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Ionization of helium by highly charged ions at 1.4 MeV/amu
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Experimental cross sections for ionization of helium by projectile ions with charge Z up to Z =44
are presented at a fixed velocity v =7.48 a.u. corresponding to 1.4 MeV/amu. Total cross sections,
summed over projectile charge states, for single ionization, a, are compared to Born and Glauber
calculations for point projectiles of charge Z. The Glauber calculations give a better fit to the Z
dependence of the single-ionization cross sections than do the Born calculations. For double ioniza-
tion, the ratio of cr +/o+ increases as Z for the smaller Z and less rapidly than Z for larger Z
projectiles, suggesting that the so called "direct" mechanism for double ionization is dominant, but
that the first Born approximation is breaking down for the larger Z.

I. INTRODUCTION II. EXPERIMENT

Ionization in collisions of atoms with projectiles of low
charge Z at high velocity v has been fairly well stud-
ied' ' so far as total cross sections are concerned. For
small-Z projectiles at high velocities there is relatively lit-
tle multiple ionization and the total cross sections are gen-
erally well described by the first Born approximation
which varies as Z . In this paper we consider ionization
of helium by large-Z projectiles at a fixed high velocity.
At fixed U, as Z becomes large, the Born approximation
breaks down, and in addition multiple ionization is not
negligible.

Some previous studies have been done by Hvelplund
and co-workers, ' ' Shah and Gilbody, ' ' and Rudd
et al. for total cross sections for ionization in atomic hy-

drogen and helium' ' using high-velocity projectiles
with charge Z up to 6 and 8, respectively. In 1978 ioniza-
tion cross sections on Hz were reported by Olson et al.
for Z up to 22 for velocities up to 1.14 MeV/amu and a
universal curve (herein referred to as Schlachter-Olson
scaling) for a/Z versus E/Z supported by the classical
Monte Carlo calculation was found. Other systems' at
high energies with Z up to 54 have been observed, and
similar dependences have been found. In the case of sin-

gle ionization of atomic hydrogen by protons it is evi-
dent" that the Born approximation is not accurate to 2%%uo

until one reaches rather high collision velocities, i.e., 1 or
more MeV/amu. For these systems the Glauber approxi-
mation"' gives better agreement with data than the
Born approximation. In helium there are observations of
both single and double ionization, and two different
mechanisms for double ionization have been used' ' to
interpret the experimental data.

In this paper we present a joint experimental and
theoretical study of the ionization of helium by incident
ions of large Z. In our studies Z is as large as 44, i.e., a
projectile charge 22 times larger than the target charge.
Although for the larger Z these ions are not bare ions, the
electrons are tightly bound, and in theory we regard the
projectiles as point particles of charge Z.

The experiments were conducted at the Gesellschaft fur
Schwerionenforschung Darmstadt m.b.H. (GSI) heavy-ion
accelerator using one of the parasitic 1.4-MeV/amu beam
lines. The charge states of ions could be varied by intro-
ducing a foil stripper or a gas target upstream from the
charge-state-selecting magnet. Details of the technique
used are described in Ref. 11.

In brief, a beam of momentum-analyzed ions 2 + is
collimated by 0.5-mm-diameter apertures to a maximum
divergence of 1 . The projectile ions then cross a thermal
beam of He atoms emerging from a hollow needle. The
helium recoil ion produced are extracted perpendicularly
to the projectile beam by the electric field between two
parallel plates which are typically on potentials +600 V.
After passing a 5-mm-diameter hole in the negatively
biased plate and through a subsequent drift tube, the ions
are post accelerated and detected by a multichannel-plate
detector with a coaxial anode. The grid in front of the
channel plates rejects secondary electrons released by the
ions and thus enhanced the ion-detection efficiency. By
variation of the ion energy it was shown that the relative
detection efficiency is constant at energies greater than or
equal to 3 keV and slowly decreases as the ion energy is
reduced (10% less at 2 keV). All apertures passed by the
recoil ions are provided with 95% transparency grids,
thus maintaining a plane geometry. The length of the
drift tube is chosen to accomplish time-of-flight focusing
of recoil ions produced inside the condenser plates at dif-
ferent potentials because of the finite height of the projec-
tile ion beam. The length of the drift tube is about equal
to the distance between the condenser plates, i.e., 3 cm; fi-
nal time focusing is reached after the acceleration to the
channel-plate detector.

