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Final total cross sections are given for a counter experiment at SLAC on hadronic photon
absorption in hydrogen, deuterium, carbon, copper, and lead at incident energies from 3.7
to 18.3 GeV. Some of the nucleon cross sections have been revised and the C, Cu, and Pb
data from 3.7 to 7.4 GeV have not been reported previously. The cross sections for complex
nuclei vary approximately as A ' in our energy range, indicating that the photon interacts,
at least partially, as a strongly interacting particle. The energy dependences of the proton
and neutron cross sections are also similar to those of hadron-nucleon cross sections and

hence may be fitted by a typical Regge parametrization, yielding az(yp) = (98.7+ 3.6)
+(65.0+ 10.1)v 2 pb and v (yn) =(103.4+ 6.7) +(33.1+ 19.4)v pb, where v is the photon

energy in GeV. These extrapolate to the same value at infinite energy, consistent with Pom-
eranchukon exchange, and the energy-dependent part yields an isovector-to-isoscalar-ex-
change ratio of 0.18+ 0.06. While these observations are qualitatively consistent with vector
meson dominance, quantitatively vector dominance fails in relating our results to p photo-
production on hydrogen or to experiments determining the p-nucleon cross section. Vector
dominance cannot be rescued by assuming that the p-photon coupling constant depends on the
photon mass. Instead, an additional short-range interaction is apparently required, possibly
due to a heavy (& 2 GeV/c2) vector meson or to a bare-photon interaction. The additional
interaction accounts for approximately 20% of the total photoabsorption cross section.

I. INTRODUCTION

The complete results of an experiment on photo-
absorption by hydrogen, deuterium, carbon, cop-
per, and lead for the energy range from 3.V to 18.3
GeV are presented. Portions of the data, reported
earlier, "have shown that the photon exhibits a
hadronlike behavior. In particular, the dependence
of the photon-nuclear cross section on the nucleon
number A established the fact that higher-energy
photons are shadowed by nucleons in the nucleus. '
Further evidence for hadronlike behavior of the
photon is the near equality of the neutron and pro-
ton cross sections and the observation that the en-
ergy dependence of these cross sections is very
similar to that of pion-nucleon total cross sections.
In this paper we present all of the data from the
experiment and give a detailed comparison with the
vector-meson-dominance (VMD) model, which is
normally invoked to explain this hadronlike behav-
ior of photon cross sections. We find that the vec-
tor-meson-dominance model does not agree quan-
titatively with the data, and that the results sug-
gest that a short-range photon-nucleon interaction
contributes significantly to the total cross section.

At high energy the dominant photoabsorption re-
actions are the production of the vector mesons p,
cv, and Q. These processes are predominantly dif-
fractive, like the elastic scattering of hadrons on
the nucleon. In particular, the total cross sections
for these reactions are nearly constant in energy,
and the differential cross sections show a forward
peak with a slope which is similar to that of pion-
nucleon scattering. To explain this behavior' the
vector-meson-dominance model, 4 in which the pho-
ton dissociates into a hadron state with the same
quantum numbers as the photon, has been devel-
oped. These states are assumed to be the known
vector mesons, the p, ~, and p. The photon in-
teracts, as shown in Fig. 1(a), by first becoming
a vector meson, V [with coupling (sa)'I'/y„], which
then scatters from the nucleon with a cross sec-
tion typical of hadron-hadron scattering. The p
production amplitude f (yp- pp), for example, is
then related to the p scattering amplitude
f(PP-PP):

(vo)1/2
f(yP-PP) = f(PP-PP). (1)

~P

Given measured values for the couplings and the
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forward scattering amplitudes of the known vector
mesons, the model gives a simple prediction for
forward Compton scattering,

f(yp-yp) I, .=—g .f(l p- I p)l,
&v

(2)

as indicated in Fig. 1(b).
Using the optical theorem, '

or(AB) =—„ Imf(AB-AB}~, 0,
4n

we can relate the photon total cross section to the
vector meson scattering amplitudes,

o (yp} =
k g ', Imf ( Vp - Vp) ~. ..rv' (4)

lf, ,I' = (I+q, ')(rmf, ,)'
0' do
m dt

where gv is the ratio of real to imaginary parts,
so that the total cross section can be predicted in
terms of other measurable quantities:

4mo. 1 do x/2

&x,(yp) = g 4v, I,Z, (yp- Vp)
+V RV t=O

P ~ +54

and, using Eq. (1), to the photoproduction ampli-
tudes,

or(yP) = ,g .-,„.Imf(yP- e)l,—.. (5)
k y„)'

The forward amplitude is related to the differential
cross section,

can be viewed as an interference between two pro-
cesses shown in Fig. 1(c), which give the total
Compton amplitude and thus or(yA). The one-step
amplitude, for which the scattering takes place on

a single nucleon, occurs equally well at the nu-

clear surface or inside nuclear matter. The two-
step amplitude, in which a vector meson is pro-
duced on one nucleon and in a subsequent scatter-
ing couples back to the photon, occurs only inside
the nucleus. The two amplitudes tend to interfere
destructively, and in VMD at infinite energy the
destructive interference is perfect inside nuclear
matter, leaving only a surface interaction. How-

ever, at finite energies the vector meson (because
of its mass) has less momentum,

mv 2

k„=(ky'-mv ) ~'=k

with a correspondingly larger wavelength so that
the two waves lose phase coherence over a typical
distance, R-2k&/m„'. ' At high energy, such that
the range Ris not only larger than the nuclear size,
but also much larger than the vector-meson-inter-
action mean free path, each nucleon should shadow
those behind it. Under these conditions, the inter-
acting nucleons lie predominantly on the nuclear
surface, and the total nuclear photoabsorption
cross section, or(yA), will increase with nuclear
size less rapidly than the number of nucleons, A.

It is convenient io work with the effective numbe~
of nucleons in the target,

o,(yA)

or(yN)
(9)

For each target and energy one divides the cross

The crucial question for the vector-meson-domi-
nance model is whether the measured total cross
section agrees with the right-hand side of Eq. (I).

Photoabsorption cross sections measured on
complex nuclei provide a further test for VMD,
particularly probing the range of the interactions.
For hadrons, which have mean free paths in nuclei
short compared to the nuclear size, nuclei act like
absorbing disks whose total cross sections tend to
increase with A as the nuclear area, or roughly
A"'. However, since photons have absorption
cross sections about 200 times smaller than those
of hadrons, their long mean free paths would im-
ply nuclear cross sections proportional to A. This
intuitive view, that all nucleons would be equally
likely to interact and that none would "shadow" any
other is then diametrically opposed to the argu-
ment, which has long been known, ' that the photon
would interact as a hadron by becoming a vector
meson, as VMD would predict.

The photon-nuclear interaction via vector mesons

(b)

(c)

FIG. 1. (a) Photon interaction with a nucleon through a
vector meson. (b) Compton scattering pictured as the
sum of interactions of the three known vector mesons
coupled to the photon. (c) The one-step and two-step
processes which can occur for a photon interacting in
a nucleus.
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section by the average nucleon cross section ap-
propriate to that target and energy,

or(y&) =A or(yP) + 1 ——or(rn),
Z Z

(10)

where or(yP) and or(yn) are determined experi-
mentally. This procedure removes the small en-
ergy dependence of the nucleon cross sections
from the quantity A.,~. In addition, A,~ is indepen-
dent of the values of the coupling constants to low-
est order. Clearly, if the interaction were corn-
pletely short-range, then all of the nucleons would
be equally likely to interact with a photon, giving

ff =A. . On the other hand, if the interaction were
entirely long-range and the vector-meson-interac-
tion mean free paths very short, then only the sur-
face nucleons would contribute, giving A,ff =A."'.

The actual vector-dominance predictions for A.,ff
lie between these two extremes and are obtained
from a rather sophisticated optical model, ' which
includes the use of a two-nucleon correlation
length L, ~ as well as energy-dependent q~ and

or(p&) = o,( pp) [~r(»)/or(rP)),

merous than the hadronic events, depending upon

the target material.
To measure photoabsorption total cross sections,

it is necessary to determine (a) the number of pho-
tons incident with a given energy and (b} the frac-
tion of these photons that interact hadronically in

a target of known thickness and materia1. . The
fraction interacting can be determined either by

(1) detecting final-state hadrons or (2) observing
the hadronic absorption and thus the absence of the

photon or electromagnetic-interaction products in

the final state. Finally, there are three crucial
ideas, each separately well known, which together
reduce the difficulties in this experiment to a re-
markably low level. These are: (a) the use of a
tagged-photon beam, (b) the fact that a shower de-
tector has the same response to an electron-posi-
tron pair as to the photon that produced the pair,
and (c) the fact that geometry alone suffices to
separate hadronic and electromagnetic processes
in a system with even rudimentary energy discrim-
ination.

