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Proton-oxygen bremsstrahlung calculation
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The proton-oxygen bremsstrahlung cross section is calculated near the 2.66-MeV elastic scattering
resonance by using two model-independent approximations, the Feshbach-Yennie approximation
and the soft-photon approximation. The soft-photon approximation predicts a typical smooth spec-
trum, while the Feshbach-Yennie approximation predicts structure in the resonance region. Both
the principal term and the correction term are included in our Feshbach- Yennie calculation, but the
contribution from the correction term is found to be insignificant. The structure predicted in the
Feshbach-Yennie approximation has various forms, from a peak to a dip, depending upon the pro-
ton scattering angle. This interesting structure, if verified experimentally, can be used to study the
resonance effects, to test the Feshbach- Yennie approximation, and to extract the nuclear time delay.
Measurement of the proton-oxygen bremsstrahlung cross section near 2.66 MeV for various proton
scattering angles is strongly suggested.
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I. INTRODUCTION

The effects of nuclear resonances on nuclear brems-
strahlung emission have attracted much attention recently.
A process which was studied rather thoroughly during the
last several years was the proton-carbon bremsstrahlung
process near both the 1.7-MeV double resonance' and
the 461-keV resonance. While these studies have estab-
lished that the Feshbach-Yennie approximation ' can be
used to describe the resonance structure observed in the
bremsstrahlung spectra near 1.7 MeV and that (using this
approximation) the nuclear time delay associated with the
formation of a compound state can be extracted from the
measured bremsstrahlung cross sections, the difficulty in
describing the spectra observed near 461 keV (Ref. 6) indi-
cates that many problems remain unsolved. Obviously,
these problems require further theoretical and experimen-
tal study, and above all, further testing of the Feshbach-
Yennie approximation.

The main purpose of this paper is to report some im-

portant results of our theoretical study of the proton-
oxygen bremsstrahlung process (p' Oy) near the 2.66-
MeV elastic scattering resonance, especially to point out
that the measurement of the p

' Oy cross section at both
the forward and backward angles will provide a very sens-
itive test of the Feshbach-Yennie approximation. The
study of the p

' Oy process near the 2.66-MeV resonance
was originally suggested by Barshay and Yao in 1968.
However, their suggestion attracted little attention and the
process has never been carefully studied either theoretical-
ly or experimentally. Our interest in this study was stimu-
lated very recently by discussions with Galonsky. The re-
sults which we wish to report here were based upon our
calculation of the p

' Oy cross sections using both the
soft-photon approximation and the Feshbach-Yennie ap-
proximation, which includes the principal term and the

correction term.
It is well known that the p' 0 system near the 2.66-

MeV resonance has two interesting features o (i) the 2.66-
MeV resonance is a well-isolated excited state in ' F
(J = —,

'
); and (ii) the p' O elastic scattering cross sec-

tions exhibit structure in the form of a peak or a dip de-

pending upon the proton scattering angle. In addition to
these features, we have found from our Feshbach-Yennie
calculation that the predicted p

' Oy spectra show struc-
ture in various forms depending also upon the scattering
angle. Perhaps the most at tractive feature of the
Feshbach- Yennie calculation is the prediction of the dip
structure in the p' Oy spectrum for scattering angles
greater than 110'. Because of these important features
and the fact that the contribution from the correction
term of' the Feshbach-Yennie approximation is small, the
p' Oy process near 2.66 MeV can be considered as an
ideal case for studying the resonance effects, testing the
Feshbach- Yennie approximation, and extracting nuclear
time delay. "

II. BREMSSTRAHLUNG AMPLITUDE
AND CROSS SECTION

Since the p' O system is a typical spin- —,'-spin-0 sys-

tem, the bremsstrahlung calculation for this system is very
simiLar to the p' C bremsstrahlung calculation. There-
fore, with some modification, the formulae obtained in
Ref. 2 for the p' C bremsstrahlung calculation can be
used for the p

' 0 bremsstrahlung calculation. Briefly, the
bremsstrahlung amplitude, M&, in the Feshbach- Yennie
approximation for the p '60y process,

p(qt')+ O(pP)~p(qf)+' O(pf")+y(K"),

(the four-momentum of each particle is given in
parentheses) can be written as
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aT(s, , t) aT(sf t)
M4 —u( qf vf ) af4T(s;, t) a—;4T(sf, t)+bf4 b—;4 u(q;, v; ),

where

qf4 + Pf4 (1+Z) qf+Pf 4

qf K pf K (qf+pf) K

qi4 ZPi4
1 Z qi+Pi 4

q; K p;.K (q;+p;) K '

