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where

a(L) = [(L+ -'.)(L+-')(L ——.')] ', (B6)

h(L) = [(2L+ 5)(2L+ 3)(2L+ 1)(2L—1)(2L —3)] ',
(»)

and w(L) is defined by (A3).

APPENDIX C: EVALUATION OF K(L)

In order to evaluate the integral K(L), we insert
(IV) in (14) and make the substitution z = kx, which

K(L) P Q Lm (yd)2()(. 2L

d 0 2m —2L —7
(C2)

where the coefficients c& are given by

2 (2L —m)! (2L —2m)!
[(L —m) (]'m (

(C3)

We note that E(I. (C2) holds for all values of L.

gives

K(L) = 2vPf2 f z [CT L+ y y2(z) +J L- g/2(z)]dz
(C1)

The integral in (Cl) may be evaluated using E(I.
9.62-5 of Ref. 13. We find
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The technique of heavy-ion energy-loss spectrometry has been used to measure excitation
cross sections for the (2p')3s and (2p')3p electronic configurations of neon by impact of heavy
ions upon ground-state neon. The incident particles used were H", H2', and He' at impact
energies from 20 to 180 keV. The results are compared with previous optical measurements
of the emission cross sections of lines from these levels as excited by H" and He' impact.
Agreement is not good, neither in shape nor in absolute magnitude, for excitation of the
(2p5)3s configuration. However, agreement is surprisingly good for excitation of the (2p )3p
configuration. A curve-fitting technique has been applied to extract relative singlet-triplet
cross sections for levels within the (2p') 3s configuration. Almost no triplet excitation is
observed for H' and H2' impact. Significant triplet excitation is observed only for He' im-
pact.

I. INTRODUCTION

There has been considerable recent interest in
the properties of neon as embodied in collision
cross sections. Investigations have been conducted
by bombarding neon with low-energy ions' ' and
with electrons at energies ranging from threshold
to several hundreds of eV. 4'5

The extensive work of Coffey et al. ' on inelastic
and elastic scattering of He' by Ne at energies be-
low 5QO eV has indicated the wealth of information
obtainable by collision spectroscopy. In this low-
energy range, the observed patterns in the data
can be explained quite reasonably in terms of mo-
lecular curve crossings which, in turn, yield val-
uable information concerning the nature of inter-
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atomic forces. However, at energies in the keV
range, the simple curve crossings do not explain
the observed phenomena' and hence probably do
not provide the dominant mechanism for inelastic
processes in this energy range.

To date, very little emphasis has been placed
on the acquisition of data which would help in our
understanding of these processes. Among the few
reported experimental efforts in this area are the
works of de Heer and co-workers, ' van Eck et
al, , and Jaecks et al. ,

' who have measured emis-
sion cross sections for spectral lines of neon in-
duced by proton and He' impacts at energies up to
35 keV. Thomas and Gilbody' have bombarded
the noble gases with high-energy (100-400-keV)
helium ions but were not able to observe emissio'
corresponding to excitation of atomic neon lines.

We have attempted to fill this gap in our knowl-

edge by measuring cross sections for excitation of
the two lowest electronic configurations of neon by
impact of H, H~, and He ions using the technique
of heavy-ion energy- loss spectrometry. " The
results presented cover the energy range 20—18Q

keV and are, to the authors' knowledge, the first
measurements of the absolute cross sections for
excitation of neon in this energy range.

The properties of neon are of interest because
of the use of neon in lasers, as a possible charge-
transfer agent for neutral injection into controlled
thermonuclear plasmas, ' and because of its de-
viation from Russell-Saunders (LS) coupling. "

II. EXPERIMENTAL

The apparatus and philosophy of heavy-ion en-
ergy-loss spectrometry have been discussed in
detail elsewhere. " The following is a brief de-
scription of the apparatus, together with a more
complete description of the angular acceptance of
the apparatus. The latter is required since neon
is more massive than previous targets.

Ions produced in a Colutron' low-voltage dis-
charge source are accelerated and steered into a
target chamber containing the gas under study.
After traversing the scattering chamber, the for-
ward-scattered beam is magnetically momentum
analyzed to obtain the particular ion species of
interest. This beam is then decelerated to a low
well-defined energy and energy analyzed by a 127
electrostatic analyzer. Detection is accomplished
by an 18-stage EMI electron multiplier. Target
density is monitored by an MKS Baratron' dif-
ferential-pres sur e meter, which is taken as the
labor atory sta, nda, rd.

