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ABSTRACT
This report will introduce an electron-electron-fragment ion triple coincidence

spectrometer to the readers with our recent collision dynamics study on ionization-excitation

processes of the hydrogen molecule. Following a description of the working principle of the

spectrometer, results of the study will be discussed; this includes molecular frame (e,2e) cross

sections that have been observed for the first time.
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1 Introduction
Through the last three decades of studies of binary (e,2e) spectroscopy or electron

momentum spectroscopy (EMS), it has been demonstrated that the ionization reaction near

the Bethe ridge is a sensitive probe for electronic structure and electron correlation [1]. The

method involves coincident detection of the two outgoing electrons produced by the binary

(e,2e) reaction. The ion recoil momentum q and the electron binding energy £bmd can be

determined by coincident detection of the two outgoing electrons with the help of the laws of

conservation of linear momentum and energy:

q = Po-Pi-Pi 0)
and

EbM = E0-Ei-E2. (2)

Here the p/s and £j's (j=0,l,2) are momenta and kinetic energies of the incident and two

outgoing electrons, respectively. Under the high-energy Bethe ridge conditions [1-4], the

collision kinematics can be described by the so-called electron Compton scattering [S],

analogous to X-ray Compton scattering, that most nearly corresponds to collision of two free

electrons with the residual ion acting as a spectator. Then the momentum of the target electron

before ionization/? is equal in magnitude but opposite in sign to the ion recoil momentum q.
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Thus EMS cross section can be measured as a function of binding energy and target electron

momentum, providing full electronic structure information on atoms and molecules. In other

words, EMS allows us to observe individual molecular orbitals in momentum space.

In spite of the remarkable feature of the technique, however, EMS has not yet reached the

stage of full use of its ability for intensive investigation on electronic structure of molecules.

The reason for this may have been twofold; (1) a more complete knowledge of the binary

(e,2e) reaction mechanism is an ever-increasing necessity as sophistication of experiments

increases, and (2) the present EMS experiments measure averages over all orientations of

gaseous molecules, resulting in enormous loss of information on electronic structure,

anisotropy of the target wavefiinction in particular. However, small cross section involved in

the binary (e,2e) reaction has hindered one from developing EMS satisfactorily.

Under these circumstances, we have constructed an electron-electron-fragment ion triple

coincidence spectrometer [6]. The spectrometer features remarkably high sensitivity for the

two outgoing electrons by simultaneous detection in energy and momentum, and further it

enables us to carry out (e,2e) experiments with fixed-in-space linear target molecules for

discussing scattering in the molecular frame. In the present paper, details and performance of

the spectrometer are presented, together with our recent collision dynamics study on

ionization-excitation processes of the hydrogen molecule.

2 Electron-electron-fragment ion triple coincidence spectrometer
In Fig. 1 we show a schematic diagram of the symmetric noncoplanar geometry that has

been widely used for EMS experiments. In this kinematic scheme, two outgoing electrons

having equal energies (E\=Ei) and making equal polar angles {B\-Oi=4rS0) with respect to the

incident electron beam axis are detected in coincidence. Then magnitude of the ion recoil

momentum q is expressed by

q = V(p, - V2/7, J2 + (V2p, sin(A^ / 2)J (4)

where A# (=^i-#2+n) is the out-of-plane azimuthal

angle difference between the two outgoing electrons.

Basically, EMS probes the momentum component

perpendicular to the incident electron momentum

vector. Thus, by detecting dissociation of the

molecular ion perpendicular to the incident electron

beam axis, three-dimensional momentum densities can

be determined from the measurements of vector

correlations among the two outgoing electrons and the

fragment ion, because the linear target has rotation

symmetry about the molecular axis. Fig. 1. Symmetric noncoplanar
geometry for the binary (e,2e) reaction.
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Fig. 2. Schematic of an electron-electron-fragment
ion triple coincidence spectrometer.

Fig. 2 shows a schematic of the

electron-electron-fragment ion triple

coincidence spectrometer. Major sections of

the spectrometer are an electron gun, a

sample inlet system with eight nozzles, seven

ion-channel-detectors, a spherical analyzer,

and two position-sensitive detectors (PSDs).

