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Complete momentum balance in ionization of H, by 75-keV-proton impact
for varying projectile coherence
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We report on a kinematically complete experiment on ionization of H, by proton impact. While a significant
impact of the projectile coherence properties on the scattering-angle dependence of double-differential cross
sections (DDCSs), reported earlier, is confirmed by the present data, only weak coherence effects are found
in the electron and recoil-ion momentum dependence of the DDCSs. This suggests that the phase angle in the
interference term is determined primarily by the projectile momentum transfer rather than by the recoil-ion
momentum. We therefore cannot rule out the possibility that the interference observed in our data is not primarily

due to a two-center effect.
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I. INTRODUCTION

The dynamics of atomic fragmentation processes has been
studied extensively in order to advance our understanding of
the fundamental few-body problem, e.g., [1,2]. Measurements
of fully differential cross sections (FDCSs) for ionization of
simple target atoms or molecules by charged-particle impact
have proven to be particularly important as they offer the
most sensitive test of theoretical models, e.g., [1-13]. For
electron impact, these studies have significantly deepened
our insight into the reaction dynamics, which can be quite
complex even for simple systems containing only three or four
particles. Several sophisticated models have been developed
and over the last decade significantly improved agreement
with experimental data was achieved e.g., [1,8,14], even close
to threshold, which was considered to be a particularly difficult
regime.

For ion-impact FDCS measurements are much more chal-
lenging due to the larger projectile mass compared to electrons.
As aresult, the literature on such experiments e.g., [2,9—-13], is
not as extensive yet. Nevertheless, these studies provided some
important new insights complementary to those obtained from
electron-impact studies. In particular, a surprisingly strong role
played by the nucleus-nucleus (NN) interaction was uncovered
e.g., [2,9,15]. However, the agreement with theory was much
less satisfactory than for electron impact e.g., [16-19]. It
was particularly sobering that significant discrepancies were
found even for collision systems with very small perturbation
parameter 7 (the projectile charge-to-speed ratio) [2]. In this
regime it was previously taken for granted that even the
first Born approximation (FBA) would provide an adequate
description of the reaction dynamics. But even state-of-the-art
calculations, which diligently account for the NN interaction,
did not reproduce the measured FDCSs e.g., [16-19] and it
was difficult to see where these sophisticated models could go
so severely wrong.

After a decade of vivid debates we presented an experimen-
tal study which suggests that this puzzle may be resolvable
by properly accounting for the coherence properties of the
projectile beam realized in the experiment [20]. Double-
differential cross sections (DDCSs) for ionization of H, by
proton impact were measured for fixed projectile energy loss
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¢ as a function of scattering angle 6. In the experiment
the transverse projectile coherence length Ar was changed
by placing a collimating slit of fixed width at a variable
distance before the target. Since the beam was incoherent
without the slit, the transverse coherence length was given by
Ar = (L/2a)) [21], where a and L are the width of the slit and
its distance to the target, respectively, and X is the de Broglie
wavelength of the projectiles. The factor 1/2 in the relation
for Ar occurs when the deflected projectiles are analyzed
in only one direction [21] (the horizontal direction in our
case). The experiment was performed for two different L, one
corresponding to Ar > D, resulting in a coherent beam, and
the other to Ar < D, resulting in an incoherent beam, where
D is the internuclear distance of the molecule. In the former
case an interference structure was observed, which was absent
in the latter case. The same feature was later also observed in
the capture channel for the same collision system [22]. The
same basic idea of studying such coherence effects was also
used in [21], where diffraction of very slow meta-stable Ar
atoms from a periodic potential was investigated. However,
there Ar was varied by changing a rather than L.

In [20] we further argued that for atomic targets interference
between first- and higher-order amplitudes can be present, but
that here too, they would be observable only for a coherent
projectile beam. Indeed, such interference effects were found
in theoretical calculations [23,24]. Since the coherence length
of the massive and very fast projectile in [2] was tiny compared
to the target size, this could explain the puzzling discrepancies
between theory and experiment. Experimental support for this
interpretation was indeed obtained [25,26].