+&fr
bf4 — "

[—2(pf —p;).(R+K)+(R+K) ]+ "[2(qf—q, ).R+R ]
qf E Pf .K

—[ 2(pf —pi).N—Rpf4 2(pf pi)„+—(NR.K)Pf„+(NR.NR )(Pf K)pf„+(pf K)NR„]

qi)'NRPf4+(NR NR)(Pf K~Pf4]

Z
b; = "

[ 2(pf p—;) (R—+K)+(R+K) ]+ "[2(qf q;) R+—R ]q;,X

2(Pf Pi) NRPf4 2(pf Pi)4+(NR K)pf4+(NR NR)(Pf K)Pf4+(pf K)NR4]

Z[2—(qf —q;).NRpf4+(NR NR )(pf K)pf„],

NR, =[I p;, (p; qf )qf, ]/[(—p; .
qf )(pf .

qf )—I '(p .pf )]

R4 (pf .K)NR——4,
/fan

—lim qf„, p~„——lim pfpK~O E—+0

s; =(q;+p;)

sf =(qf+Pf) 2

t=(pf —p; ) =(qf —q;)

Here,

=GJK —, g ( M4tM4) F . —
SPIS

(2)

G=e /(16m ),
J=m /I16m. [(q; p;)2 —m~M2]'~ j,

[(p..q ) —m M ]
M [(pi qf)(pf 'qf) —m (pi pf)l

e is the proton charge, m (M) is the proton (oxygen) mass,
and d Q~ and d 0& are the proton and photon solid angles,
respectively.

In addition to the absolute bremsstrahlung cross section

Z is the atomic number of oxygen, u is the Dirac spinor,
and T is the T matrix evaluated at two different energies,
s; or sf. In terms of the bremsstrahlung amplitude M4,
the bremsstrahlung cross section for the p' Oy process
has the form

d3tr

dn, dnPK

a&, we calculate the relative bremsstrahlung cross section,

cr„i cr&/(d o,ild ——0» ),
where do,&/dQ» is the elastic scattering cross section
evaluated at the bombarding energy.

Since the structure predicted in the Feshbach-Yennie
approximation can be seen clearly when it is compared
with the typical soft-photon spectrum, we have also used
the leading term of the soft-photon approximation' to
calculate the p

' Oy cross section. The leading term of the
bremsstrahlung amplitude in this approximation can be
simply obtained from Eq. (1) by setting T(sf,t) +T(s;,t), —
qf"~qf, pf"~pf, and bf„=b;„=0. (See Ref. 12 for the
detailed derivation. ) The bremsstrahlung cross section
calculated from this amplitude can be obtained from Eq.
(2) by replacing I' by I',

F= lim F
E-+0

[(p;.qf) —I M ]
M2[(p; qf)(pf qf) m(p;.pf)]—
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FIG. 1. Elastic scattering cross sections. .- Experimental re-
sults which are shown as points are from Ref. 10. The solid
curves represent the results of our calculation.

Vfe have calculated the p' Oy cross sections, o& and
rr«~, as a function of the photon energy in both the soft-
photon approximation and the Feshbach-Yennie approxi-
mation. In all these calculations, me have assumed that
the photon is emitted vertically out of the scattering plane.
The geometry assumed here is similar to the experimental
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FIG. 3. Same as F1g. 2 but fol' thc I'clatlvc brcmsstrahlung
cross section, o.„~.
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FIG. 2. The p'60y cross sections, o~, in the laboratory sys-
tem as a function of photon energy. Three sets of the calculated
cross secti.ons are plotted together in order to show the change of
the resonance structure with the proton scattering angle. The
solid curves represent the calculation using the leading term of
the soft-photon approximation. The dash-dotted curves
represent the calculation using the principal term of the
I"eshbach- Ycnnie approximation and the dashed curves
1cprcscnt the calculat1on US1ng thc same approximation but 11l-

cluding also the corI'ection term.

arrangement used by the Bologna group, ' the Brooklyn
group, and the Tokyo group. In order to make a
thorough investigation of the resonance structure predict-
ed in the Feshbach-Yennie approximation, we have calcu-
lated oy and 0.„$ at several incident energies, both above
and below the 2.66-MeV resonance energy, and at various
proton scattering angles.

