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Deviations from a q scaling
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Experimental studies of the ionization of helium by fast, light ions have been carried
out to investigate deviations from a q scaling of the ionization cross section by ions of
charge q. Systematic studies were performed for equivelocity H, He, Li, B, C, and O
ions, carrying up to a maximum of three to four electrons, at reduced energies of 0.64,
1.44, and 2.31 MeV/amu. For ions of low charge, the results show good agreement with
the theoretical work of Gillespie and Inokuti, who treat the deviations arising from ionic
structure within the framework of the Bethe theory. In contrast, fully stripped ions of
sufficiently high nuclear charge show deviations from a q scaling, due to the failure of
the first Born approximation. Such deviations from the first-order perturbative results
were found to be well described by the qualitative approach of Bohr as well as by the
three-state, close-coupling approach of Janev and Presnyakov.

I. INTRODUCTION

Inelastic atomic collisions at high velocities have

long been described within the framework of the
Bethe theory, based on the first Born approxima-
tion and on a sharp distinction of the projectile
from the target Th.e theory, first put forth by
Bethe' in 1930 and more recently reviewed by
Inokuti was for a long time restricted to the im-

pact of structureless, charged particles on atoms
and molecules. Recently, generalizations that in-

corporate high-velocity impact of atomic particles
with electronic structure have been presented by
Inokuti, Nikolaev et al.," and Gillespie. They
represent a natural extension of the Bethe theory
and intrinsically include deviations from a q scal-

ing of the ionization cross section by ions of
charge q due to their electronic structure.

However, deviations from a q scaling may, in

addition, arise due to the failure of the Born ap-
proximation. This is definitively demonstrated by
the impact of bare nuclei at velocities insufficient
to ensure an asymptotic interaction regime. A gen-
eral theoretical treatment of such collisions is of-
fered by the three-state close-coupling approach of
Janev and Presnyakov, who are able to treat the
transition from the Bethe perturbative regime to
the nonperturbative, strong-interaction regime.
Collision phenomena, which fall outside the scope
of the simple picture offered by the first Born ap-
proximation, are furthermore, familiar from the

stopping power of fast ions in matter, where the
deviations have been given a qualitative physical
interpretation.

The present work focuses on both of the above
deviations from a q scaling through an experimen-
tal study of collisions of light ions of H, He, Li, B,
C, and 0 on a static helium target. The projectiles
range from bare nuclei to ions carrying three or
four electrons. To facilitate comparisons with
theory, measurements were performed for equivelo-
city projectiles at reduced energies of 0.64, 1.44,
and 2.31 MeV/amu, the highest energy represent-
ing a projectile velocity -7 times a typical velocity
of the target electron in the ground state. Experi-
mental measurements determined the absolute sum
of partial-ionization cross sections by the
condenser-plate method and the relative contribu-
tion of singly and doubly charged ions by time-of-
Aight spectrometry.

II. EXPERIMENTAL TECHNIQUE

A rough schematic of the experimental setup is
shown in Fig. 1 and has been described in some de-
tail in a previous publication on ionization of heli-
um by highly charged iona. The new features in-
clude an improved gas cell with movable entrance
and exit apertures and secondary-electron suppres-
sion by a grid of high transmissivity in the collec-
tion of the slow-ion current.
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FIG. 1. Schematic diagram of experiment together
with inset showing the target-gas cell.

The Aarhus EN tandem accelerator provided
monoenergetic ion beams, which were charge-state
analyzed by a 90' magnet and then passed on to
the post-stripper region (Fig. 1), where the ions
could be transmitted through carbon foils (5

p,g/cm ) to obtain equilibrium charge-state distri-
butions. Subsequent magnetic analysis allows
selection of the desired charge state, which is
cleaned by electrostatic analysis before passing on
to a gas cell for interaction with a static target gas.
Analysis of the fast-ion beam components emerg-

ing from the gas cell includes electrostatic analysis

together with detection by a position-sensitive
solid-state detector, or measurements of the total
current in a Faraday cup supplied with 200-V elec-
tron suppression.

