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Current data indicate that fast "excited hadrons, "produced in high-energy collisions with
nuclei, interact with the nuclear medium no more strongly than stable hadrons of the same
internal quantum numbers. Considerations on the time development of excited hadron
systems suggest that, in coherent nuclear production at any finite energy, the (indirectly)
measured cross section of an excited hadron on a nucleon differs negligibly from its value
immediately after production. Significant further information should be obtained from deep-
inelastic lepton-nucleus collisions, but the results already found are most easily inter-
preted by supposing hadrons to be constructed from small or pointlike units, each of definite
cross section, which do not have time to change in number during passage of a fast hadron
through a nucleus.

I. INTRODUCTION

For a long time it has been known that a beam of
rapidly moving elementary particles could be used
to study nuclear structure. For almost as long,
the idea of using particle-nucleus collisions to
learn about some aspects of elementary-particle
structure has attracted theoretical and experimen-
tal studies. Partly for practical reasons, such
studies have usually exploited a static picture of
the collision process. For example, a production
reaction might be described by saying particle a
enters the nucleus and travels some distance,
while undergoing elastic collisions with one or
more nucleons. Then, in a collision with a single
nucleon, g is transmuted into a different particle
b, which leaves the nucleus after several b-nucleon
elastic interactions. The description is static in
the sense that both a and b are treated as fixed
entities —nothing changes except during the colli-
sion with one nucleon in which a becomes b. It is
obvious that such a description cannot be entirely
correct. The main interest in such experiments
is to learn about the b-nucleon interaction when
this cannot be studied directly because b is highly
unstable. An unstable b could disintegrate even
before leaving the nucleus, in which case the "b-
nucleon interaction" inferred from the data would
really be a composite of effects due to b and due
to its decay products. If b were a resonance of
known lifetime, one could apply the conventional
picture in which the probability of decay is given
by an exponential law in the rest frame of b, This
in turn implies exponential decay as a function of
distance from the production point. For typical
cases of production in nuclei, the energy is suf-
ficiently high so that b usually escapes the nucleus

before decaying, and the corrections to the static
picture are negligible. '

But what if the state b is not a resonance, or, at
least, not known to be a resonance'? In that case
much less is known or accepted about the depen-
dence of the structure of b on distance from the
production point. In this paper we shall study
available data and argue, in the case of coherent
production, that the static picture is still good.
Section II contains a summary of current experi-
mental information, indicating a remarkable weak-
ness of interaction between excited hadron sys-
tems and the nuclear medium. Section III, the
main part of the paper, contains arguments about
the proper interpretation of the data. The argu-
ments are based on the assumption that the "on-
mass-shell" relation, between time in the rest
frame of an excited hadron and distance of travel
in the laboratory, is at least approximately valid
(an assumption supported by arguments in the Ap-
pendix). This assumption implies that, in coher-
ent production reactions, the produced system
does not have time to change appreciably before
leaving the production region. Consequently, we
learn from coherent nuclear production how the
produced system interacts with the nuclear medi-
um immediately after production has occurred.
This interaction turns out to be the same as that
of a stable hadron with the same internal quantum
numbers —a result easily explained if the produc-
tion process is merely the rearrangement of a
wave function of small, hard hadronic constituents.
Only much later, after leaving the nucleus, does
some slower process cause the appearance of sev-
eral hadrons in the final state. Finally in Sec. IV
appear conclusions, along with a vigorous plea
for deep-inelastic lepton-nucleus scattering exper-
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iments, which could reveal the time scale of the
slomer processes, unobservable in coherent pro-
duction reactions.

II. EXPERIMENTAL CLUES

A remarkable pattern is beginning to emerge
from the modest, but steadily growing, store of
information on multi-GeV hadron-nucleus interac-
tions. It appears that a fast hadronic system
produced in a nucleus interacts with the same
strength as the initial fast hadron (e.g. , proton or
pion) which was excited to produce this system.
The evidence is the following.