Spectra differential in energy loss are obtained
by slowly increasing the potential difference be-
tween the accelerator and decelerator terminals.
Whenever the increased potential difference com-
pensates for a discrete energy loss of the projec-

tile-target system, a peak is detected in the spec-
trum. It should be noted that the technique of
compensating for the energy lost in the collision
ensures that all detected particles have traversed
similar trajectories through the mass and energy
analyses and the deceleration column. Thus,
cross sections obtained with this device are ab-
solute to the extent that they are independent of
relative detection efficiency.

Recent modifications' have been made which
have permitted determination of the energy-loss
scale to an accuracy of + Q. 03 eV. This is accom-
plished by utilizing a high-precision voltage cali-
brator to establish the potential difference between
the terminals, and hence the energy-loss scale.

The design of the apparatus is such that only the
extreme forward- scattered par ticles are detected.
The maximum scattering angle is determined by
the geometry of the scattering chamber. For this
study, two scattering chambers were used. One
consists of a chamber 6. 31 cm long defined by
0. 051-cm- diam orifices. This chamber is the
same as that used in all previous publications. "
The second chamber has recently been completed
for use in studies of doubly differential (angle and

energy-loss) scattering cross sections. It con-
sists of a chamber 1.0 cm long defined by 0. 025
xQ. 025-cm orifices. The incident angle of the
beam is defined by the entrance aperture of the
scattering chamber and an identical aperture lo-
cated 20. 0 cm in front of the entrance aperture to
the scattering chamber. Similarly, the exit angle
is defined by the exit aperture of the scattering
chamber and another 0.025 xQ. 025-cm aperture
located 25. 0 cm behind the exit aperture of the

scattering chamber.
If we assume a parallel beam incident upon the

scattering chamber, the maximum scattering angle
is 8. 1x10 ' rad in the case of the first scattering
chamber, and 1.3 x10 ' rad for the second. The
true maximum scattering angle is, of course, mod-

ified by the acceptance angle subtended at the scat-
tering center by the detection apparatus. Geo-
metrically, this angle is defined by the analyzer en-

trance slit located at the exit of the deceleration
column. This slit is horizontal with a vertical
width of Q. 005 cm. This yields a, maximum exit
scattering angle of 1.6 x10 ' rad, which is much
smaller than that defined by either of the scatter-
ing chambers. However, the geometric acceptance
angle of the analyzer represents an absolute lower
limit on the angle of scatter. In actual practice,
the ion optics of the decelerator column tend to
focus the scattered beam onto the analyzer slit.
Experimentally, it has been shown that this fo-
cusing results in a compression of the beam by a
factor of about 5 over that predicted by the assump-
tion of straight-line trajectories. If we use this
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experimental relation, we calculate the mj, nimum
acceptance angle of the detector to be approximate-
ly 1 x10 rad. The actual scattering angle is
somewhat larger due to the presence of nonpar-
allel components in the incident beam. Experi-
ment has shown that, with no gas in the scattering
chamber, the transmitted intensity is one-half the
peak value at an angle of + 5 &10 rad.

Previous experimental results have shown that
heavy-particle scattering is confined predominately
to the forward direction in the energy range of the
present experiment. However, in the case of neon,
the results of Coffey et al. ' have indicated that, at
low velocities of approach, angular scattering be-
comes appreciable, to the extent that there is al-
most no forward scattering. Since the velocity at
which the dominant excitation mechanism ceases
to be due to molecular curve crossings is not well
known, the cross sections reported here should
not be considered, in the lower-velocity limit, total
excitation cross sections. Rather, they should be
viewed as cross sections for inelastic scattering
in the forward direction integrated over an accep-
tance angle of + 5 F10 4 rad in the polar angle and
over an acceptance angle of + 1.3 &10 3 rad in the
azimuthal angle. At impact energies above 50 keV
for protons, the data of Barat and Houver ' indi-
cate that the results may be consider ed to be es-
sentially equivalent to the doubly differential cross
section integrated over all angles.

