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Photon~-neutron total cross sections have been evaluated from the data for the proton
and deuteron presented in the preceding paper. Simple Regge-pole fits have been made
to op(yp) and o5 (yn), both of which extrapolate to 94 +4 ub at infinite energy. Over the
range of our data, 3.7 to 17.9 GeV, op(yn) <op(yp), which can be interpreted to give a
ratio of exchange contributions, A,/P’'=0.,19+0.04. A fit to op(yp) is also important for
predictions of the proton cosmic-ray spectrum.

A comparison of total photoproduction cross
sections for protons and neutrons provides a way
to learn about the isospin-exchange nature of
this basic process, which is related to Compton
scattering by the optical theorem. A difference
between o ,(yp) and o,(yn) would be attributed to
isovector exchange. Using the data of the pre-
ceding paper,' we obtain o,(yn) and make fits to
this and to o,(yp), enabling the extrapolation of
the cross sections to infinite energy. These fits,
in a simple Regge-pole model, allow the assign-
ment of specific amounts of P, P’, and A, (iso-
vector) exchange. The o,(yp) fit also can be
used to predict the upper end of the proton cos-
mic-ray energy spectrum.

The neutron total photoabsorption cross sec-
tions were evaluated from the proton and deuter-
on data by the relation

oplyn) =0 (yd)-op(yp) + GC, (1)

where GC is the Glauber correction for the shad-
owing of one nucleon by the other in deuterium.
In a naive picture in which the photon interacts
only electromagnetically, such shadowing would
be negligible, However, in the p-like picture of
the photon, which is substanitated by total cross
section measurements on complex nuclei,? the
photon acts like a hadron, resulting in signifi-
cant shadowing. Following the formalism of
Brodsky and Pumplin,® GC can be written as

_pi=n® do
GC—11+,'72 dt (’)’P"’DD)‘,:O, (2)

where do(yp - pp)/dt|, - , is the differential p pho-
toproduction cross section at zero four-momen-
tum transfer, 7 is the ratio of the real to imagi-
nary part of the yp - pp amplitude, and I is an in-
tegral over momentum transfer of the product of
the deuteron form factor and do(yp - pp )/dt. The

value of I is relatively insensitive to the momen-
tum transfer dependence of do(yp — pp)/dt, which
was taken to be® exp(10¢) for ¢ in (GeV/c)?. Using
as a deuteron form factor a fit to the Gartenhaus
wave function,* and using n=-0.2,°°® we obtain’
GC=4.5+0.9 pub at 4 GeV and 4.0+0.8 ub at 18
GeV,

The neutron cross section is then found from
Eq. (1) with an error equal to the errors of the
three terms combined in quadrature, since sys-
tematic errors common to the H and D data are
small compared with the independent errors.

The values for o,(yp) and o4(yn) averaged over
each set of four tagging channels (at fixed inci-
dent positron energy) and their errors are shown
in Fig. 1 and listed in Table I. The errors in the
proton cross sections are typically 1.7% statisti-
cal and 1.0% systematic. Not included is an over-
all normalization error of 1.1%.

The similarity in the shapes of the photoabsorp-
tion cross sections (see Fig. 1) and strong-inter-
action total cross sections, such as those from
pion-nucleon scattering, suggests a parametriza-
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FIG. 1. Comparison of the proton, neutron, and pro-
ton-neutron difference data in Table I with v fits of the
form given in Eqs. (4) and (7).
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Table I. Grouped data and errors for proton, deuteron, and neutron
photoabsorption cross sections. The proton-neutron difference was
calculated using the numerator of Eq. (7).