Except for the use of the ion detectors, the

present (e,2e+M) spectrometer is essentially

the same as our (e,2e) spectrometer [7] which

features high sensitivity by taking advantages

of multiparameter techniques. Briefly,

incident electron beam is produced by the

electron gun incorporating a tungsten

filament and is collected with the Faraday

cup. Electron impact ionization occurs where

the incident electron beam collides with

targets from the multi-nozzles. Scattered electrons leaving the ionization point are limited by

a pair of apertures so that the spherical analyzer accepts those with 0=45° over the azimuthal

angle <f>\ and fc ranges from 70 to 110° and from 250 to 290°. The electrons passing through

the apertures are energy analyzed and dispersed by the analyzer, and then detected by the two

PSDs placed behind the exit. Since a spherical analyzer maintains azimuthal angles for the

electrons, both energies and angles can be determined from their arrival positions at the

detectors. Furthermore, if the incident electron energy Eo and momentum po are fixed, a given

ionization transition (£bind) can be selected simply by the choice of detection energy (E\-E2)

and then magnitude of the ion recoil momentum can be determined only by the azimuthal

angle difference. Thus, by combining a spherical analyzer with PSDs, it is possible to sample

the EMS cross sections over a wide range of binding energy and ion recoil momentum

simultaneously. This technique significantly improves sensitivity and accuracy of the data

compared with the conventional single channel measurements, as drifts in electron beam

current and fluctuations in target gas density affect all channels in the same way.

Fragment ions are detected by an array of the seven ion-channel-detectors that are placed

at ion azimuthal angle fa of 0, 45, 90, 150, 195, 240, and 285° in the perpendicular plane.

This arrangement corresponds to covering full 2n in the perpendicular plane at 15° intervals

in the case of homonuclear diatomic targets that have the inversion symmetry and rotation

symmetry about the molecular axis. The same is true for heteronuclear targets when the mass

resolution is sufficient to separate individual fragment ion species. In front of each detector, a

retarding electric field is applied to collect only axial-recoil fragments with large translational

energies. Kinetic energy of the fragment ion detected can be obtained from its time-of-flight.
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3 Ionization-excitation processes of H2

The show case measurements have been made for ionization-excitation processes of H2

that leave the residual ion in excited state of H2+, under experimental conditions where a

retarding voltage of 2.5 V and an impact energy of 1200 eV have been employed. There are

three motivations behind this. First, the two electron system H2 is the simplest molecule that

is always the subject of accurate calculations. Secondly, as all the transitions to the final

excited ion states are followed by direct dissociation, their axial recoil fragmentation is

unambiguous. The use of the 2.5 V retarding voltage ensures that energetic fragments H* from

the excited ion states are detected but those from the lsag ground ion state with up to leV

kinetic energy are entirely removed from the detection [8-10]. Thirdly, it has been found from

our previous EMS study on ionization-excitation of H2 [11] that the second-order two-step

mechanism [12,13] plays a crucial role for understanding of the striking discrepancies

between first-order plane-wave impulse approximation (PWIA) calculations and experiment

observed at the impact energy of 1200 eV. The two-step mechanism, which leads to a joint

change of state of the two target electrons, involves two successive half-collisions, a single

(e,2e) ionization process and a single excitation process. Thus contribution of the mechanism

to the (e,2e) cross section must show stereo dynamics in the binary (e,2e) reaction. For

example, the Dunn selection rules [14] about electronic transitions by electron impact may

work at the single excitation process involved. The (e,2e+M) experiments of H2 are therefore

expected to reveal geometry effect on the molecular frame (e,2e) cross section.

3. 1 Three-dimensional time spectrum
A three-dimensional time spectrum obtained is shown in Fig. 3, which represents arrival

time difference between the two outgoing electrons At^ and that between either of the

electrons and the H* fragment A^M- Since the three charged particles that we want to detect

are produced in a single event, they must have correlation in arrival time. Certainly we see the

sharp, true coincidence peak centered at A/ee~0 and A/eM~1000 ns. Substantial background is

due to false coincidences that correspond to detection of uncorrelated electrons and ions at

nearly the same time. This originates mainly from

a huge number of fragment ions by forward

scattering of the electron projectile, which are not

distinguishable from the relatively few fragments

produced by the binary (e,2e) reaction. Despite the

experimental difficulty, however, time correlations

among the three charged particles have been

successfully observed by accumulation of data for

3 months runtime.