The gas cell is indicated schematically in the in-

set of Fig. 1, while a photograph of the improved
version used in the present studies is shown in Fig.
2. The gas cell is equipped with movable entrance
and exit apertures (1 and 3 mm diameter, respec-
tively), externally controlled by means of screw ad-
justments for horizontal and vertical motion. Ion

?

currents (unsuppressed) may also be measured im-

mediately before and after the gas cell, the com-
bined current measurements, and movable aperture
system providing means to ensure full transmission
of the fast iona. Experimental measurements were
performed using condenser plates and a time-of-
fiight spectrometer. The latter uses single-particle
detection by a channel-electron multiplier, which
allows separation of the various charge states of
the slow-reaction components. The total slow-ion-

production cross section was determined by means
of the condenser-plate method shown schematically
in Fig. 3. The partial-ionization cross sections,
with the charge-state integrity of the projectile
maintained, dominate in the slow-ion production.
In regard to comparison with theory, however, pos-
sible excitation of the projectile as well as strip-

ping, are adequately incorporated into the theoreti-
cal calculations of Gillespie. Capture, which is
not included in this theory, may be assumed to
play a negligible role.

In our earlier work, a magnetic field was ap-
plied to the target region to suppress secondary
electrons; in the present case, a wire grid of high
transmissivity placed between the collision region
and the collection plate (the top in Fig. 3) was held

at a sufficient negative potential with respect to the
latter to ensure an asymptotic behavior of the
measured current. The plate configuration ensures

a highly uniform field in the collision region so
that the collection length is well defined. The grid
shown in the figure is a mesh of 88% optical
transmissivity placed on a rectangular support with
a 5-mm border. The proper collection area of the
top plate is therefore reduced by both the metal
border and the mesh of the grid. To ensure that
ions passing the 2-mm space between the guard
plates and the grid did not contribute to the meas-
ured ion current, self-supporting copper foils at-
tached to the guard plates were placed to block the
slow ions entering the gap region. Currents were
measured using Keithley 602 Solid-State Electrom-
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FIG. 2. Photograph of gas cell.
FIG. 3. Schematic of the condenser-plate method

with the biasing potentials used in this study.
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eters with doubly shielded BNC cables.
Although many of the aspects of the condenser-

plate method have been discussed in the book of
Massey and Gilbody and references therein, inves-

tigations of experimental characteristics in the
present work are presented here in some detail
since they are complementary to those described in
Ref. 9. Figure 4 shows the behavior of the collect-
ed ion current as a function of the applied field.
(The plate potential should be multiplied by a fac-
tor of 2 to obtain the field strength. ) In Fig. 4(a),
no suppression field is applied between the grid
and the collection plate, and a saturation is initially
obtained at low collection field, in good agreement
with the results of Gilbody and Hasted, ' while at
fields & 200 V/cm, a gradual linear increase was

observed. In Fig. 4(b), the collection plate was
held 20 V positive with respect to the grid, and sa-
turation is obtained at fields )200 V/cm wherea-

fter a very small positive slope is obtained. In the
interpretation of the observed characteristics, two

important factors must be taken into account: The
surface condition of significance in the ion-solid

interaction is not well determined and cannot be
directly compared with research on clean metal
surfaces; the interaction of the slow iona in their
rest gas represents (for most iona produced by fast
light projectiles) a resonant interaction, He+ in He,
and is of nonnegligible magnitude even at pressures
of a few mTorr. Kaminsky" reports on the role
of surface contamination both on the magnitude
and energy spectrum of secondary-electron emis-

sion by slow-ion impact on metal surfaces. In the
present case, where the collection plate was Ni-

coated brass, the explanation of the linear rise for
the zero-suppression case depends on the influence
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of surface coverage on the potential and kinetic
emission of secondary electrons. The small residu-
al positive slope obtained even when 20-V suppres-
sion is applied can be attributed to charge-
exchange phenomena of slow He+ in the target gas
prior to reaching the grid, since the fraction of
charge-changing events not contributing to the
current collected by the upper plate, is dependent
on the collection field. This can be seen by taking
for simplicity the case of single collisions in the
collection process, where a charge-changing event
taking place at the equipotential surface V,» below
the grid will not be collected by the top plate after
passing through the grid.

Figure 5 illustrates the characteristics of the
suppression in two extreme cases, corresponding to
collection fields of 80 and 400 V/cm. The arrows
indicate where the potentials of the grid, top, and
bottom plates are equal, and decreasing V„~corre-
sponds to increasingly effective secondary-electron
suppression. Figure 5(b) with IV«~I=170 V was

chosen in the present measurements since a well-

defined saturation behavior was not found for sub-

stantially lower collection fields. The drop is very

rapid, essentially becoming complete for suppress-

ing potentials -5V. This is in good qualitative
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FIG. 4. Collection current to the TOP as a function
of the applied potentials with (a) no suppressing voltage
between the GRID and TOP, and (b) with 20-V
suppression. Data obtained for 4-MeV He +~He with

p -5)&10 Torr, but conditions for (a) and (b) are not
exactly identical.