WA VU VO e RS
4.1 135.0+£2.9 246.2+5.1 115.7+6.0 19.3+6.7
5.2 128.3+£2.6 238.7+4.7 114.8+5.4 13.5+6.0
6.6 122.4+£3.9 238.7£5.9 120.6+£7.1 1.8+7.0
8.4 120.1£2.3 236.0£5.0 120.1+5.6 0.0+6.3
9.8 119.8+2.3 227.0£3.7 114.4+4 .4 8.4+4.8
10.7 123.2+2.3 224 .6%+3.9 105.6+4.6 17.6%£5.7
12.5 117.0+£2.2 223.3%3.8 110.4x4.5 6.6x5.7
13.6 113.6+£2.4 218.1+2.6 108.6+3.6 5.0+£5.4
16.4 112.7£2.2 214.8+3.8 106.1+£4.4 6.6+5.9

tion of our data similar to that frequently used in
the latter cases.® Since the accuracy and extent
of the photon data may not be sufficient to war-
rent the consideration of cuts, we have fitted to a
sum of Regge-pole exchanges, which in the high-
energy limit leads to

or(s) =Zicisai(°)-l’ (3)

where s is the square of the total energy in the
center of mass per GeV,° ¢; is a constant, and
a;(0) is the ¢t =0 intercept of the angular momen-
tum of the contributing trajectory. The leading
trajectories with charge conjugation +1 and iso-
spin 0 or 1 are the P [with a,(0) defined to be uni-
ty] and the P’ and A,, both of which are observed
to have @(0)~0.5 in fits'® to hadron-hadron cross
sections at high energies. Thus the data are fit
by the simple form

1/2
’

(4)

where N is the neutron or the proton. For some
purposes it is more convenient to use v, the inci-
dent photon energy in the laboratory per GeV,° in
place of s. In either case this simple two-term
form works quite well, since for either fit the x*

oy(s)=ay+bys”

for 34 degrees of freedom is 33 for the proton
and 37 for the neutron. This agreement, howev-
er, cannot be taken as strong evidence that the
Regge-pole parametrization of the data is cor-
rect, since the results are insensitive to the pow-
er of s or v which is used. Fits to the grouped
(as in Table I) or ungrouped (Table I of Ref. 1)
data give essentially the same values for the pa-
rameters (see Table II) and x* confidence levels.
The neutron and proton data and their fits plot-
ted in Fig. 2 against v ~'/2 indicate a neutron
cross section which is less than that of the pro-
ton but tends to the same limit at infinity, oy()
=94.3+3.6 b (under the assumption of the v ~1/2
energy dependence).!! To indicate the signifi-
cance of the neutron-proton difference, the two
fits shown have an acceptable 41% confidence lev-
el, obtained by adding their y*’s and degrees of
freedom. In contrast, a single fit in the form of
Eq. (4), made on the assumption that the proton
and neutron are identical, has a confidence level
of only 0.3 % and is clearly excluded. In addition,
another fit, made on the assumption of an energy-
independent proton-neutron difference, yielded
an (8 +3)-ub difference with a confidence level of

Table II. Parameters in ub from v fits to Eqs. (4), (6), and (7) using (a) data from this experiment only and
(b) data of this experiment plus all data in Refs. 6, 14, and 15 with v >2.0.

a, b, a, b, Ca, Cp!
v fit parameters (ub) (D) * (ub) (ub) (pb) (pb) Ca,/Cpr
This experiment only 94,1+ 3.5 79.0£10.0 95.3+6.3 46.5+19.0 12.3+2.9 65.9+2.2 0.19+0.5
All data with v>2.0 99.0+2.5 61.8+ 6.4 94,0+4.3 51.9+11.2 9.5+2.0 58.4+1.5 0.16+0.04
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FIG. 2. Plot of neutron- and proton-grouped cross
sections versus »v=1/2, Extrapolation to infinite energy
values and uncorrelated errors of the best fits in the
form of Eq. (4) are shown.

15%. We conclude that the neutron-proton differ-
ence is significant and that our data favor a dif-
ference decreasing with energy.

If one takes the simple Regge-pole exchange
model seriously, then there are only three free
parameters, since the Pomeranchuk (P) contri-
butions a, and a, are both equal to o,(«), a con-
clusion supported by our data. The relative con-
tributions of the A, and P’ can be determined
from the energy-dependent terms in the fits.
Since the P’ is an isoscalar while the A, is an
isovector, the A, contributes with opposite sign
to the neutron and proton cross sections and pro-
duces the neutron-proton difference. Then we
have

cpr=[0,(5) +0,(s)=20,(=)] /25 712
and
ca,=lo,(s)-0,(s)] /25 72/ (5)

for the P’ and A, contributions, respectively.
These can be expressed directly in terms of the
measured proton and deuteron cross sections by
the relations

Cpr= [Ga (s) +GC-2a, ]/23—1/2 )
and
¢4, [20, ()0, (s)-GC] /25 712, (7)

The numerator of Eq. (7) gives the best method
for evaluating the proton-neutron differences,
since some systematic errors common to the
proton and deuteron measurements are reduced.