In a recent paper Feagin and Hargreaves acknowledged
that our data of [20] demonstrate a projectile coherence effect;
however, they argued that this should not be viewed as wave
packet (de)coherence [27]. Without making any implications
about the validity of this statement, we note that in [21] the
same effect as observed in our data was actually interpreted as
a wave packet (de)coherence effect. Feagin and Hargreaves,
on the other hand, asserted that the different DDCSs measured
for different collimating slit distances could be reconciled by
averaging the cross sections for a fully coherent beam over
the angular range subtended by the collimating slit at the
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target. They further argued that if the momentum vectors of all
three collision fragments were measured the scattering angle
could be determined from the direct projectile-momentum
measurement and from the sum momentum of the electron
and the recoil ion. By selecting only events for which both
angles are the same (within a small margin) the effective local
collimation angle that the slit subtends at the target location
should then be significantly decreased, and the differences in
the DDCSs measured for a large and a small slit distance
should be eliminated or at least strongly reduced.

In this article we report a study of ionization of H;
by 75-keV-proton impact in which all three momentum
components of the scattered projectiles and of the recoiling
target ions were measured. Although the ejected electron
momentum was not directly measured, the kinematics was
nevertheless overdetermined since out of the nine final-state
momentum components only five are independent due to the
kinematic conservation laws. We therefore not only obtained
the complete electron momentum vector, but were also able
to determine 6 from the direct projectile measurement and
independently from the momenta of the target fragments,
as suggested in [27]. From the data we draw two important
conclusions: (a) The phase angle in the interference term
does not seem to be primarily determined by the recoil-ion
momentum, as assumed previously, but rather by the projectile
momentum transfer. (b) At least part of the analysis by Feagin
and Hargreaves of the role of projectile coherence is not
supported by our data. However, the data do not provide
evidence that their assertion, that any coherence effect should
not be interpreted as wave packet (de)coherence, is incorrect
and throughout this article we do not use any vocabulary
relating to coherence in the context of wave packets.

II. EXPERIMENT

The experiment was performed at Missouri University of
Science and Technology. A proton beam was generated with
a hot-cathode ion source and extracted through an anode
aperture with a diameter of 0.5 mm. The beam was focused by
an electrostatic lens, collimated by a second aperture 1.5 mm
in diameter and located about 45 cm from the lens, and
accelerated to 75 keV. The proton beam was then further
collimated in the x direction with a vertical slit of width
150 pum located approximately 150 cm from the aperture
and placed at a variable distance from the target. A second
slit, oriented horizontally, used to collimate the beam in the
y direction (also with a width of 150 um), was kept at a
fixed distance from the target (a few millimeters from the
large-distance location of the x slit). In the target chamber the
projectile beam intersected with a cold (7' < 2 K) neutral H,
beam. The projectiles which were not charge exchanged in
the collision were selected by a switching magnet, decelerated
to an energy of 5 keV, energy analyzed using an electrostatic
parallel-plate analyzer [28] with an energy resolution of 3 eV
full width at half maximum (FWHM), and detected by a
two-dimensional position sensitive multichannel-plate (MCP)
detector. The entrance and exit slits of the analyzer are narrow
(75 pum) in the y (vertical) direction, but long (2.5 cm) in
the x (horizontal) direction. Therefore, the y component of the
momentum transfer q from the projectile to the target was fixed
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at 0 (within the experimental resolution) and the projectile
position spectrum provided g, and thereby the projectile
scattering angle 6. The z component (defined by the initial
projectile beam direction) is given by the projectile energy loss
€ as g; = &/v,. The resolution in the x, y, and z components
of q was 0.32, 0.2, and 0.07 a.u. FWHM, respectively.

The recoiling Hy™ ions produced in the collision were
extracted by a weak electric field (8 V/cm) pointing in the
x direction and momentum analyzed by a cold-target recoil-
ion-momentum spectrometer (COLTRIMS) (for a detailed
description see [29]). The momentum resolution in the x,
y, and z directions was 0.15, 0.6, and 0.15 a.u. FWHM,
respectively. Since the resolution in the y direction is mainly
due to the target temperature it provides an estimate of the
initial target momentum, which is negligible compared to the
projectile momentum. The projectile and recoil-ion detectors
were set in coincidence and the data recorded in event-by-event
list mode. The electron momentum was deduced in the data
analysis from momentum conservation. The electron energy
spectrum, calculated from the electron momentum, reveals a
pronounced maximum with a centroid which agrees within
0.5 eV with e—1, where [ is the ionization potential of H,.
A condition on this peak in the energy spectrum was used to
further clean the data from any background which may have
survived the coincidence-time condition.