(l) 3w coherent production in nuclei may be ana-
lyzed in a high-energy optical model under the as-
sumption that the transition n-3w occurred in a
single step- that is, in interaction with a single
nucleon. Then the only unknown parameters are
associated with the interaction of the outgoing 3m

system; specifically they are the real and imag-
inary parts of the 3m-nucleon forward scattering
amplitude. Analysis of a 16-GeV experiment in a
Freon bubble chamber' indicated that the 3m-nu-

cleon total cross section mas less than or about
equal to the n-nucleon total cross section:

+(3r) N + &~N ~

This result has been confirmed by a far more ex-
tensive and systematic study of 3m production with
various nuclear targets, using counters. ' There
are similar data for the reaction E-E~m in neon, '
which give

0(&~~)N =O&N ~ (2)

Proton reactions at 28 GeV with a neon target, in
the channel p- pion, are insufficient statistically
to draw any firm conclusion. One has only'

pN (porn) N ' ~)N ' (3)

~(p~)N+ 1 7&wN (4)

or only a fifteen percent "shadowing" correction
to the first guess that the cross sections add.

In Ref. 2, it was suggested that these data pose a
problem from the following point of view. To take
the 3m case in particular, the produced system is
largely pw. If the p and n are present already at
the point of production, and interact weakly with
each other, one would expect the optical density
of the pn system, as seen by a nucleon, to be sim-
ply the sum of the corresponding densities for n

and for p. Since pions are fairly transparent, and
p's are presumably similar, as confirmed by data
on p photoproduction in nuclei, addition of optical
densities implies almost addition of cross sections.
The estimate in Ref. 2 was

Clearly this p+ m composite assumption contradicts
the results of experiment plus optical model quoted
above.

(2) Because the pw system (as well as its Kvv
and pwv analogs) is the most prominent inelastic
"excitation" of the w at 16 GeV, it is implausible
to explain the high coherent production as a result
of "multistep" processes with other intermediate
excited states. ' However, such processes may
help to account for data on 5m production' which
indicate

(5g)N 3 m'N '

This indication is not yet very strong in view of
the experimental uncertainties, but even if it
should be confirmed by a more accurate experi-
ment, the possibility remains of significant n -3m
-5n contributions. Nevertheless, even the pres-
ent crude data make it seem unlikely that the 5m

system has a nucleon interaction cross section
significantly greater than a single n. Thus, two
or even four extra m's (perhaps grouped in one or
two resonant clusters) are produced without sub-
stantial increase in interaction cross section.

(3) Emulsion observations on l- TeV cosmic-ray
protons interacting with heavy nuclei indicate pro-
duced pion multiplicity no more than twice that
with an H, target. ' This is the result one mould
expect for a single proton interacting 1 or 2
times, assuming that the pions produced in the
early collisions did not interact at all with nucle-
ons.

The same cosmic-ray data also indicate an ap-
proximate forward-backward symmetry of pro-
duced particles in the center-of-mass frame, de-
fined by taking the target as a single nucleon. If
produced particles suffered secondary interac-
tions, one would expect a strong asymmetry, in
the direction of the target particle.

III. THEORETICAL GUESSES

The simplest way to explain the results de-
scribed above (at least those on coherent produc-
tion reactions) would be to say that the excited
hadron system is a resonance with a cross section
on nucleons similar to that of the incident hadron,
and that only after leaving the nucleus does the
resonance decay, revealing many extra pions.
While this explanation cannot be excluded, there
are well-known difficulties already for the "A.,"pn
system. "' The difficulties are, if anything,
greater for arbitrarily-high-multiplicity states
produced in very high-energy collisions.

Let us therefore turn to a more detailed study
of coherent production reactions, to see what the
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data imply if the resonance hypothesis does not
hold. Coherent production emphasizes so-called
"diffractive" processes which conserve internal
quantum numbers such as isospin, and also are
independent of the spin of the nucleon target. We
must begin with a brief excursion into the theory
of diffraction production.

