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Absolute generalized oscillator strengths for the vibronic bands ofA 1P, B 1S1, C 1S1,
and E 1P transitions of carbon monoxide

Z. P. Zhong, R. F. Feng, K. Z. Xu, S. L. Wu, L. F. Zhu, X. J. Zhang, Q. Ji, and Q. C. Shi
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Generalized oscillator strengths for the vibronic bands ofA 1P, B 1S1, C 1S1, andE 1P have been deter-
mined by an angle-resolved electron energy loss spectroscopy at an incident electron energy of 1500 eV and in
an angular range of 0.5°–6.0°. The corresponding absolute optical oscillator strengths obtained by extrapolat-
ing the generalized oscillator strengths toK250 are also reported. The present results have been compared
with previous work, and some differences between them have been explained. The experimental generalized
oscillator strengths forv850–8 of A 1P, v850–1 of B 1S1, C 1S1, and E 1P are reported.
@S1050-2947~97!00203-5#

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

The investigation of the structure of atomic and molecu
energy levels and electron-induced processes has been d
ing increasing experimental and theoretical attention@1–5#.
Absolute differential cross sections~DCSs! for electronic ex-
citations in carbon monoxide are of undisputed interes
atmospheric and plasma physics since carbon monoxide
important component in the atmosphere and interstellar
dium. Most previous experimental studies of electro
induced processes of carbon monoxide have been devot
measurements of DCSs at low impact energies (<100 eV!,
and have been quoted in Ref.@6#. DCSs of carbon monoxide
at intermediate or high impact energy have only been m
sured by Lassettre and co-workers@7–10# for v852 of
A 1P, v850 of B 1S1 andC 1S1. The corresponding gen
eralized oscillator strengths~GOSs! have been determine
from the measured DCSs. Theoretical calculations for
vibronic bands ofA 1P, B 1S1, C 1S1, andE 1P have re-
cently been reported by Chantranuponget al. @11,12#. How-
ever, the differences between their calculations and
GOSs measured by Lassettre and co-workers@7–10# are
larger for both the values and the profiles of GOS curves.
to now, there have only been theoretical calculations for
GOSs of v851 of B 1S1 and C 1S1, and v850, 1 of
E 1P.

The existing values of absolute optical oscillator streng
~OOSs! in the discrete region for carbon monoxide sho
large differences among the various experimental and th
retical works. The difficulties and limitations for optica
methods in determining OOSs for discrete transitions h
been discussed in Refs.@3,13#. There are only three group
which have applied electron impact methods based on e
tron energy loss spectroscopy~EELS! to determine OOSs fo
discrete transitions of carbon monoxide. Lassettre and S
bele@9# have obtained the OOS values forv852 of A 1P by
extrapolating a series of GOSs to zero momentum tran
square (K2) and normalizing their relative data on the abs
lute elastic differential cross sections measured by Bromb
@14#. The absolute OOSs for the vibronic bands of t
B 1S1, C 1S1, and E 1P excited states have been dete
551050-2947/97/55~3!/1799~11!/$10.00
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mined from the height ratios of the corresponding peaks
v852 of A 1P in a spectrum measured at 0° angle. Ch
et al. @15# and Wu et al. @16# have employed a high
resolution dipole (e,e) method to directly determine th
OOSs for the vibronic bands of theA 1P, B 1S1, C 1S1,
andE 1P, in which the optical limit~i.e.,K2→0) are effec-
tively satisfied. The OOSs for the vibronic bands of t
A 1P obtained by each group are consistent. However,
OOSs reported by Lassettre and Skerbele@9# for the vibronic
bands of theB 1S1, C 1S1, andE 1P show large deviations
from the data of Chanet al. @15# and Wuet al. @16#. On the
other hand, the data of Chanet al. @15# are in good agree-
ment with those of Wuet al. @16# for these vibronic bands.

In this paper our experimental results for the GOSs of
vibronic bands of theA 1P, B 1S1, C 1S1, andE 1P elec-
tronic states are reported at an incident electron energ
1500 eV and in an angular range of 0.5°–6.0° with an int
val of 0.5°. The OOSs forB 1S1, C 1S1, andE 1P are also
obtained by extrapolating the GOSs toK250. Moreover, we
try to explain the differences among the OOS ofB 1S1,
C 1S1, andE 1P reported by Lassettre and Skerbele@9#, Wu
et al. @16#, and Chanet al. @15#.

II. EXPERIMENTAL METHOD

According to the Bethe theory@1,17#, the differential
cross section per unit range ofE, d2s(K,E)/dEdV, for a
fast electron impact can be factored into two parts involv
the kinematics of the electron before and after collision, a
the transition probability of the resulting excitation of targe
the so-called generalized oscillator strength densityd f /dE,
by the following Bethe-Born formula:

d f~K,E!

dE
5
E

2
K2

po
pa

d2s~K,E!

dEdV
. ~1!

HereE andK stand for energy loss and momentum tran
1799 © 1997 The American Physical Society
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fer while po andpa are incident and scattered electron m
menta, respectively. All quantities in Eq.~1! and following
equations are in atomic units.

