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wave anaiyses of the 3& data" show or(Z = I', N)
&or(&, N), whereas vr(J =O, N) - 2vr(~, N). It
should be noted that the fits for o~ depend sub-
stantiaOy on the ratio of the N* yields from heavy
nuclei to light -nuclei, since the attenuation of the
signal depends dominantly on or(N*N). Thus, for
example, fits to the data with fixed n(N*N) = —0.2
yielded results little different from those in Fig.
3(d).

Qualitatively the behavior of or(N*N) with M(N*)
is remarkably similar to the t slope data for pp
-pN*. Faldt" has discussed possible refine-
ments to the Glauber model for multiple N* scat-
tering and helicity flip which would give rise to
an 'apparent" decrease in err(N*N) with M(N*).
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I present a method to extract hadron-neutron scattering amplitudes from hadron-pro-
ton and hadron-deuteron measurements within the framework of the Glauber approxima-
tion. This method, which involves the solution of a linear integral equation, is applied
to pn collisions between 15 and 275 evG/ cand effects arising from inelastic intermedi-
ate states are estimated.

One of the earliest applications of the Glauber approximation' was to the scattering of hadrons by
deuterium. It was sufficient, at that time, to assume identical black-sphere interactions for the free
hadron-neutron (xn) and hadron-proton (xp) collisions in order to calculate the cross-section defect 5o
= 0„+sr~-ve, i.e., the difference between the free xn plus xp total cross sections and the hadron-deuter-
on (xd) total cross section. An expression for the xd scattering amplitude, f„ in terms of the free xn
and xp elastic scattering amplitudes, f„and f~, and the deuteron form factor, S, was later presented. '"
Since neutron targets are unavailable, this result has often been used in attempts to extract the xn total
cross section, elastic scattering amplitude, or other information regarding xn scattering from a knowl-
edge of the xp and xd amplitudes and the deuteron form factor, these latter quantities being easier to
measure directly. However, in order to extract this information some assumptions are made regard-
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ing the xn amplitude, i.e., regarding the function about which information is desired. I present here a
solution to the problem of extracting f„from f~, f~, and S, within the framework of the Glauber approx-
imation, which requires no explicit assumption regarding f„. I then apply these results to recent pd
measurements' to extract xn cross sections and angular distributions and to estimate the magnitude
and energy dependence of the contribution to these cross sections arising from inelastic intermediate
states."

The hadron-deuteron elastic scattering amplitude is given in the Glauber approximation by'"

f~(q) =f (q)S(2q) +f~(q)S(Rq) + 2iz 'J S(q' —&q)f~(q-q')f (q')d'q', (1)

where Rq is the momentum transfer and our normalization is such that the xm, xp, and xd total cross
sections are

v,. =4R Imf, (0), j=n, p, d,

and the differential cross sections are

da /dt = 7ln [f, )2, .

where -t=R'q' is the square of the four-momentum transfer. (I neglect complications due to double
charge exchange, spin dependence, Fermi motion, and the deuteron d state, which contribute negligi-
bly at high energies and small momentum transfers. d-state contributions can be included without
great difficulty in the present formalism. ) One may rewirte Eq. (1}as a linear integral equation for
f„(q) in the form

f.(q) =b(q} + f&(q, q'}f.(q'}dq"', {4)

where

~(q) =f,(q)S '(2q) -f,(q), (5)

&(q, q'} = li& 'q'-S '(Rq)f, S(q' Rq}f,(q -q')dq, -
and in which cosy =q. q'/qq'.

In the past the xn amplitude, f„, has been extracted from Eq. (1) by assuming that it is Gaussian in
q with the same slope parameter as f~, and that it has the same ratio Ref„(0)/Imf„(0) as does f~. Equa-
tion (1) then becomes a simple linear algebraic equation for the remaining xn parameter, a„. However,
these assumptions are not necessary.

The solution of Eq. (4) depends, of course, on X(q, q') and h(q); i.e., it depends on f,(q), f~(q), and
S(q). An accurate representation for S may be obtained by writing

S(q) =Q p, ,exp(-R q'),

where p. and 8 are parameters. At high energies and over a sufficiently large range of momentum
transfer, f~ is well described by the Gaussian form

f~(q) =c~e ""', c,=a,(i+P,)/4R.

In contrast to xp scattering, the angular distribution for sd elastic scattering cannot always be well
described by a simple Gaussian. ' It can, however, be fitted by an amplitude of the form

f~(q) = c~+A,. exp(--,'d, q'), c„=a~(i+p„)/4m.

