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The scattering of dipole photons of 100 to 200 Mev from protons and deuterons is calculated by means
of dispersion relations, experimental data on photopion production from nucleons, and. several reasonable
approximations. A previous calculation by the author using this model is modified by the use of an additional
dispersion relation derived by Mathews. The diR'erential cross sections resulting from this modification are
smaller than the previously calculated cross sections for scattering angles in the backward direction. Com-
parison of the photon-deuteron calculations with the results of future experiments will yield information
concerning the photon-neutron scattering amplitude.

1. RECENT PREDICTIONS OF PHOTON-PROTON AND
PHOTON-DEUTERON SCATTERING

lowest order in the electric charge (second-order terms)
are dominant in the photon scattering amplitudes. In
this approximation the imaginary parts of the scattering
amplitudes T, are determined from unitarity relations
and the experimental data on photopion production
from protons. The two dispersion relations of Gell-

Mann, Goldberger, and Thirring are used to express
linear combinations of the real parts of the amplitudes
T in terms of photopion production cross sections.
Since there are four amplitudes T and only two dis-

persion relations, it is necessary to make a further
assumption in order to determine ReT,'. The assump-
tion made is that the two amplitudes T,~,

~' and T
which are known to be dominant in photomeson pro-
duction at energies below 400 Mev, are also dominant
for the scattering. The amplitudes T,i and T, are
taken to be zero. The photon scattering amplitudes and
differential cross sections are then calculated by making
use of the two dispersion relations and the analysis of
photomeson production data of Watson, Keck, Tolle-
strup, and Walker. 4 The results differ considerably
from the calculation of Gell-Mann et al.

The photon-deuteron scattering problem is also
studied in I. The elastic and inelastic photon-deuteron
differential scattering cross sections are predicted, using

the impulse approximation together with the model

used for the photon-proton problem.
The author believes that the assumption in I, that

ReT, ~' is small compared to the "pionic structure"
parts of the other amplitudes, is reasonable. On the
other hand, the assumption that ReT, ~, may be
neglected is certainly not accurate. In the weak pion-
nucleon coupling calculations, ' for example, ReT,, y'

is quite small in the energy range under consideration

here, but ReT, i 1' is larger than ReT s, ,*' (though
ReT, i, is the largest oi all the pionic structure parts).
In Fig. 3 of I it is shown that the assumption
of a reasonable nonzero value of ReT, i ~' leads to a
considerable difference in the calculated differential

ELL—MANN, Goldberger, and Thirring were the~ first to apply dispersion relations to the problem
of the scattering of photons from protons. ' These
authors derived dispersion relations for both the spin-
dependent and spin-independent forward, elastic scat-
tering. The spin-independent relation, together with
several reasonable guesses concerning the relative sizes
of certain phase shifts, was used by the authors to
predict the differential photon-proton scattering cross
section at all angles for photon energies up to 250 Mev
or so.

Recently, the procedure of Gell-Mann, Goldberger,
and Thirring was extended by the author. ' In I, as in
Gell-Mann et al. , only the four dipole amplitudes T,&, ;,
T,~. .. T, ;, and T g, ~ were considered, where the
subscripts "el" and "mg" denote electric and magnetic
amplitudes, and the subscripts —,

' and —,
' denote the total

angular momentum of the photon-nucleon system in
the center-of-mass system. These amplitudes are sepa-
rated into two parts, i.e.,

Te= TJ'+T'',

where the general subscript j denotes any of the four
amplitudes mentioned above. The quantities T,' are
the "low-energy" parts of the amplitudes T;, defined
rigorously to be the sums of the zero-order and first-
order terms in an expansion of the scattering amplitude
in powers of the photon energy. It has been shown by
several authors that the requirements of relativistic
invariance and gauge invariance imply that T,' depend
only on the charge, mass, and anomalous moment of
the proton. ' On the other hand, the terms T,' defined

by Eq. (1) may depend in a detailed way upon the
mesonic structure of the proton. These terms are
referred to as "pionic structure" terms.

In the calculation of I it is assumed that the terms of

'Gell-Mann, Goldberger, and Thirring, Phys. Rev. 95, 1612
(1954).