B. Outline of the Experiment

or(pP) = 2lor(v'P)+or(r P)l

from the quark model. The values of or(PP) change
by 12% from 4 to 16 GeV and agree with determina-
tions from p photoproduction.

The data reported here for photon absorption on
hydrogen from 3.7 to 18.3 GeV are used to test the
VMD predictions of Etl. (7). In addition, utilizing
data on deuterium, a Regge parametrization of
the neutron and proton cross section is given. Data
for photoabsorption on complex nuclei are pre-
sented for the same energy region and compared
with the second VMD prediction, the 4 dependence
of the nuclear cross section. The results of the
two types of comparison indicate that in addition to
a VMD type of interaction, the photon has a signifi-
cant interaction of short-range character.

II. EXPERIMENTAL APPARATUS

A. Preliminary Considerations

At the time this experiment was proposed (April,
1968), it was generally believed to be exceedingly
interesting and also exceedingly difficult, particu-
larly at SLAC where the energy is high, but where
the duty cycle is 2 orders of magnitude lower than
for electron synchrotrons. The fundamental pro-
blem in measuring these cross sections arises
from electromagnetic interactions in the target,
which in our case are 90 to 2600 times more nu-

The experimental implementation of the above
ideas is shown schematically in Fig. 2. A well-
collimated, momentum-analyzed beam of positrons
was incident from the left with negligible beam
halo. Those positrons that emitted bremsstrahlung
photons in a thin radiator were deflected by the

tagging magnet into a tagging hodoscope, providing
a one-to-one correspondence between the detected
positrons and beam photons. Tagging (T} thus de-
termined the number of photons incident and the
energy of each photon, and it discriminated effec-
tively against backgrounds that were not in coinci-
dence with a particular tagged photon. The tagging
efficiency, defined as the probability that a tagging
signal in fact corresponded to a tagged photon of
the proper energy, was significantly improved by
using anticounters (A) at the appropriate locations.

Photons that did not interact, as well as the
products of any electromagnetic interactions, re-
mained very close to the original beam line
(H-m, c'/E„) and passed easily through the beam
hole in the hadron counters (S2a and S2b), contin-
uing downstream until they reached the shower
counter (Sl) directly in the beam line. The origi-
nal photons and the products of electromagnetic
interactions were detected with equal efficiency in
a shower counter so that the energy observed in
$1 balanced the energy tagged by T. Hadronic pho-
ton absorption was thus indicated by a tagging sig-
nal without a coincident pulse in either A or $1,
TAS1, which would have been sufficient to carry
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FIG. 3. Top view of the primary and secondary beam-transport systems (not to scale).

cisely into the beam line to center the positron
beam at this location. A 2.5-cm-long, 1-cm-diam-
eter lead plug was mounted on the front window Of

the ion chamber to increase its sensitivity.

D. Tagged-Photon Beam

The elements of the tagged-photon beam were
shown previously in Fig. 2. The positron beam
was first incident on a bremsstrahlung radiator
at 10TC1. The copper radiators were 1 cm in
diameter and were suspended in vacuum by 1-mm-
wide copper strips to minimize possible interac-
tions by particles in the beam halo. Four positions
could be selected: empty radiator, 0.0005Xp,
0.002Xp, and 0.01Xp The radiator thickness was
chosen to minimize the ratio of false to true tag-
ging signals. False tags were generated by trident
production, bremsstrahlung followed by pair pro-
duction in the radiator, multiple bremsstrahlung,
and by low-energy positrons in the incident beam
which were swept directly into the tagging coun-
ters. With our clean beam, it was advantageous
to choose a thin radiator, 0.002Xp, to minimize
the multiple process events. This thickness yield-
ed 4~10 ' tagged photons per positron, or about
two tagged photons per beam pulse of 1.6 p, sec
duration.

The position of the photon beam at the S2 coun-
ters was determined with the aid of a 2.5-cm-long,
0.3-cm-diameter lead plug centered in a Lucite
disk, temporarily mounted in the beam hole. A
radiation monitor downstream allowed the photon
beam to be detected when it interacted in the lead
plug

The photon intensity was monitored in four ener-
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FIG. 4. Positron beam profiles at the photon radiator
for a beam of 14-GeV positrons focused at the radiator.

gy bins by four pairs of tagging counters. Each of
these tagging channels had a positron energy ac-
ceptance of 0.05E„and together they spanned the
interval from 0.06Ep& Ef& 0.26E„where Ep and Ez
are, respectively, the incident and final positron
energies. The corresponding photon energies are
given by E~ =Ep Ey' and thus lie in the range
0.74Ep& E~ & 0.94E,. Positron energy intervals and
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tagging-counter locations were determined by
floating a wire through the tagging magnet 10D1.
The two tagging counters in a given channel were
spaced approximately 1 m apart along the positron
trajectories to reduce the possibility of an acci-
dental tag. The exit window of the vacuum cham-
ber was made as thin as possible (0.16 cm alumi-
num) to minimize multiple scattering and radiation
before tagging.

Photons produced in the radiator traveled for-
ward 8.5 m in vacuum before exiting through a
0.25-mm Mylar window just upstream of the anti-
counter AO. The function of this shower detector,
a three-layer, lead-scintillator sandwich with a
6-cm center hole, was to veto tags in which an
energetic photon was outside the nominal beam
envelope. AO normally intercepted about 1.6% of
the tagged photons when the incident positrons
were at 4 GeV and about 0.1/p when they were at
18 GeV. AO was prevented from vetoing events
originating in the target by a lead back-scatter
shield 25 cm thick.

Anticounters A1 and A2 were used to veto elec-
trons from trident or pair production in the radi-
ator, thereby preventing the resulting low-energy
positron from causing a spurious tag. Their effec-
tiveness was enhanced by installing A1 within 10
cm of the beam line and by making the top windows
of the vacuum chamber as thin as possible, in this
case, 3 mm aluminum. Electrons were vetoed
from 5 MeV up to 4 GeV when 10D2 was set for 4-
GeV positrons and from 24 MeV up to 18 GeV when
10D2 was set for 18-GeV positrons.

Since the thickness at which the trident and pair-
production processes are comparable is about
0.003-0.004Xp, 'P trident production dominated for
our 0.002Xp radiator thickness. Detailed calcula-
tions" indicate that in our geometry, the rate from
these processes was of the order 10%. This was
reduced to 0.6% at 5 GeV and 0.2% at 19.5 GeV in-
cident positron energy by the A1 and A2 counters.
Lom-energy positrons contaminating the incident
beam contributed 0.4% and 0.1%, respectively, at
these two energies, as determined with the radi-
ator out. The false-tag rates were thus 1.21 at 5
GeV and 0.3% at 19.5 GeV, of which two-thirds was
associated with trident and pair production and one-
third with beam positrons degraded in energy.
These rates are averages over four channels, and
it is worth noting that the false-tag rate increased
by more than a factor of 5 from Channel 4 (0.21E,
to 0.26E,) to Channel 1 (0.06E, to 0.11E,), in agree-
ment with calculations" of the trident process.

Anticounters A3 and A4 mere used to veto recoil
positrons associated with photons of intermediate
energy, 0.74Ep &A3 &0.50Ep and 0.65Ep&A4
&0.35Ep, as shown in Fig. 5. Such photons, more
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FIG. 5. Bremsstrahlung energy spectrum for a thin
radiator. Photons in the interval 0.74E p &E& & 0.94Ep
were tagged for use in the experiment, while those in
the interval 0.35Ep &Ep & 0.74Ep were explicitly vetoed
by the A 3 and A 4 counters.

numerous than those that were tagged, could (a)
produce hadronic events in accidental coincidence
with false tags or (b) simulate surviving photons in

the shomer counter S1 in accidental coincidence
with tagged photons that were absorbed hadronical-
ly, thereby vetoing good events. These effects de-
pended upon the energy resolution of the shower
counter and particularly upon the counting rates
and pulse widths of the detectors involved. The
counter A3 protruded into the vacuum box within a
reentrant aluminum cylinder with 1.5-mm wall
thickness. This arrangement allowed A3 to be
positioned empirically as close to the positron
beam as possible, but without intercepting posi-
trons in Channel 4.

