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The emission of secondary ions and neutrals from uranium oxide has been measured for impact
of highly charged, heavy ions. Total ablation rates and secondary ion yields increase strongly with
projectile charge. The dependencies on projectile charge< g < 70), impact energy(10 keV <
Exin < 1 MeV), and projectile mass of secondary ion yields demonstrate the presence of an interaction
regime where electronic excitation by charge neutralization and elastic collision spikes combine
synergistically. [S0031-9007(98)06056-6]

PACS numbers: 79.20.Rf, 34.50.Fa

Sputtering and secondary ion emission from solids intertracted from the electron beam ion trap (EBIT) at Lawrence
acting with energetic particles are active research fields dfivermore National Laboratory. The experimental setup
great fundamental and applied interest. Momentum trander ion extraction and TOF-SIMS has been previously de-
fer to target atoms can be accomplished through elastic coscribed [4,8]. Polycrystalline uraniuf@8U) targets were
lisions or electronic processes. Linear collision cascadprepared by electropolishing followed by oxidation in air
theory [1] has been used most successfully in describinfpr several hours for native oxide formation. The oxide
the sputtering of metals by ions of keV energies. Enhancethickness was estimated from known oxidation rates [9]
ments due to elastic collision spikes are observed wheto be several hundred nanometers. Targets were cleaned
both projectile and target consist of very highmateri-  after insertion into vacuum by low energy ion sputtering.
als [2]. At energies of several hundred keV, close to theThe pressure in the target chamber was kept beélow
nuclear stopping maximum, sputtering yields increase du¢0—'° torr. Surface conditions were monitored closely
to nonlinear effects as most atoms in the spike volume arby TOF-SIMS. Secondary ion spectra were reproducible
set into motion. Controversial discussions have evolveaver several sputter cleaning cycles. No charging of thin
on the nature of sputtering mechanisms in the interactiomsulating layers was observed. For total sputter yield
of slow, highly charged ions with solids [3—8]. Defect measurements, projectiles impinged on the targets at an
mediated sputtering has been demonstrated for some alkaticident angle of 30relative to normal. Si® (150 nm
halides and Si@[3] bombarded by slow Ar* (¢ = 14)  thick thermal oxide on Si) catcher targets were placed
and Xe¢* (g = 27). Sputtering through collective exci- in parallel to the sputter target at a distance of 6 mm.
tation mechanisms such as Coulomb explosions accomp&econdary neutrals and ions emitted from uranium oxide
nied by shock waves was inferred from observations ofluring exposure were collected on the catcher target.
high yields of atomic and cluster ions for very high pro- Typically highly charged ion fluxes were10° ions/s for
jectile charge state§; > 30) [4,5,8]. Up to now, total Auand~10° ions/s for Xe ions. Accurate determination
sputter yields of materials were known only for impact of of the HCI flux is crucial for our experiment. The flux
ions with charge stateg < 27 (for Xe). was determined by single ion pulse counting of projectiles

In this Letter we report on the first measurements of toimpinging on a microchannel plate detector (MCP). Bias
tal sputtering and secondary ion yields from uranium ox~oltages and discrimination levels in counting electronics
ide interacting with slow, highly charged, heavy ions withwere carefully set to assure constant detection efficiencies
charge states up @+. Here, a new ion-solid interaction for ions of all charge states and impact energies [10]. Flu-
regime, where projectile charge and momentum are botances £10° ions/s/cn?) were well below critical levels
critical, is observed. In this regime, electronic excitationfor complete channel recovery in MCPs [10]. The MCP
by neutralization of highly charged ions and elastic colli-used for direct detection of HCIs was calibrated by single
sion spikes combine to produce a synergistic enhancemeitn counting in a Daly detector arrangement. The strong
of secondary particle emission. burst of secondary electrons emitted by individual HCls

