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The simultaneous ionization and excitation cross sections by electron impact for the 3p, 3d,
and 4s levels in neon of the 3P, D, and S cores have been examined. The excitation functions
were quite broad. In all, over 100 optical cross sections have been measured and over 50 ex-
citation functions from threshold to 1000 eV were obtained. The cascade lines from the 3d and
4s levels of the various cores were very weak, with some at the limit of detectability. The er-
ror of these cascade cross sections ranges from 10 to 50Vo. The direct-excitation cross sec-
tions were obtained for the 3p levels of the three cores. Polarization effects were examined
and only three levels exhibited any polarization; these were less than 10%. There are no pre-
vious experimental measurements of these cross sections. The branching ratios obtained by
experiment and calculation have been compared with those yielded by our work. These branch-
ing ratios, the lack of strong lines between doublet and quartet levels, and the general tendency
of the quartet excitation functions to be more peaked than the doublets leads us to accept the
( P)3p levels as being well designated by LS coupling. In conjunction with this and the excep-
tionally broad excitation functions, it appears that the ionization cross section influences the
energy dependence of the simultaneous ionization and excitation cross section. The high-en-
ergy portion of the excitation functions tended to bear this out as well. The sudden-perturba-
tion approximation has been applied to several of the 3p levels; its numerical values for the
cross sections were two or three times greater than the experimental values. The cross sec-
tion of most observed levels falls off with electron energy E as E '. Theory tends to indicate
a (InE)/E dependence at high energy.

INTRODUCTION

The frequency with which neon is utilized in
high-temperature gaseous devices, astrophysical
observations, and of late, lasers has prompted
the need for collision information. Not until re-
cently has such information been available.
Sharpton et al. ' have studied to great extent the
electron impact excitation of atomic neon both ex-
perimentally and theoretically. We have conducted
an investigation of electron excitation of the neon
atoms to their ion states by a single electron im-
pact. Several of these ion levels have been found
as upper laser levels and are of particular in-
terest.

This paper contains the absolute cross sections
for simultaneous ionization and excitation to the
3p levels of Ne zx with cascade contributions from
the 3d and 4s levels. Optical excitation functions
have been obtained from threshold to 1000 eV.
'The data are compared with available theoretical
calculations.

One of the difficulties encountered in this study
was the obtainment of an accurate classification of
spectral transitions for the singly ionized states of
neon. Some of the assignments of 3d and 4f levels
of early publications were doubtful. Published
results for the line strengths for Nerr transitions
utilized these early assignments and hence are
subject to error. Persson and Minnhagen have
made a partial analysis of the spectrum of Near

and have corrected many of the assignments and
classified newly found transitions. A complete
analysis of the spectrum of Ner. r by Persson has
just been published since we made our assign-
ments. Through private communication with
Persson our line assignments are in agreement
with his latest results.

EXPERIMENTAL METHOD

The experiment consists of subjecting a gas of
known density to an electron beam which is well
defined, both geometrically and energetically.
The resulting collisions produce atoms inanexcited
state. The rate of depopulation by spontaneous
emission is betrayed by the radiation from the ex-
cited level j to all allowed lower levels. If thetotal
photon flux from the interaction region due to tran-
sitions from level j is measured, then we possess
a quantity which expresses the number of atoms
which must be entering level j each second. This
assumes that no nonradiating channels of decay
exist such as multiple electron collisions or atom-
atom collisions with a subsequent energy exchange.
To ensure the validity of such assumptions, a lin-
ear relationship was established between the mon-
itored photon flux and the gas and electron densi-
ties.

The photon flux E,.„dueto the j-0 transition is

z„=q„(f/8)~r, , (l)
where I is the electron beam current, e the elec-

240



SIMULTANEOUS IONIZATION AND EXCITATION OF NEON. . .
tronic charge, N is the gas density, I is the
length of the collision area from which radiation
is gathered, and Q» is designated as the optical
cross section of the j-k transition. E» is ob-
tained absolutely by standardizing the detection
system with a tungsten-ribbon standard lamp.
The details of this standardization process are
given in previous papers' and will not be repeated
here.

The sum of all the photon fluxes from level j
gives rise to the apparent cross section Q& which
is defined by

&, -=Z, I"„=(I/e)NLZ„Q„, (2)

(I/e) NL (3)

where Q& is termed the level cross section of the
jth state.

