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Retention of the Potential Energy of Multiply Charged Argon Ions Incident on Copper
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The retained fraction of the potential energy of argon ions incident on copper has been measured using
stationary calorimetry at charge states up to 91 and kinetic energies ranging from 75 to 240 eV per ionic
charge. An average fraction of 30% to 40% is found with little dependence on the charge number and
on the kinetic energy. The retention of the total energy ranges from 60% to 75% and can mainly be
accounted for by the retained fraction of the potential energy and the collisional energy lost by reflected
ions and sputtered target atoms.
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The potential energy of highly charged ions, which is
defined by the sum of the binding energies of all electrons
removed from the atom, may exceed the kinetic energy
significantly, giving rise to new phenomena of ion-surface
interaction. Correspondingly, an active research field has
developed during the past years covering aspects of atomic
physics and ion-beam surface modification [1,2]. In the
latter field, enhanced sputtering was demonstrated for a
number of materials such as thin carbon films [3], GaAs
[4], and SiO2 [5]. Corresponding applications to ion-beam
lithography have been proposed [6] with the clear advan-
tage that the potential energy is deposited within a depth of
a few nm only [7], so that any deep damage can be avoided
at sufficiently low kinetic energy. With this respect, a cru-
cial quantity is the fraction of the potential energy which is
being retained in the surface, thus being available for sur-
face modification. High yields of photons [1,8] and elec-
trons [2,9,10] have been observed which might carry away
a substantial fraction of the potential energy, even if quan-
titative estimates, which are subject to high uncertainty,
yield only an energy reemission coefficient in the order
of 10% [11].

To the knowledge of the authors, only one measure-
ment of the retained fraction of the potential energy of
highly charged ions has been described previously [11].
For single impacts of Au691 and Xe521 as obtained from
an electron beam ion trap (EBIT) ion source, the authors
measured the electronic energy deposition in a silicon
detector. It was found that 35% to 40% of the potential
energy is converted into electron-hole pairs at a depth of
more than 50 nm, i.e., below the insensitive contact layer
of the detector. These numbers may represent a lower
limit for the actual amount of retained potential energy
since low-energy electrons do not contribute to the signal,
and due to a possible influence of the contact layer which
is difficult to quantify. This Letter reports on a novel mea-
surement using stationary calorimetry with ions of medium
charge from an electron cyclotron resonance (ECR) ion
source (Ar with q # 9 where q denotes the charge state).
This technique is more direct since all excitations which
remain in the solid after ion impact are finally turned

into heat. The present investigation is complementary to
Ref. [11] with respect to the experimental technique and
the species of highly charged ions. Nevertheless, similar
numbers of the retained fraction of the potential energy are
obtained.

The experiments have been performed at the Rossendorf
7.5 GHz ECR ion source which is equipped with sector
field magnetic separation and a beam deceleration system
[12–14]. The ions are accelerated with a voltage of 5 kV
and, after beam transport including magnetic separation,
decelerated to a final energy between 75q and 240q eV at
the target. A calorimetric setup similar to devices used at
laser beam facilities [15] was constructed to measure the
temperature increase during irradiation. A copper foil of
0.1 mm thickness and 10 mm diameter was connected to
an LN2 cooled heat sink by four copper wires of 100 mm
diameter. Simultaneously, the wires form the electric leads
to a platinum temperature sensor and a small resistive
heater for power calibration, both glued to the rear side
of the target. The target is housed in a LN2 cooled envi-
ronment and insulated from ground to enable ion current
measurement during irradiation. Alternatively, a Faraday
cup can be moved into the target position before and af-
ter irradiation for ion beam positioning and ion current
calibration.

After starting the ion irradiation, the target temperature
approaches equilibrium with a time constant of 64 s, with
the equilibrium temperature being proportional to the de-
posited power delivered by the ion beam. A temperature
stability of the heat sink of 1 mK during at least 8 h was
provided by LN2 cooling and a LakeShore temperature
controller. The power calibration by the resistive heater re-
sulted in a sensitivity of the setup of s � 1.335 mK�mW
at a target temperature of 146 K. The temperature sen-
sor was powered by a constant current supply and the
voltage reading across the sensor was performed by a
Keithley 2182 nanovoltmeter. The experiment was com-
puterized using AD converters and IEEE interfaces. The
sensitivity and stability of the setup are sufficient to run
experiments down to an ion beam power of about Pt �
150 nA 3 50 V � 7.5 mW.
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