Fig. 3. Three-dimensional time spectrum.
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3. 2 Binding energy spectra
Further evidence for our successful experiment is given by constructing binding energy

spectra from the genuine triple coincidence events. Fig. 4 shows an (e,2e+M) binding energy

spectrum that has been obtained by integrating all the true triple coincidence intensities over

both of the azimuthal angle difference and ion azimuthal angle ranges covered. Also included

in the figure is the corresponding (e,2e) spectrum that also has been obtained from the

(e,2e+M) data but has been constructed from contributions of accidental coincidence

detection of the fragment ions with the two outgoing electrons detected in true coincidence.

Here the (e,2e) spectrum is scaled so that it has almost the same intensity in the

ionization-excitation region as that of the (e,2e+M) spectrum for ease of comparison.

It is evident from Fig. 4 that the

structure of the (e,2e+M) spectrum is as

expected; since the relatively small

kinetic energy fragments from the lscrg

ground ion state are not involved in the

present (e,2e+M) data, the lsag band

with the conspicuously large intensity in

the (e,2e) spectrum has totally

disappeared and contributions of the

ionization-excitation become prominent.

This confirms us in unwavering

confidence that successful measurements

of vector correlations between the two

outgoing electrons and the fragment ion

can and have been achieved.

Also evident from the figure is that the ionization-excitation structures of the two spectra

are similar to each other. This may be surprising in terms of stereo dynamics of collision. As

discussed above, the present (e,2e+M) experiment is restricted to measurements of collision

between the electron projectile and molecular targets with orientation perpendicular to the

incident electron beam axis. Hence the (e,2e+M) binding energy spectrum, integrated over the

ion azimuthal angles, approximately represents averages over all perpendicular orientations of

the targets. Thus, by considering that the two-step mechanism should be sensitive to the

orientation of the target with respect to the incident and outgoing electron momentum vectors,

one may expect that the (e,2e+M) spectrum may be different from the completely

spherically-averaged (e,2e) spectrum. Against this expectation, however, the present results

show that there are no discrepancies between the two spectra within the experimental

uncertainties. The (e,2e+M) experiments for the targets with various orientations are clearly

called for.
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Fig. 4. Experimental (e,2e) and (e,2e+M) binding
energy spectra of H2 obtained at an impact energy
of 1200 eV.
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3. 3 Molecular frame (e,2e) cross sections
Finally, we present molecular frame (e,2e) cross sections of H2 in Fig. 5. The experimental

cross sections have been obtained by summing all the ionization-excitation intensities of an

(e,2e+M) binding energy spectrum over the entire azimuthal angle difference range and by

repeating this procedure for a series of spectra at the seven ion azimuthal angles. In the figure,

the inversion symmetry and the rotation symmetry about the molecular axis are assumed for

the (e,2e) cross sections and the results are plotted so that distance from the origin to the data

point represents relative magnitude of the cross section with the molecular axis being in the

vertical direction. To our best knowledge, this is the first observation of (e,2e) cross sections

from fixed-in-space molecules.

Also included in the figure are PWIA

calculations that are shown by the solid line. In

the calculations contributions from the dominant

2so~g and 2pau ionization-excitation transitions

[11,15,16] only are considered. The experimental

and theoretical molecular frame (e,2e) cross

sections are placed on a common scale by using

the ratio of the sum of the spherically-averaged

ionization-excitation intensities integrated over

the entire momentum range, to that of theory [6].

Although the statistics of the data are not

satisfactory, it can be seen that the experiment

exhibits larger cross section than theory at every

ion azimuthal angle. Furthermore, we clearly see

some anisotropy of the molecular frame (e,2e)

cross sections; the experiment shows more

significant deviation from theory in the direction of the molecular axis.

