
10 November 1967, Volume 158, Number 3802 

Radiative-Capture Studies of i 
Giant Dipole Resonar 

Gamma-ray yields from capture of protons and a-parti 
give finer details than studies of y-ray absorpt 

Ralph E. B 

Emission of electromagnetic radiation 

(gamma rays) by nuclei was observed 
in the earliest days of radioactivity. 
For nuclei, as for other radiating sys- 
tems, radiation and absorption are in- 
verse processes: that is, if surrender 
of energy by emission of a gamma ray 
changes a nucleus from an excited state 
A to some state B in which it has less 
energy, and if this nucleus in state B 
regains the same amount of energy by 
absorbing a gamma ray, it returns to 
state A. This nuclear absorption of 
gamma rays was not observed until 
much later. The interaction between 
nuclei and electromagnetic radiation 
was first studied in "photonuclear re- 
actions," in which absorption of a gam- 
ma-ray photon caused the nucleus to 
emit a particle. In the inverse experi- 
ments that I describe, however, gam- 
ma-ray emission results when a nucleus 
captures an energetic particle from an 
accelerator. 

Most of the gross features of the 
nuclear absorption of gamma rays were 
established by experiments in many 
laboratories (1-3) during the late 1940's 
and early 1950's. The major result of 
these studies of photonuclear reactions 
was that the graph of gamma-ray ab- 
sorption plotted against gamma-ray en- 
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tum is transferred in the absorption 
process.) Hence the broad resonance is 
called the electric-dipole giant reso- 
nance, or "giant resonance" for short. 

The bulk of the measurements that 
established this giant resonance were 

the on photonuclear reactions induced by 
bremsstrahlung beams-beams of gam- 

LCC~ ~ ma rays produced when energetic elec- 
trons stop abruptly on striking a target. 
Even with the current refinement of 

icles these techniques, experiments with 
sources that produce a continuous 

lion. spectrum of gamma rays cannot 
separate peaks that are less than a 

Sege few hundred thousand electron volts 
egel~ apart. The best of the more nearly "mon- 

ochromatic" (monoenergetic) sources 
of gamma rays now available gave 
no significant improvement in ability to 

:ular nucleus in- resolve closely spaced peaks. Similarly, 
le broad peak in experiments with the inelastic scattering 
Ey = 20 million of electrons (which can be shown to be 
'he properties of equivalent to gamma-ray absorption) 
sonance because cannot resolve peaks less than about 
to which the nu- 100 kev apart. Moreover, extensive 
d in Table 1. measurements of the angular distribu- 

scription of the tions of the outgoing particles were not 
ion from some feasible with any of these techniques. 
rges is an equa- These difficulties notwithstanding, the 
infinite series of giant resonance is an important bulk 
eries correspond- nuclear effect that merits study in 
electric charges, greater detail. It is therefore fortunate 

series associated that development of the tandem Van 
agnetic moments de Graaff accelerator (4) now permits 
ions of current study under much better experimental 

series the first conditions; the machine provides beams 
.e radiation from of protons and other heavy charged 
insisting of two particles having high enough energy 
rges of opposite that the giant resonance may be studied 

represents radia- through the inverse reaction of radia- 
quadrupole con- tive capture. 
and two negative Absorption of a gamma ray in the 
ve to each other; giant resonance excites a nucleus to 
ations associated about 15 to 20 Mev; in most nuclei 
erms are labeled this excitation energy is 5 to 10 Mev 
Other considera- above the threshold for emission of a 
ie electric-dipole neutron, proton, or alpha particle. For 
indeed, detailed nuclei heavier than about mass 60, the 
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iclear absorption emission of charged particles, and neu- 
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angular momen- ied through the inverse reaction where- 
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in a proton is captured and a gamma 
ray is emitted. For reaching the upper 
part of the giant resonance, protons of 
up to at least 10 Mev are required; 
these are now available from tandems, 
which produce steady, steerable, well- 
collimated proton beams having con- 

tinuously variable energy and energy 
spreads of less than 5 kev. With tan- 
dems, therefore, the giant resonance 
can be studied under the good experi- 
mental conditions under which detailed 

yield curves and angular distributions 
can be measured. 

