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.447 -958 sing as an explicit function of sing. As can be seen,
for sin p, &0.9578 the curve has three branches.
In this region the inequality (6) is still satisfied
if sinv is less than the lowest branch or is be-
tween the two upper branches. For comparison
I have also given my previous result, '

sing, —cos p,sinv & 1-sing, cos p.
'
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FIG. 2. Plots of all the existing uniqueness conditions:
sinv as a function of simp. Vertical lines are sinp-inde-
pendent bounds. N and M refer to Newton's and Martin' s
bounds (Refs. 1 and 6). To the left of these values,
0.447 and 0.79, the solution is unique. (6), (7), and (8)
refer to the equations given in the text. For the curves
(7) and (8) the uniqueness regions are the domains
above the curves. For the curve (6) the region of
uniqueness is the entire domain of the picture except
the half-top shaped area at the extreme right between
the right branch of the curve (6) and the vertical line
at @=90'.

the result of Ref. 2,

cos p,sin v )sin p, —
(4

and the results of Ref. 1 and of Newton, '

sing, (0.79 and sin p, (1//5,

respectively. Figure 2 shows that except for the
region at the extreme right of the figure the con-
jecture is proven.
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It is seen that for

sin p, &0.9578

the condition (6) is satisfied regardless of the
value of sinv. This can be read off from Fig. 2

which shows the solution of Eq. (6), namely, sinv
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Radiative-Emission Spectrum of 50-Mev Nuclear Excitations Populated by Proton Capture
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Qualitative features of the y-emission spectrum from nuclear states in the 50-MeV ex-
citation energy range to states in the giant-dipole-resonance region are described. Prop-
erties of the initial- and final-state structures are deduced.

In an exploratory study of proton radiative-cap-
ture reactions at the Indiana University Cyclotron
Facility, Kovash et ai.' observed intense primary
radiation to excitations of the residual nucleus
which were identified as stretched-configuration
8~0 particle-hole states in closed-shell nuclei
and the corresponding single-particle states in
closed-shell-plus-one nuclei. The purpose of
this Letter is to describe qualitative features of

this radiation and the structure of the excitations
involved. These features indicate that proton ra-
diative-capture reactions for incident protons
with energy greater than about 25 MeV may be
used to map out the density of one-body states
from the Fermi level to 60 MeV excitation, per-
haps higher.

A schematic representation of the radiation ob-
served' in closed-shell residual nuclei is shown
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in Fig. 1. Continuum states with excitation ener-
gy E„)28coo are populated by capture of an inci-
dent proton. These states then decay by radiative
transitions with energy Ez to a broad structure
in the 6~0 excitation energy range which has a
peak energy E„&.For the cases studied thus far,
E„pis below Egd, the peak energy of the giant di-
pole resonance; rather E„pappears to be bracket-
ed by the energies E„ofthe T =0 and 1 stretched
configuration @~,particle-hole states. The width
and separation of these two states are much too
small for them to be exclusively responsible for
the entire structure. In this Letter, the identifi-
cation of these states with E„&in Ref. 1 is regard-
ed as an aid to locating the most pronounced part
of a much broader structure. The giant dipole
width is also smaller than the width of the final-
state structure. In fact the observed structure is
broad enough to include the entire S~, particle-
hole state spectrum and not much broader.

The radiation observed in "B(p,y) and a com-
parison spectrum for "C(p,y) are shown in Fig.
2. A rough reproduction of the "B(p,y) spectrum
can be obtained by distributing the single-particle
strengths inferred from 'sC(p, y) over the dis-
crete shell-model S~, particle-hole states of "C
with a 2J+1 statistical weight factor. The peak
of the broad structure seen in "B(p,y) is domi-
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nated by the 3 and 4 states of the ld„,(lp») '
configuration; its asymmetry is due to the 2 and
3 states of the ld»(lP») ' configuration. Ac-
tually, the shell-model level distribution predicts
a second peak near 24 MeV. The empirical dis-
tribution of 2 and 3 levels' in this energy range
of "C indicates that the second peak should be
lower in energy where it would merge with the
main peak at 19.2 MeV to yield the observed
asymmetry. The possibility of resolving a sec-
ond peak between 21 and 24 MeV may be worth
considering in subsequent experiments.

