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The shapes of the energy distribution of secondary electrons can be predicted for fast incident charged
particles by using dipole oscillator strengths in conjunction with the Born formula. Target atoms or
molecules may have one or more ionization potentials close to the first one and the corresponding partial
photoionization cross sections are sometimes large. Allowance must then be made for the differences in
kinetic energies of photoelectrons which leave alternative ionic states. This produces a significant change in
the expected secondary electron spectrum at low energies. The photoionization data for NO are analyzed
and the predicted shape of the secondary electron energy distribution agrees well with that of the
experimental distribution at those secondary electron energies where a comparison is possible. Predicted
low energy results from a preliminary analysis for N, are also reported.

I. INTRODUCTION AND THEORY

In previous papers!™ a method was given for testing
the consistency of experimentally determined energy
distributions of secondary electrons produced by the
impact of fast charged particles on atoms or molecules.
The method is based on the formula for the differential
cross section in the first Born approximation which for
incident particles of charges ze and velocity v is given
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where T=%muv?, m being the electronic mass, a is the
Bohr radius, R is the Rydberg unit, and E is the energy
transfer. The function C(E) is the square of the maxi-
mum momentum transfer at which the dipole interaction
dominates, A(E) is related to the dipole oscillator
strength df/dE through the relation
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and B(E, T) contains the contributions to do/dE from
“hard” collisions, i.e., those with large momentum
transfers. If the target electrons have binding energy
B, then the secondary electron energy is W=E-B. I
there are several binding energies, then there will be
summations over the contributions from different orbit-
als in Eq. (1).
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For the production of fast secondary electrons, hard
collisions dominate, and the main features of the differ-
ential cross section can be obtained from the Mott for-
mula for incident electrons or the Rutherford formula
for other particles.* At low and intermediate secondary
energies where “soft” collisions (i.e., those with small
momentum transfers) are more prevalent, the charac-
teristics of do/dE as a function of E are mainly deter-
mined by those of df/dE. The above approach has been
verified for many collision systems, e.g., for proton
and electron impact data for He,® and electron impact
data for Ar,''® H,,” and Ne.® Some workers have, in
fact, introduced “empirical” scaling functions to weight
the hard and soft collision contributions in the Born
formula. & ™°
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It has proved valuable to present secondary electron
data by means of a Platzman plot in which the quantity

do(E,T) TE* 3)
dE dma3 R?

is plotted against the inverse of the energy transfer in
Rydbergs. The quantity Y{E, T) is, in fact, the ratio of
the differential cross section to that given by the Ruther-
ford formula. The advantages of presenting the data in
such a fashion are (1) the range of the independent vari-
able (R/E) is finite, (2) the low and intermediate energy
parts of the spectrum are emphasized, and (3) the area
under the curve is proportional to the total ionization
cross section, In particular, (2) and (3) enable one to
test the consistency of the data in the way described in
previous articles.!™®

Y(E, T)=

Thus, if one inserts the Born formula® in Eq. (3), the
dipole contribution appears as Edf/dE. Since low and
intermediate energy secondaries are produced (for high
incident energy 7) mainly by the dipole interaction,
part (2) of the consistency test can be performed by com-
paring the shape of Y(E, T) with that of Edf/dE in the
Platzman plot. Values of the latter can be obtained
from measured total photoionization cross sections
o,u(E) through the relation

o,(E) = 47° aad R [df(E)/dE], (4)
where ¢ is the fine structure constant.

In all the previous applications of the above approach,
the formulas (2) through (4) have been used without tak-
ing into account the various ionization potentials of the
target atom or molecule. In secondary electron spectra
only the kinetic energy of the electrons is taken into
account, not the energy transfer. That is, electrons
with a given kinetic energy could have come from vari-
ous orbitals with different binding energies. Photoion-
ization cross sections, on the other hand, are usually
reported as functions of the photon energy E (or wave-
length) which is the actual energy transferred in the
ionization process. Since we are interested in compar-
ing the continuum oscillator strength with the secondary
electron energy distribution, we have to recast the
former as a function of the kinetic energy of the ejected
electrons.
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Suppose an atom or molecule has a sequence of ion-
ization potentials B,, for j=1,2,...,n. We distinguish
the corresponding partial oscillator strengths for ion-
zation, df,/dE; where E =W+ B,, from the total oscil-
lator strength for ionization, df/dE. When summation
over different orbitals is taken into account in the Born
formula (1), it is apparent that the dipole contribution to
Y(E, T) comes from

_ Edfy  <~E dfi(E) 5
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where E=W+B,. It is the shape of F(W) in the Platz-
man plot which should indicate the shape of ¥{E, T) for
low and intermediate values of E. [Note that the total
areas under the curves F(W) and Edf/dE are identical
in the Platzman plot providing one neglects multiple
ionization. |

Let A;= B, ~ B, for j=2,..., n. Whenthe A, are
large and the corresponding partial photoionization
cross sections are small in comparison with the total
cross section, the partitioning of df/dE is not important,
as illustrated by the previous analyses® for, Ne, etc.