The electron gun is similar to that described by
Jobe and St. John. The electron beam is 3 mm in
diam with an electron current capability of 10 ' A.
However, the current used in this experiment was
500 p.A. The energy resolution of this gun was
found to be 0.4 to 0. 5 eV from excitation thresh-
olds and resonant features in helium and neon.
The apparatus for detecting the radiation and mea-
suring relative excitation functions is similar to

Since part of the population of level j is due to
cascade from higher levels, we must subtract the
photon flux of those transitions terminating on
level j in order to determine the cross section for
direct electron excitation. We have

Z~I"~g

(I/e)NL (I/e)NL

and

that displayed in Fig. 1 of Ref. 1. The radiation
was viewed at right angles to the electron beam.
The detecting portion of the apparatus is a Jarrell-
Ash &-m monochromator coupled to an EMI
6256B photomultiplier tube. The radiation was
chopped mechanically before it entered the mono-
chromator. This coupling was accomplished by a
bladed synchronous motor which was driven by the
reference output signal of a lock-in amplifier. The
photomultiplier tube signal was amplified by the
same lock-in amplifier. The dc output of the
lock-in amplifier was fed to the vertical deflecting
plates of an oscilloscope. The horizontal sweep
was driven by the accelerating voltage of the elec-
tron beam whose current was kept constant. The
resulting curve displays Q as a function of electron
energy and is termed an optical excitation function.
Absolute optical cross sections were measured
at a predetermined fixed electron energy. The
intensity of a line was recorded on a time-base
chart recorder. This intensity was then compared
with the intensity from a tungsten-ribbon-filament
lamp whose photon flux for various filament tem-
peratures has been standardized by the manufac-
turer with measurements traceable to the National
Bureau of Standards. From these data, the ab-
solute optical cross section of a transition can
be obtained at that particular electron energy.
These data in conjunction with the optical excita-
tion functions give the absolute optical cross sec-
tion at any energy covered by the excitation func-
tion.

Since the radiation was viewed perpendicularly
to the electron beam, polarization of the emitted
radiation must be considered. The perpendicular
and parallel components of the radiation with re-
spect to the electron beam were examined as well
as the polarization effects of the monochromator.
With the exception of three transitions (3727. 1,
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FIG. 1. Energy level diagram for
singly ionized neon (Ne rr).
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3713.1, and 3334.8 A), the magnitude of the polar-
ization was less than 5%%ug. The three exceptions
had a maximum polarization between —5 and
—10% in the vicinity of 90 eV. As a check on our
method and procedure for polarization measure-
ments, the polarization of the O'D- 2'P line of
helium was examined and compared with measure-
ments taken by Clout and Heddle. Our results
were identical to theirS out to 100 eV. From 100
to 300 eV, our results were about 3-5% higher

Ultrahigh-vacuum techniques were employed
throughout. Spectroscopically pure neon was
passed over liquid nitrogen before its introduction
to the collision chamber. Also, a nonevaporable
getter pump was utilized to pump impurities boiled
off the cathode and any other contaminates in the
system. Since this pump offers the feature that it
possesses absolutely no affinity for the inert gases,
but will readily pump the active gases, a static
system was possible enabling an accuracy of —,'%
in the pressure measurement by a capacitance
monometer. The pressure range for this investi-
gation, 10 to 20 mTorr, yielded a linear relation-

ship between signal and electron current.

Figure 1 is the energy-level diagram for Ne rz.

The energy scale is referred to the ground state of
the ion. The ground state of the ion is a 2s 2p'
configuration which gives rise to a P term. The
excited Ne ~x configuration can be expressed as
2s~2p4nl, where 2s 2p4 represents the core and

nl the configuration of the running electron. The
2s~2p core configuration, based on the LS coupling

scheme, contains three different terms: 3P, 'D,
and 'S. The 'P core coupled to the excited elec-
tron generates a doublet and quartet system. The
'D and 'S cores, when associated with the excited
electron, each give only a doublet system. We

present herein the optical, apparent, and level
excitation cross sections for simultaneous ioniza-
tion and excitation of the Sp levels (associated
with ~P core), the Sp levels (associated with 'D

core), and SP levels (associated with '8 core).
The cascade into these levels has been measured
from the Sd and 4s levels of each core and is es-
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TJQ3LE L Optical cross sections Q&z of the spectral
lines for the 3s-3p series at 150 eV in units of 10 2~ cm2.