"top

FIG. 5. Characteristics of the suppression at constant
collecting field for same reaction as Fig. 4. The arrows
indicate where the potential on the TOP is identical to
that on the GRID. Lower

I V„~Ithus indicates increas-
ingly effective secondary-electron suppression.
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agreement with Kaminsky, who indicated a degra-
dation of the secondary-electron energy spectrum
as a result of surface coverage, as well as with the
experiment of Gilbody and Hasted, ' although in
their case, impact of Ar+ on gold could be expect-
ed to lead to secondary electrons of lower energy.
The weak dependence on suppression potential for

~ V„~~& 190 V is due to the secondary-collision
processes taking place below the grid. It should
also be noted that the total initial drop upon appli-
cation of a suppressing potential is not solely attri-
butable to the secondary-electron emission but also
to the secondary collisions taking place between the
grid and the top plate, where a very small positive
potential of the latter with respect to the grid can
be expected to lead to collection by the grid. This
is clearly illustrated in Fig. 6, where extrapolations
of the normalized current (divided by pressure) are
shown as a function of the target thickness for
suppressing potentials between the grid and top
plate of 30 and 100 V. The opposite slopes of the
grid and plate current indicate the preferential col-
lection of secondary slow ions by the grid. Depen-
dence on the potential difference is also seen, but
the same cross section is obtained in the limit of
zero pressure. This clearly emphasizes the inherent

dangers of investigation without pressure extrapo-
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FIG. 6. Pressure dependence of the current to the
the TOP (solid) and the GRID (dashed) as a function of
target pressure. It is seen that two different suppressing
potentials of 30 V (0) and 100 V (o) yield the same
cross section.

lation, since although projectile related cross sec-
tions are negligible in most cases at these high ve-

locities, resonant capture by the slow ions requires
extremely low-target thicknesses or, alternatively,
independent investigation of the pressure behavior.
The latter has been well accounted for by taking
the magnitude of the cross sections for resonant
He+-He charge exchange into account. '

Since the present investigations attempt to cover
in a systematic way the ionization of helium by a
number of isoelectronic projectile species, a great
demand is placed on the technology of ion produc-
tion. Since the present system cannnot produce all
the desired ions over the energy regime of interest
at sufficient intensity to allow use of the
condenser-plate method, such measurements were
performed for each species, where large currents
could be obtained coupled with time-of-flight spec-
trometry, using a considerably defocused primary
beam. This served to calibrate the efficiency of the
spectrometer system, which then was used for ion
beams of low intensity. The spectrometer samples
a -5 mm length of the interaction region, from
where the slow ions produced are focused into the
channeltron held at —3 kV. The characteristics of
the spectrometer system are discussed in consider-
able detail in part II of this study, ' where the rela-
tive efficiency of the system for ions of noble gases
of varying charge states was considered. In the
present case, the situation is far less critical in that
nearly all ionizing events lead to single ionization,
and any errors would be expected to be the same
for all ions in so much as the fast beam and spec-
trometer are uncoupled (that is, the recoil distribu-
tion is not of experimental significance). That the
average efficiency of the system is -97%%uo (taking
into account the sampling length and target densi-
ty) indicates that collection and detection of the
slow ions are optimum.

Finally, some comments regarding the relative
magnitude of the number of singly and doubly
charged recoils are in order. With reference to
part II, ' it will be seen that for ions of low-charge
multiplicity, double ionization of helium in the en-

ergy regime of interest is & l%%uo. This may clearly
be neglected in our comparisons with the Bethe
theory. While the double-ionization fraction in-
creases strongly with q, the theoretical treatments
of ionization by multiply charged ions are suffi-
ciently qualitative to again render this contribution
irrelevant.

We conclude this section with a summary of un-
certainties in our measurements. The condenser
measurements had contributions from the follow-
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ing sources: the effective collection length of
7.02+0.25 cm, the pressure calibration for helium

gas of 0.88+0.02 mTorr/mV, and -2% indeter-
minacy on the required intercept of the pressure
extrapolation (see Ref. 8), leading to an overall un-

certainty of —5%. The time-of-flight measure-
ments were used to determine the ratio of double-
to-single ionization, as well as abolute cross sec-
tions for weak primary beams (hence precluding
the condenser technique) after the calibration of
the spectrometer efficiency. While the above com-
ment on efficiency referred to a design collection
length, it must be taken into account that for vari-
ous ion beams, this spectrometer constant is uncer-
tain by -4%%uo. Taking into account the indeter-
minacy on the time-of-flight extrapolations, which
were typically -8%%uo, the total for these latter
measurements is -9%. Thus, the results to be
presented later have associated uncertainties within
a range -5—10%.

