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A survey of stopping power, range, moderation rate, and moderation time for slow electrons
in pure gases of Hy, N,, CO, and O, is reported. By employing experimental and theoretical
cross-section data, contributions to these quantities from vibrational excitation, rotational exci-
tation and deexcitation, and elastic energy transfers are included. The influence of low-energy
molecular shape resonances and their effect on electron degradation processes is discussed and
emphasized. © 1987 Academic Press, Inc. )

I. INTRODUCTION

" The action of ionizing radiations in gaseous or condensed media can give rise to
a substantial population of secondary, low-energy electrons. These “subexcitation”
electrons actually deliver a substantial fraction of the total energy imparted by the
ionizing radiations (/). This paper studies the moderation of subexcitation electrons
in diatomic gases by examining their stopping power, and other derived slowing- -
down quantities. :

In collisions of fast electrons with molecules the cross section for excitation to vari-
ous accessible states (and thus the stopping power, defined by Eq. (1) below) separates
into a quantity depending on the incident electron only and a molecular property
known as the generalized form factor (2, 3). For slow collisions, on the other hand,
the electron and material properties cannot be simply separated. The dynamics of
these collisions often involve the formation of a temporary negative-ion complex,
which enhances energy transfer to the nuclear motion and thereby contributes
heavily to the electron degradation.

The stopping power of a molecular gas for slow electrons is accordingly assembled -
from elementary collision cross sections, obtained from experiment and theory,
through the definition (3)

~ LN 0D Euou(D. W

dx i n
Here N is the molecular number density, p; is the fraction of molecules in state i,
0.:(T) is the cross section for excitation from state i to » at incident electron kinetic
energy T, and E,; = E, — E;is the energy transfer, E, and E; being the eigenenergies
of the states involved. Equation (1) can effectively be evaluated directly in the subexci-
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tation domain by taking into account energy losses due to quasielastic collisions,
rotational excitation and deexcitation, and vibrational excitation (4-6). Inokuti ef al.
(4) and Takayanagi (6) have discussed the relative importance of each of these energy
loss modes. For example, even though the energy loss from elastic collisions is ex-
tremely small (of order 2m/M, where m is the electron mass and M is the molecular
mass) the elastic cross section is very large and may make appreciable contribution
to Eq. (1). It is generally observed that the vibrational contribution dominates the
slowing down of the subexcitation electrons, especially in the vicinity of negative-ion
resonances. However, since these resonances are quite localized in energy, the elastic
and rotational losses become important outside this region and are required for
proper description of the moderation.

The aim of the present study is threefold. First, we systematically survey and dis-
cuss the important effect that resonances have on the slowing down of electrons in
the subexcitation domain. The mechanism of formation and physical properties of
these resonances in molecules have been discussed and reviewed by Schulz (7) and
more recently by Lane (8), Csanak ez al. (9), Trajmar and Cartwright (10), and Hasted
and Mathur (11). In this paper, we are primarily concerned with the effect of shape
resonances on the moderation of slow electrons, since these are most relevant to the
subexcitation domain. Dehmer (I2) has recently given a discussion of the dynamics
of molecular shape resonances. Specifically we examine slow electron moderation in
pure gases consisting of molecular hydrogen, nitrogen, carbon monoxide, and oxy-
gen. This choice reflects both the interest in studying the moderation for target mole-
cules of increasingly complex electronic structure and also the availability of reliable
experimental and theoretical collision data. The differing complexity of electronic
structure implies important differences in the dynamics of formation and decay of
the shape resonances, e.g., the lifetime, resonance position, and relative positions of
resonant structures within alternative vibrational decay modes. The latter point has
important consequences for the appearance of discrete structure in the stopping
power and slowing-down properties and is discussed below for the specific example
of oxygen. ,

Second, the effects of shape resonances on the moderation of slow electrons in gases
are quite relevant to their moderation in condensed phases. Sanche and Michaud
(13) have observed and interpreted resonances in the condensed phases of N, CO,
and O,, which were shown to be essentially identical to the ’IT configurations of the
shape resonances of the free molecules. Moderation processes for slow electrons in
the condensed phase depend explicitly on the rovibronic structure of individual mole-
cules, and the contribution to degradation from these resonances is substantial. In
- spite of this situation, there is yet no theoretical formulation of slow electron degrada-
tion in condensed systems comparable to that of fast electrons and other jonizing
radiations (/4, 15). Fano and Stephens (16) have recently discussed and introduced
relevant concepts to treat energy loss and distribution of subexcitation electrons in
condensed matter. _

