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Quantitative predictions for the energy and 4 dependence of the cross sections for nuclear photoabsorp-
tion and inelastic electron-nucleus scattering are given. In general, the nucleons do not contribute equally
to the total photon-nucleus cross section when coherent contributions of photoproduced hadrons are taken
into account. At low energies (E,~1 BeV), the cross sections are proportional to nuclear number 4, but at
high energies, they become proportional to the number of surface nucleons—provided that the photon
interactions are mediated by hadrons of sufficiently low mass. The condition on the masses is that the
momentum transfers in forward photoproduction of these states should be small compared to the reciprocals
of their mean free paths in nuclear matter. In the case of p dominance, the real-photon photoabsorption
cross section has the same 4 dependence as hadron-nucleus total cross sections for photon energies above
~10 BeV, whereas the cross section for virtual photon absorption at that energy, obtained from inelastic
electron scattering is nearly proportional to 4 for spacelike momentum transfer |Q%| 25 BeV2 We then
generalize to an arbitrary spectrum of intermediate particles, and discuss the sensitivity of feasible experi-
ments to various models in which the spectrum contains important structure beyond the p. Measurements
of the photon-nucleus cross sections will provide a fundamental test of “hadron dominance” in general,
and of p-w-¢ dominance in particular, as well as help to determine the basic parameters of photon-nucleon
and p-nucleon interactions. We also calculate the photon-deuteron cross section and discuss the multiple
scattering approach to photon-nucleus interactions. This discussion provides insight into the many-body
processes which underlie the eikonal, optical-model calculations; it is also relevant to the determination

25 JUNE 1969

of g,n at high energies.

I. INTRODUCTION

IRECT application of the p-dominance model! to

the forward elastic amplitude for photons on

nuclei, together with the optical theorem, yields the
total-cross-section prediction

oya=(¢/g)l0,a. (1)

This result is paradoxical, because the mean free path
of photons in nuclear matter [=o,51X (density of
nucleons)™1~700 F] is large compared to nuclear sizes,
so that one might have expected all of the nucleons to
participate equally, and o4 « 4. However, one certainly
expects g,4 not to be proportional to 4 because of
shadow effects: The mean free path of p’s in nuclear

matter [=o,5 X (density of nucleons)™'~3 F ] is com- -

parable to nuclear sizes, so that nucleons deep inside
the nucleus do not see the full incident p flux.?2 Never-
theless, Bell® and Stodolsky* have shown that Eq. (1)
is not unthinkable and that, in particular, it follows at
sufficiently high energies from assuming p dominance
of the interactions on individual nucleons.

* Work supported by the U. S. Atomic Energy Commission.

1 For recent reviews, see J. J. Sakurai, Lectures in Theoretical
Physics (Gordon and Breach, Science Publishers, Inc., New York,
1968), Vol. XI, and S. C. C. Ting in Proceedings of the Fourteenth
International Conference on High-Energy Physics in Vienna, 1968
(CERN, Geneva, 1968), p. 43. A Lagrangian formulation of
vector dominance has been given by N. M. Kroll, T. D. Lee, and
B. Zumino, Phys. Rev. 157, 1376 (1967).

2 Tf hadronic mean free paths were negligible compared to
nuclear sizes, interactions would be confined to the surface, im-
plying o « A2/3; nuclei are not that large, and experimentally o4,
op4, and .4 grow like ~A°8, See, e.g., M. L. Longo and B.
Moyer, Phys. Rev. 125, 701 (1962); J. Engler et al., Phys. Letters
28B, 64 (1968).

37]. S. Bell, Phys. Rev. Letters 18, 57 (1964); CERN Report
No. TH.877 (unpublished).

41L. Stodolsky, Phys. Rev. Letters 18, 135 (1967).
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Our purpose in this paper is to develop a quantitative
description of the energy and A4 dependence of the
nuclear photoabsorption cross section.’»®*¢ At low
energies (for our purposes, £,~1 BeV), the photon
cross section will be shown to be proportional to 4. At
very high energies it is predicted to be proportional to
A28 72 provided only that the photon interactions are
mediated by hadrons of sufficiently low mass. We wish
to emphasize that this prediction of a hadron-like
A-dependence for 0,4 at high energy does not rest on
detailed assumptions$ of vector dominance. The energy
of transition between A and “A23” is related to the
average mass of hadronic states which dominate the
electromagnetic current: The critical condition for (1)
to hold is that the momentum transfer in forward photo-
production of these states be small compared to the
reciprocal of their mean free paths in nuclear matter.
Measurements of the total photoabsorption crosssection
through the transition region (1-20 BeV) would, there-

5 (a) We restrict our attention to the total photoabsorption
cross section into hadronic final states, which is obtained via the
optical theorem from the forward Compton scattering amplitude
to order €. (b) After our work was completed we learned that
M. Nauenberg [ Phys. Rev. Letters 22,556 (1969)], B. Margolis (to
be published), and K. Gottfried and D. R. Yennie [ Phys. Rev. 182,
1595 (1969)] have derived the p-dominance result for Q*=0 given
in Eq. (17). The latter authors also discuss incoherent photo-
production on nuclei.

6 This g-dominance calculation parallels the calculations of
particle photoproduction in nuclei given by S. D. Drell and J. S.
Trefil, Phys. Rev. Letters 16, 552 (1966); 16, 832(E) (1966);
M. Ross and L. Stodolsky, Phys. Rev. 149, 1172 (1966); K.
Gottfried and D. Yennie, Pflys. Rev. 182, 1595 (1969). Analyses
in terms of a Glauber type of multiple scattering theory have been
given by K. S. Kolbig and B. Margolis, Nucl. Phys. B6, 85 (1968)
and J. S. Trefil, Phys. Rev. 180, 1366 (1969). Final-state absorp-
tion effects in the photoproduction of particular hadron states
makes the energy dependence of the effective number of nucleons
for these processes less dramatic than in Compton scattering.
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fore, constitute a fundamental test of the basic ideas
of ‘“hadron dominance” in general, and of p-w-¢
dominance in particular. They offer the possibility of
confirming and understanding the breakdown of p
dominance, which seems to have been observed in p
photoproduction on complex nuclei.” The total cross
section, i.e., the imaginary part of the forward Compton
amplitude, is an especially useful physical quantity here,
because it contains no background of energy-indepen-
dent absorption such as occurs in the photoproduction
of any given hadron through final state absorption, and
because the forward Compton amplitude is totally
coherent, involving only the ground state of the nucleus.
We generalize our results to photons which are off-mass-
shell in the spacelike region, i.e., to inelastic electron or
muon scattering from nuclei. This generalization is
important because it introduces a new parameter, the
Q? of the photon, which can be varied in testing the
theory, and because inelastic electron scattering experi-
ments may be easier to perform than total photo-
absorption experiments. Our calculations are first done
within the framework of p dominance (Secs. II-1V). We
then generalize to allow for an arbitrary spectrum of
intermediate particles, and discuss the sensitivity of
feasible experiments to various models in which that
spectrum is related to the cross section for electron-
positron annihilation into hadrons (Secs. VI and VII).
We also calculate the photon-deuteron total cross
section, and discuss the multiple-scattering approach to
photon shadowing. This discussion provides insight
into the many-body processes which underlie the
optical-model calculations, and it clarifies our basic
assumptions; it is also relevant to the determination
of gy, at high energy.