It can also be shown@1,17# that the generalized oscillato
strength density can be expanded in a power series ofK2 as

d f~K,E!

dE
5
d fo~E!

dE
1AK21BK41•••, ~2!

whered fo(E)/dE is the optical oscillator strength densi
andA, B, etc. are constants. Therefore at the optical lim
~i.e.,K2→0), it will be found that

lim
K2→0

d f~K,E!

dE
5
d fo~E!

dE
. ~3!

Under such conditions of negligible momentum transfer,
dipole selection rules are applicable and

d fo~E!

dE
5
E

2
K2

po
pa

d2s~K,E!

dEdV
5B~E!

d2s~E!

dEdV
. ~4!

The quantityB(E) is called the Bethe-Born factor. In a
actual experiment, the factorB(E) must take into accoun
the finite acceptance angle about the mean scattering ang
0° and the energy-dependent efficiency factor. Therefore
~4! can be modified to give@18#

d fo~E!

dE
5B8~E!

dN~E!

dE
,

B8~E!5
d fo~E!/dE

dN~E!/dE
5

E

a1cE
ln21S 11

u0
2

x2D . ~5!

dN(E)/dE is measured counts per unit range ofE in the
measured electron energy loss spectrum.B8(E) is called the
Bethe-Born conversion factor, which can be obtained by
erencing a high-resolution electron energy loss spectrum
the known photoabsorption cross section in the smooth
ization continuum spectral region of a suitable gas~such as
helium!. Herex5E/2E0 (E0 is the impact energy!, u0 is the
half acceptance angle of the analyzer. Values ofa, c, and
u0 can be determined from a least-squares fit.

It is well known that the electron impact methods bas
on EELS for determining optical oscillator strengths can
briefly classified into two types@3#.

~1! An extrapolating EELS method, pioneered in t
1960s by Lassettre and co-workers, such as in Refs.@7–10#.
This method involves measurements of the relative inten
for a given transition as a function of scattering angles~i.e.,
K2) @see Eqs.~1!–~3!# which can be extrapolated toK250
to give the relative OOS for this transition. The GOSs det
mined in the series of measurements have an important
for investigating electron-induced processes. In additi
such information is also a crucial requirement for the dev
opment and evaluation of quantum-mechanical theoret
methods and for the various modeling procedures involv
electronic transition probabilities, since a profile of the GO
versusK2 curve is directly related to the initial-state an
excited-state wave functions. Meanwhile, intensity ratios
termined as a function of scattering angle, which are
-
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products of the series of measurements, are useful in
study of intensity distribution among vibronic levels in ele
tronic transitions and in the identification of forbidden tra
sitions @19#.

When the incident electron energy is sufficiently high, t
measured apparent GOS will tend to the GOS calcula
from Eq. ~1! relying on the first Born approximation. Bu
previous experiments were operated at a typical impact
ergy of 500 eV, which is not high enough for this. Lassett
Skerbele, and Dillon@20# have conjectured through som
modeling and/or intuition that the limiting oscillator streng
at K250 is the optical oscillator strength in the case of o
tically ~dipole! allowed transitions, regardless of whether t
first Born approximation holds or not@Eq. ~1! depends on the
use of the first Born approximation and hence holds only
high energy#, which is called the theory of limiting oscillato
strengths. This conjecture was based on a great deal o
perimental evidence, and it is a useful tool for experimen
work. The Lassettre formula has been extensively used t
the experimental data to obtain the OOS@20#:

f ~K,E0!5
1

~11y!6 F f o1 (
k51

m

f kS y

11yD kG , ~6!

where y5K2/a2, a5(2I )1/21@2(I2E)#1/2, and I is the
ionization potential,f o is OOS, andf k are fitted constants.

~2! Dipole (e,e) method which is a direct method to de
termine OOS and has been described in detail in Ref.@3#.
Briefly, it avoids the need for the extrapolation procedure
choosing a series of experimental conditions, in which
optical limit ~i.e., K2→0) is effectively satisfied@21–23#.
This can be achieved by measuring at high impact ene
E0 and designing the electron analyzer and associated e
tron optics so that the measurement can be done at a m
scattering angle of 0°. This usually results inK2,0.01 a.u.
for valence electron excitations and fast electron impact. U
der such conditions, Eq.~4! is satisfied to better than 1%
accuracy for most cases. It should be noticed that the form
of B8(E) in Eq. ~5! has assumedd fo(E)/dE as a constant
within the angle range from2u0 to 1u0. The errors result-
ing from this assumption are negligible for most transitio
~less than 1%!. But it has been found that some forbidde
transitions have been detected in experiment where the o
cal limit is satisfied, for example, in Refs.@24–26#. Obvi-
ously, the dipole (e,e) method cannot directly identify the
forbidden transition well.