Finally, since the slowing down properties should be of significant interest to radia-
tion chemists or biologists for use in further calculations (e.g., yields of excited molec-
ular species and mean terminal times), all results will be made available, upon re-
quest, in tabulated form. In the calculation of the stopping power, we have attempted
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to use the most reliable and recent cross-section data available. We have also obtained
estimates of the electron range and moderation time, within the continuous-slowing-
down approximation (CSDA), by simple integration of the stopping power and mod-
eration rate. Investigation of the validity of the CSDA (especially in the vicinity of
shape resonances and associated vibrational structure in the stopping power) is be-
yond the scope of the present paper but nonetheless merits further study.

The remainder of this paper is organized as follows. Section II discusses the meth-
ods and the experimental and theoretical data used to evaluate the slowing down
quantities. Section III compares and discusses the stopping power for the four mole-
cules. Section IV discusses and compares the various moderation quantities, i.e., the
moderation rate, moderation time, and range. Section V gives a brief summary and
conclusion.

II. CALCULATION

The calculation of electron stopping power is straightforward when complete sets
of absolute cross sections have been assembled for all relevant energy loss processes
over the kinetic energy range of interest. In addition to the stopping power (defined
by Eq. (1)) three useful moderation parameters are derived in terms of the stop-

ping power:
Moderation rate. The mean rate of energy loss of an electron of energy T'is
ar dr
——=———p(T), 2
7 e (T) 2

where v(T') is the electron’s velocity.
Moderation time. The mean timeé required for an electron to degrade from T;to T
is
ar

T; -1
1= [ Far(- ) )

where T;is the initial kinetic energy.
Range. The mean distance traveled by an electron as it degrades from T;toTis
dT/ )— 1

Ti
R(T, T)= fT dT’(— o 4

Equations (3) and (4) are valid in the continuous-slowing-down approximation,
the usual criterion for its validity being that the energy loss be a small fraction of the
electron’s kinetic energy. Douthat (17, 18) has further discussed the validity of the
CSDA in the subexcitation domain.

We evaluated Egs. (1)—(4) for the H,, N, CO, and O, molecules for the kinetic
energy range 7; = 8.0 eV to Ty= 0.054 eV for a gas temperature of 23°C. In addition
to Eq. (1), the stopping power due to elastic collisions was calculated from the formula
(19) '

m

SusidT) = 22 T (T), )
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TABLEI

Sources of Electron Scattering Cross-Section Data

Molecule Momentum transfer Rotational Vibrational
H, 20,21 20,22 22,23
N, 24,25 : 26,27 28-31
CO 32 33 23,34
0%, 35,36 37 38

# Excitation cross sections for the a’A, and b=} states of O, were obtained from Refs. (38) and (39).

where o.(T') is the momentum-transfer cross section. The kinetic energy range was
chosen mainly to encompass the subexcitation domain of all the molecules and to
emphasize the importance of resonance effects in the slowing-down quantities.

Table I summarizes the experimental and theoretical data sources from which cross
sections were employed in calculation of the stopping power. Many of the experimen-
tal references and cross-section data have been compiled in a review article by
Trajmar ez al. (40). We have considered literature since that review and have con-
sulted all original articles in selecting data for the calculations. Except for H,, com-
plete sets of rotational excitation and deexcitation cross sections were obtained from
theoretical data. To obtain the large sets of rotational excitation cross sections which
are required for calculating the stopping power at room temperature, the adiabatic
approximation was used to appropriately scale a given “basic” cross section, such as
the 0 — 2 excitation in H,. In the rotational adiabatic approximation (37, 41), the
cross section o;_.; depends analytically on the rotational quantum numbers j and j’,
and the angular momentum transfer j, = j — j through combinations of the Wigner
coefficient (;05°0|j0)>. The microscopic reversibility relation (2j' + 1)ojy—; = (2j
+ 1)oj—; was then used to obtain complete sets of rotational deexcitation cross
sections.

All molecular constants used in calculating the energy loss for the vibrational and
rotational modes were obtained from the compilation of Huber and Herzberg (42).
We briefly discuss specific considerations in the data selections for each molecule.

