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Ne have calculated the “shadowing” or double sca.tter- 

ing effects in nucleon-nucleus scattering which are asso- 
- 

ciated with inelastic intermediate states of the nucleon 

and find a significani decrease in the total cross section 

with increasing energy. .The ordinary sha.do:ir effect, which 

can be ca.lculated using the Gla.uber, or Eikonal, pre- 

scriptions, results from the semiclassical fact that when 

an object scatters on a composite or extended system, some 

parts of that system may eclipse other parts of it. Thus 

the cross section for scattering any hadron on a deuteron 

is expected to be less than the sum ;of its cress sections 

on a free neutron and proton, because one nucleon may 

hid’e behind the other. The ordinary shadow effect for 

scattering on a nucleus corresponds to diagrams in pihich 

the .incident par’- * klcle interacts with t-pro nucleons, as 

depicted in Fi.g. lb. BC?ttJc~?ll thC t\iQ inter*actions the 
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&ll. The amplitude corresponding to Fig. lb has oppo- 

site sign to that for Fig. la in which just one nucleon 

is struck (the dominant contribution at small momentum 
I transfer)," provided the amplitudes are mainly imagina,ry in 

phase, -- as elastid amplitudes are at high energy. It there- 
. . 

fore indeed serves to reduce the total cross section. (The 

alternate in sign,' can also be understood semiclassically.) 
I . ! 

: The elastic shadow effect given by Fig. lb can be . . 
i thought of as an'increased transmission through the nucleus, 
I 

4 
r&sulting from some of the flux which is scattered out of 

\ \ 
'the incident beam-at x being scattered back into it at y. 

The inelastic shadow effects which we now propose to,discuss' 

co.rrespond to Fig. lb, except that the system which pro- 
-. 

pagates from x to y is no longer identical to the incident 

particle.. In the case of proton-nucleus scattering, for 

example, it may be a resonance such at N* (14'70,) * or N 

(1688) or even a nonresonant set of particles Such as a 
._* 

nucleon 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 section, in the same way as the elastic ones, assuming ' 

that the amplitudes for the inelastic process are also 

predominantly imaginary. 

We have used the missing mass experiment 
* 

P+P-+P+P ; (1) I 
of Anderson et al. 2 to calculate the shadowing effects . 
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assiciatcd with the inelastic intermediate states repre- 
* . 

sented by p . We predict a significant increase at high 

*energies in the "screening correction" to proton-deuteron 

scattering, a, + 0 
P - ad, over and ab'ove the value given 

by the usual GlaGber elastic calculation 3,4 . The increase 

amounts to a reduction of'the deuteron total cross section 

by about 1.8 mb.$t- 30 BcV. . The elastic screening correction . 
: s .is expected to be about 11 - 5 mb; the total cross section 

is about 75 mb. '(Experimental data indeed seem to show 

an iinc'rease in screening at high energies, but they are 
\ '. ,' open to doubt because of possible systematic errors 54 - 

The predicted effects for heavy muclei are even greater: 
i yg: the p-Pb total cross section may be reduced by 20% 
I 

at 30 BeV. Because the inelastic shadow effect increases 
. 

with nuclear mass number A, we predict a decrease at 

high energy in the power x which occurs in the approximate 

rule oaAX.5(oaA1'o' 
. 

corresponds to no shadow effect; oa A 2/3 

corresponds to complete shadowing, in which interactions are __ . 
confined to the nuclear surface.) 

_ _...- 
.In order for an inelastic state of mass m* to contribute 

significantly to the shadow effect, the three-momentum ): 
transfer AZ (m**,., * m )/2q required to produce it must sat- 

isfy the coherence requirement A*R<l, 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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only likely if A is small compared to the typical. momcm- 

turn of a nucleon in the nucleus, which equals l/R by the 

uncertainty principle (we use n = c = 1). The coherence 

requirement implj.es that inelastic intermediate states are 

just beginning l;'o be important at energies of 5 - 10 BeV. 

