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Photoelectron spectra of N2
1: Rotational line profiles studied with HeI –excited angle-resolved

spectroscopy and with synchrotron radiation

G. Öhrwall,1 P. Baltzer,1 and J. Bozek2
1Department of Physics, Uppsala University, Box 530, S-751 21 Uppsala, Sweden

2Lawrence Berkeley National Laboratory, University of California at Berkeley, Berkeley, California 94720
~Received 4 November 1998!

We have recorded angle-resolved HeI photoelectron spectra of the three outermost valence states in N2
1 ,

with high enough resolution to observe rotational line profiles. For the twoS states, theX 2Sg
1 and theB 2Su

1 ,
we found that the rotational branches corresponding to different changes in rotational quantum number can
differ dramatically inb value. The well-known difference inb value for then50 andn51 vibrations of the
X 2Sg

1 state was found to be due to different rotational branching ratios and also differentb values of the
rotational branches. For then50 –2 vibrations of theA 2Pu state, theb value difference between rotational
branches is much less pronounced than in theX andB states. We have also recorded synchrotron-radiation-
excited photoelectron spectra of then50 vibrational peaks of theX 2Sg

1 andB 2Su
1 states where rotational

line profiles are resolved. The intensities of the rotational branches were studied as function of photon energy,
the X state between 23 and 65 eV, and theB state between 23 and 45 eV. The results for the X state have
recently been presented in a Letter@G. Öhrwall, P. Baltzer, and J. Bozek, Phys. Rev. Lett.81, 546, 1998#. The
rotational branching ratios of the two states have very different behaviors as functions of photon energy. The
relative intensities of the rotational branches in theX state change significantly over the studied energy range.
The 3sg→ksu shape resonance apparently gives rise to a non-Franck-Condon-like behavior for the rotational
branching ratio of theX state. In theB state, the rotational branching ratios remain essentially constant over the
studied energy range.@S1050-2947~99!07903-2#

PACS number~s!: 33.60.Cv, 33.70.Fd
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I. INTRODUCTION

Significant insight into the dynamics of valence sh
photoionization in molecules can be gained by studying
influence of photon energy on photoelectron line intensi
and photoelectron angular distributions. Many photoelect
studies have been performed on different systems to
information about shape resonances, Cooper minima
other phenomena~see, for instance, Refs.@1# and @2# for
reviews!. Until now, these studies have at best been vib
tionally resolved, due to the fact that the energy resolution
conventional photoelectron spectroscopy is usually not
pable of resolving rotational fine structure, which is of t
order a few meV or less. By achieving rotational resolutio
details of the partial photoelectron wave composition c
start to be discerned, which would be a great advantag
understanding these photoionization phenomena.

Historically, the linewidth of the exciting synchrotron ra
diation has been too large to allow rotational resolution.
best, with normal-incidence monochromators, resolv
powers of'104 have been possible to achieve, and the
monochromators have an energy cutoff around 35 eV. W
high brilliance third generation synchrotron radiatio
sources, this has been possible to improve dramatically@3#.
For instance, at beamline 9.0.1 at the Advanced Light Sou
in Berkeley, where the experiments presented in this pa
were done, a resolving power of more than 104 can be
achieved between 25 and 300 eV@4#, with a maximum of
6.43104 at 64.1 eV@5#. Even higher resolving powers hav
been presented for other beamlines at lower photon ene
@6#.
PRA 591050-2947/99/59~3!/1903~10!/$15.00
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This development, together with advances in photoel
tron spectrometer design@7,8#, has made it possible for us t
study the influence of photon energy on rotational popu
tions. Recently, we presented photoelectron spectra of
n50 vibration of theX 2Sg

1 state of N2
1 , where rotational

line profiles were resolved, recorded with photon energ
ranging from 23 up to 65 eV@9#. The present paper is a
extension of that work, including theB 2Su

1 state.
Previously, Poliakoff and co-workers studied theB 2Su

1

→X 2Sg
1 fluorescence of N2

1 and theB 2S1→X 2S1 fluo-
rescence of CO1 with rotational resolution, with the mol-
ecules photoionized with a wide range of photon energ
@10–14#. These experiments clearly showed that rotatio
populations were affected by Cooper minima and shape r
nances, and that further insight into photoionization can
gained by achieving rotational resolution. In these stud
the resolution problem is less severe than for photoelec
spectroscopy, since the fluorescence technique decouple
excitation from the detection. This means that radiation w
moderate resolution can be used, and that the energy o
ionizing photons does not influence the resolution of
spectra, barring changes in photoionization cross section
hence intensity.

Lasers have extensively been used in experiments w
photoelectrons have been detected with rotational resolut
such as resonantly enhanced multiphoton ionization ph
electron spectroscopy~REMPI-PES! and zero-kinetic-energy
pulsed-field ionization~ZEKE-PFI! spectroscopy. For the
type of experiment reported in this paper, the use of la
radiation would be problematic. While lasers may have v
small linewidths, easily small enough to resolve rotation
1903 ©1999 The American Physical Society
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structure, their effective range of tunable photon energie
today limited. Also, the lasers available for studies in t
vacuum ultraviolet–extreme ultraviolet vuv/xuv energy r
gion are pulsed. This causes large and fast variations of
plasma potentials in the ionization region, which makes
curate energy analysis of the kinetic photoelectrons diffic
If the radiation is continuous~as for discharge lamps!, or has
a very high repetition rate~as synchrotron radiation!, the
plasma potential will not vary to the same degree, and ca
compensated for.

