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We have measured the reaction >C(F,70)"’N in the energy region of the E,=1.7 MeV resonance
and applied R-matrix theory to its analysis. We used the strong interaction form of the theory
where the wave function in the internal region is represented entirely in terms of compound nucleus
formation. In order to account fully for the data, an extranuclear direct capture background was
found to be necessary, but no internal background was needed.

INTRODUCTION

The direct-capture mechanism has been known for
many years to be an important feature of radiative capture

reactions. However, when strong resonances dominate the

cross section, direct capture is often ignored. Reactions
which are of astrophysical importance are ordinarily stud-
ied at energies as low as practical considerations permit,
and the cross sections are then extrapolated to the still-
lower energy region of interest. In such cases, both reso-
nances and any direct-capture components must be taken
into account properly, or large errors in extrapolation will
occur. It is therefore important to have as much informa-
tion as possible to bring to bear on these reactions.

In the present work, we have studied the reaction
2¢(8,7)!N, and show that measurements of analyzing
powers in this radiative capture reaction help to pin down
the direct-capture component through its interference
with the known strong resonances. It is hoped that this
result will encourage similar measurements on other (p,y)
reactions, using this additional information to confirm
present knowledge or to discover additional significant
contributions to the cross sections at the very low energies
of interest for understanding stellar processes.

The present measurements employed an energy-
dispersive “thick target” method,! previously applied only
for yield curve measurements, to measure the detailed en-
ergy dependence of the reaction’s analyzing power over an
entire resonance in a single accelerator setting.? The
method, applicable to many similar reactions, reduces
dependence on accelerator resolution and stability, substi-
tuting instead the performance characteristics of a Ge(Li)
detector.

The theoretical analysis was carried out in the frame-
work of R-matrix formalism, with careful attention to the
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details needed for proper inclusion of the photon channel.
Earlier parame’crizations3’4 of the 12C(p,y)”N reaction,
which either ignored the direct component or did not uti-
lize sufficient angular information, are found to be inade-

-quate to describe the measured analyzing powers, but our

analysis satisfactorily explains all of the available data.

EXPERIMENTAL PROCEDURE

Measurements were made over the 1.7 MeV resonance
in 2Cp,yo)°N, utilizing a 49.5 cm® active-volume
closed-end cylindrical Ge(Li) detector (Canberra) mounted
on an arm free to rotate in a horizontal plane about the
target. The beam of polarized protons was obtained util-
izing the Ohio State University ion source ORION (Ref.
5) mounted in the terminal of our HVEC “super-CN”
Van de Graaff accelerator. Beam current was monitored
both by direct current integration and the use of a
2.5%2.5 cm Nal(T1) detector mounted just below the
beam line, to observe gamma rays from the target at
6,~180°. The polarization orientation of the proton
beam was reversed by changing the ionizer field in the
source; the magnitude and sign of the beam polarization
py were periodically checked with p-*He scattering in a
chamber designed to perform a “proper flip,” reversing
the roles of left and right detectors.

Data for cross-section angular distribution measure-
ments were recorded at —90°, —60°, —30°, +110°% and
+120°, where “ 4+ 7 (“—”) indicates that the angle was to
the right (left) of the proton beam. Analyzing power mea-
surements, taken with lower beam currents, were made at
—90°, —30°% and —112.5°. For the latter runs, a regular
sequence of spin-up and spin-down spectra was recorded.

Thick-target spectra were taken using reactor-grade
graphite targets. Since the 1.7 MeV resonance is consider-
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ably broader than the intrinsic resolution of the Ge(Li)
detector, and since the energy of the outgoing gamma rays
in a (p,y) reaction is a linear function of the proton ener-
gy, the observed gamma-ray spectra trace out the reso-
nance shape as the protons slow down within the target.
Figure 1 shows the high-energy portion of ionizer
plus/minus spectra (corresponding to the two orientations
of proton spin) during the accumulation of data at —90°.
Figure 2 shows, on an expanded scale, a sequence of
graphs showing how spectra are transformed into plots of
cross section versus energy. A small flat background,
visible above the 1.7 MeV resonance peak in Fig. 1, is first
subtracted and a correction is made for the Doppler shift,
which varies with angle and therefore alters the relation-
ship of gamma-ray spectrum channel vs E,, from angle to
angle. A thin-target line shape [shown in Fig. 2(b)] is
then used to strip the corrected spectrum, and a correction
for the stopping power of carbon as a function of proton
energy is applied. The final “spectrum” is an accurate
representation of gamma-ray yield vs E, for the particu-
lar angle and beam polarization being run.

