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Effects of channel and potential radiative transitions in the ' 0(y, no)' 0 reaction
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The angular distribution for the ' 0(y;no)' 0 reaction was observed throughout the excitation energy
region 4.3—7 MeV and at angles of 90' and 13S'. The ground-state radiation widths for resonances in this
energy region were extracted from the data. The value of the radiation width for the d», ~d31, spin-f1ip
transition at S.08 MeV was found to be approximately 1/3 of the value expected for a pure single-particle
transition. The implications that this result has for the nuclear structure of ' 0 is discussed. The effects of
potential radiative capture were observed directly in a photoneutron reaction for the first time. At the
location of the S.38-MeV, 3/2 resonance in "0, an anomalous symmetric dip was observed in the cross
section at both reaction angles. The data were interpreted in terms of a general R-matrix reaction theory
which includes the effects of internal, channel, and potential radiative capture in a self-consistent manner.
The neutron channel was defined by incorporating an R-matrix analysis of the "O(n, n)'~0 reaction into the
present interpretation. The anomalous minimum at S.38 MeV was found to be due to a unique feature of
channel capture. The R-matrix prediction for the total cross section was extrapolated into the keV region
and the significance that this cross section has for stellar nucleosynthesis is discussed.

NUCLEAR REACTIONS 0{p,no) o; observed angular distribution; E„=4.3-7
MeV; 8= 90, 135'; R-matrix analysis; measured I'» for El and Ml resonances.

I. INTRODUCTION

The application of general reaction theories to
low-energy nuclear reactions involving particles
has been extremely successful' in recent years.
However, reactions involving radiative capture
have been more difficult to understand. The dif-
ficulties are twofold. First, the inclusion of
photon channels in the A-matrix theory results in
a somewhat more complicated formalism' for the
collision matrix. The long-range nature of the
electromagnetic interaction gives rise to a com-
ponent of the collision matrix which is due to
radiative capture in the external region, i.e. ,
beyond the channel radius. These external con-
tributions can be both resonant (channel capture)
and direct (potential capture) in nature. Conse-
quently, there are difficulties in distinguishing
whether a given resonance arises primarily from
channel or internal resonance capture. Secondly,
no previous studies of radiative capture have dem-
onstrated unambiguously the effects of channel
capture. Many of the radiative capture experi-
ments, especially neutron capture studies, ' in-
volve a large number of resonances where statis-
tical properties and correlation effects must be
invoked in order to describe the nature of the re-
sonances.

In the present work we have chosen to study the
interplay among the capture mechanisms in the
"O(y, n,)"0 reaction within a few MeV of the neu-
tron threshold. The "0 nucleus is ideal for this
purpose from several points of view. The level

density below 7 MeV is low and individual reso-
nances can be studied in detail. The ground state
of "O is predominantly single particle in nature,
and consequently, the effects of channel and poten-
tial capture are expected to be enhanced. Another
interesting aspect of this reaction is the observa-
tion, for the first time, of the Ml transition prob-
ability between the d, &, ground state and the d3/2
excited state at 5.08 MeV. This transition shouM
represent the ideal example of an Ml single-
particle excitation in nuclei. Many theoretical
analyses' of the "0+n system have indicated that
the d, &, resonance is predominantly single particle
in nature. Observations of radiative transitions
in the oxygen isotopes have proved' valuable for
determining nuclear structure information. A 1-
though numerous shell- model calculations4' have
been performed for "0, there has been very little
experimental -information concerning radiative
transitions. This has been due to the relative
paucity of the "0 isotope and also to the relatively
low neutron threshold.

Therefore, in this work, we report the observa-
tion of the differential cross section for the
"O(y, n,)"0 reaction throughout the excitation
energy region 4.3-7 MeV and at reaction angles
of 90 and 135'. The results were interpreted in
terms of the theory of radiative capture of Lane
and Lynn. ' The effects of channel and potential
capture were observed directly.

In addition, a self-consistent, multilevel A-
matrix analysis was performed of the observations.
The results of an A-matrix analysis' of the
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'80(n, n)"0 reaction were incorporated directly
into the present formulation in order to ensure
that both the (n, n) and (y, n) reactions were des-
cribed simultaneously. The present formalism
was found to be more convenient than the tradi-
tional treatment of Lane and Lynn. ' Ground-state
radiative widths mere extracted from the R-matrix
analysis. The R- matrix formalism for .radiative
capture appears in Sec. IV and the results are in
Sec. V. The reduced transition probability for-
the 5.08-MeV Ml excitation mas found to be ano-
malously small. The implications which this
anomaly has for nuclear structure and meson ex-
change effects is discussed in Sec. VI.

