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The ~9K(p, y) Ca reaction has been studied from 6.5- to 17-MeV bombarding energy covering
the electric giant dipole resonance (GDR) in Ca. The GDR displays fine, intermediate, and
gross structure. A fluctuation analysis of the fine structure gives a coherence width -25 keV
and indicates that compound levels contribute &3% to the total dipole strength. The intermedi-
ate structure has widths clustered between 150 and 450 keV. Despite the large yield fluctua-
tions angular distributions have a uniform shape throughout the GDR with A2=-0.33, charac-
teristic of dominating f-wave capture. A broad coherent state observed at 19.3 MeV contains
90% of the capture strength with the remainder contained in a weak broad peak at 22 MeV.
These positions and relative strengths agree well with calculations of the coherent dipole
states based on 1p-1h excitations. However, continuum calculations fail to predict the total
widths and angular distributions.

I. INTRODUCTION

Hadiative proton capture has proved an impor-
tant reaction for studies of the electric giant di-
pole resonance (GDR) since it relates very direct-
ly to the paxtiele-hole structure of the involved
states. The many nuclei in the P and s, d shells
have been studied experimentally through proton
capture showing both the successes and the limi-
tations of the microscopic 1p-1h model. Typically,
the calculations done with realistic forces for the
residual interaction, and often coupled to the con-
tinuum by the formalism of Buck and Hill, ' yield
fewer dipole resonances than are observed and fail
to reproduce the uniformity of the proton angular
distributions found throughout the GDH region even
when the resonance appears broken up into many
peaks. The GDH of "0 is an extensively studied
case where five resonances are observed rather
than the tmo predicted by the simple 1p-1h model. '
The additional structure is usually ascribed to ad-
mixtures of 2p-2h or 3p-3h states. It is, however,
of interest fo find a case where the predictions of
the basic model can be cheeked without additional
complication. 4'Ca appears as the appropriate
choice for such a study because it has a very sim-
ple ground state and thus a predictable GDH. On
the other hand, it has such a dense spectrum of
excited states that their influence on the collective
state may be statistical.

The electric dipole states of 4oCa have recently
been calculated by Blomquist and Kuo' in a 1p-1h
bound-state formalism with realistic forces, and
by Marangoni and Saruis4 in the coupled-channel
formalism. Both of these, and some earlier cal-
culations, concentrate more than 8(@of the dipole
strength in a single state near 19 MeV excitation.

Previous experimental data over the GDH energy
region in 4'Ca were reported for the "K(p, y, )4'Ca
reactionby Hafele, Bingham, and Allen' mith
-100-keV resolution and in the photonuclear reac-
tions 40Ca(y, n, ) and (y, p, ) by Wu et al. ' with -50-
keV resolution. Both results indicate considerable
structure in the GDR of 4'{.a.

The present paper gives nem results on the GDH
region of 4'Ca as observed in the proton-capture
reaction. Making use of the high efficiency of the
Stony Brook NaI y detectoI, the excitation function
mas obtained with -30-keV energy resolution which
is of the order of the expected coherence width of
background compound states in 4'{.a. Thus, an
analysis could be made of the fine and intermediate
structure in a statistical approach. It mill be shown
that the gross structure extracted from the data is
in good agreement with the theoretical predictions
of the 1p-1h model. Angular distributions mere
also obtained and are not fully in accordance mith
the coupled-channel calculations,

Thin targets of ' K mere bombarded by protons
with energies between 4 and 17.5 MeV from the
Stony Brook tandem accelerator. Peexcitation y
rays leading to the ground and first fem excited
states mere detected in a large NaI detector with
anticoincidence shield. ' "K targets were prepared
by evaporation of natural potassium metal under
vacuum in situ onto 20-p, g/cm' carbon foils, with
thicknesses ranging from 20 to 50 keV as deter-
mined from the profile of the 4.903-MeV reso-
nance observed in the "K(P, y, )"Ca reaction. '