Douthat (17) has previously reported a set of stopping cross sections for H, which
were used in a full treatment of electron degradation by solving the Spencer—Fano
equation for the track length spectrum. We have extended the Douthat compilation
by including energy loss to the v = 2, 3 vibrational levels (23) in addition to rovibra-
tional energy losses corresponding to the excitations v = 0,/j=0,2,3,4—v=1,
J=2,4,5, 6. We also included energy losses due to pure rotational deexcitation.
Allen (43) recently has measured vibrational excitation to the v = 4-6 levels, but
these give negligible contribution to the stopping power. Inclusion of these additional
processes increased the total stopping power by ~11% over the Douthat values in
the range 2-8 eV kinetic energy. H, is the only molecule with measured rovibrational
cross sections, and therefore a choice must be made in using these data, the unre-
solved v = 0 — 1 data of Ehrhardt ez al. (23), or the recent measurement of Nishimura
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et al. (44)." Calculations of the total stopping power using the resolved Linder and
Schmidt (22) cross sections, including scaling, and the unresolved data of Ref. (23)
give nearly identical results, We believe that using the rovibrational cross sections in
this case give slightly more accurate results.?

For N,, the reported vibrational cross sections up to ~3 eV are in arbitrary units,
so that a normalization must be chosen. We employed the recent absolute measure-
ment of the v = 0 — | cross section at 2.25 eV by J ung et al. (29). This value is in
excellent agreement with the accurate R-matrix calculations of Schneider ez al. (45),
and the scaled results of Schulz (28) joined smoothly with the absolute cross sections
of Tanaka et qf (30) in the 3-8 eV range. The v = 2 results of Schulz (28) were
extended from 3.5 to 4 eV kinetic energy using the measurements of Ehrhardt and
Willman (37).

For CO, there is discrepancy in the literature concerning the absolute normaliza-
tion of the vibrational excitation cross sections.? We have employed the cross sections
of Ehrhardt et al. (23) and have extended their p = 0— 1 cross section to 8 eV kinetic

To meaningfully compare the O, stopping power with the other molecules over a
range extending to 8 eV kinetic energy, we have also included electronic excitation
tothe O, a'A, and the b=} valence states, The subexcitation range is strictly defined
only for kinetic energies below the first electronic excitation threshold of the mole-
cule. For the molecules H;, N,, CO, and O,, these thresholds, respectively, are 11.4,
6.2,6.0,and 0.98 eV (42).

III. RESONANCES IN THE TOTAL STOPPING POWER

In Fig. 1 we show plots of the total stopping power —dT, /dx for each of the four
molecular gases. This plot emphasizes the striking differences in structure and magni-

'"Thev=0— 1 cross sections of Refs. (23) and (44) agree within their experimental error bars. The
v =0 — 1 cross section calculated from the data of Ref. (22) according to o(v = 0 — D=0v=0— 1, Aj
=0)+1.120(v =0 — 1,/ =1~ 3) also agrees within the experimental error bars of these sources. The
factor 1.12 represents contributions from relevant p = 0,/ = 0-4 initial states, See Ref. (22). _ '

2By analysis of the “unresolved” vibrational stopping cross section (Ey — E)o(v — v’) and the exact
rovibrational stopping cross section 2y (Ewy — Eg)p( Neo(v = v', j > i), we find implicit error terms of
order (E; — E)p( J)a(v = v, j— ;') in the unresolved case. E,; are the rovibrational energy levels and 2(j)
is the fraction of molecules in rotational state J. At an electron kinetic energy of 3 eV, we calculate these
terms to be ~2% of the total stopping power in the case of H,.

3 This discrepancy has been discussed in some detail by Chutjian and Tanaka (34). The vibrational cross
sections reported in Refs, (23), (32), and (34), respectively, differ from each other by a factor of two or
greater.
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F1G. 1. Total electron stopping power for Hy, N, CO, and O;. These curves, and those for all remaining
figures, are normalized to unit number density (N = 1 A~%in Eq. (1)).

tude of the stopping power of each material within the subexcitation domain. The
extreme variations of the stopping power of these molecules result from the relative
importance of the short- and long-range electron-molecule interactions in the subex-
citation energy range. The peaks due to the shape resonances (which derive from
short-range interactions) are the most conspicuous features (7) and result from the
sum effect of the resonances present in each constituent cross section. For conve-
nience and purpose of discussion, we list in Table II relevant properties of the shape
resonances which are prominent in the stopping powers in Fig. 1. The lifetimes and
symmetries have been compiled from the data sources used for the stopping power
calculations. Christophorou (47) has reviewed and surveyed the lifetimes of the tem-
porary negative-ion states in these and many polyatomic molecules as well. The be-
havior of the stopping power and moderation parameters outside the shape resonance
region (which reflect mainly long-range interactions) is discussed in the next section.