The experiment was done for two different slit distances
L = 50 and 6.5 cm. The larger distance corresponds to a
transverse coherence length of 3.3 a.u. For the smaller value
the relation between Ar and the slit geometry would suggest
a coherence length of 0.43 a.u. However, it should be noted
that the collimating slit can only increase but not decrease
Ar, an important point which we neglected in [20]. The
collimating aperture after the source results in Ar < 1 a.u.
with the collimation slit taken out, which we take as the
transverse coherence length at the target location for the
slit position closer to the target. For the larger L value
Ar > D, making the beam coherent over the dimension of
the molecule (D = 1.4 a.u.), while for the smaller L value
Ar < D, corresponding to an incoherent beam. With a smaller
extraction voltage on the ion source we have achieved a
projectile energy resolution of less than 1 eV FWHM, which
provides an upper limit of the intrinsic energy spread A E. This
yields a lower limit for the longitudinal coherence length Az ~
(2QAp,)~! = v/2AE = 24 a.u,, so that longitudinal coherence
is realized independently of the slit distance.

III. RESULTS AND DISCUSSION

In Fig. 1 the DDCSs for ¢ = 30 eV are plotted as a
function of 8. Here and in all following spectra closed circles
represent data taken for large L and open circles data taken
for small L. There are some differences from the data of [20]
at 6 > 0.8 mrad due to the energy condition, mentioned in
the Experimental section, which in the present data removed
any background at large angles which may have survived the
coincidence condition and which could not be applied in Ref.
[20]. In this sense the present experiment, being kinematically
complete, can be regarded as “cleaner.” This background does
not play any role at all at smaller angles, where the cross section
is much larger. It should also be noted that the absolute overall
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FIG. 1. DDCSs for a fixed energy loss of 30 eV as a function
of the projectile scattering angle 6. The closed and open data points
were taken for the large and small slit distances, respectively.

magnitude differs by about 50% because the DDCSs of [20]
were normalized to do/d E,; obtained from a semiempirical
formula by Rudd et al. [30], while the present DDCSs were
normalized following the procedure of Alexander et al. [31].
Apart from these two differences, the present results are
consistent with those reported in [20], i.e., once again we
observe significant differences between the DDCSs for a
coherent (DDCS,,p,) and an incoherent (DDCS;;,.) projectile
beam.

Before we analyze the projectile-differential data in more
detail we first turn to the recoil-ion and electron momentum
spectra. In Fig. 2 the DDCSs for ¢ = 30 eV are shown
as a function of the x components (i.e., the components in
the direction of the transverse momentum transfer) of the
recoil-ion momentum py, (top panel) and of the electron
momentum pe, (bottom panel). In Fig. 3 we present the
DDCSs as a function of the y component of the electron
momentum pej,, which (since g, = 0) has the same shape
as the pr., dependence. Finally, in Fig. 4 the corresponding
spectra are plotted for the z components of the recoil-ion and
electron momenta.

All electron momentum components (and precy = — Pely)
are restricted by the fixed ejected electron energy of 14.6 eV
to the range —1.04 to +1.04 a.u. This also restricts the
kinematically allowed range for the z component of the recoil-
ion momentum, given by prec; = q; — Pelz; = €/Vp — Pelz, 1O
—0.4 to 1.7 au. In all momentum spectra essentially no
counts were observed outside these kinematically allowed
regions, except for small contributions due to and within the
experimental resolution. Furthermore, the spectrum for pey,
is symmetric about 0, which is a symmetry required by the
fact that neither q nor v, has a nonzero y component. These
features observed in the data illustrate that the conditions on
the coincidence-time peak, on the electron energy calculated
from their momentum components, and on the projectile
and recoil-ion position spectra removed essentially all of the
background from the data.
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FIG. 2. DDCSs for a fixed energy loss of 30 eV as a function
of the x component of the recoil-ion (top) and electron (bottom)
momentum. The closed and open data points were taken for the large
and small slit distances, respectively.
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FIG. 3. DDCSs for a fixed energy loss of 30 eV as a function of
the y component of the electron. The closed and open data points
were taken for the large and small slit distances, respectively.
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FIG. 4. DDCS for a fixed energy loss of 30 eV as a function of the
z component of the recoil-ion (top) and electron (bottom) momentum.
The closed and open data points were taken for the large and small
slit distances, respectively.