Tmo typical y spectra obtained are presented in
Fig. 1. The left spectrum measured at a bom-
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FIG. 1. High-energy portion of the y spectrum ob-
served at 90' in the 39K(p, y)4 Ca reaction. Transitions
to the ground state (yo) and the first four excited states
are indicated. The shaded intervals were used for yield
determination (see text).

barding energy of 10.143 MeV shows the perfor-
mance of the detector to the y radiation and the
neutron background. As indicated, the y, transi-
tion is the outstanding peak with a resolution of
-5% at E = 18 MeV. The very large background
radiation at energies below 10 MeV is cut off by
an electronic threshold. The residual counts be-
low the y, peak are probably due to transitions to
"Ca excited states, while the counts just above the

yo peak occur at the energy of the y, transition in

Ca, which results from capture by the 6.88% "K
component present in the target. To indicate that
the y spectrum is not so clean at all bombarding
energies, the right-hand side of Fig. 1 shows a
spectrum taken at 14.312 MeV. In addition to a y,
peak, transitions to the lowest excited states
around 4 MeV are now observed. Attempts to ex-
tract the various final states were not successful.
However, the y, transition is still well separated,
and in all spectra the strength of this peak was
simply obtained by integrating over the indicated
inter val.

Absolute cross sections were obtained from the

y yield by direct calculation, which requires know-
ledge of target thickness, total charge which en-
tered the target, the solid angle subtended by the
detector, and the efficiency of the detector. The
latter consists of the intrinsic efficiency of the
collimated Nal crystal which was taken as 100%
(after correction for absorption in materials be-
tween the target and crystal) and the electronic
rejection ratio. This ratio could be obtained for
each run from the accepted and rejected spectra,
stored separately in a pulse-height analyzer. The

calculation yielded the number 0.029 sr for the
product of solid angle and efficiency for the geom-
etry used in the runs at 90'. A check on this cal-
culation was made by a comparison with the known
absolute thick-target yield' of the "C(p, y, )"N re-
action from the first T = 2 resonance at E~=14.231
MeV, and agreement was obtained within &%.

III. RESULTS FOR THE GROUND-STATE
TRANSITION

The excitation function for the ground-state tran-
sition measured at 90 with respect to the beam
direction is given in Fig. 2. The data were ob-
tained in 30-keV steps from 6.5- to 15.0-MeV bom-
barding energy, and in 100-keV steps from 15.0 to
1'7.5 MeV. Target thickness was 30-keV to 11.0-
MeV protons. The excitation curve shows clearly
the -3-MeV-wide peak associated with the QDR
centered at E~-11 MeV. The maximum cross sec-
tion of 8.9 pb/sr (+80%) is attained at E~ = 10.65
MeV, corresponding to an excitation energy of 18.V
MeV. The absolute cross sections reported pre-
viously by Hafele, Bingham, and Allen' for this re-
action agree with the present curves when averaged
over 100 keV to match Hafele's energy resolution.
Wu et al. ' obtained results from the photoproton re-
action 4'Ca(y, P,)"K which systematically exceed by
about 15% the upper limits on the inverse-reaction
cross sections derived from the present work.

Superimposed on the GDR envelope are peaks of
intermediate width I'=150 to 400 keV, and fine
structure &50 keV wide. This fine structure per-
sists in the region below the GDR although with re-
duced amplitude. This hierachy of gross, inter-
mediate, and fine structure has been observed be-
fore in other nearby nuclei, notably" "Si, but Ca
is a particularly beautiful example because it
shows clearly only a single broad envelope rather
than the several broad components present in "Si.

Several additional investigations were made into
the characteristics of the fine structure. In order
to determine the smallest width of the fine struc-
ture, the segment of the excitation function be-
tween 11.315 and 11.515 MeV was examined in
small steps with a target only 2 keV thick to 11-
MeV protons. The resulting yield curve shown in
the inset of Fig. 2 indicates that the finest ob-
served structure is -25 keV wide. This observed
width is quite in agreement with the result from a
fine structure analysis of the "K(P, n) reaction"
over the bombarding energy range 10 and 13 MeV,
which gave a coherence width between 10 and 30
keV. To study the dependence of fine and inter-
mediate structure on the detection angle, the de-
tector was moved to 45' and the excitation function
repeated in the energy range from 10.92 to 11.64
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MeV with a target 20 keV thick to 11.0-MeV pro-
tons. The yield curve is compared in Fig. 3 with
the corresponding section of the 90 yield curve.
The two curves are very similar except that the
peaks in the 45' curve are sharper, presumably,
because a thinner target was used for the latter.
Hence, it is anticipated that angular distributions
will not change rapidly with excitation energy de-
spite the considerable amount of structure present
in the excitation function. This feature has been
observed in other nuclei, with "Si again being an
excellent example.