Neutron capture reactions are believed' to domi-
nate the slow process of stellar evolution. Allen
and Macklin have studied the effect which the
presence of light elements such. as "C and "0
have on the s process. They concluded that the
effects were negligible. In that study the nonreso-
nant E1 direct capture effects were not known and
therefore ignored. In the present work, the neu-
tron capture rate for "0was estimated using the
R-matrix predictions in the keV region. This
estimate indicates that the capture rate i.s at least
an order of magnitude greater than the Allen-
Macklin calculation. The discussion of this prob-
lem appears in Sec. VII.

II. EXPERIMENTAL METHOD

The photoneutron spectra were observed with
high resolution using the sub-nanosecond time-of-
flight spectrometer" associated with the Argonne
high-current electron accelerator. Electron
pulses mith a peak current of 200 A, a duration of
35 pp, and an energy of 8.5 MeV were extracted
at-a rate of 800 Hz from the linac. The electrons
were converted to bremsstrahlung photons in a
0.15-cm thick Ag foil. The photons then irradiated
the "0 sample which was in the form of water
with an enrichment of 34/0 in "0; 84.5/0 "O, and
1.5% "O. The water sample of dimensions 5 cm
?& 6 cm x 0.5 cm was contained in a thin-walled
Al can. The photoneutrons traveled through two
weB-collimated, 11.5-m flight paths before they
were detected in 2.5-cm thick NE110 plastic
sciritillators. Background effects were determined
by replacing the enriched H,o sample with normal
water and repeating the experiment. The raw
time-of-flight spectra with background subtracted
are shown in Fig. 1. The resonances are shown
with the y-ray energy in MeV. The characteristic
features of the data are (i) a nonresonant cross
section which rises dramaticalky with increasing
energy, (ii) anasymmetric resonance at 4.55 MeV,
(iii) a local minimum in the cross section at 5.38
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FIG. 1. Observed time-of-flight spectra for the
70(y, n()) 0 reaction at reaction angles of 90' and 135 .

The p-ray energies of the resonances are given in MeV,
where Q =4.14 MeV.

MeV, and (iv) the ~l excitation at 5.08 MeV. The
narrow resonances shown in the inset figures
demonstrate the high resolution (2.5 keV at E„
= 0.5 MeV and 18 keV at E„=3 MeV) of the time-
of-flight spectrometer. The magnitudes of the
cross sections mere determined relative to the
well-known cross section for the photodisintegra-
tion of the deuteron. The deuterium sample was
also in the form of water (D,O).

III. PHOTOEXCITATION PROCESSES OF '70

An E1 transition can excite,'-, '-, and,'- reso- .

nances in '"O. These levels emit P,&„ f5&„and
f», neutrons, respectively. An Ml transition
excites ,'-', ',-', and ',-' states which decay by emitting
d3 / 2 d5 / 2 and g, /, neutrons. E2 exc itations are
'-', '-', '-', '-', and '-' and can lead to the emission of2P2y2t 21 2

1/2 d3/2 d5/2 g7/2 and g9/2 neutrons. Photon
multipolarities of the order of M2 or higher are
omitted from the present discussion. We have
chosen to ignore f and g partial waves for the out-
going neutron, since in this energy range the con-
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tribution to neutron potential scattering from these-
partial waves is negligible. '" Also we have re-
tained only the s, /2 neutron decay for E2 excita-
tions. We found that the inclusion of d-wave neu-
tron decay into the E2 channel has only a negligible
effect. Furthermore, the estimated single-particle
E2 ground-state radiation width for the 5.08-MeV,
',-' level is only 1% of that expected for an Ml ex-
citation. Figure 2 summarizes the photoexcita-
tions that specifically are included in the present
analysis. We note that resonances of J'='- can

2
be excited only by an M2 photon, and consequently,
the P, /, neutron channel is not accessible to the
photoneutron reaction. For example, the '- state

2
at an excitation energy of 5.94 MeV is absent from
the present spectra. With these approximations
the differential cross section" can be written

5/2, 5&&2

I/2

9+ l6O Ml Eg El
ls!0 0+

i~0 5/2

FIG. 2. Photoexcitation processes of O. Only those
excitation and neutron decay processes that were invoked
in the present R-matrix analysis are illustrated.
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+ I-0-4(I U,

+ Re(1.571U~ U~ —(8.198U~~ + 1.789U~ }U, )]P,(cosa)],
3/2 5/2 5/2 3/2 1/2

where the amplitudes U, J are the collision matrix
elements for the photoneutron reaction. The man-
ner in which the collision matrix is related to the
R-matrix theory is given in the following section.