The mathematical details by which cross sec-
tions m3y be extracted from the data have been
discussed in detail by Schoonover and Park Bnd

by Schoonover. Basically, the analysis may be
expressed in terms of differential equations re-
lating the loss and gain terms of various partial
beams. Exact solution of these differential equa-
tions yields the detectable current due to the tran-
sition, (I„)z, in terms of the detected zero-energy-
loss component (I,o)&. That is,

(I„)&=nlo, (I&0)y

where l is the effective scattering length, v is the
number density of scatterers, and o, is the cross
section for excitation with scattering within the
acceptance angle. Since the apparatus has a fi-
nite energy resolution, the actual detected current
is a convolution of the dispersive effects of the ap-
paratus with the initial energy spread of the beam
and the effects of the target gas. That is, the de-
tected energy-loss spectrum R($) as a function of
the energy loss $ can be written as

da $'
R(() =« ~C'(5 5')-

d(

The energy-loss spectrum generated with no tar-
get gas in the scattering chamber 4(g), is itself
a convolution of the dispersive effects of the ap-

paratus with the initial energy spread of the beam.
do/d$ is the doubly differential cross section in-
tegrated over the instrument acceptance angles.
p and l are as defined previously. Then the ex-
perimental equation for determination of o, be-
comes

l f „„R(()d) f „„C'(5)d5
nl t,,R(&)d& J,,@(&)dh

The integration limits h$, and h(o are the energy-
loss intervals over which the spectrum is nonzero
for the transition and monoenergetic beams, re-
spectively. Application of this equation implicitly
assumes that the spectrum drops essentially to
zero on both sides of the transition peak. That is,
the energy loss associated with the transition must
be sufficiently remote from neighboring processes
that the finite resolution of the apparatus does not
introduce contributions from these nearby pro-
cesses to the peak under evaluation.

All data were obtained in the form of energy-
loss-current data pairs punched on paper tape.
The required integrals were then obtained numer-
ically by application of Simpson's rule using a
small digital computer. All data wer e obtained
at target thicknesses for which (I„)z/(I,o)z was a
linear function of target particle density, that is,
under single- collision conditions.

III. ENERGY-LOSS SPECTRA

Typical energy-loss spectra obtained for heavy-
ion impact on neon are shown in Fig. 1 for the
three ionic projectiles used in this study. The
data shown are unretouched computer plots of the
apparent differential cross section as a function
of energy loss. The term apparent here means
that the instrumental resolution function has not
yet been unfolded from the experimental results.
However, all other experimental parameters have
been removed in accordance with the differential
form of Eq. (1). The three peaks observed corre-
spond, in order of incr easing energy loss, to the
(2p')3s, 3P, and 4s configurations of neon.

The level structure within these configurations
is shown in Fig. 2. The data presented are taken
from the tables of Moore. The energy-level
structure is shown to scale on the extreme left.
The energy scales are then expanded for the (2ps)3s
and (2P')3P configurations in order to show the de-
tail. The appropriate LS- and jj-term values, as
well as the Paschen notation, are listed for each
level in the center of the figure. Several impor-
tant optically allowed transitions are shown. Those
allowed under assumptions of J S coupling are
shown in the left-hand column, while those allowed
under assumptions of jj coupling are shown in the
right-hand column.
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The formalism which has been developed for
describing the coupling in two-electron spectra can
be carried over to neon (and the other rare gases)
if we use the angular momenta of the unfilled P
shell in place of that of the inner electron. This
formalism has been described in detail by Cowan
and Andrew. For the lower excited states of
neon, LS coupling is assumed to be valid. As the
outer electron is promoted to high excited states,
the levels are observed to occur in pairs. This
intermediate-pair structure leads to a description
of the coupling intermediate between pure LS and
pure jj, which is called jE coupling. Now the
spin-orbit coupling of the core becomes the domi-
nant interaction, with the electrostatic i nteraction
becoming the second most important one. In this
case, the total orbital angular momentum and spin
angular momentum are no longer good quantum
numbers. In all cases, however, J is a good quan-
tum number and the actual wave functions for any
state of intermediate coupling can be expressed in
terms of a linear combination of basis functions
for any of the pure-coupling cases. Thus, the
wave functions for the 3s configuration can be
written as combinations of the LS basis functions:

6
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FIG. 1. Typical apparent differential energy-loss
cross sections. The data shown are unretouched com-
puter plots for each of the three ions used in this study.
The impact velocity in all cases is 2.76 &&108 cm/sec.

@(ls,) = aP('P, ) P P('P, ),
'p (ls, ) = g ('p ),

~(ls ) = —P4('P )+ ~A('P, ),
+(ls, ) = P('P, ).