II. BASIC DESCRIPTION

We begin by assuming that photons couple only
through p mesons (see Fig. 1). The coupling constant
is defined as em,2/g. Following Bell,? the incident photon
wave function is e~%¢'*, and the p wave equation in
nuclear matter is

(EH_mpz'l' Vpﬂ)‘pp: (e/g)mpze—iq'z . (2)

V., is an optical potential, and is related to the forward-
scattering amplitude of p’s on nucleons by

Vo= _47"dpr—*pN(0°): (3)

7 The first p-production (2-6 BeV) results were consistent with
p dominance. See L. J. Lanzeretti ¢ al., Phys. Rev. 166, 1365
(1968); J. G. Asbury et al., Phys. Rev. Letters 19, 865 (1967);
20, 227 (1968) ; and H. Blechschmidt ef al., Nuovo Cimento 524,
1348 (1967). Two recent experiments at higher energies have
indicated that the forward p photoproduction cross section is only
half of the value predicted by p dominance using the value v,2/
47w =1 (gy?/4w) =0.52£0.07 measured on the p mass shell; see
G. McClellan ef al., Phys. Rev. Letters 22, 374 (1969); 22, 377
(1969) ; and F. Bulos e? al., Phys. Rev. Letters 22, 490 (1969). We
wish to thank Dr. D. W. G. Leith, Dr. W. Busza, and Dr. R. R.
Larsen for discussion of these data. This possibility of violation of
vector dominance would have striking consequences for the energy
dependence of a4, as we discuss in Sec. VI.
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Fi6. 1. Schematic representation of forward Compton scattering
on nuclei; (a) corresponds to the vector-dominance description
given in Sec. II in which photon-nucleon interactions are mediated
by p mesons; (b) corresponds to the description used in Sec. III
in which amplitudes are calculated by the “p-photon analogy.”
The two descriptions are related by a canonical transformation
and give the same results (see Ref. 8). Only single- and double-
scattering contributions to the order e? amplitude are shown;
when the entire multiple-scattering series for the forward-produced
p’s is summed for large 4 in the Glauber approximation, the
absorptive medium-eikonal approximation is obtained (see J.
Trefil, Ref. 6).
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where d is the nuclear density. In the case of pure
absorption, fis imaginary and

Vo= —ikdo,n=—1k/u, (4)

where o,x is the total p-nucleon cross section for p
mesons of momentum %, and p is the mean free path
~3 F. The index of refraction for p mesons in the
nuclear medium is given by

n,=1+2md fon,n (0°)/K2. )

V,, is assumed not to mix spin states. Equation (2)
describes a helicity component of the p wave function.
If V,, is constant within the nucleus, the solution

has the form
e my* . .
¢p=—(————e-w-w+x) ; (©)
g\mP+V,,

where X is a solution of the homogeneous equation
corresponding to absorption of the p within the nucleus.
Using the optical theorem and (4), the first term_con-
tributes to the cross section

e\? m,?
a0 =(*) dowRd —=—). ()
4 miP+V,,

This term vanishes in the high-energy limit
[ Vool >m2, ie., Ey=g>miu, ®)

leaving only the contribution from X, which is not
proportional to 4 and produces the hadronlike behavior
of the cross section. We give precise formulas below.
On the other hand, for sufficiently low energies, X
becomes small and only the 4 term survives, corre-
sponding appropriately to coherent scattering on a
nearly transparent nucleus.

These results can be understood simply using an
uncertainty principle argument. The description of Fig.
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1 in terms of old-fashioned perturbation theory is that
energy is not conserved at the p-photon vertices by an
amount AE= (m 2+ ¢*)"?—g¢=m ?/2q. The longitudinal
position of the vy-p conversion point must then be
uncertain by a distance

AxZ1/AE~2q/m2. 9)

If Ax is large compared to the hadron mean free path
in the nucleus, then the photon converts to hadrons
well before reaching the nuclear surface, and shadow
effects are to be expected. This results in the same high-
energy condition (8) as obtained above. No details of
p-dominance theory, such as the magnitude of the
p-photon coupling constant, enter into this uncertainty
principle argument. The necessary condition for 423
behavior at high energy is, therefore, only that the
photon interactions be mediated by hadronic states of
finite mass.

III. ALTERNATIVE DESCRIPTION

Stodolsky* has given a somewhat different descrip-
tion, in which the photons are eigenstates of the
vacuum; i.e., the direct p-photon coupling vanishes
for on-mass-shell photons, and the photons are instead
allowed to interact directly with the nucleons.

The’, two descriptions are related by a canonical
transformation,®and, therefore, contain the same physics
(see Fig. 1). The question of whether the photon changes
into a p before or after reaching the nucleus in a p-
dominance model is thus purely a matter of taste. In
Stodolsky’s description, the A?%?3 behavior of the
photon-nucleus total cross section at high energy
arises because a ‘‘downstream” nucleon feels, in
addition to the full-strength incident photon beam, a
beam of real p mesons of intensity — fyn-,n/fpN-pn
which has been generated “upstream.” (The factor
1/ fon-pn enters here because only p’s generated within
approximately one mean free path survive absorption.)
The direct photon beam results in a contribution to
the forward amplitude <« f,y.,x, while the p “beam”
gives a contribution « — (fyx,n/foN-p¥) fyN-pn, and
the coefficients are such that these cancel each other
leaving no term proportional to volume, provided that

