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Excitation of the 2psu state of H2
1 as a function of the internuclear axis alignment
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H2 is bombarded by 400-eV electrons. Electrons scattered 18° with an energy loss of 36 eV are detected in
coincidence with 7.6-eV H1 fragments from the 2psu state of H2

1. The collision time and dissociation time
are very small compared to the rotation time of the molecule. Therefore, the H1 fragments leave the collision
region along the line of the internuclear axis at the time of the interaction with the projectile. Angular
distribution measurements of the H1 ions yield the relative cross section for excitation of the 2psu state of
H2

1 as a function of orientation of the internuclear axis. The data show a cosine-squared distribution relative
to the momentum transfer vector of the collision. Calculations predicting the angular distribution are performed
using prolate spheroidal coordinates.@S1050-2947~99!04101-3#

PACS number~s!: 34.80.Gs, 34.50.Gb, 34.10.1x
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I. INTRODUCTION

Many of the dynamical properties of multielectron atom
and molecules, such as double excitations and autoioni
transitions, occur through the mutual electron-electron in
actions of the system. These electron interactions are ca
correlation @1#. Fast collisions that produce multielectro
transitions are a useful way of studying electron correlati
The fast projectile has little time to interact with more than
single electron and consequently electron-electron inte
tions are responsible for a large part of the excitation cr
section. The two-electron process of ionization plus exc
tion of an atom or molecule is an example. One electron
the target receives an impulse from the projectile and th
through correlation, imparts energy to the other target e
tron. The two-electron system of H2 provides a unique op
portunity to study this special process.All final states of ex-
cited H2

1 are dissociative. They dissociate to produce1

fragments with energies related to the dissociative state.
this property that we exploit in order to study the dynam
of electron correlation in this simple system.

Some of the early (e,2e) experiments@2,3# were done to
study correlation in the ground state of H2. The final state of
H2

1 was either the ground state or an excited state. Theo
ical analyses@4,5# of the experimental results were based
highly correlated ground-state wave functions of the tar
H2. Theory did not satisfactorily match the results for t
process of ionization plus excitation. Further experimen
work @6# was done that covered a wider range of values
momentum transfer. More recent experimental and theo
cal work @7# has been done that gives very good agreem
with ionization without excitation but still fails for ionization
with excitation.

Experiments have been started in our laboratory that m
sure relative cross sections for ionization and excitation p
cesses in diatomic molecules caused by fast electr
wherein the orientation of the internuclear axis is known
within a few degrees. The experimental procedure does
orient the molecules by applying a perturbation; it detect
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fragment ion from those molecules that are dissociative
have axes aligned with a selected angle. The process is b
on the axial recoil approximation~ARA! @8# and requires
that the final state of the molecule be dissociative. The A
states simply that for short collision times and rapid dis
ciation the molecule does not have time to rotate. Theref
when a fast incident electron is scattered by a molecule w
a fixed axis, the dissociation products travel along the line
this axis. Detection of one of the positively charged diss
ciation products by an angle- and energy-selective analy
permits determination of the axis orientation and kinet
energy release. Detection of a scattered electron of kno
energy loss or a decay product such as an Auger electro
a similar analyzer gives specific information about the fin
state of the reaction process. Scattering events of interes
signaled by the coincident detection of particles in the t
analyzers. The procedure allows a variety of interactions
their properties to be studied as a function of the direction
the internuclear axis, which, until now, were lost due to t
required integration over all angles of the molecular orien
tion.

It is no longer necessary to be as restrictive as the AR
Computer codes have been developed that allow for in
sion of rotational motion, thermal translation, and instrume
tal broadening of the measured angular distributions@9#.

This work studies orientational effects in the excitation
the 2psu state of H2

1 by fast electrons when the momentu
transfer vector~and energy loss! are known. This state is
formed by ionization plus excitation, i.e., by a two-electr
process where electron correlation plays an important r
The relative cross section for the excitation of the 2psu state
as a function of the orientation of the internuclear axis re
tive to a known momentum transfer vector is measured
analyzed.