The intire spectrum of m-E may contribute coherently at a 

few hundred Be& if that spectrum remains concentrated 

. near threshold, as predicted by diffraction-dissociation : 
models, 6 l ‘_ 

&I order to estimate the inelastic shadow effects, 
\ 

" we modify the standard Eikonal model. 7 .-. 
The wave function 

of the incident particle inside a nucleus (taken for sim- 

plicity to be spherical and homogeneous) is given by 
.- 

$ (+I (Z,P) = eiqze 
-$ D 

, 

where z and p are cylindrical coordinates, D s 2 2s z+(R -p ) 

is the depth penetrated, and . - - . 
ix - = [ l-iRef(O)/ Imf(O) ] 3oNAi/(8TT R3) 2 

is the complex index of refraction. The wave function of 

an excited system of mass m* is 

iqz' iq' 
e 

. where x= -3iAf(0,m*)/(qR3) 

and the c'ross section for the reaction (1) is given by 

d20/dtdmx- = 1 f(B,ms) 12. We assumc'that the index of 

. . 

. 
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refraction for p x- 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 

fA(0)='fa(o)(3A/4n R3)/ e-l D'/2 dr 

+ Jr d? ,'d20 . ~&-~'y.)() (2q/A > (&$) (3A/4~ R3)'i 
_. 
. p _ -$Dle-h D/2 dr 

. 

. , 

1 ! 

i i 
& p = Re f (O,ms)/Im f (0,m2) 

\ * \ ;. 1’ using the approximate kinematics q-q' = A g (m*2 - m2)/2qo 

The first term in Eq 0 (5) is the usual shadow effect; the 
second is the inelastic shadow effect, treated in lowest . 
order. Performing the integrals and employing the optical 

theorem, we obtain 

- 
OO = 4n Re C x d (x) 3 

F 'inelastic = Jdm* (* dt dms-1 F(q>mx) 

- < 

where cr . 
inelastic is the decrease in total cross section due 

to inelastic intermediate states, cro is the total'cross 
section with the usual elastic shadowing, 

,I 

, * 

and 

\ 

.- -. .._.. .-,_ 
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/’ 

F(q,m”c 
) - 18 A2R-6&m [j (A) - p/ (X + 2i*)]-j$$- 

Experimental values for (d2, / dtdm") at 15 BeV are 

s‘hown in Figs. 2 and 3. The cross section does not change 

greatly be.twecn these two energies, ahd is thus consistent 

with a large amo;nt of diffraction dissociation or "Deck 

effect". 6 Integrati.ng the cross section over mx- we obtain, 

at 30 BeV, 'I. * 

. 
; f 

3.7 BeV 
k--- i2m.K)o dm*:.= 3 8mb/BeV2 t rrN threshold 

r' 
which !i.s sizable compared to the forward elastic cross 

8' section (do/dt),y= 80 mb/BeV2. .-- 

Figs. 2 and 3 also show the.weight function F(q,m*) 

of Eq. (7) f or various values of the mass number A. The ,. 
weight functions indeed dut off around AoF& because of the 

coherence requirement, which can be understood in the 

Eikonal picture as follows: Y(+)(z,p,m*) in Es.(Q) can be 
h large only if the contributions from various deptAs z1+(R2--p2)' 

: 
'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 

R=r&1/3 
_ with ro=1.3 F,oN=!4.0mb, and Re f(O)/Im f(0) = -.2. 

The results are not overly sensitive to these choices. We 

'. have extrapolated the spectrum of (d20/dtdm+)0 to masses 

beyond those for which it was measured, in the manner 

shown in the figures. Our results are' rather insensitive to 

. 

- -- . \ 
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/ this extrapolation, because of the cohcrencc 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 6s. 
. 

, Other reasonable extrapolations would therefore 

give similar results. 

We have used the entire cross section do/dtdm-x- 

(pp 3 p*p) regaTdliess of the stability of the p-E. At low . 
. 

. energy for large nuclei, '8' this approximation exaggerates 
I . I 

'inelastic because the state p* wil!: spread injtime and not 
I 

be absorbed on a nucleon with the same amplitude with 

. . ,;which it was produced. For a medium mass nudleus the radius 
-- 

R M 5 Fermi. The approximation requires that the p-X- spread 

R/6 << 1 F in traversing a distance R. So y >>s implies 
*I 

m* << plab/s or m* << 3 BeV for plab = 15 BeV/c, and m-s 

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

discussion of the extrapolation above, we see that the 
'. 