To give a framework for discussing diffraction
production at laboratory and cosmic-ray energies,
let us consider the infinite-energy limit. We follow
an analogy with the results obtained for electrody-
namics by Cheng and Wu and others. " These au-
thors found a simple interpretation for the domi-
nant contribution to pair production by an infinite-
energy photon colliding with an electron. The inci-
dent photon state has as its principal component a
"bare" photon which does not interact appreciably
with the target electron. However, there is a
small (order e= Wn) component consisting of a
virtual (zero-mass) electron-positron pair. The
pair production process is seen as a "materializa-
tion" of this small component, following scattering
of either member of the pair by the static field of
the target electron. This picture of diffraction
production is not new to theories of hadronic pro-
cesses. Feinberg and Pomeranchuk and Good and
Walker" introduced long ago a very similar no-
tion, that a fast hadron state may be taken as a
superposition of "bare" states, which are not
mixed but only suffer elastic scattering, or are
absorbed, on encounter with a target nucleon.
The "diffractive" inelastic scattering of a physical
hadron would then be due to differences in the
elastic scattering amplitudes f„for the bare
states, which would change their relative coeffi-
cients in the final state,

(7)

Here, lh„,«) is a multiple of lh ~~) only if all f„
are the same. An example at the border between
electrodynamics and hadron physics is photopro-
duction of vector mesons. At high energies, this
process is probably due entirely to the almost
elastic scattering of a small (order e) virtual-
vector-meson component of the incident photon
state. "

In pair production, and especially in vector-me-
son photoproduction, the scattering cross section
on a hadron target of the Small virtual component
is very different from that of the dominant bare-
photon component. If we assume that an analogous
scattering of bare-hadron components occurs in
high-energy hadron-hadron collisions, we might
expect that these components would differ signifi-

cantly among themselves in strength of interaction
with the target hadron. In this case, the produced
particles in, say, pion-induced reactions would
have different elastic scattering cross sections
from that of the pion. In the reaction

m- A, - pm

one might be guided by perturbation theory to ex-
pect that the A, is a small virtual pn component of
the pion, with a cross section on hadrons equal to
that of a pm system, i.e. , roughly twice the pion
cross section. The optical model analysis of me-
son production in nuclei rules out such a possibil-
ity, for the A„and even for 5m systems. Thus,
if that analysis is qualitatively correct, and if
finite-energy effects do not alter the conclusion
for the infinite-energy limit, we are forced to a
different conclusion: Inelastic production, if de-
scribed by Eq. (7), occurs by small cross sectior.
differences between several large bare component
of the incident hadron state, rather than large
cross-sectiondifferences of small bare compo-
nents.

We shall not explore here the question of the
reliability of the high-energy optical mode1 for
coherent nuclear reactions. Both theoretical and
experimental works, especially on vector-meson
photoproduction, serve to confirm the model. "
However, the subject of finite-energy corrections
to the infinite-energy limit does merit discussion
here. The result is remarkable: In coherent pro-
duction of hadron states on nuclei, the outgoing
hadron-nucleon cross section cannot change ap-
preciably from its value at the point of production.
This is true even for the largest nuclei, and holds
even if the outgoing hadron is not a resonant sys-
tem. Thus, coherent production at finite energies
gives direct information about the bare-hadron
components of the infinite-energy limit, provided
the production on a single nucleon is independent
of energy.

Let us examine an elementary, naive argument
for-, this conclusion, and later (in the Appendix)
see what further evidence can be marshaled in
support. The incident hadron Ii) collides with a
nucleon at some point in the nucleus and is trans-
muted into the "final" hadron state

I f) . Passage
of time T in the rest frame of If) is related to
distance D from the production point by

D = cy~ P~ 7

=Py r/Mq,

where pz is the momentum (p& =p,.) and ~ the
mass of the final system. If the interaction caus-
ing i-f is local, i.e., if the production amplitude
is a superposition of amplitudes for interaction at
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points in particle i, then the cross section of par-
ticle f can increase from its initial value no faster
than the cross section of a black sphere expanding
from the interaction point at the speed of light,

q=p( —p~ =(M~ —M( )c /2p~ .