These differences are displayed in Fig. 1 and
are given in Table I, while the values of cp: and
C 4, obtained from fits to Eqs. (6) and (7) are giv-
en in Table II. The result is that the ratio of 4,
and P’ contributions to the energy dependence of
the cross sections is A,/P’ =0.19 + 0.04,'2 which
is another way to express quantitatively that
0,(s)#0,(s). It is interesting to note that Harari,
in a calculation of the neutron-proton mass dif-
ference,'® predicted an A, contribution which
gives a 0,—0, energy dependence such as we ob-
serve,

All of the results given above are based on the
data from this experiment. In Fig. 2 other pub-
lished data'*'!5 on photon-proton cross sections
are shown for comparison. In addition, impor-
tant preliminary results from a Stanford Linear
Accelerator Center spectrometer group'® and,
at lower energies, from a DESY counter group®
have been reported at the Liverpool conference.
Where there is energy overlap, all of the mea-
surements appear to be in agreement within the
stated errors. Since the parameters are sensi-
tive to the low-energy data, we have made addi-
tional fits which include the preliminary result of
Ref. 6 and the other published cross sections,*:!5
using only measurements with incident photon en-
ergy greater than 2,0 GeV, to avoid the reso-
nance region. As shown in Table II, inclusion of
the additional data does not appreciably change
the A,/P’ ratio. The x? per degree of freedom is
about 1.1 for all the fits.

The results of this experiment, as well as oth-
ers known at the time of the Liverpool confer-
ence, have been used by Damashek and Gilman®
to test dispersion relations for Compton scatter-
ing. Two of their results are pertinent here.
First, if the Regge-pole analysis of the total
cross-section data is taken seriously—i.e., if
the form of Eq. (4) is correct (and recall that it
is consistent with, but not forced by, the data)
—then the dispersion relations seem to require
an extra real constant, in addition to that which
the energy dependence of o,(yp) and Regge theory
would predict. This constant is consistent with
the Thomson limit, which could correspond to a
fixed pole of J=0.'" Second, the dispersion rela-
tions show that the Compton amplitude has an ap-
preciable real part, which is about -0.2 of the
imaginary part in our energy range. An impor-
tant implication of this result is that if the vec-
tor-dominance model is correct, then the p pho-
toproduction amplitude should also have the same
ratio of real to imaginary parts; hence, n=-0.2
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in Eq. (1).

Finally, we note that the intensity and shape of
the high-energy proton cosmic-ray spectrum re-
flects the magnitude and energy dependence of
op(yp). Because the photons from the 2.7°K
blackbody radiation, presumably remaining from
the initial stages of the expansion of the universe,
can collide with very high-energy protons to pro-
duce other hadrons, the lifetime of such protons
in the universe is shortened. Since the cross
section we find is about twice that used in recent
calculations of this effect,'® the very high-energy
proton cosmic-ray fluxes should be less than has
been predicted,
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results.

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

{Now at the Department of Physics and Astronomy,
University of Hawaii, Honolulu, Hawaii 96822.

Ip, 0. caldwell, V. B. Elings, W. P. Hesse, R. J.
Morrison, F. V. Murphy, B. W. Worster, and D. E.
Yount, Phys. Rev. Lett. 25, 609 (1970).

%D, 0. Caldwell, V. B. Elings, W. P. Hesse, G. E.
Jahn, R. J. Morrison, F. V. Murphy, and D. E. Yount,
Phys. Rev. Lett. 23, 1256 (1969).

3S. J. Brodsky and J. Pumplin, Phys. Rev. 182, 1794
(1969).