Uniform extraction, transmission, and detection of He+
and He + recoil ions was ensured by comparison of mea-
sured recoil-ion charge-state spectra with results obtained
by using a different but well-tested spectrometer described
previously. '

Downstream from the interaction region the projectile
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and

F, =o+/(o. ++o +) (2a)

Fq ——o +/(o++o +),
we obtain

(2b)

and

o+ =oto,F, /(Fi+2F2) (2c)

o +o„,F, /(F, +2F2) . (2d)

ions are charge-state analyzed by a magnet. Ions in the
original charge state 3 + are separated from projectiles
which have changed their charge state. After passing
through a thin Al foil, which is biased with —3.5 keV,
these ions are collected on a metal plate. When passing
the Al foil the ions produce a shower of electrons which
are accelerated to the entrance funnel of a channel elec-
tron multiplier providing the start pulse for a time-to-
amplitude converter (TAC). The pulses initiated by the
slow helium recoil ions in the channel-plate detector stop
the TAC. The He + (i=1,2) recoil-ion time of flight is
proportional to the square root (v i ) of its charge state.
The projectiles however all have the same (short) time of
flight to their detector. Therefore, the time-of-flight spec-
trum directly yields the charge-state distribution of the
recoil ions. This spectrum is identified with pure ioniza-
tion processes, i.e., co11isions in which the projectiles
charge state has not been charged. The time resolution in
these spectra is up to 500.

By integrating the He'+ and He + peaks in the time-
of-flight spectra we obtained relative fractions F) and F2
of singly and doubly charged recoil ions. We then nor-
malized these data to total net ionization cross sections
o.«, taken from work' of Schlachter et al. by using the
classical trajectory Monte Carlo (CTMC) curve given for
helium. We have used the CTMC curve to E/Z=32
keV/amu, i.e., beyond the observed data. Extrapolation
of the observed helium data is consistent with this curve,
so we do not expect errors larger than 30—50% from this
normalization. These data can be represented as

C7 =0 +2CT

where o.+ and o. + are the cross sections for pure single
and double ionization, respectively. Contributions from
electron capture or stripping to o.„,are below few percent
in all cases. With

The accuracy of the partial cross sections o.+ and o. + is
mainly limited by the uncertainty of absolute cr„,data, the
ratio R =F&/F2 has an experimental uncertainty of less
than 10%. Table I shows our measured fractions F&,F2
and the cross sections o.+,o. + determined from o.„,.'

III. THEORY

Theoretical calculations of multiple ionization at the
present time are more difficult than single ionization.
Consequently, we shall use simpler methods for double
ionization than for single ionization, which we consider
first.

A. Single ionization

For weak perturbations of the atom by the projectile
ion, one may expect the first Born approximation to be
valid' for total cross sections for single ionization. A
simple estimate of the error in the first Born approxima-
tion is given' by ( J V dt) =(Z/v) where V is the
Coulomb interaction between the target e1ectron and the
projectile of charge Z with collision velocity v. Conse-
quently, one may expect the first Born approximation to
be adequate when Z is small or v is large, or equivalently
when E/Z is greater than 100 keV/amu per Z on the
Schlachter scaling curve.

Since in this paper we consider a large range of Z at
high v, we may expect to see a breakdown of the Born ap-
proximation at large Z when U (in atomic units) is not
large compared to Z. Specifically, since the Born approx-
imation varies exactly as Z we may expect the data to
deviate from a Z scaling law at large Z, i.e., when
(Z/U) is not much smaller than unity.