(4)

The notation on the left-hand side is the Paschen
notation with the subscript increasing with decreas-
ing energy. We note that mixing only occurs for
levels with the same value of J and that the 1s, and

1s5 levels remain pure triplets. For neon, the
coefficients ' are n =0. 964 and p=0. 266 yielding
an I.S purity of 93/p for the (2P )3s configuration.

A test of the coupling is provided by heavy-par-
ticle impact. For proton impact, transitions in-
volving a change in multiplicity are expected to be
forbidden since this would constitute a violation of
the Wigner spin- conservation rule. In essence,
this rule states that the total spin of the colliding
system must be conserved in the collision. The
rule is expected to be rigorous when the spin-orbit
interaction is small, i.e. , under conditions of good
LS coupling. The rule has been experimentally
verified for proton impact upon helium. ' When

the spin-orbit interaction becomes large, however,
the total spin no longer remains a good quantum
number. In that case, the Wigner spin rule loses
rigor and proton-impact excitation of "triplet"
states is allowed. For impact by electrons or
heavy particles which carry an electron, excitation
can take place by electron exchange; hence, both

triplet and singlet states may be excited regardless
of the type of coupling.

While the separations of the levels within the
(2P')3s configuration are much too small to be re-
solved by the energy-loss spectrometer, an ap-
preciable contribution due to excitation of the trip-
let levels should produce a detectable shift in the
energy-loss location of the peak corresponding to
the 3s configuration.

We have made a systematic study of the energy
loss associated with the 3s peak as a function of
ion type and impact energy. The results indicate
that for protons the energy-loss location is 16.83
eV over the entire range of impact energies. For
Ha' impact, the location is 16.74 eV for 30-keV
particles but rapidly increases to 16.83 eV for
60-keV particles. The energy- loss location r e-
mains fixed over the remainder of the energy range.
For helium ions, however, the energy loss is
16.74 eV for 20-keV particles and very slowly in-
creases to 16.83 eV for 170-keV particles. The
energy shifts to higher values monotonically with

increasing impact energy.
To a large extent the 1s~ level at 16 ~ 85 eV, which

is predominately singlet in nature, is populated by
H2' and He' impact at the high impact energies; the
remaining 1s„ ls4, and 1s, levels, which are pre-
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FIG. 2. Energy-level diagram of neon.
The data are taken from Moore (H,ef. 25).
The structure is shown to scale on the ex-
treme left. The scale is then expanded to
the right to show the detail of the (2p )3s
and (2p 5)3p configurations. Appropriate
LS and jj term designations are listed in
the center, and important optically al-
lowed transitions under assumptions of LS
coupling are shown on the left-hand side,
while those allowed under assumptions
of jj coupling are shown on the right-
hand side. All transition wavelengths
are in angstroms.
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dominately triplet and are bunched at 16.67 eV,
seem to be excited in addition to the 1s, level at
low energies by H&' and He' impact. Excitation
by H' impact is predominately to the 1sa level for
all impact energies. In light of the signer spin
conservation rule, which predicts only singlet-
state excitation by H' but allows triplet-state ex-
citation by the electron bearing Hz' and He' in
resonant conditions (narrow range of low energies),
the I-8-coupling scheme appears to yield a good
description of the (2P )3s levels of the neon atom.
This is in agreement with the results obtained
theoretically by Fajen and co-workers ' ' as men-
tioned earlier.

A curve-fitting technique has been developed to
express the results described above in a more
quantitative manner. The information obtained by
this method is described in Sec. V.

IV. DATA

In this section, data are presented for excitation
of the sum of levels in the (2P')3s and (2P~)3P elec-
tronic configurations of neon. The error bars in
all cases represent a vectorial (rms) addition of
one standard deviation and of an estimated 10%

systematic error, largely due to uncertainties in
the pressure measurements. Each datum point
represents approximately 20 data trials.

A. 3s Configuration

The r esults obtained for proton- impact excitation
of the 3s configuration are shown in Fig. 3(a).
These results were obtained using the second scat-
tering chamber discussed in Sec. II. The an-
gular spread of the incident beam is smaller for
this chamber than that of the original scattering
chamber. However, the results agree, within ex-
perimental error, with a previous set of prelim-
inary data taken with the original scattering cham-
ber. '