Angular distributions were extracted from these yield
curves in ~ 18 keV bites. Corrections for detector effi-
ciency and solid angle were applied, and Legendre polyno-
mial fits were made in the usual way. The results are in
good agreement with those of Young et al.® Since that
experiment measured the unpolarized angular dependence
in more detail than the present one, as well as covering a
wider energy range, those data were actually used below,
both for determining reaction parameters and for the
non-polarization-dependent coefficients needed in com-
puting our analyzing power coefficients.

For the analyzing power runs, asymmetries
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N,—Np
=B Y =N N,

were determined utilizing the gamma-ray yields taken
with spin up (N,) and those with spin down (Np). A
small difference in the magnitude of “ionizer +” polari-
zation (~0.71) and “ionizer —” polarization (~0.69) was
taken into account. Figure 3 shows the analyzing powers
A, obtained in this experiment.

THEORY

We have chosen to analyze the '>C(p,y,)!*N analyzing
power data in terms-of R-matrix theory,® in which a near-
ly model independent direct capture contribution to radia-
tive capture reactions is realized as a result of integration
in the entrance channel. In the approach followed, inter-
nal and external transitions arise in the capture reaction
problem on an equal footing, as having the same origin.
Consequently, no phenomenology is required in the for-
mal description of these reactions; in particular, no phase
ambiguity between extranuclear direct capture and other
capture mechanisms is involved. The spatial integral in-
volving the initial ¢; and final ¢/, wave functions and the
electromagnetic operator V'2wp /% H;,, that produces the
radiative capture collision matrix integral, i.e.,

I,=—V 21Tp/ﬁde¢inm¢i > M

is conveniently split into a sum of two integrals, one in-
volving integration over a channel dependent internal re-
gion (#=a.) and the other over an external region
(r2a,), using wave functions and operators appropriate
for these regions.

The initial wave function for unit incident particle flux
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FIG. 1. High energy of ionizer — and ionizer + thick-target spectra for >*C(B,7,)®N at 6, = —90°. The two ionizer polarities
produce beam polarizations up and down with respect to the reaction plane. Visible features include the energy-dispersed full energy
and one-escape peaks, the Compton edge between these, and a flat background due primarily to cosmic rays. A small discontinuity at
about channel 870 marks the maximum energy y ray produced by the incoming 1.8 MeV proton beam.
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FIG. 2. Sequence showing reduction of experimental spectra
to yield vs E,. (a) Background subtracted, Doppler shift
corrected; (b) thin-target line shape to deconvolute data; (c) re-
sulting yield curve. The small peak near channel 1750 is from
13C in the target, and was excluded from the data analysis.
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FIG. 3. Experimental analyzing powers vs E,. These values
were used, together with the A;’s of Fig. 5, to determine the
B,’s plotted in Fig. 6.
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where, following the notation of Ref. 6, ; is the Coulomb
phase shift, ¢; is the hard sphere phase shift, 4, , is the
level matrix, T,; is the partial width of the proper level
u in the channel i, and X3 is the proper function of the
level A. The initial wave function in the external region
has been specialized to include only elastic scattering.
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The function 1, is the channel spin wave function, v is
the relative velocity of the pair a, k is the wave number,
1, is related to the incoming wave Coulomb function, i.e.,

Iy=(Gy—iF e’ (3)

and O is the complex conjugate of I,;. 8/ is the phase
shift.
In the external region, the final bound state wave func-
tion for total spin B and projection My is
172
lys Ib Ym