Z
e„((p.(= e g exp((K e() 0)

j=1
z

= I u„*g exp(iK rj)uodr&. . . drz

f„(K)= (Kao)
~
e„(K)

~R
(2)

where R is the Rydberg energy and

is an atomic matrix element. The cross section is
thereby represented as a product of the Ruther-
ford-scattering probability and the conditional pro-
bability of a given transition upon receiving mom-
tentum iriK. The matrix element e„(l() is termed
the form factor and is well known in many areas
of physics, where the structure of the object is to
be described. In atomic physics we generally deal
with the oscillator strength as introduced by Bethe

III. THEORETICAL BACKGROUND

A. Bethe theory and immediate extension

Since the Bethe theory has been familiar to the
literature of atomic collisions since 1930 and has
been reviewed both in its general features and in
connection with experiment by Inokuti, the fol-
lowing will represent solely a short overview of the
most important aspects and a brief discussion of
the extension to structured projectile ions. The
description of "fast" collisions, where the distinc-
tion between fast and slow rests on a comparison
of the relative magnitudes of the projectile- and
target-electron velocities, is treated within the first
Born approximation by the Bethe theory. The
elegance of the approach lies in its relative simpli-
city and conceptual clarity, the import of the for-
malism lying in the preservation of the distinct in-
dividuality of the projectile and target system. In
the first Born approximation, the differential cross
section for inelastic scattering of a particle of velo-
city u, mass M1, and charge qe with a stationary
atom of mass M2 may be expressed

do„=2mq e (mv ) 'Q '~e„(K)
~

d(lnQ),

where

Q =(iriK) /2m,

A'K=A'(k —k ') being the momentum transfer and

ap-

The oscillator strength provides the connection be-
tween fast collisions and photoabsorption, that is,
the limit of the oscillator strength as E~O.

The integration of Eq. (1) over Q requires a con-
sideration of the kinematics of the collision. For a
structureless charged particle, the integrated cross
section for ionization has the form

4@a~ z 4c; T
M; ln

T/R
R

T/R

e

V.'= I — f dE (4)
ri E dE

e

Ii being the ionization potential. The factor M~,
termed the dipole matrix element squared for ioni-
zation, is determined by the density of the oscilla-
tor strength (df/dE) in the continuum. This is
precisely an example of the connection with pho-
toionization noted above and corresponds to the
distant collisions (large impact parameter), where a
Fourier analysis of the field would lead to an ap-
proximate physical description of the absorption of
virtual field auanta (see, e.g., Ter-Mikaelian' ).
The factors c; and y; result from the integration,
the y factor becoming important at lower veloci-
ties. The important features of the integrated cross
sections are best shown in a diagram, commonly
termed the Fano plot, where (T/R)o;(4maaq ) ' is
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plotted versus ln(T/R). Asymptotically, the plot
gives a straight line of slope M; and an intercept
related to M; inc;, thus revealing the important
physics while eliminating the uninteresting scalings
related to Rutherford scattering.

The extension of the theory to ions with ionic

structure was initiated by Inokuti and follows na-
turally from the preceding formalism. On this
basis, Gillespie has performed calculations for ion-
ization of hydrogen and helium by fast light ions
along the above lines, using an integrated cross sec-
tion of the form

2

, =4~aoz q2M2 ln
p2

p2

p2
—p' +c„;+2I;„;+(y„;+2y;„;)a,'/p'

a is the fine-structure constant and p= v/c, q is the
net ionic charge, and the use of p in Eq. (5) re-
flects simply the relativistic formulation as op-
posed to the nonrelativistic one presented earlier.
The parameters c,~;, I;„;,y,~;, and y;„;include
properties of both colliding partners, the last two
factors giving the deviation of a Fano plot from a
straight line at lower velocities.

B. Bohr's qualitative treatment

Although the following treatment is not
rigorous, it serves as a simple semiquantitative
treatment of collisions, which in addition offers an
immediate extension to treatment of high ion
charges of interest in the present paper. Following
Bohr, ' the nature of the collision between the ion
and a target electron is to a large extent deter-
mined by the value of the parameter a =2qvo/v. If
v & 1, a classical orbital picture is valid, while if
a & 1, the wave description of the scattering ap-
plies. The very important point is that spatial
coordinates do not enter the parameter ~ so that
the alternative descriptions are valid for all parts
of the field or not at all, as long as the field is
Coulombic. The above discussion thus concerns
the pure Rutherford scattering of two charged par-
ticles. In atomic collisions, however, the binding
forces play an important role, and an appropriate
description of atomic collision phenomena must
recognize that the phenomena are many body in
nature. At a very early stage, Bohr' identified the
essential parameters as those which connected with
the dynamical, not the spatial, characteristics of
the atomic system. Thus limitations on energy
transfer arise when the collision time becomes
comparable to the atomic period, such that larger
impact parameters lead to adiabatic encounters.

