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The scattering of photons of 100 to 200 Mev from protons and deuterons is examined in a model in which
it is assumed that only electric and magnetic dipole photons scatter. Two dispersion relations derived by
Gell-Mann, Goldberger, and Thirring, and the analysis of photopion production from nucleons by Watson,
Keck, Tollestrop, and Walker, are used to guide the theoretical prediction of differential scattering cross
sections. Several approximations are made, including the impulse approximation in the discussion of photon-
deuteron scattering; the accuracy of these approximations is estimated. In this model the photon-proton
cross section, and the sum of the elastic and inelastic photon-deuteron cross sections are largest at backward
scattering angles. Several feasible types of photon-deuteron scattering experiments are discussed briefly.

I. INTRODUCTION
'

QHOTONS of energy in the range 100 to 300 Mev
may be used to probe the pionic structure of

nucleons and of complex nuclei. In the past few years
many laboratories have attacked the problem of meas-
uring the elastic scattering of high-energy photons from
nuclei' —4; progress has been slow, however, because the
photon-nucleon scattering cross section is extremely
small, on the order of (e'/Mc')'=1. 5X10 " cm'/
steradian. Experimental cross sections for high-energy
photon scattering from various nuclei are known at
present only vaguely, though it appears that the meas-
urements may be improved significantly in the next
few years.

Two different models of photon-proton scattering
predict that the pionic contributions to the differential
cross section should be small at energies below 100 Mev
and should increase rapidly in the energy range 100 to
150 Mev. ' The experiments of Oxley and Telegdi'
tend to support the conclusion that the 100-Mev cross
section diGers by little from the prediction of the Klein-
Nishina formula modified by the inclusion of the Pauli
anomalous moment. Pionic effects are important for
energies greater than 150 Mev also; however, the ex-
perimental measurement is more dificult in this region
because of the background of high-energy gamma rays
produced in the decay of photoproduced neutral pions.
Since the energy resolution of present gamma-ray de-
tectors is not very sharp (about 30 Mev), the neutral-
pion-production events may be separated from scatter-
ing events only if the angle or energy (or both) of the
recoiling nucleon is measured with a fair degree of

accuracy. Above 150 Mev the theoretical analysis also
is more complicated because recoil eGects and eBects
of high angular momenta are more important than at
lower energies. In this work we shall concentrate pri-
marily on the energy range 100 to 190 Mev since
pionic eBects should be noticeable in this region, yet
the experimental and theoretical treatment is not
excessively complicated.

Since pure neutron targets are not available, one can
determine the photon-neutron cross section only by
analyzing the results of scattering from complex nuclei.
Such an analysis can be made in a simple manner if
the impulse approximation7 is valid for this process.
The deuteron represents the most suitable nucleus for
application of the impulse approximation, since the
average separation between the proton and neutron is
relatively large, and the deuteron wave function is
known fairly accurately. In Secs. III and IV of this
paper possible photon-deuteron scattering experiments
are discussed, and the validity of the impulse approxi-
mation is estimated.

The theoretical prediction of photon-proton and
photon-deuteron scattering is greatly facilitated by the
use of dispersion relations. Gell-Mann, Goldberger,
and Thirring (GGT) have derived dispersion relations
for the spin-independent and spin-dependent forward
photon-nucleon amplitudes, and have showed that the
spin-independent forward amplitude (the coherent
amplitude) may be determined to a high degree of
accuracy from a knowledge of the behavior as a function
of energy of the total cross section for production of
pions by an unpolarized beam of photons. ' Since the
publication of GGT many authors have derived various

This work was performed under the auspices of the U. S. dispersion relations for pion-nucleon scattering. 8 It
Atomic Energy Commission.

$ Present add . U
' 'ty f g7 h' gt S ttl g7 h appears that the vanous techruques used ]n these works,

ington. if applied to photon-nucleon scattering, may enable' Pugh, Frisch, and Gomez, Phys. Rev. 95, 950 (1954).
2 C. L. Oxley and V. L. Telegdi, Phys. Rev. 100, 435 (1955).' Gomez, Pugh, Frisch, and Janes, Phys. Rev. 100, 1245 (1955). s G. F. Chew, Phys Rev. 80, 196.(1950);G. F. Chew and M. L.' Janes, Gomez, Pugh, and Frisch, Phys. Rev. 100, 1245 Goldberger, Phys. Rev. 87, 778 (1952). Several references to

(1955); L. Higgins and B. J. Moyer (private communication) y
previous works on the impulse approximation are given in the

several other groups have also worked on this problem. work by Chew and Goldberger.
'Gell-Mann, Goldberger, and Thirring, Phys. Rev. 95, 1612 'M. L. Goldberger, Phys. Rev. 99, 979 (1955); R. Qehme,

(1954). This paper (and its authors) will be referred to by the Phys. Rev. 100, 1503 (1955) and 102, 1174 (1956); R. H. Capps
symbols GGT. and G. Takeda, Phys. Rev. 103, 1877 (1956).The work by Capps

e R. H. Capps and W. G. Holladay, Phys. Rev. 99, 931 (1955). and Takeda contains many references to other works.
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one to determine approximately the differential cross
sections at all angles from a knowledge of the depend-
ence on energy and aegllar momentum of the photopion-
production cross sections. The analysis of Watson et al.
has shown that two mechanisms predominate in the
photoproduction from nucleons of pions at energies less
than 400 Mev; erst, the production of an 5-wave pion
by an electric dipole proton, and second, the production
of a P-wave pion in a state of total angular momentum

2 by a magnetic dipole photon. ' Thus, our present
knowledge justifies the use of two separate dispersion
relations in the prediction of the photon-nucleon scat-
tering cross sections. In this paper the two dispersion
relations derived in GGT and the analysis of photo-
production of reference 9 are used to help make such a
prediction. A dispersion relation is used for the further
purpose of estimating corrections to the impulse ap-
proximation in photon-deuteron scattering.

The basic assumptions of the present model are that
the dispersion relations are valid, and that only electric
and magnetic dipole waves are important in photon-
pion-nucleon phenomena at low energies. This latter
assumption depends on the assumption that on}y 5-
and g-wave pions are important for low-energy pion-
nucleon phenomena. In addition to these basic assump-
tions several approximations are made, such as the
impulse approximation in the case of photon-deuteron
scattering; the accuracy of these approximations is
estimated.

e' kP p" ~r(k)—Red (k)+—= I' ~' dk~'
m 2x' ~0 (k/' —kP)

(5)

integral of Kq. (2) may be written in terms of the total
cross section o.r(k~') for unpolarized incident photons,
if use is Inade of the optical relation,

ImA((k, ) = (k(/4~)~r(k, )

This relation is derived in Appendix A. For simplicity
the constants A and c are taken to be unity in this paper.