Angular distributions were measured at the bom-
barding energies indicated by arrows in Fig. 2.
Each distribution was fitted with a sum of Legendre
polynomials W(e) =1+g A, P, (cosg), withe =1 to
4, and the resulting coefficients are plotted in Fig.
4 against excitation energy. A, is negative and
large throughout the GDR region, with an average
value of A, = -0.33 being within the errors at most
points. The only significant deviation in the GDR

occurs at E~=10.63 MeV where A, = -0.55+0.10.
This energy coincides with a strong intermediate
structure peak; however, there is no general cor-
relation between intermediate structure and devia-
tions of the A, coefficients from the average. The
uniformity of the angular distributions throughout
the GDR is contrasted by the result obtained at the
peak at E~=5.8 MeV, significantly below the GDR.
Here the angular distribution is forward peaked
with A, =+ 0.60. In a simple one-configuration de-
scription of the dipole states, this sign change
amounts to a switch from a non-spin-flip transi-
tion in the GDR to a spin-flip transition at the 5.8-
MeV peak. The A, and A4 coefficients vanish with-
in the errors at all energies, attesting to the pre-
dominantly dipole character of the y transition. At
several excitation energies around 20 MeV a non-
vanishing A, coeffi.cient indicates interference with
M1 or E2 radiation, probably the effect of the giant
quadrupole resonance.

Based on the average angular distribution, the
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FIG. 2. Excitation function (mostly in 20-keV steps) of the yo yield at 90' over the GDR regions of Ca. Complete
angular distributions were taken at energies indicated by arrows. The insert shows the portion from 11.30 to 11.56
MeV taken in 2-keV steps.
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at 45' (top) and 90' (bottom) over a segment of the GDH
in 40Ca.

yield curve in the region from 14.67- to 25,39-MeV
excitation energy gives an integrated cross section
of 7V MeV mb or 13% of the classical dipole sum
rule. The total y-absorption cross section in 4'Ca
integrated up to 25 MeV exhausts -65% of the sum
rule, "with leis than —', of this appearing in the
neutron channel. " Qn the assumption that only
single-neutron and single-proton resonant emis-
sion contributes to the decay of the GDR up to 25
MeV [the (y, np) threshold occurs at 21.42 MeV],
the present results then imply that approximately
—,
' of the photoproton strength goes to the ground
state of 'M. This ratio is quite plausible as can
be seen from a comparison of the strengths of the
two most important particle-hole components in
the GDR, namely C, =(1f,&2)(ld~»)

' and C2
=(1f,~2)(ld, ,2) ', of which only the first connects
strongly to the ground state of "K. The 1p-1h
wave function' for the GDR gives the ratio
C,'/(C, '+ C,') = —,'. The additional effect of the
2p 3/2 excitations wi 11 reduce this ratio .

Averaging the yield curve of Fig. 2 over sliding
energy intervals of various arbitrary widths gives
the set of excitation functions of Fig. 5. These
curves can now be compared to earlier measure-
ments made with poorer energy resolution. '""
The data averaged over 100 keg exhibit 12 "inter-
mediate" peaks between 18 and 22 MeV with widths
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function of bombarding energy. The dashed curve results from the coupled-channel calculation of Ref. 4.
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ranging from 150 to 450 keV and located at ener-
gies in Table I. Corresponding peaks apparent in
the earlier data of Hafele, Bingham, and Allen, '
obtained with 100-keV resolution, and in the work
of Wu ef al.e for the inverse (y, p, ) reaction, ob-
tained with 50-keV resolution, are included for
comparison. All data correlate in the structure
and, in addition, %'u has observede strong corre-
lations between structure in the (y, P,) and (y, n, )
reactions. This will be further discussed below.
The gross structure obtained with the 1.5-MeV
averaging interval indicates a dominant wide peak
around 19 NeV, and a smaller one on the high-en-
ergy side. After conversion of this curve to obtain
the (y, P0) excitation function| i't was fitted wltll two
peaks, each having the energy dependence"