Transition

2 2
P1/2 Si/2
Ps/2- Sf/2

2 2Pg/2- Pg/2
2 2
P3/2 Pi/2

2 2P~/2- Ps/2
2 2
P3/2 Ps/2

2 2Pg/2- Ds/2
2 2Ps/2- Ds/2
2 2
Ps/2 Ds/2

4P(/2- Ss/2
4 4
Ps/2 S3/2

4 4
Ps/2 Ss/2

4 4Pt/2 Pf/2
4
Ps/2 P1/2

4 4
Pi/2 Ps/2

4 4

4 4
Ps/2 Ps/2

4 4Ps/2- Ps/2
4 4
Ps/2 Ps/2

4 4P(/2- D)/2
4 4Ps/2- D~/2
4 4P~/2- Ds/2
4 4
P3/2 D3/2

4 4
Ps/2 Ds/2

4 4
P3/2 Ds/2

4 4
Ps/2 Ds/2

4Ps/2- DY/2

Line
(A)

3557. 81
3481.94
3378.21
3309.74
3392.79
3323.74~

3727. 10
3643.93
3713.08
3028. 86
3001.67
2955. 72
3751.25
3709.62
3777. 13
3734. 94
3664. 07
3766.26
3694.21
3344.40
3311.27
3360.60
3327.15
3270. 80
3355.01
3297. 73
3334. 83

1.6
8.3

71.1
11.0
39.7

130.0
18.4
5.5

27. 0
1.3b

2. 2
2. 8
1.3
7.0
5.7
2. 4
8.2

9
15.4
6.1
1,.0
5.2
6.6
0.4

12.9
3.5

15.7

Observed laser line (Ref. 2).
"This cross section was determined by use of experi-

mental branching-ratio data of Hodges (Ref. 14) as the
line could not be resolved.

timated to amount to 90%%up of the total cascade.

A. 3P Core

Figure 2 displays the optical excitation functions
from threshold to 300 eV for the 3p levels of the
I' core. Table I contains the absolute optical

cross sections for transitions originating from
these levels. Each result represents the average
of six measurements. The reyeatability of a
single measurement depends on the intensity of the
line and the corresponding signal-to-noise ratio
of the instruments. The strong lines have a re-
peatability to within 1 or 2/p, while some of the
very weak cascade lines to be presented later had
a repeatability variation of 20 to 30/p. An error
analysis of the various measuring devices yields
an experimental error which can be applied to the
average of the cross-section measurements. In
this analysis we considered the errors associated
with the measurement of the pressure (—,'/p), with
the electron current (—,'%%up), with the electron en-

ergy (—,'/p), with the gain factors for the various
amplifiers and zero drift (3%), with the dimensions
of various aperatures and other geometric factors
necessary for standardization (1%%), and standard
lamp current (~/p). This amounts to 6%%up and does
not include the uncertainties in the emissivity
values of tungsten measured by DeVos and the
calibration of the temperature of the standard lamp
with current. An estimate of 10%%up for these two
sources of error is liberal. Hence, a total exper-
imental error of the average cross-section values
of 15%%up is viewed as reasonable.

The transition 3p Ss/2- 3s P&/ z at 3029 A was
not resolvable from a weak neighboring line;
hence, a branching ratio was used to determine
its intensity. Several sources of branching ratios
are available. Garstang has calculated the line
strength for numerous Ne zi transitions, obtaining
values for LS and intermediate-coupling schemes.
The transition probabilities can then be calculated
from these line strengths by the standard formu-
las. Koozekanani and Trusty" and Luyken' have
made similar calculations. Koopman' and Hodges
et al. '4 have measured the line strengths experi-
mentally.

For selecting the branching ratios which were
used, the following procedure was adopted. All
branching ratios obtainable from the data of this
work were compared to those of the other sources.
That source which agreed best with our results
was used. We obtained 40 branching ratios which
we compared with the experimental results of
Koopman and of Hodges; those of Hodges compared
most favorably to ours. Therefore, the cross
section for the 3029-A line was obtained using
Hodges's data. The value of 1.3&&10 cm so
calculated compares well with our experimental
values of 1.4&&10 cm for this line and the weak
unresolved adjacent line.