In order that we may make a partial-wave expansion
of the scattering amplitude, it is convenient to intro-
duce the center-of-mass amplitudes A(k) and B(k),
which are related to A ~(k~) and B~(k~) by the equations
A(k) = (k/k~)A~(k~) and B(k)= (k/kt)B~(k~), where k is
the center-of-mass value of the magnitude of the photon
momentum. The amplitudes 3, 8, A~, and B~ are re-
lated to the center-of-mass and laboratory differential
cross sections in the forward direction for unpolarized
gamma rays by the equations

d~g ——/Ag f'+/Bg f', d~= fA/'-y JBJ'

Since the threshold value of the scattering amplitude
is given by the Thomson amplitude, i.e.,

Ag(0) = —e'/m,

where e and m are the proton charge and mass, Eq. (4)
may be used to write Eq. (2) in the form

II. SCATTERING FROM PROTONS

A. The Differential Cross Section

The forward amplitude for the scattering of gamma
rays from protons in the laboratory system may be
written in the form

T~~(k&) =A&(k~) e e'+iB~(k~)o" eX e',

where A~(k~) and Bg(k~) are complex functions of kg, the
magnitude of the momentum of the incident photon.
The vectors c and e' are the polarization vectors of the
incident and scattered photons, and e is the spin opera-
tor of the proton. The subscript 1 is used to denote
amplitudes and momenta that are to be measured in
the laboratory system. Gell-Mann, Goldberger, and
Thirring' have shown that the amplitudes A~ and B~
satisfy the following dispersion relations:

2kP t." Img ( (k(')
Ret a, (k,) —~,(0)j= I' dk, , (2)

k)'(kg" —kP)

2kP p" ImB((k(')
ReI B((k))—k(B((0)$= & ' dk&', (3)

~ 0 kp(ki" —kp)

where I' denotes the principal part of the integral. The

' Watson, Keck, Yollestrup, and Walker, Phys. Rev. IOI, 1159
(1956).

Since the reactions y+p~p++' and y+p—&~+~+
dominate whenever they are energetically possible, one
may, to a high degree of accuracy, replace O.z by the
total cross section for photopion production by un-
polarized photons when using Kq. (5) to determine
Red(k). In GGT, Red(k) is determined by this pro-
cedure; the authors then predict the differential cross
section for photon-proton scattering in the energy range
0 to 300 Mev on the basis of a knowledge of 2 (k) and
some reasonable guesses as to the relative sizes of the
phase shifts. This section is an extension of the GG-T
analysis, the principal diQ'erences being that the eQ'ects
of the anomalous and intrinsic magnetic moments are
included, and bofk Eq. (5) and (3) are used, together
with the analysis by watson et al.' of photoproduction,
to fix the two parameters A (k) and B(k).

It is assumed that at energies less than 200 Mev the
only electromagnetic waves significantly scattered are
those of angular momentum one, the electric and mag-
netic dipole waves. This assumption seems reasonable
in view of the facts that the energy is small compared
to the proton rest energy, and that dipole photons are
responsible for the important features of photopion
production at energies less than 400 Mev. Both the
electric and magnetic waves may couple to the spin of
the proton to form waves of total angular momentum —,

'
and —,'. Conservation of angular momentum and parity
prevents transitions between these four states; thus in
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ke'
T= — e e—1

k)m
(2K+1)ko.eX e'

2m'

o. (eXk) X (e'Xk')
+ (X+1)'

2m2 k

ie' e k'o" (k'Xe') —e'. ko (kXe)
+ (X+1)

2m2 k
(9)

"F.K. Low, Phys. Rev. 96, 1428 (1955); M. Gell-Mann and
M. L. Goldberger, Phys. Rev. 96, 1433 (1955).A somewhat similar
theorem applying to photon scattering from complex, structured
systems is given by R. H. Capps, Phys. Rev. 99, 926 (1955l.

this approximation the only nonvanishing elements of
the center-of-mass scattering amplitude T are the
diagonal elements. We will denote these by T;", T~",
T; g, and T; g where the superscripts "el" and "mg"
denote electric and magnetic amplitudes. These ampli-
tudes are related to the phase shifts 8; (which are in

general complex) by equations of the form

T;=k 'e"'sinb;,

where i denotes the parity and angular momentum.
Since the phase shifts are of the order (e'k/m)=0. 001
for our problem, it is an excellent approximation to
replace the above expression by

T,=k-9,.

Since, in the differential cross section for unpolarized
particles, there is no interference between spin-de-
pendent and spin-independent amplitudes, it is con-
venient to work with such amplitudes. We define electric
and magnetic spin-independent and spin-dependent
amplitudes by the equations

A"(k) = Tp'(k)+-'T"'(k),
A s(k) = Tps(k)+-,'T;-s(k),
B"(k) = -', T;"(k)——',T;"(k),

B-s(k) = -'Ti-*(k) --'T.- (k)

It may be shown that the forward spin-independent and
spin-dependent amplitudes, A(k) and B(k), are related
to the amplitudes of Eqs. (7) by the equations,

A(k) =A"(k)+A s(k),

B(k)=B"(k)+B s(k).

At low photon energies the electromagnetic held feels
only the gross properties of the proton. It has been
shown by several authors that, in a gauge-invariant
and relativistically invariant theory, the first two terms
in an expansion in powers of energy of the amplitude
for scattering of a photon from a spin —,'particle are
determined by the charge, mass, and anomalous mo-
ment Xe/2m of the particle. "To order k the center-of-
mass amplitude T is given by

k)—Amg=0
7

k

k)
+el

k

k)
gmg ~

k

e2 e' k)
(2&+1)k, =—0.34—,

2m2 m p

e2 e' k]
(X+1)'k)=0.58—

2m2 m p

(10)

where p is the pion mass and ) is taken to be 1.79.
At energies above 100 Mev the scattering amplitude

should be considerably modified by pionic structure
effects. Since partial waves corresponding to Ti" and

Tg g are dominant in low-energy photopion production,
we follow GGT in neglecting such pionic structure
modifications in T~ g and T;".Then the four dipole
amplitudes have the form

e' 2 1k)—T;"(k)=——————(2li+1),k' m-33m
e~ 2 2 k~ e~—T;"(k)=———+——(2K+1) +—8(k),

k m 3 3m m

e'—T; s(k) =———(X+1)' +—BR(k),
m3m m

e'- 2 k)—T;~s(k) =————(X+1)' .
k

'
m~ 3m

The terms in square brackets in Eqs. (11) are the
threshold terms, determined from Eqs. (7) and (10),
while the functions 8(k) and 5K(k) represent pionic
structure e8ects that are to be determined from the
photoproduction data. It should be noted that, in the
present approximation, the amplitudes T;, A"
8" g, 8, and 5K are all real at energies below pion-
production threshold.