For both the electrons and the recoil ions, the coherent
and incoherent momentum spectra for the x component look
very similar. However, a closer inspection shows that for the
electrons the coherent cross sections are systematically larger
for per < 0 and smaller for pe, > 0.5 than the incoherent
cross sections. Likewise, for the recoil ions the coherent data lie
systematically above the incoherent data for | prec,| > 0.5 a.u.
and below the incoherent data for | prec,| < 0.5 a.u. However,
in both cases the differences between DDCS_.;, and DDCS;,,c
are much smaller than in the 8-dependent cross sections.

As outlined in [20] the ratio R between DDCS.,, and
DDCS;,. represents the interference term, which is plotted
as a function of pe), (open squares) and py., (closed squares)
in Fig. 5. As seen already in the comparison between DDCS,,
and DDCS;j,. there is only a small departure from R=1.
In the corresponding ratios for the DDCSs as a function
of the y and z components of the electron and recoil-ion
momenta no statistically significant differences from R =1
were observed at all. On the other hand if R is analyzed
as a function of the sum momentum pej; + Precy, 1.€., @S a
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FIG. 5. Ratio between the DDCSs of Fig. 2 for large and small
slit distances for the electrons (open symbols) and recoil ions (closed
symbols).

function of ¢g,, then a pronounced interference structure is
observed, as we reported already in [20]. In Fig. 6 this ratio
is plotted (closed squares) as a function of 8 = sin~!(g,/ po),
where py is the initial projectile momentum. The structure
is somewhat damped compared to the data of reference [20],
which might be due to different focusing properties of the
beam in the two experiments. The coherence properties of
the beam without the collimating slit can be affected by the
focus. Since, as mentioned above, the collimating slit cannot
reduce Ar, in the present experiment Ar for the small L may
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FIG. 6. Ratio between the DDCSs for large and small slit
distances as a function of scattering angle (closed symbols). The inset
shows DDCSs as a function of the difference between the scattering
angles measured directly and determined from the momenta of the
target fragments. The open symbols show the ratio with the additional
condition |A#| < 0.15 mrad (see text). The solid line shows the
interference term of the form 1 + cos(g, Ab) with Ab = 2 a.u.
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have been slightly larger than in the original experiment. This
would be expected to dampen the interference structure in
R, as we observe in Fig. 6. However, it should be noted that
for both experiments the focus was not changed between the
large- and small-slit distance measurements. Apart from these
quantitative differences, the qualitative 6 dependence of R
reported in [20] is reproduced.

The phase angle in the molecular two-center interference
term is believed to be determined by pr - D e.g., [32,33].
The observation that the interference structure is rather weak
as a function of both pr, and p., but quite pronounced
in the g, dependence suggests that in the present data the
phase angle may actually be mostly determined by q rather
than by prec. This, in turn, could be an indication that the
structures we observe in R(0) are not primarily due to this
type of interference. Another possible explanation for these
structures is interference between first-and higher-order ion-
ization amplitudes, which we dub single-center interference.
Indeed, as mentioned above, such interference effects have
been predicted theoretically e.g., [23,24], and fully differential
data for single ionization [25] and transfer ionization [26] for
collision systems with atomic targets were interpreted along
this line.

Unfortunately, we are not aware of any theoretical analysis
providing an expression for the phase angle o leading to
single-center interference. We therefore try to estimate o
using a simplified semiclassical model. Suppose that b; and
b, are the average impact parameters leading to the same
projectile scattering angle 6 by the first- and higher-order
processes, respectively. The classical projectile trajectories
are then separated by Ab = [b; —b,|. For a given 6 the
corresponding diffracted projectile waves reach the detector
with a path difference of d = Absin6, which results in o =
Qm/ )d = 2r/A)Absind = g, Ab, where g, is the transverse
component of q. The interference term is then given by
1 + cos(g; Ab). Of course, without a rigorous treatment of the
ionization process Ab cannot be determined. However, b; and
b, are surely of the order of the atomic target size so that a
reasonable estimate for Ab (which can be anywhere between
|bi| — |bz] and |by| + |b3|) is a few a.u. The solid curve in
Fig. 6 shows a best fit of the interference term to the measured
R(6), which yields Ab =2 a.u.

