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Abstract

We report the first measurements of the distributions of the number of molecular ions emitted per gold cluster impact. Experiments were
performed in the event-by-event bombardment/emission mode. Targets of phenylalanine were bombarded with 28 /6dm}/184.6 keV
Auggs* projectiles. The secondary ions were identified with a linear time-of-flight mass spectrometer equipped with an 8-anode detector, thus
allowing to record the co-emission of up to 8 phenylalanine ions. We describe how the experimentally measured molecular ion distribution
is related to the initial distributions of ionized and neutral molecules.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experimental

The occurrence of ion “multiplicity”, i.e., the emission of In the present study we report on experiments with large
multiple ions from the impact of a keV projectile on a surface, and massive gold clusters, i.e., conditions with notable co-
is a well-documented observation, e[d+3]. In particular, emission of multiple ions. The observations were made in the

bombardment with keV polyatomic projectiles can result in event-by-event bombardment-detection mode atith& of
a notable subset of collision cascades where multiple ionssingle projectile impacts. With this approach we can unfold
are co-emitted4]. It has been noted that co-emission from a the co-emission of multiple ions and extract data pertinent
single projectile impact represents the ultimate spatial limit to the questions raised above. The experiments were carried
for particle-based surface analy$. We lack, however,  outin two different bombardment regimes involving distinct
insight into these information-rich emission events. Funda- momentum effects and energy densities. Targets of deuterated
mental questions remain to be addressed. Are there “exit” phenylalanine (Aldrich 49, 014-84,, =173.26) were bom-
conditions that affect the probability of co-emission of mul- barded with large and massive gold clustersy?af 28.6 keV
tiple ions? What does the co-emission of multiple molecular and “Awog**” of 134.6 keV, respectively. “Agyg**” refers to
ions reveal about the distribution of the corresponding neutral an average of projectiles with mass-to-charge ratigg,of
molecules? Are individual emission events, under replicate ~20,000 and an overall net charge of + 4 [6].
impact and target conditions, distinctly unique or, onaverage, The experiments were run on a setup comprising a liquid
equivalent events? metal ion source, a Wien filter for primary ion mass selection,
a beam pulser for single projectile bombardment and a linear
time-of-flight mass spectromet§,6,7]. The liquid metal
ion source (LMIS), procured from the Institute of Nuclear
- ) Physics Orsay (France) produces gold clusters in wide range
. gg:i:gggj:;g Zﬁ:ﬂg: Tel.: +1979 845 2344; fax: +1 979 8451655 4t agsef]. The reference just cited gives details on the pro-
E-mail addresses: verkhoturov@mail.chem.tamu.edu duction and identification of heavy gold clusters. The LMIS
(S.V. Verkhoturov), schweikert@mail.chem.tamu.edu (E.A. Schweikert). ~ Used in this study is a duplicate of the one describe@]in
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regarding the ion source (tungsten needle and metal containtesponding to different values of~. For instance, when
ing reservoir), extraction electrode and two focusing lenses. selectings™ =1, one obtains a mass spectrum of single ion
The protocol followed for producing the large cluster ions emission events.

was the same as described®). Generally, the emission of

larger cluster ions requires a higher emission current (higher

potential applied to extraction electrode) and, consequently,3  Results and discussion

optimization of the values of voltages applied on the two

focusing lenses. _ _ _ The total spectra of the secondary ions detected from
For the mass selection of the primary cluster ions we used phenylalanine bombarded by 28.6 keVdiand 134.6 keV
a Wien filter, or a combination of the Wien filter with sub- Ay, %+ jons are presented iRig. 1a and b. These spec-

sequent further selection by time-of-flight. The output from 3 are the sum of the spectra corresponding to different
the Wien filter scanned across a 0.2 mm collimator allowed j5ns selected per event, i.e., they are equivalent to spectra
to separate Au clusters up te1800amu (corresponding  \hich are obtained using conventional mass spectrometry.
to Aug®). Beyond A", the output from the Wien filter  Thg oniy difference is that the eight-anode detector allows for
gppeareq as a_continuum of unresolved masses with a MaXthe recording of up to eight ions with the samé; arriving
imum of intensity at the mass20,000 amu (corresponding  simyltaneously. The yield, i.e., intensity/projectile, measured
to “Auoo**”). It may be recalled that the performance of the for the phenylalanine molecular ion PRM-H] ~ (m/e = 172)

Wien filter depends on its combined ability as a mass disper- s high and equal te-0.93 for the case of 134.6 keV Agt**
sion device and a velocity analyzer. The mass scan mentionedyompardment.