A further development of high-energy-resolution fa
EELS is angle-resolved EELS~AREELS!, in which the op-
tical limit is effectively satisfied at a mean scattering angle
0°, and the scattering angle can be varied. So AREELS
be applied to measure directly absolute OOSs for dip
electronic transitions and absolute DCSs and GOSs for b
dipole and nondipole electronic transitions. Therefore
AREELS can compare the dipole (e,e) EELS method with
the extrapolating EELS method for determining OOSs a
can be used to test the theory of limiting oscillator streng
@20#. Details of the apparatus were described in our previ
work @24,27#. Briefly it consists of an electron gun, a hem
spherical electrostatic monochromator made of aluminum
rotatable energy analyzer of the same type, an interac
chamber, a number of cylindrical electrostatic optics lens
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and a channeltron for detecting the analyzed electrons. A
these components are enclosed in four separate vac
chambers made of stainless steel. Pulse-counting and m
scaler techniques were used to obtain energy loss spe
The impact energy of the spectrometer can be varied fro
keV to 5 keV and the energy resolution is 40–120 meV@full
width at half maximum~FWHM!#. The background pressur
in the vacuum chambers was 3.031025 Pa. The scattering
angles were calibrated based on the symmetry of the e
tronic transitionA 1P around the geometric zero angle. Th
angular resolution of the spectrometer has been appr
mately determined from the angular distribution of the dir
electron beam from the monochromator measured by ro
ing the analyzer, and it is about 0.8°~FWHM! in the present
measurements. The impact energy was set at 1.5 keV an
energy resolution was about 50 meV to 70 meV for t
present measurements.

There were some small variations in the intensity of
incident electron beam during the measuring period. In or
to minimize this systematic error, elastic, inelastic, then e
tic EELS spectra were measured at an angle for each c
and an elastic EELS spectrum at an angle of 4.0° was m
sured before and after this cycle. Every measured coun
both elastic and inelastic scattering was normalized to tha
elastic intensity at 4.0°. Double scattering processes
cause errors in DCS measurements of inelastic scatte
@28#. The double scattering effect has been evaluated
corrected in this work for scattering angles not smaller th
2.0°. The method is described in Refs.@4,29#. Briefly, the
pressure relation of the intensity ratios of inelastic scatter
to elastic scattering at the same scattering angles (>2.0°)
was measured. There is an approximate relation between
measured intensity ratios and the pressurep as follows:

I p~u!

I el~u!
5S I p~u!

I el~u! D
p50

1C~u!p, ~7!

where I p and I el represent the scattering intensities cor
sponding to the inelastic scattering and elastic scattering
spectively, which include single and double scattering.
this experiment, we have measured the intensity ratios at
pressures: 0.008, 0.015, 0.020, 0.025, and 0.030
@ I p(u)/I el(u)#p50 is the intensity ratio extrapolating to zer
gas pressure which is a real relative inelastic scattering
tensity ratio without the pressure effect. Therefore after
least-squares fit was employed to fit the data points acc
ing to Eq.~7!, the double scattering effect was evaluated a
corrected.

In the collision cell case, the scattered electrons go out
from a point, but from a line. The scattering length ‘‘se
by’’ the energy analyzer at a scattering angleu is propor-
tional to 1/sinu at larger scattering angles. But at smal
scattering angles it does not increase further because o
fixed length of the collision cell. In the present work, w
adopted the method in Ref.@4# for calibrating the angular
factor of our apparatus to correct the line source and o
effects. Briefly, our angular factorA(u) was obtained by
dividing the DCS values of the 11S→21P transition of he-
lium obtained from Kim and Inokuti@30# by the measured
counts for the transition 11S→21P of helium at different
angles and the results being normalized at an angle of 4
of
um
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In this work we extrapolated the relative GOSs ofv852
of A 1P to K250 using Eq.~6! to obtain its relative OOS,
then normalized the relative OOS to the absolute O
~0.0401! measured by Wuet al. @16# and made its GOSs
absolute. The other sets of relative GOSs were made abs
by reference to concurrent measurements of the abso
GOS v852 of A 1P at the same angle or fitted values
0.5°, 1.0°, and 1.5°.

III. RESULTS AND DISCUSSIONS

Figures 1~a!–1~c! show the EELS spectra measured
scattering angles 0°, 3°, and 6°, respectively, which w
measured at the gas pressure of 0.008 Pa. For the par
resolved peaks, a Fourier self-deconvolution method, wh
has been successfully used in Ref.@31#, has been employed
to determine the intensities of the respective peaks show
Figs. 1~a!–1~c!.

Figure 2~a! shows the pressure relation of the intens
ratios of v852 of A 1P to elastic scattering at the sam
scattering angle. It is obvious thatC(u) changes with the
scattering angle. For example, at the pressure of 0.008
the difference between the DCS before and after the dou
scattering effect has been corrected by Eq.~6! is 1% at
2.0°, but it becomes 34% at 6.0°. The pressure relation
the intensity ratios of the other vibronic bands have the sa
situation asv852 of A 1P. Figure 2~b! shows the relation-
ships betweenC(u) and u for v852 of A 1P, v850 of
B 1S1, v850 of C 1S1, and v850 of E 1P. Obviously,
these relationships have an approximately linear relations
for the above vibronic states.