There are no previous experimental results for
excitation of this level with which to compare our
results. The only previous work for proton impact
in this energy range are those of de Heer and co-
workers ' van Eck et al. , and Jaecks et al.
They did not measure excitation cross sections
directly, but measured optical emission cross sec-
tions by detection of the radiation from the subse-
quent decay of the excited neon target. Such cross
sections can be converted to level-excitation cross
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FIG. 3. Absolute cross section for excitation of the
(2p )3s configuration of neon as a function of impact ve-
locity. (a) H" impact; (b) H2' impact; (c) He' impact.
The open circles are present data; in (a) the closed
circles are the emission cross-section data of de Heer
et al. (Ref. 6); in (c) the closed circles are the emis-
sion cross sections of de Heer and co-workers (Befs.
6 and 7) and of van Eck et al. (Ref. 8).

sections provided one knows the appropriate tran-
sition probabilities and emission cross sections for
higher-lying states. The recent work of Bridges
and Wiese" has provided accurate transition prob-
abilities for the 3P levels of neon. However, all
of the necessary emission cross sections have not
been measured and no attempt was made, there-
fore, to convert the emission data to level-excita-
tion cross sections. To provide a comparison,
however, the emission data of de Heer et al. ,
which consist of the sum of emission cross sec-
tions for the 1s~ and 1s4 lines, are also shown in
Fig. 3(a).

Agreement is not good, neither in shape nor in
absolute magnitude. The discrepancy in magnitude
is not surprising, both in view of the differences in
measured quantities and in view of the inherent
difficulties of the optical method for this level.
Emission from the 3s level lies in the vacuum ul-
traviolet where standard sources are not available

for calibration purposes.
The difference in shape is somewhat surprising,

however. The decrease in our data at lower ener-
gies compared to the emission results could be due
to enhancement of scattering to angles greater than
our acceptance angle. There is no explanation at
present, though, for the region in which our data
are higher. All systematic errors associated with
the present method, such as loss due to scattering,
would tend to. make our cross sections too low. In
addition, the crossover cannot be attributed to the
differences in measured quantities since, for this
level, the only difference between emission and
excitation cross sections can be cascade contri-
butions from higher levels, which would tend to
make the emission data higher than the excitation
data.

The data for excitation by H&' and He' are shown
in Figs. 3(b) and (c), respectively. Both ions show
the same behavior with impact velocity as that ob-
served for protons. In both cases, the onset is
slightly less rapid than for protons, and the max-
imum value obtained by He' is slightly smaller.
There are no other data available for comparison
with our H~' data. The small increase in the cross
section at 20 keV appears to be real. Experimental
difficulties prevented extension of the data to lower
energies to see if another process is becoming
dominant. It should be noted here that the cross
sections reported here for H2' are for excitation
without simultaneous dissociation of the projectile.
Excitations which occur with dissociation are not
observable with the present apparatus.

The emission cross-section data of de Heer and
coworkers '7 and of van Eck et al. ' are shown for
comparison with our He' data in Fig. 3(c). The
discrepancy in shape noted in the case of proton
impact is much more pronounced for He' impact.
The increase in cross section with decreasing im-
pact energy for this system has also been observed
by Coffey et al. and Liples et al. ' for very low
impact energy (& I keV). It is possible that the
formation of quasimolecular states is becoming
important at the lower velocities of our experiment,
with resultant scattering at large angles.

B. 3p Configuration

The results obtained for ionic impact excitation
of the (2P')3P electronic configuration of neon are
shown in Figs. 4(a)-(c) for H', H2', and He' impact,
respectively. All levels of this configuration are
optically forbidden from the ground state by parity
selection rules (hl of the excited electron is zero).

All of the data exhibit nearly identical behavior.
In all cases, the slopes of the onset, as functions
of impact velocity, are very nearly identical with-

in the experimental error. In addition, the cross
section in each case reaches a maximum value of
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FIG. 4. Absolute cross section for excitation of the
(2p5)3p configuration of neon as a function of impact
velocity. (a) H+ impact; (b) 82' impact; (c) He' impact.
The open circles are present data; the closed circles
are the ere.lesion cross-section data of de Beer et al.
(Ref. 6), van Eck et al. I,ef. 8), and Jaecks et al. (Ref.
9).

= 4. 5 x 10 cm at an impact velocity of = 3 x 10
cm/sec.

Since these transitions are optically forbidden,
one expects, from qualitative results obtained by
the Born approximation, that the high-energy fall-
off in the cross section should be very rapid (~l/E).
In the case of proton impact, our data indicate this
type of behavior. For H&' impact, the cross sec-
tion is definitely decreasing above 90 keV. %e
were not able to observe the phenomenon for He'
impact since our highest energy lies just above the
peak of the curve.