‘A deuteron wave function of the following form was
used: ¢(r) = const(e™"~e"°") (1-e"°")/», where a
=0.232F ! and c=1.59 F~. See M. J. Moravesik,
Nuecl. Phys. 7, 113 (1958).

M. Damashek and F. Gilman, Phys. Rev.D 1, 1319
(1970). Similar results have been obtained by C. A.
Dominguez, C. Ferro Fontan, and R. Suaya, Phys.
Lett. B 31, 365 (1970).

H. Meyer, B. Naroska, J. Weber, M. Wong, V. Hey-
nen, E. Mandelkow, and D. Notz, in International
Symposium on Electvon and Photon Intevactions at
High Enevgies, Liverpool, September 1969, edited by
D. W. Braben (Daresbury Nuclear Physics Laboratory,
Daresbury, Lancashire, England, 1970), pp. 274, 311.

"We have assigned a 20% error to GC which includes

616

theoretical uncertainties, as well as two effects which
tend to cancel: the neglect of the difference between
dolyp— pp)/dt|; - ¢ and dolyn—=pn)/dt|, - o and the ne-
glect of diffractive w and ¢ production.

8v. Barger and R. J. N. Phillips, Phys. Rev. Lett.
24, 291 (1969).

The conventional Regge-pole expansion variables
are the dimensionless quantities s/s; or v/vy, where
sy and v, are set equal to 1 (GeV)? and 1 GeV, respec-
tively. In this paper we will consistently represent
s/sgand v/vy by s and v, giving the fit parameters
units of ub.

U3ee, for example, the review by V. Barger, in
Proceedings of the Topical Conference on High Enevgy
Collisions of Hadvons, CERN, January 1968 (CERN
Scientific Information Service, Geneva, Switzerland,
1968), Vol. 1, p. 3.

Upits using s™1/? yield oy(=)=93.0+3.8 b’ The re-
cent Serpukhov hadron-hadron total-cross-section
measurements indicate that such extrapolations, how-
ever, should be treated with caution (see Ref. 10).
Nevertheless, it is interesting that A. H. Mueller and
T. L. Trueman, Phys. Rev. 160, 1306 (1967) predicted
oy(*) =95 ub if the P contribution has a singular resi-
due rather than there being a J=1 pole at £=0.

Fits using s~ 1/2 yield 4,/P'=0.18+0.4.

H, Harari, Phys. Rev. Lett. 17, 1303 (1966).

Y45, Ballam, G. B. Chadwick, Z. G. T. Guiragossiin,
P. Klein, A. Levy, M. Menke, E. Pickup, P. Seyboth,
T. H. Tan, and G. Wolf, Phys. Rev. Lett. 21, 1544
(1968).

153, Ballam, G. B. Chadwick, R. Gearhhart, Z. G. T.
Guiragossidn, P. R. Klein, A. Levy, M. Menke, J. J.
Murray, P. Seyboth, G. Wolf, C. K. Sinclair, H, H,
Bingham, W. B. Fretter, K. C. Moffeit, W. J. Podol-
sky, M. S. Rabin, A, H. Rosenfeld, and R. Windmold-
ers, Phys. Rev. Lett. 23, 498 (1969).

65, D, Bloom R. L. Cottrell, D. H. Coward, H. De-
Staebler, Jr., J. Drees, G. Miller, L. W. Mo, R. E.
Taylor, J. I. Friedman, G. C. Hartmann, and H. W,
Kendall, in Intevnational Symposium on Electvon and
Photon Intevactions at High Enevgies, Liverpool,
September 1969, edited by D. W. Braben (Daresbury
Nuclear Physics Laboratory, Daresbury, Lancashire,
England, 1970), p. 297; R. E, Taylor, ibid., p. 251.

1"M. J. Creutz, S. D. Drell, and E. A. Paschos, Phys.
Rev. 178, 2300 (1969).

8F. W. Stecker, Phys. Rev. Lett. 21, 1016 (1968).
See also G. T. Zatsepin and V. A. Kuz’min, Pis’ma
Zh. Eksp. Teor. Fiz. 4, 114 (1966) [JETP Lett. 4, 78
(1966)] ; K. Greisen, Phys. Rev. Lett. 16, 748 (1966).