Subtracting backgrounds, correcting with the instability
beam current and the effect of double scattering proces
and multiplying the corresponding angular factorsA(u) at
every scattering angle, the relative DCSs and GOSs for
vibronic states ofA 1P, B 1S1, C 1S1, andE 1P were ob-
tained. The overall percent error of the GOSs obtained in
present work mainly comes from instability of beam curre
the pressure correction, the angular determination, the a
lar correction factor, the statistics of counts, and the syst
atic error from measuring the OOS ofv852 ofA 1P, as well
as the error resulting from the deconvoluting procedure. T
largest error is less than 10% forv850–6 ofA 1P, v850 of
B 1S1, v850 of C 1S1, andv850 of E 1P, less than 15%
for v857–8 of A 1P, v851 of C 1S1, and v851 of
E 1P, and less than 20% forv851 of B 1S1.

A. Relative intensities within the vibronic progressions
of A 1P, B 1S1, C 1S1, and E 1P

Over a long period of time, it has been assumed in
application of EELS, such as in Refs.@7–10,31#, that the
intensity distribution of vibronic band in a molecular ele
tronic transition remains constant, regardless of scatte
angle and incident electron energy, i.e., the Franck-Con
principle. Lassettre and co-workers, as in Refs.@7–10#, have
studied some molecules to confirm the Franck-Condon p
ciple by measuring the relative intensities of a few well se
rated vibronic progressions as a function of scattering ang
However, Klump and Lassettre@32,33# noted a breakdown
of this rule inB 1S1←X 1S1 in CO andB8 3Su

1←X 3Sg
1 in
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O2. Figure 3 shows our results in this work and previo
data for the vibronic bands ofA 1P, B 1S1, C 1S1, and
E 1P. Certainly, our results aboutA 1P are in agreemen
with the data of Lassettre and Skerbele@9# within experimen-
tal error. Figure 3~a! only shows the intensity ratio o
v851 to v850 of A 1P and indicates the intensity rati

FIG. 1. Electron energy loss spectra for carbon monoxide
1500 eV impact energy. The deconvoluted peaks are plotte
solid lines. ~a! Scattering angle at 0.0°.~b! Scattering angle a
3.0°. ~c! Scattering angle at 6.0°.
s

remains constant within the scattering angle range in
work. v850,3–8 ofA 1P have the same situation as that
v851. The breakdown of the Franck-Condon principle
B 1S1←X 1S1 has also been observed as in Fig. 3~b!, al-
though the error of relative intensity ratio ofv851 of
B 1S1 to v850 of B 1S1 is large, nevertheless it is far from
constant, changing by a factor of 2 over the moment
transfer range of 0.4 a.u.~i.e., angular range from 1.5° to
3.5°). Theoretical values@12# aboutB 1S1←X 1S1 also in-
dicate breakdown of the Franck-Condon principle. The r
son for the anomalousB-X behavior of CO has been ex
plained by Dillonet al. @34# for the presence of an avoide
crossing. The data forC 1S1 and E 1P in this work are
reported experimentally. The variations of the intensity rat
within vibrational progressions ofC 1S1 andE 1P shown in
Figs. 3~c! and 3~d! are not as dramatic as in the case
B 1S1. However, the largest differences forC 1S1 and
E 1P exceed experimental error. Theoretical values@12# for
C 1S1 andE 1P have also shown variation of the Franc
Condon envelope with momentum transfer.

B. The GOSs forv850–8 of A 1P

Although there are considerable discrepancies among
OOS values for carbon monoxide corresponding to elect

t
as

FIG. 2. ~a! Intensity ratiosI p /I el as a function of pressure fo
v852 of A 1P. ~b! The relationship betweenC(u) and scattering
angleu for v852 of A 1P, v850 of B 1S1, C 1S1, andE 1P.
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FIG. 3. ~a! Intensity ratio ofv851 to v850 of A 1P as a function of scattering angleu. ~b! Intensity ratio ofv851 to v850 of
B 1S1 as a function of scattering angleu. ~c! Intensity ratio ofv851 to v850 of C 1S1 as a function of scattering angleu. ~d! Intensity
ratio of v851 to v850 of E 1P as a function of scattering angleu.
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impact @9,15,16#, optical measurements@35–38#, and the
theoretical calculations, the OOSs for theA-X valence band
system are almost in agreement with each other. Moreo
three GOS versusK2 curves forv852 of A 1P at impact
energy 300, 400, and 500 eV measured by Lassettre
Skerbele@9# fall on the same curve within experimental e
ror, which indicates that the first Born approximation hol
in their measurements, and their GOSs forv852 of A 1P
should equal the data calculated from the first Born appro
mation. The absolute GOSs forv852 of A 1P have been
obtained in this work by extrapolating the relative GOSs
K250 according to Eq.~6! and using the absolute OO
value~0.0401! measured by Wuet al. @16#. In using Eq.~6!,
Lassettre and Skerbele@39# showed that the choice ofm was
somewhat subjective and generally varied from 2 to 5, so
values of the coefficientsf k in Eq. ~6! were somewhat arbi
trary. In order to reduce the subjectivity in the choice ofm in
using Eq.~6!, Ying et al. @40# have restricted the number o
terms in Eq.~6! to four ~i.e., m53). In this paper we put
forward some conditions to restrict the choice ofm. Gener-
ally, if these conditions are satisfied, the value ofm has a
unique value.
r,

nd

i-

e

~1! From the mathematics point of view, the sum
weighted square residual errors, i.e.,x2, for a least-squares
curve fitting procedure should be small, while it should n
deviate too much from the value ofn2m21, wheren is the
number of fitted GOSs. A suitable value ofm can realize this
requirement.

