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Relative cross sections for the 4 MeV H++D2 �1�g
+�→H++D2

+�1s��+e− ionization process were measured
as a function of the molecular alignment during the interaction. The angle between the molecular axis and the
projectile was obtained by using a momentum imagining technique and isolating the events in which the
D2

+�1s�� ions are excited to the vibrational continuum and subsequently dissociate. While anisotropic cross
sections have been observed in the past for a number of collision processes involving both target electrons, the
one electron process investigated here is isotropic within our experimental uncertainties.
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I. INTRODUCTION

Hydrogen molecules dissociate if both electrons are ex-
cited, if both electrons are ionized, or if one electron is ex-
cited and the other ionized. Specifically, the only non-
dissociative state of H2

+ is the 1s� electronic ground state.
This tendency to dissociate is useful for measurements in-
volving molecular alignment. For most electron- and ion-
impact collisions with hydrogen, the time scale of the in-
duced electronic activity is much shorter than the rotation
time of the molecule, and the axial recoil approximation is
valid �1,2�. Under this approximation, the alignment of the
molecule at the time of the interaction may be deduced from
the alignment of the fragments, which dissociate back-to-
back along the line of the internuclear axis. Researchers have
exploited this fact using a variety of experimental techniques
to study the alignment dependence of collision processes be-
tween hydrogen molecules and electrons �3–6�, heavy ions
�4,7–12�, and photons �13–19�, to cite a small sample of
previous experiments.

For ion impact of hydrogen molecules, a number of pos-
sible mechanisms can result in a differential cross section
that is anisotropic. Dunn proposed general rules for transition
probabilities between pairs of electronic states aligned paral-
lel or perpendicular to each other �20�. These rules depend
upon the symmetry of the initial and final states about the
axis of the momentum transfer. For multiple ionization of
larger diatomic molecules, a statistical energy deposition
model �21,22� has been suggested, which predicts an aniso-
tropic distribution, favoring molecules aligned parallel to the
ion beam direction. This model, however, is unlikely to be
relevant for hydrogen, where a maximum of two electrons
may be removed.

In recent years, a number of experimental studies
�8–10,12,23–26� have examined effects resulting from the
two-center nature of the hydrogen molecule, analogous to
Young’s double slit experiment. These interference effects
may manifest themselves either in the electron emission

from the dissociating molecule or the angular cross section
of the fragments. Besides the fundamental interest in this
example of the wave-like behavior of particles �27,28�, when
induced by ultrafast laser pulses, these interference effects
might be useful as a time-resolved probe of molecular dy-
namics �29–32�.

The investigations of two-center interference effects men-
tioned above either focus on two-electron processes �e.g.,
double ionization, ionization-excitation� that result in mo-
lecular dissociation, or, as in the case of electron spectros-
copy, do not distinguish between dissociative and non-
dissociative final states. For projectile velocities where
ionization is prevalent, these dissociative final states are only
reached a small fraction of the time �33,34�. The most likely
final state is non-dissociative single ionization, in which only
one electron is disturbed by the incident projectile. Com-
pared to collisions that involve both target electrons, these
single ionization collisions are likely to have larger impact
parameters, resulting in correspondingly lower energy elec-
tron emission �12�. These low energy electrons are not well
suited for traditional electron spectroscopy �35�. Further-
more, if the molecular ion does not dissociate, straightfor-
ward measurements of alignment effects using the axial re-
coil approximation are not generally possible. Thus, while
there is now a wealth of data for angular effects in collision
processes involving both electrons of the target hydrogen
molecule, angular effects in the main single ionization pro-
cess are relatively unexplored.

We circumvent these experimental difficulties by exploit-
ing the ground state dissociation �GSD� channel, illustrated
in Fig. 1. In this process, a fast ion induces a Frank-Condon
transition to the vibrational continuum of the H2

+ �or D2
+�

electronic ground state. The H2
+ subsequently dissociates into

a H+ and a H�1s�. The kinetic energy of the GSD fragments
is typically less than 300 meV, �see the inset of Fig. 1� well
separated from the higher energy fragments that occur as the
result of two-electron processes. This energy gap allows the
low energy GSD fragments to be isolated experimentally
�36�. The result is an initial- and final-state specific measure-
ment, isolating a pure one-electron process.

