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Application of positive-ion energy-loss spectrometry 

h as b e e n e x t e n de d t o i n c 1 u d c c x p c r i llll' n t a l d e t c r m i n a t i o n o f 

a !J s o 1 u t e e x c i t at i on c r o s s s e c t i o n s o f g r o u n d s t a t c h e l i u 1:1 

ions. H e 1 i u m i o n - a t o m c o l l i s i o n s h e r c s t u d i c d f u r i :n J1 a c t 

energies ranging bet•,ecn 20-100 keV, 111 Ill kc\ intervals. 

The data were taken with an apparatus resolution hcth'ccn 

0 . 6 - 0 . 8 e V F \V I I ;-1 . Cross sections for transitions from ground 

s t ate to the second and t hi r d p r inc i pal qua n t u 111 1 c· v L' I s o i 

t h e i o n p 1 o t t e d a s a f u n c t i o n o f i m p a c t L' n c r g y 1,· L' r c s t i 1 I 

rapidly increasing at 100 kcV. The cross sections at this 

energy were 1.64(+ 0.28) X 
- 1 8 2 

10 em 
+ 2 

for l!c (I S
1 

J 

and 3.46(+ 0.45) 
-19 2 - + 2 

x 10 em for lie (l S
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Absolute Excitation Cross Sections of He+ in 

+ 
20-100 keV He -He Collisions Using 

Energy-Loss Spectrometry 

I. INTRODUCTION 

The technique of energy-loss spectrometry is rapidly 

becoming a major tool for studying elementary collision 

processes. In electron spectrometry, electron exchange 

and target transitions can be studied. In positive-ion 

energy-loss spectrometry, excitation of the projectile ion 

can also occur. Relative velocity of approach (rather than 

impact energy) is the primary parameter considered when 

making approximations in theoretical calculations. 1 
There-

fore, since positive ions are considerably more massive 

than electrons, the impact energy remains above the inelas-

tic thresholds down to much lower velocities of approach, 

providing more strenuous tests for acceptable approximations. 

Positive-ion energy-loss spectrometry
2 

has recently been 

applied to proton impact investigation of a monatomic species 

3 ... c· )4 A . (helium) and to a d1atom1c spec1es n1trogen . transl-

tion has been observed by others 5 in He+-He collisions which 

was attributed to excitation of the incident ion while 

the target atom remained in its ground state. The resolution, 

however, was not sufficient to permit accurate determination 
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of the cross section. Previously, the modulated crossed-

beam technique was the only method available for studying 

excitation cross sections in a chemically unstable atomic 

+ 
system such as He + The only studies on He utilizing this 

technique have been with electron projectiles. 6 

+ 
The measured He -He impact cross sections for excitation 

transitions 
. + 
1n He are needed for diagnostic evaluations in 

certain applications, such as controlled thermonuclear 

research, and in various astrophysical and cosmological 

phenomena. In the latter, 
+ 

the observation of He spectral 

lines has indicated the presence of this ion in the iono

sphere,7 as a solar wind component,
8 

in the ultra-violet 

9 
and soft x-ray spectra of the sun, 

10 
cascade spectrum of solar flares, 

in 

in 

the recombination-

11 
stellar spectra, 

and 
12 

the visible and ultra-violet spectra of quasars. 

The resolution of the UMR positive-ion energy-loss 

spectrometer has recently been sufficiently improved to 

permit the study of ionic excitation transitions. The 

absolute excitation cross sections reported here are for 

+ 
transitions in helium ions from ground state to He (n = 2) 

+ and He (n = 3) in 20-100 keV collisions with neutral ground-

state helium atoms. 
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II. ANALYSIS OF TRANSITIONS IN PROJECTILE 

Energy-loss spectrometry involves detection and analysis 

of the incident beam projectiles. As the projectiles traverse 

the collision region, interacting with the target particles, 

they undergo a certain amount of angular scattering. However, 

in marked contrast to the behavior of electron projectiles, 

heavy particle scattering is confined almost entirely to 

extremely small angles about the forward direction, with 

scattering of the projectiles through angles appreciably 

different from zero being extremely rare.
13 

The pronounced 

concentration of the scattering in the forward direction was 

illustrated theoretically in 1933.
14 These results have been 

. 15-17 verified exper1mentally by measuring cross sections as 

a function of angle about the forward direction. 

Thus, the projectile beam may be described as being 

well-defined, both in and following the interaction region. 

The cross sections obtained from the UMR positive-ion energy-

loss spectrometer, which collects the forward-scattered beam, 

are differential in energy loss. That is, these cross 

sections are essentially equivalent to the angular energy-loss 

doubly-differential cross sections integrated over all 

18 
angles. 

The theory of positive-ion energy-loss spectrometry has 

b . 1 h 19 een g1ven e sew ere. The following discussion is an 

extension of that analysis to include transitions in the 

projectile. 
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For ion-atom impact collisions, the detected transitions 

for excitation of the projectile ions are superimposed on the 

ionization continuum of the atom. Capture-loss cycling which 
' 

also appears as a continuum, and energy-loss transitions due 

to double scattering may also be superimposed on the ionic 

transitions. H th . dd. . 19 owever, ese var1ous responses are a 1t1ve. 

The total background continuum can therefore be suppressed, 

exposing the ionic transitions for evaluation. The complica-

tions due to double scattering can be removed as described 

below. 