The first photoelectron experiment where N2
1 was stud-

ied with some sort of rotational resolution was probably
threshold spectroscopy experiments of Peatmanet al. @15#.
They found some structure in the the threshold photoelec
peaks that was attributed to either rotations or to overlapp
Rydberg series. The peaks look very different from what w
presented in Ref.@16# or the present work, which would
indicate that if it was rotational structure, it must have be
severely perturbed by auto-ionizing resonances.

With the ZEKE-PFI technique, several rotationally r
solved studies of the valence states of N2

1 have been made
both xuv laser excited@17–20# and synchrotron radiation
excited@21#. These experiments can yield quite different r
tational branching ratios than conventional photoelect
spectroscopy for this system. Merkt and Softley@17# inves-
tigated some of the threshold effects that occurs for thX
state of this system in ZEKE studies.

We are not aware of any REMPI-PES studies of N2
1 that

have had high enough resolution to discern even the r
tional line profile, let alone rotational states. Such lo
energy photoelectron spectra could be interesting to com
with to establish possible threshold effects in the photoe
tron spectrum of N2

1.
With conventional single-photon HeI excited photoelec-

tron spectroscopy, Allen and Grimm@22# managed to obtain
spectra of theX, A, and B states where the rotational lin
shape could be discerned. With a complex deconvolu
technique, they could enhance these spectra to show th
tational branches with some clarity. Moriokaet al. @23# tried
to derive the rotational branching ratios for theX state of
N2

1 from HeI excited spectra. The resolution for these sp
tra were around 20 meV, so no clear rotational linepro
could be discerned. Ogataet al. @24# tried to establish theb
value and the branching ratio for the rotational branches
the n50 and 1 vibrations of theX state of N2

1 from HeI

excited photoelectron spectra. Their resolution was simila
that of Moriokaet al., so the rotational line profiles were no
discernible. Our group in Uppsala published spectra of
n50 vibrations of theX and B states some years ago@16#,
where the rotational line profiles were clearly visible. W
have now recorded the same peaks, plus then51 vibration
of the X state andn50 –2 vibrations of theA state, with
improved resolution, and with the angle resolved.

This is an interesting addition to the rather meag
amount of investigations into the photoelectron angular d
tribution of rotational states in molecules. With resonan
lamp ionization, only the angular distribution of photoele
trons of theX 2Sg

1 state in H2
1 has been studied@25–29#.

With laser excitation, some angle-resolved studies off
X 1S1 state of NO1 have been performed@30–37#. In both
these cases, NO1 and H2

1 , the ionic state hadS symme-
is
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tries, and large differences in angular distribution were fou
for different rotational branches. In the present study, sta
with both S and P symmetries were investigated, and th
results for these symmetries could be interesting to contr

II. EXPERIMENT

The synchrotron radiation experiments were performed
the beamline 9.0.1 at the Advanced Light Source synch
tron facility in Berkeley, California. This is an extremel
high resolution undulator beamline with a spherical grat
monochromator, capable of resolving powers of up
E/DE564 000@5#. It is equipped with three interchangeab
gratings for different energy ranges. A 380 line per mm gr
ing was used for the photon energy range 23–45 eV, wit
linewidth of the exciting radiation varying between 2 and
meV. At 65 eV, a 925 lines per mm grating was used, w
slits set to give a linewidth of around 5 meV. The spec
taken with synchrotron radiation were recorded at the ma
angle 55°63° to the direction of polarization. The unce
tainty in angle may introduce ab dependence of the rota
tional branching ratios, which also may change with pho
energy. However, the error can be estimated to be of
order of at most 5–10 %, and will not affect the qualitati
result of the present study.

The HeI excited spectra were recorded with radiati
generated by a microwave-powered electron cyclotron re
nance source. This source produces extremely intense ra
tion with a measured linewidth of 1.2 meV@8,38#. The light
was polarized by a simple arrangement with two gold-pla
mirrors. After passing through the polarizer, the light w
reflected in a grating monochromator which is ordinar
used for monochromatization of HeII radiation. This was se
for zero order light, i.e., only reflecting, and polarized t
light further. Light source, mirror arrangement and mon
chromator swing around the ionization region on a rotat
feedthrough. During the recording, the spectra were sw
alternating between 0° and 90° to the main direction of p
larization. The size of the polarizing mirrors limited the ligh
giving it a rectangular cross section. When the angle betw
the major polarization axis and the acceptance of the sp
trometer was changed from 0° to 90°, the size of the ioni
tion volume seen by the spectrometer decreased. The in
sity of the measured spectrum was then decreased b
geometrical factor. This factor had to be determined by m
suring intensities of a substance with a knownb parameter.
The polarization also has to be determined experimenta
To do this, we measured the intensities of the outerm
valencep orbitals of Ar, Kr, and Xe, for which theb param-
eters are well known from literature@39,40#. Measuring two
substances simultaneously is sufficient to obtain both
geometrical factor due to the rectangular shape of the ion
tion region, and the degree of polarization. This was do
before and after the experiment. The degree of polariza
was found to beP50.92, and not to deteriorate measurab
during the time the experiment was conducted.