In this article we report the relative probability for single
ionization of hydrogen molecules by fast protons as a func-*Electronic address: wells@augie.edu
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tion of the angle between the incident protons and the inter-
nuclear axis. Experimentally, we measure the three-
dimensional momentum vector of the dissociating GSD
fragments. Since the breakup of the molecule is back-to-
back, the angle with respect to the projectile can be recon-
structed from the fragment momentum. Our results are com-
pared to theoretical models based upon the symmetry of the
initial and final states �20� and two-center interference effects
�10�.

II. EXPERIMENT

The main challenge in this experiment is to measure the
momentum of a low energy fragment with high enough reso-
lution to �a� isolate the low-energy GSD fragments, and �b�
have meaningful angular resolution. Cold target recoil ion
momentum spectroscopy �COLTRIMS� �37,38� is an ideal
method for measuring the momentum of low energy charged
particles resulting from collision processes.

In our experiment �illustrated in Fig. 2�, a 4 MeV beam of
protons, bunched into 1–2 ns pulses for timing purposes,
was accelerated by the tandem Van de Graaff in the J. R.
Macdonald Laboratory. Fast protons were used because their
interaction with the target molecule is weak, producing rela-
tively few ionization-excitation or double ionization events
�34�, which form part of the background for the present ex-
periment. The beam was collimated and directed to a cold
��30±10 K, determined by fitting a Maxwell-Boltzmann
distribution to the D2

+ KER distribution�, localized target of

D2 molecules. The D2 is introduced to the chamber �typical
base pressure of 10−7 Torr� using a single-stage supersonic
jet. The gas is collimated by a skimmer to about 1 mm di-
ameter and is collected after the interaction region in a dif-
ferentially pumped catcher region. D2 is used instead of H2
since H+ from residual water in the experiment chamber
would contaminate the channel of interest. However, ioniza-
tion of water can induce bond rearrangement, producing H2

+

�39�, which has the same mass to charge ratio as D+. The
effect is small but not insignificant. Cold traps filled with
liquid nitrogen are added to the vacuum chamber to further
reduce residual water vapor. The remaining residual gas con-
tributions, mainly the H2

+, are removed by subtracting a prop-
erly normalized background data set obtained with the jet
off.

As shown in Fig. 2, the recoil ions are directed toward a
position sensitive detector �PSD� by a weak electric field
��40 V/cm�. The ions are position and time focused by an
electrostatic lens incorporated into the spectrometer making
the size of the jet-ion beam interaction region insignificant.
The low energy ions ��1 eV� are collected with 4� �solid
angle� efficiency. The ions are detected by a micro-channel
plate �MCP� detector in a z-stack configuration located
860 mm from the target. Timing signals are taken from the
back plate of the MCP. A two-dimensional resistive anode
PSD was employed for decoding the position information.
From the time and position data of each ion the complete
three-dimensional momentum vector of the dissociating ion
is obtained on an event-by-event basis. The angle at the time
of dissociation is then reconstructed from the measured mo-
mentum vectors of each ion,

cos��� =
Pz

�P�
, �1�

where z is the direction of the ion beam, x is directed toward
the detector, y is in the direction of the jet flow, and � is the

FIG. 1. �Color online�. Potential energy curves of D2 and D2
+,

illustrating the ground state dissociation process. Ionization of one
electron results in a vertical transition that predominantly populates
a bound vibrational state of D2

+ �dashed arrow�. The vibrational
distribution is shown in the lower inset at the right. A small fraction
of the time, however, the vertical transition may reach the vibra-
tional continuum �solid arrow� and dissociate. The kinetic energy
release �KER� distribution of these fragments is shown in the upper
inset of the right.

FIG. 2. �Color online� A schematic view of the experimental
setup. The ion beam propagates in the z direction, the jet in the y
direction, and the detector is in the x direction for our lab-frame
coordinate system. The target gas is pre-cooled in a small cell
mounted to a cryo-head and collimated by a single skimmer. A
grounded electroform mesh �not shown� in front of the MCP detec-
tor keeps the drift region nearly field-free. The relatively long spec-
trometer allows the very low energy GSD fragments to spread over
much of the detector surface.
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angle between the molecular axis and the projectile beam.
This calculation assumes an unperturbed two-body breakup,
which is valid for our collision system. The other angle in
spherical coordinates, �, lies in the xy plane around the beam
direction. The events taken into account in the analysis were
limited to those for which 0.15�KER�0.70 eV. The upper
limit was imposed in order to isolate the events due to the
GSD mechanism, while the lower limit was imposed because
the resolution in cos��� becomes poor when KER is small.