~2! It was found@40# that ifm was increased, the absolu
errors of the fitted coefficientsf k become much larger, so th
values of f k became more unreliable. Therefore one sho
choose the value ofm to satisfy ~1! and make the relative
errors of f k small as far as possible.

The above rules have been employed in this work. It
interesting that all the values ofm for v850–8 ofA 1P are
equal to 0. Figure 4~a! shows the present GOS versusK2

curve forv852 of A 1P and previous data@9#. It is clear the
profile of the GOS versusK2 curve reported by Chantran
uponget al. @12# for v852 of A 1P is similar to our result.
Furthermore, the calculated GOSs forv852 of A 1P will be
in good agreement with our results if their calculated OO
was 0.00401. While the data obtained by Lassettre and S
bele@9# show slight discrepancies compared with our resu
and theoretical calculations in terms of the profile of t



ta

he

th

x-

nd
ent

cal-

thin
ong
ent
cil-
of

act
first
en
as

tor

sus
rate

a

ce

u-

as-
s
ed
l

cies
s

ettre
by

1804 55ZHONG, FENG, XU, WU, ZHU, ZHANG, JI, AND SHI
GOS versusK2 curves, they are consistent with our da
within experimental errors. Forv850,1,3–8 ofA 1P, the
situations are the same asv852 of A 1P compared with the
calculated data of Chantranuponget al. @12# and shown in
Fig. 4~b!.

The OOSs in this work obtained by extrapolating t
GOSs toK250 for v850–8 of A 1P and other previous
data are presented in Table I. Clearly, our results in
present work are consistent with the other data based

FIG. 4. ~a! Absolute GOSs forv852 of A 1P as a function of
K2. ~b! Absolute GOSs forv850,1,3–8 ofA 1P as a function of
K2.
e
on

EELS methods within experimental error whether the e
trapolating EELS method@9# or the dipole (e,e) method
@15,16# was employed, although the data of Lassettre a
Skerbele@9# are generally larger than those of the pres
work. Compared with optical measurements@35,36#, they are
also in agreement with each other. The theoretical data
culated by Kirby and Cooper@41# are generally lower than
the present data by 5–10%, but they are in agreement wi
experimental error. The calculated results of Chantranup
et al. @11# show much greater discrepancies with the pres
work, in terms of both the absolute magnitudes of the os
lator strengths and the profile of the vibrational envelope
the band.

C. The GOSs ofv850–1 of B 1S1, C 1S1, and E 1P

Lassettre@42# has devoted some discussions to the f
that there are theoretical grounds for expecting that the
Born approximation should not hold for transitions betwe
states possessing the same spatial symmetry, such
B 1S1←X 1S1 andC 1S1←X 1S1. In fact, Skerbele and
Lassettre @10# have measured the generalized oscilla
strengths ~GOSs! for two transitions v850 of
B 1S1←X 1S1 andC 1S1←X 1S1 in carbon monoxide at
impact energy of 300, 400, and 500 eV. These GOS ver
K2 curves at these three impact energies fall on sepa
curves, while the three corresponding curves forv852 of
A 1P fall on the same curve within experimental error@9#.
Chantranuponget al. @12# have calculated the GOSs as
function ofK2 for A-X, B-X, C-X, andE-X transitions of
carbon monoxide, and have employed multireferen
configuration-interaction~CI! methods within the framework
of the first Born approximation. The profiles of the calc
lated GOS versusK2 curves for theA-X andC-X transitions
exhibit an appearance similar to the results observed by L
settre and Skerbele@9,10#, although the absolute magnitude
are different. However, the minimum in the observ
v850 of B 1S1 data@10# is not reproduced in the theoretica
results. The previous GOSs forE-X have only theoretical
values. Moreover, there are considerable discrepan
among electron impact@9,15,16# and optical measurement
@38,39# for absolute OOSs ofB 1S1, C 1S1, andE 1P. Even
for the data based on electron methods, the data of Lass
and Skerbele@9# are much larger than the data measured
Wu et al. @16# and Chanet al. @15# using the dipole (e,e)
method while the data of Wuet al. @16# are consistent with
those of Chanet al. @15#. For theA-X transitions, they are
TABLE I. Absolute optical oscillator strengths forv850–8 ofA 1P(31022).