above is a sum of convolution integrals for different masses.  The co-emission of multiple ions can be described with a
Each integral is a convolution of a kinetic energy distribution «mytiplicity report’, i.e., the distribution of the number of
of the emitted ion and a kinetic energy resolution function
of the spectrometer. The resolution function depends on the
size of the emission area of secondary ions, diameter of the 25000 7
collimator placed in front of target, and optical aberrations ]
[8]. Although the mass separation of the primary cluster ions 20000 /D'
achieved by Wien filter is modest, it was adequate when fol-
lowed by a selection based on time-of flight. The time-of
flight selection of the primary cluster ions was performed
with two pulse generators, specifically, a high voltage pulser
and a gate generator. The high voltage generator was used
to operate in the regime of single projectile bombardment. ]
[7]. The gate generator set a time window to edge the con- 50007 L cEA e M
] LJ.
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tinuum of masses around mas20,000 amu. In practice, we ]
set the Wien filter at mass 20,000 amu, and monitored the 3 5000 10000 15000 20000 25000
arrival of projectiles on target by the detection of secondary (a) time (ns)
electrons emitted from targgt]. In a second step, the pulser
(repetition rate~1000 pulse/s) was activated with the pulses 8000 7 )
serving as start signals for the additional time-of-flight mass ] ON
selection. Under these conditions the time-of-flight spectrum
of the projectiles is a single peak (Wien filter selection) with a ]
maximum on the mass 20,000 amu, and with the correspond-
ing flight time. To still impress the mass resolution, a gate
generator was used. The latter allows to detect only projec-
tiles which strike target at time corresponding to the mass ]
20,000 amu within an experimentally defined narrow time 20001
window. ] Au Phy
The ions were detected with a dual micro-channel plate, i L leh f.. \'!
MCP, assembly with 8-anodes provides the capability of 0 5000 10000 15000 20000 25000
recording, simultaneously, of up to eight ions of the same (b) time (ns)
mlq, provided they strike separate anodes. Cross-talk among
anodes was determined to be <0.1%. All events are Fig. 1. Negative ion ToF mass spectra of deuterated phenylalanine
collected and stored as a “total matrix of events’ (TME), ffom: 28.6keV Aw® (a) and 134.6keV Auo™ (b) bombardment
described elsewherfs,7]. The TME acquisition method The dose of bombardment was1(® projectiles/mr for Ausq'’ and

. ~5 x 10° projectiles/mm for Aug®. The insets show the “multiplicity
enables one to select events by the number of iens, reports” i.e., number of ions detected per projectile impact, fog*AG@)
detected per event and extract mass spectra, which are corand Augg** (b).
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ions detected per evem®(n~). The insets irFigs. Ia and b the Aw* projectile, andi~ =5, 11, 15 and 20 for Aspg**. It

show these distributions. They include allions generated from should be noted that the spectrum with 20 ions per event
bombardment with Agi* or Augog** respectively. The latter  includes any combination of ions with at least one”Ph
induces abundant multi-ion emission; the average number of The similarity of the peak shapes suggests that the Coulomb
detected ions (atomic, fragment, molecular and cluster ions) repulsion is minimal for the cases of the multi-ion emission
per event is 10. In case of the &Y one ion is detected on  considered here. This is due to the random spatial distribu-

average per projectile impact. tion of the different negative ions at the emission surface area,
Another aspect of multi-ion emission concerns the which possibly exceeds 10 njh2].
exit conditions. Are the ions affected by Coulomb repul- A further topic of interest concerns the characteristics

sion/explosion? This phenomenon is well documented for of co-emitted ions of the same type. We consider here the
highly charged molecules or in molecular size surface areassimultaneous emission of Phions, wherekg,, represents
carrying multiple chargef®—11] The intensity of repulsion  the number of simultaneously detected Ph- idfig. 3a and

can be determined by comparing the shapes of thedelaks b shows the mass spectra of the'Rons g,, = 1, 2 0r 3).

of mass spectra corresponding to successive values. & There is a clear correlation between the number ofiéts
simple calculation of the ion time shift via repulsion within  per eventg,, and the position of the peak on the time scale.
the ToF space indicates that the effect of the repulsion will The time shiftAr towards shorter flight times indicates that
be detectable when the relative potential energy of the ionsions with largekg,, have relatively large translational veloci-
at the surface emission area exceeds 1 eV. In this case, a Phties. The typical experimentalzis~1 ns. The relative kinetic
peak from largen™ events would be broader than a peak energy shiftA E/E corresponding to successi¥e, is ~0.25.
from events where™~ is small. The relevant peak shapes are This observation may be explained with a dependence of the
presented ifrig. 2a and b. The superimposedPpeaks cor- ionization probabilityx(E) on the kinetic energy of the emit-
respond to the spectra whete =1 and 5, for the case of ted particlest. An exponential or power law dependence of
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Fig. 2. Superimposed Ptpeaks selected from the spectra with:= 1, and Fig. 3. Superimposed Phpeaks are selected from the spectra withy, =

