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Angular distributions of Auger transitions of N 2 to dissociative final states
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The angular distribution of the 360.2-eV Auger transition in N2, which is attributed to an N2
21 1)g final

state, is measured and calculated. Calculations predict a sharper distribution than what is measured. The
angular distribution of the 363.5-eV Auger transition, attributed to an N2

21 1)u final state, is nearly isotropic
in the laboratory frame. This is believed to be caused by metastable vibrational levels of the final state. The
final state of the 358.7-eV transition was found to be nondissociative, and its angular distribution could not be
measured by our experimental technique. The peak in the N1 fragment-ion spectrum at about 3.9 eV is
assigned to the3(g

2 dissociative state of N2
21. @S1050-2947~97!08806-9#

PACS number~s!: 33.80.Eh, 34.80.Gs
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I. INTRODUCTION

Two recent publications from this laboratory@1,2# de-
scribed the measurements of the angular distribution of
362.5-eV Auger transition in N2, and a procedure for calcu
lating the angular distribution of Auger transitions of hom
nuclear diatomic molecules. In order to determine the an
lar distribution of the Auger electrons for randomly orient
molecules, it is necessary to know the orientation of the
ternuclear axis of the molecule undergoing the transiti
This is done by means of a coincidence experiment. Follo
ing the Auger transition, the doubly ionized molecular i
can be left in a dissociative state where each fragment
escapes with energies that are in the range of 1–10 eV. T
cally, the dissociation time is short compared to the rotat
time. As a consequence, the path of the fragment ion
approximately along the line of the internuclear axis at
time of the Auger transition. One detector is placed a
selected angle relative to the incident-beam direction,
detects fragment ions. Another detector is placed at so
other angle relative to the first, and measures an elec
ejected by a selected Auger transition.

Eberhardtet al. @3# measured Auger electrons in coinc
dence with fragment ions from N2 as a means of identifying
the final molecular-ion states. The charge states and kin
energies of the fragments were determined, and compari
were made to predictions based on the potential-ene
curves of Thulstrup and Anderson@4#, and the calculations
of Ågren @5#. The newer potential-energy curves of N2

21

calculated by Wetmore and Boyd@6#, Olsson, Kindvall, and
Larsson@7#, and O’Neil@8# are used in analyzing the prese
results and in our calculations that predict the angular dis
butions.

The dissociative ionization of N2 by fast ions leading to
the coincident detection of two N1 fragments was reporte
by Edwards and Wood@9#. They argued that the primar
contributions to the N11N1 yield was valence-shell ioniza
tion rather than inner-shell ionization and its subsequent
ger transition. Thus there is no correlation in intensities
tween the Auger spectrum and the N1 spectrum. Lundqvist
et al. @10# developed an experimental procedure to record
N1 spectrum free of thermal broadening. They were able
detect vibrational states of N2

21 that are metastable towar
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dissociation, and have lifetimes up to a few microsecon
These metastable states rotate many times prior to disso
tion, and contribute a uniform angular distribution to o
measurements.

This work selects out those dissociation products t
arise from selected Auger transitions at 363.5, 360.2,
358.7 eV@11#. These are the strong transitions displayed
the Auger spectrum, and are known by the labelsB-3,
B-5, andB-6, respectively. The Auger transitions at 362
eV, measured earlier@1#, is theB-4 peak. The two lowest-
energy states of N2

21 lie in deep potential wells and are no
dissociative. TheB-1 andB-2 transitions are assumed to b
transitions to these states, and were not investigated.

II. EXPERIMENTAL PROCEDURE

The experimental procedure was reported in Zhenget al.
@1#, and described in further detail elsewhere@12#, so only a
brief description is given here. The initialK-shell vacancy is
produced by a 1634-eV electron beam. Hemispherical, e
trostatic, energy analyzers are set to detect the Auger e
trons and N1 fragment ions of selected energies. Each a
lyzer shown in Fig. 1 can be moved in angle independen

FIG. 1. Schematic diagram of the collision region.k0 represents
the incident electron beam. The N1 analyzer is fixed at 60°, while
the electron analyzer is changed in angle. N1-fragment ions are
measured in coincidence with Auger electrons.
4269 © 1997 The American Physical Society
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The positive ion detector is set at 60° relative to the be
direction for all measurements, while the electron detecto
placed on the opposite side of the beam and moved in an
According to the axial recoil approximation, the N1 frag-
ments that are detected come from N2 molecules aligned
along the axis of the positive-ion analyzer. Therefore,
coincidence measurement yields the angular distribution
the Auger electrons emitted by the N2 molecules with their
internuclear axis at 60° relative to the beam direction. T
angle was chosen for the N1 detector because it allowed fo
measurements of the electron angular distributions over
range of 0°–90° relative to the internuclear axis.

To begin the measurements, the electron analyze
placed at 90° relative to the beam direction~30° relative to
the internuclear axis!, and set to pass electrons of a selec
energy~one of the peaks in the Auger spectrum of Fig.!.
Next, the voltages on the positive ion analyzer are stepp
as the energy is searched for the maximum in the coi
dence count rate. Once the peak of the coincidence ra
found, voltages on the positive analyzer are set, and the e
tron analyzer is changed in angle to record angular distr
tions.