The photoelectron spectrometer used in both the HeI and
synchrotron excited work is a truncated hemispherical a
lyzer with 144-mm mean radius which has been descri
elsewhere@7#. The angle in the dispersive direction accept
into the analyzer was less than 20 mrad. Two of the ma
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PRA 59 1905PHOTOELECTRON SPECTRA OF N2
1: . . .
effects that degrade resolution in UV-PES are the field g
dients that appear due to plasma potentials in the ioniz
region and the drifts in contact potentials that occur dur
the experiment. To compensate for this, electrodes have
fitted in the ionizing region, which were used for active p
tential correction of drifts and field gradients during the e
periment run@8#. To decrease the Doppler width, anoth
major resolution degrading factor, an effusive beam of g
perpendicular both to the ionizing radiation and the acc
tance of the spectrometer, was used as a sample. The
was created by passage through a multichannel plate
straight channels. The effusive beam had virtually no cool
effect, so the sample was at room temperature during
experiment. The resolution of the synchrotron radiation
cited spectra was degraded by fluctuations in the radia
intensity, that caused fast variations of the plasma poten
which the active potential correction setup could not hand
The energy resolution in the synchrotron-radiation-exci
spectra varied from 4 meV at 23-eV photon energy up to
meV at 65-eV photon energy. For the HeI spectra, the en-
ergy resolution was around 2.5 meV~see Fig. 1!. The N2

spectra were recorded simultaneously with a rare-gas line
order to energy calibrate the spectra and to determine
spectrometer function. For the synchrotron-radiation-ioniz
spectra, the Ne 2p3/2 line with a binding energy of 21.5654
eV @41# was used, and for the HeI spectra, the Ar 3p3/2 peak
with a binding energy of 15.7596 eV@42# was used.

FIG. 1. HeI excited spectrum of then50 @~a!, top# andn51
@~b!, bottom# vibrational peaks in theX 2Sg

1 state of N2
1, recorded

with u50° ~solid line! andu590° ~broken line!. The insert shows
the Ar 3p 2P3/2 peak. The full width at half maximum of the A
peak is 2.8 meV, corresponding to a spectrometer broadenin
around 2.5 meV.
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III. CURVE FITTING

We have curve fitted the spectra to obtain the intensi
of the rotational branches. Since the rotational angular m
mentum couples to the electronic angular momentum in
ferent ways in the final state for theX andB states on the one
hand, and theA state on the other hand, different curv
fitting models were used. The description of the initial sta
was identical for the two cases. The ground state of N2 is a
1Sg

1 state, and can be described by Hund’s coupling c
~b!. The energy of the rotational states in the electro
ground state is given by

EN5E01BN~N11!2D@N~N11!#2, ~1!

whereN is the rotational quantum number, andB andD are
rotational constants. The ground-state population is given
a Maxwell distribution, where the nuclear spin degenerat
of a homonuclear diatomic molecule has to be taken i
consideration. The14N nucleus is a boson with nuclear sp
s51. Therefore, there will be twice as many symmetric
antisymmetric nuclear spin states~6:3! in the N2 molecule.
The electronic ground-state wave function of N2 is symmet-
ric with respect to interchange of the nuclei, being aSg

1

state. Since the total wave function should be symme
with respect to the exchange of the nuclei for bosons, ro
tional states with an even rotational quantum number, i.e
symmetric rotational wave function, will have twice the d
generation of states with odd quantum number. The mo
ing of the energy position and the transition probability
the rotational levels in the final state differs forX, A, andB
states, and will be described below.

A. X and B states

TheX andB states in N2
1 are bothS states, and trivially

belong to Hund’s coupling case~b!. The rotational energy
levels in these states will be described by the same typ
expression as Eq.~1!, so the energy position of the rotation
states in the photoelectron spectrum will be given by

Eb~N,N1!5Eb~0,0!1B1N1~N111!2D1@N1~N111!#2

2BN~N11!1D@N~N11!#2, ~2!

whereB1 and D1 are the rotational constants in the ion
state, andB and D refer to the initial state. Values for th
rotational constants were taken from literature@43#.

For transitions in diatomic molecules between states
can be described by Hund’s coupling case~b!, Xie and Zare
@44# have developed a model for rotational line strengt
which is equivalent to the so called BOS model, develop
by Buckingham, Orr and Sichel@45#. According to Xie and
Zare, the rotational line intensity will be given by

of
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I ~N,N1!5„31~21!N
…e„2$BN~N11!2D[N~N11!] 2%/kT…(

k
~2N11!~2N111!S N k N1
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whereB andD are rotational constants for the ground sta
N and N1 are rotational quantum numbers of ground a
ionic states respectively. The functionf (k,u), with u being
the ejection angle of the photoelectron, describes the ang
dependence. This function must fulfill two criteria: at th
pseudomagic angle it should equalum̄(k,0)u2, the square of
the reduced multipole moment for angular momentumk, and
the transition in total should be described by the famil
formula for the angular dependence for single photon ion
tion with radiation with degree of polarizationP:

I}11
b

4
~113P cos 2u!. ~4!

