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Abstract: In the study of collision processes, a series of conditions is usually assumed. One of
them is that the beam of projectiles is coherent in lengths greater than those of the targets against
which it strikes. However, recent experimental results and theoretical analyzes have shown that this
assumption can not only fail, but that it is possible to manipulate the coherence length experimentally
to go from a coherent situation to an incoherent one. The most conspicuous and studied manifestation
of such loss of coherence is the disappearance of interference effects. However, in the present work we
show that a strong decrease can also occur in the magnitude of the cross section, not only differential
but also total, due to an atomic concealment effect.
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1. Introduction

For more than a century, since the first measurements made by Rutherford’s team
in Manchester (see e.g., [1]), most of all studies carried out on collision processes in their
different variants, nuclear, atomic, molecular and optical, have assumed a strong indepen-
dence from the context established by the experimental setup. For example, although that
first modern collision experiment [1] consisted of the scattering of alpha particles by gold
foil, the velocity of the projectiles was fast enough that the probability of a double collision
could be assumed to be negligible.

In the same way, since the distance between the source of projectiles and the target
and the width of the collimators are of macroscopic size, it was assumed, and even demon-
strated (e.g., [2]), that though the system is in a mixed state, it is possible to describe each
individual collision in terms of wave functions rather than quantum density operators.
This is, in fact, the basis of the stationary scattering theory [2].

However, recent experiments and subsequent theoretical analyzes (see e.g., [3,4], re-
spectively, and references therein) have challenged these basic assumptions. In particular,
the importance of the concept of quantum coherence has been highlighted. Furthermore, it
was shown that it can be modified by changing the experimental setup. This loss of coher-
ence is manifested mainly in a disappearance of interference spectra and other associated
quantum effects.

The purpose of this work is to show that there is an additional effect, unrelated to the
previous ones, that can affect even the total cross sections, and that due to its important
magnitude, should be easily observable both experimentally and theoretically.

In the next section we review some basic concepts of the definition of cross section
and its assumptions, such as the single scattering condition, which is discussed in Section 3.
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In Section 4 we analyze the usual foundations of the Stationary Scattering Theory, and
in Section 5 we show their failures. In Section 6 we show how a loss of coherence of the
incident beam can lead to a fading of interference effects. Finally, in Section 7 we introduce
the concept of atomic concealment and its influence on the magnitude of differential and
total cross sections.

2. Definition of the Cross Section

Scattering theory, which is used as a standard to study all kinds of collision processes,
incorporates a series of assumptions that are taken for granted. We see this from the very
beginning in the definition of the concept of cross section.

When we consider a flow | of projectiles that impinges on a target formed by N
particles (e.g., nuclei, atoms, molecules); the number I of events detected per unit time is
not adequate to describe the collision process itself, since being proportional to | and N, it
depends on the specific characteristics of the experiment. For this reason, the cross-section
is defined as:

oc=I/]N, (1)

which is clearly independent of the incident beam flux and the number of particles on the
target [5] (p. 110).

It is important to note that in the above equation both ¢ and I can refer to multichannel
collision processes of different complexity, such as excitation, charge exchange, ionization,
fragmentation, fission, etc. In order not to complicate the notation, the dependence on
the corresponding variables, whether discrete or continuous, have not been explicitly
incorporated.

3. Single Scattering Condition

Coming back to Equation (1), for this definition of a cross section to be valid, the
single scattering condition (SSC) must be met. It assumes that the collisions between the
particles in the incoming beam and the target occur one by one, individually, and that the
probability that a projectile hit more than a target particle is insignificant. If this condition
is not fulfilled, the assumed linearity of I with | and N would no longer be valid and this
would produce a modification in the cross section, not only in shape, but also in magnitude.

Obviously, this condition is not generally verified in collisions with solid targets or
surfaces (with exceptions as e.g., [1]), but it certainly is valid in the case of sufficiently
dilute gases.

4. Stationary Scattering Theory

The other two basic assumptions of the scattering theory are somewhat more subtle,
but of enormous importance. Perhaps, their origin can be traced to the standard reference
textbook by Leonard Schiff [5], where he indicates that “the bombarding particles [ ... ]
are collimated by diaphragms [ ... ]. Such a collimated beam is not an infinite plane
wave [ ... ]. [However] at the point of observation, P, only [a] term is present, and it is
essentially the same as that which appears [ ... by] the idealization implicit in assuming
an infinite plane wave [ ... ]” [5].

As a reviewer of the book wrote in 1950, this idea, as others in the book, was not new
and could not be attributed to Schiff himself [6]. Perhaps it is not so well-known that this
argument can be traced back to a famous discussion between de Broglie and Pauli that
occurred at the fifth Solvay Conference in Brussels, during which de Broglie said that “One
can speak of thebeam [ ... Jonlyif[ ... ] the incident wave is laterally limited, because
otherwise [the scattered wave] would be bathed in the incident wave. [ ... ] One must
assume the wave 1 to be limited laterally in configuration space” [7].