v8 This work Ref.@9# Ref. @16# Ref. @15# Ref. @35# Ref. @36# Ref. @11# Ref. @41#

0 1.66 2.00 1.78 1.62 1.65 1.56 1.48 1.55
1 3.38 3.80 3.56 3.51 3.37 3.43 3.56 3.24
2 4.29 4.01 4.02 4.24 4.12 4.73 3.73
3 3.25 3.60 3.40 3.47 3.77 3.61 4.62 3.16
4 2.25 2.51 2.45 2.42 2.58 2.58 3.71 2.20
5 1.41 1.55 1.53 1.45 1.63 1.61 2.62 1.34
6 0.77 0.848 0.78 0.805 1.04 0.91 1.68 0.75
7 0.43 0.437 0.41 0.414 0.59 0.48 0.10 0.39
8 0.23 0.217 0.22 0.202 0.29 0.24 0.19
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TABLE II. The absolute generalized oscillator strengths forv850–1 of B 1S1, C 1S1, and
E 1P(31022).

Angle (°) B 1Sv850
1 B 1Sv851

1 C 1Sv850
1 C 1Sv851

1 E 1Pv850 E 1Pv851

0.5 0.744 0.132 10.757 0.387 5.807 0.413
1.0 0.829 0.120 10.157 0.443 5.536 0.409
1.5 1.222 0.124 9.682 0.462 4.792 0.358
2.0 1.503 0.128 8.643 0.398 3.987 0.297
2.5 1.623 0.134 6.615 0.207 3.179 0.244
3.0 1.612 0.089 3.996 0.106 1.461 0.134
3.5 1.582 0.067 2.972 0.080 1.069 0.100
4.0 1.518 0.047 2.025 0.040 0.596 0.051
4.5 1.283 0.037 1.457 0.034 0.375 0.028
5.0 1.034 0.040 0.720 0.018 0.229 0.012
5.5 0.818 0.031 0.589 0.019 0.140 0.010
6.0 0.654 0.026 0.150 0.003 0.362 0.020
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generally in good agreement among the various experime
and theoretical treatments. The theory of limiting oscilla
strengths has illustrated that the limiting oscillator strength
K250 is the optical oscillator strength, regardless of whet
the first Born approximation holds or not, which means t
an OOS obtained by extrapolating the GOS to zero mom
tum transfer at various impact energies or by the dip
(e,e) method should be in agreement with each other and
equal to the OOS determined by various optical meas
ments. Therefore the GOS measurements forv850–1 of
B 1S1, C 1S1, and E 1P at high electron impact energ
should be useful to explain the above discrepancies am
experimental and theoretical data for the values of GOSs
OOSs ofv850–1 ofB 1S1, C 1S1, andE 1P.

The present absolute GOSs forB-X, C-X, andE-X tran-
sitions have been obtained by the method as used inA-X
transitions and have been listed in Table II and shown
Figs. 5~a!–5~d!.

Figures 5~a! and 5~c! clearly show that the experimenta
GOS versusK2 curves obtained at 300, 400, 500, and 15
eV for v850 of B 1S1 andC 1S1 fall on separate curve
and GOSs become larger with increasing electron impact
ergy. It indicates that the first Born approximation does
hold up to the impact energy equal of 500 eV, and the fi
Born approximation calculations for the above transitio
should not be smaller than the present results. In fact,
corresponding calculations@12# relying on the first Born ap-
proximation for v850 of B 1S1 are higher than these re
sults, but the corresponding calculated data@12# for v850 of
C 1S1 are almost half of our results. There are no previo
experimental data forv851 of B 1S1 and C 1S1 and
v850–1 ofE 1P; it can be expected that the first Born a
proximation forv851 of B 1S1 andC 1S1 should not hold
according to the theory of Lassettre@42#.

The profile of the GOS curve calculated by Chantra
upong et al. @12# for v850 of B 1S1 has no minimum,
which was observed by Skerbele and Lassettre@10#. How-
ever, it has been found in Fig. 5~a! that the minimum does
not surely exist within experimental errors in this work, a
though the GOS~0.00744! at 0.5° is smaller than the OO
~0.00814! measured by Wuet al. @16# using the dipole
(e,e) method. Similarly, the situations of Skerbele and La
tal
r
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settre@10# at 300, 400, and 500 eV are the same as this w
if the data at 0.0° are not included, because their data
0.0° are unreliable~this will be illustrated later!. The reason
that the present OOS ofv850 of B 1S1 is larger than the
present GOS at 0.5° may partly result from the finite acc
tance angleu0. As indicated above, the dipole (e,e) method
has assumedd f(E)/dE as a constant within the angle rang
from 2u0 to 1u0, the errors resulting from the assumptio
mainly influence those transitions whose GOSs change
matically with K2 at smallK2. The fact that those dipole
forbidden but quadrupole allowed transitions in Refs.@24–
26# have been detected in zero angle EELS spectra, wh
impact energies are larger and equal to 2.5 keV, may pa
be due to this assumption. It should be noticed that the p
file of the GOS versusK2 curve forv850 of B 1S1 is not
similar to a profile of a dipole allowed transition and i
GOSs become small with decreasingK2 at smallK2, there-
fore if the minimum does not exist, it may not be surprisi
that the OOS forv850 of B 1S1 obtained in this work by
extrapolating the GOSs toK250 is smaller than the data
measured by Wuet al. @16# and Chanet al. @15# using the
dipole (e,e) method. Our GOSs forv850 of B 1S1 should
be much closer to the first Born approximation calculatio
compared with the data of Skerbele and Lassettre@10# since
our impact energy is 1500 eV. In fact, the maximum
v850 of B 1S1 in this work is nearK250.25 a.u., which is
equal to the data of Chantranuponget al. @12#, while it is
0.14 a.u. for Skerbele and Lassettre@10# at 300 and 400 eV,
and 0.18 a.u. at 500 eV. Figure 5~b! shows the GOS versu
K2 curves forv851 of B 1S1. Clearly, the profile of the
calculated GOS curve@12# is similar to our result but the
calculated data@12# are higher than those in this work exce
the data at 0.5° and 1.0°, which may be due to the la
experimental errors and the finite acceptance angle for
transition in this work. The calculated maximum forv851
of B 1S1 is 0.023 a.u., which is in agreement with our da

