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Production of highly charged rare-gas recoil ions by 1.4-MeV/amu U*#+
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Recoil-ion-production cross sections in rare gases are measured for 1.4-MeV/amu U*+
ions and are calculated for 1 —5-MeV/amu projectiles in charge state 44 + with the use of
the classical-trajectory Monte Carlo method and the independent-electron model. The cal-
culations reasonably predict the net-charge-production cross sections, which exceed 10~
cm? for the heavy rare gases; the calculations are found to underestimate the cross sections
for low-charge-state recoil ions and to overestimate the cross sections for high-charge-state
recoil ions. The experimental cross sections for production of highly charged recoil ions are
found to be large, e.g., greater than 1X10~!® cm? for production of Neb*, Ar'%+, Kr!?+,

and Xe'®+.

I. INTRODUCTION

Ionization of rare-gas targets by collisions of fast
highly charged projectiles was first measured by
Cocke,! who used a time-of-flight spectrometer to
measure recoil-ion-production cross sections for
rare gases bombarded by fast chlorine ions in
charge states as high as 13+. Olson? used the
classical-trajectory Monte Carlo method and the
independent-electron model to calculate recoil-ion-
production cross sections for 1-MeV/amu projec-
tiles in charge states 2 + to 20 + in He, Ne, and
Ar targets. Cocke found, for the systems studied,
that the independent-electron model overestimated
recoil-ion-production cross sections o; for high-
charge states j; an energy-deposition model! was
found to account for many features of the data.
Hvelplund et al.’ measured o, and o, for helium
targets bombarded by fast ions in charge states as
high as 21 +.

Schlachter et al.* used the condenser method to
measure  net-ionization  (net-charge-production)
cross sections for fast projectiles in rare-gas targets.
Net-ionization cross sections o are given by

o= joj, (1
j
where j is the recoil-ion charge state and o; is the
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recoil-ion-production cross section. They used pro-
jectiles in charge states from 4+ to 54+. They
also used the Cclassical-trajectory Monte Carlo
(CTMC) method and the independent-electron
model to calculate o; in rare gases for projectiles in
the energy range 1 —5 MeV/amu with charge states
54+ to 80+ . They found that measurements and
calculations of net ionization o, agreed generally to
within a factor of 2 for a wide range of projectile
energies and charge states. They also found a scal-
ing rule for o .

We report here measurements of recoil-ion
charge-state spectra for rare-gas targets bombarded
by 14 MeV/amu U**, calculations of o; for
1—5-MeV/amu projectiles in charge state 44+ in
rare-gas targets, and experimental o; which we ob-
tain by normalization to the previous* o, measure-
ments.

Measurement of recoil-ion-production cross sec-
tions is of interest not only for comparison with
theory but also because recoil ions can be used for
subsequent collision studies.’~’

II. EXPERIMENTAL METHOD

Our measurements were made using a time-of-
flight (TOF) coincidence method and recoil-ion
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spectrometer (Fig. 1) which has previously been
described® for use with slow projectiles. A 1.4-
MeV/amu U*+ beam from the UNILAC heavy-ion
linear accelerator in Darmstadt intersected at a 90°
angle a beam of rare-gas atoms emerging from a
narrow tube. Slow recoil ions produced in the col-
lision were extracted by a transverse electric field,
accelerated, and were then incident on a channel-
tron that provided a start pulse to a time-to-
amplitude converter (TAC). Although the UNILAC
beam is pulsed, its time structure was not suitable
for the TOF measurements. We used, instead, the
fast ions themselves to provide the stop pulse.” The
fast ions were incident on a thin carbon foil located
several centimeters downbeam from the collision re-
gion. Electrons created by passage of a fast ion
through the foil were accelerated into the cone of a
channeltron that provided a stop pulse to the TAC.
This method was used because unacceptable radia-
tion damage was found when the fast beam was in-
cident directly on a solid-state detector. The flight
time of the recoil ions is proportional to the square
root of the mass-to-charge ratio. Spectra were ac-
cumulated on a multichannel analyzer (MCA) or an
on-line computer.