Previous measurements were made by us without a c
cidence requirement. The purpose was to determine the
pole and nondipole contributions to the two-electron exc
tion and/or ionization of H2 ~double ionization, double
excitation, and ionization plus excitation! by equivelocity
358 ©1999 The American Physical Society
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electrons and protons@10#. Calculations by Reading an
Ford @11# had succeeded in predicting the differences in
double ionization of helium by positive and negative proje
tiles of equivelocity. They were able to show that this diffe
ence was due to the interference of dipole and nondip
contributions to the collision. Our early experiment was
attempt to show which two-electron processes in H2 were
strongly excited by dipole interactions with fast projectil
and which had a large nondipole part. These measurem
however, were not selective in momentum transfer or ene
loss and included all possibilities.

More recent experiments studied the angular distribut
of Auger electrons of N2 in the molecular frame. Measure
ments@12–15# were made of the angular distribution in th
molecular frame of the strongest Auger transitions in N2. As
a part of these studies coincidence measurements bet
Auger electrons and energetic N1 fragments were made. T
perform the analysis of the data, procedures for calcula
wave functions and transition moments for homonuclear
atomic molecules in prolate spheroidal coordinates were
veloped@13,15#.

II. EXPERIMENTAL PROCEDURE

A fast electron beam passes through an interaction re
and is captured in a Faraday cup. The electron gun is se
produce a 400-eV electron beam. A collimator located
cm in front of the collision region is 0.8 mm in diameter. Th
H2 target gas is in a differentially pumped region at roo
temperature. Needles or gas jets are not used, so that th2
does not have a nonisotropic velocity distribution that wo
disturb our angular measurements. At room temperature
most probable rotational level isJ51. During dissociation of
the 2psu state the molecular axis rotates about 2.5°.

Two identical hemispherical electrostatic analyzers
used: one to measure the energy and angle of the pos
fragments ejected by the dissociating molecular ions and
other to detect the scattered electrons. The two analyzer
coplanar, one on each side of the electron beam, and
can be changed in angle independently of the other. In o
for a H1 fragment to be detected, the internuclear axis of
ionized H2 must lie in the scattering plane and be align
with the H1 analyzer. A schematic of the experimental a
rangement is shown in Fig. 1. The angular resolution of
analyzers is about6331022 rad. The energy resolution o
the analyzers is about 2% of the analyzing energy. Both a

FIG. 1. Schematic diagram of the collision region. 400-eV el
trons scattered 18° with an energy loss of 36 eV are detecte
coincidence with 7.6-eV H1 fragments. The H1 detector is moved
in angle and detects fragments from molecules aligned with it.
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lyzers are equipped with electrostatic zoom lenses that a
for acceleration or deceleration of the particles prior to e
ergy analysis. The electron energy is reduced by a facto
0.2 before analysis and the H1 ions are increased in energ
by a factor of 1.3.

The electron analyzer is placed atue518° with voltages
set to pass electrons that have undergone an energy lo
36 eV. For 400-eV electrons scattered at 18° with an ene
loss of 36 eV, the momentum transfer vector isKW a051.67 at
73°. The electron analyzer is set at 18° as a matter of c
venience because of the geometry of the collision regi
The minimum angle accessible is 15°. However, the com
nation of 400-eV incident energy and 18° scattering an
with 36-eV energy loss is a favorable condition for maki
the measurements of interest. They are the conditions to
near the top of the Bethe ridge@16# for excitation of the
2psu H2

1 state.
The voltages of the H1 analyzer are fixed to analyz

7.6-eV H1 ions ~or 15.2-eV dissociation energy!. The com-
bination of measuring energy loss and dissociation ene
allows one to select the 2psu state. Energy loss determine
which potential-energy curves of H2

1 are energetically ac-
cessible in the Franck-Condon region via the collision. D
sociation energy determines the point on the curve at wh
the H1 fragment is formed. For example, energy losses
about 33–43 eV and a dissociation energy of 15.2 eV~7.6
eV per particle! isolates the 2psu state from the H2

1 states
that dissociate into H11H(nl) with n>2.