Figures 5~c!–5~f! show the GOSs forv850–1 of
C 1S1 andE 1P. Figure 5~c! shows that the present profil
of v850 of C 1S1 is similar to the theoretical result@12#
although the absolute values are different. It is clear in F
5~d! that there is a maximum forv851 of C 1S1 and the
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FIG. 5. ~a! Absolute GOSs forv850 of B 1S1 as a function ofK2. ~b! Absolute GOSs forv851 of B 1S1 as a function ofK2. ~c!
Absolute GOSs forv850 of C 1S1 as a function ofK2. ~d! Absolute GOSs forv851 of C 1S1 as a function ofK2. ~e! Absolute GOSs for
v850 of E 1P as a function ofK2. ~f! Absolute GOSs forv851 of E 1P as a function ofK2.
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correspondingK2 are near 0.081 a.u. However, the theore
cal calculations of Chantranuponget al. @12# show no maxi-
mum forv851 ofC 1S1. Both the calculations@12# and our
values show that there exists a minimum forv850 of
E 1P shown in Fig. 5~e!. However, our value ofK2 ~1.01
a.u.! of the minimum forv850 of E 1P is larger than the
theoretical values~0.40 a.u.! @12#. It can be seen in Fig. 5~f!
that there is a minimum (K251.01 a.u.! for v851 of E 1P
in our measurement. However, the theoretical calcula
@12# shows no minimum for the transition, but the large
calculatedK2 is only 0.065 a.u.

The optical oscillator strengths forv850 of B 1S1 and
v850–1 ofC 1S1 andE 1P by extrapolating the GOSs t
K250 using Eq.~6! based on the above rules are shown
Table III. The estimated errors in experimental measu
ments are listed in parentheses including the error from
trapolating procedure. Clearly, the present values are con
-

n
t

-
x-
is-

tent with the data measured by Wuet al. @16# and Chanet al.
@15# except that the data ofv850 of B 1S1, but our values
are smaller than the data of Lassettre and Skerbele@9#. It has
been indicated that the OOSs of Lassettre and Skerbele@9#
for v850 of B 1S1, C 1S1, andE 1P were obtained from
the ratios of the corresponding peaks tov852 of A 1P in
zero angle spectrum according to Eq.~1! and normalized the
relative data by the absolute OOS ofv852 of A 1P. The
OOSs for v850 of B 1S1, C 1S1, and E 1P, which are
obtained from our zero angle electron energy loss spect
using Eq.~1! and the absolute OOS forv852 of A 1P as in
the method of Lassettre and Skerbele@9#, are listed in Table
III, they are larger than this work and the data measured
the dipole (e,e) method, but close to the data of Lasset
and Skerbele@9#. It indicates that the differences between t
data of Lassettre and Skerbele@9# and other data obtained b
electron impact methods may be mainly due to the ne
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FIG. 5 ~Continued!.
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gence of the finite acceptance angle at zero scattering a
measurement. In fact, we extrapolated the GOSs ofv850 of
C 1S1 reported by Skerbele and Lassettre@10# at 500 eV to
K250 and obtained the limiting generalized oscillat
strength ofv850 of C 1S1 at K250 is 0.13, which is con-
sistent with the other electron impact results. Forv850 of
B 1S1, we have discussed above the reason why ther
difference between this work and the data using the dip
(e,e) method obtained by Wuet al. @16# and Chanet al.
@15#. Although the present OOS ofv850 of B 1S1 is con-
sistent with the value reported by Chantranuponget al. @11#,
the present OOSs ofv850–1 of C 1S1 and E 1P show
large deviations compared with the calculated values
Chantranuponget al. @11# and Kirby and Cooper@41#. Com-
pared with optical measurements, there are also conside
discrepancies, as pointed out in Refs.@13,14#. Photoabsorp-
tion measurements based on Beer-Lambert law will be s
ject to so-called line saturation effect, especially for ve
sharp peaks with high cross section. It is clearly shown
gle

is
le

f

ble

b-

n

Table III that discrepancies ofv850 of C 1S1 andE 1P are
larger than that of small peaks ofv850 of B 1S1, v851 of
C 1S1 andE 1P between the data of electron impact me
surements and the data of photoabsorption measuremen
ported by Letzelteret al. @37#.