With these forms for S, f~, and f„ if one defines

ic,p, ,
'"exp[-(-,'a + —,'g,.')q'] q" [-,'(a +8,') ] '

(10)

b, ,(q) =(t1) 'p,."'[—,'(a+8,.')]'q""exp[-(2a+-,'8 )q'],
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one obtains

~( )
cgpgA. ) exp(- 2diq ) ~q&/k

Q, IA; exp( ,'-R-q')

1[(q 1 q ) Z p [k///]Ik. //[k/N] (q [k/N]i k N[k/N] (q
A=0

=- Z pg~«)~gN«'»
A=o

where [x] denotes the largest integer (x.
The solution of Eq. (4) with kernel K(q, q') of the separable form (14) is

(13)

(14)

f.(q) =&(q)+ Z qkP&&(q),
A=o

where the g, are obtained by solving the matrix equation

(1-q)g =u

in which

(15)

'Qgk = f ~/(q)Pk, N(q)dq

u, = f &, (q)h(q)dq.

In general, the quantities Q,k and u,. must be computed numerically. (If N= 1 they can be obtained ana-
lytically. )

I apply Eg. (15) to the extraction of high-energy pn total and differential cross sections from pp and
pd measurements. For S(q), I use an accurate fit to realistic deuteron wave functions'

$(q) =0.34e '4"' +0.58e"'" +0.08e "'",2" 2 2
(19)

with q in units of GeV/c For.ok and 0„, I use
global fits to the data. ' At a given energy there
are systematic discrepancies between experi-
ments. A global fit should average out some of
these discrepancies. ' I assume p„=p~. The re-
sults are insensitive to this choice; for example,
choosing p„such that p„=p~ would produce a neg-
ligible change in the results. The parameters a
and pk were obtained from pp data. " I fit the pd
elastic scattering data"" with Eq. (9) with M = 2.
Typical fits are shown in Fig. 1.

To calculate a„ to an accuracy of 0.01 mb it is
sufficient to calculate only the first twelve rows
and columns of Q. The results are shown in Fig.
2. The solid curve is a global fit' to the np mea-
surements. The dashed curve is the single-scat-
tering impulse-approximation result, o„—o~. It
is too low by -3-4.5 mb. The dotted curve is
the usual Qlauber-approximation result which re-
quires special assumptions for the form of f„. It
represents a great improvement over the dashed
curve. It gives results which are in agreement
with the measurements at the lower energies,
but which are too low by - 0.9-1.4 mb above 50
GeV/c. The crosses are the results of the pres-
ent calculation. [The fluctuation in these results
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FIG. 1. Fit to pd elastic scattering angular distribu-

tions by means of Eq. (9) with I=2. The data are from
Ref. 5.

t is due to the fact that the present formalism re-
quires pd elastic scattering data (i.e. , a„X„d„
and d, ) as input. These parameters, as obtained
from the pd data, are not very smooth functions
of incident energy. ] One notes that the results,
which employ no adjustable parameters and no
assumptions regarding f„(q), give pn total cross
sections which are slightly lower than the already
low results of the usual Glauber-approximation
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FIG. 2. Proton-neutron total cross sections. The
solid curve represents a global fit to the data (Ref. 9).
The dashed curve represents the single-scattering im-
pulse approximation. The dotted curve represents the
usual Glauber-approximation calculation. The crosses
represent the present calculation.

calculation, which is a more approximate calcu-
lation. In both calculations, the agreement with
experiment gets worse as the incident energy in-
creases. It seems clear that some other effect,
such as inelastic intermediate states, is quite
significant (™1-1.6 mb above ™50 GeV/c) in the
extraction of o„ from pp and pd data—in qualita-
tive agreement with Ref. 9 where this effect was
estimated to be 0.6-0.97 mb+40@ for momenta
between 50 and 300 GeV/c.

An additional advantage of our calculation is
that the hadron-neutron amplitude f„(q) can be
extracted from the proton and deuterium data.
In Fig. 3 I present the pn elastic scattering angu-
lar distributions at 248 and 270 GeV/c calculated
from Eq. (15). Note that the angular distributions
deviate significantly from a simple exponential
in t.

In order to investigate the effect on f„(q) from
terms which are not exponential in character for
large or small q, I also calculated f„(q) by trun-
cating Eq. (15) after N terms (in my case, N =3).
This truncated result would not have any terms
that behave like q' or q' times an exponentia1 in
t, and therefore could behave like an exponential
or a sum of exponentials. These truncated solu-
tions, shown in Fig. 3, are seen to be not at all

-t ( GeV/c )

FIG. 8. Calculated angular distributions for pn elas-
tic scattering. The solid and dashed curves are the
full solution, Eq. (15). The dotted and dot-dashed
curves are solutions obtained by truncating the series
in Eq. (15) after the third term.

close to the full solutions, and do not have a sim-
ple exponential shape in the t region considered.
Consequently, the terms in Eq. (15) that behave
like q' times an exponential (h ~ 3) are significant.
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