Standard procedures are used to collect data. The si
from the detection of an electron starts a time-to-amplitu
converter~TAC! and the signal from the fragment-ion an
lyzer stops the TAC. The output of the TAC goes to
analog-to-digital converter whose output is stored in a m
tichannel analyzer. A peak in the spectrum indicates tim
correlated events. Because of the fine energy and ang
resolution that are used, these measurements are very
consuming. The real coincidence count rate is about one
hour and data collection continues 24 h a day with breaks to
record data and reset angles. Each data point in Fig. 3 is
an accumulated running time of about 10 days. The num
of real coincident events recorded is divided by the num
of scattered electrons detected. This divides out any eff
in the measurements due to small changes in the beam
rent or target-gas pressure from run to run.

As the H1 analyzer is moved in angle it becomes nec
sary to correct the data for the variation in the viewab
target volume common to both detector systems and to
rect for the change in the angular acceptance from each p
in the common volume. The procedure for doing this is d
scribed in Ref.@9#. The positioning of the H1 analyzer is
limited in the forward direction by the presence of the ele
tron detector at 18° and in the backward direction by
electron gun.

III. THEORY

In order to take advantage of the symmetry of hom
nuclear diatomic molecules we have selected to approach
problem using prolate spheroidal coordinates. The ‘‘radia
coordinates isj i5(r ia1r ib)/d and the ‘‘angular’’ coordi-
nates areh i5(r ia2r ib)/d and w i , whered is the internu-
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clear separation of the two protons,r ia(b) is the distance of
the i th electron from protona or b, andw i is the azimuthal
angle measured around the internuclear axis~the z axis!.

It is known @17# that an interaction potential of the form
@g(j)1 f (h)#/(j22h2) allows the Schro¨dinger equation to
be treated by separation of variables. The Coulomb inte
tion of the H2 system is of this form. This leads to a wav
function c(c;j,h,w)5Rmn(c;j)Smn(c;h)F(w), where c2

5Ed2/2 andE is the energy. The functionsF~w!, Smn(c;h),
andRmn(c;j) are solutions of the differential equations

d2

dw2 F~w!1m2F~w!50, ~1!

d

dh F ~12h2!
d

dh
Smn~c;h!G

1S Amn2c2h22
m2

12h2DSmn~c;h!50, ~2!

and

d

dj F ~j221!
d

dj
Rmn~c;j!G

2S Amn2c2j222 dZeffj1
m2

j221DRmn~c;j!50. ~3!

The w equation has the usual solution, viz.,eimw with
eigenvaluem. The coordinateh5cosu, whereu is the angle
of the asymptote of the hyperboloid of revolution of consta
h. The spheroidal functions

Ymn~c;h,w!5Smn~c;h!
eimw

A2p

manifest the symmetry of the problem, much the same w
as spherical harmonics in the atomic case.Smn(c;h) is even
or odd depending on the reflection symmetry through a pl
perpendicular to the internuclear axis at its center. The n
ber of nodes inSmn(c;h) is given by the differencen2m.
The quantum numberm gives the number of nodal plane
that contain the internuclear axis. The inversion symmetr
gerade ifn is even and ungerade ifn is odd. The symmetry
operations of the point groupD`h can be applied to the
function Ymn(c;h,w) and transformation properties esta
lished. These symmetry properties allow the molecular st
and interactions investigated here to be discussed in term
sg , su , pg , pu , etc., symmetries just as atomic cases
spherical symmetry are discussed in terms ofs, p, d, etc.,
states and waves. There is a difference however. The s
~but not the symmetry! of the functionYmn(c;h,w) is depen-
dent on the energy and internuclear separationd. In the
united-atom limit whered→0, the functionsYmn(c;h,w) re-
duce to the spherical harmonicsYlm(u,w) if Smn(c;w) is
properly normalized@18#.