IV. R-MATRIX ANALYSIS

Following the example of Lane and Thomas, "
we treat the photoreaction within the framework
of first order perturbation theory assuming that
(i) the electromagnetic part of the interaction is
small in comparison to the hadronic interaction,
(ii} only one photon, either real or virtual, exists
at any one time in each photoreaction process.
The first assumption is reasonable for the present
example since the photoneutron cross sections are
a factor of 10' to 10 smaller than the neutron scat-
tering cross sections. Our theoretical approach to
this problem will be very similar to the Lane and
Lynn theory, ' initially. However, upon application
of the theory of radiative capture to the "O(y, n }"0
reaction we treat the external capture portion in a
different manner.

The collision matrix will be expressed in terms
of that part of the Hamiltonian H' ' which electro-
magnetically couples the photon to the nucleons.
In order to calculate that matrix element it is
necessary to introduce the wave function gs«&
which describes the neutrons, -nucleus state and a

final wave function g« ~ &
which describes the

nucleus with all nucleons in its ground state. The
collision matrix is

U(g& Yir(X+1) ' '
+I - (2g+ 1)!!

„&6(z,&~~ & ~! 4s(~&}

(2J+ 1)'&'

where k„=E„/Sc is the photon wave number and
the subscript c refers to the final particle channel
with the quantum numbers (sU). Here s is the
channel spin, l is the orbital angular momentum,
J= l+ s is the total angular momentum, and is
the multipolarity. The radial integration implied
by Eq. (2) must be performed in two parts: from
:the origin to the channel radius and from the
channel radius to infinity. Inside the channel
radius ft the wave function (!&s«& can be expanded
in terms of a complete set of states X~

E(J) + e )t~ ~c )!.( J) (3)

where Q, is the hard-sphere phase shift, 1'„, is the
width of the level », in channel c. Equation (3)
corresponds to unit incoming flux in channel c.
A.„is the matrix transformation which relates
the internal wave function and the observed reso-
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nances.

(& '}1.=(&i- +)5~.- 4c *

where &~ is a level energy, 5» is the Eronecker
5 function, and $ is written in terms of the shift
factor 8„ the boundary condition constant b„and
the penetration factor P, as

&)„= Q [(Sc b,)+iPc]y„cy
C

where the y„, are the reduced width amplitudes.
In the exterior region the wave function (!&~«& can
be written in the customary manner in terms of
the' incoming I, and outgoing 0, spherical waves

z(z„&
—v, [I,(k,r) U,',"0.(k,r)](t&,(z««&, r o R (4)

where we have assumed that c is the only open
particle channel and have neglected contributions
from closed channels. Here, v, is the particle

speed, q,«„&=r '(i 'Y«„)P, is the surface function.
U„ is the collision function for elastic scattering
in channel c. For the moment we write the colli-
sion function in the form

U' '=e "~C ].+i ~~ ZCC QC XC (5)

The last expression implies that we include all
possible resonances in the analysis, i.e. , there
is no explicit provision for the effects of distant
levels on the energy interval of interest. For the
final interpretation of the experimental results,
the level representation Eq. (5) will be replaced
with an expression for U,', ' in terms of a channel
representation. However, it is more instructive
for the present argument to consider the more
traditional form of U,', ' as given by Eq. (5).
Substitute Eq. (5) into Kq. (4) and then Eqs. (3)
and (4) into Eq. (2); the integration naturally
splits into an internal segment (r ~R) and an ex-
ternal region (r&R}. The collision matrix becomes

t

8)«8+ I) ' 2 k~" '
U„' / =ie 'cc g & I /'I'/~ + ' (2J+I} '((I( (z &I! II ~ I)(I, —e '«ccO}()() )

vC
+ 0 ~

~ &+1-)/~ uc"/'
(2J'+ 1)- 2ie- c ()) Q I'1/2I 1/2 (y !!II(8)!!0

gg (2g 1)!& ~ iLQ 1c uc /( J/& c'Pc(z) (6)

where we have made the identification that

87)(&+1) '/' kc" ' {4/(z )[[II'c'(!X&,(g))
(2S+ 1)!! (2Z+ 1)1/'

This y-ray width is that portion of the radiative capture strength that is due to the matrix element in the
interior region. We note that this width has a real value. This width is sometimes referred to as the com-
pound nuclear part of the radiative capture. It is expected that these radiative widths, in general, will
not be correlated with the particle widths as in the case of direct capture resonances. Nevertheless, the
first term in Eq. (6) is a resonant component. The second term contains no pole terms, and therefore,
gives rise to a nonresonant component. This term is referred to as hard-sphere capture, since it depends
only on the hard-sphere phase shift. The final term is due to resonant capture which occurs in the exter-
nal region, i.e., outside the channel radius. This process is referred to as channel capture. The contri-
bution from the last two terms in Eq (6) is d.ue to the long-range nature. of the electromagnetic interaction.
The reduced radiative width for the channel capture component can be identified as

8w X+I) ' ' k~" '
(GI'„/ }' '= ' " e «c (2J+ I) ' 'I" '/'(&I &[!II'~'(!0,(/&,«&}.