III. RESULTS AND DISCUSSION

The main results of our measurement are shown in Figs. 3
and 4. The momentum distributions in the laboratory frame
are shown in Fig. 3. Each panel in the figure shows the
momentum of the D+ fragments projected into each of the
three planes defined by the experiment geometry. Atomic
units are used throughout unless otherwise specified. The
plot of Px vs Py reflects the cylindrical symmetry of the
collision system. Since Px is measured from the time-of-
flight and Py from the position of the ions on the detector,
this symmetry provides a check for the correct conversion
into momentum space along each axis. From the momentum
vectors we can calculate the angles of interest for this study.
Figure 4 shows the measured differential cross section for
single ionization as a function of cos���.

From Fig. 4 it is clear that, unlike the results for double
ionization �10�, the single ionization cross section shows
very little, if any, angular dependence. This result may be
understood within the framework of both Dunn’s symmetry
arguments and two-center interference. First, Dunn �20� has
shown that, within the Born approximation, ionizing transi-
tions to some final states of the dissociating molecular ion
may have anisotropic cross sections. This result follows from
an analysis of the relative symmetry of the initial and final
states about the axis of the momentum transfer. For the GSD
process being studied here, both the initial and final state are
specified, and transitions both parallel and perpendicular to
the symmetry axis are predicted to be non-vanishing, so no
anisotropy is expected. This result depends upon the momen-
tum transfer to the electron being essentially transverse,
which is consistent with the recent experimental results of
Dimopoulou et al. �11�.

Second, within the context of two-center interference, the
isotropic result may be understood qualitatively by consider-

FIG. 3. �Color online� Fragment momentum distributions in the
laboratory frame. The ion beam is propagating in the z direction.
Slices of the momentum distributions are presented along three
planes: �top� Px vs Py, corresponding to the extraction field vs gas
jet directions, �middle� Px vs Pz, corresponding to the extraction
field vs ion beam directions, and �bottom� Py vs Pz, corresponding
to the gas jet vs ion-beam directions. In each distribution, the mo-
mentum vector in the third dimension is restricted to
�Pi��1.5 a.u., i.e. the Px vs Py plot shown is restricted to
−1.5 a.u.� Pz�1.5 a.u.

FIG. 4. �Color online� The measured differential cross section
for single ionization as a function of cos���, where � is the angle
between the molecular axis and the projectile beam. The curve is a
fit to the data as described in the text. The flat distribution indicates
the single ionization of D2 is independent of the molecular
alignment.
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ing that the values for the electronic energy �Q� and projec-
tile momentum �q� transfers are both smaller, on average, for
single ionization compared to double ionization. This de-
creases the amount of destructive interference one would ex-
pect. More quantitatively, we may model this one-electron
process in much the same way as double-ionization �10,40�.
Essentially, for the one-electron process, the amplitude for
ionization is treated as the amplitude for ionization from two
hydrogen atoms, to be added with a relative phase eiq·R,
where R is the internuclear position vector. Since the projec-
tile scattering angle was not measured, the experiment and
calculation both integrate over the transverse component of
q. The longitudinal component of q �qz� remains, and the
factor eiqz·R gives rise to the interference term. For ionization

qz =

�I +
k2

2

vp
, �2�

where �I is the binding energy of the target electron, vp is the
projectile velocity, and k is the momentum of the continuum
electron. We assume that: �i� the collision time is much
smaller than the rotational period of the molecule, which at
vp=12.6, is satisfied. �ii� Electron capture by the projectile is
negligible �7�. �iii� The wave function for D2 is approxi-
mately the same as that for two D atoms separated by the
internuclear distance, R �41�. In this situation, R=1.1 for D2
at R’s where GSD is likely to occur. By representing the
one-electron D2