~ R. H. Capps, Phys. Rev. 106, 1031 (1957), and University of
California Radiation Laboratory Report UCRL-3572 (unpub
lished). Hereafter, this paper is referred to by the symbol I.

3 I. E. Low, Phys. Rev. 96, 1428 (1955); M. Gell-Mann an
M. L. Goldberger, Phys. Rev. 96, 1433 (1955).

4%atson, Keck, Tollestrup, and Walker, Phys. Rev. 101, 1159
(1956).

d ' R. H. Capps and W. G. Holladay, Phys. Rev. 99, 931 (1955);
R. G. Sachs and L. L. Foldy, Phys. Rev. 80, 824 (1950).
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photon-proton cross section, especially at scattering
angles larger than 90'.

Recently Mathews has derived dispersion relations
for finite-momentum-transfer photon-proton scatter-
ing, using techniques similar to those used in the
corresponding problem for pion-nucleon scattering. '
He then uses these equations, together with the photo-
pion production data, to predict photon-proton scat-
tering cross sections which dier considerably from
those predicted by Gell-Mann et al. , and in I. Because
of the many dispersion relations used, Mathews is able
to consider many more amplitudes than those con-
sidered in I. On the other hand, use of these finite-
momentum-transfer equations necessitates an additional
assumption, since some of the constants appearing in
the finite-momentum-transfer dispersion relations are
not determined by invariance properties or by the
photoproduction data. In reference 6, the Born approxi-
mation is used to determine these terms. If consider-
ation is limited to dipole amplitudes and certain recoil
terms are neglected, however, one needs only three or
four dispersion relations and may avoid the questionable
use of Born approximation. In this paper one of the
relations derived by Mathews, and the two relations
of Gell-Mann et at. , are used to determine the real
parts of the quantities T,i, T,i, ~', T g, , and the
photon-proton and photon-deuteron cross sections are
recalculated. As expected, the resulting photon-proton
results are much the same as those of Mathews, and
agree with the experimental results of jL'amagata et al.
to within the accuracy of the experiments. '

The principal purpose of the present work is the
recalculation of the photon-deuteron cross sections of I.
It is believed that the present results are more reliable
than those of I, and when suitable experiments are done,
comparison of the experimental results with the results
of this paper will provide some information concerning
the photon-neutron interaction and the electromagnetic
structure of neutrons.

2. RECALCULATION OF SCATTERING
CROSS SECTIONS

There are several simple ways to calculate the ratio
(R=ReT.i t'/Re(T. i, +T,, t') using the finite mo-
mentum-transfer dispersion relations. One way is to
take one of the relations derived by Mathews in
conjunction with the two derived by Gell-Mann, Gold-

berger, and Thirring. An appropriate equation, for
example, would be the equation for that part of the
coeKcient of the e e' terms in the scattering amplitude
which is independent of momentum-transfer. Another
method of determining (R would be to use a simple

' Jon Mathews, doctoral thesis, California Institute of Tech-
nology, 1957 (unpublished).' R. H. Capps and Gyo Takeda, Phys. Rev. 103, 1877 {1956).

Yamagata, Auerbach, Bernardini, Filosofo, Hanson, and
Odian, Bull. Am. Phys. Soc. Ser. II, 1, 3SO (19S6);T. Yamagpta,
doctoral thesis, University of illinois, 195$ (unpublishedl,
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FIG. 1. Calculated value of the ratio 6t= ReT, i, t'/Re(T, ~,
t'

+T s, t') as a function of the incident photon energy in the
laboratory system.

static, dipole limit of the complete set of equations
listed in reference 6. A third method is to compute (R

from the calculated results of reference 6. A calculation
reveals that the results of all these methods are similar,
so the latter method is used here. The ratio N. , computed
as a function of energy from the calculation of reference
6, is shown in Fig. 1.