Zh y, ~ (2S+ 1,)!!
Then the form for the collision matrix becomes

(8)

where U~~/, (H. S.} is the hard-sphere component.
Here the (51'„»)'/' is in general a complex quan-
tity, since the outgoing wave function 0 is com-
plex. It will be shown that the complex nature of
(61'„»)'/' gives rise to unique features of radiative

capture spectra. The observed radiative width I'»
is given l)y I~a=

~

1 ~&,/ -(5I c»)
Although the foregoing arguments are general

with regard to the particle channel c, we now
specialize to the neutron channel. Most radiative
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capture experiments involve slow neutrons (&100
keV) so that O, =E,+iG, essentially become s'a
real quantity. In that case, resonances with radia-
tive width amplitudes of &„„&'~'or (6I „„&)'~'
become indi. stinguishable in their energy depen-
dence. However, in the present case the imagi-
nary part of (6&„„&)'~'can become comparable in
magnitude with the real part in the MeV region
for p-wave neutron capture. (See Fig. 3.) A good
example of this is the 5.38-MeV resonance in "Q.
The interference of the resonant amplitude with the
nonresonant background term produces a nearly
symmetric minimum in the observed cross sec-
tion. Figure 4 shows the deduced differential,
cross section as a function of energy along with
the results of an A-matrix analysis. We based
this analysis upon Eq. (6) and ignored consistency
with the neutron elasti. c scattering observations
for the moment. The wave function for the final
state "0was taken to be a Whittaker function
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where 8&, is the dimensionless reduced width of
Lane and Thomas

8 & /(k2/~ft&)&/2fcf fey

and 0& is the wave number corresponding to the
binding energy of the neutron in "Q. The Whittaker
function for electrically neutral particles is given
by
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The parameters which mere adjusted in order to
obtain the fitted curve in Fig. 4 are 8)fJ and the
I',~&'s. The neutron widths were held fixed at the
experimentally determined values. The para.-
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FIG. 3. Heal and imaginary components of the El ra-
diative channel capture for p3/2 neutrons. In the MeV
region the imaginary part is not negligible in comparison
with the real component.

FIG. 4. R-matrix interpretation of the differential
cross section for the O(&,no)' O reaction. The points
represent the observations while the curves represent
the results of a "hard-sphere" external capture model.

meters for this analysis are given in Table I.
This simple procedure ignores the effects of

distant levels in the neutron channel. These
effects should enter the collision matrix in ex-
pression (5). Despite this simplification, the
essential features of the "0(y, n, )"0 data can be
explained. Since distant levels in the neutron
elastic channel are omitted, the smoothly varying
nonresonant capture is dominated by hard-sphere
capture of an E1 photon and the emission of a
p3 /2 neutron. In fact, an attempt to inc lude M 1
"hard-sphere" capture in this simple model
worsened the agreement of the theory with the
experiment. This is not surprising since a simple
hard-sphere model will not explain nonresonant
neutron scattering from "Q. The asymmetry of
the 4.55-MeV, '- resonance is also explained by
this model. The observed asymmetry is due to
the interference of the nonresonant amplitude, the
last term in Eq. (8), with the resonant amplitude.

\
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TABLE I. B-matrix parameters for the hard-sphere
external radiative capture model. Note that channel cap-
ture is included exphcitly only in the p3/2 neutron chan-
nel, 0&/2+=-1.08, R,=4.93 fm.

g
(MeV) (MeV)

i/2
rf

(ev)i / 2

3&

2

3'
2

i+
2

4.549
5.378
7.532

5.077

6.354

0.043
0.038
0.442

0.094

0.130

1,41
1.37
3.31

—0.99

-0.25

From Fig. 4, we find that the channel capture
width has a predominately real value near E„
=440 keV. Thus the 4.55-MeV resonance has a
widely observed asymmetric shape. " On the other
hand, the 5.38-MeV resonance has a symmetric
interference pattern. This effect can arise only
from the interference of a resonant term, which
has a nearly pure imaginary radiative width, with
the nonresonant amplitude. Again from Fig. 3 we
see that the imaginary component of the channel
capture amplitude for a 1.3 -MeV neutron is some-
what more comparable with the real part. The
conditions for a symmetric interference minimum
are met if we allow the radiative width of the
internal capture component r„&~~' of Eq. (8) to off-
set the real part of the channel capture term
(5r»&}'~'. Indeed, these conditions give the best
representation of the observations as shown in
Fig. 4. In this way, the channel capture effects
enter in a unique way.