Because of the high singles rates in the A coun-
ters and the short duty cycle, the tagging rate T
was reduced by approximately 40% by the various
anticounters A. While most of the accidentally
vetoed photons were genuine, the rate for false
tags was reduced by more than one decade by this
means. The loss in tagging rate did not affect the
experimental results because the properly tagged
photons TA, which were relatively free of back-
grounds and accidentals, were used as the monitor
rather than the raw rate T.
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E. Electromagnetic Sl and Hadronic S2 Detectors

Tagged photons that did not interact, as well as
the products of electromagnetic interactions, were
detected by a lead-scintillator shower counter S1
centered on the beam line. The 16 layers of lead
were in the form of 24-cm-diameter disks 6 mm
thick, sandwiched between 16 layers of plastic
scintillator 25 em@25 cm in area and also 6 mm
thick. Light from each scintillator layer was con-
ducted through an individual light pipe to a Lucite
mixing block 45 cm above the counter. The com-
bined output was viewed by a single 56-DVP photo-
tube. The total thickness was 18.1Xp sufficient to
contain 97% of the energy in a 20-GeV electromag-
netic shower. " A positron-electron pair of a giv-
en total energy was detected by S1 with virtually
the same pulse height as a single photon of the
same energy. Since the more forward member of
a pair carries most of the energy, in those rare
cases in which one member of a pair originating in
the event target was at a large enough angle to be
counted as a hadron in S2, the more forward mem-
ber still transmitted to S1 sufficient energy to de-
fine the interaction as electromagnetic. The prob-
ability that both members of a pair would be inter-
cepted by S2, an occurrence which would be inter-
preted as a hadronic event, was negligible. The
experimental energy resolution of S1 was approx-
imately o~, =15%/[Ez (GeV)]'".

Under the conditions of this experiment, there
was a large flux of electromagnetic particles at
very small angles. At the larger angles, 6~ 400
MeV/Eo, subtended by the hadron counters S2a and
S2b, the electromagnetic backgrounds were of low
energy. As a consequence, these counters were
designed to have a high efficiency for detecting
hadrons, including rr 's, but a low efficiency for
electromagnetic particles of energy below 1 GeV.
This was accomplished by building both S2a and
S2b as four-layer sandwiches of scintillator sepa-
rated by 2.5 cm of lead. Each scintillator plane,
1 m&&1 m for S2a and 0.5 m&0. 5 m for S2b, was
viewed separately by a pair of photomultipliers.
A hadronic interaction was then signaled by a four-
fold coincidence in either S2a or S2b or by a
summed pulse height from the two counters equiv-
alent to three minimum-ionizing particles passing
through four scintillation planes, corresponding
roughly to a 1-GeV electromagnetic shower.

The detection efficiency for electrons of the S2
counters as used was known from tests carried
out at the Stanford Mark III Accelerator at 225
MeV/c and 450 MeV/c and at SLAC at 2.3 GeV and
5.0 GeV. These results, which apply also to posi-
trons and to photons to a good approximation, were
interpolated with Monte Carlo predictions" to
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~ O.S—
LLI

++ 06—0
g

CUI—
(I) M

w 04
LLI

C5

0.2—

0
0 I.0 2.0

MOMENTUM (GeV/c)

3.0

FIG. 6. Total S2 counter efficiency (fourfold and/o. .
shower) measured for incident ~, e', e . Monte Carlo
electromagnetic-shower curves were used to calculate
the efficiency for photons and to interpolate the efficien-
cies for e' and e .

produce the efficiency-versus-momentum curve
shown in Fig. 6. Data obtained with incident m at 0.75
GeV/c at the Berkeley Bevatron and at 2.3 GeV/c
at SLAC are shown in the same figure. The 2.3-
GeV/c point and that at 5.0 GeV/c (which does not
appear in the figure) both give an efficiency of vir-
tually 100/~. Figure 6 indicates that the desired
energy response for e', e , and y had been
achieved and that the efficiency for hadrons re-
mained quite high even at energies below 1 GeV.

As shown in Fig. 2, S2a and both S2b and S1 were
mounted on two carts which could be moved paral-
lel to the beam, toward or away from the target.
This made possible the optimization of the detec-
tion geometry with each value of the incident posi-
tron energy, and also facilitated important experi-
mental checks. Data were taken with the S2b and
S2a counters in various positions in order to estab-
lish that all hadronic events were being counted
and that electromagnetic events were a negligible
component of the signals. As the S2b counter
moved downstream, the inner acceptance angle
decreased. It was observed that the signal was
insensitive to the S2b position until the angle sub-
tended by the hole in S2b was significantly less
than 8 ~ -400 MeV/E„ the standard position (de-
fined from the downstream end of the target). This
was expected since at high energy nearly all of the
final states include at least one particle with an
angle larger than 9 '". The fraction of events in
which both photons from a forward w interact in
S1 and have sufficient energy to veto the event was
also very small. When the angle subtended by S2b
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changes of less than 0.1%.
The solid targets were also mounted on the liq-

uid-target support vehicle and were automatically
centered in the beam line by rolling the liquid tar-
get to its out-of-beam position. A five-foot-long
helium bag with 0.1-mm Mylar end windows was
installed between the solid targets and the A0
counter to reduce the empty-target rate. The area
of each solid target was approximately 10 cmx10
cm. Two blocks approximately 2.5 cm thick were
used in the case of carbon, and two plates approx-
imately 0.8 mm thick were used in the case of cop-
per. The targets were homogeneous and the thick-
nesses uniform to better than +0.1%. Target puri-
ties were known from both spectroscopic and
chemical analysis. Impurities were negligible with
one exception, namely, the lead target used with
16.2 GeV jc positrons (PbE), which contained 30%
tin. Fortunately, this impurity can be taken into
account by using the variation of rate with atomic
number A, determined in this experiment. Esti-
mates of the empty-target rate for the solid-target
configuration give 1.0x 10 per incident photon,
rather less than the (2.8c 0.6)x 10 ' observed ex-
perimentally. The anomalously high experimental
rate is due apparently to the fact that nearly all of
the spurious material is well upstream of the tar-
get location in this case so that electromagnetic
backgrounds are significantly enhanced.

The target thicknesses expressed in (nuclei per
pb}x10 ' are summarized in Table l. The
thicknesses in radiation lengths are all near 0.1XO
so that the photon attenuation in different targets is
similar. Roughly 1 of the photons are absorbed
electromagnetically in the full-target thickness so
that, on the average, 95% of the photons are avail-
able to produce hadronic interactions. More ex-
plicitly, the average photon transmission prior to a
a hadronic interaction is given by

n(T, p) f e "~dL

n(0, p, }

] g pT

gT (11)

where p, is the photon attenuation coefficient. '4

Calculated values of the average photon transmis-
sion for this experiment are also given in Table I.

G. Electronic Logic and Data Storage

The electronic logic has been described in detail
elsewhere. " The logic was arranged so that a
tagged photon TX was specified by one and only one
twofold coincidence in Re four tagging channels
during the accelerator gate and with no simulta-
neous signal from any of the anticounters AO through

TABLE I. Parameters for the various targets used
(e.g., Pb and PbE are targets employed in different lead
data runs).

Target thickness Average photon
[(nuclei/pb) x 10 ] transmission

H
DR

CI
CII
C I+ C II
CQI
CU II
Cu I+ Cu II
Pb
PbE

42.94+ 0.08
50.04+ 0.08
21.66+ 0.06
21.93+ 0.06
43.59+ 0.09

0.8639+ 0.0004
0.8711+ 0.0004
1.7350 + 0.0006
0.2905+ 0.0001
Q.4Q61 + Q.0004

0.9576+ 0.0006
0.9504 + 0.0006
0.9625+ 0.0006
0.9623+ 0.0006
0.9259+ 0.0008
0.9735+ 0.0003
0.9733+ 0.0003
0.9474 + 0.0004
0.9419+ 0.0004
0.9280+ 0.0006

' Hydrogen and deuterium values are only present as
examples since the density is temperature dependent.
Values shown are for a hydrogen density of 0.0708
g/cm3 and a deuterium density of 0.165 g/cme.

Only the charged portion of the deuteron contributes
to the photon attenuation.