A function that obviously fulfills these two criteria is

f ~k,u!5um̄~k,0!u2F11
bk

4
~113P cos 2u!G , ~5!

where thek dependence comes in as differentb values for
different um̄(k,0)u2. The angle-resolved data reported in th
paper has been analyzed with this model. As mentione
Sec. II, the synchrotron-radiation-excited spectra were
corded at the pseudomagic angle to the direction of polar
tion, and the degree of polarization was very high. T
m
;

r

e
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,
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r
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meant that there was no dependence on theb value on the
spectra. The discharge-lamp-excited spectra were record
u50° and atu590°. With the degree of polarizationP
known, it was possible to determinebk for the angular mo-
mentum k. In the fitting procedure, it is the paramete
um̄(k,0)u2 andbk that are determined for differentk.

Only transitions with evenDN are allowed for the
X 1Sg

1→X 2Sg
1 transition@46#. As will be seen below, only

DN50,62,64 branches had a non-negligible intensit
which means that only the reduced multipole matrix e
ments withk50, 2, and 4 had to be taken into consideratio

For the transitionX 1Sg
1→B 2Su

1 it is only DN odd tran-
sitions that are allowed@46#. This means that there is no
→0 transition, so the termEb(0,0) in Eq. ~2! does not corre-
spond to any real transition. Here only theDN561 and63
branches had non-negligible intensities; hence only the
duced multipole matrix elements withk51 and 3 had to be
taken into consideration.

B. A state

For theA state, the rotational angular momentum and
electronic orbital angular momentum couple to each othe
an intermediate case between Hund’s cases~a! and ~b!. The
energy position of the rotational states is well described
the Hill-Van Vleck formula@47,48#. For an inverted double
like the A 2Pu of N2

1, this will be
EN,J1,V53/25E01B1F ~J111/2!22L22
1

2
A4~J111/2!21Y~Y24!L2G2D1~J1!42BN~N11!1D@N~N11!#2,

~6!

and

EN,J1,V51/25E01B1F ~J111/2!22L21
1

2
A4~J111/2!21Y~Y24!L2G2D1~J111!42BN~N11!1D@N~N11!#2,

~7!
ase
r
.
or

be
ble
al
or-
where J1 is the total angular momentum in the ion,V is
the sum of spin and electronic orbital angular momentu
L51 is the electronic orbital angular momentum
Y5A/B1, with A being the spin-orbit splitting, and othe
entities are as above. For theA 2Pu stateA529.25 meV
@49#, with small ('0.02 cm21) variations between
vibrations. Since Xie and Zare’s model for the lin
intensities @44# is developed for Hund’s case~b!, it does
not apply. Buckingham, Orr, and Sichel@45# have considered
Hund’s case~a!, but the fact that the energy positions
;
the rotational states are given by an intermediate c
between Hund’s cases~a! and~b! casts doubts upon whethe
using a case~a! model for the intensity really is justified
Braunstein, McKoy, and Dixit developed a model f
the mixed case@50#, but this is rather involved. As a
crude model, we have considered the intensities to
given by the ground state population. This is a reasona
approximation, particularly for states with high rotation
quantum numbers. The intensity will then be given the f
mula:
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I ~N,J1!}~CDJ ~31~21!N
…!~2N11!

3e„2$BN~N11!2D[N~N11!] 2%/kT… ~8!

3F11
bDJ

4
~113P cos 2u!G , ~9!

whereCDJ is a constant proportional to the transition pro
ability for the DJ5J12N rotational branch,bDJ is the an-
gular anisotropy parameter for theDJ branch, and the rest i
as above. In the fitting procedure, it is the parametersCDJ
andbDJ that are determined.

IV. RESULTS He I STUDIES

A. X state

Spectra of then50 and 1 vibrations of theX 2Sg
1 state

are presented in Fig. 1. Both vibrations exhibit striking d
ferences inb value for different rotational branches. Th
DN50 branch has a much higherb value than theDN5
62 andDN564 branches. There are also obvious diffe
ences between the vibrations. TheDN562 branch of the
n50 vibration has ab value close to 0, i.e., the angula
distribution is isotropic, whereas for then51 vibration it is
clearly positive. The relative intensities of the rotation
branches also differ between the vibrations.

In the ZEKE spectra presented by Merkt and Softley@17#,
quite different branch intensities were found. Forn50 vi-
bration theDN522 andDN50 branches were strong, th
DN52 andDN524 branches less so, and noDN54 lines
were seen. For then51, the DN52 andDN54 branches
dominated, theDN50 and DN522 branches were les
strong, and theDN524 branch was missing. The intensi
distortions were shown to be due to rotational autoionizat
for then50 vibration, and to a so-called complex resonan
close to the ionization threshold for then51 vibration. Our
spectra are recorded much further from threshold, and sh
not be affected by the same mechanisms.