The appropriate model for determining energy-loss cross 

sections for transitions in the projectile is shown in Fig. 1 

for the transition 0 
p 

In this model, I
10 

represents the 

monoenergetic, unscattered incident beam current, and I 1 p 

represents the monoenergetic beam, or partial beam, current 

generated by the 0 - transition. 
p 

In Fig. 1 ' 0 represents 
c 

the cross section for losses of the incident beam due to 

charge-changing interactions. Also, 

0. 1 - 0.- 0 ( 1) 
J J p 

where 0. represents the cross section for all other incident 
J 

beam losses. The inelastic collision losses and the charge-

changing losses for partial beam Ilp are not identical to 

those for the incident beam, since some of the projectiles 

in the former remain in an excited state throughout the 

remainder of the scattering region. These loss cross 



110 

JIP 

OCe crje 

Fig. 1. Simplified partial beam model for projectile transitions. 

Ul 
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sections for partial beam I have an additional subscript 
lp 

to denote these differences (a and a. ) . 
ce Je 

The differential equations describing the model in 

Fig. 1 are 

(2) 

and 

di lp = I a n dx - I 1 (a + a. ) n dx 
10 p p ce Je ( 3) 

where n is the number density of the target particles and 

dx is the differential scattering length measured along the 

collision path. With the boundary conditions Ilp = 0, 

I
10 

= (I
10

)i (where CI
10

)i is the incident current entering 

the scattering region) when x = 0, the solutions of Eqs. (2) 

and (3) for the beams emerging from the scattering region 

(x =£),are 

(I
10

). exp[-(a + a.)n£] 
l c J 

(4) 

and 

[exp(f-n£) - 1] (5) 

where 

It = (a + a.) - (a + a. ) 
c J ce Je 

( 6) 

If the quantity in Eq.(6) and the target particle density 

satisfy the "single collision" condition 

A.n£ << 1 ( 7) 

then the exponential in Eq.(S) can be approximated by 



exp(/cn£) ~ 1 + An£ 

which permits modification of Eq. (5) to the form 

0 
p An£ << 1 

Since the approximation in Eq.(8) is mathematically 

equivalent to the assumption 

0 + o. = 0 + 0 
c J ce je 

Eq. (9) 1s identical to the results which are obtained for 

transitions in the target particles. 19 

7 

(8) 

(9) 

(10) 

To allow for possible differences between o + o and 
c j 

o + o. due to excitation of the projectiles, consider the ce Je 

approximation 

exp(/cn£) 2 
~ 1 + /en£ + ~(An£) . ( 11 ) 

Then, from Eq.(S), 

( 1 2) 

For the target pressure region where Eq. (12) is applicable, 

the o cross section can be determined by least-squares 
p 

fitting of experimental data for (I 1p)f/(I
10

)f versus 

. 19 20 
reduced pressure, p , to an equat1on of the form ' 

0 

ap + bp 2 
0 0 

The reduced pressure is related to the target particle 

density: 

( 1 3) 

(14) 
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where NL lS Loschmidt's number 

NL == 3.54 X 1013 ( 1 5) 

which is the number of molecules 3 
of ideal per em gas per 

unit reduced pressure. Also, 

( l 6) 

where T is the absolute temperature in degrees Kelvin, and 

p is the target gas pressure in millitorr. 

E q . ( 1 2) , E q . ( 1 3) , and E q . ( 1 4) , 

a == 

b 

0 N 9., 
p L 

2 

Then, from 

Since partial beams due to double scattering vary quad-

(17) 

(18) 

. 11 . h h 19 h 1· . ratlca y Wlt t e pressure, t ese comp lcatlons are also 

separated from the linear variation with p . 
0 

The 0 
p 

ionic-

transition cross section, in this approximation, can then 

be determined by using the linear least-squares constant 1n 

Eq.(l7). 
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I I I. DESCRIPTION OF APPARATUS AND METHOD OF OPERATION 

The University of Missouri - Rolla 250-kV acceleration-

deceleration positive-ion energy-loss spectrometer was used 

to perform this study. This machine and the associated 

apparatus have been described in detail elsewhere. 2 • 19 The 

following description is a summary of the basic features 

of the apparatus and the method of operation. 

Th H + . d . 21 e e 1ons were generate 1n a Calutron ion source 

by bombarding helium gas with electrons having a maximum 

energy of 40-eV (below lowest metastable state in helium 

ions) . The ions extracted from this source had a kinetic 

energy distribution of approximately 0.1 eV. These ions 

were focused by an Einzel lens and were accelerated through 

a potential V (see Fig. 2). The energetic ions then impinged 

on the target gas which was contained in the center cell of 

a differentially pumped scattering chamber. The collision 

region, which had a length of 6.31 em, was defined by two 

tantalum disks pierced with 0.051 cm-diam orifices. The 

pressure of the target gas was monitored with an MKS 

Baratron
22 

77M-XRP differential pressure meter. A nulling 

signal from this meter was fed into a servo-amplifier feed-

back control system which automatically maintained the target 

gas pressure in the scattering chamber at any desired value. 

The beam emerging from the scattering chamber was 

magnetically mass analyzed. The high-resolution energy 

analysis of the energy distribution of the emergent beam, 
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which is required in energy-loss spectrometry, was then 

accomplished by decelerating the ion beam to a low, well

defined energy, eV = 2 keV, before entering a 127°-
o 

electrostatic analyzer. With the analyzer plate voltage 

11 

adjusted for maximum signal, the energy-loss spectrum was 

examined by slowly and continuously increasing the difference 

between the acceleration-deceleration potentials. This dif-

ferential voltage, ~V, was swept over the entire energy-loss 

range of interest, while maintaining the magnetic momentum 

analysis and the electrostatic energy analysis at fixed values. 