The important feature of time variations was in-

corporated by Bohr through the parameter

xg— +25,1n(2), [ir] '), (6)

where NAR represents the target thickness and 5,
describes the distribution of the energy transfer
over various kinds of inelastic transitions. The
square brackets have the special significance that
where the enclosed quantity is less than 1, the
value of the bracket is replaced by unity.

The entirety of inelastic phenomena is not of
direct interest in the present paper, and the reader
is referred (for a discussion of very strong interac-
tions) to Bohr, whose semiquantitative description
was used by the present authors in analysis of ioni-

2U
9$

&s

where u, is the velocity of an active atomic elec-
tron of ionization potential I, . The various re-

gimes of classification thereby follow from con-
sideration of the absolute magnitude of ~ and the
relative magnitude of a and 2I. In general, the col-
lisions are divided into two classes: free and

resonant, corresponding, respectively, to close and
distant collisions. The physical basis for this
division is that, for close collisions, the binding can
be expected to play a minor role, whereas the treat-
ment of distant collisions rests on correspondence
arguments —the sum of the strengths of the virtual
atomic oscillators is equivalent to that of one free
electron. The approach provides a simple and phy-
sically intuitive picture, which is quite accurate but
not rigorous since the interaction is never strictly
Coulombic.

Bohr proceeds by dividing the relevant average
energy transfers obtained on a classical treatment
by the ionization potential to determine the num-
ber of ionization events ml. He obtains

2m.XERq e
Nl =

NlU
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zation by highly charged ions. For the present,
the regimes of interest are represented by a & 1,
g&1, and g&x&1. The first case corresponds to
a strictly perturbative regime, where the square
brackets of Eq. (6) are replaced by unity and the
pure q scaling of the Bethe theory is obtained.
The second case is of greatest interest in the
present work since it reflects on the transition
from a perturbative to a classical regime. For the
sake of concreteness, Eq. (6) is expressed for the
ionization cross section of helium,

1
vp

uJ. ——Snap q
IHe

' 1/2

vp q IHe

where IH and IH, are, respectively, ionization po-
tentials of hydrogen and helium. The appearance
of q

' in the logarithmic term leads to a decrease
in the cross section for large q relative to the Ruth-
erford scaling. Qualitatively this relates to the de-

creasing role of resonance effects, which totally
disappear when ~=

C. Janev's close-coupling treatment

The transition from the perturbative regime to a
strong-interaction regime is effected by both in-

creasing ihe ionic charge and decreasing the ion
velocity as q and v are coupled in the quantity ~.
This intermediate (strong-interaction) regime gen-

erally presents a complex problem since it becomes
necessary to take into account several effects of
comparable magnitude. As the interaction is
strong, but at the same time U —vo, neither of the
two conceptual formulations, molecular orbital and
first-order Born approximation, strictly applies in
the intermediate region. In general, it is here that
coupling to many intermediate states becomes sig-
nificant, and simplification can only result from a
choice of representation which takes into account
the essential features of the coupling.

%ith respect to the entirety of collision phenom-
ena, encounters with v « vp are dominated by
charge exchange, while for v » vp, capture be-
comes a highly unlikely process, falhng off in the
asymptotic limit as -v ' . In the intermediate re-
gion, excitation and ionization are comparable in

the long-range part of which is the dipole potential

d.R
V(R, r)= —q i e

R

where d is the dipole moment.
The set of coupled equations obtained from

Schrodinger's equation with the associated atomic
basis expansion is of the form

day ia) t
ih = g a, V~e

dt

where

fuu~ =E„—E,

and V~ are the matrix elements of the interaction

V = I y*„(r)V(R,r)y, (r)dir .

In an earlier paper, Janev and Presnyakov ob-
tained the following form for an excitation cross
section:

o,„=2mf pdp W(p, u, qk, ,co)

=2m(qA, /co}D (P),

(12a}

(12b)

where 8' is the transition probability, p the impact
parameter, fate the energy difference of the per-

magnitude to capture, while the dominance of the
former attains rapidly in the transition from v -vp
to v & vp. Thus, in comparison with Gillespie s
calculations at higher velocities, capture may be as-
sumed by play a negligible role, while an adequate
thixiretical model for the intermediate regime must
differentiate the contribution of direct ionization to
the continuum and capture into bound states.