For atoms of large atomic number and for most diatom-~
ic molecules other than H,, the first few A; may be
quite small, and the partial cross sections for transi-
tions leading to the first few excited ionic states are
often quite large, in which case the quantity F(W) de-
parts significantly from Edf/dE. This will be illus-
trated for the molecule NO for which a substantial
amount of data are available concerning ionization po-
tentials and partial cross sections. A brief qualitative
report of our analysis for N, will also be given.

TABLE 1. Ionization potentials of NO.
M.O. of NO State of Ionization potential
vacated NO* V) Group
T2p X'z 9,26% X
T2 a’s* 15.65% A
wia 16, 84% B
b'¥y" 17.55% B
Aty 18,39 B
(7.8)°
wia 19.28% B
(18.1)°
B'lg* 23, 3° D
02p b 16, 542 A
Al 18.30% B
0,28 el 20.4° c
Bl 21,72P c
o2s *n 23,1¢ D
n 23.3° D

9Reference 12,
*Reference 13,

*Reference 10,
PReference 11,
®Vertical I. P, (Ref. 11).
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FIG. 1. Branching ratios versus photon wavelength for produc-

tion or states of groups of states of NO' by photoionization of

NO. For details of the groups of states, see Table I,

{l. APPLICATION TO NO

The diatomic molecule NO has several ionization po-
tentials within 10 eV of the first ionization potential
(9. 26 eV) and the partial cross sections for photoion-
ization leading to excited states of NO' have high branch-
ing ratios. Hence, this molecule is one for which re-
casting the E df/dE curve according to Eq. (5) should be
important. This is also expected to be the case for
large atoms such as Xe, the diatomic molecules N,, O,,
and CO, as well as polyatomic molecules such as H,O,
CH,, and NH;. For many of these, however, there are
insufficient data on partial cross sections to carry out
the necessary computations. For NO, the reconstitu-
tion of Edf/dE produces significant changes well into
the energy region of the measured secondary electron
spectrum and a direct test of the importance of the use
of Formula (5) is possible.

The ground state of NO has the electronic structure
which can be written!® (though the g and 4 symmetries
are not strict)

X21: KK (o, 25)% (0, 25)% (0, 2p)* (m, 2p)* (m, 2p)" .

Table I shows the 13 states of NO' which result when
various orbitals higher than the X shells {denoted by
KK) are vacated, together with the corresponding ion-
ization potentials. The values are taken from Turner
et al.,'® Edqvist et al., ' Samson, and Siegbahn et a
The Turner ef al. values are given when they are close
to the values given by Edqvist et al. If there is a large
discrepancy, then the Edqvist ef al. value is given in
parentheses. The next ionization potential below those
given in Table I is 40.6 eyl corresponding to a wave-
length of 305 A.

l_xa

Partial photoionization cross sections for NO have
been measured from 584 to 792 & by Bahr ef al.,* but
some ionic states are not resolved when their ionization
potentials are close, Groups of such close-lying final
states for which partial cross sections are not resolved
are classified as A, B, C, and D in Table I. The only
other available partial cross section data are at 462 A%
and at 304 A.1! These three sets of data were used to
construct the branching ratio curves for production of
states or groups of states of NO* shown in Fig. 1. It
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FIG, 2. (a) The Platzman plot for 500 eV electron impact on
NO. The circles represent the electron-impact data by Opal
et al, 1€, The solid curve is the result from the version of the
Mott formula employed previously,!™® The dashed curve is the
extrapolation of the Opal et al. data based on the shape of the
quantity F(W) shown in Fig. 2(). (b) The long dashed curve is
a plot of E df/dE versus inverse energy transfer from photo-
ionization data (see text). The vertical lines near R/E =0 cor-
respond to K~shell absorption. The (mainly) solid curve is a
plot of the quantity F(W) [Eq. (5)]. Inthe (short) dashed por-
tions of this curve are many closely spaced autoionization
peaks,

can be seen that contributions to the total cross section
from groups A and B become larger within a few eV of
their appearance thresholds. Though there are uncer-
tainties in the details of these curves below 584 &, the
most important effects in the reconstituted oscillator
strength density come from energies where the branch-
ing ratios are known.

The partial cross sections (df,/dE) to be used in
Eq. (5) should be independent of the angular distribution
of photoelecirons since we are interested only in the
energy distribution of secondary electrons. Unfortunate-
ly, most data on partial cross sections determined from
photoelectron analysis, including those in Refs., 11 and
14, are deduced from photoelectrons ejected at 90° to
the incident light beam direction. Partial cross sec-
tions obtained by integration over the photoelectron an-
gles may be somewhat different from those at 90°,
Hence, our results on F{W) presented below may re-
quire slight modification if data on partial cross sec-
tions that are angle-independent become available (e.g.,
by measurements at the “magic angle”).

