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Application of positive-ion energy-loss spectrometry has been extended to include experi-
mental determination of absolute excitation cross sections of ground-state helium ions. He-
lium ion-atom collisions were studied for impact energies ranging between 20-100 keV, in
10-keV intervals. The data were taken with an apparatus resolution between 0.6-0.8 eV full
width at half-maximum (FWHM). Cross sections for transitions from ground state to the
second and third principal quantum levels of the ion plotted as a function of impact energy
were atiil rapidly increasing at 100 keU. The cross sections at this energy were (1.64 + 0.28)
&&10 ' cm for He'(1 s&~~)-He' (n=2) and (3.46+0.45) &10 cm for He'(1 s&~2) He'(n=3).

I. INTRODUCTION

The technique of energy-loss spectrometry is
rapidly becoming a major tool for studying elemen-
tary 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. The
relative velocity of approach (rather than the impact
energy} is the primary parameter considered when

making approximations in theoretical calculations. '
Therefore, since positive ions are considerably
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more massive than electrons, the impact energy
remains above the inelastic thresholds down to
much lower velocities of approach, providing more
strenuous tests for acceptable approximations.

Positive- ion energy-loss spectrometry has re-
cently been applied to proton impact investigation
of a monatomic species (helium)' and to a diatomic
species (nitrogen). A transition has been observed
by others' in He'-He collisions which was attributed
to excitation of the incident ion while the target atom
remained in its ground state. The resolution, how-
ever, was not sufficient to permit accurate deter-
mination of the cross section.

The measured He'-He impact cross sections for
excitation transitions in He' are needed for diagnos-
tic evaluations in certain applications, such as con-
trolled 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 intheionosphere, 6

as a solar wind component, ' in the ultraviolet and
soft x-ray spectra of the sun, in the recombination-
cascade spectrum of solar flares, in stellar spec-
tra, ' and in the visible and ultraviolet spectra of
quasar s."

The resolution of the University of Missouri,
Rolla (UMR) positive-ion energy-loss spectrometer
has recently been sufficiently improved to permit
the study of ionic excitation transitons. The abso-
lute 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-ke V collisions
with neutral ground-state helium atoms.

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 direc-
tion, with scattering of the projectiles through an-
gles app;eciably different from zero being ex-
tremely rare. ' The pronounced concentration of
the scattering in the forward direction was illus-
trated theoretically. " These results have been
verified experimentally'~ "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 inter-
action 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

where o, represents the cross section for all other
incident- beam losses. The inelastic collision
losses and the charge-changing losses for partial
beam I,~ 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 sections
for partial beam I~ have an additional subscript to
denote these differences (o„and o~, ).

The differential equations describing the model
in Fig. 1 are

dlgp: I&p (o& + o,) n dx

and
dI» I,po~ ndx I-&(o„+o&,)nd-x, (3)

tT &j

I
Ip

FIG. 1. Simplified partial-beam model for projectile
transitions

energy-loss doubly differential cross sections in-
tegrated over all angles. '

The theory of positive-ion energy-loss spec-
trometry has been given elsewhere. ' The following
discus ion is an extension of that analysis to in-
clude transitions in the projectile.

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. However, these various re-
sponses are additive. ' The total background con-
tinuum can therefore be suppressed, exposing the
ionic transitions for evaluation. The complications
due to double scattering can be removed as de-
scribed below.

The appropriate model for determining energy-
loss cross sections for transitions in the projectile
is shown in Fig, 1 for the transition 0~. In this
model, I&0 represents the monoenergetic unscattered
incident-beam current, and I,~ represents the mono-
energetic-beam, or partial-beam, current generated
by the a~ transition, In Fig. 1, o, represents the
cross section for losses of the incident beam due
to charge- changing interactions. Also,

I0):Qy —Op,
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(I„),= [(r„),o, /~1(s""'-1},

where

(5)

X=(o,+o&) —(o +o&,) . (6)

lf the quantity in Eq. (6) and the target particle
density satisfy the "single collision" condition

xnl «1,
then the exponential in Eq. (5) can be approximat~
by

(s)

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

Xnl «1.1('»4
nf gio}y'

Since the approximation in Eq. (6) is m~hematical-
ly equivalent to the assumption

&C+&y =&~+Oye 0 (10)

Eq. (9) is identical to the results which are obtained
for transitions in the target particles. '8

To allow for possible differences between o, + cr,

and o„+e&, due to excitation of the projectiles,
consider the approximation

e""'=1+Xnf+ —,'(~nf)o.