Radiative-Capture Experiments 

Figure 1 shows the experimental ar- 
rangement used in radiative-capture ex- 

periments at Argonne National Labora- 

tory; similar setups are in use in other 
laboratories. The proton beam from the 
tandem impinges on a thin target-no 
thicker than about 300 micrograms per 
square centimeter. In a thicker target, 
the proton beam would lose more than 
a few thousand electron volts in pass- 
ing through the target, and hence the 

(p,y) reactions in the back of the target 
would result from capture of ap- 
preciably slower protons than those in 
the front; that is, energy definition 
would be lost. Since target backings 
necessarily are a source of background, 
self-supporting targets are used when- 
ever possible. When a backing is neces- 

sary (for example, when the target 
must be made by evaporation), it is 
made as thin as possible; carbon foils, 
which are commercially available as 
thin as 5 micrograms per square centi- 
meter, make especially good backings. 
After passing through the target, the 

Table 1. Approximate parameters of the 
giant dipole resonance. A, atomic weight; 
N, neutron number; Z, atomic number. 

Peak position 82A-- Mev* 
Peak width 3-8 Mev 
Integrated cross 

section o-dE 0.08(NZ/A)Mev barns 

*Does not hold for A less than about 20. 

proton beam travels about 3 meters 
before being stopped. 

The proton-capture cross sections are 
small: 50 microbarns is typical (1 
barn = 10-24 square centimeter). 
Since, therefore, an efficient detector 
is necessary, the only practical detec- 
tor is a thallium-activated sodium iodide 
crystal [NaI(Tl)]. (It is hoped that even- 
tually one may use the lithium-drifted 
germanium diode, which has much bet- 
ter energy resolution. However, even 
the largest germanium detectors now 
available are too low in efficiency for 
the high-energy gamma rays we are 
studying.) Large NaI(Tl) crystals (such 
as the Argonne ones having linear di- 
mensions of about 25 centimeters) have 
a reasonably high efficiency for the 
15- to 20-Mev gamma rays. A lead 
jacket shields the crystal from stray 
background, and paraffin between crys- 
tal and target helps to filter out neu- 
trons and lower-energy gamma rays. 
Without the shielding, these radiations 
could be troublesome because they are 

usually more numerous by several or- 
ders of magnitude than the capture 
gamma rays. The crystal is mounted 
on an arm that swings about the target. 
(The current practice at Argonne Na- 
tional Laboratory is to use two crystals 
in order to speed acquisition of the 
data.) When a gamma ray is absorbed 
in the crystal, the resultant electron 
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Fig. 1. Experimental arrangement for detecting the gamma rays from the radiative 
capture of protons accelerated by the tandem Van de Graaff accelerator at the Argonne 
National Laboratory. 
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produces a scintillation that is observed 
by one or more photomultiplier tubes 
optically coupled to the crystal. The 
amount of light in the scintillation, and 
hence the charge in the pulse from the 
photomultiplier, is proportional to the 
energy of the incident gamma ray. 
Thus the pulse-height spectrum, which 
is obtained when a multichannel analy- 
zer sorts the pulses in order of size 
and displays the number of pulses in 
each narrow range of pulse heights, is 
equivalent to an energy spectrum of 
the gamma rays. The experiments, then, 
are for measurement of the yield of 
proton-capture radiation as a function 
of energy and angle. 

The pulses from the crystal are 
passed through some special electronics 
to minimize the effect of pulse pileup; 
they are then amplified before being 
sorted by a multichannel analyzer whose 
output is punched on computer cards; 
Fig. 2 is typical. The pulses of highest 
energy are due to cosmic rays, which 
give rise to a continuum extending 
from the lowest energies all the way 
up to several hundred million electron 
volts. As one follows the graph toward 
lower energies, the first peaks encoun- 
tered are due to the proton-capture 
gamma rays. This portion of the curve 
illustrates an important difference be- 
tween the radiative capture and the ex- 
periments with gamma-ray absorption: 
the proton-capture radiation can arise 
from nuclear transitions to excited states 
as well as to the ground state of the 
nucleus (Fig. 3), whereas only the 
ground-state gamma ray is involved in 

absorption. On the other hand, gamma- 
ray absorption involves the entire giant 
resonance, while the capturing nuclei 
in (p,y) reactions always are initially in 
their ground states. In proton capture 
the strength of the gamma ray to the 
first excited state (y7) typically is com- 

parable (Fig. 2) to that of the ground- 
state gamma ray (7y), while gamma 
rays to higher excited states are usually 
considerably weaker. Because of this, 
the bulk of the work has been con- 
centrated on y7 and y7, although some 
information has been obtained on nu- 
clear transitions to higher states. 

At a pulse height corresponding to 
an energy of about 14 Mev, the spec- 
trum rises sharply. This low-energy 
background is due to the very much 
more prolific nuclear reactions in which 
a proton, or neutron, or alpha particle 
is first emitted. 