0'0

i+ (z2 -z,')2/(rz)2 '

This gives the resonance parameters listed in
Table II and puts the energy of the dominant state
at 19.3+ 0.1 MeV.

EXCITATION ENERGY (MeV)

I5 I6 l7 IS 19 20 2I 22 25 24 25

"K(p, y,
)'Oco
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IV. FLUCTUATION ANALYSIS OF OCa

FINE STRUCTURE

In the case of a reaction which occurs at excita-
tion energies where the compound-nucleus levels
overlap, Ericson" has shown that fine structure
can be expected from coherent interference among
overlapping levels of the same total angular mo-
mentum J' and parity m. The reaction amplitudes
of these levels are assumed to have random phases
and all compound-nucleus levels of given J are
taken to have equal total width. The latter assump-
tion is justified by the argument that, at high exci-
tation energies, many partial widths contribute to
the total width but no partial width dominates. The
total width and the average energy spacing of the

6 7 S 9 IO II I2 I5 l4 l5 l6 l7 IS
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FIG. 5. The yo excitation of Fig, 2 averaged over var-
ious sliding energy intervals of widths between 100 keV
and 1.5 MeV, to display the intermediate and gross struc-
tu.re in the GDH.

coherently interfering levels are denoted here by
I' and D, respectively. Whereas Ericson assumed
that the condition (F/D)»1 must be satisfied for
his theory to be applicable, Moldauer" has shown
that (1/D) ~ 1 is sufficient. The theory then pre

TABLE I. Excitation energies (in MeV) of intermediate structure peaks observed in 4oca.

Present work

18.26
18.68
19.07
19.45

19.85
20.13 (weak)
20.43
20.65
20.94 (broad)
21.49
21.69
22.06

39K(P ~ )40ca
Hafele, Bingham, and Allen

(Ref. 5)

18.2
18.7
19.0
19.4

40ca(~ P )39K

Wu et al.
(B,ef. 6)

18.20
18.70
19.05
19.35
19.60
19.90

20.35
20.55
21.20

21,80
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p(E, 4 ) = (2J'+1),„,e' 'e,

where t is the nuclear temperature, A is the mass
number, and the value a = 6.0 is suggested by
Preston. The parameter a is, in general, ex-

TABLE II. Resonance parameters for giant-dipole-
resonance peaks in Oca,

Lower peak Upper peak

00(y, Po) (mb/sr)
I' (MeV)
Z„(MeV)

'

% of dipole strength

1.95 + 0.1
3.1 + 0.2

19.3 +0.1
84 +13

0,35+ 0.25
3.2 +0.5

22.0 + 0.5
16 +12

diets fine structure correlated in energy over a
range =I' termed the coherence width.

In the present case of the "K(P,y, )4'Ca reaction,
it was deduced from the angular distributions that
the yo transition is predominantly E1 in character
at all energies above E„=16MeV. Since the well-
known isospin selection rules prohibit d T = 0 E1
transitions in self-conjugate nuclei, only com-
pound levels with J' =1, 7.' =1 are considered be-
low. It will be shown that, for these levels, the
condition (I'/D) ) 1 is satisfied in the GDR region
in "Ca. This conclusion remains true if isospin is
not a good quantum number for the compound levels
since D would then be even smaller.