approximation is accurate except for medium nudlei below 

l$BeV/c and heavy nuclei for plab+ 15 BeV/c and below. 
._ 

It will be difficult to accurately calcualte 0 inekstic 
at low energies. The method, used here would give too 

large an effect so we can state that at, say j- BeV, 0 inelastic 
is much smaller than at 15-30 BeV. It is premature to 

. 
compare our results with experiment ,8 because of possible \ 

J 
,systematic experimental errors in the separate experiments 

* 
a+ different energies 'and with different beams, and because 

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

iction is for the size of the inelastic effects. The 

promising way to test those predictions is to measure 

the energy-dependence of proton-nucleus cross 'sections, 

extract the small variation due to the energy-dependence 
. . 

of 0 PP' and comp5tre the remaining variation with our pre- 

diction. 

. 

To calculs:e-the inelastic shadow effect in the case . 
of light nuclei (small A), a homogeneous model for the 

nucleus is indaequate. A multiple-si2atterin.g approach such 

as the Glauber approximation is needed. As an example, we . 
\’ have calculated the inelastic correction to the proton- 

deuteron total cross section. 

The contribution to the forward 'p-d amplitude from an 
t' 

inelastic state of mass rri* is 

fd(O,m*) = s 

where f(k,m-E) is the amplitude for the reaction (ij at 

momentum transfer ': and S(z) = s ei'*' I$ (?)I2 d; is the 
-7. 

nonrelativistic deuteron form factor. The energy denom- 

inator in Eq.(lO) results from the propagation of the 

inelastic state and conta-ins the coherence requirement 

dis"cussed above. . . . 

f(k,m*) -= f(O,m*) e F&~f~~~l~~~) 

we make the approximations 

= e&k?(:) ble ta,ke 

d = 5. Be? in rough accord with the data of Ref. 1, and 
. 

a = 134 Bet2 as in Ref. 3. Our results are insensitive to 

& > so it is not even necessary to let it vary with em+. ., 



Using the optical theorem we obtain 

'inelastic J 

= [dm ($dm.X)o k (q,m:-) 

where 
'. . . 

F (q,m") = '--%- 1 
% +a ___.- - .-.. ̂ --- ..----_- __._ ~_ l-b 

2 [ (i-p2)eLz2 -t $)- D (Z) 

Z = (&W./Q) (m2-mX-2)/2q . " '. 
'? - -_ 

. 2 z 
, D (z) = e-' / et2dt 
I 0 . ., 7: 
/ Pierforming the integral, we obtain ainelastic = 1.3mb 

\ '. at 15 BeV and 1.8mb at 30 BeV. 
, It should be possible to 
measure these effects by the energy dependence of 0 
\ Pd' 
q,,J 'np" . Measurements at a single energy cannot establish 

the inelastic shadow effect, because of theoretical un- 

certainties in calculating' the contribution of ordinary 

shadowing. 

In TS d total cross sections, an energy-dependent 

contribution to screening has apparently been observed. 5 

Using data of Walker et al.' we estimate that effects of 

. 

inelastic states containing three pions may be large enough 

to explain that result. 

Another approach to detecting inelastic shadov:ing 

would be to measure da on deuterium at momentum transfers 

large enough that single-scattering is negligible. The mom- 
- entum transfer dependence of the inelastic effect will be 

0 similar to the elastic, but its energy dependence will be 

different. . 
. 
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Figure Captions 

(a) Scattering on single nucleons in the nuc1eu.s. 

(b) Double sea-ttering processes (shadowing,correction-b) . 

with elastic intermediate state‘p 0)~inelastic interxcdiaae 

state p*: . 

Differential cross section at 0" and weig,kit f'uncti.ons ' 

F(m*) for nuclei of m:\ss number A and proton lab 

momentum 15 BcV/c. The heavy curve shoii::; the cx1;rapo1.;;t'3cl 

cross section '3.s:x17;erl in numerical p:ork. 
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TABLE I 

. . ..TOTAI. CROSS SECTIONS AT HIGH ENERGY * 

. Enera *(5 
0 'inelastic 'net 

f 15 BeV 243 . 

30 BeV .,24> . 

. , 

,215 

15 BeV 1275 179 ‘. ., log6 

30 BeV i275 246 1029 1090 
A 

15 BeV 3185 466 2719 
.--- .30 BeV 3185 655 2530 2630 

. 
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