'\/ lys

BM ~E lym,sv| BMp)N, > —=—=—

Ibs

X'!}aszIb(r)/[rWlb(albs)] > (4)

where W (r) is the Whittaker function, and 0,5 is the di-

mensionless reduced partial width amplitude of the bound
state. The factor N, is determined by the normalization
condition on the bound state

Jlvs

and is given by

|2dr=1, (5)

-1
2% w _(r)

Np={1+3—— [, dr|——— SN ()
¢~ c™ ¢ c” TcT

From Egs. (1), (2), and (4) the extranuclear part of the
collision matrix element for an electric dipole transition
from an initial continuum state characterized by channel
spin s, relative orbital angular momentum /, reduced mass
U, and wave number k to a final bound state of spin B
and relative orbital angular momentum /, with the emis-
sion of a photon of wave number k,,is

where
( ) G

@) & S o, . (8)

R”bs f dr————

The radial part of the electric dipole operator in the exter-
nal region is

m; . mj m;
A Nl Al L
my my m

-7, [ky-—m jo ky— ]—]1 ky—-—mll , 9

where Z, (Z,) is the charge of the projectile (target) in
units of the proton charge e, m, (m,) is the mass of the
projectile (target), m is the total mass, and the functions
Jjo and j; are the spherical Bessel functions. In the exter-
nal region, transitions corresponding to higher order mul-
tipoles contribute negligibly for low energy reactions.

The external collision matrix elements are determined
to within the (measurable) elastic scattering phase shifts
and an energy independent scaling factor N}/20; ;. The

total collision matrix for electric dipole transitions, i.e.,

J 1/2. ilo;—@;)
Ugigis=Np e '™

X 3 A TUATAF + URias » (10)

Au
where

=V 2mp(Y" || Hine| X1}

is then essentially stripped of the contribution correspond-
ing to known external electric dipole transitions. An addi-
tional (often overlooked) feature of the introduction of
these explicit background terms is that they are tan-
tamount to additional states (J7), which become particu-
larly apparent in accounting for interference observables
such as analyzing powers. In the present application, the

6k3,ue2 1/2M resonances are isolated and consequently the internal col-
UJ(C"t =(—)lts-BN}2 | 1B6, lision matrix elements reduce to simple Breit-Wigner
#ak b forms, as will be seen later.
The total (internal plus external) collision matrix ele-
A—l—1_ g ment for the radiative capture reaction A4(a,L)B is related
X (i) Ri1,s(10,10 | [,O)W(JIBly;s 1) , 7 to the photon scattering amplitude through the relation
|

Aempimm, = 2 z 1/__ &DLe (k) am,, Am 4 | sv)(LA,Bmy | IM)(10,5v | JM)U}yp., (11)

IM Isv

LpA

-
where € is the photon’s helicity, p represents the mode of do

the outgomg radiation [p =1 (magnetic), p =2 (electric)], daq 6222 [Tr(AATH—pyTr(AcryA Hy. (12)

and D Ae(k) is an element of the rotation matrix. The
remaining spin projections are on the incident beam’s
direction.
1 The cross section for a polarized incident beam of spin
5 Dparticles in terms of the photon scattering amplitude
(matrix) is

Using Eq. (11), Eq. (12) may be expressed in terms of the
associated Legendre polynomials, as in Ref. 7,

do _ (x/2) |
d.Q, = &\222 kgoakpk +pyk§1bkpk . (13)
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The Legendre coefficients, a; and by, are given by Egs.
(20) and (21) in Ref. 7, with the exception that in place of
the general reduced transition matrix element
(pL(B)J7||R||l(aA)sJm), we have the well-defined total
collision matrix element U,{FB’ s> representing gamma
transitions in the internal and external regions.

RESULTS AND DISCUSSION

Application of the direct capture formalism is particu-
larly straightforward in the p + 12C radiative capture re-
action for bombarding energies in the vicinity of 1.70
MeV. Three isolated resonance internal collision matrix
elements contribute,

UV (ED, UV (M), UY*(E2) .