From the data obtained with the 2-keV-thick tar-
get (see the inset of Fig. 2), it is concluded that
I'=25 keV at E„=19MeV. Noting that the T =1
levels in 4'Ca are isobaric analogs of levels in 4'K,
D can be estimated from the spacing of isolated
resonances observed in the ' K(n, y)4'K reaction at
neutron energies below 300 keV, and then extrap-
olated to 19 MeV excitation in "Ca. Since the Q
value for the (n, y) reaction is 7.80 MeV and the
first T = 1 level in ~'Ca occurs at E = 7.64 MeV,
D is initially obtained at E„=15.5 MeV in "Ca.
The assumption is made that the resonances ob-
served in the "K(n, y)4'K reaction are formed by
8-wave capture only, and therefore must have J'
=1 or 2'. The spacing of J"=1 levels can then
be deduced from the experimental data using the
following two general predictions'8 of statistical
models of nuclear level densities: (1) Positive-
and negative-parity compound-nucleus levels occur
with ec(ual probability, and (2) the density of levels
of a given (small) Z is weighted by 2Z + 1. The
result is D=14.8 keV for J'=1, T =1 levels at
E„=15.5 MeV in 'Ca. The extrapolation to 19 MeV
is then made using the level-density formula given
by Preston" which, for small/ is

oD=ldl' (4)

&ocN& =& If(E}l'&

it can be shown that

&o& =on+ &ocN&

(5)

The two processes contribute coherently to the
cross section at a given energy but incoherently
to the average cross section. Using Ericson's
definition of the autocorrelation function R(e),

(o(E)o(E+e) &

(o&'

one obtains the following relation between R(e), I',
and OD for a reaction in which one channel domi-
nates,

1
R(e) =(1 —I;)

where

I'n=on/(o & .
As can be seen from Eq. (B), R(e }has a I.orentzian
shape with half width at half maximum equal to I".

In the present case of the "K(P, y, )4'Ca reaction
in the GDH, it can be deduced from the energy in-
dependence of the angular distributions that only

one independent channel contributes, assuming
that it is unlikely that two independent channels
will combine to generate the same angular distri-
bution at all energies. However, the amplitude d

in Eq. (2} can no longer be taken as energy-inde-
pendent. Allardyce et a/."have shown that if d(E}

pected ' 'to lie between A/10 and A/7. 4, and is
chosen here as a= 4.47 =A/9 in order to give agree-
ment between D and (2) at E„=15.5 MeV. Finally,
one obtains a=3.1keV at E„=19MeV in 40Ca and,
therefore, I'/D=8. Using (2) to calculate D as a
function of energy and estimating 1 from argu-
ments, based on penetrability factors and the fact
that the neutron channel just opens at 15.61 MeV,
it can be shown that I'/D= 1 down to E„=16 MeV.
Hence, in the following, the fine structure ob-
served in the 90' excitation function in the range
16 MeV & E, ~ 23 MeV we'll be treated m terms of
Ericson's theory.

Considering first the case of a reaction which
proceeds via compound-nucleus formation with
amplitude f (E) and via an energy-independent
"direct" process with amplitude d, the cross sec-
tion o(E) is given by

o(E) =
I d+ f(E)l'

Denoting averages over energy by (&, and with the
definitions
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varies smoothly with energy, then R(8}defined by
Eq. (I) retains a Lorentzian shape but is shifted

up from the 8 axis by a function K{c)-dependent
both in magnitude and form on d(E) V.arious
methods for removing the K(8) modulation from
R(e) have been suggested"" "; two, referred to
as the difference technique and the moving average
technique, mill be employed here.

In the difference technique, "tmo autocorrelation
functions R,(8) and R,(8) are calculated from the
data. Rl(E) ls computed according to Eq. ( f}.
R~(e) is computed fl'0111 tile definition

(&r(E)a (E+8)),
„

2 (o)a (10)

(12)

The notation (o{E)),indicates an average over an
energy interval q =25E extending from E -5E to
E+ 5E The value of g to be used in the calcula-
tion of R(8) is determined by computing R(0) as a
function of q. For q=0, R(0) =0. As q increases,
R(0) also increases, until the averaging interval
is large enough to average out the narromest
structure. R(0) then levels off and is independent

where the notation (o(E)),
„

indicates an average
over an energy interval large in comparison to the
fine structure but significantly smaller than the
energy range of the data. Defining R~(e) by

R~(e) =R,(e) —R,(8)

one obtains 1" and Fn from Eq. (8), with R~{8)re-
placing R(8).