Then, from Eq. (5)~

(12)('»)y=('&04oonl(1+0 Xnl).

For the target pressure region where Eq. (12) is
applicable, the cr~ cross section can be determined
by least-squares fitting of experimental data for
(I»)~/(I, o)I versus reduced pressure po to an ~ua-
tion of the form's, x9

('»)//(I10)f spo+5po (13)

The reduced pressure is related to the target par-
ticle density

n =N~Pp, (14)

where N~ is Loschmidt's number

pr =3.54x10", (15)

which is the number of molecules per cm of ideal
gas per unit reduced pressure. Also,

where n is the number density of the target parti-
cles and dx is the differential scattering length mea-
sured along the collision path. With the boundary
conditions I»=0, I~0=(l~o)& [where (I~o)f is the mci-
dent current entering the scattering region] when

x=0, the solutions of Eqs. (2) and (3) for the beams
emerging from the scattering region (& =l}are

('xo)y=(Ixoh e '""&'"' (4)

p, =(2V3/r) p, (16}

where T is the absolute temperature in degrees
Kelvin, and p is the target gas pressure in millitorr.
Then, from Eqs. (12)-(14),

g=g&NI, I,
b —qapN~l A. .

(17)

(ls)

Since partial beams due to double scattering vary
quadratically with the pressure, ' these complica-
tions are also separated from the linear variation
with Pp. The o~ ionic-transition cross section, in
this approximation, can then be determined by using
the linear least-squares constant in Eq. (17).

III. DESCRIPTION OF APPARATUS AND METHOD OF
OPERATION

The University of Missouri, Rolla, 250-kV ac-
celeration-deceleration positive-ion energy-loss
spectrometer was used to perform this study. This
machine and the associated apparatus have been
described in detail elsewhere. ' The following
description is a summary of the basic features of
the apparatus and the method of operation.

The He' ions were generated in a Colutron~ ion
source by bombarding helium gas with electrons
having a maximum energy of 40eV (below the low-
est metastable state in helium iona). The iona
extracted from this source had a kinetic-energy
distribution of approximately 0. 1 eV. These ions
were focused by an Einzel lens and were acceler-
ated through a potential V. The energetic ions
then impinged on the target gas which was con-
tained in the center cell of a differentially pumped
scattering chamber. The collision region, which
had a length of 6.31 cm, was defined by two tanta-
lum disks pierced with 0.051-cm-diam orifices.
The pressure of the target gas was monitored with
an MKS Baratron ' 77M-KRP differential pressure
meter. A nulling signal from this meter was fed
into a servo-amplifier feedback 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-reso-
lution energy analysis of the energy distribution
of the emergent beam, which is required in energy-
loss spectrometry, was then accomplished by
decelerating the ion beam to a low mell-defined
energy, 8Vp = 2 keV, before entering a 127' elec-
trostatic analyzer. With the analyzer-plate volt-
age adjusted for maximum signal, the energy-loss
spectrum was examined by slowly and continuously
increasing the difference between the acceleration-
deceleration potentials. This differential voltage
4V was swept over the entire energy-loss range
of interest, while maintaining the magnetic mo-
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mentum analysis and the electrostatic energy ana-
lysis at fixed values.

Due to the kinetic-energy distribution of the inci-
dent beam and due to the finite resolving power of
the analyzer, a trace obtained without target gas
in the scattering chamber, 4 (t'), was a convolution
of the energy spread in the ion beam and the dis-
persive effects of the apparatus. The magnitude
of 4 ($), where $ was the differential energy loss,
was proportional to the beam current. %ithout al-
tering any other experimental parameters, target
gas was introduced into the scattering chamber,
and hV 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 ac-
celerating potential by sweeping 4 V compensated
for the corresponding energy lost in collisions with
the target particles. This ensured that all particles
reaching the detector had traversed similar trajec-
tories between the scattering chamber and the de-
tector, with energies lying within the same accep-
tance interval as any other particle reaching the de-
tector. The magnitude of R(g) was proportional to
the emergent beam detected with n atoms /cm' of
target gas in the scattering chamber.

