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We have calculated the "shadowing" or double scatter;
“ ing foects in nucleon-nucleus scattering which are asso-
ciated with inelastic intermediate states of the nucleon
f B and find a significan% decrease 1in the total cross section
with increasing énergy. "The ordinary shadow'éffoct, which
can be calculated using the Glauber, or Eikonal, pre-
scriptions, results from the semiclassical fact that when
an object scatters on a composite or extended systém, some
parts of that system may eclipse other parts of it. Thus
the cross section for scattering any hadron on a deuteron
1s expected to be less than the sum»df its cross seciions
on a free neutron aﬁd proton, because one nuclecn may
hide behin& the other. The ordinary shadow effect for
scattering on a nucleus corresponds to éiagrams in which
the-ipcident particle interacts with two nucleons, as
depicted in Fig. 1b. Betweon the two interactions the
particle 1s taken to be approximabtaly or exactly on-mass-
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shell. The amplitude corresponding to Fig. 1b has oppo-
site sign to that for Fig. la in which just one nucleon
is struck (the dominant contribution at small momentum

transfer), provided the amplitudes are mainly imaginary in

phase, as elastic amplitudes are at highvenergy. It there-
fore indeed serves to redﬁce the total cross section. (The
alternate in sign,” can also be understood semiclassically.)
/ The elastic shadow effect given_by Fig. 1b can be
thought of as an.increased transmission through the nuéleus,
résult&ng from some of the flux which is scattered out of
“the incident beam at x being scattered back into it at y.
The ihelastic-shadow ef'fects which we now propose to.discussl
correspond to Fig; 1b, egcept that the system which pro-
pagates from x to y is no.longer identical to the incident
pérticle.‘ In the case of proton-nucleus scattering, for
example, it may be a resonance such at N. (1470) or N
(1688) or even a nonresonant set of paf%icles such as a
n&éieon and several pions with low relative velocities
mass near threshold. These inelastic states can increase the
transmission of incident flux, i.e. decrease the total
cross éectioh; in the same way as the elastic ones, assuming
that the amplitudes for the inelastic procesé'are also
predominantly imaginafy.

We have used the missing mass experiment

¥ B
P+DpP~+Dp+pD (1)

of Anderson et al.2 to calculate the shadowing effects
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assiciated with the inelastic intermediate states repre-
seﬁted by p*. We predict a significant inerease a% high
energies in theb"screening correction" to proton-deuteron
scaﬁteripg, oh + Op - 04> Over and above the value.given
by‘the usualﬁGlaﬁber elastic calculation3’4. The increase
amounts to a reduction of the deuteron total cross section
by about 1.8 mb.at- 30 BeV. The'eiastic screening correction
is expected to be agbout 4 - 5 mb;‘the total cross section
is about 75 mb."(Experimental data indeed seem to show
an’inc?ease in screening at high energies, but they are
';opeh to doubt beeause of possible systematic errdrss.)
The predicted effects for heevy muclei are even'greater:
ég. the p-Pb total cross section may be reduced by 20%
at 30 BeV. Because the 1ne1ast1c shadow effect increases
wlth nuclear mass number A, we predlct a decrease at
high energy in the power x which occurs in the appTOXLmate
rule o=p™ 5(oocA O‘corresponds to no shadow elfeCE, g A2/3
corresponds to complete shadowing, in whieh interactions are
confined to the nuclear surface. ) |

"'In order for an inelastic state of mass m* te contribute
significanely to the shadow effect, the three—momeﬁtum
transfer A= (m*2~ m2)/2q required to produce it must sat-
isfy thevcoherence requirement A'R<1l, where R is the radius
of the nucleus and q is the incident momentum in the lab-

oratory frame. This is because the interactions at x and

y must leave the nucleus in its ground state, which is
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ogiy likely 1if A 1is small'compared tg the typical momem-
 tum of a nucleon in the nucleus, which equals 1/R by the
ﬁncertainty principle (wé use n = ¢ = 1), Thé coherence
requiremeﬁf implies that inelastic iﬁtermediatg states are
Just beginning f@ be important at energies of 5 - 10 BeV.
The intire spectrum of m*'may contribute coherently at a
_ few’hundred BeVy 1if that spectrum reﬁains concentrated
n?ér threshold, as predicted by diffractign—dissociation
mbdels;6