In the moving average technique, '" the autocor-
relation function is defined by

of q provided q is significantly less than the width
of any other structure which might be present.
R(c) is then calculated for q within this "plateau"
region of R(0). Values of 1 and Fo are deduced
from R(8) according to the relation given by Eq.
(8)

The autocorrelation functions were calculated by
the two techniques discussed above using the data
of Pig. 2 in the range 16 MeV» E„»23 MeV.
R~(e) obtained in the difference technique with a
200-keV averaging interval used for the calcula-
tion of R,(e), is shown in Fig. 6. The 200-keV
averaging interval was chosen to remove from
R~(8) effects of intermediate structure and the
GDH envelope. The resulting coherence width,
after correction for target thickness and the finite
energy range of the data, is 14 keV+12 keV. This
is in agreement with the previously noted results
of a fine-structure analysis of the "K(P, o)"Ar
reaction. " It is, however, smaller than the esti-
mate I' = 25 keV made from Fig. 2, although the
tmo are compatible within the large error which
comes mainly from uncertainty in the target thick-
ness. From the value R(0) =0.022, one concludes
that only -1% of the average (P, y, ) cross section
results from the fluctuating compound-nucleus
processes. For comparison, in 288i, the corre-
sponding number" is -4%.

Using the moving average technique, the de-
pendence of R(0) [Eq. (12)] on the averaging inter-
val q mas determined and is shown in the inset of
Fig. 'i. Changes in slope are evident at @=350
keV and q= "It'00 keV. The first corresponds to an
averaging interval for which all weak intermedi-
ate-structure peaks have been averaged out, as
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FIG. 7. Autocorrelation function 8 (&) between the
39K(P, yo)40Ca cross section at E and E+e, obtained
from the moving average technique (see text) with an
800-keV averaging interval. The inset shows 8 (e) for
z =0 as a function of the averaging-interval width,
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can be seen in Fig. 2. R(0) is still sensitive to q,
however, since the width of the intermediate-
structure peaks is approximately equal to q. No
plateau develops for R(0) until q is large enough
to average out the intermediate structure also,
which occurs at q = 700 keV. Here a relatively
flat region develops for q between '?50 and 930
keV. The subsequent increase in R(0) as q be-
comes still larger is attributable to the envelope
of the GDR. The autocorrelation function R(e)
shown in Fig. 7 was calculated with q=800 keV.
The coherence width I'= (26+ 13) keV is obtained,
which is in agreement with the estimate F =25
keV made from Fig. 2 and, within the large error,
with the result derived above in the difference
technique. The two methods yield essentially the
same number for R(0), which is considered some-
what fortuitous since different averaging intervals
were used. For averaging intervals up to 1.0 MeV,
however, both methods indicate that &3% of the
average ' K(p, y, )4'Ca cross section is the result
of compound-nucleus processes.

The variation of I' as a function of excitation
energy was investigated using the moving average
technique and 2-MeV sections of the excitation
function, with q again equal to 800 keV. A mono-
tonic increase from F = 22 keV for 16 MeV & E,
&18 MeV to 7=32 keV for 20 MeV &E„&22MeV
was obtained which, although within experimental
and statistical uncertainties, may indicate the
growing contribution of the neutron channel to the
width of the compound-nucleus levels.

The small percentage obtained for the com-
pound-nucleus contribution to the (P, y, ) cross
section in the QDR is consistent with the assump-
tion that the fine structure is caused by weak com-
pound-nucleus states interferring with the domi-
nant giant dipole state. " Fluctuations in the cross
section are then expected to be of greatest magni-
tude near the peak of the QDR. This feature is
clearly observed in Fig. 2. The fact that the an-
gular distributions are approximately energy-in-
dependent can also be explained. Capture of the
incoming proton initially sets up the coherent
giant dipole state, which then decays by y emis-
sion or proceeds to more-complicated (less co-
herent) configurations. Thus, the angular distri-
butions are determined mainly by the giant dipole
(doorway) state.