For H' and He', emission cross-section data of
de Heer and co-workers, of van Eck et al. , and
of Jaecks et al. ' are shown for comparison with
our results. Their data consist of the sum of three
transitions from levels with the 3p configuration to
levels of the 3s configuration having wavelengths
of 5852, 5882, and 5945 A. The agreement be-
tween proton data is surprisingly good in view of
the fact that only three of the many possible deex-

citation channels are included and since no cor-
rections for cascade effects have been made to the
emission data. It is not known if the agreement
observed is merely fortuitous, or if the major de-
excitation channels are indeed these three. The
data of Sharpton et al. would seem to imply that
the latter is the case.

The agreement between He'- impact data is not
as good, but within the combined experimental er-
rors. Again, since previous experiments have
indicated increasing cross sections with decreasing
energy for the He'-Ne system, it is reasonable to
assume that excitation of this configuration may
also be resulting in large-angle scatter at low en-
ergy

V. CURVE FITTING OF (2ps)3s PEAK

As previously mentioned in Sec. III, analysis of
the energy-loss location of the (2P')3s peak as a
function of both incident ion and impact energy
yielded an indication of the excitation of the 1s„
1s4, and 1s5 states which have triplet characteris-
tics for H~' and He' impact at low energy. The
results of that analysis were necessarily of a qual-
itative nature. In an attempt to express our results
in a more quantitative manner, we have developed
a curve-fitting technique to extract unresolved
cross sections from our experimental data. The
technique has been used previously with reasonable
success for analysis of helium excitations as ob-
served in He'-He scattering. '4

The method is described in detail elsewhere'
and only a brief description of the essential ele-
ments will be given here. Basically, successful
application of the technique rests on four assump-
tions:

(i) The energies of discrete excitations are as-
sumed to be located at the spectroscopically de-
ter mined ener gy values.

(ii) The shape of the response of each excitation
is identical to that of the elastically transmitted
peak or the resolution function.

(iii) The energy-loss spectral response of one
excitation is unaffected by the responses of neigh-
boring excitations, with the total response being
simply additive for coincident excitations.

(iv) All of the energy-loss processes which con-
tribute to the unresolved peak are known.

All of the above assumptions are valid for our
particular experiment. Assumptions (ii) and (iii)
have been discussed in detail elsewhere. Under
these assumptions, then, each point of the inelas-
tic energy-loss spectrum can be written

n

R((, )=nlR (( =0) Z tr,
&

'~ 0- ).j=1 e

where R($, ) is a discrete point on the inelastic en-
ergy-loss spectrum located at an energy loss $&,

.
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R, ($, —(J) is the resolution function evaluated at
($, —)J), where $, is the energy-loss location of
transition j having a cross section 0&,. n and l
are as defined previously. The sum is taken over
all transitions which have energy losses lying with-
in the resolution width of $, . Of course this par-
ticular equation assumes discrete processes and
thus is valid only to energy losses which lie greater
than the resolution half-width below the onset of
the ionization continuum.

In principle, if ~ discrete processes contribute
to an unresolved peak, then only n points on the
spectrum are required for a unique solution of
Eq. (5). However, due to unavoidable random noise
in the data, the accuracy of an exact solution is
somewhat in doubt, Thus, to improve the accuracy,
the equation is least-squares fitted to k points on
the energy-loss spectrum, where k is taken as
large as possible without including contributions
from processes not considered in the sum over j.
(Typically, k was chosen to be 20 for present mea-
surements. ) The cross sections are then obtained
as the least-squares parameters of the equation
and the calculated error in the parameters gives
a reasonable estimate of the goodness of fit.

The technique was applied to the 3s peak in neon

by assuming peaks at the spectroscopic locations
of the four levels in the configuration (see Fig. 2).
For this case, a fit to these four levels yielded
results which, due to their extremely small sep-
arations and due to inherent noise in the data, pos-
sessed rather large statistical fluctuations for the
three lower (triplet) levels. Therefore, the re-
sults reported here are for the sum of the triplet
levels as this number was statistically more sig-
nificant. In addition, approximately the same val-
ues were obtained by making another approxima-
tion and fitting a two-parameter equation with peaks

at 16.85 eV (1s2) and the symmetric center of the

triplets at 16.67 eV (1s4). Unfortunately this re-
stricts interpretation of the results since this
level is also the one which could be populated di-

rectly if neon was not describable by LS coupling
for this configuration. However, the individual

triplet cross sections cannot be expected to be
statistically significant in this experiment since
their energy separation approaches the energy-
loss uncertainty of +0.03 eV.