ih order to estimate the inelastic shadow effects,
" we mddify the standard Eikonal model.7 The ﬁavéhfgn;tion'
of ﬁﬁe incident particle inside a nucleus (taken for sim-

plicity to be spherical and homogeneous) is given by

. Ay
¢(+)(Z,p) - eque 2 ,

‘where z and p are cylindrical coordinates, D

Nl

z+(R2—p2)

il

1s the depth penetrated, and

3 = [ 1-1Rer(0)/ Inf(0) 1 30.a1/(81 R)

is the complex index of refraction. The wave function of

an excited system of mass m¥ is

oy . . \ -A D
¢(+)(Z,p,m*) = (3/2) ? 5 o 1 4z Jtaz' Gla'(z-z), 2
o J-(RT -p%)°
Where Y = -31A0(0,m*)/(qR3)

and the cross sectlon for the reaotlon (1) is given by

d%/atanx = l £(8,mx) l . We assume that the index of
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refraction for p* is the same as for P, and neglect the
possible effects of spin flip and isospin dependence.

- "The forward elastic nucleon-nucleus amplitude in this

model is

/ £4(0)=r(0)(38/n B3)] & D/2 4y
2 I |
+J W (Ge%an)o (20/8) <%i%§><3A/4” ®)]

(1 - @Dymr D/2 g,

L P =Ref (O,m*)/lm £ (0, mg)
. u51ng the approx1mate kinematics g-q' = Ao ¥ (m*2 - me)/Qq°
The first term in Eg. (5) is the usual shadow effect; the
second 1is the inelastic shadow effect treated in lowest

order. Performing the integrals and employing the optical

theorem, we obtain

- - ‘S 1 .
OA 00_0 lnelastic

Q
i

o =4 Re [ A& (1) ]

O. . r
1nelast1§ = (dt ams) F(a,m*)

where is the g se i 1 cross section du
Olnelastlc e ecregse in total cross sec n due

to inelastic intermediate states, 9, is the total cross

section-witb the usual elastic shadowing,
g(r) = [(1 + 2 R)eM1 4 x2R2/2] /23

)
and ’/
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F(g,mr) = 18 A? Co i 1F () - 4 O+ ?JA)]‘]I'%%

Experimental values for (d o / dtdm*) 2t 15 BeV are
shown in Figs. 2 and 3. The cross section does not change
greatly between these two energies, ahd is thus consistent
with a.large amount of diffraction dissociatioﬁ.or "Deck
effect".6 Integrating the cross section over m* we obtain,
" at 30 Bev, .

‘ / 3.7 BeV (dQO

—— dm* = 3 8mb/BeV
N threshold

tdm*)o

which is sizable compared to the forward elastic cross
< section (do/dt)o 80 mb/BeV

Figs. 2 and 3 also show the weight function F(q,m¥)
of Eq. (7) for various values of theAmass number A. The
weight functions’indéed éﬁt off around A-Rél because of the
coherence requirement, which can be understood in the
Eikonal picture as follows: Y(+)(z,p,m*) in Eq.(4) can be
large only if the contrlbutlons from various depéé z +(R? 2)2
can add in phase with each other, despite the fact that
their momenta (wave numbers) differ by A.

‘Performing the integral in Eq.(6), we obtain the results
shown in Table I, In calculating these results, we have used
Rer 41/3 0=1:3 F,0,=%0mb, and Re £(0)/Im £(0) = -.2,

0 .‘w1tn r. N
‘The results are not overly sensitive to these choices. We
have extrapolated the spectrum of (dga/dtdm%)o to masses
beyond those for which it was measured, in the manner

shown in the figures. Our results are rather insensitive to



this extrapolation, becausc of the coherence cutoff: eg.
for A = 9 at 15(BeV the extrapolated region contributes
only 25% of the inelastic effect; for A = 207 at 30 BeV,
only 6%. Other reasonable extrapolations would therefore
give similar results.

We have used the entire cross section do/dtdmx
(pp -+ p*p) regard]ess of the stabnllty of the p*. At low

'energy for large nuclei, this approximation exaggerates

//
/

Oinelastic because the state p* will spread 1nét1me and not

be absorbed on a nucleon with the same amplitude with

, which it was produced. For a medium mass nucleus the radius
~ 5 Ferml. The approximation requires that the p* spread

R/§ << 1 F in traversing a distance R. So Y / :h implies

m¥ << plab/s or m¥ << 3 BeV for Pigp = 15 BeV/e, and m¥*

<< 6 BeV for Piap = 30 BeV/c. Referring to the figures and

discussion of the extrapolation above, we see that the |

approximation is accurate except for medium nuelei'below

15 ‘BeV/c and heavy nuclei for pl ap ™ 15 BeV/c and below.