These interference effects can be demonstrated
in a simple manner by considering a single level
and a direct component D with the same spin and
parity as that of the level. The collision matrix
becomes

wh~~e r„,-=~ r„~'" (5r„~)'"i' is the ground-state
radiation width and X—= (2/r}(E„-E}. Clearly, the
first term in the above expression gives rise to
symmetric resonance shapes, while the second
term is asymmetric about &=0. It is also evident
that if (Im(5r„z)' '] «(Re(5r„z)' '(, then r„z' '
and (5r„&)~ ' become indistinguishable. However,
if r„~ = Re(5r„y)'~', then a, novel resonance
pattern is possible in the photoneutron spectrum

4[r»r„+Drr„~'Im(or„f)~~ ]
r'(1+x')

With these conditions the resonance shape becomes
symmetric and can give rise to constructive or
destructive interference with the direct component.
In the case of the 5.38-MeV, '- resonance, [r»r„
+Drr„'~'Im(5r„z}'~']&0, and consequently, a
symmetric minimum results in the cross section.
This "window" in the (y, s}cross section is a uni-
que feature of radiative channel capture interfering
with potential capture.

In order to obtain a self-consistent interpreta-
tion of the "0+m system, it would be necessary
to introduce the effects due to distant resonances
into expression (5). However, in the energy re-
gion of interest only two channels are open: photon
and neutron. Thus, it is convenient to replace Eq.
(5) by

&2f6i~
CC

where 6r~ are the scattering phase shifts. Now
these phase shifts are already known from neutron
elastic scattering measurements. Hickey et al. '
has obtained these phase shifts in terms of R-func-
tion parameters. These R-function parameters
describe the observed total cross section, angular
distributions, and polarimations in the neutron
energy region 0-4 MeV. The phase shifts are
computed from

E,—E ir/2-
The total (y, n) cross section for this example
becomes

, 4[r„,r +Drr '"im(5r„, )'"]
r (1+x')

4Dr ' 'X[r' ' ' —Re(5r )' ']
+ n rf tf +~2

I'(1+X'}

5„=-y,+ tan-'(ft„z, /[I Z„(S I „)]],
where R r~ is the R function

+Rl& 0'
xr J'

Here R~ is the contribution due to distant levels
and z~~ is the reduced width. By substituting ex-
pression (11) into (4), the collision matrix for the
photoneutron process simplifies to

(r~a) -&e ~ g /2 1/2U„„=pe r ~~ A„„l„r~ 1"„„fry

8v(L'+ I) '~' k~c" ~'

ggy (2g 1)i i
g(zgj t E Iz (12)
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As one can see from the last expression, it is no
longer easy to separate hard-sphere capture from
channel capture. The two external radiative cap-
ture effects merge into a sirigle term. E

(MeV)
r„

(MeV)

1/2
yf

(ev)i/2

TABLE III. R-matrix parameters for the TO(y, n&)~ O
reaction for 85/&+ =-0.59, R,=4.93 fm.

V. RESULTS AND DISCUSSION

The A-function parameters used to evaluate 5«
are given in Table II. These parameters were
taken from Ref. 7 and the width of the E„=1.3-
MeV resonance (-') was increased by 10% in order
to give better agreement with the present data.
The results of this analysis are compared with the
observations in Fig. 5. One major improvement
in this interpretation is that the minimum at 5,38
MeV is not as deep as in the "hard-sphere"
analysis. The main reason for this is that this
minimum is filled in from capture involving tails
of distant levels in the neutron channel. From
Table II we see that the p, /, channel has a large
contribution (R, = 0.54) from distant levels. This
strongly affects the E1 nonresonant capture. This
can be seen by comparing the deduced values of
8, J for the hard-sphere capture predictions andf
the self-consistent analysis. The value of this
reduced width determines the size of the direct
capture component. In the hard-sphere case 8, /, '
=1.17 and in the self-consistent model 8,/, '
=0.35. This indicates that the effects of distant
levels in the neutron channel can contribute a
sizeable fraction to the direct capture process.
The final parameters which describe the photo-
neutron reaction in "O are given in Table III. One
should not take the values of I',„& too seriously
for the resonances at &„=7.21 and 7.53 MeV since
the radiative widths assigned to these levels also
include the effects of distant resonances.