The results of the least-squares analysis pro-
vided a fit to better than 5/~ of the larger contribu-
tion in all cases. The results are presented in

Figs. 5-7 for H', H~', and He', respectively.
Each datum point consists of approximately 12

data trials. The parameters obtained from the
curve fitting for each of the trials were used to
obtain a weighted average, the weight factors being
the relative inverse of the calculated errors in the
parameters. The error bars in all cases repre-
sent an rms combination of one standard deviation
obtained from the averaging procedure, together
with an additional uncertainty of 25%. This 25%
arises from uncertainties involved in the curve-
fitting procedure and does not apply to the cross
section for the sum of the levels.

Very little triplet excitation is observed for pro-
ton and H,

' impact. The maximum value for proton
impact is of the order of 25% of the total excitation
cross section. This is slightly larger than what

would be expected by application of the Wagner

spin rule. A crude comparison can be made be-
tween our data and the coefficient calculated by

Fajen for the sing&p&-&peoplet mixing in this con-

figurationn.

Using the first Born approximation, we cyn cal-
culate the relative direct (nonexchange) population
of the 16.67-eV level (ls4) due to mixing within

IO-
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Cl 8-
X

LaJ
V)

~Cl
C&

e ~
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FIG. 5. Cross sections for excita-
tion of the singlet and triplet levels
within the (2p5)3s configuration by H'

impact. The open circles are data for
excitation of the 1s2 level. The solid
triangles are data for excita', ion of the
sum of the triplet levels. Tl.e dashed
line is our calculated estimate of the
c .rect population of the 1s4 level due
tt. intermediate coupling.
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The solid triangles are data for ex-
citation of the sum of the triplet
levels.
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the one- configuration approximation. We find that

oo, = (P'/oc') o,„ (6)
1

where o,„ is the cross section for direct excita-
tion of the 1s4 (triplet) level and ao„ is the cross
section for excitation of the 1s2 level. P and o'.

are the coupling coefficients defined previously.
Using the calculated results of Fajen, 2' the cross
section for direct population of the 1s4 (triplet)
level should be

1
vo„= 0. 76'(

This relation has been applied to our data to
calculate a cross-section curve for excitation of
the 1s4 level, which is plotted in Fig. 5. Agree-
ment is remarkably good at energies above 80 keV.
In the range from 20-80 keV, our data show a
slightly higher cross section with a peaked struc-
ture. However, within the error of the measure-

ment and the calculation, it is impossible to make

any definite statements.
The lack of triplet excitation by H2' is surprising.

Since this ion carries an electron, excitation of
triplet levels should occur by electron exchange.
One is tempted to conclude that exchange excita-
tion does not occur very significantly for H&' bom-
bardment. However, van den Bos et al. "and
Rudd" have observed triplet excitation of helium

by H,
' impact, with cross sections comparable to

those for excitation for the singlet states. A pos-
sible explanation for this apparent discrepancy is
that sufficient distortion of the molecular struc-
ture occurs during the collision that the H~ ion
dissociates. Our experiment would not detect such
a result since analysis is done on the primary par-
ticle. The experiment of van den Bos et al. would

not be sensitive to this process either, since only
the optical emission is studied, while all of the

cu 8-
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0 6-
2
O
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O
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FIG. 7. Cross sections for ex-
citation of the singlet and triplet lev-
els within the (2p )3s configuration
by He' impact. The open circles
are data for excitation of the 1sq
level. The solid triangles are
data for excitation of the sum of
the triplet levels.

0
eo I20

IMPACT ENERG Y tkeV)

ISO



1506 YORK, P ARK, POL, AND CRANDALL

incident beam is collected in a Faraday cup, with-
out mass analysis.

Helium-ion impact thus provided the only data
in which significant triplet excitation occurred.
To the authors' knowledge, there are no other ex-
perimental data with which to compare these re-
sults.