Due to the kinetic energy distribution of the incident 

beam and due to the finite resolving power of the analyzer, 

a trace obtained without target gas in the scattering chamber, 

¢(~), was a convolution of the energy spread in the ion beam 

and the dispersive effects of the apparatus. The magnitude 

of¢(~), where~ was the differential energy loss, was pro-

portional to the beam current. Without altering any other 

experimental parameters, target gas was introduced into the 

scattering chamber, and ~V was swept again. The trace then 

obtained, R(~), the energy-loss spectrum, was a convolution 

of the incident beam energy distribution with the energy and 

angular effects of the apparatus and of the target gas. The 

procedure of modifying the accelerating potential by sweeping 

~V compensated for the corresponding energy lost in collisions 

with the target particles. This insured that all particles 

reaching the detector had traversed similar trajectories 
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between the scattering chamber and the detector, with 

energies lying within the same acceptance interval as any 

other particle reaching the detector. The magnitude of 

R(~) was proportional to the emergent beam detected with n 

3 
atoms/em of target gas in the scattering chamber. 

Typical traces of ~ (~) and R(~) are shown in Figs. 3a 

+ 
and 3b for 50-keV He ions incident on helium gas (4 milli-

torr). The amplified output from the analyzer is shown as 

the ordinate and the differential energy loss, ~' as the 

abscissa. The peak at the left of each trace is due to 

transmitted and elastically scattered projectiles. The first 

two essentially resolved peaks in the energy-loss spectrum of 

Fig. 3b correspond to discrete inelastic transitions in the 

target helium atoms. The discrete peaks superimposed on the 

ionization continuum of the target particles are excitation 

+ 
transitions in the He projectiles. The mathematical 

relationship between these two traces, Rand~' and inelastic 

18 
transitions has been described in detail elsewhere. The 

result of that analysis is briefly outlined below. 

Since the two functions R(~) and ~(~) were plotted under 

the same experimental conditions with the introduction of 

target gas into the scattering chamber being the only distin-

guishing factor, the following relationship holds: 

R(~) = n£ J~c~ - ~') 

where 

doc~,) 

d~ 

d)G 

d~' ( 19) 

(20) 
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d 2 o/d~d~ is the doubly-differential cross section per unit 

angle per unit energy loss for scattering into the solid 

angle d~ and energy-loss interval d~. ~ is a (positive) 

energy loss as measured from the most probable energy of 

the decelerated,elastically-scattered ion beam. 8 and 6~ 

are the laboratory scattering angle and the instrumental 

acceptance solid angle, respectively. Due to the predominant 

peaking in the forward direction in positive-ion energy-loss 

13 18 . 
spectrometry, ' essentlally all o£ the scattered, singly-

charged projectiles are detected. Then, the experimentally 

determined cross section is equivalent to the energy-loss 

differential cross section to the extent that 

2 

f d 0(8,~) 

4rr d~d~ 
= do ( ~) 

d~ 
( 21) 

To determine absolute cross sections, it is necessary 

to assume that the elastic and inelastic contributions to 

R(~) are separable. Then, if the transition responsible for 

a peak in the energy-loss spectrum can be identified, and if 

R(~) with the background suppressed drops essentially to zero 

on each side o£ the peak, integration of R over the peak 

yields the total cross section for that transition. For 

example, in the pressure range over which Eq. (9) is applicable, 

the cross section determined from a peak in the energy-loss 

spectrum is 

0 p = 
n£ 

R(l;) dE; 

f R(l;) dE; 
6l; 

0 

( 2 2) 



where 6~ 1s the interval corresponding to the transition 
p 

15 

peak, and 6~ is the interval corresponding to the elastic 
0 

and transmitted region of R(~). The calculated cross 

sections are "absolute" in the sense that they are not 

normalized to other data or theory. 



IV. DATA 

The data for this study were taken with helium-ion 

impact energies ranging between 20-100 keV, in 10-keV 

intervals. Most of the data were taken with overall appa

ratus resolution between 0.6-0.8 eV FWHM. The target 

thicknesses ranged between 3-50 millitorr-cm. The two 

energy-loss peaks of primary interest were situated at 

16 

40.8 ~ 0.1 and 48.4 ~ 0.2 which correspond to excitation of 

the ground-state helium-ion projectiles to the second and 

third principal quantum levels. An enlarged view of the 

relative energy locations of the quantum states within these 

two principal levels is shown in Fig. 4. As the energy 

separations between the various states within a quantum level 

+ of He are much too small to be resolved, transitions to the 

various states within a level contribute to a single peak 

observed at the energy loss corresponding to the excitation 

energy of this level above the ground state of the helium 

ion. 

To calculate the cross sections for these two tran-

sitions at a given energy, it was necessary to suppress the 

background continuum, which results primarily from ioniza-

tion of target He atoms. The background for each transition 

was obtained by drawing in a baseline which smoothly joined 

the background on each side of the peak. This background was 

then subtracted, exposing the peak for cross section evalu-

ation. To subtract off the continuum in this manner, it must 
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be assumed that the background in the absence of the ionic 

transitions is slowly varying, containing no structure. The 

ionization continuum of the helium target gas and the 

capture-loss continuum satisfy this criterion. The possi-

bility of structural transitions superimposed on the con-

tinuum at the location of the ionic transitions can arise 

primarily from two possible sources: (i) double scattering, 

and (ii) autoionizing transitions. The double scattering 

complication is removed by the quadratical least-squares 

fitting of the data as discussed above. The lowest auto-

ionizing energy-loss transition occurs for He(ls
2

) 1s ~ 
2 1 23 

He(2s ) S at 57.9 eV. This is sufficiently remote from 

the energy loss corresponding to the two ionic transitions 

measured in this experiment that disturbances due to auto-

ionizing transitions are nonexistent. But, if a target 

particle should be excited by a projectile and then, while 

still excited, undergo another excitation into an autoion-

izing level by a collision with a second projectile, the 

energy loss of this second collision could be superimposed 

on the detected ionic transitions. However, the scattering 

density for interactions between projectiles and other 

collision products is less than 10-
8 

of those for inter-

19 
action with the target particles themselves. The disturb-

ing influence from the appearance potentials of autoionizing 

levels therefore can be neglected. 