This discussion of a potentially important role of single-
center interference should not be viewed as a firm conclusion,
but rather as one possible explanation of the data which
we believe is worth pursuing. However, there are alternative
interpretations which should also be investigated. For example,
we cannot rule out the possibility that even in two-center
molecular interference « is primarily determined by q since we
are not aware of any indisputable experimental evidence to the
contrary. A fully differential study of this type of interference
was performed for capture in Hyt+He collisions [34] and
there the data were consistent with a phase angle given by
Prec - D + . However, kinematically this reaction represents
a two-body scattering process so that p.. = q. On the other
hand, fully differential data for ionization of H, by electron
impact could not be fully explained with the assumption that o
is primarily determined by pyec [35,36]. It is thus not clear yet
whether the present data are mostly due to one- or two-center
interference (or a combination of both).
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Finally, we address the suggestion of Feagin and Hargreaves
to plot R(9) with the additional condition that 6 directly
measured and determined from the momenta of the target frag-
ments must agree within a small margin. Although the electron
momentum was not directly measured in our experiment,
we can nevertheless obtain pe), completely independently of
g, because measuring a total of six momentum components
makes the data kinematically overdetermined. Applying mo-
mentum conservation, we obtain p.j, and p, from the directly
measured g, ; and pr, .. Using energy conservation, pei,

is then given by perx = v(2Eer — pl, — p3.). where Eq is
e—1. Along with the directly measured pr, this provides
a second independent method of obtaining the transverse
momentum transfer, which we label g, to distinguish it
from the directly measured ¢,. Finally, we compute A =
sin~'(g../po) — sin~'(gx/ po), whichis plotted for the coherent
(closed symbols) and incoherent (open symbols) data in
the inset of Fig. 6. With infinitely good overall resolution
(including the angular spread of the incident projectile beam)
this spectrum should be a § function at 0. The actual spectrum
is a perfectly symmetric distribution centered at A9 = 0 within
10 prad, illustrating a high accuracy in the calibration of the
measured momentum components. Using error propagation on
the momentum resolutions stated in the experimental section
the resolution in A8 should be 0.27 mrad FWHM, which is
in very good accord with the width of the actual spectrum of
0.28 mrad FWHM.

The resolution in A6 does not differ noticeably for the
coherent and incoherent beams. This is a first indication that
the prediction of Feagin and Hargreaves is not supported
by our results. This is confirmed by R(0) generated with
the condition |Af| < 0.15 mrad, which is plotted as open
squares in Fig. 3. These data agree very well with R(6)
without that condition, with the possible exception of the
region of large 6. However, considering the large error
bars of the data with the condition in this region it is not
clear whether these differences are statistically significant.
Overall, the structure in R(0) is not substantially weakened
by the condition on A@, contrary to the prediction of Feagin
and Hargreaves [27]. We do not believe that this result
entirely invalidates their analysis, which we regard as a
valuable contribution. In particular, we do not discard yet
their conclusion that the coherence effects observed in our
data are not to be interpreted as wave packet (de)coherence.
Further studies are called for to address this important point.
However, our results do show that the differences in the
cross sections measured with a coherent and an incoherent
beam cannot be simply explained by experimental resolution
effects.

IV. CONCLUSIONS

In summary, we have confirmed a pronounced projectile
coherence effect in the scattering angle dependence of DDCSs
for ionization of H, by proton impact. Surprisingly, in the
recoil-ion momentum (and electron momentum) dependence
the coherence effect is significantly weaker. This is an
indication that the phase angle in the interference term is
primarily determined by q rather than by pe.. The reason for
this unexpected result is presently not clear. Here, we offered
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two different explanations: first, the previous assumption
that the phase factor in molecular two-center interference is
determined by pr.. may be incorrect and second, the structures
seen in our data may be due to a different type of interference,
such as, e.g., interference between first- and higher-order
scattering amplitudes.

We also tested the prediction by Feagin and Hargreaves
that the differences between the cross sections measured
for a coherent and an incoherent beam will disappear if
a condition is applied that the scattering angles directly
measured from the projectile and determined from the electron
and recoil-ion momenta agree with each other within a small
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margin. Our results do not support this prediction. Rather, we
find that the ratio between the cross sections for a coherent
and an incoherent beam are hardly affected at all by this
condition. Therefore, further analysis is called for to reconcile
the theoretical work of Feagin and Hargreaves with our
experimental results.
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