The above analysis is reminiscent of the Christy
and Duck, "Tombrello and Parker, "and more

TABLE II. R-matrix parameters which were used in
the present analysis for the ~ O(n, n) 80 reaction. fNote
that the pf /2 parameters are not necessary for the (p, n)
channel. ]

E2

3 w

2
4.549

' 5.378
7.532
5.077
7-213
6.354

0.043
0.038
0.442
0.094
0.255
0.13.0

0.49
0.65
0.71

-0.69
1.44

-0.22

PHOTON .ENERGY: (MeV)
4.2 4.6 5.0 5.4 5.8 6.2 6.6t: '

I
' l

'
I

'
I

'
j

'
I

l7' l6
O.j2- 0(y, q,) 0

8=90

0.09-

0.06-
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1
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NEUTRON ENERGY (MeV)

PHOTON ENERGY (MeV)
50 5.4 5.8 6.2 6.6

0.12—
8 =135

0.09—

recently, Rolfs" extranuclear capture model.
Their formulation was applied to low-energy
charged-particle radiative capture. In the sense
that they employed known phase shifts, which des-
cribe the elastic channel, in order to compute
capture in the externaI. region there is some simi-
larity. However, the present work is the first

Ex/ J
(Mev)

4l J
(Mev) Rot J

0.06—

g/ Cg

-3.272
2.35
0.392
1.305
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0.69
1.834
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0.014
0.187
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0
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FIG. 5. Final R-matrix analysis of the observations of
the ' O(p, n())' O reaction. The parameters used in this
analysis, Tables III and IV, alamo describe the ~O(e, n)'60
reaction. The interference minimum at 5.38 Mev is not
as deep as that given by the simple hard-sphere model.
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description of a capture process which treats both
internal and external capture in a self-consistent
manner and completely within the framework of a gen-
eral multi-level g -matrix formulation. In particu;
lar, Domingo" applied, the extranuclear capture mod-
el to the study of "O(p, y)"F reaction. Since ~~iF is
the mirror nucleus of "0, one might expect the
properties of the two nuclei to be similar. For
example, we know thai the spectroscopic factors
for the ground states are approximately unity
from studies"' "of the "O(d, n)"F and "O(d,P)"0
reactions. Similarly, Domingo found that the Lane
reduced width 8»,"("F)= 0.38: whereas, we obtain
8,&,"("0)= 0.35. This remarkably good agreement
indicates that direct radiative capture reactions
can play an important part in nuclear spectro-
scopy.

The ground-state radiation width for the 4.55-
MeV, '- resonance was found to be 0.4 eV. The

~ 5weak-coupling model of Engeland and Ellis pre-
dict this E1 excitation to be 1.9 eV. This discre-
pancy is not overly surprising since the model
also fails to explain the observed" ratio of spec-
troscopic factors for 4.55- and 5.38-MeV, ',-
resonances in "0.

VI. MAGNETIC DIPOLE EXCITATIONS

The M1 resonance at 5.08 MeV results from the

d5 / 2 d3 / 2 spin-f lip transition. To first order the

,-" ground state of "0 can be thought of as a d, /,
neutrori in orbit about an ' 0 core. The "0nucleus
is believed to be described, primarily, in terms
of Op-0h, 2p-2h, and 4p-4h configurations. This
model of the "0 ground state is reasonable since
the spectroscopic factor for the ground state was
determined" to be approximately unity. Further-
more, the ',-' resonance at 5.08 MeV is believed'
to be predominantly single particle in nature. The
spectroscopic factor of this level has been deter-
mined" from neutron elastic scattering to be
-0.7. In addition, the magnetic dipole moment
for the "0nucleus is within a few percent of the
Schmidt single-particle estimate. Consequently,
we expect, a priori, that the M1 excitation at
5.08 MeV to be near the single-particle estimate.
The single-particle value can be obtained readily
from the following argument. The reduced tran-
sition probability between two spin-orbit partners
is given by

B(M1; l —2 —l+ g')

If we consider the bare M1 operator for a single
neutron transition, then the reduced transition
probability becomes

r""'= 3 17 eV
1

From Table IV we see that the observed 1„,is
1.0 eV, less than a third of the single-particle
estimate. This observed extinction of M1 strength
indicates that nuclear structure effects or meson
exchange corrections have an important effect on
the magnetic dipole transition.

One expects that the dynamic properties of nuclei
to be more sensitive to the details of nuclear
structure and meson exchange than the static
properties. For example, the magnetic dipole
transition matrix element is squared in Eci. (13),
bui the static magnetic dipole moment only involves
the expectation value of the spin operator.