+ wave function as a linear combination of
atomic orbitals,

	i =
	1s�rA� + 	1s�rB�

�2
, �3�

one arrives at a one-electron amplitude for the bound to con-
tinuum transition, which is the coherent sum of individual
amplitudes corresponding to emission from each center

afi =
1
�2

�a�bA� + a�bB�e−iqzR cos���� , �4�

where bA and bB are the impact parameters associated with
each target center. Therefore, the probability as a function of
both impact parameters, the internuclear vector, and longitu-
dinal momentum transfer is given by

P��,bA,bB� =
1

2
	�a�bA��2 + �a�bB��2

+ 2Re�a*�bA�a�bB�e−iqzR cos����
 . �5�

Assuming that the collisions take place at impact parameters
larger than the internuclear separation,

�a�bA��2 � �a�bB��2 � �a�b��2, �6�

P��,b� = �a�b��2�1 + cos�qzR cos����� , �7�

d���� =� P��,b�db = d�a�1 + cos�qzR cos����� . �8�

We note that d���� reaches its maximum at �=90°, regard-
less of the value of qz.

While the cross section is maximized for molecules ori-
ented perpendicular to the beam direction in this model, the
magnitude of the angular asymmetry may be quite small.
Compared to the similar double-ionization experiment �10�,
this experiment typically has smaller values for both qz and
R. For GSD, the most likely R is near 1.1. As described by
Eq. �2�, the value of qz depends on k, which we do not
measure. Weber and co-workers �42� have measured the mo-
mentum of the continuum electron for 1.3 MeV H++He col-
lisions, finding the peak of the qz distribution near 0.14 for
single ionization, suggesting a �k� of about 0.46. Using this
number for our system gives an estimate of qz=0.05. Fitting
Eq. �8� to the data allowing qz and �a to be free parameters
yields good agreement for the qz value estimated above, as
shown by the solid line in Fig. 4. The fit quality is fairly
insensitive to the specific value of qz, as long as it does not
become too large ��0.25�. By comparison, the value of qz

found in the double ionization experiment was 1.1 �10�. Our
isotropic results, then, are in agreement with expectations
based on a two-center interference model. While the maxi-
mum cross section is expected at cos���=0, the momentum
transfer in these single-ionization collisions does not result in
a measurable anisotropy. The measurement was repeated
with 1 MeV/amu F7+ projectiles with nearly identical results
for the angular cross section.

IV. SUMMARY

By isolating the ground state dissociation channel we
have successfully measured the differential cross section for
single ionization as a function of cos��� for collisions be-
tween fast ions and hydrogen molecules. Within the preci-
sion of our measurement, the single ionization cross section
was found to be isotropic. This result is in good agreement
with a model that includes two-center interference, since the
longitudinal momentum transfer in these collisions is not
large enough to lead to measurable anisotropy.

ACKNOWLEDGMENTS

We wish to thank Mat Leonard and Heather Baxter for
their help with the data collection. This work was supported
by Research Corporation and the Chemical Sciences, Geo-
sciences and Biosciences Division, Office of Basic Energy
Sciences, Office of Science, U.S. Department of Energy.
E.W. and N.G.J. received additional support via the NASA/
South Dakota Space Grant Consortium through Cooperative
Agreement No. NGT5-40095 and the Augustana Research/
Artist Fund. R.N.M. was supported by the Augustana Col-
lege Faculty Development Grant funded by the Bush Foun-
dation.

JOHNSON et al. PHYSICAL REVIEW A 72, 052711 �2005�

052711-4



�1� R. N. Zare, J. Chem. Phys. 47, 204 �1967�.
�2� R. M. Wood, Q. Zheng, A. K. Edwards, and M. A. Mangan,

Rev. Sci. Instrum. 68, 1382 �1997�.
�3� G. H. Dunn and L. J. Kieffer, Phys. Rev. 132, 2109 �1963�.
�4� A. K. Edwards, R. M. Wood, M. A. Mangan, and R. L. Ezell,

Phys. Rev. A 46, 6970 �1992�.
�5� M. A. Mangan, R. M. Wood, A. K. Edwards, and Q. Zheng,

Phys. Rev. A 59, 358 �1999�.
�6� A. K. Edwards and Q. Zheng, J. Phys. B 33, 881 �2000�.
�7� S. Cheng, C. L. Cocke, E. Y. Kamber, C. C. Hsu, and S. L.

Varghese, Phys. Rev. A 42, 214 �1990�.
�8� S. Cheng, C. L. Cocke, V. Frohne, E. Y. Kamber, J. H.