8 The distinction between the treatments of photon-hadron
interactions in Secs. II and III can be characterized by the inter-
action Lagrangian used to represent vector dominance. In Sec. II,
the analysis based on the usual vector-dominance Lagrangian in
which photon interactions with the hadron current J# are always
mediated by the p. In Sec. III, the analysis can be based on the
Lagrangian model of Ref. 1; the p-photon coupling vanishes for
real photons (Q?=0) which, however, interact locally with the
hadron current. As shown in Appendix B of Kroll, Lee, and
Zumino (Ref. 1), the two Lagrangians are in fact related by a
canonical transformation; the photon field of Sec. II is a linear
combination of the photon and vector-meson fields of Sec. III.
Indeed, in the case of photon-nucleon interactions, one takes
precisely that linear combination of photon and vector mesons of
Sec. III which has no direct interaction with the nucleon. We
generalize this for arbitrary meson channels in Sec. VI A,
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the relation
f’)’N—>‘YprN~>pN=f'yN—>pN2 (10)
holds, as it does in the p-dominance model.! ®
At low energies, the cancellation is made imperfect
by several effects which reduce the p term, so that (1)
is only expected to hold at high energies. First of all,

the p may decay before it can reconvert to a photon.!®

That will only be negligible when the distance a p can
travel before decaying is long compared to its mean
free path, i.e., when k/m,['=2u. Because of the time
dilatation factor k/m,, that inequality becomes true
at energies of a few BeV. The most important effect
results from the transfer of three-momentum A to one
of the nucleons, and —A to another, where |A|
2 m,2/2q. This effect depends, in general, on the nuclear
wave function. In the eikonal model it takes the form
of a coherence requirement: The photon wave is
«e?e? and the p wave «e®* where k=¢—A; in order
for shadow effects to be important, these must stay
approximately in step over at least a p mean free path,
i.e., m,2/2¢=2A<1/u. This is the uncertainty principle
condition (8) discussed above. A third effect is that
(10) must be expected to fail at low energies, even if
one believes in p dominance, because of minimum-
momentum-transfer considerations—e.g., the p con-
tribution to shadowing must vanish if the photon energy
is less than p production threshold of 1.1 BeV, since,
as we wish to emphasize, the shadowing is caused by
real intermediate states.

IV. ¢-DOMINANT CALCULATION

We now use the Stodolsky description to calculate
the photon-nucleus total cross section, assuming p
dominance of photon-nucleon scattering. We use the
eikonal approximation and treat the nucleus as a
homogeneous sphere of radius R=r¢4!3, rop=~1.3 F.
Begin by pretending that the p has zero width. The
forward photon-nucleus amplitude is

T= (¢)V¢(+)>: (11)
where .
eiqz
¢=< ) (12)
0
is the incident photon wave with energy E,=g¢,
Y,
Yoo =< ’ ) (13)
¥,

is the corresponding outgoing scattered wave, and V

9 The simple p-dominance prediction is f,non (¢=0)= (e/g,)
Xpr—»pN (l= 0) and f’yN-»y{V (t= 0) = (e/gp)zpr»p{\f(l = 0). onse-
quences of breaking p dominance are discussed in Secs. VI and

VIIL
1 K. Gottfried and D. Julius, Cornell Report (unpublished).
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<V'Y'Y V'YP)
Ve Voo
where Vy,=—4rd f,n-,n, etc. To order €2, ¥, (2)
=% and

is the 2X 2 matrix

(14)

(= VPV =W, D= —Vyihy ), (15)

where k= (¢*—m,?)'?. The p wave function, which
satisfies the eikonal approximation to this equation, is!

- Vw
m*+V

where a= (R?—8%)12 for impact parameter b, so that
the boundary condition ¥,(—a)=0 is met; i.e., ¥,
vanishes at the left-hand edge of the nucleus. We
emphasize that V,, is proportional to the photopro-
duction amplitude for real p mesons with physical
momentum k= (q®?—m,2)"%. Employing the optical
theorem, we obtain

V() =

. " .
(ezqz —et np(z+a)e zqa) s

(16)

IIHEF({) sz/('mp2+ Vpp)]) A

O~vA =AO‘ N<1
B ! ImV,,
where

F(§)=1—@/&)L(A+)et—1+38],

¢=2R[qg—k+V,,/2k]. (18)

At energies high enough that minimum-momentum-
transfer effects are negligible, p dominance implies
that!?

(19)

If, in addition, the energy is high enough that ¢—%
times the p mean free path u is small, then

Voo/ (mi+V 0p)=1,

and the terms proportional to 4 in o,4 vanish, leaving
the surface contributions.

The expression (17) can be improved in several ways.
We can take into account the instability of p approxi-
mately by adding —ém,I' to V,,. This amounts to
changing the mean free path by

Vi =V ooVay.

(20)

(21)

1//‘ - 1/,uabsorption+ l/ﬂdecay .

We can include the nucleon recoil energy in computing -

1t A nonuniform nuclear density can readily be included. The
general eikonal solution to (15) is

¥, (z,b)=§mk_f,,7 / T dd (b))
Xexp[——%apzv/’ dz”d(b,z"):leiqz’ s

which reduces to (16) if d is constant. The cross section for forward
Compton scattering on heavy nuclei should be insensitive to the
nuclear model, as in the case for forward hadron-nucleus scat-
tering (see Drell and Trefil, Ref. 6, and S. C. C. Ting, Ref. 1).
Nuclear structure corrections have thus been ignored here.

TOTAL
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¥16. 2. Predictions of p dominance for the photoabsorption cross
section as a function of incident lab energy. The effective number
of nucleons oy4/Aoyn is given for carbon, copper, and lead,
assuming o,5 =230 mb and uniform sphere radii R=1.3 F A3, The
curves are lowered at 10 BeV by 0.04-0.05 (i.e., shadowing is
increased) if R is decreased to 1.2 F A1 or o,y is increased to 35
mb. The sharp behavior at the p-photoproduction threshold is
removed when the p width and threshold factors are taken into
account. Nuclear effects become important at very low energies.

the minimum momentum transfer ¢g— k. Further, we can
determine V,, from the measured photoproduction
amplitude for p mesons in order to incorporate the
correct threshold dependence. These modifications have
only minor effects on o4, because they are sizable only
at low energies where the p contribution is small and
oya~Aayy. That fact also justifies our use of the
eikonal approximation down to low energies. Real
parts can be included in V,, and V,,; the values, of
course, are not known, but assuming that (19) holds,
we find the effects of changing Ref/Imf from zero to
=+0.2 to be only about 5%.

