E,
=16.5 MeV with a predicted p, /,(d,/,)™" dominant
configuration, and the photoproton reactions in-
volving residual nuclei states with excitations
above 4.93 MeV where a f,/,(d,/,)” configuration
is predicted.

Angular distributions are slightly forward peaked
with odd Legendre polynomial coefficient close to
zero for all proton channels. This indicates small
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admixtures of even electromagnetic multipolarity
terms.
The separation of the (v, p,) cross section into
two channel spin contributions shows that only
the dominant S =0 part of the cross section has
a resonant structure, while S=1 is almost energy-
independent. This interesting phenomenon may
still need an explanation and further investigation.
In negative-parity channels—for which no theo-
retical predictions exist—proton waves with
lowest possible / values seem to dominate. It
is proposed that such reaction channels are con-
nected to the existence of two-step reaction pro-
cesses and impurities in the ground state of *°Ca.
The ratio of (v, p,) and (y,n,) cross sections of
2.5 implies an T=0 to T=1 amplitude ratio in the
4Ca giant resonance of about 0.1, It is shown

that this is in agreement with the results obtained
for the ground-state transition if the ratio of
transmission coefficients is taken into account.

Finally, it is demonstrated on the 6.35 MeV 2*
state that in some cases photonuclear reactions
can be useful in the study of spectroscopic prop-
erties of nuclear levels.
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