The Auger electrons or N1 ions leaving the collision re-
gion pass through two slits that define the interaction volu
for each analyzer. Particles that traverse the slits are focu
onto the entrance of their respective analyzer by a zoom l
The angular acceptance of the slits of each analyzer61.5°,
as measured from the center of the interaction region.
angular placement of the analyzers can be set to better
0.5°. Several runs were made at each angle as a mea
checking for reproducibility and variations outside of stat
tical uncertainties. As the electron detector is moved
angle, that data must be corrected for~1! the variation in the
beam length common to both detectors, and~2! the change of
angular acceptance from each point along the common b
length. The procedure for doing this is described in Ref.@12#.

The zoom lens located between the defining slits and
analyzer entrance allows for variation of the analyzing
ergy while maintaining a proper focus. The usual operat
parameters of the hemispherical analyzers are energy re
tions of 1.5% for each, with the electrons analyzed at1

2E0,
and the N1 ions analyzed at 10E0, whereE0 is the original

FIG. 2. Auger spectrum of N2. Points are the present results a
the line and labeling of the peaks is from Ref.@11#.
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energy of the electron or ion. However, several variations
these parameters were used in these measurements in
to optimize the collection efficiency.

TheB-3 andB-4 transitions are separated by only 1 e
whereas the electron energy resolution was 2.7 eV at
energy. In order to further attenuate coincidence contri
tions fromB-4 in theB-3 measurement, the energy analys
of N1 was decreased to 1.29E0. E0 was 3.7 eV. It was pos-
sible to estimate the percentage contamination from
neighboring peak. The peak of the N1 distribution was at 4.3
eV @1# for B-4, and its energy distribution was predicte
from reflection approximation calculations. This yielded t
relative intensity of N1 ions 0.6 eV from the peak energy
Knowing the transmission function of each analyzer and
energy distribution of electrons and ions, we estimated
B-4 coincidence contribution to be about 12%. TheB-2
transition does not end in a dissociative state, and, theref
does not contribute coincidences.

The angular distribution of theB-5 transition at 360.2 eV
was measured with smaller slits which reduced the ene
resolution of both detectors to 1%. The electrons and i
were analyzed at the usual1

2E0 and 10E0, respectively. This
gave an energy resolution of the Auger electrons of 1.8
and, coupled with the energy analysis of the N1 ions at 5.4
eV, the contribution fromB-4 was considered negligible. I
the transition at 358.7 eV (B-6) had been dissociative, i
would not have been a contaminant because it should di
ciate to different final states (1D11S) than theB-5 transi-
tion and yield lower-energy N1 ions. The energy acceptanc
of the N1 analyzer would prevent coincidences from occu
ring.

III. THEORY

The angular distributions of the Auger electrons are p
dicted by solving the transition matrix elements in prola
spheroidal coordinates@2#. This requires knowledge of the
bound-state and free-particle wave functions and a pro
expansion of the interaction potential. Bound-state wa
functions are found by solving the Schro¨dinger equation nu-
merically with the aid of experimental values@13# of the
energy of each orbital. A partial-wave expansion in prola
spheroidal coordinates is used for the ejected electron.
bound-state solutions are used to generate an effective po
tial that affects the outgoing Auger electron. This potentia
used in solving the Schro¨dinger equation for the partia
waves of the free particle.

Antisymmetric wave functions for a two-particle syste
are used to solve the two-particle transition moment. T
interaction for the two electrons involved in the Auger tra
sition is r 12

21. The number of terms needed in the expans
of r 12

21 and in the partial-wave expansion are determined
convergence of the series expansions.

Three experimental factors broaden the predicted ang
distribution. The axial recoil approximation is only good
first order, and some correction is necessary for rotatio
motion of the molecule. The shape of the potential-ene
curve near the Franck-Condon region influences the amo
of rotation during dissociation, so it is important to ha
reliable curves. Another broadening effect is due to the th
mal translational motion of the molecule, and a third is d
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55 4271ANGULAR DISTRIBUTION OF AUGER TRANSITIONS . . .
to the finite size of the slit system of the analyzers. T
procedure for determining each of these corrections was
scribed by Wood and coworkers@12,14#. Still another con-
sideration is those states which dissociate by tunne
through a barrier. The molecular ions stays together
many rotations and, therefore, produces an isotropic ang
distribution of Auger electrons in the laboratory frame.

IV. RESULTS

A. B-3 transition

The angular distribution of the Auger electron at 363.5
was found to be isotropic within statistical uncertainty~Fig.
3!. Based on the theoretical potential-energy curves
O’Neil @8# and Wetmore and Boyd@5#, it is assumed that the
final state of this Auger transition is the N2

21 1)u state. The
Doppler-free measurements@10# of the N1 spectrum show
that several metastable vibrational states exist for the1)u
with lifetimes against dissociation of a few hundred nanos
onds or less. These lifetimes lead to an isotropic ang
distribution of the electrons in our measurements. Conta
nation from the nearbyB-4 transition is not enough to dis
turb the isotropic distribution.