A4. An event required (1}TA, a tagged photon,
(2) Sl, the absence of a large pulse in the forward
electromagnetic counter, and (3) evidence for the
production of at least one hadron, i.e., S2. The
$2 signal was an inclusive OR of the fourfold coin-
cidences of the four planes of $2a or $2b, or the
summed pulse height Z$2 of the eight planes. The
threshold on the Z$2 signal was typically 1 GeV of
shower energy or the equivalent of one minimum-
ionizing particle through 12 planes. The on-line
event signal was then TAS1$2, but event candi-
dates were recorded if they satisfied the far less
restrictive criteria TAS1 or TAS2 corresponding
to a tagged photon plus either (2) or (3) above.

Each candidate that was recorded included the
following information: The pulse heights of the
eight S2 scintillator planes and S1, gated latch
information on the tagging channel and the fast co-
incidences, and the relative timing of the TA$1
and $2 signals as measured by a time-to-digital
converter. With this information, the experiment
could be replayed with the computer with different
discriminator thresholds, different S2 coincidence
criteria, etc.

The most important accidental occurred between
false tags, a major portion of the TA$1 signal,
and $2. To monitor this accidental rate, two cir-
cuits having resolving times of 10 and 15 nsec
registered coincidences between these two signals.
In addition, the coincidence rate with the $2 sig-
nals delayed by 64 nsec was also monitored. The
rate of accidental vetoing of good events by $1 was
monitored by the circuit

TX(S1) (A) (T ) —= S1V,
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where the three signals Sl, A, and T were delayed

by 33 nsec so as to measure the accidental vetoes
of incident photons by S1. This rate was actually
quite low, -1%, due to the presence of the veto
counters A3 and A4.

Readout time in the electronics was accounted
for by the data gate which vetoed the TA signal
starting 10 nsec after the arrival of the trigger
signals TAS1 or TAS2. The veto lasted until the
A,DC's and gated latches were reset after the data
had been strobed into the 120-bit buffer which was
used to transmit the data to the magnetic tape.
Also, the electronics was made "deadtimeless"
so that as the beam rate increased, the logic re-
sponded by shutting off, rather than by becoming
inefficient in the veto channels.

free of false tags. In this expression, the first
term is the number of incident photons passing
through the target or producing pairs, the second
term is the number interacting hadronically, and
the third term takes into account accidental S1
coincidences with TA (the 0.6 factor arising from
coincidence-width considerations). This three-
term expression was then multiplied by the cor-
rection shown in Table I to account for the attenu-
ation in the target of the incident photon beam.

Accidental coincidences (a~) in the event signal
TAS1S2 resulted from false tags (given approxi-
mately by TASl) which occurred during spurious
hadron signals, S2. The corrected hadron event
rate was then

E = TAS1S2- ao. (13)

III. DATA, CORRECTIONS, AND UNCERTAINTIES

The raw total cross section for photon absorp-
tion on a nucleus A is calculated from

1 E
0'

N M

1 TAS1S2
N TA

(12a)

(12b)

where N is the number of target nuclei per unit
area as given in Table II, M [or "monitor" (=TA)]
is the number of incident photons, and F. [or
"events" (=TAS1S2)] is the number of photons
interacting hadronically. Corrections were ap-
plied to M to account for beam attenuation in the
target and also for the false tags included in the
signal TA. Corrections to the numerator included
(1) accidentals, (2) empty-target background, (3)
pair contamination, (4) geometric losses, and (5)
S2 detection inefficiency.

The true number of incident photons, M, was
found as follows: In place of TA the combination
(TAS1+ TASlS2 —0.6$1V) was used, since it was

Three methods were used to estimate the acciden-
tals rate a,: (1) linear extrapolation to zero S2
pulse width of data taken simultaneously with 10-
nsec and 15-nsec S2 pulse widths, (2) scaling co-
incidences between TAS1 signals and the 10-nsec
and 15-nsec $2 signals delayed by 64 nsec, and (3)
examination of the relative timing between TAS1
and S2 for each event recorded on magnetic tape.
The three methods were consistent within +20%,
and a systematic error of +20%%up of a, was therefore
assigned. Estimates of the average accidentals in
TAS1$2 for each target are given in Fig. 9(a) as a
function of central photon energy. The accidental
correction is seen to be relatively large on nuclei
of high Z. The accidentals corrections were ap-
plied to individual tagging channels by using the
fact that the accidentals were proportional to the
false-tag rates.

The measured empty-target rates for the liquid-
target and solid-target configurations, respective-
ly 4.08+ 0.43 and 2.81+0.55 per 10' incident pho-
tons, were essentially independent of energy and
of tagging channel. The corresponding uncertain-
ties did, however, vary somewhat with channel

TABLE II. Corrected total cross sections averaged for four tagging channels for a fixed positron energy. The errors
include statistical and averaged systematic contributions.

Ey
(GeV)

0&(N)
(ub)

oz(yd)
(pb)

~g(yC)
( pb)

0 „(yCu)
(pb)

a&(ypb)
(pb)

4.1+ 0.5
5.2+ 0.6
6.6+ 0.8
8.4+ 1.0
9.8+ 1.2

10.7+ 1.3
12.5+ 1.5
13.6+ 1.6
16.4+ 2.0

131.4+ 2.7
128.1.+ 2.4
121.9+ 2.2
120.0+ 2.2
120.4+ 2.2
123.6+ 2.2
117.7+ 2.2
114.6+ 2.5
113.6+ 2.6

242.4+ 4.7
237.1+4.2
238.5+ 5.6
234.9+ 4.8
231.3+ 3.5
225.0+ 3.5
223.6+ 3.8
219.7 + 3.0
217.2 + 4.2

1305+ 52
1288+ 38
1278+ 34
1238+ 32
1219+ 62
1218+ 35
1161+31
1124+ 38
1171+30

5983+ 393
5968+ 351
5948~ 359
5305 + 314

~ ~ ~

5380+ 353
5228+ 352

16 680+ 1960

16 760+ 1320
14 930+ 1330

~ ~ ~

12 870+ 2200
15 240+ 1860
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FIG. 9. (a) Average accidental rates in the TAS1$2 signal for each target and energy. {b) Logarithmic $1 pulse-height
spectra for the rudimentary hadron trigger TA $2. Normal hadronic events yielded low pulse heights in S1, while the
pair background events appeared as a peak centered just below the incident energy. The background peak was much
larger relative to the hadron signal for high-Z targets (curve 2) than for low-Z targets (curve 1). (c) Same as (b) except
that the Sl spectrum was cut off by requiring S1 in the trigger. (d) Corrections for positron-electron pairs. This cor-
rection was negligible for hydrogen and deuterium in the normal geometry.

number as a result of differences in accidentals
rates. The errors given above are for the worst
cases. The empty-target corrections were made

by subtracting the appropriate empty-target rate
from the full-target rate TAS1S2/TA corrected for
accidentals, photon attenuation, etc.

Events faked by pairs occurred almost entirely
when the wider-angle member was detected in S2
while the more forward member failed to trigger
the S1 discriminator. The logarithm of the number
of counts versus the S1 pulse height is shown in
Fig. 9(b) for the rudimentary hadron trigger TAS2.
Normal hadronic events yielded low pulse heights
in SI, while the pair background events appear in
this figure as a peak centered just below the inci-
dent photon energy. The background peak was
much larger relative to the hadron signal for the
high-Z targets, since pair production varies as Z'
while the hadronic photon absorption varies only
as A '. The effect of the Si discriminator was to
cut off the Sl pulse-height spectrum as shown in
Fig. 9(c). This eliminated most of the pair back-
ground while preserving nearly all of the hadron
signal. The magnitude of the background remain-
ing in TAS1S2 could be estimated from the shaded
region of Fig. 9(c), so that a suitable correction

could be made. This correction was negligible for
hydrogen and deuterium. The corrections for car-
bon, copper, and lead are plotted in Fig. 9(d). The
validity of this method for correcting the pair back-
ground was verified by enhancing the background
peak by taking data with S2b downstream of its
standard position, so that particles close to the
beam line were intercepted.

Geometric losses occurred, because the S2 solid
angle was less than 4~. The losses were negli-
gible for complex nuclei and for multi-particle
events in all cases. For the extended hydrogen and
deuterium targets, the losses were also negligible
except for single-particle production in the lowest
tagging channel and at the lowest photon energies.
Monte Carlo calculations, based on the measured
t distributions for various single-particle produc-
tion processes on nucleons" and nuclei, "yielded
net corrections of 2.V+ 1.0

pbbs

2$ in the worst
case. These corrections were consistent with geo-
metrical tests described in Sec. IIE.