The cascade into the 3p levels originates for the
most part from the 3d and 4s levels. Figure 3
shows the optical excitation functions for these
3d and 4s levels. Some of the quartet cascade
lines were so weak that it was not possible to ob-
tain their excitation functions. In general, the ex-
citation functions of the cascade levels have a
shape similar to the 3p levels. This results in
very little change in the shape of the 3p excitation
functions when cascade is subtracted.

. The optical cross sections for these cascade
transitions are presented in Table II. Several
lines were unresolvable and/or so weak that they
were beyond the detectability of the present sys-
tem (10 3' cm'). Therefore, branching ratios were
used in obtaining some of the results. The branch-
ing ratios obtained from the work of Hodges et al.
were used where possible. Otherwise, Garstang's
intermediate-coupling calculations were used.
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FIG. 3. Optical excitation functions of the 3d and 4g levels.

B. 'D Core

Figure 4 shows the optical excitation functions
for the six 3p levels of this core. The 3p 2P~

levels are particularly broad and appear almost
flat for energies beyond the maximum. Also the
rise after onset is very slow with energy.
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FIG. 5. Optical excitation functions of the
4s' and 3d' levels.
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TABLE II. Optical cross sections Q&& of the spectral lines for the 3th-3d and 3p-4s series at 150 eV in units of 10 2' cm .
Cross sections in parentheses were obtained using branching ratios from Garstang's intermediate-coupling calculations
(Ref. 9). Cross sections in brackets were obtained using branching-ratio data of Hodges (Ref. 14).
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TABLE III. Optical cross sections Q» of the spectral
lines for the Bg'-Bp' series at 150 eV in units of 10 'cm . .-~&~"~~1~

$~y

Transition
2 2D3/2- Pi/2
2 2D3/2- P3/2
2 2Ds/2- P~/2
2 2D3/2- D3/2
2 2Ds/2- D3/2
2 2D3/g- Ds/2
2 2
Ds/2 Ds/2

2 2
D3/2 &s/2

2 2
Ds/2 &s/2

2 2Ds/2- &7/2

Line
(A)

3319.72
3345. 83
3345.45
3232. 37
3232. 02
3230.42
3230. 07
3574. 62
3574. 18
3568. 50

47. 6
16.8
76.4
14.9
1.7b

17.0

1.6
26. 0
1.9'

35.7

z0
I
CJ

lA0
IX
V

I I I

~ a!Eall l U g~
,
&--i1~' ~~1 V$~—

'Observed laser line (Ref. 2).
Cross section was determined by use of experimental

branching-ratio data of Koopman (Ref. 13) as the line
was too weak for direct determination.

V
I
CL0

60 120

N2p

l I I I

180 300

The optical cross sections for those lines or-
iginating from the SP levels are given in Table
III. The levels of a given doublet are quite close
in this core and were barely resolvable. Since the
slits of the monochromator were nearly closed,
the weaker lines of the doublets were notdetectable
and only the stronger lines were measured. The
weaker lines were obtained with branching ratios
in the manner used for the P core. The Sp Pz/~
and Sp P, /2 are upper laser levels in a neon-ionI 2

laser.
The number of cascade levels in this core con-

figuration is much smaller than in the 'P core.
The excitation functions of the 4s and Sd levels
which could be obtained are presented in Fig. 5.

Table IV gives the optical cross sections at 150
eV for those cascade lines which could be measured.

C. 'S Core

Since only a single Ss level exists, the appar-
ent and optical cross sections are identical and
have the values at 150 eV of 7.4&&10 cm~ and

E lE CTRON ENERGY (eV)

FIG. 6. Optical excitation functions of the Bp" levels.

13.7&&10 cm for3p P, /~ and 3 P, /» respec-
tively. The optical excitation functions are pre-
sented in Fig. 6.

These functions are exceptionally broad, having
features similar to those of Sp Pg/ p and Sp P3/g
functions. No cascade lines were detectable for
this core.

D. Level Cross Sections

Table V gives the level cross sections of the

SP, 3p, and Sp levels. Also included in Table
V is the percentage of the apparent cross section
for that level which was contributed by cascade.
A review of Tables II and IV will show that the
cascade contribution to the quartet levels is the
most heavily influenced by theoretical branching
ratios.