Bound-state wave functions are generated by numeric
integrating the Schro¨dinger equation. The conditions fo
starting the integration are determined by the Froben
method. Symmetry arguments and known solutions of
united-atom limit are used to determine the number of no
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of the wave functions. For H2, experimental values of the
bound-state energy and internuclear separationd are used to
calculatec. The separation constantAmn is found by numeri-
cally integrating theh equation@Eq. ~2!#. Amn is inserted into
thej equation@Eq. ~3!# with the value ofc. Thej equation is
integrated and the value of the charge of the nucleiZeff is
adjusted to find the appropriateRmn(c;j). In order to gener-
ate H2

1 wave functions~the one-electron problem!, Z of each
proton is set equal to 1 and thej andh equations are solved
simultaneously forAmn and c. The results are compared t
the potential-energy curves of Sharp@19#.

A partial-wave expansion in spheroidal functions@20# is
used for the wave functions of the free electron ejected fr
H2 in the ionization processes. The functionsSmn(c;h) are
found in terms of a series expansion@21# in associated Leg-
endre functions. The recursion relation formed by this te
nique is used to find the separation constant. It is assu
that the outgoing wave represents an electron in the pote
of the two nuclei screened by the remaining electron, wh
may be in the ground state or an excited state for the p
cesses of interest. Numerical integration of thej equation
with d-function normalization and the proper boundary co
dition for largej yields the Coulomb phase shifts@22#.

Many-body perturbation theory is used to calculate
transition moments. The processes included in the calc
tions are known in the literature as two-step 1~TS-1! and
shake-off and are shown in the Goldstone diagrams of F
2~a! and 2~b! @1#. Time evolves from the bottom of the dia
gram to the top and arrows backward in time represent ho
In the first process@diagram 2~a!#, the incident electron eject
a ground-state electron into a continuum intermediate st
The ejected electron interacts with the remaining bound e
tron and excites it to the 2psu state. In the shake-off proces
@diagram 2~b!# the incident electron excites one electron
the 2psu state and the other electron is ejected by
electron-hole interaction. Figure 2~c! shows shake-up, wher
the first electron is ejected and the second relaxes to
2psu state, but this process is not allowed by symmetry. T
electron-hole interaction hassg symmetry and cannot excit
the 1ssg electron to the 2psu state. Figure 2~d! illustrates
ground-state correlation, which was not included in our c
culations.

The matrix elements to be calculated for Fig. 2~a! ~TS-1!
are of the form@1#

^2psuk8l f uvu1ssgkl i&K kl iU4p

K2 eiKW •rWU1ssgL
E01e1ssg

2
ki

2

2
2Ef1 ig

, ~4!

whereKW 5kW02kW f is the momentum transfer in the collision
E0 and Ef are the energies of the fast electron before a
after the collision, respectively,e1ssg is the 1ssg bound-
state energy, andki is the momentum of the ejected electro
in the intermediate state. The subscriptsi and f denote the
intermediate and final states, respectively. The interactiov
represents the electron-electron or electron-hole interac
r 12

21. An expansion ofr 12
21 in prolate spheroidal coordinate

is used@23#. The matrix element on the right in the numer
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tor of Eq. ~4! is due to the collision interaction and the oth
matrix element is from the correlation interaction.

The matrix elements for the shake-off process@1# de-
picted in Fig. 2~b! are

^k8l f1ssgunu1ssg1ssg&K 2psuU4p

K2 eiKW •rWU1ssgL
E01e1ssg

2e2psu
2Ef

, ~5!

where e2psu is the 2psu bound-state energy. Exchang
terms are included as well as sums and integrals over in
mediate and final states as needed.