If this observation is real, it would indicate that the two outgoing electrons escape

preferentially so as to leave the ion recoil momentum vector along the molecular axis. In other

words, roughly speaking, the binary (e,2e) reaction favors molecular orientation perpendicular

to the scattering plane, defined by the incident and outgoing electron momentum vectors,

rather than parallel. Since extent of the intensity difference from the first-order PWIA

calculations would be a rough measure of contributions from the second-order two-step

mechanism, the present results must reveal strong geometry effect of molecular orientation in

the mechanism. However, we leave full discussion of it for later publication, because further

attempt is now in progress to obtain the molecular frame (e,2e) cross sections for individual

ionization-excitation transitions separately and to examine the observation more closely [17].

A preference for the larger (e,2e) cross section along the molecular axis is expected to be

much more prominent for the 2pou channel than for 2sog [11].

1 1 I 1 1

Fig. 5. Comparison of experimental and
theoretical Molecular frame (e,2e) cross
sections for H2. The molecular axis is in the
vertical direction.
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In short, a new method for complete imaging of directional momentum densities has been

proposed for molecules, based on the axial recoil fragmentation. Our apparatus demonstrates

that the capability to measure vector correlations among the two outgoing electrons and the

fragment ion simultaneously is a useful advance for (e,2e) and it has already been used to

explore the phenomenon of H2 for which detailed theoretical explanations are eagerly

awaited.

Acknowledgements
One of the authors MT gratefully thanks the organizing committee for giving him the

opportunity to be involved in the exciting China/Japan Joint Symposium on Atomic -and

Molecular Processes in Plasma (Lanzhou, 2004 March 6-11). This research was partially

supported by the Ministry of Education, Science, Sports and Culture, Grant-in-Aid's for

Scientific Research (B), 13440170, 2001 and for Exploratory Research, 14654069,2002.

References
[I] I.E. McCarthy and E. Weigold, Phys. Rept. C 27 (1976) 275.

[2] C.E. Brion, Int. J. Quantum Chem. 29 (1986) 1397.

[3] M.A. Coplan, J.H. Moore, and J.P. Doering, Rev. Mod. Phys. 66 (1994) 985.

[4] E. Weigold and I.E. McCarthy, Electron Momentum Spectroscopy (Kluwer Academic

/Plenum Publishers, New York, 1999).

[5] R.A. Bonham and H.F. Wellenstein, in: B. Williams (Ed.), Compton Scattering

(McGraw-Hill, New York, 1977).

[6] M. Takahashi, N. Watanabe, Y. Khajuria, K. Nakayama, Y. Udagawa, and J.H.D. Eland,

J. Electron Spectrosc, submitted.

[7] M. Takahashi, T. Saito, M. Matsuo, and Y. Udagawa, Rev. Sci. Instrum. 73 (2002) 2242.

[8] A.K. Edwards, R.M. Wood, J.L. Davis, and R.L. Ezell, Phys. Rev. A 42 (1990) 1367.

[9] K. Ito, R.I. Hall, and M. Ukai, J. Chem. Phys. 104 (1996) 8449.

[10] Y. Hikosaka and J.H.D. Eland, Chem. Phys. 277 (2002) 53.

II1] M. Takahashi, Y. Khajuria, and Y. Udagawa, Phys. Rev. A 68 (2003) 042710.

[12] T.A. Carlson and M.O. Krause, Phys. Rev. 140 (1965) 1057.

[13] RJ. Tweed, Z. Phys. D 23 (1992) 309.

[14] GH. Dunn, Phys. Rev. Lett. 8 (1962) 62.

[15] E. Weigold, I.E. McCarthy, A.J. Dixson, and S. Dey, Chem. Phys. Lett. 47 (1977) 209.

[16] N. Lermer, B.R. Todd, N.M. Cann, Y. Zheng, C.E. Brion, Z. Yang, and E.R. Davidson,

Phys. Rev. A 56 (1997) 1393.

[17] M. Takahashi, N. Watanabe, Y. Khajuria, and Y. Udagawa,

to be submitted to Phys. Rev. Lett.

103