In order that the second dispersion relation, Eq. (3),
be useful, ImB must be replaced by a quantity that
has to do directly with the photopion production cross

"The analogous expression for the laboratory amplitude is
given by Eq. (1.1) of Low, reference 10. The sign of T in Kq. (9)
is opposite to the sign of the amplitude discussed by Low; this is
a matter of convention.

where k and k' are the momenta of the incident and
scattered photons, respectively. "The last term of this
expression involves magnetic quadrupole photons, and
is neglected in the present dipole model. From the first
three terms of Eq. (9) it is seen that the low-energy
behavior of the amplitudes A", A g, 8", and 8 gris

given by

k) e'
A el

7

k m
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e—Im[OR(k)+-,' h (k)j=—ar(k),
m

sections. To do this we define partial cross sections oi If these equations are combined with Eqs. (7), (8), (4),
and oi, which represent the contributions to the total and (13), the imaginary parts of 5K and h are given by
cross section for unpolarized, dipole photons from total
angular momentum states ~ and —,', respectively. Thus
we have

o r——o.;+a.;+higher multipole contributions. (12)

It is shown in Appendix A that, in our dipole model,
ImB is given by

e' k)—Im[-,'m(k) —-', h (k)$=—[-,'o; (k) —o', (k)j.
m

(16)

k)—Ima(k, ) = (k,/4~) (-,'~; ~;—)
k

(13)

If Eq. (13) is substituted into Eq. (3) and 8'(0) is
replaced by its value computed from Eqs. (8) and (10),
Eq. (3) becomes

The imaginary parts of 5K and 8, determined from
Eqs. (16) and the photoproduction data, are shown by
the dashed curves in Fig. I.

If the functions 5K(k) and b(k) are known, the ampli-
tudes 3'I™and 8' g may be determined from Eqs.
(7) and (11). The differential cross section for un-

kie9.' kP t
" [-',o.;.(k') —o', (k')g—ReB (k) — = P, I dk, ' . (14)

k 2m' 2~' ~ s ki'(ki" —kP)

As with Eq. (5), only the photopion production con-
tribution to 0.~ and 0; need be used in evaluating the
integral of Eq. (14).It should be noted that if photopion
production were a spin-independent process, the inte-
gral of Eq. (14) would vanish in our approximation, for
an unpolarized beam of dipole photons may be shown
to be 3 in the state j= 2 and 3 in the state j=—,'. Thus,
if there were no spin dependence, 0-; would be equal to
2o;, and the integral in Eq. (14) would be zero.

Equations (8), (7), and (11) may be used to write
A(k) and B(k) in terms of known constants and the
functions BR(k) and h(k). If these expressions for 5K
and b are substituted into Eqs. (5) and (14), these two
dispersion equations become

2.4
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e2 kP r" o r (k')—Re[OR(k)+-', h(k)] = P dki'—
m 2s' &s (ki"—kP)

e2 kP—Re[-,'m(k) —-', h(k) $= P dk, '
m 2&' ~0

[-,'o, (k') —o', (k')j
X

ki'(ki" —kP)

If the analysis of photopion production of reference 9
is used to determine 0-~, 0.;, and 0;, and the integrals are
numerically integrated, Eqs. (15) determine Re9R and
Reb as functions of the energy. The results of such a
procedure are shown by the solid curves in Fig. 1.

The imaginary parts of 5R and 8 also may be deter-
mined from the photoproduction data. Taking the
imaginary parts of Eqs. (11),we obtain

ImT"~= ImT."I=0.
(ki/k) ImT = (e'/m) h.

(ki/k) ImT *=(e'/m)Or&.

FIG. 1. Values of the amplitudes 8 and5K as functions of the
incident photon energy (laboratory system). The solid lines
represent the real parts of the amplitudes; the dashed lines repre-
sent the imaginary parts. The amplitudes I:m8 and ImBR are
equal to zero at energies less than 150 Mev. As the energy de-
creases from j.20 Mev to zero, Re 8 and Regg approach zero. At
70 Mev these amplitudes are given approximately by the relation,
Reg=ReSR=O. OS e /te.

polarized gamma rays may then be computed from Eq.
(B3) of Appendix B. [The derivation of Eq. (B3) is
discussed in Appendix B.g The center-of-mass, differ-
ential, "unpolarized" cross section, computed by the
above procedure, is given in Fig. 2 at incident photon
energies (in the lab system) of 120, 150, and 185 Mev.

Of the assumptions made in this section, perhaps the
least justified is the assumption that the amplitudes
T;" and T~ g are given by their low-energy forms
without pionic structure modifications. However, it
does appear reasonable that such modifications are
smaller than the corresponding modifications of T~"
and T~ &. In the weak-coupling theory of Capps and
Holladay' the ratio of the pionic structure modifications
in the electric amplitudes T~' and Tg" is about 4 at
150 Mev. In terms of the present model this ratio R
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Fn. 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.

sion one may use the relation J'dQdo = J'dQ~do i, where
the integrals are over corresponding solid angles, and
the relation dQ/dOi ——(k~'/k)'. The laboratory differ-
ential cross sections corresponding to the center-of-
mass cross sections of Fig. 2 are given in Fig. 4. As the
energy decreases from 120 Mev to zero the differential
cross section approaches that of Thomson scattering.
At 70 Mev the lab-system differential cross section
calculated from this model is 0.98 e'/m in the forward
direction, 0.59 e'/m at 90 degrees, and 0.90 e'/m in
the backward direction.

may be written

(kilk) 2'I"—(e'/~) L
—

s
—s(k~/~) (27+ 1)3g= . (17)

(k~/k) Tie' —(e'/m) t
—as+as(k~/m) (2K+1)$

In order to test the effect of a pionic structure modi6ca-
tion in the amplitude T~", we make the rather arbitrary
assumption that the ratio of Eq. (17) is -'„and recalcu-
late the differential cross section corresponding to
k~=150 Mev, again using Eqs. (5) and (14) to deter-
mine the various amplitudes. The resulting cross sec-
tion is shown in Fig. 3.It is seen that the most important
characteristics of the cross section are not changed much
by this assumption. The eGect of a small but 6nite
value of the ratio of Eq. (17) is even less pronounced
at 120 and 185 Mev. The eGect of a small finite value
of Ty + is also somewhat less than the corresponding
effect for

The differential cross sections may easily be con-
verted to the laboratory system. To make this conver-

I i f

90
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/80

FIG. 3. Dependence of the calculated photon-proton center-of-
mass differential cross section on the value assumed for the pionic
structure modification of the amplitude Tp'. The ratio R is
defined in Eq. (17).The curves refer to an incident photon energy
in the laboratory system of 150 Mev.