Cross sections for excitation of helium ions to 
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+ + 
He (n = 2) and He (n = 3) in collisions with helium atoms 

have been calculated by the method outlined above. These 

cross sections are shown in Figs. 5 and 6 as a function of 

impact energy. (The smooth curve sketched through the values 

plotted in Fig. 6 has been reproduced in Fig. 5 to permit 

comparison of magnitudes.) The error bars shown are vector-

ial additions (rms values) of the random standard deviations 

obtained from the least-squares analyses and of an estimated 

maximum systematic error of 10%, which was largely due to 

estimated uncertainty in the pressure measurements. These 

cross-sections plotted as a function of impact energy are 

still rapidly increasing at 100 keV. Within the limits pre-

scribed by the error bars, it appears that the peaks for 

these curves are situated well above 100 keV. The measure-

ment of cross sections of this order of magnitude C~ l0-
20

cm 2 ) 

extends the technique of positive-ion energy-loss spectrometry 

until it encompasses most of the range covered by experiments 

observing secondary emission. 

In some of the energy-loss data, transitions of the 

ground-state helium-ion projectiles to the fourth and fifth 

principal quantum levels were also resolved. The statistics 

for these transitions were not sufficient to report calcu-

lated cross sections; however, 
-3 24 

the n law did not appear 

to be obeyed for excitation to these lower levels in the 

helium ion. 
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V. DISCUSSION 

To the author's knowledge, there are no existing 

theoretical calculations or experimental determinations with 

which to directly compare the results of this study. Com-

plete analytical calculations for making a comparison are 

nonexistent because of the impossibility of obtaining exact 

solutions for atomic collision cross sections. For any atom 

more complex than hydrogen, the wave functions are only 

approximately known~ and are frequently non-orthogonal. 

Further, the complexity of the equations is such that approx-

imate methods must be employed even if the exact wave-

functions were known. Also, the commonly applied approxima-

+ 
tions are not really valid for He projectiles in the impact 

energy range covered in this study. 

A few experiments have been performed for evaluating the 

characteristics of quantum excitations in helium ions. In 

particular, a crossed-beam method has been used to measure 

+ + 
the cross section of He (ls) ~He (2s) by electron impact for 

energies ranging from threshold to 750 ev.
25 

The results of 

this experiment showed that, at the higher energies, the 

energy dependence of the cross section is in close agreement 

with that calculated by means of the plane-wave Born approxi-

mation. 
+ 

Most other studies concerning He have involved 

simultaneous excitation-ionization of helium atoms by elec-

. 26 
tron or proton 1mpact. 

As mentioned earlier, ionic excitation transitions have 



23 

s + 
been observed by Boudon et al. for He impacting with lie. 

Th~se experiments were performed with a maximum impact energy 

of 3 keV. The published data showing the ionic transition 

was for the scattered beam collected at 3° from the forward 

direction. Boudon et al., claimed that a collision in which 

the ion becomes excited while the atom remains unexcited 

seems very improbable. Looking at Figs. S and 6, ionic exci-

+ 
tation transitions for the He -He system are quite probable 

for impact energies above 20 keV. llowever, if the curves in 

Figs. S and 6 were extrapolated backward into the energy 

region covered by the experiments of Boudon et al., the cross-

sections, even for total scattered current, are indeed very 

small, probably less than lo- 20 cm 2 . 

Technically, the cross sections determined 1n this study 

probably could be measured using crossed-beam techniques. 

However, absolute measurements using crossed beams would he 

difficult. 

+ 
Radiative transitions following He -He collisions from 

+ + 
levels of He (n = 3) to levels of He (n 2) should be 

measurable with ultra-violet spectroscopy. Although the 

correlation would be indirect, it would be interesting to 

compare such optical emission measurements with these 

measurements obtained by energy-loss spectrometry. 

It is hoped that the experimentally determined cross 

sections obtained in this study will provide new insight into 

currently observed physical phenomena and will contribute to 
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the advancement of the theoretical investigations of atomic 

structures as embodied in collision cross sections. 
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VI. APPENDICES 

A. Theory of Positive-Ion Energy-Loss Spectrometry 

Energy-loss spectrometry involves analysis with fast 

projectiles having energies orders of magnitude greater 

than normal thermal energies. With these fast projectiles, 

space charge difficulties are essentially negligible and 

are further minimized as the projectile energy is increased, 

making it possible to obtain well-defined beams of ions. 

However, in the following discussion, the velocities are 

assumed to be sufficiently low that relativistic and nuclear 

effects may be ignored. For relativistic effects, this 

assumption is valid up to energies of several tens of MeV 

for heavy particle impact. Nuclear effects, however, become 

important when the quantum-mechanical wavelength of the 

projectile is 
-12 27 . 

of the order of 10 em, wh1ch corresponds 

to an energy of approximately 1 MeV for He+ ions. 

In the following discussion, the gaseous target is 

assumed to be comprised of a single atomic species, with the 

particles considered to be at rest. The incident beam is 

assumed to be parallel, monoenergetic, homogeneous, and 

comprised of a single ionic species. 