TABLE IV. Optical cross sections Q&& of the spectral lines for the Bp'-Bd' and Bp'-4s' series at 150 eV in units of
10-"cm'.

2 2
P1/2

2
P3/2

Bd'

2
D3/2 Ds/2 +s/22 2 2 2 2

D3/2

4s'

2
Ds/2

P g/2 0.3
2
P3/2

2
D3/2

2D s/2
2
&s/2

2~7/2
Q' 0.3

0.2
0.3
0. 2

0. 7

0.2
1.2

1.4

0.4

0.4

0. 9

1.7

2. 6

1.8

0.5

2. 3

2, 6

0. 8
3.4

4.4

4 3.6

3.3

3.3

4 2
10.8

'Cross section was determined by use of experimental branching-ratio data of Hodges (Ref. 14) as the line was too
weak for direct determination.
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for a given triplet state, the excitation function of
that state was broader than the function of a triplet
state with little mixing, since the triplet in the
former case takes on a significant portion of the
singlet characteristics.

Applying this approach to the Nezz levels, we
expect the form of the wave function to be, e. g. ,
for the 3p P&& ~ state as

4(3P +1/ 2) +0 (3P ~1/ 2) + 8"(3f '&~/2)

+ r& (3p'&g/~) + g( '(3p'D, /2), (6)

FIG. 7. Comparison of the optical excitation functions
of neon and argon for simultaneous excitation and ioniza-
tion by electron impact.

DISCUSSION

The excitation functions in general were found
to be very broad with a slow rise after onset. To
illustrate this, Fig. 7 shows a comparison of ex-
citation functions for simultaneous ionization and
excitation of argon ' and neon with similar level
designations.

The functions for the doublet levels were broader
than those for the quartet levels as expected, since
the excitation to the quartet levels involves an ex-
change between the bombarding electron and one
of the atomic electeons, giving rise to a more
resonant type of behavior. Also, the quartet func-
tions become more peaked with larger values of
J for a given I family.

One approach to explain this behavior of the ex-
citation functions is to assume that heavy mixing
occurs between the doublet and quartet levels.
This would broaden the quartet functions to some
intermediate width, depending on the severity of
mixing, between the normally narrow excitation
function associated with a pure L S coupled quartet
level and the broad excitation function associated
with a doublet level.

Sharpton et al. ' have applied this method to the
singlet and triplet excitation functions of atomic
neon. They expressed the wave function of a state
as a linear combination of the IS-basis functions
of all states with the J value of that state. The
reasoning is that since the total angular momentum
is a constant of motion, J is the only good quantum
number of any type of coupling scheme which
might be used. Hence, the wave function of the
state under examination can be written as an ex-
pansion of a complete set of eigenfunctions cor-
responding to the same J value. The L S-basis
functions meet this requirement. Using this
method, the quantum nature of a state would be a
mixture of singlet (or doublet) and triplet (or
quartet) components. When this mixing was strong

TABLE V. Level cross sections of the 3p levels in units
of 10 cm at 150 eV.

Level

3p Sg)2
3p 'P, ~,
3p 2P3(2
3p Dsi2
3p D, ~,
3p 4P, (,
3p 'P, g,
3p 'P5)2
3p D)(2
3p 'D3(2
3p Dg(2
3p'D, g,
3p Pg(2

P3/2
3p' D3(2
3p' D, &2

3p F5(2
3p' 2F7 g2
3p" P)(2
3pl I 2P

Cross section

6.4
77. 2

163.9
18.6
19.2
5. 7
8. 6

10.6
3.2
3.3
9.9
7. 0

46. 9
77. 5
14.2
11.0
19.4
30.7

7
13.7

Cascade
(%)

35
6
3

22
29
31
41
48
55
73
40
55

1
7

14
41
30
14

0
0

where p~ represents the LS-basis wave functions
and e, P, y, and $ are the mixing coefficients.
Large values of u and P contribute to a large mix-
ing and a broadening of the 3p Pj&z level. For a
high-J value such as —,', we expect less broadening
since there is only one doublet level with a value
J of —,', i.e. , 3p D«2. This agrees with the excita-
tion function of 3p Ps~ z. A similar argument can
be stated for the 3p 4DV&2 level. In this case, there
are no other levels in the (~P) 3p family with
J= $ and we expect the 3p 4D7/2 excitation function
to be quite narrow. From Fig. 2 it may be ob-
served that the 3p Dv~~ excitation function has a
more pronounced peak than the other ('P) 3p levels.
Figure 3 contains the excitation function for the
3d E~& ~ level. No mixing should exist since there
are no other J=