Similar results have been found for theX 2Sg
1 state of

H2
1 @25–29#. Here theDN52 branch also exhibits a muc

lower b value than theDN50 branch. The fact that the
relative intensity of theDN562 branches is much highe
and that theDN564 branches have non-negligible intens
ties for theX 2Sg

1 state of N2
1, indicates a greater influenc

of largel components in the outgoing photoelectron wave
the N2

1 case.
These spectra have been fitted according the model of

and Zare@44#, presented above. The relative size of t
square of the reduced multipole moment matrix eleme
obtained from these fits are presented in Table I. The cu
fit is presented forn50 andu590° in Fig. 2, and as can b
seen the modeling with Eq.~3! describes the intensity ver
well.

In Table I it is seen thatum̄(0,0)u2, which only affects the
DN50 branch, has a much higherb value thanum̄(2,0)u2 or
um̄(4,0)u2, which affect all the observed rotational branch
This is expected from theory, and, in the work Ogataet al.
@24#, for theoretical reasons it was set to be equal to 2. T
-

l

n
e

ld

r

ie

ts
e

.

e

value of b'1.85 we obtained forum̄(0,0)u2 was also what
we found for theX 2Sg

1 state of H2
1 @29#.

In terms of squared reduced multipole moment matrix
ements, the difference inb value between the vibrationsn
50 and 1 is seen to depend mostly onum̄(2,0)u2. Both theb

value and the relative size ofum̄(2,0)u2 differ between the
vibrations. Forn50, a lower b value and larger size o
um̄(2,0)u2 than for n51 was observed, giving the vibratio
in total a considerably lowerb value. This was also the
qualitative result of Ogataet al. @24#, even if their numbers
differ from ours. The cause of this is undoubtedly that t
resolution in their experiment was lower than in the pres
work. Furthermore, a theoreticalb value for the entity cor-
responding toum̄(0,0)u2 was used in their analysis, and th
otherb values were calculated as relatives to this.

TABLE I. Anisotropy parameter and relative reduced multipo
moment matrix elements of the vibrationsn50 and 1 for the
N2

1X 2Sg
1 state. Two different recordings ofn50 were made. The

nomenclature of Ogataet al. @24# is different form ours, but the
values are equivalent. The numbers in parentheses indicate th
rors.

Relative size of

um̄(k,0)u2 b, this work
s0k /s00,
Ref. @24#

b,
Ref. @24#

n50 0.68 0.77~3!

k50 1.000 1.89 1.0 2.0
k52 1.804 0.03 1.32~1! 20.14(4)
k54 0.076 0.15 0.04~1! 0.32~82!

n50 0.66

k50 1.000 1.88
k52 1.867 0.04
k54 0.086 20.04

n51 1.45 1.58~36!

k50 1.000 1.89 1.0 2.23~27!

k52 0.682 0.92 0.73~10! 0.62~66!

k54 0.057 20.05 0.10~7! 2.18~3.36!

FIG. 2. Experimental~dotted! and fitted~solid line! spectra of
the n50 vibrational peak of theX 2Sg

1 state of N2
1 for u590°

plotted together. The rotational branches of the fit are also show
the figure. TheDN564 branches are very weak.
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The reason for this large difference inb value between
the vibrations is a long standing question. The shape re
nance in the 3sg→ksu ionization channel@52–55# can cer-
tainly affect the rotational population, as we have shown
our earlier paper@9#, and also the angular distribution, as h
been seen in vibrationally resolved work@55#. For theX 3Sg

2

state in O2
1, Braunstein and co-workers@50,51# found dif-

fering rotational branching ratios for different vibration
which was presumed to be due to a shape resonance.
may also be the case for theX 2Sg

1 state of N2
1, but the

actual shape resonance lies around 29–30 eV, i.e., not
close to the present photon energy. Angle-resolved meas

TABLE II. Relative branching ratio andb values for different
rotational branches of the first three vibrations in N2

1A 2Pu . The
intensity quoted for the rotational branches is relative toCDJ51/2 for
the V5

3
2 component of each vibration. The intensity of theV

5
1
2 component in total is relative to theV5

3
2 component.

Rot. branch Rel. int. b Rel. int. b Rel. int. b

n50 0.40 n51 0.33 n52 0.26

V5
3
2 1.00 0.44 1.00 0.38 1.00 0.34

DJ52
5
2 - - 0.07 20.38 0.12 0.39

DJ52
3
2 0.38 0.28 0.39 0.30 0.44 0.03

DJ52
1
2 0.41 0.40 0.44 0.41 0.36 0.37

DJ5
1
2 1.00 0.53 1.00 0.46 1.00 0.39

DJ5
3
2 0.53 0.39 0.54 0.31 0.57 0.34

DJ5
5
2 0.14 0.44 0.16 0.48 0.18 0.71

V5
1
2 0.88 0.35 0.86 0.27 0.90 0.17

DJ52
3
2 0.56 0.41 0.48 0.19 0.58 0.20

DJ52
1
2 0.53 0.28 0.61 0.34 0.52 20.17

DJ5
1
2 0.73 0.44 0.71 0.34 0.76 0.39

DJ5
3
2 0.25 0.11 0.29 0.07 0.34 0.03

DJ5
5
2 0.08 0.16 0.11 0.24 0.14 0.23

DJ5
7
2 0.01 1.45 0.02 0.17 0.05 0.83

FIG. 3. Then51 peak of theA 2Pu state of N2
1, recorded with

u50° ~solid line! and u590° ~broken line!. The most intense
peaks are theDJ5

1
2 branch of theV5

3
2 component and theDJ

5
1
2 branch of theV5

1
2 component, which lie around 16.925 an

16.935 eV, respectively. The structure at 16.88 eV is the HeI b
excited vibrationn50 of theB state~compare Fig. 4!.
o-

n

his

ry
re-

ments with a rotational energy resolution, performed with
fine photon energy mesh, should be able to shed some
on the process. This is unfortunately not an easy experim
to perform with our present equipment.