TABLEII

Summary of Shape Resonance Parameters

Molecule Ez2(eV) Lifetime (s) Symmetry® Partial wave
H, 3.34 ~10715 —107¢ M Doy

"N 245 ~1.4X107" I, dr,
Cco 1.87 ~1.1X 1071 7y pr, dr
0, 0.69 ~10710 — 10712 1, dr,

# E, is the resonance energy of the principal peak in calculated stopping power.
® Symmetry is for e~ + molecule complex.
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The molecules H; and O, represent two extreme cases of shape resonance lifetime
(width). Since the lifetime of the H, 2Z; shape resonance near 3 eV is much shorter
than one vibrational period, there can be only very weak vibrational excitation. Sim-
ilarly the short resonance lifetime appears to prevent the formation of vibrational
substructure in the cross sections or stopping power. Remarkably, Allen (43) has
recently observed vibrational substructure in the v = 3-6 excitation functions of H,,
but due to the small magnitude of the cross section, their effect on the stopping power
is negligible. On the other hand, the long lifetime of the O negative ion has significant
implications for the structure and relative magnitude observed in the stopping power
curve. First, the narrow width of the O, ZIIg shape resonance reduces the vibrational
excitation cross section, in spite of the long resonance lifetime (38). The large d-wave
centrifugal barrier combined with the low energy of the shape resonance results in
weak enhancement of stopping power relative to the N, and CO molecules. Therefore
the stopping power of O, in the subexcitation range is actually comparable in magni-
tude to that of H,, where enhanced vibrational excitation is actually very weak. Sec-
ond, the sharp peaks in the O, stopping power near 0.8 eV in Fig. 1 are strictly a
consequence of the long shape resonance lifetime. Because the O3 ion is stable and
forms well defined vibrational levels, the same peak positions (corresponding to the
O; vibrational levels) are observed in different vibrational decay channels of the neu-
tral molecule (7, 38). The vibrational structure of the negative ion, therefore, is re-
tained upon summing the alternative vibrational decay probabilities, weighted by
their respective energy losses, according to Eq. (1). Thus in both the stopping power
and the moderation rate (discussed below) the effective slowing down in this energy
range is modulated according to this vibrational structure. Finally, note that beyond
~2 eV kinetic energy the stopping power of O, is completely dominated by the elec-
tronic contribution, corresponding to excitation of the a A, and b'Z} electronic
states. The excitation cross sections to these states are actually comparable to the
vibrational cross sections on resonance (~1 X 1077 cm?); however, the energy losses
are about an order of magnitude greater than vibrational losses (0.98 eV for the a A,
state, 1.65 eV for the b' T state (42)). This circumstance results in the large dlﬁ“erence
in —dT/dx above and below the electronic threshold in O,.

Turning to the N, and CO curves in Fig. 1, the magnitude of —d7/dx compared
to H, and O, is much greater at the energy of the shape resonance. In N, and CO the

- shape resonance lifetime is comparable to the vibrational period of the molecule, and
the resulting energy transfer to excitation of the nuclei is accordingly much greater
than in H, and O,. The centrifugal barrier responsible for the 2II shape resonance in
CO is weaker than N,, due to the lower symmetry and resultant admixture of p and
d partial waves (7, 8). The vibrational excitation cross sections and stopping power
for CO are therefore smaller than those for N,. In contrast to O,, the N, and CO
stopping power curves do not reveal the underlying vibrational structure of the nega-
tive jon. Well defined vibrational states of the negative ion are not formed (so that
peaks in the alternative decay channels of the neutral molecules do not coincide 7)),
and the summing of vibrational decay probabilities according to Eq. (1) results in a
relatively smooth stopping power curve.

A further significant aspect of the CO curve is its long tail as 7" approaches zero
energy, lying above any of the other three curves in this range. Schulz (7) has dis-
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FIG. 2. Total electron stopping power and separate loss components for H,.

cussed this feature, specifically in the context of the v = 1 vibrational cross section,
and so did Chandra (27) for the rotational cross sections. This long tail results from
scattering by the weak permanent dipole and strong quadrupole fields present in CO
and accordingly plays a special role in the calculated range and moderation time.

IV. SURVEY OF ENERGY 1OSS MODES AND SLOWING-DOWN QUANTITIES

In this section we present and discuss graphs of the individual energy loss modes
contributing to the total stopping power, and graphs of the slowing-down quantities
defined in section II. Figures 2-9 display the main results of our calculations.