A TOF spectrum for 1.4-MeV/amu U** in Ne
is shown in Fig. 2. The shell effect due to the high
binding energy of the K electrons in Ne is evident in
the large discontinuity - between recoil-ion charge
states 8+ and 9+. The spectrum in Fig. 2 also
shows a background H peak from residual H, and
H,0; since H,™ and *Ne!°* have the same flight
time, this implies that the peak labeled Ne!’* in-
cludes an admixture of H,™. A TOF spectrum for
1.4-MeV/amu U** and Xe is shown in Fig. 3. No
shell effect is evident, nor was a shell effect ob-
served in similar spectra (not shown) for Ar and Kr
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FIG. 2. Recoil-ion charge-state spectrum for 1.4-
MeV/amu U** projectiles in a thin Ne target. Neon
recoil charge states 1 + to 10 + are labeled, as is a back-
ground H* peak. The small peaks to the left of the
larger peaks are due to the ??Ne isotope.

targets.

Recoil-ion charge-state fractions were obtained
by integration of the TOF peaks. Cross sections
were obtained by normalization to the net-
ionization cross sections previously obtained by the
condenser-plate method.* Relative cross-section un-
certainties arising from counting statistics and in-
complete peak resolution range from a few percent
for large cross sections to about 10% for cross sec-
tions of the order of 1076 cm?. Absolute cross sec-
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FIG. 1. Schematic diagram of the apparatus. recoil charge states 1 + to 18 + are labeled.
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tions must include an additional 20% uncertainty
(30% for Kr and Xe targets) due to uncertainty in
the o, values to which cross sections were normal-
ized (0 was estimated for Kr, for which no values
are available) and to extrapolation of o, beyond the
measured range.

III. THEORETICAL METHOD

The theoretical calculations use the classical-
trajectory Monte Carlo method to determine transi-
tion probabilities within a one-electron formalism
and then extend>* these transition probabilities to
represent a multielectron target by use of the
independent-electron model.!®!! The independent-
electron model requires that the collision be sudden,
i.e., so brief that the electrons cannot rearrange
themselves during the collision. The model is thus
valid only for collision velocities at least several
times greater than the orbital velocities of electrons
being detached. The model ignores correlation ef-
fects between the electrons in a given shell. Also
not accounted for are autoionization processes after
the collision, which would tend to increase the mul-
tiple ionization. Hence, cross sections calculated
for production of high states of ionization can only
be considered qualitative.

IV. RESULTS AND DISCUSSION

The measured recoil-ion-production cross sec-
tions o; for 1.4-MeV/amu U** in rare-gas targets
are compared with the calculated values in Fig. 4.
Net-ionization cross sections o, are found to be
very large and to exceed 10™!3 cm? for the heavy
rare-gas targets. It is clear from the comparison be-
tween theory and experiment that o is reasonably
portrayed by the calculations, but that the recoil-
ion-production cross sections o; predicted by theory
are only qualitative.

The deficiencies in the theoretical description
probably arise from two approximations that are
necessary to perform the calculations. The
independent-electron model requires the use of an
average binding energy for all electrons within a
given shell. If the collision is not sufficiently sud-
den and the electrons are removed sequentially, this
approximation fails,! with the result that the last
few electrons removed from a shell have a binding
energy much larger than the average value of the
model. Thus, the calculations will generally overes-
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FIG. 4. Cross sections o; for production of j-times-
ionized recoil ions in He, Ne, Ar, Kr, and Xe targets.
The lines are the CTMC calculations for 1—5-MeV/amu
projectiles in charge state 44+, the points are experimen-
tal results for 1.4-MeV/amu U**. The experimental o;
are normalized to the experimental o, values determined
in Ref. 4 (for Kr the o, value shown was estimated).

timate the cross sections for production of the
higher charge states.