The energy dependence of o4 given by (17) is shown
in Fig. 2. It is shown in the form of ¢y4/Acyx, which
can be thought of as an effective number of nucleons;
the strength of the y-p coupling divides out in this
expression, as does some of the energy dependence of
o,n. It is apparent that the effect we discuss is large
and occurs in an energy region amenable to experiment.
The transition energy increases with A, i.e., the
shadowing comes in at lower energies in light nuclei.
This is because the ‘“thickness” of a light nucleus—
especially at nonzero impact parameter—is less than
a p mean free path, and the distance over which
coherence between p and photon is required, Ax in
Eq. (9), is determined by the smaller of (a) the p
mean free path, and (b) the path-length through the
nucleus.”? The transition in energy from oxA4 to
o< A~%8 js not monotonic in energy; the exponent at
first rises above 1 because of the differing energy de-
pendence on light and heavy nuclei just discussed. For
this reason, the most effective way to study photon
shadowing experimentally is by the energy dependence
on a few nuclei rather than to measure 4 dependence

2 The transition energy where o,4/Aoyn is within ~109, of
its ;xsymptotic value is v~m,*/(Ru). See M. Nauenberg, Ref.
5(b).
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at just a few energies. This recommended program also
has the advantage of being relatively insensitive to
deviations from simple R« A4Y® nuclear models. On
the other hand, the 4 dependence at high energy is
sensitive to o,n, as in the case of p photoproduction,
assuming p dominance holds.

In addition to p dominance, the following approxi-
mations were made in obtaining Fig. 2: A purely
absorptive potential was used corresponding to a
uniform nuclear density of radius 1.34*3 F and o,y =30
mb. The width of the p was taken as 110 MeV. Nucleon
recoil was included in calculating the minimum mo-
mentum transfer. The p photoproduction amplitudes
were taken to be zero below threshold and constant at
the p dominance value above threshold. Cross sections
on neutrons were assumed the same as on protons. The
w and ¢ channels were neglected, but these states can
contribute only very small amounts of shadowing,
because the yw and v¢ couplings are relatively small;
in addition, o4n is probably substantially less than
a,n, as one would expect by analogy with gxx versus
o'wN-la

Below 1.1 BeV, Fig. 2 shows a complete absence of
shadowing. In fact, a small amount of shadowing is
possible due to the low-mass tail of the p, or due to
pions, whose contribution should be very small (see
Secs. VI and VII). For energies substantially below 1
Bev, the photon wavelength becomes comparable to
the internuclear separations, and the relation
Oya (hadronic)_:Aa-‘yN’ Or Ooyu (hadronic)zza.’yp_*_ (A _‘Z)G"yn,
again breaks down.

Our calculation can easily be extended to off-mass-
shell photons. If Q? is the square of the photon invariant
mass (negative for electron scattering), then in Eq.
(17) we must include the correct minimum momentum
transfer: g—k=(m?—(Q?/2g. The bracket then be-
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comes

F)VyY/ (m2—Q*+V,,), (22)

where the potentials V,, and V,, are proportional to
forward amplitudes for virtual photons. Because of the
coherence requirement, A%® behavior ensues only at
relatively higher energy if (0%#0. The predictions are
shown in Fig. 3. We assume spin-flip processes to be
unimportant, and these curves therefore apply sepa-
rately to the total absorption cross section for longi-
tudinal photons and transverse photons ¢(Q%v) and
ar(Q%v), which are obtained from inelastic electron or
muon scattering in the standard way."¥ The results are
again divided by A4 times the corresponding nucleon
cross section, and thus can be interpreted as the
effective fraction of nucleons which absorb the photon.
The mean free paths for longitudinal and transverse
p’s were assumed equal, corresponding to ¢,5=30 mb.

V. PHOTON-DEUTERON TOTAL
CROSS SECTION

The simple eikonal model which we have used up to
now is inappropriate for light nuclei and must be
replaced by a multiple-scattering approach such as the
Glauber approximation.!’® We shall discuss the simplest
case: the photon-deuteron cross section. (A multiple-
scattering analysis for 4 > 2, and its connection with the
eikonal approximation in the limit 4 — o, has been
given by Trefil.5) This discussion should serve to
clarify our basic physical assumptions and approxi-
mations and provide insight into the microscopic
processes which underlie the optical-model calculations.
Also, an understanding of this particular problem would
enable one to extract the photon-neutron cross section
from experiment.

The relevant multiple-scattering terms (see Fig. 4) are

1
frasra(@, 0= @, 0)= fynayn(q, 0— g, 0)+ f551y5(q,0,9,0) e / dp ds ¢(s)¢(s—p)

g

x{ 'ql —[(@—p)*+m,* "+ AEnuet+ie) ™[ fynspn (@, —8 — q—p, —84D) fopyp(d—D, 8— ¢, 8—P)

where ¢ is the deuteron wave function in momentum

space.
If we neglect the recoil and binding corrections

(represented by AEn.) and assume that the energy

+ frp-09(0, —8— q—p, —8+D) foneya(d—p, 8 —q,8—p)], (23)
becomes
1
[0 5@ e @rr-0s 0
X{la| —[(@—p?—m 2T +ie}™t, (24)

variation of the scattering amplitudes is gradual
enough to be neglected inside the integral (as is justi-
fied by experiment), the third term in f,a.,a(0)

13 See also Ref. 4, J. J. Sakurai, Stanford Linear Accelerator
Center Report No. SLAC-TN-103, 1967 (unpublished) and K.
Kajantie and J. S. Trefil, Phys. Letters 24B, 106 (1967) for calcu-
lations of ¢, from p, w, ¢ photoproduction data. A general dis-
cussion of contributions other than the p is given in Secs. VI and
VII. Preliminary measurements of o4, are reported in the rap-
porteur’s summary by S. C. C. Ting (Ref. 1).

where the arguments of the amplitudes now refer to

1 See, e.g., L. H. Hand, in Proceedings of the 1967 International
Symposium on Electron and Photon Interactions at High Energies
(Stanford Linear Accelerator Center, Stanford, Calif., 1967).

18 R, J. Glauber, Lectures in Theoretical Physics (Interscience
Publishers, Inc., New York, 1959), Vol. 1, and Phys. Rev. 100,
242 (1955). Corrections to the Glauber theory are discussed in
J. Pumplin, Phys. Rev. 173, 1651 (1968) and D. R. Harrington,
Rutgers Report (unpublished).
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the magnitude of the three-momentum transfer and
we have used the relation f,y-,n=f,¥o,n from time
reversal to combine the double-scattering terms. Here

S()= f ds () (s—p) = / dr G@Yers  (25)

is the nonrelativistic deuteron form factor, and ¥(r)
is the deuteron wave function in coordinate space. We
have ignored the spins of the nucleons and of the
deuteron, as well as D-state and many-body components
of the deuteron wave function, in accord with common
practice.!®

The Glauber approximation’® now corresponds to
dropping the principal-value part of the energy de-
nominator (propagator), and keeping only the §-func-
tion part. This approximation is good at high energy;
it is also good at low energy to the extent that the
real parts of the scattering amplitudes are negligible,
because in that case the principal-value part does not
contribute when the imaginary part of fya-ya is taken
to use the optical theorem.!'” Changing to spherical
coordinates and using the & function,

f*/d»'rd (O) = f*/n-»’vn (O> +f'yp->w (O)
1 petla—mp)1/2
+_

q J g—(q2-m,3)Y3

dp pS(B) fynson(B) fypson(p).  (26)

The upper limit of this integral is ~2¢, which can be
replaced by o, since the deuteron form factor must cut
off at a few hundred MeV. The lower limit is A=g¢q
—(@—m ) 2=2m2/2q, which is the minimum mo-
mentum transfer as calculated with neglect of the
nucleon-recoil energy.