As the projectiles impinge on the target particles, 

various processes can occur. In any given collision between 

a projectile and a target particle, the probability of the 

occurrence of a particular type of interaction under given 

conditions depends on the nature of the collision partners, 
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on their mutual velocity of approach, and the impact param-

eter of the collision. 28 
This probability is conventionally 

expressed in terms of a microscopic cross section, usually 

denoted by a, having units of cm
2 
/target-particle, or units 

2 -16 2 8 
of na = 0.88 x 10 em , where a = 0.53 x 10- em is the 

0 0 

radius of the first Bohr orbit of the hydrogen atom. The 

total microscopic cross section for a particular interaction 

represents the total "area" presented by each of the target 

particles for projectile scattering into the total solid 

angle, 4n steradians. Since this 1s the quantity effectively 

measured in positive-ion energy-loss spectrometry, the 

following discussion is centered entirely on these total 

microscopic cross sections, which are referred to as simply 

"cross sections" for convenience. 

As the projectile beam traverses the scattering region, 

its composition changes due to various charge-changing and 

inelastic collisions. Of the various charge-changing colli-

sions which can occur, two are of primary importance: 

(i) stripping (ejection of an electron from a projectile into 

the continuum) of the beam projectiles, leaving them in a 

doubly-charged state, and (ii) neutralization of the beam 

projectiles by electron-capture from the target atoms. 

The stripping of projectiles is usually described by 

a stripping, or detachment, cross section, usually denoted 

by o
1

, which is the total probability that a fast incident 

ion loses an electron. For the He+-He collision system, the 

most important reactions which contribute to stripping are 
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+ 0 ++ 0 
He + He ~ He + He + e 

+ + + 
~ He + He + 2e 

+ + ++ -
~ He + He + 3e 

with the predominant contribution coming from the second 

. . . 2 9 
lnteractlon llsted. + 30 For fast He ions, a

1 
<< ai, where 

ai is the ionization cross section of the target particles. 

The neutralization of the projectile can leave the 

projectile in either the ground state or in an excited state, 

and is usually described by a capture cross section. The 

most important reactions of this + 
type for the He -He collision 

system are 

+ e 

with the predominant contribution coming from the first in

teraction listed,
29 

and of these interactions, those which 

leave the neutralized projectile in the ground state are 

referred to as symmetrical resonance charge transfer. In an 

ion-atom collision, the cross section for resonance charge 

transfer is much larger than the cross section for transitions 

between states with different angular momenta by virtue of 

31 the different symmetry of these states. This was experi-

mentally verified when beams of fast helium atoms produced by 

charge exchange were found to contain no appreciable admixture 

of metastable atoms, as indicated by the equality oi = a
1 

for 
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the interaction of the fast neutralized helium projectiles 

. h h 1" 32 
Wlt e lUm gas. 

The projectiles which have undergone the various charge-

changing interactions and the various energy-loss processes 

constitute an array of smaller beams within the incident beam, 

or partial beams. Those having different energy losses can, 

ideally, be viewed individually by energy analyzing the beam 

emerging from the scattering region. A diagrammatic repre-

sentation of the noninteracted incident monoenergetic beam, 

the inelastic energy-loss partial beams, and the charge-

changed partial beams are shown in Fig. Al. 

Expressing a partial beam in terms of an electrical 

current, which is the physical quantity actually measured 

in energy-loss spectrometry, 

= n evA 
s 

(Al) 

where n is the particle density of the ions in the partial 
s 

beam, e is the fundamental electronic charge, v is the 

velocity of these monoenergetic projectiles, and A is the 

cross-sectional area of the beam. The first subscript on the 

current, j, indicates the charge-state of the projectiles, 

while the second subscript, k, indicates the energy-difference 

of these projectiles relative to those of the incident beam. 

An additional subscript of i or f indicates respectively the 

incident beam or the detectable beam emerging from the scat-

tering region. Currents with only one subscript compositely 

symbolize all partial beam currents in the charge-state 
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represented by that single subscript, irrespective of the 

energy difference of the various partial beams in that 

charge state. 

The cross section describing a particular interaction 

in Fig. AI is to be interpreted typically as follows: 

30 

implies an interaction where the projectile in charge-state 

a and energy-state i collides with a target particle in 

charge state b and energy state j, leaving the post-collision 

projectile in charge-state c, etc. The absence of a sub

script indicates a ground-state configuration for that 

particular collision partner. 

The two radiation vectors shown in Fig. AI do not 

actually represent a loss, but indicate that projectiles in 

those partial beams can change excitation states by radiative 

transitions. Projectiles in some of the other partial beams 

can undergo similar transitions, but radiative transitions 

have negligible effect on the energy-loss data and are sub

sequently ignored. 

From each of the partial beams, there are losses due to 

the occurrence of additional inelastic and charge-transfer 

collision processes before the partial beam particles emerge 

from the scattering region. In most cases, these losses do 

not affect the final observed results, and are indicated in 

Fig. Al by dangling loss vectors. Those loss components 

which do take an active role in the final analysis are elab

orated upon in more detail where warranted in the following 
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discussion. 

Of particular interest are the 0(10/lkO) and 0(10/10£) 

interactions between the incident beam and the target parti-

cles (see Fig. Al). The former represents excitation 

transitions in the projectile ions, and the latter represents 

inelastic transitions in the target particles. 

All of the singly-charged partial beams in the scatter-

ing region are compositely labeled 1
1 

in Fig. Al. Similarly, 

the neutralized partial beams and the doubly-charged partial 

beams are compositely represented by 1
0 

and 1
2

, repectively. 

Theoretically, charge-changing collisions can occur between 

any partial beam in one composite beam and a partial beam in 

another composite beam. However, it will now be shown that 

interactions between partial beams (or beam-beam interactions) 

are negligible in comparison to those occurring between a 

partial beam and the target particles. For discussion pur-

poses, the beam-beam interaction argument is focused on inter

actions between a partial beam, Ils' and the unscattered 

incident beam, r
10

. The results, however, are applicable to 

any beam-beam interaction in the scattering region. 