Konopka, Gari, and Zabolitzky" have estimated
that meson currents increase the magnitude of the
magnetic dipole moment of "0by -15'70. Thus,
the effect on the 5.08-MeV spin-flip transition
Should be & 30/o. The quadratic nature of the re-
duced transition probability can also give rise to
marked sensitivity to the particle-hole structure
of the "0 ground state and the 5.08-MeV reso-
nance. The MI operator can connect not only

TABLE IV. Deduced ground-state radiation widths for
levels in ~70.

{MeV)
1"ro

{eV)

E2

E1,M1

2

7w

2
3+
2

i+
2

3 5 7
0

™~
2 2 2

4.549
5.378
5.690

5.077

0.42
0.06
04
1.0

6.354 &0.07

5.729

0.14
0.02
0.27

0.33

&0.012

5R

~Value was deduced from area analysis.

B„(M1; l —-, -l+2)
3(l+1), ek

~n u, , /, u, +, /, dr
(21+ 1)m .2M~c 0

where p, „ is the magnetic moment in nuclear mag-
netons of the neutron. The value of the radial
overlap integral was taken to be unity for the pre-
sent argument. This is a reasonable approxima-
tion since there is no change in the orbital angular
momentum between the initial and final states.
For the d, /, -d, /, spin-flip transition we have

2

B„(M1; ' -,-")=2.09
2M'

and the ground-state radiation width for the 5.08-
MeV resonance is
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1p-0h states but also 3p-2h and 5p-4h states in
"Q. In order to arrive at a large reduction in the
Ml transition probability, the 3p-2h or 5p-4h
matrix elements must be opposite in sign to the
lp-Oh part. More precisely, this result indicates
either that the 3p-2h or 5p-4h components of the
wave function of the '-' resonance are opposite in

2
sign to those of the ground state or that the 1p-Oh
part of the '-' level is opposite in sign to that of
the ground state.

The nuclear coexistence model23 potentially
provides another solution to this problem. In this
model one can think of the ground state and the
5.08-MeV resonance of "Q as possessing a spheri-
cal component plus a neutron (single-particle) and
a deformed part (collective). The Ml operator
can then connect the single-particle component
of the ground state to that of the,'-' level, and
likewise, the collective part to that of the,"level.
Thus, a reduction of the Ml strength can be real
ized if the deformed part of the 5.08-MeV, ,"level
is opposite in sign to the collective component of
the ground state. Clearly, a detailed calculation
which includes the structure of the,'-' resonance is
necessary in order to account for the present
anomaly.

VII. ASTROPHYSICAL IMPLICATIONS

Neutron capture studies have contributed greatly
to our understanding of the slow process in nucleo-
synthesis. The 8 process is believed to be signifi-
cant in the formation of heavy nuclei with atomic
mass greater than that of the "Fe nucleus.
Macklin and Gibbons' have tabulated the neutron
capture reaction rates for a variety of nuclei and
for various stellar temperatures. The reaction
rate is the total neutron capture cross section
tj,mes the neutron speed weighted by a Maxwell-
9oltzmann distribution of neutron speeds in the
stellar medium of temperature T. The reaction
rate is given by

(a'„„(v)v)= o (v)(v v/)'re '" "&' dv, (14)
4 3 -( )

where vr= (2kT/iI)'~', 0 is the Boltzmann con-
stant, and p. is the reduced mass of the neutron-
nucleus system. Mack)in and Gibbons have derived
s simpler expression for the above equation by
assuming that the capture cross section is
due almost entirely to the high-energy tail
8-wave thermal cayture and to narrow reso-
nances. ln fact, it was assumed in Ref.
8 that a resonance could be represented by a
Dirac 5 function in energy. Thus, the integration
implied by Eq. (14) could be performed very
simply. Qne must note that the Macklin-Gibbons

l.0=

0.8-

0.2-

4
(y, n)

Ey (MV)

I

6

FIG. 6. Predicted total cross section for the
' 0(p, no)' & reaction.

formula, then, applies only to narrow resonances,
Unfortunately, this assumption was ignored in the
work of Allen and Macklin. ' In that study the
Macklin-Gibbons formula was applied to fast
neutron capture data for "Q. Two main features
were therefore overlooked: (1) the low-energy tail
of the broad 44-keV wide, ',- level at E,„=4.55 MeV
and (2) direct nonresonant E1 capture which ex-
tends into the keV region. Allen and Macklin
wished to determine the extent to which neutron
capture in "Q competes with the "Fe capture rate,
and consequently, whether or not "Q mitigates the
8 process. We have reevaluated the cross section
(o)~r=(o„„(v)v)/vr by performing the integral in
Eq. (14) numerically using a single-level formula
for o„„(v). The resonance parameters used were
those given in Ref. 9 and the characteristic
stellar temperature was chosen so that kT = 30 keV.
The contribution (o)~r from the 4.55-MeV reso-
nance alone was calculated to be a factor of 120
times greater than the value determined from the
Macklin-Gibbons formula. This leads to a cor-
rected value of (cr)»~, = 4.9 pb quoted in Ref. 9
for 16Q