& levels. Accordingly, this level
has the most narrow excitation function found in
this work. Such an approach does explain the
broadness of the quartet functions and the gradual
change to a more peaked shape with larger J val-
ue.
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However, recent spectroscopic work by Persson
and Minnhagen3 and Persson has verified previous
experiments'3' that the location of the 3P levels
are well predicted by LS coupling; this implies
that little mixing occurs.

As a possible alternative exylanation for the
broadness, the shape of these excitation functions
may be governed somewhat by the shape of the
single-ionization function which has a shape very
similar to the 3p I'& functions. It is reported by
von Engel" that experiment shows the onset of the
ionization function of argon to have a slope of 71
while for neon, only 5.6. From Fig. 7 we see a
similar condition holds for the simultaneous ioniza-
tion and excitation of the two atoms. A review of
Latimer and St. John's article" shows that all of
the argon-ion functions have a much sharper onset
than those for the neon ion presented in this payer.

There has been only one theoretical calculation
of cross sections for simultaneous ionization and
excitation of neon by electron impact. Kooze-
kanani" has applied the sudden-perturbation ap-
proximation and found the cross section to depend
directly upon the ionization function,

where j is the state of the ion in question, K& is

Level Experimental
Sudden

perturbation

3p Sg)2
3p Pg g2

3p 2P3)2
3p D3(2

2

3p D3(2

6.4
77.2

163.9
18.6
3.2

20. 8
138.6
311.1
16.2
0. 6

a calculated coefficient dependent on level j but
independent of electron energy, and Q'„,is the
cross section for ionization without excitation.
That this relation could be valid only at energies
somewhat above onset of Q& and higher is obvious
from the fact that the onset voltage of Q;„is
lower than that for Q& for all j states. The com-
parison of Q& with Q;„should be confined to en-
ergies which are in excess of several times onset
energies. Koozekanani has calculated K for five
Sp levels. We have used Q;„(150eV) = 0. 70
&10 cm from the review article by Kieffer and
Dunn, '8 and determined the theoretical cross sec-

TABLE VI. Comparison of sudden-perturbation cal-
culated cross sections and experimental level cross sec-
tions at 150 eV in units of 10 cm .
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FIG. 8. Optical excitation cross section times electron energy vs electron energy showing the cross sections tend
to vary as E ' above 500 eV for the 3p levels and the 3p' D& and 3p' I'& levels.
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FIG. 9. Electron energy vs optical cross section
times electron energy from 0.1 to 1 keV for (a) 3p' Pz
levels and (b) 3p" P& levels showing a cross section vari-
ation of (InE)/E.

tions. Table VI compares these results with our
experimental values.

HIGH-ENERGY RESULTS AND DISCUSSION

We have examined several of the excitation
functions of the 3p, 3p, and 3 levels as we&1

as their cascade components up to 1000 eV. Some
of these 3P levels are strongly fed by cascade
while the 3p levels are affected less, and the 3p
levels receive no cascade (see Table V). In pre-
paring the cross-section data for comparison with

theory, level excitation functions were obtained
by subtracting cascade contributions from the ap-
parent excitation functions. In each case to be
presented below, the energy dependence of the ap-
parent and level cross sections were essentially
the same. This comes about since an entire family
of levels (unprimed, primed, or double primed)

has a set of excitation functions of great similarity.
As unprimed (primed, double primed) states cas-
cade into other unprimed (primed, double primed)
states, the apparent and level excitation functions
of the unprimed (primed, double primed) states
have almost the same shape, especially at high
energies. This shape additionally is the same as
the function of the optical excitation function. We
have chosen to analyze the energy dependence of the
optical excitation functions rather than of the level
excitation functions in order to use raw data. Cas-
cade corrections invariably involve the use of the-
oretical branching factors and cross sections of
weak transitions with their large possible errors.