V. INTERMEDIATE STRUCTURE

Table I lists the energies of the intermediate-
structure peaks taken from the 100-keV averaged
data of Fig. 5. Corresponding peaks have been
observed in the excitation functions of the reac-
tions "Ca(y,P,), "Ca(y, n, )'; "Ca(y, n)"; and

"K(P, n, ), "K(P, o., ), "K(P,P, ), and ' K(P, P ') for
several inelastic channels. "' ' Various proposals
have been advanced to explain intermediate struc-
ture and can be separated into two broad group-
ings: statistical fluctuations due to overlapping
levels"' ~ and resonance structure caused by in-
dividual levels. ""

In the former category, Singh, Hoffman-Pinter,
and Lang" and others have shown that in a given
reaction channel a random "lumping" of com-
pound-reaction amplitudes can produce structure
of width greater than I'cN, i.e., the average width
of the compound levels. However, the correlation
between cross sections for different channels
should be zero when calculated for a statistically
meaningful energy interval, unless the symmetry
of the interaction with respect to the two channels
implies the same amplitudes [e.g. the (y, PO) and

(y, n, ) excitation functions should be similar to
the degree to which Coulomb effects can be ig-
nored] . The correlation between the various par-
ticle channels" seems to rule out this explanation.

In the latter grouping, Moldauer" had proposed
a statistical theory of intermediate structure
which for strongly absorptive incident channels
predicts individual resonances which may appear
at the same excitation energy in various exit chan-
nels. These resonances are expected to exhibit a
broad range of widths, but the intermediate peaks
observed here are clustered in a range of a few
100 keV as is illustrated by the two bends in the
autocorrelation function in the insert of Fig. 7.
A likely interpretation of the observed intermedi-
ate structure is that in terms of more complicated
states which are coupled to the 1p-1h collective
doorway state. ~ A calculation including 3p-3h
states has recently been done" in "0 and resulted
in good agreement with the experiment.

VI. DESCRIPTION OF THE GDR

The gross structure of the excitation function of
Fig. 2 indicates two wide peaks (with characteris-
tics listed in Table II), which are now identified
with the 1p-1h dipole states and are compared in
Fig. 8 to the various theoretical predictions.

Gillet and Sanderson computed the negative-
parity states in 'Ca both by diagonalizing the par-
ticle-hole interaction'4 and by the random-phase
approximation. " The residual interaction em-
ployed was a central potential with Gaussian ra-
dial dependence and exchange terms. Nearly all
single-particle and hole energies were taken from
experimental data. Coulomb effects were taken
into account by reducing the proton particle-hole
energy by 0.66 MeV 3~ (0.5 MeV)" for diagonal
matrix elements of '.he residual interaction. Us-
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FIG. 8. Comparison of the averaged 39K(p, yo)40Ca

yield function arit various theoretical predictions for
the electric-dipole strength distribution in 40Ca. The
bound-state results of Gillet (Ref. 35) and Kuo (Ref. 3)
as well as the continuum calculations for the (p, yo)
cross section of Ref. 4 are indicated.

ing the single-particle wave functions of an infi-
nite harmonic-oscillator weB, the calculations
predicted 90% of the El strength in one state lo-
cated between 18.3 MeV' and 18.'76 MeV." A
state -3 MeV higher contained the remaining 10%
of the El strength. Comparison with experiment
shows that the predicted energy of the GDH is
about 1 MeV too low. The disagreement between
the experimental and theoretical GDR energies
was attributed~ in part to the use of too small a
value for the energy of the d,» hole, namely, 5.9
MeV. In the calculation of Bef. 35, this energy
was taken as 6.4 MeV, but the GDH was still pre-
dicted -0.5 MeV too low.

The d„,hole components are of special interest
in the present work since, in the shell model, the' K ground state is just a d,~, proton hole in ~OCa.