While there are many excellent calculations' that
include higher Born effects at low v, relatively little has
been calculated at high v and high Z, i.e., Z ~&Z„,g„,as
considered in this paper. For comparison to our data
presented in this region we use the Glauber approxima-
tion. For ionization of hydrogen there is evidence"'
that this Glauber approximation gives improved agree-
ment with observations in comparison to the simpler Born
approximation. Furthermore, at high velocities the
Glauber approximation goes over to the simpler (and
correct) Born approximation. As explained simply in a
previous" paper, the Glauber approximation is a more
complete solution to the Schrodinger equation than the
simpler Born approximation. And for heavy-ion col-
lisions the step between the intermediate eikonal and the

TABLE I. Charge-state fractions F; (i =1,2) of He + recoil ions produced by 1.4 MeV/amu 2'+ ion
impact. The values for o.„,are deduced from a compilation of scaled data by Schlachter et al. (Ref.
13).

6
15
18
20
36
37
44

Fl (%)

94.7
86.0
83.3
82.8
78.1

78.1

75.8

F (%)

5.26
14.0
16.7
17.2
21.9
22.0
24.2

o-,o, (cm )

5.50~ 10—"
2.37 X 10-"
3.15 &&

10-"
3.68 X 10-"
8.93~ 10—"
9.29 &&

10-"
1.18 && 10—'4

o+ (cm )

4.96X 10
1.79~ 10-"
2.24)& 10
2.60~ 10-"
5.72 X 10—"
5.95 ~ 10—"
7.21X10-"

o. + (cm)

2.76 &( 10
2.91 && 10—"
4.50 X 10
5.41 ~ 10-"
1.60~ 10
1.68 &( 10
2.30&& 10—"
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final Glauber approximation has been justified. Hence,
we may expect the Glauber approximation to give a better
Z dependence to total cross sections at large Z and large U

than the Born approximation.

B. Double ionization

IO

IO'4-

+ He =A + He+'
Born -ZQI/ Glauber

Although relatively few calculations for double ioniza-
tion of helium exist, it has nevertheless been possible to
understand something about the mechanisms for
double-ionization cross sections. Apparently two mecha-
nisms for double ionization of helium at high collision ve-
locities are possible, namely rearrangement and direct
mechanisms. In the rearrangement mechanism, dou-
ble ionization occurs following single ionization by rear-
rangement of the electronic wave function in the final
state. The rearrangement mechanism is often character-
ized by a ratio of double to single ionization that is in-
dependent of Z and u, i.e., dependent only on final-state
properties of the target.

The direct mechanism corresponds to direct Coulomb
ionization of both electrons by the projectile. In this pa-
per the direct mechanism is evaluated using cr+
=4m P b db and cr +=2m. P b db where P b is
found from the semiclassical approximation (SCA)
tables ' of Hansteen, Johnsen, and Kocbach. In the SCA
the ionization probability varies as Z . The curve SCA*
uses a binding energy of —, (24.6+ 54.4) eV while SCA
uses 24.6 eV. In the high-U Bethe limit the ratio of double
to single ionization varies as Z /(u lnu). The direct
mechanism is clearly dependent on both Z and U unlike
the rearrangernent mechanism.

For the data presented here U is fixed and Z is varied.
As Z increases we may expect the direct mechanism to
become more important than the rearrangement mecha-
nism. If the direct mechanism dominates and if Z is not
too large, the ratio of double to single ionization should
vary like Z . For sufficiently large Z the Born approxi-
mation may fail and then deviations from the Z scaling
may become apparent. Hence in our double-ionization
data we shall consider the Z dependence of the ratio of
double to single ionization.