Because the S2 counters were not 100% efficient
for hadrons below about 2 GeV (recall Fig. 6), cor-
rections had to be made for cases in which the
summed pulse height ZS2 was less than the re-
quired 1 GeV (12 tracks) and in which no particle



TOTAL HADRONIC PHOTOABSORPTION CROSS SECTIONS ON. . . 1373

I
~ ~

Og CALCULATED FOR THIS
EXPERIMENT

w
~ Oj H. MEYER ef Ql. (DESY)

0
0

I

2 4
I I i I I I I I I I I 1

6 8 10 12 14 16 18
PHOTON ENERGY (GeV)

FIG. 10. Glauber correction calculated for this experiment compared with the correction used in Ref. 19 and with the
additional West correction.

was sufficiently penetrating to make a fourfold co-
incidence in either S2a or S2b. This could occur,
for example, when a photon having only a few GeV
divided its energy more or less uniformly among
a number of final-state hadrons. In such a case,
of the hadrons intercepting the $2 counter, none
might penetrate all four layers of lead, and the
total pulse height might be insufficient to trigger
the ZS2 discriminator. An estimate of this loss
was made from test data taken with a lead target
and with the first lead plate of S2a removed. The
tape record for the TAS1 trigger then permitted a
computer scan for events with a pulse height in the
first, unshielded S2a plane equivalent to five or
more particles and with little or no pulse height in
the shielded planes. This topology, averaged over
the four tagging channels, amounted to (0.3 +0.2)%
of the raw lead cross section at the lowest (worst
case) positron energy. A similar scan with the
normal data geometry allowed the probabilities for
threefold and fourfold coincidences in S2a or S2b
to be compared. This resulted in an estimate of
the fourfold inefficiency that was independent of
target material and that varied from (1.3 +0.5)go
to (0.5+ 0.5)% in going from the lowest to the high-
est incident positron energies.

The total cross section for a particular target
nucleus and energy was calculated from

ar(yA) =a~ —a„+ag-m+a, +a.~,A A A A A

where oR was the raw cross section given by Eq.
(12) corrected only for accidentals in TAS1S2, for
false tags and photon attenuation in TA, and for
empty-target backgrounds, and where o,", was the
pair background, oA„, was the geometric loss in
$2, o~ was the S2 inefficiency correction, and o,"„
= (0.4% + 0.2%)as" resulted from the residual gas in

the empty deuterium or hydrogen target. The un-
certainties in the various components of o~ were
combined in quadrature to give the final error.

Neutron cross sections were found from the
hydrogen and deuterium cross sections using the
equation

a,(yn) =1 —ar(yp)+a, ,
a,(yd)

(15)

where o~ =4 p.b is the Glauber correction"'" for
shadowing of one nucleon by the other in the deute-
rium nucleus, and the (1-J3)

' factor accounts for
Fermi motion of these nucleons. The Glauber cor-
rection calculated for this experiment" versus
photon energy is shown in Fig. 10. Also shown is
the Glauber correction obtained from the tables
given by Meyer et al. ' The two estimates agree
well within the 20% error assumed for our calcula-
tion. It has recently been shown by West" that, in
addition to the Glauber correction, a correction
must also be made for the Fermi motion of the par-
ticles in the deuteron. This correction has been
computed by Dominguez, Gunion, and Suaya, "us-
ing various wave functions for the deuteron. They
express their results in terms of a smearing cor-
rection P which has a value of typically (1.3 +0.3)
x10 ' and is nearly energy-independent above 4
GeV and rather insensitive to the particular wave-
function chosen. With the West correction defined
as

or(yd)
p

a,(yd) =P a—,(yd),

the neutron cross section is given by

a r(y n) = or(yd) —or(yp) + az + a~ .

The values which we have used for the West cor-
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TABLE III. Proton and deuteron cross sections and cross sections obtained from them. The neutron cross section
has been obtained using both Glauber and West corrections (0&+0&, shown). The sum and difference of the proton and

neutron cross sections are derived from az(yp) and az.(yd) so as to reduce systematic errors. Eo is the energy of the
incident positron producing the bremsstrahlung photons of energy E& (+0 025 Eo). Every fifth row is the average over
the previous four tagging energies.

Eo
(Ge V)

Ey
(GeV)

~&(~p)
(p, b)

0&(yd)
(Vb)

as+0.
(Vb)

0'z(yn)
(vb) (pb) (p, b)