FIG. 2. Goldstone diagrams for the ionization plus excitation
H2 to the 2psu state of H2

1: ~a! TS-1, ~b! shake-off,~c! shake-up
~forbidden!, and~d! ground-state correlation.
r-

The factor eiKW •rW in the collision matrix element is ex
panded in partial waves@20# and contains the function
Smn„c;cos(ud)…, where ud is the angle betweenKW and the
internuclear axisdW . It is this term that contains the angula
dependence that is being measured. Included in these c
lations arem50 and n50,2 (sg symmetry!, m50 and n
51,3 (su symmetry!, and m51 and n51 (pu symmetry!
for the collision interaction. Each of the partial waves in t
collision interaction expansion determines the symmetry
the intermediate state that appears in the correlation ma
element. All possible symmetries of the intermediate sta
from the listing above are included. All possible symmetr
of the continuum final states from the listing above are
cluded with the addition ofm51 andn52 (pg symmetry!.
It is the product of the collision term with the subseque
correlation matrix element that determines the relative c
tribution of each partial wave to the cross section. Only
energy conserving term is included in the TS-1 calculati
Integration over the intermediate-state momenta is done.
coherent sum of all amplitudes is multiplied by its compl
conjugate and integrated over the momenta of the outgo
wave of the final state. The calculated values are fit to
measurements by only one parameter.

IV. RESULTS AND DISCUSSION

The measured angular distribution and the calculated
ues are shown in Fig. 3. The error bars on the data points
statistical only. Based on the calculations presented here
TS-1 process dominates shake-off. The smooth curve in
3 shows no discernible difference with and without the
clusion of the shake-off process. This is not unexpect
Shake-off is more probable when the initial interacti
quickly removes an electron from the target rather than s
ply exciting it @24#.

The largest contributor to the calculated cross section
an electron-molecule interaction ofsg symmetry with n
52, i.e.,S02„c;cos(ud)…, that leads to an intermediate state

f

FIG. 3. Ionization plus excitation of the 2psu state of H2
1 as a

function of the angle between the internuclear axis and the mom
tum transfer vector. The smooth line is a one-parameter fit of
calculated values to the data. Error bars signify statistical error
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like symmetry. This interaction term is primarilyd wave,
m50, in the molecule’s frame. The final state for this inte
action is the excited H2

1 and a continuum electron ofsu
symmetry@Y01(c;h,w), primarily p wave,m50]. Both the
collision matrix element and the correlation matrix eleme
are larger for this case than for the next largest contribu
combination. The next largest term is thesu interaction
S01„c;cos(ud)… leading to asu intermediate state and asg
continuum stateY00(c;h,w) for the ejected electron. In th
calculated intensity theS01„c;cos(ud)… contribution is about
28% the value of the largest component. Thed-wave nature
of the leading term of the calculation can be seen in
smooth curve fit to the data. It peaks when the internuc
axis is aligned with the momentum transfer vector and
minima near654°, i.e., the transition moment has a lar
P20„cos(ud)… component. The data itself is fit best by
cosine-squared distribution in the intensity, meaning asu
interaction,S01„c;cos(ud)…, in the transition moment.

In our earlier work@10# the scattered electron was n
detected and only the H1 fragment ions were detected. Th
momentum transfer vector was unknown and all fragme
as a function of kinetic energy~dissociation energy! as well
as orientation of the internuclear axis were observed. Ca
lated kinetic-energy spectra of H1 fragments for severa
states were fit to the measured spectra to ascertain the re
-
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tive contributions of each dissociative state to the total sp
trum. That work resulted in a cosine-squared distribution
the 2psu excitation where the axis of quantization was in t
laboratory frame and perpendicular to the beam axis. It w
argued that a dipole interaction would produce such an
gular distribution.

The analysis of the data has omitted two commonly c
sidered interactions@1#. These are ground-state correlatio
and double collisions~TS-2!. It may be that one or both o
these might enhance theS01 contribution of the transition
moment and yield a better fit between theory and exp
ment. However, calculations by Parikh@25# have shown that
at 400-eV collision energy TS-1 should be much greater t
TS-2. On the other hand, El Mkhanter and Dal Cappello@26#
have shown that it is necessary to include TS-2 in the dou
ionization of helium even at high collision energies for ce
tain (e,3e) experiments.
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