The predicted amplitudes of the f»,d,» ', p„,d», ",
and P„,d,~,

' configurations in the giant dipole
state are 0.50, 0.04, and 0.12, respectively.
(These are in general agreement with expections
based on the simple schematic model. ")The state
at higher energy contains appreciably only the
f»,d», ' and f»,d», ' configurations with coeffi-
cients 0.95 and 0.25, respectively.

Direct comparison of the bound-state calcula-
tions with the experimental cross sections and
angular distributions cannot quantitatively be
made. It is noted, though, that the experimentaBy
observed A, = -0.33 is consistent with dominant
f -wave capture (for pure f-wave capture, one
would observe A, =-0.40). The large ratio for the
(f»2dsg2 ) to (Pgiadsga ) amplitudes ln the giant di

pole state is therefore in qualitative agreement
with the experiment.

Blomquist and Kuos calculated the negative-
parity one-particle-one-hole states in Ca using
the Hamada-Johnston potential, single-particle
wave functions of an infinite harmonic-oscillator
well, and the random-phase approximation. The
effect of core polarization was also investigated.
Essentially the same single-particle and hole en-
ergies were used as given by Gillet and Sander-
son. '4 Coulomb effects were included in diagonal
matrix elements, but with a reduced correction of
0.32 MeV. The resulting wave functions exhibit
1p-1h amplitudes comparable to those obtained
previously, but the predicted energies for the
main GDB are closer to the experimentally ob-
served value. In fact, in the calculation of Blom-
quist and Kuo, which gives the best agreement
with experimentally determined energies of 3 and
5 states at low excitation energies, a giant dipole
state with 93%%uo of the El strength is obtained at
19.53 MeV to be compared with the presently ob-
served 19.3+ 0.1 MeV. An additional state at
22.10 MeV containing 7% of the sum rule is also
in accord with the experiment.

The coupled-channel theory' was applied to "Ca
by Marangoni and Saruis. ' A real Woods-Saxon
well with spin-orbit and Coulomb terms was em-
ployed for the single-particle potential with well
parameters adjusted to reproduce the single-
particle energies of GiBet and Sanderson. ~ A
zero-range residual force was assumed and resid-
ual Coulomb interaction effects included. These
calculations yieM directly the o(y, P,) cross sec-
tion. Resonances containing appreciable dipole
strength are predicted at 19.5 and 22.4 MeV, with
peak (y, p, ) cross sections'" of 200 and 28 mb,
respectively. Experimental peak total cross sec-
tions obtained in the present work are 21 mb at
the 19.3-MeV resonance and 3.8 mb at the 22-MeV
resonance. Although the energies agree well, the
predicted cross sections are about 10 times larger
than the experimentally obtained values. The pre-
dicted widths of approximately 1 MeV for the two
states are only one third of the experimental
widths. The disagreement between the predicted
and observed cross sections and widths is at least
partially attributable to exclusion of an absorptive
potential from the (y, PO) calculation. The (y, P)
cross section was calculated~ both with and with-
out an absorptive potential W(E) =0.05E(MeV)
=0.5. The widths are increased to 1.5 MeV with
the inclusion of the absorptive potential, and the
peak total (y,P) cross section at 19.5 MeV in re-
duced from-465 mb (W =0) to -120 mb. As dis-
cussed above, the present work indicates that
-25%%uo of the (y,P) strength goes into the P, channel.
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The predicted (y, P, ) peak cross section then be-
comes 30 mb, close to the observed value of 21
mb. The total width, however, is still less than
the observed value.

The coupled-channels calculations also yield
angular distributions for the "K(p, y, )~'Ca reac-
tion, and the predicted4 A, coefficients are com-
pared to experiment in Fig. 4. Between 18 and 21
MeV the signs agree but the predicted average
value A, = -0.12 is consistently only about —,

' of

what is observed. Above 21 MeV the predicted
A, becomes positive with +0.34 at -21.5 MeV, at
variance with experiment.

In summary, it appears that in "Ca the 1p-1h
calculations predict accurately the energies and
approximate dipole strength distributions. How-
ever, the coupled-channels continuum calculations
fail, as in earlier cases, to give the correct
widths and angular distribution.
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