Since the aim is to study the yields 
of the individual gamma rays, the only 
nuclei suitable for study are those whose 
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Fig. 2. Pulse-height spectrum observed in 
the NaI(T1) crystal when an aluminum 
target with a thickness of 200 micro- 
grams per square centimeter is bombarded 
with 6.07-Mev protons. 

low-lying levels are separated so widely 
that the transitions to these levels can 
be at least partially resolved. For gam- 
ma-ray energies in the range from 15 
to 20 Mev, the NaI(T1) crystals give 
peaks whose widths at half the peak 
height are about 8 percent of the gam- 
ma-ray energy. Thus the gamma rays 
can be resolved only if the low-lying 
states of the nucleus are separated by 
at least 1.2 Mev. Although this restric- 
tion leaves many cases that can be 
studied, it has the effect of concen- 
trating the effort on nuclei having even 
numbers of protons and neutrons, since 
it is almost exclusively in such even- 
even nuclei that the low-lying levels 
are widely spaced. 

Yield Curves 

The yield curve for the A127(p,y7)- 
Si28 reaction, in which capture of a 
proton in Al27 leads to emission of 
a gamma ray yo that leaves the Si28 
nucleus in its ground state, is shown 
in Fig. 4; the data were obtained with 
a NaI(Tl) crystal fixed at 90 degrees 
to the direction of the beam; the target 
was an aluminum foil (200 micrograms 
per square centimeter), and data were 
taken in 15-kev steps (5). For com- 
parison, Fig. 4 also shows the yield 
curve (6) for the photonuclear reaction 
Si2S(y,n)Si27, which was measured with 
a resolution width of 600 kev; the 
wealth of detail that is brought out in 
the high-resolution experiments is ap- 
parent. The (p,y) yield curve exhibits 
a fine structure with peaks about 100 

kev apart; these are grouped into an 
intermediate structure with composite 
peaks several hundred thousand elec- 
tron volts in width, and the whole is 
superimposed on a broad envelope 
about 5 Mev wide. The intermediate 
structure and broad envelope are also 
seen in the (y,n) work, in spite of its 
poorer resolution. (In nuclear physics, 
the word structure is used not only to 
refer to the arrangement of particles in 
the nucleus but also to denote the pat- 
tern of peaks in a curve, or merely the 
presence of peaks; the context indicates 
which meaning is intended.) 

The fact that the fine structure ap- 
pears in the yield curve (top curve in 
Fig. 4) indicates that the reaction pro- 
ceeds at least partially through the com- 
pound nucleus; that is, at least part of 
the time the incident proton loses its 
identity, and its energy is shared among 
a number of nucleons. The compound 
nucleus usually decays by reconcentrat- 
ing the energy on a single nucleon (be- 
cause the electromagnetic interaction is 
comparatively weak, only occasionally 
is the decay by gamma-ray emission), 
but, since the energy has been shared 
among a number of nucleons, this re- 
concentration takes a long time. Then, 
by virtue of the Heisenberg uncertainty 
principle (which states that the prod- 
uct of the uncertainty in energy and 
the uncertainty in time is equal to a 
specified constant), this long time means 
that the states have sharply defined 
energy. Moreover, since there are very 
many ways in which the energy can be 
shared among a number of nucleons, 
a region of high excitation energy con- 
tains many nuclear states. In the con- 
trasting case, known as the direct-inter- 
action mode, the radiation occurs be- 
fore the incident proton can share its 
energy; in this case, in which the in- 
cident proton retains all the energy, 
the nuclear state is simple, short-lived, 
and therefore broad. 

Complex yield curves, such as those 
for the Al27(p,y) reaction, can be 
analyzed statistically; to this end we 
compute the autocorrelation function, 
defined in the present case as 

R(e) = < (a (E)-(E) ]X 
r (E +) - - a)((E + e)) o] 
Lwhere ( sinifi +e)) , /n vera .ver 

where (D) signifies an average over 
the energy. This use of the autocorre- 
lation is a standard technique for dis- 
cerning a characteristic width of peak 
in a curve that exhibits complicated 
fluctuations. The presence of such a 
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Fig. 3. Diagram showing the nuclear en- 
ergy levels relevant to study of the giant 
resonance in Si2 by the A127(p,y) reac- 
tion. Similar diagrams apply to the other 
nuclei that have been studied. 

width is evidenced by a peak at e = 0 
in the autocorrelation; the width of 
this peak is related to the characteristic 
width, and its height is related to the 
intensity of the component with which 
the characteristic width is associated. 
The exact form of the relation de- 
pends on the particular nature of the 
fluctuations. Ericson (7) has derived the 
autocorrelation function that is to be 
expected for a yield curve from a re- 
action that proceeds through strongly 
overlapping states in the compound nu- 
cleus so that interference between states 
of the compound nucleus produces 
strong fluctuations in the yield curve. 
The Ericson theory shows how the au- 
tocorrelation function, computed from 
the yield curve, depends on the widths 
of the states in the compound nucleus 
and on the fraction of the reaction that 
proceeds through the direct-interaction 
mode. 