In order to do a simple calculation, we use a Gaussian
wave function for the deuteron,’® which leads to
S(p)=e"t2r* with a=2130 BeV~2, and assume that the
scattering amplitudes have a momentum-transfer
dependence «e 37’ y=210 BeV~2 Assuming pure
imaginary amplitudes and neglecting the difference
between fyuopn and fyps,p, the optical theorem gives

do 8 1—p
a7d=a‘yn+o’7p—<_—> < )( )
dt/ v > v at 0o Ny +a/ \147?

Xexp[ —(v+ix)A%], (27)

where n=Refynoon/Imf,ns,n. Note that 4y is small
compared to a, so that the result is rather insensitive
to the value assumed for %, i.e., to the assumed ¢ de-

16 Such corrections have been considered by D. Harrington,
Phys. Rev. Letters 21, 1496 (1968) ; Phys. Rev. 176, 1982 (1968).

17 Keeping the principal-value part would result in a correction
to the shadow term in 527) which is down from the term given by
~n(m,2/2q){r)1/2, where 7 is proportional to the real part of the
photoproduction amplitude.

18 Simple, though unprecise, Gaussian wave functions for the
deuteron have been given by M. Verde, Helv. Phys. Acta 22,
339 (1949).
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Fr1c. 3. Predictions of p dominance for inelastic electron scat-
tering on nuclei are given as a function of the virtual photon lab
energy and spacelike four-momentum squared, Q2. The effective
number of nucleons o4 (Q%v)/Aayn(Q?») is given for copper with
R=13F A assuming o,5 =30 mb for longitudinal or transverse
p mesons. The results hold for the transverse or longitudinal
photon cross sections ¢?(Q%») obtained from inelastic electron
scattering.

pendence of the p production amplitude. (The sensi-
tivity is even less for a large nucleus, so that essentially
only the photoproduction cross section at zero degrees
is important, as assumed in the eikonal model.) To
the extent that the 4y term can be completely ignored,
the factor 2/(4y-+a) represents {(»~%) for the deuteron
wave function; however, for analyzing experimental
data we would advocate performing the integral in
(26), using a better wave function than the Gaussian,
rather than going in for the still more crude {»2)
approximation. The shadow correction (oyntoyp
—04a)/0a should be ~4-5%, at high energy, i.e., the
correction in obtaining ¢, from measurements of o,q
and o,, should be ~ 109%,. The shadowing is reduced at
intermediate energies due to “incoherence,” i.e., due to
the intolerance of the wave function to the minimum
momentum transfer as given by the exponential factor
in (27). The shadowing due to intermediate p’s falls
in principle to zero at the p production threshold,
except for smearing due to the Fermi motion and the
p width.

We wish to reemphasize that it is the photoproduction
amplitude for real p mesons which appears in the
shadow contribution. This is also true in the multiple-
scattering analyses of photoproduction on heavy

a p p
n n Q

:@ p p

n n

F16. 4. Schematic representation of forward Compton scatter-

ing on deuterons to order e? corresponding to the four terms of Eq.
(23). The bottom two graphs represent the shadow contributions
from the emission and absorption of real p mesons (or, in general,

any coherent hadron system photoproduced on the nucleons). The
solid line represents the deuteron,
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nuclei,® although that fact is somewhat obscure in the
optical-model analysis. Since only on-shell photo-
production amplitudes enter, it should be possible to
calculate the shadow correction in terms of photo-
production data, without ever making the assumption
of vector dominance.

VI. BEYOND o DOMINANCE

A. Multichannel Effects in the Photoabsorption
on Deuterium

So far we have discussed only the shadow effects
which correspond to propagation of real intermediate
p mesons. Other contributions are possible, however:
e.g., w, ¢, and 7 many-particle systems. Our calcu-
lation on deuterium is easily generalized to include
these possibilities. The approximate form (27), for
example, becomes

dt dm
v 8  1-[n(m)F

4y (m) 4o 14+[n(m) P
Xexp[ — (y+ia) (m*/29)*]
X (width factor).

do
0'7d=0'7n+0'7p— dm

yN — (mass m)N at 0°

(28)

This generalization preserves the idea that the con-
tribution of a state to shadowing is proportional to the
cross section for photoproducing it on a nucleon. The
exponential factor embodies the requirement that the
shadowing be small if the minimum momentum transfer
is too large for the nuclear wave function. The width
factor, which we have not written explicitly, should
reduce the cross section due to the spreading of inter-
mediate several-particle states. For a resonance such
as the p, the width factor is essentially 1, but for a
nonresonant state at finite energy it may be sub-
stantially less than 1. In the limit ¢— o, the width
factor approaches 1 because of time dilatation. For
example, a p of momentum ¢ in free space will travel
roughly (¢/m,L)~5 F at 2 BeV and 25 F at 10 BeV
before decaying. On the other hand, a completely
nonresonant 7tr~ system of invariant mass 500 MeV
would spread by 1.0-1.2 F while traveling 3 I at 2
BeV and 0.04-0.25 F at 10 BeV. The two estimates
given represent ‘‘decay” perpendicular or parallel to
the direction of motion.

The effect of the real parts of the amplitudes could
be important. If we write the phase of f,n — (state W&
as 7e%, then the factor (1—»?)/(1+n%)=cos(2¢). This
can in principle be negative; i.e., if the photoproduction
amplitude for a given state is predominantly real, then
its contribution to the shadow effect actually adds to
the cross section, tending to cancel the effect of the p.
It could happen that the phases of the photoproduction
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amplitude for various final states are essentially random,
in which case the contribution to the shadow effect
would average to zero. This is expected to reduce the
net effect of states whose photoproduction requires
quantum number exchange. However, states which
can be photoproduced by diffraction, i.e., with the
exchange of no quantum number except for orbital
angular momentum, are expected to be produced with
essentially imaginary amplitudes. For example, the
photoproduction of w-p systems with low invariant
mass might be due to the “diffraction-dissociation”
process® in which a y-m-p vertex is followed by = or p
elastic scattering. The phase of f,n-r,n is then the
same as that for fry-rny and f,n-,n, Which are known
from experiment® to be predominantly imaginary.