5 for the case of the AJt projectile (a) andi— =5, 11, 15 and 20 for the 1, and 2 for the case of 28.6 keV 4u(a) andkg,, = 1, 2 and 3 for 134.6
Augoo** (b). keV Augoo*t (b).
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k tionsP(k™), wherek™ is the number of Phions emitted per
15 ° 0 X S event. From the measured distributiBtkg,) obtained with
{o.10 the 8-anode detector we can calculate the initial distribution
013 of the number of Phions:
0.014 j0.08 P
=y ] exp p
& 1e3 oos . Plhap =D [Wplkep) D @(k|p)P(k)1 @
o 1E-4+ gx“_’ p=0 k—=0
& 10.04 . i
g The conditional probabilitiest(p|key,) and @(k~|p) are
10.02 defined as:
1E-6+ -
{0.00 m! = ; (ke—xp>!
[ T S S S S U(plke) = 7= > (L et
@ -0 ek O % = (o) () 25 1 (b1
m—kgo+i\’
y <1 _ ) @
250 m
0.04
k— k_l
ok Ip=t"1-1) P 3)
(k_ — p)!p!
002 < wherem is the number of anodes (in our case8), T is a

detection and transmission efficiency for Pmolecules. In
our case the value afis a constant for a given mass+ 0.4
for Ph™ molecules) regardless of the projectile usedg®Au
or Augog*. The methodology used is that of the occupancy
: ; , . ; . —1000 theory[17]. In this approach secondary ions emitted from a
single impact event, strike the MCP in a random and inde-
pendent fashion. The electron pulses generated by the MCP
Fig. 4. The experimental distributidifk,), and distributionsP(k~), and are detected k_Jy an anO(_je_(s), again, randomly and _inde_pt_an-
P(k) calculated setting¥w; =0.16 for 28.6 keVAy* projectile (a) and dently. There is no restriction on pulses or anodes, i.e., it is
Yoy =1.24 for 134.6 keV Augo™ (b). For data from of Ay*, the margins possible for all pulses to strike a single anode or any com-
Zf errorsi(n ;hi VaLueS SPexpgcfng afte]i5% for kéx?i 4, ﬁ_‘”d:15°/|° for f bination of the eight. We assume random and independent
exp = a). For data from 0 +, the margins of error in the values o H H H H
et ot i ey 0 Thas | JeSCLO0 STCE 1 SXORTments e an 1 e evrt v
line on the experimentat(ke,) is a least-square fit with the model explained - : h
in the text. The ionization probability was set arbitrarilyat= 0.01. ment is low ¢~1000 event/s), therefore the interference of
ions detected from different events is negligible. All eight
a(E) on the emission velocity is predicted by different mod- anodes are equivalent (central symmdif}). The relative
els and was observed experimentdlig—15] It is not clear difference in efficiency of detection for the different anodes
which mechanism of ionization is relevant here for the emis- was found to be <10%.
sion of the Ph ions via large cluster bombardmdtad—16] It may be noted that the experimental condition for the
It may be recalled that keV sputtering produces secondary simultaneous detection of multiple Pons is that they have
ions with different kinetic energies. The same must hold for relative radial velocities corresponding to energies>0.1eV.
single projectile impact. Given the kinetic energy spread, we The distribution per projectile for the emitted Phecondary
assume that species with larger energies are more effectivelyionsP(k™) is related to the total distribution per projectile of
ionized. It follows that the fraction of ejecta that are more the emitted Ph moleculeg¥k) by:
energetic, i.e., that are more effectively ionized, contains the
co-emitted ions. A more in-depth explanation would require P(k™) = ZQ(W‘_)P(I‘) (4)
knowledge of the kinetic energy distributions for the emitted k
neutral molecules. No such information is available to date. The conditional probability2(k|k~) is defined as:
Afurther question regarding multiple ion emission events,

(b) K Kaxp

is the probability of emitting specified ion(s) as a function of Q(k|k™) = [a(E, k‘)]k_ [1 - «(E, k—)]"—k_ kil

the type of eventFig. 4a and b shows the measured distri- (k — k=)~
butions, P(ke,p), the number of Ph molecular ions detected )

per bombardment event. The observed distributiB(is,,) wherek is a number of the molecules emitted per event. The

for Ph~ molecular ions are different from the initial distribu-  effective ionization probability for multi-ion emission event
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is given bya(E, k™) =a1(1 + (AE/IE)k~)*wherexy is an effec- “exit” conditions for the ensemble of ionized ejecta, there

tive ionization probability for the single ion emitted per event. are for coincidentally emitted isobars, which are more ener-

The parameter describes the dependence of the ionization getic than when the same mass ion is detected alone. We infer

probability(E) on the kinetic energy of the emitted particles from the distributions of the number of molecular ions emit-

a o E#[13-15] ted per event a Poisson distribution for the neutral molecules
From the experimental distribution for molecular ions we as predicted by MD simulations. Finally, the experimental

can infer the initial distribution of emitted molecules (neutral confirmation of the Poisson-like distribution signifies that the

and ionized) and thus gain insight into the “reproducibility” impacts of a given large or massive projectile always result

of individual emission events. It has been shown by simula- in equivalent emission events.

tion in the case of atomic projectiles that a two-parametric

negative binomial distribution approximates best the distri-

bution of sputtered atomd8]. For low energy projectiles  Acknowledgements
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