5 Mev

0 Mev—

plex nuclei, there is some indication that the photon-
proton differential cross section is greater than (e'/m)
at 8=135', in agreement with the present model. This
result is quite tentative, however, because of the difh-
culties both in performing and in analyzing the experi-
ment of scattering photons from complex nuclei.

It is instructive to compare the results of this paper
with those of other theories. The front-back asymmetry
in the 150-Mev di8erential cross section given here is
similar to that predicted by GGT; the center-of-mass
difterential cross section of the present model increases
from 0.1e'/tie to 3.1e'/m as the scattering angle increases
from 0' to 180, while the corresponding cross section
of GGT increases from 0.1e'/m to 2.8e'/res in the same
range. The scattering amplitudes are quite diferent in
the two theories, however. In the model of GGT the
pionic structure modi6cation of the amplitude Tg + is
larger than the corresponding modification of Ty",.
the front-back asymmetry is caused by interference
between the spin-independent part of T; I and the
negative spin-independent electric dipole amplitude
(the Thomson amplitude). In the present model the
evaluation of the spin-dependent dispersion gelation,
Eq. (14), indicates that the magnetic modification BR is
smaller than the electric modi6cation 8 at kg=150
Mev; thus the spin-independent magnetic amplitude
is smaller than the corresponding amplitude of GGT.
The front-back asymmetry in the spin-independent part
dr& of the differential cross section in Sec. IIA is only

B. Comparison with Experiments and.
Other Theories

b"D
0 Mev

The results of high-energy photon-proton scattering
experiments4 are not yet suKciently conclusive to
provide a test for the present model. From the analysis
by the Massachusetts institute of Technology group"
of the scattering of 100- to 140-Mev photons from com-

Oo 90
LAB SCATTERING ANGl E

/80

FIG. 4. Calculated photon-proton differential cross sections
in the laboratory system.
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moderately large: do.~(180')—do.~(0') =0.8e'/nz; how-
ever, there is an additional source of front-back asym-
metry in the spin-dependent cross section da.+ 40+ (180')
—da~(0') =2.2e'/m. This spin-dependent asymmetry
arises from interference between the electric and mag-
netic scattering, which is dependent on the intrinsic and
anomalous magnetic moments, and also on the mesonic
structure effects.

The di8erential cross section at k~
——150 Mev pre-

dicted by Capps and Holladay, "who use a modification
of the weak pion-nucleon coupling theory of Sachs and
Foldy, " is similar to the results of Sec. IIA in the for-
ward direction, but increases only to about do =0.3e'/m
at 8=180'. In this case the magnetic amplitudes are
small; the principal effect of the proton's pionic struc-
ture is to reduce the magnetude of the electric dipole
amplitudes from their threshold values. It is expected
that the magnetic amplitudes are underestimated by
this theory, however, since the scattering from the
pionic contribution to the static magnetic moment is
not included in such a weak-coupling calculation.

Inaccuracy of the results of Sec. IIA may arise from
inaccuracy of either the structure-independent terms of
the scattering amplitude (those terms depending on
only the mass, charge, and anomalous magnetic mo-
ment) or the pionic-structure modification terms. An
estimate of the inaccuracy of the structure-independent
terms may be made by setting the functions SK(k) and
h(k) of Eqs. (11) equal to zero, and comparing the re-
sulting computed differential cross section with the
cross section given by the Klein-Nishina formula modi-
fied by inclusion of a Pauli anomalous-moment term. "
Such a comparison is given, for kg=150 Mev, in Fig. 5.
It is seen that the neglect of certain recoil effects in the
present model leads to an overestimation of the struc-
ture-independent diGerential cross section at angles
other than forward angles of about 20%%u~.

The assumption that the mesonic structure modi-
fications are appreciable only in the amplitudes T~ g

and T~" leads to spin-dependent electric and magnetic
amplitudes of large absolute value. This leads to a large
backward peaking in the spin-dependent cross section.
Figure 3 illustrates the effect of a different assumption
concerning mesonic structure effects.

A further error in the mesonic structure contribution
is introduced by the assumption that only S and I'
wave mesons (and only dipole photons) are important.
The neglect of virtual mesons of higher angular mo-
mentum may well lead to errors in the differential cross
section of 30%or so at angles other than forward angles.

Because the choices of both structure-independent
and structure-dependent sects in the present model

'2 R. H. Capps and W. G. Holladay, Phys. Rev. 99, 931 (1955).
The curve showing the effect of the inclusion of the anomalous
magnetic moment in Fig. 2 of this reference is incorrectly com-
puted; the resulting differential cross section should increase as
the scattering angle increases.

'8 R. G. Sachs and L. L. Foldy, Phys. Rev. 80, 824 (1950).
'4 J.L. Powell, Phys. Rev. 75, 32 (1949).

tend to overestimate the cross section in the range
90'(8(180', the curves of Figs. 2 and 4 probably
are somewhat high in this region. In our opinion a
reasonable guess would be that the curves in Figs. 2
and 4 are about 1~ times too large at 180'.

III. SCATTERING FROM DEUTERONS

A. The Differential Cross Sections

/Z5

.75
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FIG. 5. Comparison of the structure-independent part of the
calculated photon-proton differential cross section to the cross
section calculated from the Klein-Nishina formula modified by
the inclusion of a Pauli anomalous-moment term. The Klein-
Nishina cross section do-KN is taken from reference 14. The cross
section do-sz results from setting 8 and 5R equal to zero in the
present model. The quantities are measured in the laboratory
system, at an incident photon energy of 150 Mev.

~' G. F. Chew and H. W. Lewis, Phys. Rev. 84, 779 (1951).

Information concerning the scattering of photons
from neutrons must be obtained from the results of
scattering photons from complex nuclei. The results of
scattering from complex nuclei may be related simply
to the corresponding neutron and proton cross sections
if the total nuclear scattering amplitude is approxi-
mately equal to the superposition of the scattering
amplitudes from a group of free protons and neutrons
having the same momentum distribution as the nucleons
in the nucleus. This "impulse approximation" has been
studied by Chew and others' and applied to many
collision problems involving complex nuclei. The im-
pulse assumption is necessary to the formulas given by
Pugh, Frisch, and Gomez' for photon scattering from
medium and heavy nuclei.