We still use this infinite plane wave model. In our calculations we might take care of
the correct boundary conditions and other similar subtleties, but without questioning that
fundamental and basic assumption.
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As far as we know, the validity of this ansatz was investigated for the first time by
Wichmann in 1965 [8]. Notably, this article remains little known, having been cited very
few times in more than fifty years. However, his analysis was picked up without citation
in some few textbooks (e.g., [9]), more notably by John Robert Taylor in 1972 [2].

It is not our intention to review this demonstration in all details. Let us just say that
Wichmann and Taylor’s demonstrations are based on two basic assumptions. One is that
the aperture D of the collimator is macroscopic and, therefore, much larger than any other
length a associated to the scattering event,

D >a. )

This same argument might be applied to the distance L, travelled by the projectiles
before hitting the target; namely,
L >a. @)

These two assumptions are of the uttermost importance, since by the so-called asymp-
totic condition and the use of Moller operators, the description of the scattering process
becomes stationary [2], endorsing the standard stationary approach with plane waves.

5. Validity of the Stationary Scattering Theory

The validity of the Stationary Scattering Theory, rooted in assumptions (2) and (3), has
been recently challenged by a series of experiments (see, e.g., [3] and references therein),
where the length L between the collimator and the target and/or the aperture D of the
collimator are modified. It is important to point out that these techniques should not
be mistakenly understood as a deliberate worsening of the experimental uncertainties.
Instead of being related to the detection stage, they represent a controlled preparation of
the initial set-up.

In view of these experimental results, we have recently been critically reviewing [10-12]
the demonstrations by Wichmann [8] and Taylor [2], by representing the projectiles beam as
an incoherent mixture of wave packets of linear momentum p (i.e., de Broglie wavelength,
A = 2mth/p), which differ in their impact parameter. These impact parameters are limited
to certain region of width D. This starting point implies the incorporation of classical and
quantum statistics within a density operator formalism. The main result of this analysis is
given by the so-called coherence length:

¢ = AL/7D, 4)

which is a quantum-mechanical equivalent to what is known in Optics as the van Cittert—
Zernike [13,14] theorem. Now, the condition for the validity of the “idealization implicit in
assuming an infinite plane wave” reads [11,12]:

> a. @)

Thus, the macroscopic lengths L and D are intertwined in such a way that they cannot
be compared solely with the atomic size length a, as Wichmann and Taylor did. In fact,
both L and D can be (and are) macroscopic, and still not verify the previous condition (5).

6. Coherence Length and Interference

The result expressed in Equation (5) has relevant consequences insofar as, even when
the lengths L and D are macroscopic, it may happen that the coherence length ¢ is not much
greater than characteristic lengths a such as, for example, the nuclear radius, the atomic
radius or the internuclear distances in a molecule, depending on the collision process
under study. If so, the basic assumption that justifies the validity of the stationary collision
theory is no longer legitimate, and this may lead to the appearance (or disappearance) of
observable effects.
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It should be noted that, although a generalization of the collision theory that is valid for
coherence lengths ¢ of the order or less than the characteristic distance a is not yet available,
the various approaches attempted to date have shown that an effective understanding of
the effects that usually occur in such circumstances is possible, achieving a good agreement
with the available experiments [3,4].

Let us discuss these effects by means of a quite simple model, usually employed with
great success in the description of collision processes with molecular targets. In the frame-
work of a linear combination of atomic orbitals (LCAQO) approach, we can approximate the
transition matrix element as a sum of partial amplitudes A; corresponding to each of the n
atoms in the molecule:

o=

2

n

=Y AP+ Y AA7 (6)
i=1 i#]

n
LA
i=1

Naturally, this model has serious limitations, one of them being the description of
conjugated systems. However, it represents a good case study for the present discussion,
and only in that sense are we using it here.

One of the most notable effects of this result is that, given the appropriate conditions,
that is, if the de Broglie wavelength of the incoming beam is comparable with the internu-
clear distances in the molecule, then an interference pattern will emerge as the result of the
crossed terms of the previous development.

However, if £ is smaller than these distances, then the projectile beam will not coher-
ently illuminate the whole molecule. Only the first summation of Equation (6) remains,
and the interference pattern disappears.

This effect can be clearly seen in the following figure, where the cross section for the
ionization of hydrogen molecules by the impact of 75 keV protons doubly differential in the
scattering angle 0 and the energy loss ¢ of the projectiles, shows an interference pattern for
L = 50 cm, which disappears for L = 6.5 cm. In both cases, D = 0.15 mm and ¢ = 30 eV.

This transition from a completely coherent situation to an incoherent one is observed
both in the experimental [15] and theoretical [10] results. For the calculation, we employed
the molecular version of the three-body distorted-wave—eikonal initial-state (M3DW-EIS)
approach developed by Chowdhury et al. [16]. A full and comprehensive description of this
model can be found in the aforementioned article, where it is shown to correctly account for
the two-center effects inherent to the collision of a 75 keV proton with a H, molecule. For
the description of the effects produced by the coherence length ¢, we employed the angle
convolution described in Ref. [10]. We refer the reader to this article for further details of
how this technique allows for the incorporation of the coherence effects in the description
of the scattering process.