Equation (AI) can be used to determine the current of 

the unscattered beam as seen by another partial beam having 

a different velocity (energy) if one beam is expressed as a 

particle density, and v in Eq. (AI) represents the relative 

velocity between these two beams. 

incident beam, 

eV = 2 
~v 

For the unscattered 

(A2) 
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where V is the accelerating potential, and m is the mass of 

the projectiles. Combining Eqs. (Al) and (A2), the projectile 

beam current expressed as a particle density becomes 

Then, for the usual form of loss (or gain) term, 

dllO = n dx 
s 

where v differs only slightly from the velocity of the 
s 

(A3) 

(A4) 

unscattered beam, the difference corresponding to the energy 

loss, ~E, of the interaction generating the scattered beam: 

V = 
fTeV:s _ / 

s ~ ~ =~ (eV ~ 6E) (AS) 

Now 

(A6) 

and 

v _ v s = ~ _ ,J2 ( e V ~ ~E) 
(A7) 

Since ~E << eV, the radical in Eq. (A7) can be very closely 
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approximated by 

A/ 1 
L'1E ......, 1 ~(~) -
eV 

......, -
eV 

Then, 

6E 
v - v "' ...... s 

/2meV 
(A8) 

Substituting Eqs.(A6) and (AS) into Eq. (A4) , 

1100 n dx ~ 1100 s n 
eff 

dx (A9) 

where 

(A 10) 

The relative importance of contributions due to beam-beam 

interactions can be determined by evaluating the ratio of 

neff to n, the particle density of the target. Now r
1

s was 

presumably generated by interactions between the incident 

beam and the target gas, indicating that r
1

s and the target 

particle density are interrelated. This relationship can be 

approximated by 

1
1s 

~ 
n 

(All) 

where 0 is the cross section describing the production of 

1ls' and tis the length of the entire distance over which 

the projectiles in both beams have intermingled trajectories. 

Using Eq. (All) and typical values consistent with those of 
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the UMR positive-ion energy-loss spectrometer, for over-

extreme (worst case) conditions, 

neff 8 
"'10-

n (Al2) 

This indicates that cross sections for beam-beam inter-

actions can be many orders of magnitude larger than cross 

sections for beam-target interactions, and the contribution 

still remain negligible. These results are obviously appli-

cable to interactions between any two partial beams. 

Besides losses, there may be additional generation 

contributions to the various partial beams in Fig. Al. The 

coincidence of energy loss for a partial beam generated by a 

single discrete transition with a partial beam generated by 

the resultant of multiple, discrete energy-loss transitions 

would be largely accidental. However, a commonly occurring 

situation involves the superposition of a transition into a 

discrete state and transitions into a continuum at a given 

energy loss. Another source of partial beam generation 

arises from stripping collisions between fast neutralized 

projectiles and target particles (see transitions Lo(OO/lkq£) 

in Fig. Al). These contributions will also appear in the 

form of a continuum. If the total contributions to the con-

tinuum result in a background which is continuous and slowly 

varying in the vicinity of a superimposed discrete transition, 

it is shown below that the cross section for the discrete 

transition can be determined by suppressing this background. 
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Obviously the complexity of the coupling between the 

various partial beams via interaction with the target gas 

proposes an intractable analytical problem. The magnitude 

of most of these coupling effects are much smaller than the 

primary generation and loss contributions. Also, most 

experiments are performed under conditions which approximate 

single-collision conditions. Therefore, considerable simpli-

fication can be made through appropriate approximations, 

which still yield sufficiently accurate first order correc-

tions. The approximations will now be applied to each facet 

of the essentials required for interpreting the data for 

experimental collision cross sections from positive-ion 

energy-loss spectrometry. 

1 . Charge-Changing Interactions. With magnetic deflec-

tion apparatus following the scattering region which 

separates composite beam r
1 

from compositebeams r 0 and r 2 , 

the essential charge-changing cross sections can be experi-

mentally determined. Although these cross sections do not 

enter explicitly into the final calculations of the discrete 

energy-loss transitions, the results are useful in describing 

the transitions. 

The simplified composite beam model for sufficiently 

accurate first order determinations of the essential charge-

changing cross sections is shown in Fig. A2. The mutual 

gain-loss contributions through charge-transfer beam-beam 

interactions have been ignored (see discussion above). The 



12 

I, 

10 

Fig . A2 . Simplified composite beam model for charge-changing interactions. 
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specified cross sections represent the transitions between 

the composite beams. The differential equations describing 

this model are: 

(Al3) 

(Al4) 

Then, with the boundary conditions r
1 

= (I
10

)i, r
0 

= r
2 

= 0 

when x = 0, Eqs. (Al3), (Al4), and (AlS) yield the solution 

for the detectable, singly-charged beam emerging from the 

scattering region (x = ,Q,), (I 
1

) f: 

where 

and 

c 
2 

(Al6) 



38 

which obviously is not in a convenient form for experimental 

application. However, in evaluating cross sections, the 

incident monoenergetic beam is the primary normalizing con-

stituent. Regeneration through the 0
12 

- 0
21 

and the 

0 10 - 0
01 

sequences cannot be realized without energy loss, 

indicating that although the 0
21 

and 0 01 interactions are 

sources for r
1

, they are not generation sources for the 

incident monoenergetic beam. Thus, the total charge-changing 

cross section, 0 , where 
c 

is the actual quantity affecting inelastic cross section 

calculations. By letting 

a = 

and taking the derivative with respect to the reduced 

(Al 7) 

(Al8) 

pressure; then, in the limit as the reduced pressure goes 

to zero, 

or 

(A 19) 

This result indicates that the total charge-changing cross 

section for the incident beam can be evaluated from the 
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asymptotic value of the slope of a versus reduced pressure 

as the target gas pressure is extrapolated to zero. 