VI. DISCUSSION

At present, the authors know of no theoretical
calculations for this system with which to compare
present results. The data presented here are the
first excitation measurements using the technique
of heavy-ion energy-loss spectrometry for which
data obtained by the optical method have been
available for comparison. Agreement is not good
for excitation of the (2P')3s configuration. Part
of the discrepancy may be explainable by the dif-
ferences in the measured quantities, and the ab-
solute numbers (except for the case of He' impact
at very low energies) are within the combined
errors of the two methods. The differences in
shape are disturbing, however. Resolution of this
problem must await a more detailed analysis of
the cross-section function as a function of scat-

tering angle. Agreement between data for the
excitation of the (2p )3P configuration was surpris-
ingly good.

Analysis of the relative population of singlet-
triplet levels within the 3s configuration, while

yielding values with relatively large experimental
uncertainties, has been able to illustrate some
qualitative aspe"ts of the heavy-ion-neon scat-
tering process. The proton-impact data are in
agreement with both the Wigner spin rule and the
calculated I.S purity of the 3s configuration, as
expected. The He' data indicate that triplet excita-
tion by electron exchange is a significant process
in neon at low velocities and cannot be excluded
from any theoretical attempts to explain scattering
phenomena in the energy range of the pr esent ex-
periment.

The data for triplet excitation by H, ', together
with the data of Rudd and van den Bos et al. ,
could imply that electron exchange occurs only
with concurrent dissociation of the H2' molecule.
Further experimental investigation of this system
by actually measuring cross sections for simulta-
neous electron exchange dissociation is suggested
and should yield interesting information.

~Work supported by a grant from the National Science
Foundation.
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Ionization cross sections of forty gases have been measured for electrons of kinetic ener-
gies 0.1-2.7 MeV. The measurements are absolute and extensive precautions have been
taken to minimize systematic and accidental errors. The energy dependence of the mea-
sured cross sections is accurately described by the Bethe asymptotic formula involving two
parameters that represent important atomic properties. Comparisons have been made be-
tween H2 and D2 and between CH4 and CD4, the observed differences are of the order of 1 jp

and too small to be resolved with certainty. A close comparison has been made between
positrons and electrons in Ar at 0.67 and 1.1 MeV; the cross sections are observed to be
equal within a probable error of 0.5/p.

I. INTRODUCTION

Although primary ionization cross sections' for
high-energy (MeV) electrons are of practical im-
portance and have a behavior that theoretically is
simple and well understood, very few absolute
values have been available from either experiment
or theory. The earliest measurements ' con-
sisted in counting primary ionization events along
cloud-chamber tracks. The method we have em-
ployed is based on the determination of the effi-
ciency of a gas-filled counter in responding to
monoenergetic P rays That me. thod was first
used by Graf in measurements of air and later
by McClure, ' who made measurements of H~, He,
Ne, and Ar over the energy range 0. 2-1, 6 MeV.
Elaborating upon McClure's experiments, we have
constructed an improved apparatus and studied a
larger variety of gases over a somewhat wider
range of energies. Throughout, we have endeav-
ored to minimize systematic errors. The present
paper is a comprehensive summary of our work,
which has been described in part in the form of
preliminary reports.

To systematize the results, the Bethe theory'
is employed. McClure found (and we have con-
firmed) that for each gas the measured cross sec-
tions are described accurately by the following re-
lation, which he extracted from the Bethe theory,

v =Axe+ Bx2, (1)
where

xg=P ln[P~/(1 —P2)] —1, xq —p
~

P = (velocity or primary electron)/(velocity of light),
and A and B are empirical constants characteristic
of gas.

Bethe carried out the theory in detail, with a
quantum-mechanical evaluation of the constants,
for hydrogenic systems only. ' The theoretical
definition of McClure's constants A and B for the
general case was given by Fano. ' Explicit formu-
las and a discussion of the approximations that
they involve are given also in Ref. 12. As ex-
plained in Sec. 4. 1 of that reference, the cross
section a„ for a fast electron to excite a target
atom (or molecule) from the ground state to a,

state n is given by

a„=4m(5/mc) (M„x&+ C„xz),
where 4w(h/mc) =1.874&&10 cm and M„and C„
are expressed in terms of the generalized oscil-
lator strength for the transition involved. By sum-
mation over the appropriate transitions (integra-
tion for states in the continuum), Eq. (1) is ob-
tained in the form

o = 4w (a/mc) (M x, + Cxz),

which we shall use in reporting our results.
The quantity M may be called the total dipole-

matrix element squared for ionization, measured
in units of ao= (a /me ), the Bohr radius squared.
In general, the M for each atom or molecule in-
cludes contributions from different electron shells
that are roughly proportional to the square of shell
radii. Major contributions thus should stem from