Because a deuteron consists of only two nucleons and
because these nucleons have a relatively large average
separation, deuterons represent favorable nuclei for
application of the impulse approximation to a collision
process. In this section the impulse approximation is
used to predict the results of high-energy photon-
deuteron scattering.

The formulas relating the deuteron amplitude to the
proton and neutron amplitudes in the impulse approxi-
mation are similar to those given by Chew and Lewis
for the photoproduction of neutral pions from deu-
terium": thus these formulas will be listed here without
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derivation. Letting 8, and S represent spin-independent
and spin-dependent amplitudes, and letting the sub-
scripts I and p refer to the neutron and proton ampli-
tudes, respectively, we may write the unpolarized
diGerential cross sections for scattering photons from
free protons and free neutrons as

d~.= I &.I'+ I &.I'
d~-=

I
&-I'+

I
-I'. (18)

The relation of the quantities 0',„,„and S„,„ to the
scattering angle and to the various electric and magnetic
amplitudes is given in Appendix B. The expression for
the differential cross section for elastic photon scattering
from deuterons is analogous to Eq. (25) of reference 15
and is given, in the notation of Eqs. (18), by

de """"=iI(t+g I
+-'I5l +(fl I&}$(q), (19)

where q is the magnitude of the vector q, which repre-
sents the momentum transferred to the nucleons in
the collision. The "sticking factor" S(q) measures the
probability that the deuteron remains bound after the
collision; this factor may be determined from the
deuteron wave function p(r) by the equations

the scattering is completely coherent in the forward
direction. As q increases, the two functions decrease
monotonically. That the difference between F(q) and

S(q) is not too large for any value of q indicates that,
if the neutron-proton system remains in a triplet state
after the collision, the interference e6ect in the inelastic
scattering is not too large. Thus if the momentum
transfer is large enough to split the deuteron, the
"struck" nucleon will generally be left with a kinetic
energy noticeably larger than that of the other nucleon,
in which case interference eKects are small. If, on the
other hand, the neutron-proton system is in a singlet
state after the collision, the scattering must be inelastic;
interference effects in such scattering may be important.

In order to make a definite prediction for the photon-
deuteron cross sections, we assume that the mesonic
sects in photon-nucleon reactions are charge-sym-
metric, and contribute equally to the neutron and
proton amplitudes. In such a model the neutron ampli-
tude divers from the proton amplitude only in the
eBects of the total charge and the intrinsic magnetic
moment. The neutron amplitudes 3„", A. „g, 8„',
and 8 g are given, in terms of the corresponding
proton amplitudes, by

S(q) =F'(-', q),

F(q) — dsre —ig res(r)

(20)

(21)

g2

(g el g el)
k

" m'

np(p+n) '* e—"—e e'
(r) =

2s.(P—n)' r
(23)

where the constants n and P are expressed in terms of
the nucleon mass and the deuteron binding energy I"
by the equations n = (I'm) &=0.3221'; P = 6n. The factors
F(q) and $(q) that result from this choice of p(r), are
given as functions of the momentum transfer, by
Chew. "They are both unity at q=0, indicating that

'e G. F. Chew, Phys. Rev. 84, /10 (1951). See Zq. (5) and
Fig. 1 of this paper.

The sum of the differential cross sections for inelastic
and elastic scattering is given by an expression analogous
to Eq. (27) of reference 15. Representing this sum by
dg.~, we have

d«=
I &.I'+ I 8- I'+

I
(fl.I'+ I(P- I'

+28 *S„F(q)+-', S„*S„F(q), (22)

where the interference factor F(q) is given by Eq. (21).
In inelastic scattering the momentum transfer is not
determined by the energy and scattering angle alone.
In the present calculation this momentum transfer is
assumed to be equal to the momentum transfer of the
corresponding deuteron elastic scattering, an assump-
tion which is accurate to order k~/2rN

In order to compute the form factors F(q) and S(q)
we assume that the deuteron wave function p(r) is
given by the Hulthen function

kg—(A:g—A„-g) =0,
k

(24)
~l

(g el g el)—
k

g2

(2&+1),
2m2

kg

(g mg g mg)—
k

g2

(2K+1).
2m2

B. Accuracy of the Model

At present we know of no reliable experiment that
may be used to check the present results for photon-
deuteron scattering. Such measurements may be made

Thus, the structure-independent parts of the neutron
amplitudes are given by A I=A "=8„"=0;8„g
=e9'k/2m'. The difference between the anomalous
moments of the proton and neutron is neglected here.

If the proton amplitudes are determined by the
procedure of Sec. IIA (neglect of mesonic structure
modifications in T;" and Tg g, and use of dispersion
relations), and the neutron amplitudes are determined

by Eqs. (24), the resulting deuteron elastic and in-
elastic cross sections may be computed from Eqs. (19)
and (22) and the formulas given in Appendix B. The
resulting differential cross section, converted to the
laboratory system, are shown at three energies in
Figs. 6 and 7.



i038 R. H. cApps

ZO

Mev

/0
Ol

CO gp

/15 4p

a

N

F
QO gN

ED

/

Mev

Mev

I I I

90o
LAB SCATTERlNG ANGLE

/80 00
I I I

90
LAB SCATTERING ANGLE

/80

Fro. 6. Calculated photon-deuteron differential elastic
cross sections in the laboratory system.

in the near future, however; therefore it is important to
estimate the accuracy of the approximations used here.

It is expected that the deuteron cross sections of
Figs. 6 and 7 are overestimated somewhat at backward
angles for the same reasons as given in Sec. IIB in the
discussion of the proton cross section. Furthermore,
there are several sources of error in the present treat-
ment of photon-deuteron scattering in addition to those
which are present in the treatment of Sec. II of photon-
proton scattering. One such source is the internal mo-
mentum of the deuteron; because of this momentum
the relative energy between the photon and the "struck"
nucleon is not 6xed by the photon energy alone. The
impulse approximation can be accurate only if the re-
sulting spread in relative energy is small enough so
that the scattering amplitude does not vary by a large
amount within the range of the spread. If the deuteron
wave function is given by Eq. (23), a calculation shows
that, for an incident photon energy of 150 Mev, the
spread in photon-nucleon relative energy is around 15
Mev; that is, 80% of the time the relative photon-
nucleon energy is within 7.5 Mev of the corresponding
energy for a nucleon at rest. From the curves of Fig. 7
it appears that the diGerential cross section at some
fixed angle may vary by as much as 0.4os/m in 7.5 Mev.
Therefore errors from this source are not negligible.