A summary of characteristic energies for the
excitations observed in ' C and Si is given in
Table I with related information on the giant di-
pole resonance and stretched-configuration states
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FIG. l. Schematic representation of the radiative
emission spectrum from nuclear states in the 50-MeV
excitation energy range to states in or below the giant-
dipole-resonance region of closed-shell nuclei. The
energy scale is in units of the single-particle oscilla-
tor energy, K~ 0=41/A'i3
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FIG. 2. y emission spectra, of C and N obtained
from bombardment of "g and C with 40-Mev protons.
The solid lines represent the data reported in H,ef. 1
plotted as a function of ' C excitation energy. The '3N

spectrum is shifted in energy so that the s-d-shell
single-particle states of this nucleus coincide with the
centroid energies of the '2C particle-hole states as de-
termined by the 4 stretched-configuration states The.
spectra extend below zero excitation to show the ex-
perimental resolution associated with them. The line
spectrum under the '2C spectrum is representative of
the shell-model 8~0 particle-hole spectrum for 16&E„
& 25 Mev.
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TABLE I. Characteristic energies associated with y-emission spectra.

Energy ' 12C '8Si 12C b 28sib Eav

&xp

&3;d
&st' =0~
Z„Q'=1)
Zsc(av. )

19.2 ~0.6
22.6
18.27
19.57
18.92

13.8 +0.6
20
11.58
14.36
12.92

44.0 +1.4
52
41.8
44.8
43.3

42.0 +1.8
61
35.2
43.7
39.3

43 +3

38.5 +3.3
44.2 +0.6
41.3 +2.0

1d~/2(lp ~/2) 1f)/2(ld, /, ) +5/2&» 3/2»f v/2(+5/2) &av

20.17
20.34

13.88
13.85

46.2
46.6

42.2
42.1

44.2 +2.0
44.4 +2.1

'Reference 1 for E„»other energies are from Ref. 2 for ' C and Ref. 3 for Si.
be=a'~'z.
'From particle-hole calculations of Ref. 4.

for these nuclei. There is a clear distinction be-
tween E„pand E& in each case; E@ is higher in
energy than E„pand the difference between them
increases in going from "C to "Si. In each case,
E„psatisfies

E„(T=0) (E,,~z „(T=1); (1)

E„~is closer to E„(T= 1) than E„(T= 0) but this
distinction is not nearly so pronounced as the dif-
ference between E„pand E&d. It is possible to
identify E„zwith either E„(T=1) or E„(av.), the
avera, ge energy of the stretched-configuration
states. The most interesting feature of the struc-
ture observed in "C and "Si is the trend of E

p
with increasing mass number. The parameter
K„p=A."'E„pis approximately constant over a
mass interval where K d =A. ' 'E& is known to in-

0
crease significantly. ' Further, the magnitude of
K„pagrees rather well with KD=A~'I~, = 41 MeV.
It follows that E„pcould be interpreted as the
centroid energy of the dominant single-particle
excitations, 1P», to 1d„,in "C and 1d„,to 1f„,
in "Si. The centroid energy of such excitations
is the single-particle quantum of excitations;
thus,

E„p=b(o,= 41'"'.
The energy scale of the schematic representation
in Fig. 1 is based on this identification of E„pwith

The previous association of E„pwith E„is
equivalent in the sense that E„marks the approx-
imate position of the centroid. The last three
rows of Table I show that the equivalence of E„
and the centroid energy is particularly good in

C and Si where the dominant single-pa, rticle
excitations are particle-hole states based on
stretched (j=l+ 2) single-particle states for both

particle and hole. The stretched-configuration
particle-hole state, which has angular momentum
Jsc=j„P+j«, is one of these states.