The explanation for the effect shown in Figure 1 lies in the very definition of the
coherence length, Equation (5), which changes from £ ~ 110 A to £ ~ 15 A for L = 50 cm
and L = 6.5 cm, respectively. In the first case, the coherence length is larger than the
internuclear distance, a = 74 A, and the whole molecule is coherently illuminated, while
in the second it is not.
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Figure 1. Doubly differential cross section for the ionization of Hy by the impact of 75 keV protons
as a function of the scattering angle 6§ and the energy loss ¢ of the projectiles. The energy loss is
30 eV. The experimental (circles) [15] and theoretical (dashed lines) [10] results are compared, for
L =6.5 cm (green) and 50 cm (red). In both cases, D = 0.15 mm. The solid green line incorporates the
atomic concealment effect into the theoretical result (dashed green line) for L = 6.5 cm, as described
in Section 7.

7. Atomic Concealment

In Figure 1 the presence of another effect produced by the loss of coherence of the
incident beam should be evident. In fact, we see that the calculation for L = 6.5 cm is
overestimating the experimental results by a factor two. In this article we propose that this
result is due to an effect that had not been properly explained until now.

Returning to the pilot LCAO model characterized by Equation (6), we can infer that
when a projectile collides with one of the atoms of the molecule, it does so with that atom
and nothing else. In other words, it cannot collide with any of the others. It would be like
illuminating a series of objects with a flashlight. If its angular aperture is large enough, then
we will see all objects simultaneously. But if that aperture is less than the distance between
the objects, we will only be able to see one of them at a time, with the rest remaining hidden
in the shadows.

The same is happening in this situation, and therefore the sum of Equation (6) must
be replaced by an average, namely:

R ST
ox Y|l )
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Thus, we see that in Figure 1, the theoretical calculation represented by the dashed
line for the incoherent case must be divided by a factor n = 2 as shown with the full (green)
line, achieving a perfect fit with the experimental results.

If we compare this result with the single scattering condition described in Section 3,
we see that the physics of the problem is similar. In the framework of the ion-molecule
collision that we are analyzing as a pilot case, as well as in the framework of the SSC
where each projectile can collide with one and only one molecule, we now incorporate the
condition that, if the coherence length is small enough, it can only collide with one, and
only one, of the atoms of each molecule.

This result implies that the loss of coherence can affect not only differential cross
sections, but also the total ones. In fact, integrating the dashed lines in Figure 2 as a
function of the angle 6, we obtain the same cross section:

d?o/de = 4.0 x 10714 cm?/eV, (8)

for L = 50 cmand L = 6.5 cm. But now, the incorporation of the atomic concealment
effect reduces this latter cross section by a factor of 2 for L = 6.5 cm, i.e.,

d?0/de = 2.0 x 10~ cm?/eV. 9)

-
-
-

-
- -
- -
. - o

0.0 0.2 0.4 0.6
6 (mrad)

Figure 2. Doubly differential cross section for the ionization of Hj by the impact of 75 keV protons as
a function of the scattering angle 6 and the energy loss ¢ of the projectiles. The energy loss is 30 eV.
The theoretical [10] results are compared, for L = 50 cm (dashed red line) and 6.5 cm, with (solid green
line) and without (dashed green line) the atomic concealment effect. In both cases, D = 0.15 mm.
Note that the logarithmic scale of the vertical axis in Figure 1 has been changed to a linear one.
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8. Conclusions

In this work we showed that, in addition to the disappearance of the interference
spectra, the loss of spatial coherence of the incident beam in any given collision process,
also produces a significant change in the magnitude of the cross section.

The second aspect that we must emphasize is that conditions (2) and (3) can no longer
be considered as sufficient for the validity of the usual theory of stationary collisions. There-
fore, it would be necessary to verify in the theoretical developments of collision processes if
the condition (4) involving the length of coherence is fulfilled, in order to be able to ensure
whether or not the said theory applies to the experimental set-up being considered.

Despite the efforts made by different authors [4,10,17-19] in recent years, there is
still no generalization of the stationary collision theory that is valid for every value of
the coherence length. Thus, we can only describe what happens at the limits when £ is
much greater or much less than 4, as shown in Equations (6) and (7), respectively. For
intermediate situations, we can only infer that as ¢ decreases, the magnitude of the cross
section will decrease with a multiplicative factor that will vary from 1to 1 / n.

This shows that it is essential to develop such a generalization of the standard theory
to be able to achieve a complete understanding of collision processes in all the variety of
conditions that can occur.

Finally, it is important to point out that, despite an exhaustive search in the existing
literature, it was not possible to find other ion-molecules experiments like the one analyzed
here. Future new experiments with variable coherence lengths would be much welcomed
to validate or question the conclusions made in this article.
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