The typical value of D will be &4L, giving

For the typical case of the A.„wehave

x = wh /2&~A =0.3 F

and

(n,o),„s6 mb,

(12)

(14)

which is hardly detectable. We conclude that in
coherent production the coherence restriction im-
plies an energy-independent restriction on the
amount of rest-frame time which the produced
hadron can spend in the production region, and
consequently, the cross section o(f-nucleon) can-
not change appreciably from its initial value be-
fore particle f leaves the nucleus. Thus, only a
cross-section difference (oz„-o,~) already pres-
ent at the production point can significantly influ-
ence the coherent production rate. The result
mentioned earlier, that all infinite-energy compo-
nents of the pion have similar interaction strength
with nucleons, is valid even though based on finite-
energy data. The only extra assumption here is
that the elementary production process does not
change appreciably with energy, once past the
kinematic threshold for a particular final state.
This is a natural assumption for diffraction pro-
duction, if elastic and total cross sections ap-
proach constant values at infinite energy.

The critical assumption relating rest-frame time
and laboratory distance has not been proven, but
supporting arguments based on models are given
in the Appendix.

So far we have been concerned with analysis of
experiments in the range of tens of GeV. If we
consider the less precise information from higher
energies, there is no contradiction, but conclu-
sions are less clear-cut. The bulk of particles

The fact that the production reaction is coherent
implies that it wi11 be suppressed if the region of
production is longer in the beam direction than

(io)

with

going backwards in the c.m. frame after a nucleon-
nucleon collision have fairly low energy in the
laboratory. This backward cluster would usually
produce few, if any, secondary particles while
traveling through the nucleus, for kinematic rea-
sons. Thus, the results mentioned before, on 1-
TeV nucleon-nucleus collisions, suggest that the
forward cluster remains a single unit, interacting
like a nucleon, until after exit from the nucleus-
a picture consistent with that from coherent pro-
duction at lower energies. This is an inference
very much in the spirit of "fragmentation"" mod-
els of hadron collisions, provided the fragmenta-
tion occurs slowly after the initial impact. Since
the forward clusters have Lorentz factors y &20
with respect to the laboratory frame, it is not
surprising if they hold together while passing
through the nucleus. The cosmic-ray results fol-
low logically from the coherent production results
if one assumes that the mechanism of excitation
of a projectile hadron is independent (or nearly so)
of the final state (excited or not excited) of the
target nucleon. In coherent production the target
nucleon is not excited, while in the cosmic-ray
data the target nucleon is nearly always excited
(that is, a backward c.m. cluster is seen).

Even these conclusions must be treated with cau-
tion. Fishbane et al. ' assert that similar results
would hold for such cosmic-ray data even if the
incident hadron broke up inside the nucleus, emit-
ting several pions which interacted separately with
the nuclear medium on their way out. One can be
skeptical about this assertion, but it indicates the
difficulty of drawing strong conclusions before
abundant and precise very-high-energy data be-
come available.

IV. PROPOSALS AND CONCLUSIONS

Having argued that a fast hadron does not have
time to alter its structure during passage through
a nucleus, we are naturally led to ask if there
exist circumstances in which such changes could
be observed. The natural place to look is deep-
inelastic lepton-nucleus scattering. When very
high momentum and energy are transferred by
electromagnetic or weak interactions, we may as-
sume that only one nucleon in the nucleus receives
this impulse. By varying the amount of impulse
and the size of the nuclear target, we may "scan"
a range of rest frame time 7., and see, if this
variable has the significance argued earlier, how
the struck nucleon changes with v.. To understand
this, let us first take the simple hypothesis that
the nucleon immediately recoils as a unit whose
mass is given by the kinematics. In this case,
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the Lorentz factor of our struck nucleon is

K=(v/~ )'~',

(o = q'/2. Mv,

where v and q' are the usual energy transfer and
invariant squared 4-momentum transfer variables
describing the virtual photon. Values of y at least
up to y = 3 should be obtainable with appreciable
intensity. For such cases the excited nucleon
should move 1-,' to 3 F before changing size ap-
preciably. Therefore, the multiplicity of pions
produced with a small nuclear target will be the
same as in hydrogen, except that some additional
pions would be produced when the excited nucleon
struck a nucleon in the nucleus, just as if an un-
excited nucleon of the same y had followed the tra-
jectory of the excited nucleon. Thus we obtain the
multiplicity estimate for deep-inelastic scattering

n', '~(A) =n, (H, target)

+-,'n„(p+A collision) . (16.1)

The —,
' arises because, on the average, the excited

nucleon will travel only half as far through the
nucleus as would an incident proton, which must
traverse the whole nucleus.