Thc abbreviated notation represents the formation of the

level (superscript) by the capture of s wave protons
(subscrlpt) which decays by E1 radiation to the + >N
ground state (Fig. 4). The 3 level is formed by the cap-
ture of p wave protons and decays by either M1 or E2
radiation to the >N ground state. Resonant gamma rays
from the E, =3.547 MeV level (J "—*—+) have not been
observed, and therefore this level has been excluded in the
final analysis after determining that the interference be-
tween this level and the two lower levels at E, =2.366
MeV and E,=3.512 MeV could not account for the dif-
ferential cross section and analyzing power angular distri-
butions s1multaneously This 1E)reliminary analysis includ-
ed the use of —+ , <, and 3+ background contributions.
The next resonant state above the E =3.547 MeV level
occurs at E, =6.382 MeV (J ”—~ ), and, from the pre-

J

E, (keV) JT Ep (keV)
3547 - 1734
3512 ' 3/p- 1699
E, |
1944 2360 : 12t a7
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BN
33
O 4 172"
I3N

FIG. 4. Energy level diagram for

liminary analysis, does not influence the observed capture
reaction data for E, <4.0 MeV.

The two external collision matrix elements which con-
tribute (only E 1 elements need be considered) are

UV (EY), UY(EY).

The second of these represents the d wave direct capture
to the /, =1 final bound state and corresponds to a new
collision matrix element (—+E 1) relative to an analysis
based on the resonance levels and their associated back-
grounds as the only source of collision matrix elements
3TEL, 1ML 5 E2). Strictly speaking, there is noth-
ing unusual in this approach to including background
since all possible j™ background contributions are admissi-
ble. The procedure followed here simply focuses on a par-
ticular background, which may be expected to dominate.

The 2C(p,y0)"®N aq, a,, a,, and b, coefficients are,
from Eq. (13),

ao=2[ | UY*"(EN) |242| UV (M1) | 2+2| UY* (E2) |2 +2 | U (ED) | 7], (14)

a;=22Re[UY* (ENNUY?> (M 1)*1+2V3Re[UY* (E1)X UY? (E2)*]

2V73

+55 22 Re[UYY (E2) U (ED* 1 —2Re[UY* (M 1)X UY* (E1)*] (15)
=2{ | UV (ED) 2= | UV M D) |2— | UYPT(ED | 2—2Re[ U (EDUY? (E1)*]
+2V3Re[UY? (MUY (E2)*]}, (16)
and
b, =2 1V3Re[iU}? (E2)UY* (E1*1+Re[iUV* (M 1)UY* (E1)*]
crr3/2t 3/2‘ * ‘/- 3/2— 372t *
+4Re[iU3* (ENUY? (M 1*]4+ —=Re[iU}* (E2)UY* (E1)*] | . (17)

The coefficients in Egs. (14)—(17) are not model dependent. The coefficients in the b, expression, Eq. (17), agree with

Ref. 8 as amended by Ref. 9. The collision matrix elements in Eqs. (14)—

(17) are here taken to have the following forms:
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ie" "% 3Poy o X (2)(E, /Eg )"

UV ED=NM | XU (ext)+

ER(%JF)—SSV(Z)—E—I'PO‘}’(Z)

i V2P [y, + X (6)1X (L E, /(Ex($ )+ X (3]

(18)

Uy (M1)=N}"?

X(5)

UY* (E2)=2[E, /(Er (3 )+X(3NIUYY (M),

T X(4)

and
U (ED =N X (1)U (ext) , @1

where U’ is the Ulext) of Eq. (7) except for the omission
of the scaling factor N,/ 29,bs,
2 l—l

2X(1)? o
14 ——;—“— f " dr

and X (1) through X (6) are parameters given in Table I.
In Eq. (18), the external collision matrix element
Up'” 2% (ext) adds to a dominant internal element (arising
from the 3 resonance at E, =2.366 MeV) and thus has
little effect on the overall interference pattern in the vicin-
ity of E,=3.5 MeV. However, the Uj>” 2% (ext) external
collision matrix element of Eq. (21) has no corresponding
internal collision matrix element and thus is the source of
a sizable analyzing power owing to its interference with
the M1 and E?2 transitions from the -i-_ level, as can be
seen from Eq. (7).