The approach of Janev' is based on the approxi-
mate solution of two- and three-state-coupled equa-
tions, where the ion-atom interaction is treated
within a dipole approximation. The work is of in-

terest in the present context in the description of
collisions of multiply charged projectiles, where the
interaction is sufficiently strong that the assump-
tions of the Bethe theory are not fulfilled. In these
cases, a description of the interaction may be car-
ried out in terms of multipole components since
the main contribution to transition probabilities
come from relatively large distances, greater than
atomic dimensions. Denoting the vector describing
the internuclear axis as R(t), and r as the position
of the active electron, we may write the interaction
as

2

V(r, R)=—



IONIZATIO BY FAST MULTIPLY CHBARGED

tinent

N OF HEL

states, and A, is
h y

e oscillator

1957

' 1/2
foi
2N

foi being thee oscillator str g
incorporates th
ition probab'1' '

r t e trans'
e associ

a i itious and is
e extension f

n o"ows
rom exc'itation to

ntinuum oscillasci ator stren th

1 loll tIoi in p
is t e summ of

si ions through the

Sj——5'
o e+—4

(13) P4)
CV0o 0

z Li'

He-

0
0.2 0.5 1.0

E (MeV / amu)

FIG. 7. F

2 5 10

p showin cano lot
ental data for H

n o present ex-

ions with

o r 8'p

where r re

r~c ~

r represents the i
A

C

D(p )
1 P. +— D(p)

(14)

th

(15

t e two termst s representi
f h'd

'n'"'P-"""
conti

ing the
1 d h

b

Specific 1

1

1" f 11

M'""
wh~~e it was dn e. 6

~ parame

ents a generall
as determined th

he basis of th'

ossibleto r p
a function o the

es 0=criq and E=E/
nergy/am u.

is meas-

IV. EXPERIMENTAL RESESULTS
USSION

A. Com parison with cacalculations of G'o illespie

The rresults of Gilles
'

i espie for io
' '

o
d'"'t '"t

together with ex
CBet et

ment ry is very good
at the

y, which is of
o d t o

supplements, with r-, wit a super-

ior apparatus

c the

ior us, the prelimi
'

i a
'

8

slg- , w erethei
e investi

on with

g
c oss section fo

'" g

ies of 0.64 and 1 44
t i ed , both yieldi units on

n included
i g e

ea to an enha
reased screenin

cross sect~.ion.
o t e ioniza

Hvelplund' has in

nization

has investigated c

an g targets in th
metastable

that re i
g c cncr gy range

p
states, all of h'

y h exception of 1s 2s'S s
ocity in th

d tio of L'+
exc

her b
h ld

pro-
'

ping or charge
a gig

o extensions of
'

gations ofo ext investi

eavier iso
ure pro ect
sons, certain oinp ts

, projectiles of hi h
idl b k h

s

t possi
s ecause matrix-

ca c '
are complicated and because



HAUGEN, ANDERSEN, HVELPLUND, AND KNUDSEN 26

the unscreened interactions at small impact param-
eter give difficulties related to the first point
above.

B. Deviations from a q scaling
for high-q projectiles

1 2

4 —(a) 2, 31 MeV/amu
I I I I I

The results reported for H, He, and I.i ions were
found to be well supported theoretically and hence
described by the first-order perturbation theory.
The transition to high charge states inevitably
leads to a breakdown in the predictions of the
Bethe theory, notably deviations from the q
Coulomb scaling at constant velocity. This is illus-
trated in Fig. 8 for bare projectiles up to oxygen at
the three reduced energies of this study. The ex-
perimental data are compared with the Bethe
theory (Gillespie) as well as the qualitative treat-
ment of Bohr and the close-coupling calculations

of Janev.
It can be seen that within the experimental un-

certainty of 5 —10%%uo, the predictions of perturba-
tion theory remain valid up to q-3. Thereafter
the cross section drops below that which would be
predicted by the Bethe theory. Furthermore, the
results for fully stripped ions of boron, carbon, and
oxygen are seen to be well described by the close-
coupling calculations of Janev. At the two highest
velocities, the reduced proton cross section is
higher than that obtained for He + and Li +, but
the difference cannot be concluded to be significant
on the basis of the present experiment.