The neglect of recoil leads to several types of small
errors in the model. The e6ect of nucleon recoil in the
photon scattering from the nucleon's pionic structure
leads to violations of the charge-symmetry assumption,
of order p/nz. Experiments on the closely related process
of charged pion production by photons on deuterium
indicate. that the violation of charge symmetry in this
process is of the expected order, about 15%." The
assumption that the momentum transferred to the
nucleons in inelastic scattering is equal to the mo-
mentum transfer of the corresponding elastic scattering
is another source of recoil errors, which, in this case,
are of order kg/2m.

The impulse assumption, that the neutron and proton
amplitudes are additive, neglects the eGect of "co-

» Sands, Teasda1e, and Wa1ker, Phys. Rev. 96, 849 (1954).

Fro. /. Calculated photon-deuteron diR'erential cross sections
in the laboratory system. These curves represent the sums of the
elastic and inelastic scattering cross sections.

operation" between the nucleons in the photon scatter-
ing. We may estimate the magnitude of these sects by
making use of certain experimental data. In order to
formulate this estimate we write the amplitude T@ for
elastic forward scattering from deuterons in a form that
is somewhat similar to that of Eq. (1),

Taf (k) =A a(k) e e'+Ba(k) (o„+e„)~ (eX e')

+other terms, (25)

where e„and e„are the spin operators for the proton
and neutron, respectively. The coherent amplitude A&

may be written in terms of the corresponding proton
and neutron amplitudes by the equation

Aa(k) =A~(k)+A„(k)+h(k). (26)

The quantity 0 (k) is zero in the impulse approximation
and represents the error in A~ due to the impulse
assumption. The imaginary part of d may be estimated
from experimental data, if use is made of the optical
relations,

ImA „=(k/4nr) o.„,
ImA„= (k/4m)o. ..
ImAa ——(k/4~) (o a+o a;,).

(27)

The cross sections 0- „, 0- „,and cr d, represent the total
cross sections for photoproduction, by unpolarized
photons, of pions from protons, neutrons, and deuterons,
respectively, while 0.~;, represents the corresponding
cross section for photodisintegration of deuterons. Only
terms of order e' are included in Eqs. (27).

If Eqs. (27) are combined with Eq. (26), the follow-

ing expression for the imaginary part of LL(k) is obtained:

Imh(k) = (k/4 ) I (k)— „(k)— (k))
+ (k/4s)o'a (k). (28)

The two terms on the right side of this expression are
treated here as separate corrections. The quantity
o a(k) —o „(k)—o „(k) is zero for k~(140 Mev; it is
not known at energies above pion-production threshold,
since 0- is not known. However, there is evidence that
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the m+ photoproduction ratio of deuterium to hydrogen
in the energy range under consideration here is about
0.9," suggesting that the ratio I(o e—o „—o „)I/o 4

is probably not large, perhaps about 10%or 15%.That
part of Imd resulting from photodisintegration,
(k/47r)«;„ is Quite at all but very low energies. For
photon energies in the range 100 to 200 Mev, however,
(k/47r)o4;, is not greater than 0.30e'/m. Thus, in this
energy range, the quantity Imh probably is not more
than 0.3e'/m or 0.35e'/m.

The real part of A(k) also may be estimated, if use is
made of dispersion relations. The real parts of A~ and
A„satisfy dispersion relations which are analogous to
the relation for A „,Eq. (5). If the dispersion equations
for A „(k) and A„(k) are subtracted from the equation
for Ae(k), the result is an equation for Reh(k),

kt e' k'—'
Re~(k) = + r, dk,

k 2m 2m' ~o

o 4;,(k')+ Lo.4(k') —o.„(k')—a.„(k')i
X . (29)

(k,"—kP)

The constant es/2m results from the difference of the
threshold values for scattering from deuterons and
from protons.

Again we make the estimate that the error that
arises because o g

—o.„„—r „is not zero is probably not
much more than 15%%uo. In order to determine the con-
tribution to Red from virtual photodisintegration of
deuterons, we neglect the difference between o. ~ and
o ~+o „, and. evaluate the integral in Eq. (29) from
the experimental data on photodisintegration. The
result is not very energy-dependent in the range 100
Mev(k&(200 Mev and is given approximately by,
1.08 Red (k) =0.50 (es/m) —0.64(e'/m) =—0.14(e'/m) . If
the contributions to Red(k) from the two sources—
virtual pion production and virtual photodisintegration—are added together, it is seen that

I Red(k)
I

probably
is not more than 0.2(e'/m).

That the contribution to Red(k) from virtual photo-
disintegration is fairly small (for k~& 100 Mev), may be
understood more clearly if the region of integration of
Eq. (29) is divided into two regions ki & 100 Mev and
kt'(100 Mev. The contribution of o4;,(k') is small in
the high-energy region, since the ratio oe;,/o & is less
than 0.25 throughout this region. In the low-energy
region, the photodisintegration cross section is large,
og;,=10 ' cm', and is primarily the result of spin-
independent, electric dipole transitions. For this region
the energy denominator (ki's —kp) ' may be expanded
in powers of (k/s/kP) so that the low-energy contribu-
tion to the right side of Eq. (29) is

&00Mev
p k 2 k4

dkr'«'. (k')
I 1+ +—+"

I (30)
25$27r ~ o kP k4 j

"Crovre, Priedman, and Hagerman, Phys. Rev. 100, 1799
(1956).

The zero-order term in this expansion, (2s ) 'J'dk~'
Xo4;,(k') is approximately equal to 0.59(e'/m); thus it
is nearly canceled by the threshold constant, 0.50(e'/tl).
This is a rough restatement of the well-known f-sum
rule for the deuteron, which states that the total
energy integral of the electric dipole cross section is
approximately 0.5e'/m. " This fact has been pointed
out by GGT, who show that the assumption that the
impulse approximation is valid in the high-energy limit
may be used to derive a sum rule for the total photo-
disintegration cross sections for complex nuclei.

The contribution to Eq. (30) from terms of higher
order in (kP/kP) is small also, since (kP/kP) is small
if k~' is such that o 4;.(k') is large.