The theoretical underestimation of the cross sec-
tions for low-charge-state recoil-ion production re-
flects the classical description of the radial electron
distribution in the target atom. Tunneling is not al-
lowed classically, hence the electron distribution is
not accurately portrayed at large electron-nucleus
separations. The low-charge-state recoil ions are
generated by large-impact-parameter (soft) col-
lisions that are sensitive to this region of the target’s
electron distribution. Comparison of theory with
experimental data indicates that the collisions are of
longer range than we calculate.

Figure 5 shows recoil-ion fractions F;
(Fj=aj/20j). Theoretical F; for Ar, Kr, and Xe
were found to lie on a single curve; experimental Fj
were also found to lie on a common curve (except
for Fy and Fj in Ne). The calculations show a pro-
nounced effect due to the shell structure of the tar-
get atom, while (except for Ne) the experimental
data do not, which indicates that Auger processes
must contribute significantly to the production of
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FIG. 5. Recoil-ion charge-state fractions F; for 1.4-
MeV/amu U+ in Ne, Ar, Kr, and Xe. The theoretical
lines are the CTMC calculations (Fig. 4). The dashed
lines indicate discontinuity due to shell effects.

highly charged recoil ions; this mechanism is not
included in the calculations.

Collisions in which rare-gas targets are ionized by
fast highly stripped projectiles generally take place
at long range. The ionization transition probabili-
ties as a function of impact parameter are calculat-
ed using the CTMC method previously discussed.
We graphically display in Fig. 6 the long-range na-
ture of these collisions by presenting the sum of the
calculated ionization transition probabilities as a
function of impact parameter for a 2-MeV/amu
fully stripped ion having a charge state 44+ in
rare-gas targets. The expectation value for the ra-
dius of the outer shell of each rare-gas atom is indi-
cated by an arrow. The collision region is seen to
extend to approximately ten times the radii of the
outer-electron shells.

The classical-trajectory method was also used to
estimate the energy of the recoil ions. This calcula-
tion can also be done analytically if one assumes the
projectile velocity is much greater than the final
velocity of the recoil ion. An illustrative example is
the production of Ar'°* from U** impact at 1
MeV/amu. The calculated probabilities for the
above ionization transition maximize at an impact
parameter b=2a, and extend to b =1a, and 3a,.
The corresponding recoil energies extend from 0.2
to 1.9 eV with a maximum at 0.5 eV; high recoil en-
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FIG. 6. Total calculated ionization probabilities for a
2-MeV/amu projectile in charge state 44+ in rare-gas
targets. The arrows indicate the expectation value for the
radius of the outer shell of the target atom.

ergies correspond to small impact parameters.

We have parametrized the theoretical CTMC re-
sults and find the recoil energy E, (in eV) is given
by

4% 10“*(11,211,2

= m,E,b*

where g, and g, are the charge states of the projec-
tile and recoil ions, respectively, m, is the mass of
the target in atomic mass units, E, is the energy of
the projectile in MeV/amu, and b is the impact
parameter in units of @,. Hence, the recoil-ion en-
ergy decreases rapidly with increasing impact
parameter and is generally less than 10 eV for the
systems studied here.

Equation (2) for the recoil-ion energy, obtained
by parametrizing the CTMC calculations, has the
same functional dependence as obtained for Ruther-
ford (Coulomb) scattering. However, the coefficient
in Eq. (2) is approximately one-half the coefficient
for Rutherford scattering.!* This can be explained
by noting that Eq. (2) applies to one-half a collision,
since the target is initially neutral. We have as-
sumed that electrons are removed from the target
atom at the distance of closest approach, which is
approximately equal to the impact parameter. We
note that Eq. (2) can be used to determine the
impact-parameter dependence of the collision pro-
cess by measurement of the recoil-ion energy distri-
bution.

, 2)
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In summary, we have presented measured cross
sections for rare-gas recoil ions produced by the
passage of a fast highly charged (g =44+) projectile
ion. Experimental and theoretical classical-
trajectory Monte Carlo results are compared and
the differences discussed. Recoil-ion energies have
been calculated and generally range from tenths to a
few eV for recoil ions in charge states g < 10+ with
projectile ions in charge states g <50+ at energies
in the low MeV/amu region.
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