In Fig. 2 we display the separate vibrational, rotational, and elastic contributions
to the stopping power for molecular hydrogen. The vibrational component domi-
nates over most of the subexcitation range (as in the other three molecules), although
for hydrogen the other loss modes constitute an appreciable fraction at any energy
and dominate below ~0.5 eV kinetic energy. For hydrogen the contribution to slow-
ing down from elastic collisions is actually comparable to the rotational and rovibra-
tional components over the entire energy range. This is due to the small mass and
large momentum-transfer (elastic) cross section for Hs.

In Fig. 3 the separate contributions to the stopping power for molecular nitrogen
are shown. The overwhelming influence of the *II, resonance in the vibrational con-
tribution is apparent, although the detailed underlying vibrational structure has been
smoothed by summing over alternative decay probabilities. In contrast to H,, the
increased mass of N, causes the rotational and elastic components to differ substan-
tially over large regions of the spectrum. Nonetheless, the breadth and intensity of
the *IL, resonance in the momentum-—transfer cross section causes the rotational and
elastic components to be comparable at 1-2 eV kinetic energy.
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FIG. 3. Total electron stopping power and separate loss components for N.

Results for the separate components of the stopping power for carbon monoxide
are shown in Fig. 4. Not surprisingly, they are very similar to the nitrogen curves
(because of similarity of their electronic structure and shape resonances (7)), except
for kinetic energies less than 1 eV. CO possesses a weak permanent dipole moment
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F1G. 4. Total electron stopping power and separate loss components for CO.
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FIG. 5. Total electron stopping power and separate loss éomponents for O,.

(0.044ea.) and a strong quadrupole moment (—1.55ea3), and the long tails in the
vibrational and rotational components result from strong scattering by these multi-
pole moments.

The separate contributions to the stopping power for molecular oxygen are shown
in Fig. 5. As in the case of shape resonances in N, and CO, the vibrational contribu-
tion to —dT/dx dominates over the other loss modes by two orders of magnitude
in the region of the O, ZIIg shape resonance. Beyond the resonance the electronic
component dominates all others by an even greater amount. We note that the cutoff
of the vibrational component at ~ 1.6 eV is spurious, being due to lack of scattering
data beyond this cutoff. Hake and Phelps (35) have reported values of the total vibra-
tional excitation cross section up to 2.8 eV that are consistent in magnitude with the
data employed in the present paper, but their data do not allow significant extension
of the vibrational —dT/dx curve. Since the stopping power is dominated by the elec-
tronic component in this region, we expect the total —dT/dx curve as well as the other
derived moderation quantities to be accurate within the CSDA.

Moderation Rate, Moderation Time, and Range

Shown in Fig. 6 is the moderation rate for each molecule, which is nearly identical
to Fig. 1, except that the curves have been scaled by an increasing function 7', In
Fig. 7 we also show the stopping power on an expanded scale from 0-1 eV. These
plots suggest that it is convenient to divide the subexcitation domain into three re-
gions of classification: (a) the region below the first vibrational threshold, where rota-
tional and elastic energy losses dominate; (b) the resonance region where molecular
shape resonances greatly enhance the large losses to vibrational excitation, discussed
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previously; and (c) the postresonance region where direct vibrational energy transfers
dominate. The behavior of slowing down parameters in regions (a) and (c) reflects
mainly the long-range electron molecule interactions, discussed in more detail below.
The cumulative integrals of the inverse stopping power and moderation rate in these
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HFG. 7. Total electron stopping power for Hy, N, CO, and O, in the range O to 1 eV.
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three regions, respectively, determine the overall behavior of the range and modera-
tion time of electrons. Mozumder and Magee (48) have stressed the importance of
(), the “subvibrational” range of subexcitation electrons with energies < 0.4 eV, in
the context of solution phase radiation chemistry.

In the subvibrational region, the important parameters relevant to rotational cross
sections (and stopping power) are the dipole and quadrupole moments and the non-
spherical component o’ of the dipole polarizability (49). In the pure Born-quadru-
pole approximation (50), the rotational excitation cross section is proportional to Q2.
Near the minimum energy of 7 = 0.054 €V in the moderation rate, the ordering CO
> N, > O, therefore reflects mainly a decreasing absolute value of quadrupole mo-
ments of the molecules. On the other hand, the stopping power of H; in this region
is boosted relative to N, and O, because of the large rotational energy transfers which
compete against the small excitation cross section (~107% A), according to Eq. (1).
Dalgarno and Moffet (26) also have derived a correction to the Born—quadrupole
formula which accounts for polarization of the molecule by the electron and have
shown that a cancellation occurs between these two contributions to the Cross sections
for molecules with negative quadrupole moment. This cancellation effect therefore
implies an initially decreasing stopping power, which is apparent for N, and CO in
Fig. 7. This decrease is visible in O, rotational cross sections only at a much lower
kinetic energy (51).