In the model presented here (where (RWO), the real
parts of the expressions for the amplitudes T, given in
Eq. (11) of I must be modified in the following manner:

ki e' ( 2 1 Xki& e'
I+—@t:Re~(k)],

k m4 3 3m) m

ki e' ( 2 2 ).ki) e'—R.eT., ;=—
I

—+- I+—Reh(k),
k mE 3 3m) m

1 e'k) e'—ReT,„= (X'+2k)—+—(1—(R)(Re5K(k) j,
k 3m' m

(2)

1 e'k)—ReT s ., ———— L2(X+1)'+1j.
k 3m'

s Jon Mathews (private communication),

It has been pointed. out to the author by Mathews
that two terms were omitted from the low-energy parts
of Eqs. (9), (10), and (11) of I.' The effect of this
omission on the calculated results of I is small compared
to the eGect of the assumption that T,~, =0. However,
these terms are included in Eqs. (2).

The values of the dipole amplitudes are calculated
from Eqs. (2) and the values of 5K(k) and h(k) deter-
mined in I. The photon-proton di6erential scattering
cross section is then recalculated, following the pro-
cedure of I. The results of this calculation, in the
center-of-mass system, are shown in Fig. 2. These
results are quite similar to those of reference 6. If a
multipole analysis of the calculation of reference 6 is
made, it is found that the mesonic correction parts of
T g, ~ and of the amplitudes for all higher multipoles
are small for energies less than 200 Mev. Thus the
present model is quite similar to that of reference 6 in
this energy range, and it is to .be expected that the
results are similar. These results are in agreement wjth
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Equations (4) are valid for either the neutron or the
proton amplitudes.

If the proton amplitudes are given by Eq. (2), where
the values of (R, 5K, and 8 are determined in the manner
discussed above, and the procedure of I is followed,
the photon-deuteron elastic and inelastic scattering
cross sections may be recalculated. The results of this
calculation, in the center-of-mass system, are shown in
Figs. 3 and 4.
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PjG. 2. Calculated photon-proton differential cross sections in
the center-of-mass system, shown at incident photon energies in
the laboratory system of 120, 150, and 185 Mev.

the experimental results of Yamagata et al. within the
experimental error. '

By using the value of (R taken from reference 6, we
also recalculate the elastic and inelastic photon-deuteron
cross sections of I. These cross sections are calculated
in the impulse approximation, and depend on the
photon-proton and the photon-neutron scattering ampli-
tudes. In order that numerical predictions may be
made, the photon-neutron amplitudes are calculated
from the photon-proton amplitudes in I by making use
of the "charge symmetry assumption" discussed in Sec.
IIIA of I. The low-energy forms of the neutron ampli-
tudes are given correctly in I, but because of the
omissions in the low-energy proton amplitudes discussed
above, Eqs. (24) of I should be modified in the following
manner:

k) e'—(A '—A ")=-
k m

3.METHODS OF INTERPRETING PHOTON-DEUTERON
SCATTERING EXPERIMENTS

The accuracy of the calculated results for photon-
deuteron scattering depends on the accuracy of the
assumed proton amplitude, the accuracy of the assumed
neutron amplitude, and the validity of the impulse
approximation for this process. (The computation of
the interference factors P and 8 of I is here considered
to be part of the impulse approximation. ) Experi-
mentally, it is possible to separate these effects to a
certain degree. The accuracy of the photon-proton
amplitude may be checked, of course, by photon-proton
scattering experiments. A partial check on the impulse
assumption may be made by measuring the ratio of
the elastic photon-deuteron cross section at one angle
to that at another. This angular dependence is, in
general, more sensitive to inaccuracy of the impulse
approximation than it is to changes in the proton and
neutron amplitudes.

If the photon-proton amplitudes given here should
agree with future experiments, and if the impulse
approximation is accurate for the photon-deuteron scat-
tering problem, then comparison of the results of future
photon-deuteron scattering experiments with the curves
of Figs. 3 and 4 will provide a test of the accuracy of
the photon-neutron amplitudes assumed here. As dis-
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(4)

Here, as in I, the symbol A refers to the spin-inde-
pendent amplitude, 8 refers to the spin-dependent
amplitude, and the subscripts p and e denote protons
and neutrons, respectively. The correspondence between
the spin-independent and the spin-dependent ampli-
tudes and the amplitudes referring to states of 6xed
angular momentum is given by
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FIG. 3. Calculated photon-deuteron di6'erential elastic cross
sections in the center-of-mass system, shown at incident photon
laboratory-system energies of 120, 150, and 185 Mev. The curve
corresponding to 185 Mev represents one-half the diQ'erential
elastic cross section.
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