IV. CONCLUSION

Absolute generalized oscillator strengths for the vibro
bands ofA 1P, B 1S1, C 1S1, andE 1P at impact energy of
1500 eV and in the angle range of 0.5° to 6.0° have b
measured in the present work. The experimental GOSs
v850–8 of A 1P, v850–1 of B 1S1 and C 1S1, and
E 1P are reported. The present GOSs forv852 of A 1P are
consistent with published experimental results@9# and theo-
retical values@12#. On the other hand, present profiles
GOS versusK2 curves for theB-X, C-X, andE-X transi-
tions exhibit a similar appearance to the calculated curve
Chantranuponget al. @12#, although these absolute GO
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TABLE III. The absolute optical oscillator strengths forv850–1 of B 1S1, C 1S1, and
E 1P(31022).

B 1Sv850
1 C 1Sv850

1 C 1Sv851
1 E 1Pv850 E 1Pv851

Experimental
This work 0.598 11.4 0.322 6.42 0.467

~0.093! ~1.4! ~0.094! ~0.81! ~0.066!
a 1.11 18.1 9.35
Wu et al. @16# 0.814 12.9 0.35 6.50 0.418
Chanet al. @15# 0.803 11.77 0.356 7.06 0.353
Lassettre and Skerbele@9# 1.53 16.3 9.4
Letzelteret al. @37# 0.45 6.19 0.28 3.65 0.25
Lee and Guest@38# 0.24 1.27 1.81
Theoretical
Chantranuponget al. @11# 0.508 6.47 0.49 2.74 0.329
Kirby and Cooper@41# 0.21 11.81 0.18 4.9 0.50

aThe results obtained from our data at zero angle electron energy loss spectrum using the method of L
and Skerbele@9#.
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magnitudes show large differences compared with these
culated data@12#. This work and previous experimental da
@10# show that GOS curves ofv850 of B 1S1 andC 1S1

fall on separate curves and GOSs become larger with
creasing electron impact energy, which indicates that the
Born approximation does not hold for the two transitions
least up to the impact energy of 500 eV. With this in min
one can expect that the calculated GOSs forB-X andC-X
transitions including higher-order Born corrections may
closer to the present results. In addition, the positions of
maxima ofv850–1 of B 1S1 are in good agreement wit
the data of Chantranuponget al. @12#, but the positions of the
minima ofv850 of E 1P are larger by a factor of 2 than th
data of Chantranuponget al. @12#. We have found that the
GOS versusK2 curve has a maximum atv851 of C 1S1

and a minimum atv851 of E 1P.
Absolute optical oscillator strengths obtained by extra

lating the GOSs toK250 for the vibronic bands ofA 1P,
B 1S1, C 1S1, andE 1P are also reported. The present r
sults have been compared with previous work. It is thou
that the reason that the OOSs reported by Lassettre and S
bele @9# for the vibronic bands ofB 1S1, C 1S1, andE 1P
are much larger than the data of other electron impact m
surements is the negligence of the finite acceptance ang
zero scattering angle measurement. The present OOS
consistent with the values obtained by the dipole (e,e)
method measured by Wuet al. @16# and Chanet al. @15#
except forv850 of B 1S1, and it is reasonably thought tha
the OOSs of Lassettre and Skerbele@9# for the vibronic
bands ofB 1S1, C 1S1, andE 1P should be in agreemen
with other electron impact measurements if they took i
es
r

al-

n-
st
t
,

e
e

-

t
er-
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account the finite acceptance angle at zero scattering a
measurement. Therefore the data of the electron impact m
surements are almost consistent with each other and
theory of limiting oscillator strength@20# at least has been
verified in the case of carbon monoxide, because the O
obtained by two types of EELS methods are consistent
cept for v850 of B 1S1. The extrapolating EELS metho
may be tedious to determine the OOS of a transition, ho
ever, it provides the correct asymptotic behavior of GOS
smallK2 of the transition. On the other hand, the limition
the dipole (e,e) method results from the finite acceptan
angle and finite impact energy. Therefore for a transition
which the profile of the GOS curve is not similar to that of
dipole allowed transition at smallK2, the OOS obtained by
the extrapolating EELS method may be more credible th
that of the dipole (e,e) method at the same impact energ
which is clearly shown in the case ofv850 of B 1S1 and in
Refs.@24–26#. Although optical measurements@35,36# are in
agreement with the present values and other electron im
measurements for the vibronic bands ofA 1P, there are con-
siderable discrepancies between corresponding electron
pact and optical measurements@37,38# for the vibronic bands
of B 1S1, C 1S1, and E 1P, it may be partly due to the
line-saturation effect in optical measurements.
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