In Fig. 8, the transition between the two re-
gimes, a & 1 and a & 1, is illustrated by the deflec-
tion in the solid curve, which occurs at re=1, in
excellent agreement with the experimental data.
The decrease is attributable to the diminishing role
of resonance effects, which is reflected in Eq. {7)
by the inverse power of the ionic charge in the log-
arithm. For purposes of comparison, the more for-
mal approach represented by the work of Janev
will be discussed below, where the transition to the
cross-section maximum and consideration of the
role of capture is treated in some detail.

Figure 9 illustrates the results for the heavier
ions which carry electrons. The interpretation is
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FIG. 8. o;/i4ma~ vgv ) for incident bare projectiles
at three reduced energies. Points represent experimental
data, while the theoretical models of Bohr {solid), Janev
(short dash), and Bethe (long dash) are indicated as con-
tinuous curves.
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FIG. 9. Single-ionization cross sections for multiply
charged ions with electronic structure. The results are
normalized for q=4 to the B + data, whereas the q=5
and 6 results are normalized to the corresponding cross
sections for bare nuclei. The results are shown for three
reduced energies, 0.64 (g ), 1.44 {0),and 2.31
MeV/amu ().
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not totally straightforward in that the size of the
effect shown here is small, while the collision re-

gime can no longer be considered asymptotic.
However, the structured heavier ions fit well into
the close-coupling scaling, which treats the interac-
tions in a simplified way. The import of Fig. 9
can thus be considered semiempirical in nature.
Indicated trends, which are statistically significant,
follow from simple physical arguments. Thus, the
screening effects are of greatest significance for the
lower charges and at higher velocities, where the
ionic structure cannot be totally neglected. At
q=6, however, no difference can be noted between

C + and 0 + at any of the reduced energies.

C. Transition to the strong-interaction
regime

The deviations from a q scaling noted above re-
fiect the transition to a strong-interaction regime
(the so-called stopping-power maximum in penetra-
tion theory), indicating that the multitude of colli-
sion phenomena contributes strongly to the energy
loss of the incident projectile. This is indicated in
Bohr s formulation by the increase in ir with in-

creasing charge state, qualitatively explaining the
inapplicability of a perturbation treatment for the
larger-q ions of this study. It need hardly be em-

phasized, however, that Bohr's criteria are only ap-
proximate and the boundaries of the various re-
gimes ill defined. This is further qualified by the
degree of precision required and, more importantly,
by the nature of the questions asked. This point
will become more clear in part II of this study,
where high-velocity inelastic processes of a specific
nature are discussed. For the present, it is at-
tempted to take the deviations into account in a
universal way and further extrapolate the work to
lower velocities where capture plays a significant
role.

Figure 10 shows the present experimental results
for the various multiply charged ions (q )3) as a
function of the reduced parameters suggested by
Janev. Also shown are the predictions of Bohr'
and Olson, ' where, in contrast to those of Janev,
the sum of capture and ionization is determined.
The results of Olson stem from Monte Carlo
classical-trajectory calculations, which give the
well-known E ' dependence at high energies. The
agreement between the three-state close-coupling
treatment of Janev (outlined in Sec. III C) and the
experimental data for multiply charged ions is seen
to be excellent, and the extensions to even lower re-
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FIG. 10. Reduced cross section for ionization of heli-
um. Bohr (solid line) and Olson (dot-dash) give total
target electron loss. Janev (dash) gives solely the contri-
bution from ionization to the continuum. Experimental
points of the present study for C (6), B (0), and 0 (0)
ions ranging in charge state from 3 to 8 exclude capture
into bound states of the projectile.

duced energies than those reported above show that
the area of the maximum is well described. The
latter region was investigated by coincidence meas-
urements, in which the charge-state integrity of the
ionizing projectile was ensured, for multiply
charged B and C at 0.19 and 0.13 MeV/amu. For
purposes of comparison, B'+ at 0.19 MeV/amu
had a total single-ionization cross section of
7.4)& 10 ' cm, while that corresponding to 8 +,
maintaining its original charge state during the col-
lision, gave 6.3)& 10 ' cm; while for 0.13-
MeV/amu C +, the same cross sections were
8.3&10 ' and 4.6)&10 ' cm, respectively.
Clearly, this difference between pure and total ioni-
zation rapidly diminishes with increasing velocity,
which in a crude mechanistic picture of capture at
high velocity is associated with the difficulty of
transferring sufficient momentum to the electron
in a spatial solid angle closely associated with the
projectile. Thus the points above the maximum
have a very minor contribution from capture into
bound states, indicating that although the magni-
tudes obtained by Olson and Janev in the region
100—200 (keV/amu)/q are essentially the same,
the difference in scaling can be considered signifi-
cant.