The question of the phases of inelastic production
amplitudes, and of the effects of the spreading of
multiparticle intermediate states as discussed in the
preceding paragraphs, are key problems in the theory
of inelastic shadowing.?* The shadowing predicted for
the y-4 total cross section can be looked on as a special
case of inelastic shadowing, which is made especially
simple by the absence, to order «, of elastic shadowing.

The shadow effect due to states which are not pro-
duced diffractively, such as #° and 7%, are expected to
be small. In the first place, the photoproduction ampli-
tudes for these states are relatively small compared,
for example, to the p, and are expected to continue to
fall with energy. Second, nondiffractive processes, in
particular #° and 7% production, may involve spin flip
in the forward direction and/or charge exchange, which
will be suppressed by the requirement of leaving the
nucleus in its ground state in the forward Compton
amplitude.

B. Multichannel Shadow Effects for Heavy Nucleii

Returning now to the question of photon cross
sections on large nuclei, and to 4 versus A2® behavior,
we find that the consideration of other intermediate
states besides the p adds a great deal of complexity,
which results from the many possibilities for inelastic
scattering of the hadroms. For example, the incident
photon might produce a p on nucleon 1; the p scatters
on nucleon 2 to produce an NN state which scatters
elastically on nucleon 3 and then produces a photon on
nucleon 4; at high energy this could interfere with the
amplitude for the photon simply to Compton scatter
on one of the nucleons. In the face of such possibilities,
a precise calculation of o,4 seems impossible—if only

19 M. L. Good and W. D. Walker, Phys. Rev. 120, 1857 (1960).

2 See, e.g., S. J. Lindenbaum, in Proceedings of the Fourth Coral
Gables Conference on Symmetry Principles at High Energy, 1967,
edited by A. Perlmutter and B. Kursunoglu (W. H. Freeman and
Co., San Francisco, 1967). The phase of the p photoproduction
amplitude was measured by J. Asbury et al., Phys. Letters 25B,
565 (1967).

2V, N. Gribov [ English transl. by W. J. Zakrewski, University
of Michigan, 1968 (unpublished)]; J. Pumplin and M. Ross, Phys.
Rev. Letters 21, 1778 (1968).
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because it depends on a number of amplitudes which
are not directly measurable. Nevertheless, it is possible
to make some general statements on the 4 dependence,
and, in particular, to demonstrate that 4?3 behavior
at high energy follows, as one would be led to expect
from the uncertainty-principle argument of Sec. II,
from any model in which the photon interactions are
mediated by hadrons of bounded mass.??

Let us consider m hadronic channels instead of just
the p. Define the matrices

’)‘77 )‘71 )‘“m
A= >\'§1 >\:11 )\lm ,
J\vm >\1m )\mm
(29)
0 0 0
A 0 A ,
L0 An

where the N’s are the forward-scattering amplitude
normalized so that 1/\;; is the mean free path for
channel ¢:

Nap=— (47id/q) fan-on(0°)= (i/qQ)V a3,

and A;22(m+ |Q?|)/2q is the minimum momentum
transfer for photoproducing the state 7. The general-
ization of Egs. (13) and (16) for the wave function
inside a homogeneous nucleus is

(30)

%7(2) 1
Y (5)= ¥1(2) = gigag—(+a) GA+id) 0 (31)
¥n(2) 0
The forward-scattering amplitude is
Frasya(0°)=—(1/4x) (s, V¥*) .
1q 0
=4_ /dr (1 0---0)AgGHaGa+in) |- (32)
T :

0

where the integral ranges over a sphere of radius
R=RyA'® representing the nucleus and z+a is the
depth penetrated from the “left-hand” edge at z=—a
= — (R2—b%)!/2 for impact parameter b.

In order to decide whether (32) contains a contri-
bution proportional to 4, i.e., proportional to volume,
imagine diagonalizing the matrix K=A-2{A which
occurs in the exponential: In other words, expand the
vector (10---0) in eigenvectors of K. (This can
certainly be done, since K is symmetric.) Working to
leading powers in the electron charge ¢, K has an

22 This result was anticipated by Stodolsky, Ref. 4.
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eigenvector
1
x=|%, (33)
Lm,
where
wi= =2 (T iy, (34)
J
and 7' is the #X# hadronic submatrix of K :
Tij=Nij+ 200554 (35)
The eigenvalue associated with X is
(36)

€=)\77—Z )\.,.;(T“)ij)\w:detK/detT.
ij

The eigenvalue e is of order €%, so X corresponds to a
diagonal state with a mean free path which is long
compared to the size of the nucleus. X can therefore
contribute a volume term and will do so unless AX=0,
in which case its contribution is killed by the A in (32)
which is not exponentiated. In the high-energy limit
A — 0,50 K — A and the condition for no volume term,
i.e., A%3 behavior, becomes e=0, detA=0. The other
n eigenvectors of A must have eigenvalues of order 1,
since the product of all the eigenvalues =detA~e?.
They therefore correspond to states which are diagonal
in the medium, but which are strongly absorbed, i.e.,
their mean free paths are a few fermis, so they con-
tribute only “surface” terms. The generalization of the
Bell picture (Sec. II) can now be obtained, if desired,
by a canonical transformation in which the photon
channel is made to correspond to the eigenvector X .2

A more explicit way to arrive at the condition for
complete cancellation of the A term is simply to
calculate the exponential in (32) to leading powers in e.
This leads to

W =E er T AT, (37)
and to
iq
Jrasya(0%)=— /d"{)\w'l’z Ayi
4 i,
X[T (et ADT—1) TNy} . (38)

We assume on physical grounds that the eigenvalues of
T are of order 1 F1, i.e., correspond to hadronic mean
free paths; therefore 77! necessarily exists, the ex-
ponential corresponds to ‘‘surface’” terms, and the
volume term is cancelled if and only if

)\77'—2,,‘,,’ Ny (TN =det(A+2iA)/detT=0.

In the high-energy limit, A— 0, leading again to the
condition detA=0.