It is concluded that the quantities Red(k) and
Imh(k), which measure the inaccuracy of the impulse
assumption, probably are not larger than 0.2e'/m or
0.3e'/m. It may be argued further that similar correc-
tions to both the spin-dependent and spin-independent
amplitudes should be of this order or smaller at all
angles. Experiments indicate that the deuteron-proton
ratios for photoproduction of positive pions, and of
neutral pions, do not vary much with angle' "; it
appears that the impulse approximation is reasonably
accurate for the process of photopion production at all
angles. Therefore that part of photon-deuteron scatter-
ing which proceeds through virtual pion production
states may be treated by the impulse approximation
fairly accurately for all scattering angles.

Similar arguments may be given for the. contribution
of virtual photodisintegration states. The fact that the
total photodisintegration cross section is small for
energies greater than 100 Mev indicates that all partial-
wave photodisintegration cross sections are small in
this energy range; therefore the contributions to the
deuteron-scattering differential cross sections from ex-
citation of high-energy photodisintegration states should
not be large at any angle. Excitation of low-energy
photodisintegration states is primarily a spin-inde-
pendent electric dipole process which, as shown above,
gives corrections to the spin-independent electric dipole
amplitude A~", which are of order

+100 Mev

(2s') ' o 4;.(k') [kris/kP]dkt'=0 05e'/m.

It is concluded that the present model is not a precise
one; errors due to neglect of certain recoil effects and
errors due to neglect of effects in which the neutron and
proton "cooperate" may lead to sizeable errors in the
predicted photon-deuteron differential cross sections.
Roughly speaking, at any given angle, these errors
may be as large as 0.5e'/m or so. Furthermore, we

"This sum rule is discussed by J. S. Levinger and H. A. Bethe,
Phys. Rev. 78, 115 (1950).

s' G. Cocconi and A. Silverman, Phys. Rev. 88, 1250 (1952);
and Bingham, Keck, and Tollestrnp, Phys. Rev. 98, 1187(A)
(1955).
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expect the predicted cross sections to be somewhat high
for backward scattering angles for the reasons dis-
cussed in Sec. IIB. However, one may expect the pre-
dictions of this model to reveal the salient features of
the actual cross sections, provided that the basic
assumptions of the model are correct.

IV. POSSIBLE PHOTON-DEUTERON SCATTERING
EXPERIMENTS

Because of the presence of the neutron-proton force,
the present model is not expected to predict photon-
deuteron scattering as accurately as scattering from
free protons. However the difFiculties of using photon-
deuteron experiments to investigate the photon-nucleon
interaction are partially compensated by one advantage
of such experiments, namely the possibility of measur-
ing several diGerent quantities when the scattering is
from deuterium. One can measure both the elastic and
inelastic cross sections, and it may be possible to obtain
further useful information by detecting the recoil of
one of the nucleons in the inelastic photon-deuteron
scattering.

In order to separate the elastic and inelastic scatter-
ing with present experimental equipment, one must
detect the recoiling nucleon or deuteron in coincidence
with the gamma ray, using a detector that diGerentiates
between deuterons, protons, and neutrons. Such a
coincidence measurement is not too dificult in elastic
scattering, since the recoil energy and angle of the
deuteron are fixed by the incident energy and photon
scattering angle. If the scattering is inelastic, however,
the recoil of the nucleons is not fixed by the incident
energy and photon scattering angle. For this reason the
least dificult way to measure the inelastic cross section
is to measure the total cross section and the elastic
cross section and find the diGerence.

It is possible that still further information may be
obtained from such coincidence experiments. If the
impulse approximation is a fairly accurate description
of the inelastic scattering, one expects that the nucleon
which is "struck" by the photon has a high probability
of recoiling in a direction that is fairly close to the
recoil direction in the corresponding scattering from
free nucleons. If one can detect the recoiling "struck"
nucleon with appreciable e%ciency, one may obtain
the ratio of knocked-out protons to knocked-out neu-
trons. In the impulse approximation this ratio is the
ratio of the proton and neutron differential cross sec-
tions at the angle in question. Such a procedure is
dificult experimentally, but has the advantage that a
neutron-proton ratio is being determined; hence, the
use of the impulse approximation in determining the
free-particle cross-section ratio is free from some of the
errors involved in the analysis of Sec. III.

%e may make a rough estimate of the variation in
direction of emission of the knocked-out nucleons by
using the impulse approximation and assuming that
the internal momentum spectrum of the deuteron is

given by the Fourier transform of the expression for
p(r) given in Eq. (23). For values of the incident
photon energy and photon scattering angle of 140 Mev
and 90' such an estimate indicates that in 50% or more
of the inelastic collisions the knocked-out nucleon
emerges in a cone of radial angle 18', the center of this
cone being very close to the direction of recoil in the
corresponding scattering from free nucleons. Though
such a cone is not small, it does appear possible to de-
tect a reasonable proportion of the knocked-out nu-
cleons. The efIiciency of such a measurement would be
lower than in an ordinary photon-scattering experi-
ment, but it may not be as much lower as it would
appear at first sight, for the following reason: Present-
day photon scattering experiments are performed with
bremsstrahlung beams having a wide energy spectrum,
and the energy resolution of present photon detectors
is not very sharp. If the energy of the recoiling particle
is measured, this measurement makes it easier to sub-
tract events resulting from photons in the low-energy
tail of the brernsstrahlung spectrum. Furthermore,
nucleons struck by low-energy photons have less
chance of being knocked out of the deuteron and emitted
in a direction inside a fairly small cone than do nucleons
struck by high-energy photons.

V. CONCLUSIONS

The development of dispersion relations has made it
possible to predict many features of photon-nucleus
scattering from a knowledge of photopion-production
cross sections. In the work presented here two disper-
sion relations, together with several reasonable approxi-
mations, are used to predict the diGerential cross sec-
tions for photon-proton scattering and elastic and
inelastic photon-deuteron scattering at energies less
than 200 Mev. At present the experimental data are
not accurate enough to check the model used here.

Since the photon scattering amplitudes may be ex-
pressed approximately in terms of photopion-production
cross sections, the primary purpose of measuring pho-
ton-nucleon scattering probably is not to find new
information concerning the pionic structure of nucleons,
but rather to test presently accepted ideas, such as the
dispersion relations, and the assumption that only
5-wave and P-wave pions are important to an under-
standing of low-energy pion-nucleon phenomena. These
two assumptions are basic to the present model. Further
approximations are made (such as the impulse approxi-
mation), but the accuracy of these further approxima-
tions is estimated. If the measured cross sections should
diGer from those predicted in Secs. II and III by
amounts much larger than expected, this probably
would indicate the failure of one of the two basic
assumptions.