We used the catcher target technique [6] to determinéncident on solid targets allows for detection of HCls with
total sputtering yields. Secondary ion yields were meal00% efficiency [4,8]. The efficiency of the MCP for di-
sured by time-of-flight secondary ion mass spectrometryect detection of HCIs wa&61 = 0.02. More details will
(TOF-SIMS) [4,8]. Highly charged ions (HCI) were ex- be given in a forthcoming publication [11]. The flux was
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measured every few hours during exposures. lon doseslative error in the total yield data is-15% resulting
were calculated from measured fluxes, exposure times, aritbm uncertainties in HIBS results, ion dose measurements,
the detection efficiency of the MCP. HCI beams fromand relative variations of view factors. Also shown are
EBIT were stable over long periods, and dose uncertainsputtering yields of uranium oxide for singly charged
ties due to flux instabilities were typicallg10%. Doses xenon and thorium ions @t3vg,n, as calculated byrim
ranged from2 X 10'° (Au®**) to 3 x 10'! (Xe*’*). Ac-  [14]. Sputtering yields of uranium oxide increase slightly
cumulation times were several days. Resulting surfaceith ¢ for highly charged xenon ions. The increase by
coverages of®U on the catchers were10'! atomgcm?.  more than a factor of 2 when highly charged Au and Th
Ultralow coverages of heavy elements on light substrate®ns interact with the target can result both from electronic
can be determined quantitatively only by extremely sensisputtering at highery and from increased momentum
tive surface analysis techniques. We used the heavy iomansfer due to the formation of elastic collision spikes in
backscattering (HIBS) system at Sandia National Laborathe target.

tory to determine uranium coverageg situ[12]. The For measurements of secondary ion production, incident
HIBS sensitivity for detection of uranium on otherwise ions were X&' =32 (open triangles) and Af~%°* (solid
clean silicon is<10° atomgcn?. Additionally, catcher triangles). Here, the impact velocity was kept constant
targets could be analyzdd situ by highly charged ion at0.2vg.,,. The error in secondary ion production rates
based TOF-SIMS [4]. Sputter yields were calculated fromis statistical and amounts ta5% of the rate value. The
surface coverages of uranium on the catchers, the ion dosealues reported here are secondary ion counts detected per
the view factor [13], and the sticking probability of ura- incident projectile. For determination of total secondary
nium atoms on the catcher surface. The latter was assumézh yields, the detection efficiency of the spectrometer
to be>0.9, similar to values found for uranium sticking on n must be known. Considering the detection efficiency
Al,O5 [6]. Assumptions on the currently unknown angu-

lar distribution of sputtered particles must be made when 100 e — — — — — — 100
calculating the view factor of the catcher targets. This un- 1 (@ o B -
certainty translates into an uncertainty of total sputter yield & LA &
values 0f~50%. g A S

A typical TOF-SIMS spectrum recorded for &R = 104 U-atomsn 24 4108 3
(220.8 keV) impinging on a uranium oxide target is § " e v § g
shown in Fig. 1. The number ¢fJO;),—, counts(x = S 1 PN v |8
0,1,2,3) detected per incident ion is 37%. Orfy5 X g e e ; A g >
10° Au®* projectiles impinged on the target for the § 75 {7 &
accumulation of this spectrum. Cluster ions with up to '_ M. = 2
n = 7 uranium atoms could be detected. to\x v S

Total ablation rates (open squares) are shown, togethex =2 g
with positive secondary ion and cluster ion yields, as o7t revereT e Bk iy e prerrr T 0.1
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2000 3000 w0 000 FIG. 2. (a) Total sputtering yield of U atoms (open squares),
TOF-channel (1.248 ns / channel) (UO,),, n = 1,2,3, secondary ion production from uranium

oxide and (b) ionization probabilityx for uranium ions as a
FIG. 1. TOF-SIMS spectrum of uranium oxide at impact of function of projectile charge;. The detection efficiency for
Au®t, secondary iong; is ~0.1-0.15.
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for secondary ions in the MCP [15] and the geometry 407 — .
with annular detector, we estimatg to be ~0.1-0.15. a5 % ]
(UO,); yields,n = 1,2,3, increase strongly witly. At ] 69+ @ I ]
g = 44 and 52, the higher potential energy of the xenon 303 Au 3 s * E
ions (Ep[Xe?"] = 121 keV; m = 136 u) dominates for 253 Qe &2 ® ]
n = 1 over the higher momentum brought into the target ] AU -2 %% ]
by the gold ions Eyo[AUu%2*] = 57.6 keV; m = 197 u). o :
This ratio is reversed for the emission of cluster ions
n = 2,3, where the influence of momentum dominates and
cluster yields are higher for Au than for Xe projectiles.
We attribute this to the development of elastic collision
spikes in the target when bombarded with gold ions with
energies of several hundred keV, near the nuclear stopping 0 T T
. . . 10 100 1000

maximum [1,2]. Xenon ions are too light to form strong E,. (keV)
elastic collision spikes in uranium oxide. "