Now let us generalize the vector dominance model
by allowing the photon to couple directly to each of the
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hadronic channels. Then
€
Myi=22 —\j,
i g
’ (39)
e e
>‘77=Z — —Aij,
4 gi i

where some of the coupling constants, which we write
in the familiar form e/g, may be zero since some of the
hadronic channels we consider may have quantum
numbers different from the photon (such as, for
example, the conjectured 3~ Regge recurrence of the p).
Now (39) is equivalent to the condition detA=0 to
order €2, which is needed for cancellation of the volume
term at high energy. Note that this cancellation does
not depend on any particular values for the coupling
constants or for the hadronic scattering amplitudes.
The only requirements are that the energy be so large
that (m2+|Q2?|)/2q is negligible for all of the states
involved, and that the hadronic amplitudes A;; not
vary significantly when the square of the external
four-momentum varies from m.? or m;* to Q2

In the “hadron-dominance’” model discussed above,
there are two distinct qualitative features to be observed
in o,4/Aoyn: the energy at which this quantity
becomes substantially different from 1 (i.e., when the
shadow effects become important, which is related to
the average mass of the hadronic channels contributing
importantly to the shadowing), and the limiting value
at very high energy, which is related to the average
cross sections of the hadronic states on nucleons.
Quantitative results are discussed in Sec. VII.

C. Shadow Effects of a Hadron Spectrum

We have constructed a simple model to describe the
shadow contributions of higher mass J¥=1~ hadronic
systems which could mediate the photon-nucleon
interactions. The contribution of the p and the possibly
important higher-mass systems is represented by a
spectral function which is related to the electron-
positron annihilation cross section o.+.-. This model is
actually a special case of the many-channel model of
Sec. VI B), in which the discrete states » are replaced
by a continuum and all of the off-diagonal matrix
elements between the hadronic channels are neglected.

First, we note that the propagator of the (/=1)
electromagnetic current of the hadrons is given by

/ ¢@+(0| T"[ ju(x), 7,(0)]| 0)d*«
_ 1 /sza'e*e'(s)[glw—QMQV/s]ds
~ 167%2 s—Q2—ie

, (40

where o.+,~(s) is the total (I=1) hadron production
cross section from electron-positron annihilation at
c.m. energy /s.
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We then compare this with virtual forward Compton
scattering on a nucleus 4 : The Feynman amplitude is

Myt (QZ) =e2/ei9.z<‘4 | T'[ju (x):jv (O)j | A>connd4x- (41)

Let us now use a “Furry picture’’ description putting
the effects of the absorptive medium into the equation
of motion for j,. Then, assuming a polarization-
independent optical potential V,

e QMQV
1673a2 /ds Soee (S) (g” B N >
1 1
X (—————— - )ds
s—=Q* 4V s—Q?
-1 QnQv

1 1
T (5,0 , (42
X Q2 (57Q }s-—QZ ( )

S—

M (Q%) =

where 7'(s,0%)=V+V (Q*—s— V+1ie) 'V is the virtual
forward nuclear scattering amplitude for a vector
meson of mass s, four-momentum (. We have assumed
that the potential ¥ does not mix the various hadron
components of the current, and we identify it with
absorptive potential V,, of Sec. III. The result for the
(virtual) total photoabsorption nuclear cross section is

ol (QZ,V) Oete (s)sz
Ao (@) _1_Re[/ e

><——-——8_QI:$ T / / dsd—(———jigz);:], 43)

where ¢, (Q?) is the total (transverse or longitudinal)
photoabsorption cross section on nucleons as measured
in inelastic electron or muon scattering (¢=transverse
or longitudinal). F({) is given by Eq. (17) with m,?
replaced by s.

Comparing with Eq. (39), if the annihilation cross
section ¢+~ corresponds to a sum of narrow-width
Breit-Wigner peaks for # vector mesons, then (43)
corresponds to Ag;=08;;\;; and

Ay

Aii

(44)

=Nyy,

n
2
i=1

where the \;; are all taken to be equal. Various possi-
bilities for the hadron spectrum and the resulting
implications for o4 (Q?v) are discussed in Sec. VIL.
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VIIL. NUMERICAL CALCULATION FOR VIOLA-
TIONS OF VECTOR DOMINANCE

Let us now consider how the predictions based on p
dominance which are shown in Figs. 2 and 3 are modi-
fied if vector dominance is broken.

As a first way to break vector dominance, assume
that the effective p-photon coupling em,?/2y, on the
photon mass shell has strength given by «v,2/4r=1.1
to account for the small magnitude of nuclear p photo-
production observed by the Cornell and SLAC groups.”
In the “pure” vector dominance models, v,%/4r has
the same value at the photon mass as it does on the p
mass shell where it is measured to be 0.52+0.07 from
colliding beam experiments ete”— atr~ and the
leptonic decay of p’s. If we continue to assume that
o,x~30 mb as obtained from the analysis of p photo-
production on nuclei, then the p-dominant part of o5
is (e/2v,)%,54~50 ub. The measured value of o, is
110-130 ub,? so that a contribution in addition to the
p must remain. Including the » and ¢, using v, and v,
given by the Orsay experiments, and assuming o4n is
small like oxxy adds ~25 wb,’® but this is probably
overestimated, since if the effective y-p coupling falls
by a factor of 2 in going to Q?=0, the y-w and v-¢
couplings would be expected to fall also. We must
therefore assume some additional states mediate the
photon interactions to account for the magnitude of
049 For simplicity, let us first assume those states are
sufficiently massive (=3 BeV) that they do not con-
tribute importantly to shadowing at energies below
20 BeV, where we can hope to have data in the near
future. The effect of such states in this energy region
is the same as for local coupling of the photon, which
contributes to o,» and hence to the volume of 4 term
but not to the shadowing. The effect is to essentially
cut the shadowing in half compared to the pure p-
dominance result. It would be very hard to understand
an experimental result of much less shadowing than
this, since we know the minimum strength and phase of p
photoproduction at forward angles reasonably well 1.7

This reduction in shadowing is illustrated in detail
in Fig. 5. The curves are calculated from Eq. (43)
assuming that o.+- is dominated by the p with a
Breit-Wigner distribution plus another similar reso-
nance of higher mass My with equal magnitude. The
results are shown for various values of My. For »<20
BeV, the results are nearly indistinguishable for any
mass My>3 BeV. We also note here that a similar
calculation to include the ¢ meson shows that the effect
of a pole at My=m, with 1% the pole strength of the p
is negligible. The use of a Breit-Wigner distribution for
the two-pion states of the p produces a small amount
of shadowing below »=1.1 BeV and thus removes the
sharp behavior at threshold shown in Figs. 2 and 3.

% Aachen-Berlin-Bonn-Hamburg-Heidelberg-Miinchen Collab-
oration, Phys. Letters 27B, 474 (1968); J. Ballam et al., Phys.