4.84 3.70
3.94
4.19
4.43
4.07

128.4+ 4.6
136.1+ 4.9
132.9+ 5.0
128.3+ 5.7
131.4+ 2.7

235.8 + 8.1
251.1+ 8.6
240.2+ 9.0
244.2+ 10.6
242.4 + 4.7

6.9+ 1.1
7.0+ 1.1
7.0+ 1.1
7.1+ 1.1
7.0+ 1.1

114.3+ 9.1
121.9+ 9.7
114.3+ 10.1
123.0+ 11.8
117.9+ 5.2

242.7+ 8.2
258.1+ 8.7
247.2+ 9.0
251.2+ 10.6
249.4+ 4.9

14.2+ 11.9
14.2+ 12.6
18.5+ 13.2
5.3+ 15.2

13.5+ 6.7

6.15

7.82

10.04

4.70
5.01
5.32
5.63
5.17

5.gS
6.37
6.76
7.16
6.57

7.68
8.18
8.68
9.19
8.43

126.9+ 4.2
134.4+ 4.4
121.7+ 4.4
130.1+ 5.2
128.1+ 2.4

120.7+ 4.0
128.6+ 4.2
120.1+ 4.2
118.0+ 4.5
121.9+ 2.2

123.9+ 4.0
121.6+ 4.1
11g.2+ 4.2
114.9+ 4.4
120.0+ 2.2

242.8+ 7.4
229.2+ 7.5
238.4+ 8.0
238.7+ 9.3
237.1+4.1

250.2+ 10.7
233.9+ 10.6
238.2+ 10.g
230.5+ 11.6
238.5+ 5.6

216.5 + 8.7
238.6+ 9.3
243.8+ 9.4
245.7+ 10.1
234.9+ 4.8

7.1+ 1.1
7.2+ 1.1
7.2+ 1.1
7.3+ 1.1
7.2 + 1.1

7.4+ 1.2
7.4+ 1.2
7.4+ 1.2
7.4+ 1.2
7.4+ 1.2

7.5+ 1.2
7.5+ 1.2
7.5+ 1.2
7.5+ 1.2
7.5+ 1.2

123.0+ 8.4
101.0 + 8.5
123.9+ 9.0
115 9+10 5
116.2+ 4.7

136.8+ 11.3
112.7+ 11.3
125.5+ 11.3
119.9+ 12,3
123.9+ 6.0

100.0~ 9.5
124.5+ 10.0
132.1+ 10.3
138.2+ 10.9
122.4 + 5.2

249.9+ 7.5
236.3+ 7.5
245.6+ 8.1
246.0+ g.4
244.3+ 4.9

257.6+ 7.5
241.3+ 7,5
245.6+ 8.1
237.9+ 9.4
245.9+ 4,4

223.9+ 8.7
246.1+ 9.3
251.4+ 9.5
253.2+ 10.1
242.4+ 5.0

3.8+ 10.9
32.4+ 11.3
-2.2+ 11.6
14.2+ 13.7
11.9+ 6.1

-16.1+ 13.1
15.8+ 13.3
-5.3+ 13.6
-1.8+ 14.4
-2.0+ 6.9

23.9+ 11.6
-2.9+ 12 ~ 2

-12.9+ 12.4
-23.3+ 13.2
-2.5+ 6.3

11.71 8.95
9.54

10.12
10.71

g.83

122.5+ 4.1
123.5+ 4.2
122.2 + 4.2
112.1+4.6
120.4+ 2.2

242.3+ 6.6
218.2 + 6.5
226.2+ 6.6
220.5+ 7.0
231.3+ 3.5

7.5+ 1.2
7.5+ 1.2
7.5+ 1.2
7.4+ 1.2
7.5+ 1.2

127.3+ 7.7
102.2 + 7.6
111.6+ 7.8
115.8+ 8.2
118.4 + 4.1

249.8+ 6.7
225.7+ 6.5
233.8+ 6.7
227.9+ 7.1
238.8+ 3.7

-4.8+ 10.3
21.2+ 10.3
10.7+ 10.5
-3.7~ 11~ 3

2.1+ 5.5

12.75 9.75
10.39
11.03
11.67
10.71

117.1+4.0
128.1+ 4 ~ 3
127.9+ 4.4
122.2+ 4.6
123.6+ 2.2

223.0+ 6.2
236.0+ 6.6
231.3+ 6.6
208.4+ 6.9
225.0+ 3.5

7.5+ 1.2
7.4+ 1.2
7.4+ 1.2
7.4+ 1.2
7.4+ 1.2

113.4+ 7.3
115.3+ 7.7
110.8+ 7.8
93.6+ 8.1

108.8+ 4.1

230.5+ 6.3
243.4+ 6.6
238.7+ 6.6
215.8+ 6.9
232.4+ 3.7

3.7+ 9.9
12.8+ 10.5
17.2+ 10.8
28.5+ 11.2
14.7+ 5.5

14.87 11.38
12.12
12.86
13.61
12.49

121.4+ 4.0
115.3+ 4.0
116.2+ 4.1
117.7~ 4.S
117.7+ 2.2

223.0+ 7.1
222.9+ 7.3
228.0+ 7.4
220.1+ 7.8
223.6 + 3.S

7.4+ 1.2
7.4+ 1.2
7.4+ 1.2
7.4+ 1.2
7.4~ 1.2

109.1+ 8.1
115.0+ 8.2
119.3+ 8.3
109.8+ 9.0
113.4+ 4.4

230.5+ 7.2
230.3+ 7.3
235.4+ 7.4
227.5+ 7.8
231.0+ 4.1

12.2 + 10.6
0.3+ 10.7

-3.1+ 10.9
7.9+ 12.0
4.3+ 5.7

16.20

19.50

12.39
13.20
14.01
14.82
13.61

14.92
15.8g
16.87
17.84
16.38

115.0+ 4.5
111.1+ 4.5
119.3+ 4.9
113.3+ 5.8
114.6+ 2.5

112.7+ 4,2
114.g+ 4.5
112.5+ 5.9
115.2 + 8.1
113.6+ 2.6

220.9+ 5.0
228.4 + 5.1
207 ~ 9+ 5.1
222.4+ 6.2
219.7+ 3.0

223.1+ 7.2
211.1+ 7.5
221.4 + 8.6
210.8+ 10.3
217.2 + 4.2

7.4+ 1.2
7.4+ 1.2
7.3+ 1.2
7.3+ 1.2
7.3+ 1.2

7.3+ 1.2
7.3+ 1.2
7.3+ 1.2
7.3~ 1.2
7. 3+ 1.2

113.4 + 6.4
124.7+ 6.6
95.9+ 6.9

116.4 + 8.2
112.4+ 3.7

117.7+ 8.2
103.5+ 8.6
116.0 + 10.3
102.8+ 13.0
110.8+ 5.0

227.4+ 5.1
235.8+ 5.3
215.2+ 5.3
229.7+ 6.2
227.0+ 3.2

230.4+ 7.3
218.4+ 7.5
228.5+ 8.6
218.0+ 10.3
224.4+ 4.4

1.6+ 9.9
-13.6+ 10.1

23.4+ 10.7
-3.2+ 12.8

2.2+ 5.5

-5.0+ 10.9
11.5+ 11.5
-3.5+ 14.4
12.4+ 19.0
2.8+ 6.6
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FIG. 11. Comparison of the energy dependence for total absorption of real photons and p mesons (~ven m the quark
model by s(ar(w'p) +oz, (w p)] ).

and

o„„=o (rP)+o (rn)
= or(yd) + os + ow (18)

rection are also shown in Fig. 10.
Because several of the systematic errors in

or(yp) and or(yd) cancel in computing or(yn), the
uncertainty in or(yn) was obtained from an expan-
sion of Eq. (17) in terms of the various constit-
uents. The errors calculated in this way were
typically 28% smaller than the errors obtained by
using Eq. (17) directly.

The corrected cross sections and errors aver-
aged over the four tagging channels are presented
in Table II for hydrogen, deuterium, carbon, cop-
per, and lead. The values and errors for or(yp),
or(yn), os+ow, o~, „, and o~ „are given for each
channel in Table III. While most of these data have
been reported earlier, "the results for carbon,
copper, and lead in the range 3.7 to 7.4 GeV are
new. There are two changes from the previously
published values: The four proton data points for
photons produced by 4.84-GeV positrons were in
error by about 4 p.b because data from a nonstan-
dard geometry were mistakenly used, and the
'%fest correction" has been applied to the deuteron
data presented here in obtaining or(yn) and the
quantities

o, .=or(rp) -or(rn)
= 2or(rP) oz(y~) os ow . (18)

Note again that errors for a~,„and o~ „, as with
or(yn), may not be found from the errors in or(yp)
and or(yd). The experimental results are displayed
graphically and compared with theoretical models
in the next section.

IV. COMPARISON OF EXPERIMENT

AND THEORY

A. Nucleon Data

The measured total cross sections on protons
averaged over the four tagging channels are plotted
versus photon energy in Fig. 11. Also shown are
eyeball fits to the recent high-resolution tagged-
photon data of Armstrong et al.22 at Daresbury,
and the mean of n 'p and n p total cross sections
divided by 200. The two tagged-photon experiments
agree extremely well in the region around 4 GeV
where they overlap, and they are, in fact, consis-
tent within their quoted errors. The mean of the
n 'p and n p total cross sections divided by 200
also agrees within about +10% over the full energy
range except in the region of some of the reso-
nances between 0.5 to 1.2 GeV. The total cross
section has also been measured, using virtual pho-
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FIG. 12. The total hadronic photoabsorption cross sections measured on hydrogen and deuterium. The energy-depen-
dent fit for oz(yp) is for the data of this experiment only; the fit is extrapolated to lower energy (thin line) for comparison
with other data.

ar(s) =g c,s" ~

where

s =M„(M„+2E&)/1 GeV'

(20)

is the square of the total energy in the center-of-
mass system per GeV', c, is a constant, and o., (0)
is the t =0 intercept of the angular momentum of
the ith contributing trajectory. In the limit of high-
energy photons, 2E&»M„, so that s=2E&/1 GeV
=2v, where v is the incident photon energy per
QeV. By renormalizing the constants, we can thus
write

ar(v} =Q c,.v" && ~ '. (21)

The leading trajectories with charge conjugation
+1 and with isospin 0 or 1 are the P [with nv(0} =1]

tons from inelastic electron scattering extrapolated
to the limit q'=0, by Bloom et al.' Within the
+10% errors of their measurements the real pho-
ton and virtual photon experiments give consistent
results over the full range of data overlap, 0.265
GeV&E~& 15 GeV. In general, one may conclude
that the absorptions of virtual Photons and real Pho-
tons are the same, and Photon absorption is simi-
lar to hadron absorption reduced by a factor of
200, above the resonance region.

The similarity in the shapes of the photoabsorp-
tion cross sections and the hadron-hadron total
cross sections suggests a parametrization of the
photon data as a sum of Regge-pole exchanges,
which in the high-energy limit leads to

and the P' and A„both of which are observed to
have a(0}=0.5 in fits'4 to hadron-hadron cross
sections at high energies. The total cross sections
may then be expanded as

ar(yp) =cp+(c~ +.c„)v '",

ar(yn) = cv + (c~ —c„)v "',
so that

2 [ar(rp) + ar(r n)] = c& + cp

2[ar(yp) ar(yn)]=c„v "'.

(22)

(24)

(25)

The separate contributions of the Pomeranchukon
P, the P', and the A, can thus be determined from
fits to the data in the form o~,„and o~ „. The pro-
ton and neutron cross sections can also be conve-
niently parametrized as

ar(yp) = a~ + b' v '",
ar(yn)=a "+b"v '".

(26)

(2'f)

The measured proton and deuteron total cross
sections for each tagging channel are compared in
Fig. 12 with data from two bubble-chamber experi-
ments, "the Daresbury experiment, ""and a third
tagged-photon counter experiment performed at
DESY." The data are in excellent agreement. The
energy-dependent fit of Eq. (26) to the data of this
experiment extrapolates nicely through the lower-
energy data.