Analysis of the fine structure in the 

A127(p,7y)Si28 yield curve indicates that 
the width of the states in the Si28 
compound nucleus is about 60 kev. 
Similar widths have been found for 
other reactions proceeding through 
Si28 at the same excitation energy; 
an example is the A127(p,a)Mg24 re- 
action (8), in which absorption of the 
proton produces highly excited states 
of Si28, which decay to Mg24 by emit- 
ting an alpha particle. One should note 
that there is no statistically significant 
correlation between the structures ob- 
served in different reactions: that is, 
the peaks in the A127(p,y) yield do not 
coincide with the peaks in the (p,a) 
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yield. The degree of correlation be- 
tween two curves can be determined 

quantitatively by computation of the 
cross-correlation function, which is 
similar to the autocorrelation function. 
Thus the properties of the fine struc- 
ture are determined by the properties 
of the compound nucleus Si28 at a 
high excitation energy, and have little 
relation to the giant resonance as such; 
in fact quite different structure within 
the giant-resonance envelope is observed 
in other cases (Fig. 5). 

Analysis (5) of the A127(p,y) data 
showed that about 95 percent of the 
cross section is due to the direct-inter- 
action component. In view of the vio- 
lence of the fluctuations, this result is 

surprising until one remembers that 
there is interference between the com- 

pound-nucleus reaction and the direct 
interaction, and that a relatively small 
intensity (proportional to the square 
of the amplitude of the wave) can give 
rise to much greater interference ef- 
fects (proportional to the amplitude and 
hence to the square root of the intensi- 

ty). One should note that Ericson analy- 
ses of the yield curves of other nuclear 
reactions-such as the A127(p,a) reac- 

Table 2. Integrated (yo,po) cross sections, 
expressed in units of the electric dipole sum 
(27r2e2h/Mc) (NZ/A), for the series of nuclei 
having equal numbers of neutrons and pro- 
tons and an even number of each. N, neu- 
tron number; Z, atomic number; A, atomic 
weight. 

Nucleus S (0y, Po)dE S (y, po)dE 

He4 0.17 
Be8 .13 0.11 
C12 .29 .09 
016 .11 
Ne20 .083 .032 
Mg24 .033 .032 
Si2s .14 .06 
Ca40 .12 

tion (8)-often indicate much smaller 

percentages of direct interaction; in 
such cases, the yield curves exhibit 

greater variation from peak to adjacent 
valley. 

The resonance structure in the giant 
resonance is much milder in lighter 
nuclei-as illustrated by Fig. 5, which 
shows the data (9) for proton capture 
by B11; such a trend is expected since 
fewer nucleons are involved in the exci- 
tation of states in the lighter nuclei 
and thus the states may decay more 

quickly. Indeed, studies of level widths 

covering much of the periodic table 
(10) have determined that the char- 
acteristic widths of highly excited states 
continuously decrease with increase in 
atomic number. 

There are so few peaks in the 
Bl(p,y)C12 yield curve that a statisti- 
cal analysis would not be meaningful. 
Detailed yield curves have also been 
measured for proton capture (11-14) 
by Li7, N15, F19, Na23, and p31; the 
measurements show that, as expected, 
the width of the fine-structure peaks 
decreases as the atomic number in- 
creases. In the (p,y) reactions on 
B", Na23, and A127, we found no 
correlation between the yo and the 

v1 yield curves. Where there is suf- 

ficient structure to permit statistical 
analysis, the degree of correlation has 
been computed formally through use 
of the cross-correlation function; such 

analysis of the A127(p,y) data showed 
no statistically significant cross corre- 
lation. On the other hand, the structure 
in the y0 and yl curves from the 
F19(p,y) reaction (12) appears to be 