The input for our calculations is the phase shifts deter-
mined from the elastic scattering data. Phase shift analy-
ses were performed in the past by several authors. ' '

We took the phase shifts from Ref. 10 and modified them
slightly to give a better fit to the experimental data. A
comparison of the calculated and measured elastic scatter-
ing cross sections is shown in Fig. 1. The agreement is
very good.

In general, at an incident energy E (E=Ea+e, Eii ——the
resonance energy), our soft-photon calculation shows no
structure on the entire bremsstrahlung spectrum, as ex-
pected, but our Feshbach-Yennie calculation predicts in-
teresting structure near the photon energy X=e, depend-
ing upon the proton scattering angle. (We wish to point
out here that the precise shape of the bremsstrahlung
structure cannot be predicted from the structure observed
in the elastic scattering cross section without actually per-
forming a detailed bremsstrahlung calculation. } Some re-
sults of our calculation at an incident energy of 2.74 MeV,
which is 80 keV (a=80 keV) above the resonance energy,
are shown in Figs. 2 and 3. From these figures, we can
see that the contribution from the correction terin is not
significant; it has the effect of increasing the cross section
slightly in the region of the resonance. Hence the spectra
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calculated in the Feshbach-Yennie approximation with or
without the correction term are almost the same. The
small contribution from the correction term (together with
those interesting features discussed in the Introduction)
makes the p

' Oy process near the 2.66-MeV resonance an
ideal case for testing the Feshbach-Yennie approximation
and extracting the nuclear time delay. The reasons are the
following: (i) As we know, the contribution from the
correction term is very important for the p' Cy process
near both the 1.7-MeV resonance and the 461-keV reso-
nance. In that case the contribution from higher order
terms in the expansion of the bremsstrahlung cross section
(or amplitude) may also be important. A small contribu-
tion from the correction term (which is the second term of
the expansion) is always a good sign, for it means less am-
biguity in the theoretical prediction. (ii) It is difficult to
extract the nuclear time delay when the correction term
must be included in the calculation. ' As pointed out in
Ref. 15, the correction term cannot be determined directly
from the elastic data but has to be calculated theoretically
from the elastic scattering amplitude determined from the
elastic data. The error introduced by this hybrid method
for the determination of the time delay will be small if the
contribution from the correction term is negligible.

The calculated values of o.r and o„i for the proton
scattering angle of 70.5' are shown in Figs. 2(a) and 3(a),
respectively. As we can see from these figures, the soft-
photon approximation gives the expected spectrum with
1/K dependence, while the Feshbach-Yennie approxima-
tion predicts resonance structure in the form of a peak in
the energy region of the resonance, near K=80 keV. Our
calculation indicates that the peak reduces as the proton
scattering angle increases. At an angle of 109.5, the
structure has almost disappeared, as shown in Figs. 2(b)
and 3(b). For a scattering angle which is greater than
109.5', the resonance structure becomes a dip. An exam-
ple of this structure for a scattering angle of 151.3' is

shown in Figs. 2(c) and 3(c).
The prediction of bremsstrahlung structure in various

forms depending upon the proton scattering angles is very
interesting, 'and the most interesting structure predicted in
the Feshbach- Yennie approximation is the dip-bump
structure. Such structure has never before been studied.
Obviously, the existence of the resonance structure must
be verified experimentally and the experimental result is
needed for a complete understanding of this structure. It
is our hope that our theoretical study will stimulate exper-
imentalists to measure the p

' Oy cross section at various
scattering angles.

In conclusion, we have applied the soft-photon approxi-
mation and the Feshbach-Yennie approximation to study
the p' Oy process near the 2.66-MeV resonance. At an
energy far from the resonance, both approximations
predict very similar spectra which have a typical 1/K
dependence. In the vicinity of the resonance, however, the
Feshbach- Yennie approximation predicts structure in
various forms depending upon the proton scattering angle.
Since the contribution from the correction term is not sig-
nificant, the structure predicted by the calculation without
the correction term is very similar to the one predicted by
the calculation with the correction term. This interesting
structure, if verified experimentally, can be used to study
the resonance effects, especially to test the Feshbach-
Yennie approximation and to extract nuclear time delay.
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