In the postresonance region, the o,_.; vibrational excitation cross section makes
the dominant contribution to the electron stopping power. The important parameters
which qualitatively govern the relative variation of the cross sections and stopping
power are the internuclear distance dependence of the dipole (D(R)) and quadrupole
(Q(R)) moments of the molecular field, and the polarizability «(R). Breig and Lin (49)
have shown that, within the Born approximation, the ¢o_,; vibrational cross section is
proportional to the matrix elements |(1]a(R)|0)|* and [(1]Q(R)|0)|. The matrix ele-
ment of the polarizability (whose magnitude can be derived from Raman scattering
intensities (52)) was shown to be the dominant contribution to direct vibrational
excitation of H,, N,, and CO. Therefore, in the postresonance region of the stopping
power or moderation rate, consideration of this factor alone can qualitatively account
for the variation H, > CO > N,. CO has an additional contribution from direct dipole
excitation, which further enhances its moderation relative to N,. O; is again special
because the electronic contribution to the moderation dominates over other compo-
nents in the postresonance region, and comparing it with the other molecules on the
basis of polarizability alone is not meaningful. It is interesting to note that, in the
absence of shape resonance effects in N, and CO, the moderation rate of H, would
significantly exceed the other molecules over nearly the entire subexcitation domain.

In Figs. 8 and 9 we compare our calculated moderation time and range for the four
molecules. At the terminal energy 7 = 0.054 eV, the range and moderation time of
O, exceed that of N,, CO, and H,. As the electron degrades into the subvibrational
region, the rapid decrease of the stopping power and moderation rate obviously plays
a decisive role in the ultimate slowing-down time and range of electrons in the gas.
This observation is in agreement with the discussions of subexcitation electrons by
Mozumder and Magee (48) and Christophorou ef al. (53). In degrading through the
resonance region, the shape resonances cause the cumulative integrals (3) and (4) to
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increase only very slowly. That is, due to the shape resonances, the moderation time
for a 6 eV subexcitation electron is nearly equivalent to that of a 1 eV electron in these
molecules. Specifically the integrals of (—d7/dx)™" and (—dT/dr)™" in the vicinity of
the N, and CO shape resonances are only 10-20% of their respective postresonance
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contributions. In contrast, the O, moderation time and range vary rapidly when the
electron drops below the electronic threshold. The vibrational structure of the O,
zl’Ig shape resonance in the stopping power and moderation rate also enhances the
integrated quantities below the electronic threshold.

V. SUMMARY AND CONCLUSION

We have compiled sets of cross sections for all energy loss processes in the subexci-
tation ranges of H,, N,, CO, and O, and have derived the stopping power and rele-
vant moderation parameters for electron slowing down. A main purpose of this sur-
vey is to document guantitatively the effect that molecular shape resonances have on
the degradation of electrons in the subexcitation region. The formation of a shape
resonance and the resulting enhanced vibrational excitation is undoubtedly the prin-
cipal loss mechanism for subexcitation electrons in the gas phase. Platzman (1) and
his collaborators (4-6) have emphasized that the moderation rate —d7/dt due to elec-
tronic excitation typically exceeds other loss modes by two or three orders of magni-
tude; we note here that molecular shape resonances enhance the stopping power over
the nonresonant background by a similar amount. In addition, the enhanced loss
due to the shape resonances may actually be comparable to the electronic loss. The
resonances accordingly cause a substantial reduction in the average moderation time
and range of slow electrons, prior to their degradation into the subvibrational region.
The rapid decrease of stopping power below vibrational thresholds is seen to greatly
enhance the moderation time and range of the molecules; this important aspect of
subexcitation electrons was indicated long ago (48, 53).

Similar studies should extend calculations of the stopping power to other molecules
and higher kinetic energies, as more collision data become available. In particular
they should assess the importance of additional resonantly enhanced vibrational exci-
tation (54), which occurs at ~15-25 eV kinetic energy in many molecules, and reso-
nant and nonresonant contributions from electronic excitations.
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