The six parameters X (i) in Egs. (18)—(21) were varied
in order to minimize the chi-squared function X? com-
posed of the experimental -4y, 4, and A4, coefficients of

Wi(r)

Nb'= Wl(a)

Ref. 3 and the corresponding theoretical quantities, Egs.

(14)—(16) (A, =%’a;/8). The results are reported in
Table I. The starting parameters in the search reported in
Table I were taken from Ref. 3. In these expressions, the
sum over the remaining bound channels at E,=1.944
MeV in the normalizing factor N, [Eq. (6)] and the sum
over the negative energy channels at the incident excita-
tion energy in the shift function were neglected. The sum

(19)

Er($7)+X(3)—S%y+X(6))*—E —iP (y,+X(6))?

(20)

I

over bound channels at E, =1.944 MeV is expected to be
small due to the relatively high separation energies of oth-
er negative energy channels (integral over the external re-
gion of these tightly bound configurations is small) and
due to the large p+ '>C parentage in the >N ground state
as deduced from stripping and other reactions,'* and
therefore of only negligible influence on the overall nor-
malization factor. The neglect of negative energy chan-
nels in the shift function is essentially on the same basis.
The percent uncertainty in the last column of Table I was
crudely obtained by arbitrarily doubling the uncertainty
observed in the best fit parameters obtained from X2
searches performed with different sets of parameter
values. The 30% uncertainties in X(3) and X(6) are
misleadingly large since these parameters represent devia-
tions of the values of physical quantities from their earlier
found values. For example, X(3)=0.2+0.06 keV means
that the %— resonance energy is 0.2 keV greater than the
value of Ref. 10, which implies that this nearly 1700 keV
(lab) resonance energy has a very small percentage uncer-
tainty. Similarly, the deviation parameter X(6) corre-
sponds to a physical quantity yp( %_ ), the proton reduced
width amplitude for the 5+ resonance, having the value
(0.330+0.008) MeV!/? which involves an uncertainty of
only about 2%. The square of the parameter X (2) is the
5 " E 1 partial width at resonance. Since the 5 state lies
outside (below) the energy range of this analysis it should
not be surprising that its partial width would be our least
accurately determined parameter. A final comment on
the parameter uncertainties involves the rather well-
determined parameters X (4) and X(5), which, when

TABLE 1. Parameters used in X2 minimization.

Initial Final %

value value Uncertainty
X(1) 6,(+7) 0 0.41 12
x2) [TR LT ED2 0.82 eV!”2 0.59 eV'”2 18
X(3) 8Ex(37) 0 0.2 keV 30
X(4) [TNF,E2)]'? —0.077 eV!”? —0.079 eVl 6
X(5) TR, M1V 0.83 ev!” 0.77 eVi/? 6
X(6) 8y,(37) 0? 0.026 MeV!/2 30

X? 2841 348

2Reference 10: yp(%+)= 1.26 MeV'/2, y,(+7)=0.304 MeV'/%. The initial 7,(3 ) gives an observed
total width (Ref. 6) T%(3 ) =53 keV (lab) for a,=4.77 fm (Ref. 10). The final y,(3 )=0.330 MeV'”

gives T% 3 )=61 keV (lab).
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squared, are the 5 E2 and M1 partial widths (at reso-
nance), respectively. From Eq. (20) the ratio of the
27 E2 and M1 collision matrix elements is directly pro-
portional to the ratio X (5)/X(4) and it turns out that this
ratio is much more accurately determined by the data
than is either X (5) or X (4).

Our very limited exploration of the X? surface does not
permit us to rule out the presence of other independent
solutions (parameter sets). We contented ourselves with
the set of Table I since these parameters were reasonably
consistent with earlier work and resulted in a good fit to
the observables (the square root of the X? per data point
had the value of 2.6). This is in keeping with our motiva-
tion which has been to demonstrate that the parameter-
free external collision matrix formalism could convenient-
ly be employed to satisfactorily describe the data with
reasonable parameter values rather than to determine the
parameter values or their uncertainties extremely accu-
rately.