strongly correlated, and this conclusion 
is supported by statistical analysis of 
the yield curves. 
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Fig. 4 (above). Giant resonance in Si2. In the curve from the 
Al27(p^yo)Si2 reaction (5), features 15 kev apart could be 
resolved. In the study of the Si28(,n)Si27 reaction (6), how- 
ever, the width of resolution of energy was 600 kev. Fig. 5 
(right). Cross section as a function of energy for the gamma 
rays, to the ground state (yo) and to the 4.43-Mev first excited 
state (y1) in C12, formed in the B"(p,y) reaction. 
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The gamma ray yl, whose emission 
leaves the nucleus in the first excited 
state, has in each case a yield curve 
qualitatively similar to the correspond- 
ing yo yield curve-that is, the curve 
is a giant-resonance envelope upon 
which some structure is imposed. In 
all cases, however, the envelope of the 
.y yield curve peaks at a higher in- 
cident proton energy, the displacement 
from the yo peak usually being about 
equal to the energy of the first excited 
state in the final nucleus. Thus it ap- 
pears that giant resonances are associat- 
ed with the excited states of nuclei, 
just as each nucleus has a giant reso- 
nance associated with its ground state. 
The (y-ray) energy of the giant reso- 
nance is a slowly varying function of 
atomic number and appears to be in- 
dependent of whether the giant reso- 
nance is associated with a ground state 
or with an excited state. 

Nuclear theory leads to a quantity 
known as the electric-dipole sum, which 
represents the total expected gamma- 
ray absorption by any nuclear state: 
that is, it represents the absorption 
cross section integrated over all ener- 
gies (15). In the experiments with gam- 
ma-ray absorption (2, 3) the integral 
over the giant resonance alone was 
found to almost equal the electric- 
dipole sum. By use of the principle 
of detailed balance, the yield to be ob- 
served in a (y,Po) study can be cal- 
culated from the observed (p,yo) yield; 
similarly, the (P,yi) yield can be used 
to obtain the yield to be observed in a 
(yl,Po) study (even though the short 
life of the first excited state makes such 
a study virtually impossible). 

From Table 2, showing various 
(y,po) integrated yields obtained from 
(p,y) studies, one sees that the fraction 
of the photonuclear reactions wherein 
a proton is emitted, leaving the final 
nucleus in its ground state, varies widely 
from one giant resonance to another. 
The hypothesis that the giant reso- 
nance is mainly associated with direct 
reactions enables one to explain many 
of the variations in terms of the shell- 
model configurations of the nuclear 
states that are involved. (In the shell 
model, also called the independent-par- 
ticle model, each nucleon is thought 
of as moving in an orbit much as the 
electrons move about in an atom.) In- 
dividual cases are discussed (5, 9, 12) 
in reports of experiments on particu- 
lar nuclei. 

Some trends in the (y,po) yields are 
discernible in spite of the variations in 
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Fig. 6. Some angular distributions from 
the Al"(p,y)Si28 reaction. 

the individual cases. One such trend 
is that the relative (y,po) yield de- 
creases with increase in the atomic 
number. This effect may be attributed 
to the greater complexity of heavier nu- 
clei, because of which the states excited 
in the giant resonance have a greater 
variety of possible modes of decay. 
With more decay modes available, any 
particular mode (in this case, the emis- 
sion of a proton to leave the nucleus 
in its ground state) is less prominent. 
Another observed regularity is that the 
integrated (yl,Po) yield is almost al- 
ways less than the corresponding in- 

19 20 
F (p,y) Ne 

YO Ep ; 

0 

bi3 '=l'a 

8 8 
Fig. 7. Sample angular distributions from 
the F19(p,y)Ne20 reaction. 

tegrated (yo,Po) yield. This effect can 
be explained on the basis of the 
simplest form of the independent- 
particle model, wherein a nucleus in 
its ground state is pictured as having 
all its nucleons in their lowest-energy 
orbits. In this model, the removal of a 
single nucleon from a nucleus in its 
ground state is likely to yield the next- 
lighter nucleus in its ground state. On 
the other hand, an excited state con- 
tains at least one nucleon in some high- 
er orbit, and thus removal of a single 
nucleon is less likely to leave the resid- 
ual nucleus in its ground state. These 
and other trends in the integrated yields 
are discussed in more detail elsewhere 
(12). 

Transitions to excited states higher 
than the first have been observed (5, 
12, 13) in proton capture by F19, 
Na23, and A127; but the only case 
for which a giant resonance, associated 
with one of these higher states, has 
been indicated is capture by Al27. At 
the upper end of the available range 
of proton energies (proton energies of 
about 12 Mev, corresponding to an 
excitation energy of 23 Mev in the 
compound nucleus Si28) we observed 
what appeared to be the beginning of 
a giant resonance associated with the 
second or third excited states of A127, 
or with both. (These two states are only 
360 kev apart, and therefore the gamma 
rays feeding them cannot be separated.) 
It is very possible that giant reso- 
nances, associated with the higher ex- 
cited states of the other nuclides, are at 
too high an energy to have been ob- 
served in the proton-capture experi- 
ments; on the other hand, other factors 
(12) may be responsible for the failure 
to observe them in proton capture. 