Typical traces of 4)($) and R(t') are shown in Figs.
2(a) and 2(b) for 50-keV He' ions incident on helium
gas (4 mTorr). The amplified output from the ana-

xl

lyzer 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. 2(b) correspond to discrete inelastic transi-
tions 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 R and 4 and inelastic
transitions has been described in detail elsewhere. '
The result of that analysis is briefly outlined below.

Since the two functions R(t') and 4($) were plotted
under the same experimental conditions with the
introduction of target gas into the scattering cham-
ber being the only distinguishing factor, the follow-

ing relationship holds:

))()) )f &()=-e) d)'.do(& )
d$

(19)

where

d'&(e, t') „„
d$ „dA d$

d'o/dQ d$ is the doubly differential cross section
per unit angle per unit energy loss for scattering
into the solid angle d Q and energy-1. oss interval d$.
$ is a (positive) energy loss as measured from the
most probable energy of the decelerated elastically
scattered ion beam. 8 and EQ 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 spectrometry, ' essentially all of 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

xl000 do($) d'o(~, t) d~ do(k)
d( 4, dA d$ d(

I 0I!
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To determine absolute cross sections, it is nec-
essary to assume that the elastic and inelastic con-
tributions to R($) are separable. Then, if the tran-
sition responsible for a peak in the energy-loss
spectrum can be identified, and if R($) with the
background suppressed, R'(5), dropsessentiallyto
zero on each side of the peak, integration of R' over
the peak yields the total cross section for that tran-
sition. For example, in the pressure range over
which Eq. (9) is applicable, the cross section de-
termined from a peak in the energy-loss spectrum
is

FIG. 2. Energy-loss traces (a) without target gas,
and (b) with target gas.

R (~)d
Mp
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where 4)~ is the interval corresponding to the tran-
sition peak, and h,go is the interval corresponding
to the elastic and transmitted region of R((). The
calculated cross sections are "absolute" in the sense
that they are not normalized to other data or theory.

«4.0.
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40
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IV. DATA
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O
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30 60 g0
IMPACT ENERGY (keV)

FIG. 3. Solid line: absolute He'(1's&~2) —He' (n =2)
ionic transition cross section as a function of impact en-
ergy on atomic helium. Dashed line: He'(1 s

& ~2) He'
(n =3) ionic transition cross section.

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 over-all apparatus resolution between 0.6-0. 8
eV full width at half-maximum (FWHM). The target
thicknesses ranged between 3-50 mTorr cm. The
two energy-loss peaks of primary interest were
situated at 40. 8+ 0. 1 and 48. 4+ 0. 2, which corre-
spond to excitation of the ground-state helium-ion
projectiles to the second and third principal quantum
levels. As the energy separations between the vari-
ous 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 ob-
served at the energy loss corresponding to the ex-
citation 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 sup-
press the background continuum, which results
primarily from ionization 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 back-
ground was then subtracted, exyosing the peak for
cross-section evaluation. To subtract off the con-
tinuum in this manner, it must 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 possibility of structural transitions superim-
yosed on the continuum at the location of the ionic
transitions can arise primarily from two possible
sources: (i) double scattering, and (ii) autoionizing
tgansitions. The double-scattering complication

C/i
CO0

30 60 90
IMPACT ENERGY (keV)

g
C/j
O
K
O

FIG. 4. Absolute He'(1 s&~2) He' (n =3) ionic transi-
tion cross section as a function of impact energy on atom-
ic helium.

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 ) S
—He (2ss)'S at 57. 9 eV.' This is sufficiently re-
mote from the energy loss corresponding to the
two ionic transitions measured in this experiment
that disturbances due to autoionizing transitions
are nonexistent. But, if a target particle should
be excited by a projectile and then, while still ex-
cited, 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 of those for interaction with the tar-
get particles themselves. The disturbing influence
from the appearance potentials of autoionizing lev-
els therefore can be neglected.

Cross sections for excitation of helium ions to
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.
3 and 4 as a function of impact energy. (The
smooth curve sketched through the values plotted
in Fig. 4 has been reproduced in Fig. 3 to permit
comparison of magnitudes). The error bars shown
are vectorial 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 en-
ergy are still rapidly increasing at 100 keV. With-
in the limits prescribed by the error bars, it ap-
pears that the peaks for these curves are situated
well above 100 keV. The measurement of cross
sections of this order of magnitude (-10 0 cm )
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
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and fifth principal quantum levels were also re-
solved. The statistics for these transitions were
not sufficient to report calculated cross sections;
however, the n ' law~ did not appear to be obeyed
for excitation to these lower levels in the helium
ion.