The um̄(0,0)u2 and um̄(4,0)u2 squared reduced multipol
moment matrix elements both have approximately the sa
relative sizes andb values forn50 andn51. The values of
Ogataet al. @24# corresponding toum̄(4,0)u2, differed quite
dramatically between vibrations, but their uncertainty w
very large. Theb value forum̄(0,0)u2 was, as stated above,
theoretical one, and not derived from the experiment.

B. A state

We have recorded an angle-resolved photoelectron s
trum of the three first vibrations of theA 2Pu state of N2

1,
and, as an example of this spectrum, the vibrational pean
51 is presented in Fig. 3. Both theu50° and 90° spectra
are shown. As can be seen, the HeI b(hn523.087 eV! ex-
cited peak for then50 vibration of theB 2Su

1 state at 16.88
eV ~cf. Fig. 4! overlaps slightly with then51 peak of theA
state. The HeI b satellite for then51 vibration of theB state
lies around 17.18 eV, and overlaps parts of then52 vibra-
tion of theA state.

FIG. 4. HeI excited spectrum of then50 vibrational peak of
the B 2Su

1 state of N2
1, recorded withu50° ~solid line! and u

590° ~broken line!.

FIG. 5. Experimental~dotted! and fitted~solid line! spectra of
the n50 vibrational peak of theB 2Su

1 state of N2
1 for u590°

plotted together. The rotational branches of the fit are also show
the figure. The wiggles in theDN53 branch correspond to indi
vidual rotational states.
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The spectra were curve fitted with the simple model
scribed above, and the relative rotational branch intens
andb values are presented in Table II. The difference inb
value between vibrations was found to be rather small.
cording to our measurements, it changes fromb50.40 to
0.26 fromn50 to 2, in excellent agreement with Kreile an
Schweig@39#. The appearance of the rotational line profi
and spin-orbit components within the vibrational peaks
similar for the different vibrations. However, the overlap
the two spin-orbit-split components makes a precise ass
ment of the intensities of the rotational branches difficu
and hence also the determination ofb values. A few obser-
vations can still be made. Theb value of theV5 1

2 spin-orbit
component is lower than than that of theV5 3

2 . The rota-
tional branching ratio is not the same for the two spin-or
components, and also the total intensity differs. TheV5 1

2

component had 85–90 % of the intensity of theV5 3
2 com-

ponent. In the ZEKE spectrum of Hepburn@19#, a higher
intensity was also found for theV5 3

2 component compared
with theV5 1

2 component. There is a weak asymmetry in t
rotational branching ratio, favoring negative and lowDJ
transitions. This was also seen in the ZEKE spectrum
Hepburn@19#. A surprising fact is that theDJ5 3

2 branch of
V5 1

2 spin-orbit component has a lowerb value than the
branches around it. The difference between the branches
otherwise mostly rather small. In some cases, where the
tensity was low or where the overlap between the spin-o
components was large, which aggravated the determina
of theb value, larger differences were found, but the unc
tainty was then large. Theb value of theDJ5 7

2 of the V
5 1

2 spin-orbit component ofn52 appears to be substantial
higher than the other other rotational branches of the s
vibration. This is undoubtedly a result of the overlap fro
the HeI b excitedn51 vibration of theB 2Su

1 state.

C. B state

u50° and 90° spectra of then50 vibration of theB 2Su
1

state are presented in Fig. 4, along with a presentation
curve fit in Fig. 5. As can be seen in Fig. 4, theDN563
branches have a much lowerb value than theDN561
branches. The fitting of these spectra according the mode
Xie and Zare@44# yielded the relative squared reduced m
tipole moment matrix elements presented in Table III.

In Fig. 3 the HeI b satellite line ofn50 of theB state is
well resolved, and could possibly be used for determiningb
parameter and values for the reduced multipole moment
trix elements athn523.087 eV. However, we do not know
the degree of polarization of the radiation at this ener
since it was only determined from knownb parameters for

TABLE III. Anisotropy parameter and relative reduced mul
pole moment matrix elements of then50 vibration for the
N2

1B 2Su
1 state.

Relative size ofum̄(k,0)u2 b

n50 1.10

k51 1.000 1.28
k53 0.169 0.00
-
s

-

s

ss-
,

t

f

as
n-
it
on
-

e

a

of

a-

,

photoionization with HeI a. It can be expected to be rathe
similar to that athn521.218 eV, and under the conditio
that is identical, we obtained values when we fitted the sp
tra that are close to those presented in Table III. This in
pendence on photon energy is very much in line with w
we see for the squared reduced multipole moment ma
elements in the synchrotron-radiation-excited spectra.