Since the fine structure observed in 
the (p,y) yield curves is primarily a re- 
flection of the properties of the com- 
pound nucleus, similar structure would 
be expected if it were possible to meas- 
ure gamma-ray absorption with similar 
energy resolution. However, the fluctua- 
tions would probably be less apparent 
because the energy of the absorbed 
gamma ray can be reemitted in several 
different ways (for example, by emis- 
sion of a proton, which would leave 
the final nucleus in one or another of 
its excited states, or by neutron emis- 
sion). Since these alternative decay 
modes are uncorrelated, their sum 
would show less-violent structure. In 
contrast, for gamma rays of each energy 
there is only a single mode of proton 
capture. 
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Measurements of Angular Distributions 

The angular distributions of yo and 

yl from proton capture by B11, F19, 
Na23, and A127 have been measured 
at Argonne National Laboratory, (5, 
9, 12, 13); those from proton capture 
by H3, N15, and P31 have been meas- 
ured elsewhere (14, 16, 17); some rep- 
resentative data appear in Fig. 6. The 
most striking result is that the angular 
distributions are nearly independent of 
the energies of the incident protons. In 
the study of the A127(p,y) reactions, 
angular distributions were taken at 15- 
kev intervals throughout each of several 

energy ranges scattered throughout the 

giant-resonance region; in all, 120 angu- 
lar distributions were taken. Even at 
the energies marked by strong fluctua- 
tions in the yield curve, the angular 
distributions did not vary greatly. 
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The angular distribution of a nu- 
clear reaction product can be expressed 
as a sum 

w(O) = Z An cos' 0 (1) 
n ,0 

where 0 is the angle between the beam 
direction and the direction of the out- 
going reaction product. The number of 
terms in the sum is greater by one than 
the smallest of three quantum num- 
bers-the quantum number specifying 
(i) the angular momentum of the in- 
cident proton, (ii) the spin of the com- 
pound nucleus in its excited state, or 
(iii) the angular momentum carried off 

by the outgoing radiation. Odd-n terms 
in the angular distribution are due to 
interference between states of opposite 
parity in the compound nucleus. If the 
reaction product is an electric-dipole 
gamma ray, the situation expected for 

14.0 16.0 18.0 20.0 22.0 24.0 

EXCITATION ENERGY IN Si2 (MeV) 

Fig. 8. Comparison of the Si28(y,ao) and (7y,po) cross sections. The data are from the 
radiative-capture experiments, but they have been converted to the inverse reactions 
by use of the principle of detailed balance. 
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capture through the giant resonance, 
the angular distribution can be written 
as 

W(6) = 1 '+ A2 cos2 

In the A127(p,y) reaction, we found 
A2 S 0 for yo and A2 --0.45 for 

yil 7'1 
While the angular distributions show 

little variation with energy for any 
particular giant resonance, both the 
yo and y, angular distributions vary 
greatly from nucleus to nucleus. In 
Fig. 7, which shows some of the data 
from the F19(p,y) reaction (12), one 
may see that the angular distributions 
are quite different from those observed 
in the A127(p,3y) reaction. The F19- 
(p,y) angular distributions are not quite 
symmetric about 90 degrees, the yield 
usually being greater in the forward 
direction; this finding indicates the pres- 
ence of odd-n terms in the angular 
distributions. 

The data are analyzed by use of a 
computer code that adjusts the co- 
efficients A, in Eq. 1 to obtain a 
best fit to the data. The analysis of 
the F19(p,y) angular distributions indi- 
cated that A, and A3 were not zero 
and that their magnitude tended to in- 
crease with increase in energy. These 
odd-n terms have been attributed to a 
small amount of electric quadrupole 
(E2) radiation interfering with the 
dominant El component. Since the in- 
terference term is proportional to the 
amplitude of the E2 component and the 
amplitude is proportional to the square 
root of the intensity, a small E2 in- 
tensity can give a sizable interference 
term: for example, if the E2 com- 
ponent constitutes 1 percent of the to- 
tal intensity, the coefficients of the as- 
sociated interference terms can be about 
10 percent. The coefficient A4, which 
is proportional to the E2 intensity, 
has been indistinguishable from zero in 
all reactions yet studied. 

The angular distribution is determined 
by the spins of the initial state, the 
compound-nucleus state, and the final 
state, by the angular momentum of the 
incident proton, and by the multi- 

polarity (El, E2, and so on) of the gam- 
ma radiation. Where the final state has 
zero spin, as for y0 here, the multi- 

polarity of the radiation fixes the spin 
of the compound-nucleus state. Since 
the gamma radiation is primarily El, 
the compound-nucleus states that ra- 
diate yo must have spin and parity 
1-, and thus the only variable is the 
angular momentum that is brought in 
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by the incident proton. (The small 
E2 component is neglected; interference 
between El and E2 components cannot 
affect the even-n terms in the angular 
distribution.) 