Having measured both total sputtering yields andf!G. 3. Energy dependence of secondary ion production from
secondary ion yields, we can now for the first time deterUranium oxide at impact of 44", Au®*", Xe*", and Xé™".
mine the ionization probability for secondary ions emit-
ted from a solid interacting with very highly charged the projectile energy corresponding to the nuclear stopping
ions. The ionization probability is defined here as the power maximum. The latter is reached at an energy of
number of positively charged uranium ions emitted per~600 keV for singly charged gold ions in uranium oxide
sputtered uranium atom. Yields of uranium ions from all[14]. The finding of a more pronounced maximum in sec-
species(UO,),", were added and divided by the numberondary ion emission for a more highly charged projectile
of uranium atoms removed per incident ion. The chargelemonstrates the critical interplay of projectile momentum
dependence of, normalized to the detection efficiency and charge. For Ad* (E,o = 122.3 keV), the combi-
7, is shown in Fig. 2(b). The data point at chagge= 1  nation of high charge and momentum vyields a weak but
gives an estimated upper limit @f for Xe'* projectiles  significant increase in secondary ion emission at elastic
using the ion yield measured for X& and the total collision spike energies. For AU (E,, = 168.6 keV),
sputter yield from Xé&*. For g = 70, ion yields from the additional electronic excitation energy creates a con-
the impact of AG°" were normalized to total yields for dition above critical in both charge and momentum, and
Th’%*. The impact velocity wa$.3vg.y, in neutral and electronic sputtering through charge neutralization and
ion yield measurements for all projectiles is found to  elastic collision spikes combine synergistically. Increas-
increase by a factor of 2 from X€' to the highest charge ing or decreasing the impact energy decreases momentum
state ions. In previous measurements of secondary ioriteansfer below critical values for spike formation and yields
and neutrals emitted from Si [7] and LiF [3] using multiply drop similarly as observed in pure elastic spike sputtering.
charged Ar iongg = 9), values ofa ranged from 0.01% While conditions for elastic collision spikes are lost, elec-
to 0.1% and this finding was used to support a model ofronic excitation through charge neutralization keeps sec-
defect mediated sputtering [3]. The values reported herendary emission levels high.
are more than an order of magnitude higher. This is the Our results demonstrate the interplay of momentum
case even for the most conservative estimatg,oivhere transfer and electronic excitation in sputtering and sec-
collection of all secondary ions in the detector has to beondary ion production from uranium oxide interacting with
assumed, ang is given by the detection efficiency of the highly chargedions. Forthe component of electronic exci-
MCP for ions withm = 238 u and Ey;, = 3.5 keV of tations, potential sputtering through decay of self-trapped
~0.5 [15]. excitons (STE) was demonstrated for LiF and St&om-

A characteristic signature of elastic collision spikes isbarded by slow At" (¢ = 14) and X&' (¢ = 27) [3].
the dependence of secondary neutral particle and ion emitaterestingly, strong potential sputtering with a pronounced
sion on projectile energy. We have measured secondagependence on charge does not always occur when STE
ion yields as a function of kinetic energy for X&, can be produced in a material, as shown in Ref. [6] for
XeMt AuST and AG°* (Fig. 3). lon yields vary only Csl and Af*™ (4 = g = 11). To our knowledge, forma-
very weakly for xenon projectiles when the impact energytion of STE has not been reported for uranium oxides. A
is increased from 20 to 500 keV. The yield dependenceollective model of electronic sputtering is the Coulomb
for Au®* displays some structure with a weak maxi- explosion model [16,17].
mum. The data for A" show a pronounced maximumat  Time scales and energy dissipation mechanisms in the
~220 keV. This energy value coincides with observationsinteraction of heavy, highly charged ions with heavy metal
in elastic collision spike sputtering [2], where the maxi- oxides can be described qualitatively in the following way.
mum sputter yield is achieved at energies slightly belowSlow, highly charged ions incident on solids relax via
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formation of hollow atoms [8,18]. Hundreds of mostly low D. Nelson and K. Visbeck. This work was performed
energy electrons, as well as photons and x rays, are emitteshder the auspices of the U.S. Department of Energy by
in the course of deexcitation. Momentum transfer to targeLawrence Livermore National Laboratory under Contract
electrons and nuclei is increased over values for singlyNo. W-7405-ENG-48.
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time of AU at 440 keV in uranium oxide is-150 fs. by N.H. Tolk, J.C. Tully, W. Heiland, and C.W. White
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