V. RESULTS SYNCHROTRON STUDIES

A. X state

In Fig. 6, spectra for theX 2Sg
1 state recorded at 23, 35

and 45 eV are presented. As can be seen, theDN50 branch
has a higher relative intensity at 23 eV than at 35 and 45
Also, at 45 eV theDN50 branch is slightly more intens
than at 35 eV, so theDN50 branch intensity goes through
minimum between 23 and 45 eV. Curve fitting our spec
according to the model of Xie and Zare, mentioned abo
yields the relative squared reduced multipole moments p

FIG. 6. Synchrotron-radiation-excited spectra of then50 vibra-
tion of theX 2Sg

1 state of N2
1, recordedhn523 eV~short dash!, at

hn535 eV ~long dash!, andhn545 eV ~solid line!. Note that the
central feature~the DN50 branch! is stronger in thehn523 eV
spectrum than in thehn535 andhn545 eV spectra. TheDN50
branch of thehn545 eV spectrum has a greater peak height th
the hn535 eV spectrum, and is also slightly broader. The relat
intensity of theDN50 branch is higher at 45 eV than at 35 eV, an
must go through a minimum between 23 and 45 eV.

FIG. 7. The relative of the square of the reduced multipole m
ment matrix elements of the transitionX 1Sg

1(n50)→X 2Sg
1(n

50) as a function of photon energy. Unfilled circle

um̄(2,0)u2/um̄(0,0)u2; filled circles, um̄(4,0)u2/um̄(0,0)u2. The lines
are intended as guides to the eye.
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sented in Fig. 7. These data have already been presente
recent Letter@9#. In the figure, the values from the HeI mea-
surement have also been included, and as seen they fit
with the synchrotron excited data.

This photon energy dependence of the rotational bran
ing ratio is most likely due to the 3sg→ksu shape resonanc
in N2 @52–55#. Poliakoff and co-workers noticed influence
of shape resonances on rotational branching ra
@11,12,56#. In particular, an enhancement of largeDN tran-
sitions at low photon energies was seen in theB state of CO1

as a result of a 4s→ks shape resonance@12#. Both for this
resonance and the mentioned resonance in N2 , it is the l
53 partial photoelectron wave that has the resonant be
ior. The resonant behavior of thel 53 partial wave leads to a
favoring of largerDN transitions around the resonance
both these cases.

We calculated what vibrationally averagedb values we
would obtain as a function of photon energy from the m
sured relative sizes ofum̄(k,0)u2, under the condition that the
b value of each squared reduced multipole moment ma
element stayed constant with photon energy. We used thb
values obtained from the HeI study presented above. Most
due to the minimum of theum̄(0,0)u2 square reduced multi
pole matrix element, we also obtain a minimumb value of
approximately 0.4 at aroundhn535 eV. This is not in good
accord with what has been measured before~see Ref.@55#!.
The only way to reconcile these findings with what has be
measured before is that not only the relative size of the
duced multipole moment matrix elements, but also their
gular distributions change with photon energy.

B. B state

In Fig. 8, spectra for theB 2Su
1 state recorded at 23, 35

and 45 eV are presented. As for theX state above, a sligh
difference in resolution exists for the spectra, but the cl
difference in rotational branching ratio seen for theX state
does not appear for theB state in this energy region. In Fig
9, the squared reduced multipole moment matrix elem
um̄(3,0)u2 relative toum̄(1,0)u2 obtained by curve fitting the

FIG. 8. Synchrotron-radiation-excited spectra of then50 vibra-
tion of the B 2Su

1 state of N2
1, at hn523 eV ~short dash!, hn

535 eV ~long dash!, and hn545 eV ~solid line!. The rotational
branch intensity does not change markedly with photon ene
unlike the case of theX 2Sg

1 state. The differences in peak heig
are due to differences in energy resolution.
in a

ell

h-

s

v-

-

ix

n
-
-

r

nt

photoelectron spectra for photon energies between 23 an
eV is shown. The values from derived from the ang
resolved HeI excited spectra are also included. Obvious
the relative size of the squared reduced multipole mom
matrix elements of theB state is fairly constant. A slightly
decreasing trend may be discerned from the data present
Fig. 9. This is contrary to what was found by Poliakoff an
co-workers@10–14#, namely, an increase inDN>3 transi-
tions with increasing photon energy. Judging from the d
they presented, the increase should be quite small in the
ergy range we studied, and could be hidden in the statist
scatter of our measurement.

Several effects have been suggested to influence
X 1Su

1→B 2Su
1 transition in this photon energy region. Fo

instance, the 3sg→ksu shape resonance may influence t
2su photoionization@57,58#. Small deviations from Franck
Condon vibrational branching ratios have been found in
energy region of the 3sg→ksu shape resonance in fluore
cence spectra for the transitionB 2Su

1→X 2Sg
1 @59,60#, and

also effects on the photoelectron angular distribution for
B 2Su

1 state@61#. Recently, Erman and co-workers@62,63#
measured the vibrational branching ratio from fluoresce
spectra, and found a structure which was suggested coul
due to doubly excited states in the energy region 20 to 35
which autoionize into theB 2Su

1 state. If there is an effect on
the rotational branching ratio from theksu shape resonanc
or from the doubly excited states, it must be small. There
an apparent kink in the curve for the relative size
um̄(3,0)u2 compared toum̄(1,0)u2 between 29 and 30 eV
which could due to any of these effects, but it can well
stochastic. The drastic changes seen for theX 2Sg

1 state in
the rotational branching ratio does not happen for theB 2Su

1

state. Smaller variations may not be ruled out, but exp
ments with better statistics would have to be performed
determine this.