The best fit parameters include a dimensionless reduced
partial width 6°[ =X?(1)] for the p+ '2C (g.s.) channel in
the 1*N ground state of 0.17+0.04. Using for the dimen-
sionless single particle (sp) reduced partial width the
value!! 0§p=0.6 (good to perhaps 30%) allows one to cal-
culate the value C2S=0.29+0.14 for the spectroscopic
factor of the p +'?C (g.s.) component of the >N ground
state. This value is too low to be in agreement with the
Cohen and Kurath!? shell model prediction of 0.61, but is
possibly in reasonable agreement with the experimental
value of 0.49+0.15, deduced by Rolfs and Azuma in their
(p,7o) analysis* and the lowest of the range of values
0.5—1.5 deduced from stripping analyses!* (S would have
a maximum value of unity for capture into an empty
shell). Turning this argument around, we might accept
the recent and definitive stripping analysis results
C25=0.48 of Peterson and Hamill.”> Then our best fit
value of 6% would imply Gfp:0.36 (with an uncertainty
range of +0.11, assuming a 20% uncertainty in the C2S
value). Although this 0.36 value is 40% lower than the
0.6 value used by Lane!! for analyzing resonance reac-
tions, he mentions that the 0.6 value is uncertain by
perhaps 30% for resonance reactions and points out that
in the case of negative energy nucleon channels, as in the
present case of the >N (g.s.), one can expect Gfp to have an
even lower value. Therefore we can conclude that our re-
sult for 6% is completely consistent with C2S and Gfp
values deduced or used by other workers.

The square root of the E2 and M 1 partial width ratio
at resonance is —0.102+0.003. The corresponding mix-
ing ratio in Ref. 3 is —0.092 and in Ref. 4 is
—0.0910.02. Using the oI'), value of 1.19 eV (Table I),
and a total resonance cross section of 37.5 ub® gives a to-
tal width T" (lab) for the 3.51 MeV level of 62 keV, which
is in good agreement with the results of previous work.*
The mixing ratio a3, defined in Ref. 3 as

I35 M (237 )
r}1*,E1) |3.51

is given as 0.319. The corresponding mixing ratio in the
present work is 0.52, primarily reflecting a smaller y-ray

2
a)|= ’

partial width for the 2.37 MeV level.

The C(p,70)!®°N 4y, 4, and A4, coefficients are plot-
ted as a function of incident proton energy in Fig. 5. The
open circles are the data of Ref. 3, the dashed line is the
Legendre coefficient as calculated with only the external
collision matrix elements [ U2 (E1) and UY?T(E1)],
the dotted line is the Legendre coefficient with only the
internal  collision matrix elements [U (1)/ 2+(E 1),
U¥* (M1), and U3’?" (E2)], and the solid line is the
complete Legendre coefficient. The solid line represents
the best fit to the dafa. From Figs. 5(a) and (c), the exter-
nal direct capture contribution to the 4, and A, coeffi-
cients is virtually negligible over the resonance. The A4,
coefficient in Fig. 5(b), however, is considerably altered
relative to internal collision matrix contributions. From
Eq. (15), the drop through zero in Fig. 5(b) is seen to re-
sult from the direct capture +~ E 1 collision matrix ele-
ment interfering with the dominant 27 M1 transition.

Even though external contributions were limited to
electric dipole transitions, a small A4; coefficient can arise
from interference between the %— (L =2,p=2,1=1) res-
onance and the pseudo %Jr (L =1,p =2,1 =1) resonance.
The predicted smallness of the 45 coefficient is consistent
with i3ts neglect in the data reduction performed by Young
et al.