V. DISCUSSION

To the author's knowledge, there are no existing
theoretical calculations or experimental determi-
nations with which to directly compare the results
of this study. Complete 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
nonorthogonal. Further, the complexity of the
equations is such that approximate 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 ener-
gies ranging from threshold to 750 eV. ~ The re-
sults of this experiment showed that, at the higher
energies, the energy dependence of the cross sec-
tion is in close agreement with that calculated by
means of the plane-wave Born approximation.
Most other studies concerning He' have involved
simultaneous excitation ionization of helium atoms
by electron or proton impact. ~'

As mentioned earlier, ionic excitation transitions
have been observed by Boudon et a/. ' for He' im-
pacting with He. These experiments were per-
formed with a maximum impact energy of 3 keV.
The published data showing the ionic transition were

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. 3 and 4, ionic excitation transi-
tions for the He'-He system are quite probable
for impact energies above 20 keV. However, if
the curves in Figs. 3 and 4 were extrapolated back-
ward into the energy region covered by the experi-
ments of Boudon et al. , the cross sections, even
for total scattered current, are indeed very small,
probably less than 10 ~0 cma.

Technically, the cross sections determined in
this study probably could be measured using crossed-
beam techniques. However, absolute measurements
using crossed beams would be difficult.

Radiative transitions following He' -He collisions
from levels of He' (n = 3) to levels of He' (n = 2)
should be measurable with ultraviolet 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 phe-
nomena and will contribute to the advancement of
the theoretical investigations of atomic structures
as embodied in collision cross sections.
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Using a one-state approximation in the Faddeev equations, the ground-state energies of sev-
eral three-particle Coulomb systems are computed and compared with the earlier variational
results. The simplicity and general applicability of this method are in contrast with the vari-
ational techniques. Our results also give an idea of the accuracy involved in a one-state ap-
proximation for the Faddeev kernel. Some major numerical difficulties are illustrated. Com-
plete analytical expressions for the Faddeev kernel in the two-state approximation are given
in an appendix.

I. INTRODUCTION

This paper contains the results of the calculations
of the ground-state energies of several interesting
three-particle Coulomb systems using the Faddeev
formulation of the three-body problem' in the one-
state approximation. In contrast with the various
variational techniques developed for these systems
only a decade ago, this approach is novel and rigor-
ous in principle. The computations involved are
not variational. A single simple analytical expres-
sion for the Faddeev kernel for three-particle Cou-
lomb systems can be obtained in the one-state ap-
proximation. ' This is a general expression valid
for all finite masses and charges, and therefore
the evaluation of the bound states of a large number
of three-particle Coulomb systems becomes straight-
forward. It is this unique feature which motivated
us to pursue the present work. The Faddeev ap-
proach is exact when all the states are included.
But this is clearly impossible to achieve at present
in a practical computation. We chose to employ a
one-state approximation as a first try. The higher
states can in principle be incorporated, but a glance
at the Appendix shows that the numerical evaluation
very quickly becomes formidable. It may be ar-

gued that, without a knowledge of the convergence
of the calculation as more and more states are in-
cluded, the results obtained may at best be fortu-
itous. On physical grounds, the status of the one-
state approximation in the Faddeev theory may be
compared with early variational calculations which
employed the hydrogenic ground-state wave func-
tion as a trial solution. The inclusion of all the
higher states makes the Faddeev theory exact; the
contribution from higher states to what is obtained
in the one-state scheme may therefore be safely
stated to amount to about 15% at best, this being
the worst deviation from the best-known variational
result (except Pe'e ) . We have not addressed our-
selves here to the question of obtaining the best
numerical value for the ground state, but of seek-
ing a "workable approximation" scheme. The prob-
lem of convergence is a separate one.

Here we report the ground-state energies of var-
ious three-particle Coulomb systems obtained by
this method and compare them with the correspond-
ing variational results. The difficulties in perform-
ing these computations —in particular, for arbitrary
masses —will be illustrated. These difficulties
make evaluation of ground-state energies by the Fad-
deev method somewhat unreliable at the present