For an alternative guess we may suppose, as
suggested in the "pulverization" picture, " that
some fraction of the struck nucleon is immediate-
ly expelled by the virtual photon, with a slow res-
idue following later. The pulverized part might
escape the nucleus before exhibiting any appreci-
able interaction strength. In this case, if the slow
residue had insufficient energy to create m's while
passing through the nucleus, we would have

n,'~(A) = n, (H, target). (16.2)

Finally, one might suppose that the struck nucleon
takes some time to absorb the photon impulse,
and during this time many pions are "shaken off"
before the nucleon begins to move. These pions
could each produce secondary pions in the nucleus,
contributing to a very large multiplicity

n',"(A)» n'„"(A) . (16.3)

In both the second and third cases, one could ex-
pect a much larger number of low-energy nucleons
to be expelled than in the first case.

It is obvious that we have no firm prediction
about the results of such deep-inelastic nuclear

excitation experiments, except that they should
give significant insight into the short distance and
time dependence of the response of a nucleon to a
sharp impulse. This would yield a powerful con-
straint on speculation about hadron structure.

Experiments which would be easier to do but
harder to analyze would replace the leptons dis-
cussed earlier by hadron projectiles. The trouble
here is that a given experimental outcome could
occur in many different ways because hadron
beams can interact many times inside the nucleus.
However, if the incident hadron can remain intact
during nuclear passage, even after receiving a
very large momentum transfer, this technique
might be workable. At present, there is no clear
sign whether this is so. The lepton experiments
would give such information; hence they should
come first.

The results on coherent production and cosmic
rays do suggest the answer to one interesting
question, the size of "diffractive inelastic shadow-
ing" contributions to the elastic scattering of had-
rons on nuclei. The idea here is that an incoming
hadron may be excited on colliding with one nucle-
on and then de-excitedby a second nucleon, emerg-
ing from the nucleus to contribute to the elastic
scattering channel. " An indication that this oc-
curs to some extent is found in the energy depen-
dence of neutron-nucleus total cross sections be-
tween 8 and 21 GeV. For all targets, the cross
sections decrease by (3 +1)% as the energy in-
creases through this range. " In the approxima-
tion neglecting inelastic shadowing, one would ex-
pect the cross section of a Pb target to decrease
less than that of hydrogen, because the Pb cross
section is mainly determined by the geometrical
area "blacked out" by the nucleus. Quantitative
estimates" indicate the decrease should be about
one-third as great for Pb as for H„which means
the effective nucleon-nucleon cross section in Pb
was decreased by (9+3)%, the extra (6a4)%
coming presumably from inelastic shadowing.

The analysis of this paper, which suggests that
"bare" diffractive eigenstates all have similar
cross sections to the corresponding stable had-
rons, implies that the diffractive shadowing will
not increase in significance at higher energies.
%hile it is true that more excited states become
energetically accessible at higher energies, the
total probability of exciting any of these states
must level off if total hadron-hadron cross sec-
tions approach constant values. Experiments to
test this assertion would be quite attractive pos-
sibilities at the highest-energy proton accelera-
tors. As mentioned earlier, "if inelastic shadow-
ing is sizable at high energies, this implies the
existence of diffractive eigenstates with very low
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cross section, and the unstable states correspond-
ing to such an eigenstate will be coherently pro-
duced with cross sections much larger than those
observed to date. This seems unlikely.
¹te added in Proof. L. Van Hove [Nucl. Phys.

B45, V5 (1972)] has proposed an elegant mathe-
matical model for propagation of excited hadrons
through nuclear matter. The excited system is
labeled by a single continuous variable, its mass,
and the refractive index of the nuclear medium is
taken to be an operator which does not include a
mass-conserving 6 function. This model imme-
diately leads to the existence of diffractive eigen-
states with very low absorption in nuclear matter.
From the viewpoint of the present paper, Van
Hove's model is more radical than required by
available data. However, it does raise a challenge
which has not yet been met [J.S. Bell (unpublished);
K. Gottfried, Acta Phys. Polon. (to be published)],
to construct a detailed dynamical model in which
states with very low absorption appear. In this
connection, it is worth noting that a naive quark
model could accommodate excited-pion cross sec-
tions on nucleons as low as half the pion-nucleon
cross section. The assumptions required are that
quarks are small dark objects, and that they are
much closer together (in position) in the excited
pion than in the stable pion.