To determine the experimental b;, our measured
analyzing powers for the '>C(p,y, ’N reaction near
E,=1.70 MeV (shown earlier in Fig. 3) were multiplied
by the differential cross sections determined by the
analysis of the data of Ref. 3. The resulting angular dis-
tributions of the analyzing power-differential cross section
product were then least squares fit with the m =1 associ-
ated Legendre polynomials of order k =1 [Fig. 6(a)] and
k =3 [Fig. 6(b)], where By=#2b;/8. Terms of order
k =1 through k =3 are expected in this expansion. How-
ever, as there are only three experimental points in the
analyzing power angular distributions, the k =2 coeffi-
cient was neglected on the basis that it was the least signi-
ficant in this energy region, corresponding to interference
of background terms. The k =3 coefficient, on the other
hand, involves interference between the 3 resonance and
background and is larger. ’

In Fig. 6, the solid lines are the predictions for B; and
Bj; resulting from our theoretical fit to only the Ay, 44,
and A, coefficients of Ref. 3. The theoretical curves are
merely overlaid on the analyzing power data; the analyz-
ing power data have not been included in the chi-squared
minimization program. The analyzing power data have
large relative errors, and, as can be seen by comparison of
Figs. 5 and 6, the error in the fit to the B’s is no worse
than the fit to the A’s. So there is little to be gained by
including the analyzing power data in the minimization
program. It is encouraging to note that the extranuclear
direct capture formalism is entirely adequate to account
for the 2C(p,70)!>N reaction over the energy region of the
second resonance. We hasten to point out, however, that
whereas in the present study the analyzing power data
simply confirmed the prediction based on our analysis of
the unpolarized data, this situation is probably atypical.
The reason one expects to need the polarized data in addi-
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FIG. 5. 2C(p,y0)"®N angular distribution coefficients vs E,
over the energy region of the 1.70 MeV resonance. (a) A4o; (b)
Aq; (¢) A,. The data are taken from Ref. 3. See the text for ex-
planation of the curves.
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FIG. 6. Analyzing-power x cross-section coefficients vs E,.
Data are derived from those of Figs. 3 and 5. (a) B;; (b) B;.
Curves are predictions based on the parameters derived from
fits to the unpolarized data.

tion to the unpolarized data can be seen by comparing Eq.
(15) for a; and Eq. (17) for b;. Both a; and b, contain
only interference contributions (rather than squares of
magnitudes of certain matrix elements, as is the case for
aq or a,) and are therefore more sensitive to small matrix
elements than ay or a,. Furthermore, the same collision
matrix pairs occur in both a; and b; but with two very
important differences. First, the various pairs are weight-
ed differently in @, than in b, and second, a,; depends on
the real part of products like U;U3 which involves the
cosine of the difference of their phase angles, whereas b,
depends on Re(iU;U3%) which involves the sine of the
same phase difference.

It is perhaps worth mentioning that the conclusions
drawn by Young et al.’ that the C(p,y,)*N cross sec-
tion angular distributions in the vicinity of E,=1.70
MeV can be explained entirely in terms of resonant proton
capture proceeding through the known states of °N
(E,=2.366 and E,=3.512) and without involving addi-
tional background contributions are based on flawed
analysis. A more complete discussion of the problems
found in Ref. 3 is contained in Ref. 14.

SUMMARY AND CONCLUSIONS

We have applied R-matrix theory to the radiative cap-
ture reaction 'C(B,y)>N in the energy region of the
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E,=1.7 MeV resonance. The collision matrix elements,
representing the dynamics of the radiative capture transi-
tion, were divided into two contributions according to
whether the spatial integration involved the internal or
external region. The external region part of a collision
matrix element is very nearly model independent being
determined by the elastic scattering phase shifts, without
the need to introduce an optical potential as one would re-
quire if one wanted the small r behavior of the elastic
scattering wave function. In contrast, the internal region
collision matrix elements are completely dependent on a
nuclear model for their evaluation. Here we used the
strong interaction form of R-matrix theory where we
represent the initial wave function in the internal region
entirely in terms of compound nucleus formation.

In addition to the extranuclear, i.e., external (direct cap-

ture) background it is possible to include, in standard R-
matrix fashion, an internal background contribution. In
the present analysis no internal background was necessary
to fully account for the data. From this fact one may
conclude that an internal direct capture mechanism is not
discernable in the >C(p,y)"*N reaction at low energy.
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