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Production of highly charged rare-gas recoil ions by 1.4-MeV/atnu 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 1)&10 ' cm for production of Ne'+, 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 0& for high-
charge states j; an energy-deposition model' was
found to account for many features of the data.
Hvelplund et al. measured 0.

~
and o.

2 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 a+ are given by

recoil-ion-production cross section. They used pro-
jectiles in charge states from 4+ to 54+. They
also used the classical-trajectory Monte Carlo
(CTMC) method and the independent-electron
model to calculate oj in rare gases for projectiles in
the energy range 1 —5 MeV/amu with charge states
5+ 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 0.+.
We report here measurements of recoil-ion

charge-state spectra for rare-gas targets bombarded

by 1.4 MeV/amu U +, calculations of trj for
1 —5-MeV/amu projectiles in charge state 44+ in
rare-gas targets, and experimental O.

J which we ob-
tain by normalization to the previous o.+ rneasure-

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

where j is the recoil-ion charge state and 0.
J is the

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 E 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 H2 and

H20; since H2+ and Ne' + have the same flight
time, this implies that the peak labeled Ne' + in-
cludes an admixture of H2+. 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

Time of flight (ns)

500 400
I

l.4 Mev/amu
U44+ Ne

300 200

7
2000—

100

0)c: 80—
O

C3

~ 60—
Q)
CL

CA

4Q-
O

C3

0 2O—

zoNe

1500—

IOOQ-

IGG g
I

l25Q
2

H+

1270 I290 13IQ

Ne

900 1000 I 100 1200 1300

Channel number
140Q

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 10 ' cm . Absolute cross sec-
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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.
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FIG. 1. Schematic diagram of the apparatus.

FIG. 3. Recoil-ion charge-state spectrum for 1.4-
MeV/amu U + projectiles in a thin Xe Target. Xenon
recoil charge states 1 + to 18 + are labeled.
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III. THEORETICAL METHOD

The theoretical calculations uuse the classical-
tra'ectory Monte Carlo method to determine transi-
tion probabilities wit in a onc-

e ~ ~

d ' these transition probabilities oand then exten
ent a multielectron target by use o

model ' " The independent-independent-electron model. ' e i
electron mo e requ'd 1 ires that the collision be su en,

f hat the electrons cannot rearrangei.e., so brief t at e
durin the collision. The mode isthemselves g

valid only for collision velocities at eas
h h orbital velocities of electronstimes greater t an t e or

' ' '
ns

h d. The model ignores correlation e-
fects between the electrons in a given s e .
not accounteu or ared f autoionization processes a ter

uld tend to increase the mu-the collision, which wou d
H e cross sections calcu ateti le ionization. ~ence, cr

nlf h h states of ionization can on yfor production o ig s a
be considered qualitative.
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IV. RESULTS AND DISCUSSION

The measured recoil-ion-pro uuction cross sec-
V/amu U + in rare-gas targets

red with the calculated values in ig.are compare wi

re found to beNet-ionization c'
n cross sections u+ are

cm for the heavyve large and to exceed 10 cm or e
t . '

1 from the comparison be-rare-gas t gtar ets. It is c ear
h is reasonablyr and experiment t at o.+

'
tween theory

b that the recoil-portrayed by the calculations, ut a
s o. redicted by theoryion-production cross sections o.j pre ic e

re onl ualitative.
~ ~

The deficiencies in t e e
probably arise from two ppa roximations t at are

rf rm the calculations.essa to pe orm
model re uires the use of anindependent-electron mo e requi

average binding energy or
shell. If the collision is not sufficient y su-given s e .

se uentially, thisn and the electrons are remov seq
xim

' ', ' '
h the result that the last

ew e rom a shell have a binding
ximation fails, w'it e

uch lar er than the average value o t e
model. Thus, the calculations will gene y

of thetimate t e cross sec
'

sections for production

f th
ar e states.

The theoretical underestimation o e c
'

ns for low-charge-state recoil-ion production re-
flects the classical description o e
distribution in the target atom.. Tunneling is not al-

'
all hence the electron distribution islowed classica y, ence

not accurately portrayed at g 1 t - uc eular e electron-nuc eu
'

ns. The low-charge-state recoil ions are
d b large-impact-parameter sog t y

1slons athat are sensitive to this region o
withelectron istri u io .u' 'b tion. Comparison of t eory

experimenta a a in
'

1 d t
'

dicates that the collisions are o
longer range than we calculate.

tions F.shows recoil-ion fractionsFigure s ow
r and Xe~0 ). Theoretical Iij for Ar, r,J

d lie on a single curve; experi
curve exce twere also found to lie on a common curve

in Ne). The calculations show a pro-
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et atom, while (except for e e
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FIG. 5. Recoil-ion charge-state fractions E~ 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=2ao and extend to b= lao and 3ao.
The corresponding recoil energies extend from 0.2
to 1.9 eV with a maximum at 0.5 eV; high recoil en-

b (ao)

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 q&q,
(2)I,Epb

where qz and q, are the charge states of the projec-
tile and recoil ions, respectively, m, is the mass of
the target in atomic mass units, Ez is the energy of
the projectile in MeV/amu, and b is the impact
parameter in units of ao. 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.



PRODUCTION OF HIGHLY CHARGED RARE-GAS RECOIL IONS. . . 1377

In summary, we have presented measured cross
sections for rare-gas recoil ions produced by the
passage of a fast highly charged (q =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 q & 10+ with

projectile ions in charge states q & 50+ at energies
in the low MeV/amu region.
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