This estimate does not include the effects of
nonresonant direct capture. A lower limit of the
Maxwell-Boltzmann weighted capture cross sec-
tion for kT = 30 keV can be obtained from the
present R-matrix analysis, using the parameters
of Table III, the R-matrix prediction for the total
cross section for the '70(y, n )"0 reaction is shown
in Fig. 6 throughout the energy range 4.14-7 MeV.
It is clear from this figure that the low-energy
tail of the 4.55-MeV resonance cannot be neglected
in this kind of analysis.

The total predicted capture cross section for
ground-state radiation was determined by detailed
balance and used to obtain (v), ,r» = 2.2 pb from
Eq. (14). This value is a lower limit since only
ground-state transitions are considered. However,
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we note that the radiation width I'„, observed for
the 4.55-MeV resonance is an order of magnitude
less than the total radiative width reported in Ref.
9. This suggests that nonresonant direct capture
to the ground state gives rise to approximately
1.5 pb of (a)»r „.Therefore, it is not a valid
procedure to ignore nonresonant capture in light
elements where the reduced widths of resonances
can be large. Even though our findings indicate
that the neutron capture rate of "0 at kT = 30 keV
is at least an order of magnitude greater than
previously believed, the rate is not sufficient to
inhibit the s process. However, it is possible that
reaction rates for other nuclei, where the Macklin-
Gibbons formula has been applied, might also be
underestimated. Although further investigation
of neutron capture rates clearly is indicated, it is
beyond the scope of the present work.

VIII. CONCLUSIONS

The differential cross section for the "O(y, n,)"0
reaction was observed for the first time through-
out the excitation energy range 4.3-7 MeV and. at
reaction angles of 90 and 135'. A self-cdnsistent
multilevel R-matrix analysis was performed of
the data. The analysis included consideration of
both the neutron and photon channels. All features
of a general radiative capture theory were ex-
hibited unambiguously in the ~O(y, n,)' 0 spectrum.
The interplay among internal, channel, and poten-
tial capture was studied in detail. The 5.38-MeV,

resonance was observed to be a symmetric
2

minimum in the cross section. This was shown
to be due to a unique feature of channel capture.
In addition, the 5.08-MeV d, &, -d, &, spin-fLip
excitation was found to have an anomalously low
reduced transition probability, approximately 3

of the single-particle estimate. The data indicates
the need for a shell-model calculation which in-
cludes the 1d,&, orbital. The ground-state radia-
tion width of the 4.55-MeV, ', level was found to
be approximately half the value predicted by the
weak coupling model. Finally, the neutron capture
rate in a stellar medium of temperature kT=30
keV was estimated. This rate wa.s found to be
at least an order of magnitude larger than pre-
viously believed. This is due to a previous mis-
application of. the Mackle-Gibbons formula and
also to the relatively large radiative direct cap-
ture component which is present in the "0+n
system.
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APPENDIX

In order to evaluate the integrals in Eqs. (6),
(7), and (12), the angular. integrations were per
formed explicitly. For EZ transitions the matrix
element becomes

Ig

4~(~ )
H' se' y, = (-1) y

' e[(2l+ 1)(2J+1)(22+1)(2J~+1)]' '
1 2mR

(„) I,(kr)
x (lR00/I&0)W(Rl& Js:U&)8, ~ Chris

where e is the effective change: e= -Ze/A for neutrons and Ne/A for protons. For the M1 transitions the
matrix element is given by

(
Ig i]2

4'~(~ )
H™) y, = — 8, ~ (2s+1)[(2J+1)(2J~+1)]'~'W(1sJl:sJy)

P

x (2i„+ 1)' 'W(1i„si„,:i„s) " p„+(2i„,+ 1)' 'W( i„,si„:i„,s)
N ~A-&

f,(er)
W, y(k~r)

w„(a,z)
where i„and i„,are the spins of the neutron and the daughter nucleus, respectively, and p, „and p,„,
are the magnetic moments in nuclear magnetons of the neutron and the daughter nucleus.

The use of the Whittaker function [Eq. (10)]for the radial part of the bound-state wave function of "0
represents, possibly, the most severe assumption in the present work. However, one would expect that
the details of the potential-well shape would have a small effect on the radial integral in the external
region. In fact, the Whittaker function is the analytic continuation of any radial wave function, in the
external region, which is a bound-state solution of the Schrodinger equation with a central potential. The
radial integrations implied by the above two equations were performed numerically.
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