VI. CONCLUSION

In this paper, we have studied rotational line profiles
N2

1 with angle-resolved photoelectron spectroscopy. For
X andB states, which are bothS states, we found the differ
ence inb value for different rotational branches to be dr
matic. In theA 2Pu state, the differences between rotation

y,

FIG. 9. The relative of the square of the reduced multipole m
ment matrix elements of the transitionX 1Sg

1(n50)→B 2Su
1(n

50) as a function of photon energy. Unfilled circle

um̄(3,0)u2/um̄(1,0)u2.
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branches in theb value are much less pronounced, ev
though there certainly are differences. For theX state, the
difference inb value between then50 and 1 vibrations is a
compounded effect of different rotational branching rat
and b values for the rotational branches. The 3sg→ksu
shape resonance may cause this anomaly, but other ef
can also be involved. This shape resonance certainly aff
the rotational branching ratio in theX state, as can be see
from the photon energy dependence study presented in
paper and in Ref.@9#. TheB 2Su

1 state is said to be affecte
by interchannel coupling@57–60# and by autoionizing dou-
bly excited resonances@62,63# in this energy region. Unfor-
tunately, we have some scatter in our values, which mak
A

-
m

n,

,
.

v

m

.
tt.

l,
ys

,

la

nd
s

cts
ts

is

it

difficult to definitely state more than that the influence
these different processes on the rotational branching r
must be small in the studied photon energy range. Over
extended photon energy range (5<Ek<230 eV!, it has been
found that Cooper minima affect the rotational population
the B state in N2

1 @13,14,64#. The smaller energy range w
have studied (2.5<Ek<26 eV! makes these effects too in
significant to be noticed.
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1912 PRA 59G. ÖHRWALL, P. BALTZER, AND J. BOZEK
@45# A. D. Buckingham, B. J. Orr, and J. M. Sichel, Philos. Tran
R. Soc. London, Ser. A268, 147 ~1970!.

@46# J. Xie and R. N. Zare, J. Chem. Phys.93, 3033~1990!.
@47# E. Hill and J. H. Van Vleck, Phys. Rev.32, 250 ~1928!.
@48# G. Herzberg,Molecular Spectra and Molecular Structure

Spectra of Diatomic Molecules~Van Nostrand Reinhold, New
York, 1950!.

@49# A. Lofthus and P. H. Krupenie, J. Phys. Chem. Ref. Data6,
113 ~1977!.

@50# M. Braunstein, V. McKoy, and S. N. Dixit, J. Chem. Phys.96,
5726 ~1992!.

@51# M. Braunstein, V. McKoy, S. N. Dixit, R. G. Tonkyn, and M
G. White, J. Chem. Phys.93, 5345~1990!.

@52# J. L. Dehmer, D. Dill, and S. Wallace, Phys. Rev. Lett.43,
1005 ~1979!.

@53# R. R. Lucchese and V. McKoy, J. Phys. B14, L629 ~1981!.
@54# J. B. West, A. C. Parr, B. E. Cole, D. L. Ederer, R. Stocbau

and J. L. Dehmer, J. Phys. B13, L105 ~1980!.
.

r,

@55# I. Iga, A. Svensson, and J. B. West, J. Phys. B22, 2991~1989!,
and references therein.

@56# E. D. Poliakoff, L. A. Kelly, L. M. Duffy, B. Space, P. Roy, S
H. Southworth, and M. G. White, Chem. Phys.129, 65 ~1989!.

@57# J. A. Stephens and D. Dill, Phys. Rev. A31, 1968~1985!.
@58# B. Basden and R. R. Lucchese, Phys. Rev. A37, 89 ~1988!.
@59# E. D. Poliakoff, Ming-Hang Ho, G. E. Leroi, and M. G. White

J. Chem. Phys.84, 4779~1986!.
@60# E. D. Poliakoff, S. Kakar, and R. A. Rosenberg, J. Che

Phys.96, 2740~1992!.
@61# S. H. Southworth, A. C. Parr, J. E. Hardis, and J. L. Dehm

Phys. Rev. A33, 1020~1986!.
@62# P. Erman, A. Karawajczyk, U. Ko¨ble, E. Rachlew, K. Yoshiki,

Franzén, and L. Veseth, Phys. Rev. Lett.76, 4136~1996!.
@63# P. Erman, A. Karawajczyk, E. Rachlew-Ka¨llne, M. Stank-

iewicz, K. Yoshiki Franze´n, P. Sannes, and L. Veseth, Phy
Rev. A 55, 4221~1997!.

@64# R. M. Rao, E. D. Poliakoff, Kwangshi Wang, and V. McKoy
Phys. Rev. Lett.76, 2666~1996!.