If the target gas pressure is sufficiently low that 

single-collision conditions are approximately satisfied, 

then 

a~ e 
-o n£ 

c (A20) 

Fitting experimental data for a versus reduced pressure to 

an equation of the form 

-a p 
c 0 a = e 

by the method of least-squares yields, 

where, from Eq.(A20), 

a 
c 

l:p ln a 
on n 

2: 2 
Pan 

Then, in this approximation, 

a 
0 = C (1 + E ) 

c NL.Q, c 

In this equation, E c 
is the relative standard deviation 

where 

2: ( 0 ln a ) 
2 

n 

E 
c 

2: ( 0 

2 a (k 
c 

2 
ln a ) 

n 

rv )2 2 = l:(ln ~ + a l:p n c on 
2 

+ 2a l:p 
c on 

ln a 
n 

(A21) 

(A22) 

(A 2 3) 

(A24) 

(A 2 5) 

(A26) 
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and k is the number of data samples. 

2 . Transitions 1n Target. For inelastic transitions 

in the target particles, the simplified model for sufficiently 

accurate first order corrections is shown in Fig. A3 for the 

transition a = a(l0/10 ) . a a 
Here, a.' is equal to a. less the 

J J 

cross section for the observed transition in the target: 

a.'_a.-a 
J J a 

(A2 7) 

The beam-beam interactions have been ignored in Fig. A3. 

Also, by temporarily limiting the discussion to inelastic 

transitions with energy losses lower than the ionization 

potential, the contributions due to La(OO/lkq~) interactions 

can be neglected. 

The differential equations describing the model in 

Fig. A3 are: 

(A28) 

dl == r
10

a n dx- 1
1 

(a + a.)n dx 
la a a c J 

(A29) 

With the boundary conditions r 10 == (I 10 )i and Ila == 0 when 

x == 0, the detectable current (x ~) solutions for these 

equations are: 

(A30) 

(A31) 

In this derivation, a and a. are considered to have the same 
c J 
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values for both r 10 and r
1

a which justifiably 1gnores the 

negligible differences due to the slight loss of energy for 

the a -transition. 
a Combining Eqs. (A30) and (A31), 

a 
a 

The relative detectable scattered current, 

a 
a 

a ' a 

( A3 2) 

( A3 3) 

as a function of reduced pressure can be obtained directly 

from Eq.(A31): 

a =a NL9v p exp[-(a + a.)N £ p] 
a a o c J L o (A34) 

The target gas pressure which provides maximum relative 

detectable current for the a -transition can be determined a 

by differentiating Eq.(A34) with respect to the reduced 

pressure and setting the result equal to zero, which yields 

= (a 
c 

1 

Interpretation errors may result if the energy loss 

( A3 5) 

corresponding to one partial beam should coincide (within the 

limit of resolution of the apparatus) with the energy loss of 

another. The model portraying the superposition of two 

singly-scattered partial beams is shown in Fig. A4, where 

a"= a. 
j J 

(A36) 

The solution for this model with the appropriate boundary 
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coincident singly-scatte r ed beams. 
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conditions lS 

or, with Eq.(A30), 

where 

CI 10 ).(a + ab)n£ exp[-(a + a.)n£] 
l a c J 

(Ila)f + (Ilb)f 

(IlO)f 

B = a n£, etc. a a 

The result in Eq. (A38) describes precisely the situation 
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(A37) 

(A38) 

(A39) 

where a discrete transition is superimposed on a continuum, 

such as that introduced by the ~a(OO/lkqZ) interactions. 

Due to the additive, uncoupled nature of the results in 

Eq. (A38), the continuum in the energy-loss spectrum can be 

suppressed, exposing the isolated, discrete transition for 

evaluation. 

Another interpretation error may occur if the energy-

loss beam resulting from two successive inelastic collisions 

(double scattering) should coincide with that of a singly-

scattered partial beam. The model describing this situation 

is shown in Fig. AS, where 

a.''' 
J 

The solution for this model is 

B a 

(Ila)f + (Il,b+d)f 

(IlO)f 

(A40) 

(A41) 
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ab and ad can represent either identical, or entirely dif

ferent, energy-loss transitions in the target particles. 

In Eq. (A41), the relative doubly-scattered partial 

beam current is 

(A42) 

(A4 3) 

which varies quadratically with the reduced pressure. Least-

squares fitting of experimental data can be used to isolate 

the square-law dependency of the double-scattering from the 

linear dependency of the single scattering. The latter can 

then be used for cross-section evaluation. 
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B. Least-Squares Fitting of Experimental Data 

Least-squares fitting of experimental data for 

(I
1
p)f/CI 10 )f versus reduced pressure to an equation of the 

form 

y = ap o + bp o 2 ( B 1) 

yields 

a = ( B 2) 

and 

(B3) 

where 

( B 4) 

= Lp 
2

y Lp 
2 

Lp y Lp 
3 

on n on - on n on 
(BS) 

and 

(B6) 

From Eq.(l2), 

(B7) 

= (B8) 
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The o ionic-transition cross section, in this approximation, p 

can be determined from Eq. (B7) 

where 

In Eq. (BlO), 

where 

Also, letting 

0 = a (1 + E ) 
p NL~ p 

s 
a 

L:y2 + a2I:p 
n on 

2 2 
+ b I:p 

on 
4 

2 al: p y 
on n 

2 3 
- 2bi:p y + Zabi:p 

on n on 

(B9) 