In Fig. 13 the neutron total cross sections and
the differences o~ „of the proton and neutron cross
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FIG. 13. Neutron total cross sections and proton-neutron total-cross-section differences derived from the measured
rates on hydrogen and deuterium with calculated Glauber and West corrections. The energy-dependent fits discussed in
the text are also shown.

sections of this experiment, as well as the energy-
dependent fits of Egs. (25) and (27} to the data are
presented. The data are internally consistent, and
the y"s per degree of freedom for the Regge pa-
rametrizations are in the range 0.9 to 1.1. The
hypothesis that or(yp) = o r(y n) in our energy range
has a }(' probability of only 5%. The application of
the West correction has reduced the statistical sig-
nificance of the proton-neutron difference, since the
g' probability for the fit with or(yp) = or(yn) was
previously 0.3%.' A constant difference leads to a
}t' probability of 18%, while the Regge parametriz-
ation of Eqs. (26} and (27) in terms of two distinct
nucleons has a probability of 25$. The ttegge-pole
formulation provides an acceptable parametrization
of the photon absorption on protons and neutrons.
The Proton and neutron cross sections differ by
about 8 gb in the region from 3. 7 to 18.3 Ge V

The values of the Regge-pole parameters in p.b
are summarized in Table IV, along with the proton
and neutron total cross sections and the ratio of
isovector-to-isoscalar contributions from the en-
ergy-dependent term c„ /c~. . This ratio is calcu-
lated from the values of the o~, „and o~ „ fits, rath-
er than from the or(yp) and or(yn) fits, to mini-
mize the effects of correlated errors. The present
result, 0.18+0.06, differs only slightly from that
published earlier, ' 0.19+0.05, because of two com-
pensating changes: (1}the four proton data points
obtained with photons from 4.84-GeV positrons, as
discussed at the end of Sec. HI, and (2) the applica-
tion of the additional West correction.

The existence of an A, contribution, which gives
the energy dependence in 0~ „.has been predicted
by Harari" in a calculation of the proton-neutron

a = 98.7 + 3.6 p, b
b~ =65.0+ 10.1 pb
a" = 103.4 + 6.7 pb
b" = 33.1+ 19.4 p, b
cp =101.9+ 2.9 pb
cp = 50.9+ 8.5 pb
cA 9.1+ 3.0 pb"2

~„(yp) =(98.7+65.Qv '") pb

0 ~(y n) = (103.4+ 33.1v ) p.b

az(yp) -o z (y n) = (18.3+ 6.1)v pb

c& /cz =0.18+ Q.06
2,

mass difference. From group-symmetry argu-
ments and the values of the y, and y coupling
constants, Wada~ has obtained a value of c„,/c p,
=0.30, not quite consistent with the experim. ental
result. Rosner" has pointed out that the Fox and
Freedman" analysis of the Compton amplitude
with finite-energy sum rules and the measure-
ments of single-pion photoproduction lead to a pre-
diction of the proton and neutron cross sections.
For a„(0)= 0.5, the calculated result" is o, „2
=(20.5+7.2)v-'" lib, in agreement with the ex-
perimental value of (18.3 + 6.1)v "2 pb.

The fits which have been presented do not include
lower-energy data from other experiments. Fits
including all of the data above 2 GeV have been
made, "with results that are consistent with those
of Table IV. These fits demonstrate the difficulty
in determining the ratio c„,/c~ given by the ener-
gy dependence of the proton-neutron difference.
With all of the data included the value obtained is

TABLE IV. Fits to the nucleon data in the manner of
hadronic Regge fits, using the form O=a+bv, where
v is the photon energy per GeV. Also given are the cor-
responding contributions for the Pomeranchukon (cp) and
the energy-dependent isoscalar (c~.) and isovector (cz )
contributions obtained from both the proton and neutron
data.



1378 D. O. CALDWELL et al.

0.13." As a final comment about the fits we note
that the data are not sufficiently accurate to ex-
clude expressions such as

oT(yp) =a+» '

as suggested by suri and Yennie, "or

or(yp) = a+ bv "'+ cv

(28)

(29)

B. Comparison of the Proton Data
with Vector-Meson Dominance

The vector-dominance prediction of Eq. (7) for
our data on protons is plotted in Fig. 15, using an
energy-dependent q„as determined from or(yp)
with dispersion relations by Damashek and Gil-
man. " The upper band in the figure results from
assuming the u& and p contributions to or(yp) are
(20+ 2) pb and using y~'/4v = 0.64+ 0.06, as found in
a recent Orsay colliding-beam experiment, "while
its width indicates the uncertainties in the calcula-
tion. This prediction clearly disagrees with the
experimental measurements" of p photoproduction
plotted. The extent of the disagreement with vec-

as predicted by Shibasaki et al."
Damashek and Gilman" and Dominguez et al."

have shown that in the Regge-pole model, the dis-
persion relations for Compton scattering seem to
require an extra real constant, in addition to that
which the Regge fit to or(yP) predicts. This con-
stant is consistent with the Thomson limit -n/M
and could correspond to a fixed pole with J =0, as
predicted by Creutz, Drell, and Paschos. "Domin-

guez, Gunion, and Suaya" have made a similar
analysis for the neutron data and for this case find
that the value for the extra constant is consistent
with zero, again like the Thomson limit, but not as
expected from a parton model of the neutron. The
dispersion relations imply that the Compton am-
plitude has an appreciable real part, the ratio of
real to imaginary parts, g, varying between rough-
ly -0.33 at 4 GeV and -0.16 at 16 GeV." The
vector-dominance model predicts a p-photoproduc-
tion amplitude with the same ratio of real and
imaginary parts.

The total cross section or(yP) can be compared
with Compton scattering measurements using Eq.
(6). As mentioned, ' this relation involves the as-
sumption that the part of the amplitude correspond-
ing to scattered photons with linear polarization
perpendicular to that of the incident photon is neg-
ligible. The predictions for the Compton cross
section, based on the measurements of o~, are
shown in Fig. 14, and agree with Compton data. "
The comparisons are made with and without the
effect of the real part as calculated by Damashek
and Gilman. "
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FIG. 14. Comparison between the extrapolated forward
Compton-scattering differential cross sections and the
predictions from the data of this experiment using the
optical theorem and dispersion calculations. LIN and
QUAD refer to linear-exponential and quadratic-
exponential fits to the t dependence of the Compton-
scattering data.

tor dominance can be estimated by adjusting y„'/4w
in Eq. (7) to fit the p-photoproduction data. The
result, indicated by the lower band in Fig. 15, is
y, '/4v=0. 37+0.03 which differs from the collid-
ing-beam result by 4 standard deviations. As
further evidence of this discrepancy, a compari-
son" of the differential cross section for p photo-
production on deuterium with our results on or(yd)
gives y '/4w = 0.30+ 0.03. Vector dominance is not
quantitatively successful in relating photon absorp-
tion data to data on the coupling constants and on
v ector-meson Photopxoduction.

Among the possible explanations for the failure
of Eq. (7) to relate the measured values of or(yP),
do(yp- pp)/dt ~, „and y~'/4v are the following:

(l) The coupling constant y '/4w varies with
photon mass so that the colliding-beam values on
the p mass shell are different from the total-
cross-section values on the photon mass shell.

(2) Some fraction y of the total cross section
o„(yp) is not mediated by the p, ~, and p mesons.

The second possibility implies an additional inter-
action which may result, for instance, from the
direct coupling of the bare photon" to nucleon con-
stituents or from the existence of new vector me-
sons of higher mass mr. " Adding a term Xo(yp)
to the right-hand side of Eq. (7), the VMD pre-
diction, produces the lower band of Fig. 15 when

X =0.20+ 0.02. Fortunately, the data on complex
nuclei are ab1,e to distinguish between the alterna-
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tives of a coupling constant that depends on photon

mass and a photoabsorption total cross section of
which 20 is not associated with the p, &o, and P.

C. Data on Complex Nuclei

50

LEAD

—THlS EXPERlMENT
(UCSB)

0—DES'

The total hadronic cross sections on carbon,
copper, and lead from Table II are plotted in Fig.
16. Also shown are the total cross sections on

carbon and copper measured at DESY." As in the
case of nucleons, the data on complex nuclei from
the two experiments are consistent within the as-
signed errors.

%'e noted in Sec. I that our optical-model calcu-
lations'" for complex nuclei take into account the
energy dependence in q„(Ref. 33) and in

o&(pP' = 2-[o,(~'t)+ or(~ P) l

As in the deuteron, the Fermi motion of the nucle-
ons requires that a nuclear Nest correction be ap-
plied in comparisons with optical-rnode1. calcula-
tions for complex nuclei. Lacking a proper calcu-
lation of the nuclear Vilest effect, we have applied
the deuteron correction factor 1/(1 —P), with P
= 0.013, to the nuclear cross sections before com-
puting A,«[as defined by Eqs. (9) and (10)J, and

estimated the error as equal to the whole correc-
tion, +1.3/p. Vfe note that the Vilest correction has
been applied in obtaining the neutron cross sec-

T
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+j.
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I I
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I
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FIG. 16. The carbon, copper, and lead total cross
sections of this experiment compared with data on carbon
and copper from DESY.
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TABLE V. Energy dependence of the effective nucleon number, A,+, and the effective attenuation, A~ff/A (in %), for
each of the targets with atomic number Z & 1 measured in this experiment. The average nucleon cross section used is
defined as crz, (yN) =(2Z/A —1) oz(yp) +(1-Z/A) a&+„(see text for details).