The constancy of the angular dis- 
tributions thus implies that the an- 

gular momentum of the incident pro- 
ton remains nearly constant over the 
entire giant-resonance region; more for- 

mally, the angular momentum of the 
incident proton is in fact the vector 
sum of its orbital angular momentum 
relative to the target nucleus and its 

spin. Therefore, constant angular dis- 
tributions require that the quantum 
numbers of the incident proton re- 
main the same. The quantum num- 
bers of the nucleons that compose the 

target nucleus are not, of course, af- 
fected by the energy of the incident 

proton. The conclusion therefore is that 
the configuration of the entire system, 
target nucleus and incident proton, 
changes little throughout the giant-reso- 
nance region, and one can say that 
this configuration describes the giant- 
resonance state. 

No theory has yet successfully re- 

produced the constant angular distribu- 
tions. In thegenerally accepted theoreti- 
cal picture, the giant resonance is de- 
scribed (18) as the sum of a (small) 
number of particle-hole states (states in 
which a single nucleon is excited to the 

next-higher major nuclear shell, leaving 
a hole in one of the shells that was 
filled when the nucleus was in its 

ground state). Such a picture has very 
successfully explained the gross fea- 
tures of the giant resonance; in fact 
it accounts for the observation that 
proton radiative capture proceeds pri- 
marily by way of a direct interaction. 
However, this theoretical model indi- 
cates that the various particle-hole states 
have somewhat different energies; there- 
fore the configuration of the giant res- 
onance should change with energy, 
and consequently the angular distribu- 
tions for the (p,y) reaction should vary 
with energy. This theoretical prediction 
is clearly contrary to the experimental 
result, and this discrepancy is still un- 
resolved. 

Alpha-Capture Experiments 

The giant resonances in some nuclei 
can also be studied with other reactions: 
in particular, alpha capture by Mg24, 
Mg26, and, to a lesser extent, Si28 
has been investigated (19). The Mg24- 
10 NOVEMBER 1967 
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Fig. 9. Cross section as a function of energy for the Si30(y,ao)Mg26 reaction, as deduced 
from data on radiative capture. 

(a,y) reaction leads, of course, to the 
same nucleus that the A127(p,y) reac- 
tion leads to. The ground-state gamma 
rays for these two reactions are com- 

pared in Fig. 8. In order to present a 
more valid comparison, the principle 
of detailed balance has been used to 
convert each cross section to its inverse: 
that is, the yield curves for Si28(yo,- 

Po) and Si28(yo,ao) are shown. In this 
way statistical factors and other factors 
associated with phase space are elimi- 

nated, and the reactions are directly 
comparable. Although the (y,a) yield 
does appear to follow a giant-resonance 
envelope, the envelope is somewhat 
distorted as compared to what is ob- 
served in the (y,P) reaction. The aver- 

age (y,a) cross section is much the 

smaller, and the fluctuations in the yield 
curve are correspondingly greater. In- 
deed, statistical analyses of the (a,y) 
data have shown that this reaction pro- 
ceeds mainly by way of the compound 
nucleus (19). Thus one may conclude 
that the direct interaction is suppressed 
in alpha capture, and it is this sup- 
pression that accounts for the reduced 
yield. 

It may be argued that the smaller 

(y,a) yield is due to the isotopic-spin 
selection rule. Space limitations prevent 
extensive discussion of isotopic spin 
here; suffice it to say that the notion 
arises because the nuclear forces have 
been shown to be independent of the 

charge-except for familiar electro- 
magnetic effects. Thus the neutron and 
the proton can be considered to repre- 
sent two states of a single kind of 
particle, the nucleon. The formalism 
developed around this idea introduces a 
vector called the isotopic spin. Each 
nucleon has an isotopic spin equal to 

/2; and, when these isotopic-spin vec- 
tors are projected on an axis of quanti- 

zation, the neutron and proton are 

distinguished by having projections in 

opposite directions. The isotopic-spin 
vector is then treated like an angular 
momentum and, without my giving de- 
tails, it follows that the states of a nu- 
cleus have a definite isotopic spin (des- 
ignated T) which is in the range 