It will be dlfflcult to accurately calcualte O5pnelastic

at low energies. The method used here would give too

large an effect so we can state that at, say 5 BeV, 9inelastic

is much smaller than at 15-30 BeV. Tt is premature to

compare”our results with experimeng\g/%ecause of possible

‘systematic experimental errors in the separate experiments

at different energies and with different beams, and because

of the crudity of our model of the mucleus. Our only real

yed
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prédiction is for the size of the inglastic effects. The
most promising way fo test those predictions is to méasure
the energy-dependence of proton-nucleus cross sections,
extract the small variation due to the energy-dependence
of Opp’ ana ;ompare the remaining vafiation with our pre-
diction,.

To calculage,the inelastic shadow effécf in the case
“of light nuclei (small A), a homogencous model for the
ndéleus is indaequate. A multiple—sﬁattering approach such
as the;Glauber approximation is needed. As an'example, we
“havevcélculated the inelastic correction to the proton-
deuteron total d;bss section.

The contribution to the forwqrdhp—d‘amplifude from an
iﬁelastic state 6f mass m* is | "

1 aE S(R) f(k,m¥) £(-k,m¥)

4n2la[ /a2+ m2 - /Qa - ﬁ)g + m7\"2 + ie

where f(k,m¥) is the amplitude for the reaction (1) at

fd(O,m*) =

momentum transfer % and S(k) = J eig'} [y (})I2 dr is the
nonrelativisticvdeﬁteron form factor. The energy denom-
inator in Eq.(10) results»from the propagation of the
inelastic state and contains the cohereﬁce requirement
discussed above. For simplicity, we make the approximations
f(k,m*)f= £(0,m%) e4§E€{f)and S(k) = e4ék%<?) we take

‘ 5 =5, Be'\72 in rough accord with the data of Ref. 1, and

a = 134 Beve as in Ref. 3. Our results are insensitive to

é, 580 it is not even necessary to let it vary with m¥*.
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Using the optical theorem we obtain

2 .
Oinelastic 'dm (dtd X)O F (q,m*)

where
2
1 L 2y -z Lo
F (q,m*) S (1-p%)e + o D (z)
. M 1+p2 | o
£ty 7 ’
N 1 _
Ot - (&m/zue (mP-mx®) /2q
2 .z 2
: -2 t
! D (z) = ¢ jo e~ dt 3
f gerformlng the integral, we obtain Sinelastic = 1.3mb
. at 15 BeV and 1.8mb at 30 BeV. It should be possible to
'measure these effects by the energy dependence of Opd’
Qpp’ Orp’ Measurements at a 31ng1e energy cann0u establish

the inelastic shadow effeCL, because of theoretical un-
certalntles in caTCulatlng the contribution of ordinary
shadowing.

In m d total cross sections, an energy—dependént
contribution to screening has apparently been observed.5
Using data of Wélker et ai.9 we estimate that effects of
inelastic states containing three pions may be large enoﬁgh
to explain‘that result,

Anothér approach to detecting inelastic shadowing
would be to measure dg on deuterium at momentum transfers
large enough that single:scattering is negligible. The mom-

entun transfer dependence of the inelastic effect will be
similar to the elastic, but its enecrgy aepéndence will be

different,
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Figure Captions
(a) Scattering on single nucleons in theinucleus.
(b) Doublé scaftering processes (shadowing corrections)
“with elastic intermediate state p oY inelastic intermecdiate
.

state p*.

Differential cross section at 0° and weight functions

F(m*) for nuclel of mass number A and proton lab

momentum 15 BeV/c. The heavy curve shows the extrapolated

cross section assumed in numerical work.



A=9

A=64

A=207

TABLE T

.. TOTAL CROSS SECTIONS AT HIGH ENERGY

- Energy
;15 BeV

30 BeV

15 BeV

30 BeV

>

15 BeV
30 BeV

"Oo Oinelastic 0nef %Jones
oli3 o8 215
12&3 38 205 250
1275 179 - 1096
1275 26 1029 1090
3185 L66 2719 .
3185 655 2530 2630
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WEIGHT FUNCTION F IN Bev?
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