We conclude with a summary of results and
speculations.

(1) Coherent production reactions permit mea-
surement of unstable hadron-nucleon cross sec-
tions immediately after production of the unstable
hadron system.

(2) These cross sections are approximately the
same as those of stable hadrons of the same in-
ternal quantum numbers.

(3) Cosmic-ray data at 1 TeV indicate that re-
sults (1) and (2) apply also to the hadronic system
eventually observed as a collection of particles
going forward in the nucleon-nucleon c.m. frame.

(4) To study the time dependence of excited had-
ron structure, it is necessary to use incoherent
reactions. The most useful and interesting of
these are deep- inelastic lepton-nucleus collisions,
where attention must be paid to pion and low-en-
ergy nucleon multiplicities.

(5) Higher-energy coherent production and total
hadron-nucleus cross section measurements
should confirm the result (2), both directly and by
placing limits on inelastic shadowing.

Data from nuclear targets help to confirm the
view that, during short times, hadrons react to
external impulses like assemblies of small, hard
objects. New experiments with nuclei may show
in detail how the hadrons "relax" on a longer time
scale.
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APPENDIX

Here are some examples and arguments to con-
firm the applicability to coherent production of
Eq. (8), relating time in the rest frame of an ex-
cited system to distance in the laboratory. Of
course, argument by example is not rigorous, and
relevant counterexamples may exist.

Example 1. Consider an atom traveling at rela-
tivistic velocity through a gas of atoms Ne.glect
the strong interactions. The atom will not ionize
the gas appreciably because it is electrically neu-
tral. Now suppose the atom passes very close by
a gas atom nucleus, and a large momentum is
imparted to an electron in the moving atom. If the
transferred momentum has a component perpen-
dicular to the direction of motion, the electron
path will diverge from the path of the remaining
ion by an angle

(A 1)

where y and P are the usual Lorentz factors cor-
responding to the transition from the laboratory
frame to the moving atom frame and np/m, is as-
sumed small. Of course, the ionizing power of
the ion-electron (excited atom) system will go up
as the separation increases, reaching a plateau
when the two paths are separated by a few times
the mean interval between gas atoms. In this ap-
proximation, the masses of the excited atom and
the incident atom are the same, and the result, Eq.
(Al), for 6 can also be obtained by computing the
transverse distance traveled by the electron in the
atom rest frame as a function of rest frame time w.

Even when these convenient smallness approxi-
mations are not made, the excited-atom rest
frame is still the appropriate one in which to
compute transverse separations of ion and elec-
tron, hence ionization strength, i.e. , strength of
interaction with the medium.

Naturally, there can also be appreciable mo-
mentum transfer to the electron along the line of
atom motion, but as long as ion and electron are
both traveling in the laboratory at essentially the
speed of light in the same direction, there will
be no longitudinal separation of charge, so that
the transverse separation is the only significant
effect unless I9 is large enough to make cosg sig-
nificantly different from unity. It is easily seen
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that the relation

e~ 1/y* (A2)

holds, where y* is the Lorentz factor from lab to
excited atom rest frame. This means that longi-
tudinal separation is negligible compared to trans-
verse as long as the excited atom is also moving
at highly relativistic speed.

Example 2. Still in the framework of electro-
dynamics, we may consider a case which looks
very different from the first one, but is really
quite similar. This time, the incident neutral
system is a photon, which creates a pair of op-
positely charged spinless particles in the field of
an extended static source. We work to the lowest
nontrivial order of perturbation theory in which
the pair can interact with the source once more
after production. We must sum all Feynman
graphs involving two virtual photons emitted by
the source and absorbed by one or the other scalar
particle in the pair.