B. B-5 transition

The angular distribution of the 360.2-eV Auger transiti
(B-5) of N2 and its calculated values are shown in Fig.
The yield is plotted as a function of the angle of emiss
relative to the internuclear axis. The error flags indicate s
tistical uncertainties only. The smearing of the distributi
due to rotational motion and instrumental effects have b
included in the calculated values.

The predicted angular distribution has been matched
the measured values by a single-parameter least-square
There is only fair agreement between the calculations
measurements. The1)g (2su

211pu
21 assumed configura

tion! potential-energy curve of Wetmore and Boyd@6# has
been used to predict the angular distribution. There is
minimum in this potential curve, so the flatness of the m
sured distribution relative to the calculated values canno

FIG. 3. Angular distribution of the 363.5-eV Auger electro
(B-3) relative to the internuclear axis.
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attributed to a metastable vibrational state. Possible expla
tions for the discrepancy are~1! the presence of an unre
solved ( state or, more likely,~2! limitations in the
independent-particle model used to predict the angular
tribution.

C. B-6 transition

No N1 ions were found in coincidence with the Auge
transition at 358.7 eV. It is assumed that the final state is
1(u

1 state of N2
21. This result is in agreement with the me

surements of Eberhardtet al. @3#, and the calculations of Ols
son, Kindvall, and Larsson@7#. The potential-energy curve
for the 1(u

1 shows a fairly deep minima in the Franck
Condon region. If the doubly-ionized final state has a li
time of several microseconds prior to dissociation then it c
move out of view of the detector before separating into t
fragments.

D. 3.9-eV N1 peak

The N1 kinetic-energy spectrum produced in collisions
fast projectiles with N2 shows a maximum at 3.960.2 eV
@9,10,15,16#. In our experiment this peak has not been fou
to correlate with one of the strong (B-2–B-6) Auger tran-
sitions. An Auger transition to the3(g

2 state from either of
the 1sg

21 2Sg
1 or 1su

21 2(u
1 inner-shell excited states is for

bidden. However, the3(g
2 state is readily accessible b

valence-shell ionization, and is believed to contribute to
3.9-eV N1 peak. This is supported by the potential-ener
curve calculated by O’Neil@8#, and Yousif, Lindsay, and
Latimer @17#, who predicted this identification based on th
calculations of Wetmore and Boyd@6#. The earlier works of
Edwards and Wood@9# attributed the maximum to the1)u
state based on the calculations of Thulstrup and Ander
@4#.
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FIG. 4. Angular distribution of the 360.2-eV Auger electron
(B-5) relative to the internuclear axis. The line represents ca
lated values.



n,

n,

K.

, J

n,

. F.
R.

n,

ys.

4272 55A. K. EDWARDS, Q. ZHENG, R. M. WOOD, AND M. A. MANGAN
@1# Q. Zheng, A. K. Edwards, R. M. Wood, and M. A. Manga
Phys. Rev. A52, 3940~1995!.

@2# Q. Zheng, A. K. Edwards, R. M. Wood, and M. A. Manga
Phys. Rev. A52, 3945~1995!.

@3# W. Eberhardt, E. W. Plummer, I.-W. Lyo, R. Carr, and W.
Ford, Phys. Rev. Lett.58, 207 ~1987!.

@4# E. W. Thulstrup and A. Andersen, J. Phys. B8, 965 ~1975!.
@5# Hans Ågren, J. Chem. Phys.75, 1267~1981!.
@6# R. W. Wetmore and R. K. Boyd, J. Phys. Chem.90, 5540

~1986!.
@7# B. J. Olsson, G. Kindvall, and M. Larsson, J. Chem. Phys.88,

7501 ~1988!.
@8# S. V. O’Neil ~private communication!.
@9# A. K. Edwards and R. M. Wood, J. Chem. Phys.76, 2938

~1982!.
@10# M. Lundqvist, D. Edwardsson, P. Baltzer, and B. Wannberg

Phys. B29, 1489~1996!.

.

@11# W. E. Moddeman, T. A. Carlson, M. O. Krause, B. P. Pulle
W. E. Bull, and G. K. Schweitzer, J. Chem. Phys.55, 2317
~1971!.

@12# R. M. Wood and A. K. Edwards,Accelerator-Based Atomic
Physics Techniques and Applications, edited by S. M. Shafroth
and J. C. Austin~AIP, New York, 1997!.

@13# K. Siegbahn, C. Nordling, G. Johansson, J. Hedman, P
Heden, K. Hamrin, U. Gelius, T. Bergmark, L. O. Werme,
Manne, and Y. Baer,ESCA Applied to Free Molecules~North-
Holland, Amsterdam, 1969!.

@14# R. M. Wood, Q. Zheng, A. K. Edwards, and M. A. Manga
Rev. Sci. Instrum.~to be published!.

@15# F. Feldmeier, H. Durchholz, and A. Hofmann, J. Chem. Ph
79, 3789~1983!.

@16# H. Cho and S.-E. Park, Phys. Rev. A51, 1687~1995!.
@17# F. B. Yousif, B. G. Lindsay, and C. J. Latimer, J. Phys. B23,

495 ~1990!.