Before concluding this section, some comments
are in order concerning the validity and generality
of the theoretical treament. Although Janev and
Presnyakov have shown their approach to give
reasonably good agreement for proton-atomic-
hydrogen collisions on the basis of the simplifying
assumptions introduced via the dipole approxima-
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tion, it would be expected that such a theoretical
approach is better justified for the strong perturb-

ing fields of the highly charged species. Such is
indicated from this study, although recent work on
collisions between fast, multiply charged ions and

atomic hydrogen in the regime 12—195
keV/amu by Shah and Gilbody indicates that for
this target, the work of Janev and Presnyakov sig-

nificantly underestimates the cross section at 145
keV/amu, while the classical-trajectory calculations
of Olson and Salop ' are in good agreement.

What is determined in a measurement of ioniza-
tion with projectile-charge integrity maintained is
the sum of all contributions with the exception of
capture into bound states. In a way which is
necessarily rather arbitrary, theory divides ioniza-
tion into direct and "capture-to-the-continuum"
components, where in the latter case, the ionized
electron is closely assoriated with the projectile.
Capture to the continuum can be expected to give
a significant contribution to the ionization cross
section over a restricted energy range. For proton
impact on atomic hydrogen, Shakeshaft has per-
formed coupled-state calculations using 35 func-

tions centered on each proton and obtained the
separate contributions for direct ionization and

charge transfer to the continuum. Thus, Shake-
shaft takes the entirety of transfer channels into
account in an approximate but exphcit way,
whereas the three-state close-coupling theory of
Janev associates ionization solely with discrete and
continuum oscillator strengths. On the other hand,
classical-trajectory calculations allow determination
of all contributions within the limits of the classi-
cal formulation but fail at high energies for rea-
sons that become obvious on the basis of the
correspondence arguments of Sec. III 8. In conclu-

sion, although it is expected that much of the
essential physics of the transition to the stopping-
power maximum is illustrated by the simple close-

coupling treatment of Janev, the simplifying as-

sumptions and latitude in the choice of the intrin-

sic parameters should be kept in mind in comparis-
on with more rigorous calculations, or where pro-
cesses of a specific nature are of interest.

V. CONCLUDING REMARKS

A systematic study of ionization of helium by
fast, structured ions has been reported and com-

pared with calculations of Gillespie for H, He, and
Li projectiles. Theory and experiment have been
found to agree within the limits of experimental
uncertainty so that the extensions of the Bethe
theory to a simple target system seem to be on
firm foundations.

Equivelocity isodectronic heavier ions of the
present study cannot be incorporated into the
above scheme since the interaction is no longer
adequately described by the first-order Born ap-
proximation. The parameter ~, characterizing the
Coulomb interaction and scaling as q/U, requires
very large energies to achieve asymptotic condi-
tions for the highly charged species. However,
these cases have been described in an approximate
fashion; first by the qualitative considerations of
Bohr, who associated the decrease in the cross sec-
tion compared to the Bethe result with the decrease
in the importance of resonant collisions, and
second by the three-state close-coupling approach
of Janev, who introduces an effective continuum
oscillator strength.

These theories serve to describe the transition to
the cross-section maximum most appropriately for
highly charged ions in an approximate but highly
descriptive way. Coincidence measurements, which
separated the electron loss from helium into pure
ionization and capture to bound states, lend consid-
erable support to Janev's absolute universal curve
for ionization of this target in the intermediate re-
gime. However, problems associated with the
description of ionization of atomic hydrogen are
noted, and in particular, the role of charge transfer
to the continuum, not explicitly accounted for in
Janev's treatment, is pointed out.

Finally, some comments are in order concerning
the general scope of the study. The work has
focused on the limits of the applicability of the
Born approximation for the description of the
total-ionization cross section by fast, light ions. A
specialist, who deals with differential cross sections
for specific exritation and ionization processes,
may term the Born approximation as a poor
theoretical approach since it inevitably fails to
describe certain specific phenomena of a special
character. What needs to be emphasized, however,
is that the Bethe theory provides an excellent
framework for the majority of inelastic phenomena
in high-velocity atomic collisions, excused as it
were, by the generality of its scope and simplicity
of character, which is essentially spectroscopic.
Whenever one attempts to account for the phenom-
ena of a special nature, and in particular, those
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which form a small contribution to the sum of in-

elastic phenomena, the inadequacy of the Born ap-
proximation may well become apparent. This is
precisely the subject of part II of this study, where
the charge-state scaling of multiple ionization of
nob1e gases is investigated for a wide range of
charge states and velocities of heavy incident pro-
jectiles.
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