For fixed final pair mass, the amplitude may
be expanded in inverse powers of the (high) inci-
dent photon energy. The first term in this expan-
sion is obtained simply by "linearizing" the scalar-
particle propagators

1 1
(p+k)'-m' 2p k

(A3)

~p 2 M/@ photon ~ (A4)

Again, as in Example 1, the resulting 1/E cor-
rection, obtained by putting the correct p's in the
linearized propagators, is an amplitude in which
the second interaction of the pair is bigger, the
later it occurs: The two charges separate by a
distance O~D, where D is the distance along the
photon direction from the point where the pair was
created to the point of the second interaction.

The amplitude for the second interaction is pro-
portional to V(x,) —V(x ), where V is the electric

where p is the final scalar-particle momentum,
and k is a virtual-photon momentum. The momen-
tum p is taken to lie along the initial photon direc-
tion. This procedure is well known, and has been
applied to give high-energy limits of infinite sums
of ladder and crossed ladder diagrams, for such
problems as pair production in photon-electron col-
lisions.

However, at least to the low order discussed
above, the next correction in powers of 1/Eph„,

„

is
easily found. If the mass M of the pair is much

greater than the mass of a scalar particle, but
much less than the energy Eph $,„,then the scalar
particles may make (equal and opposite) angles to
the incident photon direction so that the opening
angle of the pair is

V, = (M, /P)Do, (A5)

where D, is the thickness of the nucleus in the lab-
oratory frame. In order to interact with the nu-
cleus for a time longer than 7, , a piece of the had-
ron must accelerate in the direction of the nuclear
motion. The results in the text are based on the
simplification that each part of the hadron is ac-
celerated by the same amount, as it is passed by
a particular nucleon in the nucleus. It is certainly
more plausible to suppose, as in our electrody-
namics examples, that different parts are accel-
erated by larger or smaller amounts —perhaps
only one small constituent is accelerated.

In this case, that small constituent could be ac-
celerated more than in the simple version. How-

ever, if it contains a finite fraction of the mass of
the hadron, it will not begin moving fast e, nough to
stay with the nucleus, but will have a finite Lo-
rentz factor with respect to the final excited had-
ron rest frame. At infinite energy, the nucleus be-
comes infinitely thin in the initial ox final hadron
frames, or, equally, in the frame of the hypothe-
sized accelerated constituent. Therefore there is
no time in any of these frames for changes in in-

potential of the external source, and x, (x ) is the
position of the positive (negative) scalar particle.
Clearly, the more widely they separate, the
stronger the interaction.

In perfect agreement with the results for Example
1, we have found that the strength of secondary
interactions of the excited neutral system depends
on how much rest frame time has passed. This is
no accident because the QED problem we have
treated has no intrinsic length scale, except the
very short photon wavelength. For macroscopic
distances the result must agree with classical
physics, the content of which is seen in Example 1.
Since there is no length scale, the result must hold
even for submacroscopic distances, and it does
(the macroscopic phenomenon, of gradually in-
creasing ionization by an initially invisible high-
energy electron pair, is known as the Chudakov ef-
fect).

After these definite, but restricted examples, let
us turn to a more qualitative argument. Since the
nucleus receives such small momentum transfer
in coherent production, it is reasonable to consider
it as a static absorptive potential acting on the
incident hadron. If we view this potential in the
rest frame of the projectile, the "static" nucleus
is seen as a spheroid moving near the speed of
light, Lorentz contracted in its direction of mo-
tion. During collision, the whole flattened nucleus
passes quickly through any point in the hadron in
a time
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teraction strength to occur. At finite energies, the
single accelerated component could have substan-
tially more time than estimated in the text to
change its interaction strength. However, if the
QED example is any guide, it is not the accelera-
tion, but the previous virtual momentum of the
component, which decides its motion after the ini-
tial collision. Qnly in a small fraction of cases
will the virtual momentum be so nicely aligned
with the nuclear direction as to make the compo-

nent "stick" with the nucleus. Thus, the production
mechanism would have to be very special in order
to give appreciable violations of Eq. (8).

Finally, we may argue ex post facto that, if ab-
sorption of final and initial hadron states is the
same, then the production process is plausibly
interpreted as a rearrangement of definite con-
stituents. This case is so similar to that of the
atom discussed earlier that "atomomorphic" argu-
ments are very likely right.
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