(BlO) 

(Bll) 

(BIZ) 

(Bl3) 

and least-squares fitting z versus reduced pressure to an 

equation of the form 

yields 

z = - cp 
0 

c = 
-L:p z 

on n 

(B 14) 

(BIS) 
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From Eq. (A30), 

c = (0 + 0 . ) N Q, 
c J L (Bl6) 

which gives the total loss cross section for the incident 

beam 

0c 

where 

In Eq. (Bl8), 

s 
c 

where 

+ 0. c 
(1 E . ) ::: + 

NL,Q, 

= 

J CJ 

s 
c 

E cj = c 

["(Qz )2 

J 
~ 

(k -nl)2:p 2 
on 

2 
2:z 

n 
2 2 

+ c 2: p + 2 c2: p z 
on on n 

(Bl7) 

(Bl8) 

(Bl9) 

(B20) 

The relative change of the total loss cross section due 

to the projectile being excited through the 0 -interaction 
p 

can similarly be determined. Combining Eqs. (6), (B8) and 

(816), 

(0 + 0.) - (0 ce + 0. ) 2b c J J e (1 + El:;) 1:; -
0c + 0. ac 

J 

(B21) 

where 

[r i) 2 
+ 

('~) 2 + (' ~) 2] 
~ 

E = 
1:; 

(B22) 
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and 

( B 2 3) 
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C. Apparatus Modifications 

The apparatus modifications which led to the improvement 

in resolution (0.6 - 0.8 eV FWHM) used in performing this 

study were principally as follows: 

a) Significant reduction in magnitude of the transverse 

electrical fields applied to the beam. This was accomplished 

by rigidly mounting the scattering chamber on a two-axis 

gimbaled platform, which permitted precision angular and 

translational alignment of the scattering chamber defining 

orifices with the incident beam. In addition, all power 

suppl~es for the various sets of deflection plates were 

redesigned to provide "center-ground" configurations. With 

these alterations, the need for an angular deflection capa

bility, previously required for beam navigation of the 

scattering chamber defining orifices, was completely elim

inated. 

b) Enhancement of analyzer resolution. This was accom-

plished by replacing the two fixed-width (0.013 em) analyzer 

defining slits with externally manipulatable slits which 

were independently and continuously adjustable from zero to 

approximately 0.15 em. Resolution was further increased by 

mounting the analyzer on a two-axis gimbaled platform which 

permitted precision alignment with the beam. Overall ana

lyzer performance was improved by installing a new particle

multiplier tube having higher gain characteristics, by 

placing a conductive shield around the leading dynodes of the 



tube, by trajecting the various electrical connections 

through individual vacuum feedthroughs in the analyzer 

walls rather than through a single octal feedthrough, and 

by installing a defining orifice in the analyzer which 

prevented peripheral beam ions from being detected by cir

cumnavigating the slits. 
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c) Improvement of accelerator performance. This was 

accomplished largely through enhancing the decelerator align

ment capability by installing an iris diaphragm and Faraday 

cup at each end of the deceleration column. The minimum 0.12 

cm-diam openings permitted accurate alignment of the decel-

eration-column axis with the beam. Also, a fused-quartz disk 

was attached to the inner surface of the glass window on the 

straight-through magnet port. This permitted comparison of 

the optical location of the ion-source exit port, as viewed 

through the 0.051 cm-diam orifices of the scattering chamber, 

with the electrical location of the beam collimated by these 

two orifices, as indicated by the luminescence produced where 

the energetic beam struck the surface of the fused quartz. 

The chamber apertures, which originally were made of 0.025-

cm sheet stainless steel and which had gradually tapering 

orifices, were replaced with 0.051-cm sheet tantalum (an anti

sputtering material) apertures having 45°-beveled orifices. 

The use of thicker material plus more steeply beveled orifices 

enhanced the conduction of heat away from the vicinity of the 

orifice, thereby considerably extending the useful lifetime 
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of these apertures. Operational control and stability were 

improved by modifying the existing Einzel-lens power connec

tions to permit independent operation of the extractor and 

focus elements of the lens. Corona to the Einzel-lens high-

voltage connections was minimized through oil-submersion of 

the associated resistor strings. 

d) Reduction of residual background noise. This was 

accomplished by employing improved vacuum techniques. These 

improvements included replacing three 5.08 cm-diam copper

tubing slip joints with flexible bellows, enlarging the 

various vacuum openings in the analyzer to improve pumping 

efficiency, modifying existing Faraday cups to minimize 

residual leakage, and rigidly attaching the differential 

vacuum connections of the scattering chamber (this involved 

mounting a 15.24 cm-diarn diffusion pump directly onto the 

gimbaled platform). These improvements were realized in 

residual pressure reduction by almost an order of magnitude 

in some regions of the accelerator, permitting examination 

of spectra for fine detail with amplifications up to 10
5 

over 

that required for the elastically scattered peak. 

e) Enhancement of the reliability, stability, and 

accuracy of the target-gas pressure regulation. This was 

accomplished with pronounced shortening of all plumbing 

associated with the servo leak valve and the Baratron pres-

sure head. The remaining plumbing, which previously con-

sisted largely of 0.635 cm-diam tubing, was replaced almost 



54 

entirely with 1.270 cm-diam tubing. A stainless steel 

ballast tank installed in the gas-inlet system permitted 

operating with a smaller pressure gradient across the servo-

leak valve. Due to the various improvements listed and due 

to the complications inherent in McLeod gauge application, 

33 34 
' the Baratron was taken as the laboratory pressure 

standard in preference to a McLeod gauge. 
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