In the preceding remarks, the y-emission spec-
tra from states in the 50-MeV excitation range
have been identified with the distribution of ele-
mentary particle-hole excitations of closed- shell
nuclei and the corresponding single-particle
states of closed-shell-plus-one nuclei. Popula-
tion of low-lying multiple particle-hole excita-
tions such as "C(V.66 MeV) is inhibited. Within
the class of particle-hole excitations, there ap-
pears to be an absence of selective population of
specific states other than would be expected from
the 2J+1 statistical weight factor. The observed
spectra are a qualitative representation of the
density of one-body states from the Fermi level
to about 25 MeV excitation; they reveal the gross
structure of the simplest nuclear excitations.

Having identified the dominant characteristic of
the final-state structure, it becomes possible to
describe features of the initial-state structure
and the radiative transitions between them. Since
the initial states are populated by capture of fast
protons (E~= 40 MeV), it is reasonable to expect,
as noted by Kovash et al. ,' that the important ones
will be particle-hole or single-particle states.
An alternative, that the initial-state structure is
a giant resonance with well-defined I, S, J, and
T quantum numbers, seems remote in compari-
son because of the unselective manner in which
the final-state structure is populated by the emit-
ted radiation. The initial-state structure consid-
ered here is giant in the same sense as the final-
state structure; namely, a clumping of elemen-
tary excitations in the vicinity of nb~0 excitation
energy. ' Parity is the only good quantum number
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for giant structures of this type. The dominant
multipolarity of radiative transitions between
such structures can be determined from the Weis-
skopf single-particle estimates. These estimates,
generally of limited value except for normaliza-
tion purposes, are appropriate in the present con-
text by definition. Electric dipole (El) is the
dominant mode of radiation. Since E1 radiation
in self-conjugate nuclei such as "C and "Si is
subject to spin and isospin selection rules' (AS
=0, AT =1) that are most effective for single-par-
ticle transitions, separate arguments about the
nature of the initial-state structure and emitted
radiation reinforce each other once the final-
state structure has been defined. As a result,
the observed radiation is a composite of a/l al-
lowed E1 transitions between 25~ and Mco one-
particle, one-hole states. The dominant charac-
teristics of this composite are governed by the
most important single-particle dipole transi-
tions, ' lf„,(1p»,) '-1d», (lp») ' for '2Q and

lg,&,(ld», ) '-lf», (1d», ) ' for 2'Si. These transi-
tions correspond to the "second harmonic" giant
dipole resonance suggested by Kovash e~ al. '

The 2J+1 statistical weight factor is essential
to this explanation of the emission spectra re-
ported in Ref. 1. It has been used previously to
explain the difference between (p, y) cross sec-
tions for ground and excited states of the residual
nucleus; for example, the 'Li(p, y,)'Be(2') cross
section is about 5 times the 'Li(p, y,)'Be(0') for
proton capture in the giant dipole resonance re-
gion. " As used, the 2J+1 factor is a consequence
of a sum rule analogous to the J-file sum rule"
of atomic spectroscopy. The criterion of validity
for use of this sum rule in the present context is
that all initial states in the J-file sum be equally
populated. This criterion is satisfied marginally
for initial states in the giant-dipole-resonance re-
gion. In this region particle-hole states from a
given (j~, j") configuration are distributed over an
energy interval that is comparable to or some-
what smaller than the intrinsic width of the un-
bound particle state. Population of these states
by proton capture would depend on the di.stribu-
tion at each energy of the interval and would tend
to be unequal. At 50 MeV excitation the width of
an unbound particle state is much larger and the
criterion should be satisfied quite well. It is
worth noting that a J-file sum rule is satisfied
exactly for optical-model initial states in which
coupling to the spin of the target is neglected.

This is a reasonable approximation for 40-Me7
protons on light nuclei, but is suspect at the low-
er energies of the giant dipole region.

In summary, the important states populated by
capture of protons in the region of 50 MeV excita-
tion of the residual nucleus are expected to be op-
tical single-particle or particle-bole states. Ra-
diative transitions to states at lower energies are
governed by a transition operator that is predom-
inantly a one-body operator. As a result, the
final states populated by the transition are optical
single-particle or particle-hole states. The se-
lectivity of this reaction process is one of separ-
ating simple and complex nuclear excitations in
the lower energy range.
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