In the present model effects of virtual transitions of
the nucleons to a nucleon-pion P-wave state of angular
momentum 2 (the resonant state) are important, but
they do not dominate the eGects of 5-wave pion-
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nucleon states, at least at energies below 200 Mev. As
the photon energy increases from i20 to 300 Mev, the
virtual I'-wave, j= 2, pion-nucleon state becomes more
and more important. Compton scattering at energies
corresponding to the peak of the resonance in this
state (photon energies in the range 27S to 350 Mev) is
not treated here, but this problem is interesting, both
experimentally and theoretically. In this region the
imaginary part of the amplitudes should be quite large;
it is easily shown from Eq. (4) that the imaginary part
of the spin-independent forward amplitude, ImA„(k),
is approximately 3e'/tm at the peak of the resonance. If
only electric and magnetic dipole waves contribute to
A (k), the condition InL4„(k) =3e'/rN implies that the
total scattering cross section is at least 4~ times the
Thomson cross section; thus the total photon-photon
cross section must be relatively large in the resonance
region.

APPENDIX A. CONSEQUENCES OF UNITARITY

Equations of the type of Eqs. (4) and (13) may be
derived simply from the unitarity property of the
scattering matrix. Since the photon-nucleon scattering
problem is more complicated than some others because
of the spins of the particles, we indicate in this appendix
how the numerical coefficients of Eqs. (4) and (13)
are obtained.

Let the plane wave that represents the incoming
wave plus the unscattered outgoing wave for a particu-
lar polarization state in a two-particle scattering prob-
lem be expanded in spherical waves in the following
manner,

P (s)e'" "=Q C,"x,(0 s)f;(kr), (A1)

where f~(s) represents the spin wave functions of the
particles in the polarization state denoted by n, x;(O,s)
represents a normalized "angular" wave function de-
pending on orbital and spin angular momenta, and
f, (kr) is the radial wave function depending on the
relative particle separation r, normalized so that, as
r—+a&, f;(kr) =sinkr/kr. The complex numbers C; are
the expansion constants. Let the states denoted by the
indexi be eigenstates of the scattering in the sense that
the scattering cannot cause transitions between states
corresponding to different values of i (though final
states involving diferent particles may be produced).
It may be easily shown from the unitarity of the S
matrix that the imaginary parts of the scattering ampli-
tudes T; i defined in terms of the complex phase shifts
5; by the relation T;= (e"' sin5;)/kf are related to par-
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tial cross sections by the equation

(A2)

where o.p is the partial cross section (including elastic
and inelastic processes) corresponding to the spherical
wave state i for an incident beam of polarization n.

In the present model the index i refers to the four
dipole amplitudes discussed in Sec. II, T;", T;. g, T;",
and T~ g. If we quantize along the direction of the
incident beam there are two polarization states which
may scatter diGerently, the state in which the nucleon
and photon spins are parallel, and the antiparallel state.
(Reversing the direction of both spins simultaneously
does not affect the scattering cross section. ) We denote
these two states by the superscripts p and a. If use is
made of Clebsch-Gordan coefficients and the expansion
in vector spherical harmonics given in Blatt and %eiss-
kopf 2' it may be seen that the constants ic;~ i' in the
present model are given by

ic;,.&"i'= ic;, , [2=6~,

ic;, , i=0,
ic, . i=2.,
ic;,.i

=4~.

(A3)

Combining Eqs. (A2), (A3), and (A4), we obtain the
relations for the electric amplitudes,

ImT"'= (k/4x) o'„,g,

ImT;"= (k/2m)o', t.
(AS)

If Eqs. (AS) are combined with the expressions for A"
and 8", Eqs. (7), the following equations result:

ImA"= (k/kr) (o;,.g+o'„.)),
ImB"= (k/4~) (-',o; .g

—o;,(). (A6)

Exactly similar relationships hold for the magnetic
amplitudes. Adding together the electric and magnetic
amplitudes i see Eqs. (8)j and using the fact that the
total cross section is the sum of partial cross sections,
one obtains Eqs. (4) and (13) of Sec. II.

2' J. M. Slatt and V. F. Weisskopf, Theoretical Nuclear Physics
{John Wiley and Sons, Inc. , New York, 1952), Appendices A
and B.

From Eqs. (A2) and (A3), equations for the partial
cross sections may be obtained.

An unpolarized photon-nucleon beam may be con-
sidered as the sum of a parallel polarized and an anti-
parallel polarized beam, occurring with equal intensity.
Consequently an unpolarized partial cross section o-; is
given in terms of the partial cross sections o-p and o-,

by the equation

(A4)
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g —A elX el+A mgX mg

elX el++ mgX mg
u y

6 =A "Xg"+A gX~ ',
(g g3 elX el+If mgX mg

(81)

APPENDIX B. RELATION OF VARIOUS AMPLITUDES
TO DIFFERENTIAL CROSS SECTIONS

In this appendix the amplitudes 8„, 6, , S„,and 8„
of Eqs. (18), (19),and (22) are related to the scattering
angle and to the amplitudes 3„,„', 3„, g, etc. For-
mulas for the diGerential cross sections' in diferent
states of polarization of the photons and the target
may be derived by the standard method of expanding
the photon waves in vector spherical harmonics. "
Since the scattering cross sections discussed in this
vrork refer to the case of no polarization, we shall list
here differential cross-section formulas only for un-

polarized beams. Such formulas are comparatively
simple since the spin-independent amplitudes and spin-
dependent amplitudes cannot interfere for "unpolar-
ized" scattering. We introduce four angular dependent
functions X~", X~ *, X~", and X~ g (which are
related to combinations of the vector spherical har-

monics), and express the amplitudes 0',~, „and S~, in
the form

In order to compute the cross sections of Kqs. (18),
(19), and (22), one may substitute for 8~ „and 8„,
the above. expressions and make use of the relations

IX&"I'= IX& gl'='(1+cos28)

I

X~"I'=
I
X~ 'I'= g'(3 —cos'8)

Xg"*Xg I=X~"*Xg g=cos8.
(82)

The angular functions given above are determined by
taking the sum and average of 6nal and initial polariza-
tion directions of the dipole photon waves involved in
the present model.

If, for example, the above procedure is applied to
the scattering from protons, one obtains

d „=le,l'+Ice, l'
= (IA~"I'+ IA m'I')-'(1+cos'8)

+(la "I'+la 'I')-'(3 cos8)
y (A„"*A g+B "*B„g)2cos8. (B3)

The above formulas represent a shorthand method of
writing the cross sections discussed in this paper. For
a derivation of the form of the scattering amplitude,
the reader is referred to references 5 and 21. The
appendix of reference 5 gives the form of the photon-
nucleon scattering cross sections for different states of
polarization.