/2 (A - 2Z) < T < 12 A 

Our knowledge of nuclear forces leads 
to the conclusion that states of lower 
isotopic spin are at lower energy; there- 
fore the low-lying states in a self-con- 
jugate nucleus (that is, in a nucleus 
having equal numbers of neutrons and 
protons) has T = 0. Moreover, an 
isotopic-spin selection rule states that, 
in a self-conjugate nucleus, El radia- 
tion takes place only between states 
differing by one unit of isotopic spin 
(20); the states that make up the giant 
resonance must therefore have T = 1. 
In particular, both the alpha particle 
and Mg24 are self-conjugate nuclei, 
each with T- 0; thus, if electromag- 
netic effects are neglected, they could 
not combine to form the T = 1 giant 
resonance in Si28. However, in a real 
nucleus the Coulomb effects spoil the 
charge independence, and therefore iso- 
topic-spin selection rules are never com- 
pletely obeyed. Thus, some alpha cap- 
ture through the giant resonance in 
Si28 is possible. In fact, current theory 
is inadequate for a direct estimate of 
how much of the hindrance of the 

(y,ao) yield can be attributed to the 
operation of the isotopic-spin selection 
rule. 

This question has been answered ex- 
perimentally, however, by study (19) 
of the Mg26(a,y)Si30 reaction. Neither 
Si30 nor Mg26 is self-conjugate, since 
each has two more neutrons than pro- 
tons. Hence dipole radiation is per- 
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mitted beween two states having the 
same isotopic spin. In fact, the giant 
resonance in a non-self-conjugate nu- 
cleus should split into two parts-one 
with the isotopic spin of the ground 
state (written T<), the other with one 
unit more of isotopic spin (T ). The 
part with T < can be fed by alpha 
capture, and thus the selection rules 
of isotopic spin permit observation of 
the giant resonance. However, as shown 
in Fig. 9, the yield from the Si30- 
(y,cao)Mg26 reaction, the inverse of the 
Mg26(a,y), is even less than for the 
isotopic-spin-forbidden Si2S(y,cao) Mg24 
reaction. This fact shows that it is not 
the selection rules of isotopic spin 
that inhibit alpha capture through the 
giant resonance. 

Summary and Conclusions 

The data on radiative capture through 
the giant resonance have led to a model 
in which the capture is pictured as 
proceeding through a single broad (and 
therefore short-lived) state that can be 
called the giant-resonance state. This 
state is the one formed directly upon 
capture of a proton, and hence most of 
the capture radiation is emitted quickly 
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in the direct-interaction mode. Some 
of the energy that is contained in the 
giant-resonance state is shared with the 
more-complicated states of the com- 
pound nucleus (that is, with states hav- 
ing many excited nucleons). This shar- 
ing, in turn, gives rise to the fine struc- 
ture that is observed within the giant- 
resonance envelope. The constant angu- 
lar distributions that are observed 
throughout the giant-resonance region 
support the single-state picture of the 
giant resonance. 

The simple model appears to ac- 
count for the main features of the data, 
and at least qualitatively accounts for 
the variation in yield for proton cap- 
ture through various giant resonances. 
Further information about the giant- 
resonance state is obtained from the 
alpha-capture data and from the char- 
acteristic angular distributions of the 
various gamma rays. However, there 
remains the difficulty that the shell- 
model picture predicts a varying angu- 
lar distribution-contradicting the ex- 
perimental result. Work in this field is 
being continued in the hope of re- 
solving this difficulty and of extending 
the model to provide a more complete 
picture of this important nuclear phe- 
nomenon. 
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Throughout history the growth of 
population has been identified with 
prosperity and strength. If today an 
increasing number of nations are seek- 
ing to curb rapid population growth by 
reducing their birth rates, they must 
be driven to do so by an urgent crisis. 
My purpose here is not to discuss the 
crisis itself but rather to assess the pres- 
ent and prospective measures used to 
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meet it. Most observers are surprised 
by the swiftness with which concern 
over the population problem has turned 
from intellectual analysis and debate to 
policy and action. Such action is a 
welcome relief from the long opposi- 
tion, or timidity, which seemed to block 
forever any governmental attempt to 
restrain population growth, but relief 
that "at last something is being done" 
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is no guarantee that what is being done 
is adequate. On the face of it, one could 
hardly expect such a fundamental re- 
orientation to be quickly and success- 
fully implemented. I therefore propose 
to review the nature and (as I see them) 
limitations of the present policies and 
to suggest lines of possible improve- 
ment. 

The Nature of Current Policies 

With more than 30 nations now try- 
ing or planning to reduce population 
growth and with numerous private and 
international organizations helping, the 
degree of unanimity as to the kind of 
measures needed is impressive. The 
consensus can be summed up in the 
phrase "family planning." President 
Johnson declared in 1965 that the 
United States will "assist family plan- 
ning programs in nations which request 
such help." The Prime Minister of India 
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