Rev. Letters 21, 1544 (1968). We shall assume that the forward
Compton amplitude is essentially diffractive.
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F1e. 5. Predictions for the photoabsorption cross section of
copper assuming violation of vector dominance. The cross section
for p photoproduction on nucleons is taken to be § the p-dominance
prediction (see Ref. 7). The effective number of nucleons a4/
Ao,y is given as a function of laboratory photon energy assuming
shadow contributions from the p plus other hadron states, which
are represented by a vector resonance at mass My photoproduced
with the width and magnitude of the p. o,» was taken as 30 mb,
and R as 1.2 ' X A3, The result for My=3 BeV and »<20 BeV
is to reduce the shadow contribution 1—ay4/4a,n to half of the
value obtained from p dominance given in Fig. 2.

As another model for the spectral function, we can
adopt the following form for the annihilation cross
section:

vor <s>=const[(1—

m 212

4'm,,2>3/2 m2
s (s—m2)2+m T2

N

2

+eb(s—bm,’) <-;p—)Nj|0(s —4m.?). (45)

The extra tail, with adjustable parameters €, b, and N,
is added to reflect a large, slowly falling cross section
beyond the p region.? 2

In order to restrict the possibilities we again assume
that the p is responsible for roughly half of o,,. Then,
for example, with a charge tail falling like s—2 starting
at s=2m,? with e=1, the shadowing for real photons
on copper (4=64) is 249, at =10 BeV and 329, at
»=20 BeV, compared to 319, and 419, shadowing
implied by pure p dominance, respectively. Again, we
note that from the magnitude of the observed p photo-
production the minimum shadowing will not be less
than half of the pure p-dominance result.

VIII. SUMMARY

We have shown that measurements of the total
hadronic cross section for photons up to 20 BeV on
nuclei, and measurements of inelastic electron scat-

% For ¢=0, this form for o.*~ is the experimental fit to the
Orsay data (m,=0.76, I'=0.11 BeV, const=1.7+0.2 ub), and
corresponds to a simple Breit-Wigner pole in the pion form factor.

2% The quark field algebra predicts oo+~ — s~ for large s. See
J. D. Bjorken, Phys. Rev. 148, 1467 (1966). Also, a tail with
N >2 would not contradict the gauge field algebra. See J. Dooher,
Phys. Rev. Letters 19, 600 (1967). Our form (43) is consistent with
or,(0%,)~Q? in the diffractive energy region for inelastic e-p
scattering if ot~ — 572
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tering in the same energy region, provide a sensitive
test of the theoretical idea of vector-meson dominance,
and of the more general idea of low-mass hadron
dominance of the electromagnetic current.

In the case of the p dominance, the quantity o4/
Ac,n, which amounts to an effective fraction of photo-
absorbing nucleons, becomes energy-independent and
equal to the corresponding fraction appropriate for
hadron absorption when the momentum transfer for
forward p photoproduction on a nucleon A~ (m,?
—+1Q?])/2» is small compared to the reciprocal of the
hadronic mean free path in the nucleus. If the nuclear
photoabsorption data support this, then by making
reasonable assumptions on nuclear models, real parts
of amplitudes, and approximations of the w and ¢
contributions, one will be able to extract o,n for the p
on the mass shell. This result should agree with the
value for o,y obtained from p photoproduction on
nuclei. If p dominance is correct, o4 (Q%v)/Aa,n(Q%v)
depends only on fmin. Thus measurements of inelastic
electron-nucleus scattering for values of Q? and »
which keep imin constant, are sensitive to any deviation
from the p dominance relation f,,2= fyyf,p for large
spacelike Q2

On the other hand, the hadronlike behavior of the
nuclear photoabsorption cross section at high energies
is not a unique feature of p dominance, but also follows
from a generalization of the vector-dominance model
in which arbitrary hadron states are assumed to con-
tribute to the electromagnetic current. The complete
vanishing of the volume contribution to o,4 only
requires that the momentum transfer be negligible for
all of the states involved and the determinant (29) of
the forward-scattering amplitudes vanishes to order
¢%; this condition is met for the “hadron-dominance”
model in which photons interact with nucleons via a
sum (possibly spectral) of J=1~ hadron states, as-
suming the high-energy forward photoproduction
amplitudes do not change appreciably when extrap-
olated to the Q2 of the photon. In the energy region
»< 20 BeV, dominance by hadron states of mass >3
BeV cannot be distinguished from dominance by states
of very large mass, such as baryon-antibaryon pairs,
quark-antiquark pairs, etc., or states of infinite mass
which correspond to pointlike interactions. The energy
dependence of ¢,4/Ao,n, however, is sensitive to
dominant states beyond the p in the 1-3 mass region.

In general, any state which can be produced (in-
cluding higher spins, e.g., a p Regge recurrence at
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JP=3") contributes to the shadowing in proportion
to the square of its yet unmeasured nuclear forward
photoproduction amplitude. In particular, if the real
forward p photoproduction cross section is half? of
what is predicted by simple vector dominance, i.e.,

2fys*=FyvSoo

then the shadow contribution 1—o,4/A40o,x is half of
the p-w-¢p dominance prediction for »<<20 BeV; eventu-
ally, it increases with photon energy as photoproduction
for higher-mass states which contribute to f,, but not
Joe OF fa,, becomes coherent on the nucleus.

Finally, we emphasize that photoproduction of p
mesons on nucleons implies shadowing for photon-
nucleus interactions independent of any model, with
the exception of the unlikely possibility that there are
large cancellations due to photoproduction of low-mass
states with real amplitudes.

By the time of journal publication of this paper, we
expect relevant experimental data to be available. In
addition to measurements of y+A4 — hadrons and
inelastic electron and muon-nucleus scattering, we
would like to encourage measurements of total cross
sections for pions on nuclei, in order to test the re-
liability of available methods for treating the nuclear
physics and to look for the inelastic shadow effects
which have been predicted for the scattering of had-
rons, the theory of which is on the same footing as the
many-channel calculation of Sec. III.

Note added in proof. Preliminary results of a Santa
Barbara SLAC experiment to measure the photon-
nucleus cross section at high energy indicate a shadow
effect which lies roughly midway between zero (i.e.,
oy4<A) and the vector-dominance prediction, for E,
between 12 and 18 BeV. Thus it appears that the
vector mesons ‘‘dominate’ only about one half of the
electromagnetic current, as is also indicated by the two
high energy rho photoproduction experiments.” We
wish to thank Dr. R. Morrison and Dr. F. Murphy for
discussions of their data.
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