From Fig. 8(a) it is seen that the optical excita-
tion functions of the 3P levels tend to an E ' de-
pendency at around 500 eV and above. This is es-
pecially true for the 3P P3&~, 3P D3~2, 3P L), &~,

3p P, &z, 3P D~&z, and 3p D, &z functions. From
Fig. 8(b) we observe no definite trend for the
3p D& and 3p E& levels in the energy range ex-
amined, although the curves appear to be leveling
out at about 900 or 1000 eV.

Moussa and DeHeer'9 have observed in the simul-
taneous ionization and excitation of helium an
E dependence as well. For simultaneous ioniza-
tion and excitation of argon, Latimer and St. John'
obtained an E-' dependence for the 4P~P~ levels
in the 250 to 700 eV range.

We have, however, observed a (lnE)/E depen-
dence for functions of the 3p Pz, and 3P P&
levels of the neon ion in the energyrange examined.
These results are presented in Fig. 9.

If Eq. (7) is valid at elevated energies, the ex-
citation functions should possess an energy de-
pendence identical to the ionization function at
higher energies. Bethe~0 has predicted a (lnE)/E
dependence for ionization; experiment' has veri-
fied such a dependence for energies in excess of
300 eV. Hence, the excitation functions for simul-
taneous ionization and excitation, according to the
sudden-perturbation approximation of Koozekanani,
should exhibit this (lnE)/E dependence at high en-
ergies. Four levels do follow this dependence.
However, since a great majority of the functions
examined in this work did not possess a (lnE)/E
dependence, some question still persists on the
validity of Eq. (7) and the sudden-perturbation ap-
proximation.
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Fluctuations in the energy loss have been measured for 66- and 100-MeV protons passing
through a proportional counter filled with 11.0 mg/cm2 of a gas mixture of 90% xenon plus
10% methane. The measured values are consistent with the theoretical values determined
from the Vavilov theory for energy-loss fluctuations; however, when the Vavilov theory is
corrected for the binding effect of the electrons based on the formulation of Shulek et gl. ,
the corrected theoretical energy-loss distributions do not agree with the experimental dis-
tributions.

I. INTRODUCTION

The theory of fluctuations in the energy loss of
heavy charged particles in matter has been de-
veloped by Bohr, ' Landau, Symon, Vavilov, and
others. ' ' Landau has derived an energy-loss
distribution function without placing any limits on
the magnitude of the energy transferred to an
atomic electron. The Vavilov theory of energy-
loss straggling takes into account the kinematic
limit to the energy transfer per collision. Both
the Landau and the Vavilov theories make the
approximation that the total energy loss in tra-
versing an absorber is small compared with the
initial energy, and that the energy transferred to
an atomic electron in a single collision is large
compared with the binding energy of the atomic
electron. This latter approximation produces a
collision spectrum that varies inversely with the
square of the kinetic energy transferred to the
struck electron. Blunck and Leisegang~ and also
Shulek et al. have considered distant collisions
in which the energy transferred to an atomic elec-
tron is comparable with its binding energy. In this
energy-transfer region, the collision spectrum is
modified by so-called resonance effects. The

Landau and Vavilov theories use only the first
moment of the resonance cross section. In ac-
counting for the resonant energy transfers during
distant collisions, Blunck and Leisegang extended
the theory of Landau, and Shulek et al. 8 extended
the theory of Vavilov by including the second mo-
ment of the resonance cross section.

Igo et al. "measured the statistical fluctuations
in ionization by 31.5-MeV protons in a proportional
counter filled with 96% argon and 4% carbon diox-
ide. They found moderate agreement with the
Landau theory. Gooding and Eisberg'~ measured
the statistical fluctuations in the energy loss of
37-MeV protons over a range of absorber thick-
nesses from 8. 1 to 18. 6 mg/cms of a gas mixture
of 96% argon and 4% carbon dioxide. Gooding and
Eisberg'~ conclude that the frequency distribution
of energy losses of 37-MeV protons agree in shape
and full width with the predictions of Symon.
Murthy and Demeester used a proportional counter
filled with 98% argon and 7% methane to measure
the pulse-height distribution of 80-MeV protons.
This experiment did not permit distinguishing be-
tween the Vavilov and the Blunck-Leisegang
theories: However, for similar experiments with
1.5- and 4-GeV pions, Murthy and DeMeester"