In Fig. 2(b) is shown the Edf/dE curve obtained from
the photoionization data compiled by Berkowitz.!® In the
wavelength range from first threshold to about 680 A the

3356

photoionization cross section is characterized by a large
number of autoionization peaks corresponding to Ryd-
berg series converging to excited states of NO*. An
estimate of the direct photoionization contribution was
made by drawing a smooth curve through the lowest
points (long dashed curve).

The branching ratios of Fig. 1 were applied to values
of the total df/dE, and F(W) [Eq. (5)] was computed at
various values of the energy transfer up to E=2.5 R.
The results are indicated by the (mainly) solid curve in
Fig. 2(b). Extrapolation of known branching ratios was
necessary for a few high E values when calculating the
contributions from transitions which lead to highly ex-
cited states of NO*, but the uncertainties in the final re-
sults should not be more than 10%. Some of the pro-
nounced autoionization peaks have been included in the
term Edf;/dE, but there are so many in the region from
E=0.95 to 1.35 R that a dashed curve has been used in
Fig. 2(b) for most of that energy region. Furthermore,
when autoionization could leave the ion in either the
ground or excited states [i.e., when E is greater than
the appearance potential of NO* (a®=*)], the kinetic en-
ergies of the ejected electron can be determined only
when branching ratios are known. The correct magni-
tudes and energies of the autoionization peaks for
E>1.15 R are thus uncertain, but the details of those
peaks which have been included are accurate.

The outline of the theory in Sec. I indicated that the
differential cross section for production of secondary
electrons should consist of soft and hard collision com-
ponents. The version of the Mott formula previously
employed1 ~% was used to compute the curve marked
“MOTT” in Fig. 2(a). For NO one must take into ac-
count the degeneracy in the final states which result
when an electron is removed from 7,2p orbitals. Also
shown in Fig. 2(a) is the Platzman plot of the secondary
electron data of Opal ef al.'® for impact of 500 eV elec-
trons on NO.

It can be seen that “adding” the original E df/dE val-
ue in Fig. 2(b) to the Mott curve of Fig. 2(a) would lead
to a sharper rise of Y(E, T) at R/E=0.85 R than that of
the Opal et al. data.'® Furthermore, the peak would be
at the wrong secondary electron energies. The result
of adding the calculated F{W) to the Mott cross section,
on the other hand, leads to a shape which is in agree-
ment with the secondary electron data where this is
known. Also, Y(E, T) for the experimental data begins
to turn upward at the lowest secondary energies for
which the cross section was measured. One can see
that this is not the beginning of an overall trend, but
probably a superposition of autoionization peaks. Fur-
ther confirmation of this is obtained by extrapolating
Y(E, T) from the Opal et al. data to zero secondary
kinetic energy according to the shape of F{(W). This is
indicated by the dashed curve in Fig. 2(a). That this
extrapolated Y(E, T) is basically correct is obtained by
determining the value of the total ionization cross sec-
tion o; from the relation

g (T)_Zz_R R/By
Zﬁ'{_ T ngsmu HE DR/, ©
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where Eg,,=(T - B,)/2. From the Opal ef al. datal®

and the extrapolated Y(E, T) in Fig. 2(a), one obtains
0;=1.95 7ad (without autoionization peaks) which agrees
well with the experimental value of o;= 2. 10 742 obtained
by Rapp and Englander-Golden. "

The results we have given for NO show that when
there are ionization potentials close to the first and the
partial photoionization cross sections for production of
the corresponding excited ionic states are large, then
it is important to recast the E df/dE curve to allow for
the different kinetic energies of the ejected electrons.
The method employed previously for light rare gas
atoms and H,, using the Born formula (1) in conjunction
with oscillator strength data and a hard collision cross
section {Mott or Rutherford), can then be applied to
more complex atomic or molecular systems, providing
partial cross sections are known over a sufficient range
of energies. More experiments on partial cross sec-
tions, for E up to 100 eV, are clearly desirable. Al-
though the branching ratios for NO below 584 A in Fig. 1
have been interpolated using the few known data points,
the gross features of F(W) are expected to be basically
correct. The use of correct partial cross sections in
the calculation of average energy spent per ion pair, for
example, would lead to a higher value than that obtained
from the total Edf/dE.

Finally, we make some remaks about our investiga-
tion for N,. Though the partial cross section data are
not as well known for this molecule as NO, we used the
available data to calculate the quantity F{W) from the
measured total photoionization cross sections of Cook
and Metzger!® and the values given by Berkowitz!® in
conjunction with the partial cross sections obtained by
Blake and Carver!® and by Gardner and Samson.2® The
most significant differences between Edf/dE and F(W)
occurred between first threshold (E=1.15 R) and
E=1.55 R, where a comparison with the value Y(E, T)
of the Opal et al. datal® is not possible. Our computed
F(W) values indicate that do/dE should have a peak for
secondary electron energies of about 1.1 eV and a mini-
mum at about 2.9 eV. The data of Stolterfoht® for pro-
ton impact on N, show the predicted peak at the correct
secondary energy. The minimum, however, is not dis-
cernible in the experimental results, which could be due
to its being filled in by closely spaced autoionization
peaks. Additional data are needed to completely re-
solve the discrepancy.
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