McGuire, and Y. Wang, Phys. Rev. A 47, 3923 �1993�.
�9� I. Reiser, C. L. Cocke, and H. Bräuning, Phys. Rev. A 67,

062718 �2003�.
�10� A. L. Landers et al., Phys. Rev. A 70, 042702 �2004�.
�11� C. Dimopoulou et al., Phys. Rev. Lett. 93, 123203 �2004�.
�12� C. Dimopoulou et al., J. Phys. B 38, 593 �2005�.
�13� R. Dörner et al., Phys. Rev. Lett. 81, 5776 �1998�.
�14� J. H. D. Eland, M. Takahashi, and Y. Hikosaka, Faraday

Discuss. 115, 119 �2000�.
�15� B. L. G. Bakker, D. H. Parker, and W. J. van der Zande, Phys.

Rev. Lett. 86, 3272 �2001�.
�16� A. Staudte et al., Phys. Rev. A 65, 020703�R� �2002�.
�17� H. Rottke et al., Phys. Rev. Lett. 89, 013001 �2002�.
�18� Th. Weber et al., Phys. Rev. Lett. 92, 163001 �2004�.
�19� Th. Weber et al., Nature �London� 431, 437 �2004�.
�20� G. H. Dunn, Phys. Rev. Lett. 8, 62 �1962�.
�21� C. L. Cocke, Phys. Rev. A 20, 749 �1979�.
�22� N. M. Kabachnik et al., Phys. Rev. A 56, 2848 �1997�; 57,

990 �1998�; B. Siegmann et al., ibid. 65, 010704�R� �2001�; Z.
Kaliman et al., ibid. 65, 012708 �2001�.

�23� N. Stolterfoht et al., Phys. Rev. Lett. 87, 023201 �2001�.
�24� N. Stolterfoht et al., Phys. Rev. A 67, 030702�R� �2003�.
�25� S. Hossain et al., Nucl. Instrum. Methods Phys. Res. B 205,

484 �2003�.
�26� N. Stolterfoht et al., Phys. Rev. A 69, 012701 �2004�.
�27� R. P. Feynman, R. B. Leighton, and M. Sands, The Feynman

Lectures on Physics �Addison-Wesley, Reading, MA, 1965�,
Vol. 3, pp 1–11.

�28� H. D. Cohen and U. Fano, Phys. Rev. 150, 30 �1966�.
�29� T. Zuo, A. D. Bandrauk, and P. B. Corkum, Chem. Phys. Lett.

259, 113 �1996�.
�30� M. Lein, N. Hay, R. Velotta, J. P. Marangos, and P. L. Knight,

Phys. Rev. A 66, 023805 �2002�.
�31� H. Niikura et al., Nature �London� 417, 917 �2002�.
�32� T. Kanai, S. Minemoto, and H. Sakai, Nature �London� 435,

470 �2005�.
�33� I. Ben-Itzhak et al., J. Phys. B 29, L21 �1996�.
�34� E. Wells, I. Ben-Itzhak, K. D. Carnes, and Vidhya Krishna-

murthi, Phys. Rev. A 60, 3734 �1999�.
�35� M. E. Rudd, Y. Kim, D. H. Madison, and T. J. Gay, Rev. Mod.

Phys. 64, 441 �1992�.
�36� E. Wells, K. D. Carnes, and I. Ben-Itzhak, Phys. Rev. A 67,

032708 �2003�.
�37� R. Dörner et al., Phys. Rep. 330, 95 �2000�.
�38� J. Ullrich, R. Moshammer, A. Dorn, R. Dörner, L. Ph. H.

Schmidt, and H. Schmidt-Böcking, Rep. Prog. Phys. 66, 1463
�2003�.

�39� I. Ben-Itzhak et al., Nucl. Instrum. Methods Phys. Res. B 233,
284 �2005�.

�40� R. Shingal and C. D. Lin, Phys. Rev. A 40, 1302 �1989�.
�41� J. H. McGuire et al., J. Chem. Phys. 105, 1846 �1996�.
�42� Th. Weber et al., J. Phys. B 33, 3331 �2000�.

SINGLE IONIZATION OF HYDROGEN MOLECULES BY… PHYSICAL REVIEW A 72, 052711 �2005�

052711-5