IV. RESULTS

Total cross sections observed for single and double ioni-
zation of helium in collisions of projectiles of various
charge Z at a fixed velocity u=7.48 a.u. (1.4 MeV/amu)
are presented in Fig. 1 and in the table. In Fig. 1 we have
plotted the cross sections as a function of Z. Our mea-
surements include observations for C +, Fe' +, Kr' +,
Fe +, U +, Gd +, and U +. We have also included in
Fig. 1 data from Knudsen et al. for single and double
ionization of helium by projectiles with charge states up
to Z=8.

In Fig. 1 we have also plotted our calculations using the
Born and the Glauber approximations for single ioniza-
tion. In these calculations we have used hydrogenic wave
functions to describe the ground state of helium. Since
helium is not hydrogenic, this introduces an intrinsic error
of about 40% in our calculations. Other Born calcula-
tions done using better wave functions give agreement

lO"

IOl6
O

IO"

O )o"O
NO~
C
O

IO

lO 20 4Q

Incident lon Charge, Z

FIG. 1. Total cross sections versus projectile charge Z for
single (o.+) and double (o. +) ionization of helium summed over
final states of the projectile. The symbol (0 ) represents our o.+;
6, our ~ +; 0, and 0, a+ from Knudsen et al. (Ref. 6); Q and
Q, o. + from Knudsen et al. (Ref. 6). Only CI and '7 are for
completely stripped ions.

within a few percent with the proton data at 1.4 MeV.
Since we are interested in the dependence of the cross sec-
tion on the charge Z of the projectile, we have normalized
our Glauber and Born results to the Z=1 data by choos-
ing a screened target charge in our calculations that fits
the Z=1 data point. This corresponds to an effective
screened charge Zt„g,t of 1.3 for the helium target, some-
what smaller than conventional values of about 1.6.
Changing the Zt gzt value from 1.3 to 1.7 changes the
overall normalization by about 50%%uo, but changes the
shape of the Z dependence considered here changed by
less than 0.5%. The SCA calculations shown in Fig. 1

use Zt g t 1 7 and for this reason are lower than our
Born calculation using Zt g t 1.3. It is not possible to
fit all physical properties of our system by using a hydro-
genic approximation for the ground state of helium. Us-
ing Z„,g„——1.3 gives a binding energy of 23 eV, close to
the observed value of 24.6 eV, but a poor fit to numerical-
ly determined wave functions. Using Zt g t 1 6 gives a
good fit to numerical wave functions, but gives a poor
binding energy of 35 eV. To fully correct these problems,
one must use nonhydrogenic wave functions for helium
(and recalculate much algebra in the Cxlauber calcula-
tions). Since any electrons the projectile ions that are not
fully stripped are tightly bound electrons, we regard all
projectiles as an inert point charge of Z=Zz —n where
Z& is the nuclear charge of the projectile and n is the
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number of electrons on the projectile ion.
The Born approximation varies precisely as Z . This

corresponds to a straight line on the log-log scale given in
Fig. 1. The data falls below the Born calculation. The
difference increases as Z increases, but not as much as the
simple (Z/U) estimate quoted above. For example, at
Z=44 and v=7.48 a.u. (or 1.4 MeV/amu) one has
(Z/U) =35, which is much larger than the difference be-
tween the data and the Born approximation. This is also
evident from Fig. 2 where we present o./Z as a function
of Z for single ionization. Our results are consistent with
the earlier result of Haugen et al. who also found devia-
tion from Z at fixed v. We note, however, that the
difference between Born approximation and the data does
vary approximately as —„(Z/U) consistent with a second
Born correction. Nevertheless, in our opinion it is possi-
ble that effects beyond the second Born approximation are
contributing to the highest Z systems considered here.

Also shown in Figs. 1 and 2 are our Glauber calcula-
tions for single ionization. When Z/v is small, Glauber
and Born results are indistinguishable as expected. Al-
though the Glauber approximation gives only the first
Born amplitude exactly, it does contain contributions
from all higher Born terms. Consequently, the Glauber
results do not vary as Z . Our Glauber calculations are in
reasonable agreement with observation until Z/v becomes
large where the Glauber approximation may begin to fall
a little beneath the trend of the data. This is consistent
with previous comparisons to ionization of atomic hydro-
gen for various velocities v with Z=1, 2, and 3. It has
been previously suggested that for large Z/U some
difference between Glauber calculations and data is possi-
ble due to electron capture to the continuum, not included
in our Glauber calculations.