Ey
(GeV) Carbon

A,g~
——&~(yA) /e~(yN)

Copper Lead Carbon
A~@/A (%)

Copper

4.1+ 0.5
5.2+ 0.6
6.6+ 0.8
8.4+ 1.0
9.8+ 1.2

10.7+ 1.3
12.5+ 1.5
13.6+ 1.6
16.4+ 2.0

10.5+ 0.4
10.6+ 0.3
10.8+ 0.3
10.6+ 0.3
10.6+ Q.S
10.6+ 0.3
10.3+ 0.3
10.0+ 0.3
10.5+ 0.3

48.4+ 3.3
49.4+ 3.0
50.3+ 2.6
45.7+ 2.7

47.9+ 3.2
47.0+ 3.2

136.9+ 16.1

142.4+ 11.3
129.2 + 11.6

3.15.0~ 19.7
137.5 + 16.9

87.6+ 3.7
88.5+ 2.9
89.7 + 2.7
88.6+ 2.5
88.2 + 4.5
88.7+ 2.8
85.4+ 2.5
83.1+3.1
87.5+ 2.6

76.4+ 5.1
77.9+ 4.7
79.3~ 4.1
72.1+4.3

75.5+ 5.0
74.1+ 5.0

65.3+ 7.7

68.5+ 5.4
62.2 + 5.6

55.3+ 9.5
66.1+ 8.1

tions which are part of the denominator of A,ff

=o(yA)/o(yN) Valu. es of A,n and A,„/A are given
in Table V. Figure l'I, in which A,s /A is plotted
versus photon energy for carbon, copper, and lead
illustrates how the energy dependence of o(pN) and

g, serves to decrease the energy dependence of

A,«. Thus in our energy range we do not expect to
see the diminution of shadowing which would occur
when 2E /m~' becomes shorter than the mean-

7
free-path for p-nucleon interactions, A.„, and in-
deed our data show no energy dependence in A,ff .

Another feature of Fig. 1'7 is that our data show
less shadowing than is predicted by the vector-
dominance calculations (solid lines). This is also
apparent in Fig. 18 where the combined values of
A,«at different energies are plotted versus ln(A)
for carbon, copper, and lead. Figure 18 also

shows the predictions for no shadowing (A'}, for
strong shadowing (A"'), and for the shadowing ex-
pected from vector meson dominance. The data
fall between the no-shadowing and VMD predictions
and are consistent with neither. Photon absorption
does vary more slouly with A than A', and there-
fore the photon behaves hadronically and exhibits
shadowing. The shadouing is constant in the en-
ergy range 3. 7 to l8. 3 GeV, as exPected, but is
less than uith vector-dominance predictions.

The discrepancy between the vector-dominance
predictions and the data cannot be explained in the
case of complex nuclei by just assuming a coupling
constant y~'/4v dependent on photon mass, since
A.,z is nearly independent of this quantity. A fit
could, however, be obtained by adjusting or(pN}.
In the region E & 8 GeV, where o r(phi) and q, do
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FIG. 17. The energy dependence of photon attenuation (Acff/A) in carbon, copper, and lead compared with optical-
model calculations using vector dominance. The solid lines are for energy-dependent Oz(pN) and q&, and the dotted
line is for fixed Oz(pN) and g&, and the dashed lines are for vector dominance with an additional 20% short-range (SR)
interaction.
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lead with the limiting cases of negligible shadowing,

A,ff ——A, and strong shadowing, Aeff —A, as well as
with the vector-meson-dominance prediction.

not vary appreciably, we would find o r(pN) = (15.5
+2) mb for r)z= -0.2. This is 5 standard deviations
below the quark-model value, which is in agree-
ment with other experiments. ~ Furthermore, if
this value of o r(pp) is compared with our results
for or(yp) through the VMD relation or(yp)
= (a/4)(4w/yz')o r(pp), then y~'/4w = 0.29 a 0.04,
assuming a (20+ 2) pb contribution for the &o and p.
Thus this resolution of the discrepancy would re-
quire both y~'/4w and or(pN) to be much too small,
which is obviously ridiculous.

The source of the apparent disagreement between
this experiment and those measuring p photopro-
duction is made even clearer if we note that y '/4w

as found in the latter experiments agrees remark-
ably well with the colliding-beam value, "showing
no Photon-mass dependence in y '/4w. Since the
p-photoproduction experiments utilize coherence
over the entire nucleus, they necessarily involve
only long-range interactions, and in this case there
is no disagreement with vector dominance.

The inconsistency between the yA - pA and o r(yA)
measurements thus requires an additional, non-
vector-dominance contribution to o r(yA). The
additional interaction must have a range short com-
pared to its interaction mean free path, since it
does not contribute to shadowing. Recall that to
explain the relation of or(yp) to p photoproduction
we added an extra term to the VMD nucleon ampli-
tude of magnitude Xa ~(yp). This same added term
in the nuclear case would provide the required
nonshadoming behavior, since it contributes a con-
stant amount for each nucleon. If in the VMD opti-
cal-model calculation of or(yA) this term is in-

eluded with X =0.20, which is the value used above

to fix up the proton total cross section, me obtain
the dashed curves in Fig. 17, in much better agree-
ment with the data. In particular, for copper and

lead the X' per degree of freedom improves from
2.8 (confidence level about 10 ') to 0.4 (confidence
level greater than 90%), if this volume term is
added. The agreement with the carbon data is also
dramatically improved, but the results still are
not satisfactory. However, the correlation length

(l, ) used for C is the same as for Cu and Pb and

really applies to nuclear matter, whereas C is
nearly all surface, for which a larger" value of

l, would be appropriate. %bile a multiple scatter-
ing instead of an optical-limit calculation is neces-
sary, we note that approximately doubling l, gives
good agreement with the C data.

Several types of interactions could account for
our hydrogen results and provide the short-range
behavior needed to explain the diminished shadow-

ing on complex nuclei. One possibility" (which
has long been recognized) is that there may be a
vector meson of mass, M, sufficiently large that
the distance associated with the photon's being in
that virtual state (2F. /M') is less than the mean
free path, x, of that state in nuclear matter, even
at our highest energy. If such a meson should
have A. comparable to that of the p, &, or m, its
existence would not have been manifested in our
data as an increase in shadowing with energy,
provided Ma Sm~. Because its contribution to
the total cross section would be about 20%, such
a vector meson with A. =A.

~
would have to have a

coupling constant y~/4w = 6y 2/4w.

Several recent experiments have obtained data
that can be interpreted as evidence for a nem vec-
tor meson of mass near the upper limit that could
be detected in this experiment. For example,
Davier et al. 4' have observed a broad enhance-
ment near 1600 MeV in the four-pion mass plot
for the reaction yp- m'm m'm p, which they inter-
pret as the dissociation of the photon into four
pions. More complete observations of this four-
pion bump have recently been made in a bubble
chamber. " An enhancement in four-pion produc-
tion has also been observed at a similar energy
in electron-positron colliding-beam experiments
at Frascati. 44 A somewhat higher-mass candidate
for a vector meson has been reported" from anti-
proton annihilation. Another possibility is that
there may be several higher-mass vector mesons,
each making smaller contributions to the shadow-
ing. In the spirit of the Veneziano model, "in
which there are an infinite number of vector me-
sons weakly coupled to the photon, the shadowing
should gradually increase with energy. Instead,
if the shadoming does not change with energy, a
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direct electromagnetic interaction must exist,
perhaps of the bare photon with constituents of the
nucleon. " Indeed, it has been pointed out" that
such a short-range interaction is a consequence
of the existence of partons, or nucleon constit-
uents. Independently of our earlier analysis, "'"
Brodsky et al."have shown that roughly 20% of
the total photoabsorption cross section should re-
sult from the photon-parton interaction. By now

it is perhaps surprising, not that we have ob-
served a short-range interaction, but that the
fraction of the cross section ascribable to such

an interaction is not large enough to accommodate
all of its possible sources.
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