In general unitarity constraints may force the single-
ionization cross sections to increase more slowly than Z .
In the Born approximation the single ionization probabili-
ty increases as Z and therefore exceeds unity at large Z

a =CgZ+CDZ (3)

If the rearrangement mechanism dominates, then o +/0. +
is independent of Z. At high velocities rearrangement
dominates. The accepted value for o. +/o+ is given by
the flat curve in Fig. 3 labeled R. This curve lies beneath
all of our data, suggesting that rearrangement is not dom-
inant here.

If the direct mechanism dominates, then o. +/o. + varies
with Z. For the smaller Z in Fig. 3 we see that o +/o+

IO

in violation of unitarity. The Glauber approximation sat-
isfies unitarity approximately at high velocities.

We note that our Glauber cross sections are in qualita-
tive agreement with Schlachter scaling and classical
Monte Carlo calculations. Glauber, Schlachter-Olson
scaling, and classical Monte Carlo results all fall off more
slowly than Born at low energies. However, Glauber re-
sults vary somewhat from Schlachter-Olson scaling where
o/Z is the same at a fixed E/Z for all Z. At 50
keV/amu Z, for example, our Glauber results give
tr/Z =0.62(irao/Z) at Z= 1 and 1.06(trao/Z) at Z=28.

Now we consider double ionization. In Fig. 3 we plot
the ratio of double to single-ionization cross sections
o +/cr+ as a function of Z. As discussed above, we have
to consider both rearrangement (R) and direct (D) mech-
anism for analysis of the data. The total amplitude for
both R and D using first Born approximation is

IO"=

Born b

IO0

———R

IOIS 2 5 IO 20
I I I I I I I

I I i I I I II
5 Io

l

20
l I
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Incident Ion Charge, 2
FIG. 2. Single ionization cross section divided by Z versus

projectile charge Z. Symbol 0 represents our o.+, Q and
from Knudsen et al. (Ref. 6).

Incident lon Charge, Z

FIG. 3. Ratio of double to single ionization, o. +/o+, versus
projectile charge Z. Symbol 0 represents our data; Q and Cl,
from Knudsen et al. (Ref. 6). The Aarhus fit is from Eq. (13)
of Ref. 4, R corresponds to shakeoff in Ref. 10, the SCA and
SCA correspond to the SCA calculations of the D mechanism
using a binding energy of 24.6 and 39.5 eV, respectively.
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increases like Z consistent with the direct mechanism in
first Born or SCA approximation. In Fig. 1 we have in-
cluded SCA calculations using the direct mechanism.
The agreement given by this direct mechanism to the data
is reasonable at the lower Z in both Figs. 1 and 3, as is the
fit of Knudsen and co-workers shown in Fig. 3. Howev-
er, for the larger Z, the ratio cr +/cr+ increases more
slowly than Z . We interpret this as a breakdown of the
first Born approximation, (but not the direct mechanism).
This interpretation is consistent with our previous discus-
sion of single ionization at large Z.

V. SUMMARY

We have presented total cross sections for single and
double ionization of helium by projectile ions of varying
charge Z from Z=1 to 44 at a fixed collision velocity

u=7.48 a.u. (1.4 MeV/amu). The single-ionization cross
sections vary as Z for (Z/u) ~& 1 and increase less rap-
idly for larger (Z/u) . Glauber calculations reproduce the
Z dependence well. In double ionization the direct mech-
anism appears to dominate over the rearrangement mech-
anism. At the smaller Z, the ratio o. +/o+ increases as
Z . At the larger Z, a +/o. + increases less rapidly than
Z consistent with a breakdown of the first Born or SCA
approximation.
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