
m \ 4 ym\ 

onvl CONF-960165— 

OAK RIDGE 
NATIONAL LABORATORY 

toe Km BMB mm*rim f 

The 16th Werner Brandt Workshop 
on Charged Particle Penetration 

Phenomena 

January 7 - 9 , 1996 
Oak Ridge, Tennessee 

C Gfc 
$0l 

s*n 

^̂ *_ 

-%«=. 

MASTI 
B/WASE0 «fi? OPSKTEB BT 
lOOCHEEB It tRTW EHERffif RESEARCH CORPORATION 
FOR THE UWTED STATES 
DEPARTMENT OF ENERGY 

DisramoN 0 s THIS oocuMerr is UNLITO 

ORNL-27 (3-SK 



This report has been reproduced directly from the best available copy. 

Available to DOE and DOE contractors from the Office of Scientific and Techni
cal Information, P.O. Box 62, Oak Ridge, TN 3 7 8 3 1 ; prices available from (423) 
576-8401 . 

Available to the public from the National Technical Information Service, U.S. 
Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161 . 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any 
agency thereof, nor any of their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise, does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof. The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



CONF-960165 

THE 16TH WERNER BRANDT WORKSHOP ON 
CHARGED PARTICLE PENETRATION PHENOMENA 

January 7-9, 1996 
Oak Ridge, Tennessee 

Date Published - May, 1996 

Sponsored by 
Oak Ridge National Laboratory 

Prepared by 
OAK RIDGE NATIONAL LABORATORY 

Oak Ridge, Tennessee 37831 
managed by 

LOCKHEED MARTIN ENERGY RESEARCH CORP. 
for the 

U.S. Department of Energy 
Under Contract No. DE-AC05-960R22464 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



Table of Contents 
Page 

Introduction and Overview v 

Conference Attendees vii 

Impact Parameter Dependence of Charge Transfer and Energy Loss 
J. R. Sabin 1 

Nonlinear Dynamical Response of the Electron Gas: Comparison of Some Simple Theories 
O. H. Crawford, J. J. Dorado, and F. Flores 8 

Stopping of Ultrarelativistic Ions in Solids (33.2-TeV 108Pb) 
S. Date, C. R. Vane, H. F. Krause, and E. R. Deveney 14 

Collective Excitation in Reduced Dimensionality 
B.-O. Kim and W. Plummer 21 

Collective States in Atoms and Cluster 
R. N. Compton 27 

Plasmon Coupling with External Probes 
R. H. Ritchie 32 

Atomic Collisions with Antiprotons 
H. Knudsen 38 

Layer-Number Scaling in Ultra-Thin Film Stopping and Energetics 
S. B. Trickey, S. P. Apell, and J. R. Sabin 48 

Atom-Surface Scattering under Classical Conditions 
J. R. Manson and A. Muis 57 

Nonlinear Effect of Sweeping-Out Electrons in Stopping Power and Electron 
Emission in Cluster Impacts 

E. Parilis 67 

Electron Emission from Fast Grazing Collisions of Ions with Silicon Surfaces 
S. B. Elston 75 

Electron Emission from Ultra-Thin Carbon Foils by kiV Ions 
S. M. Ritzau andR. A. Baragiola 79 

iii 



Auger Rates for Highly Charged Ions in Metals 
P. M. Echenique, R. D. Muino, and A. Arnau 85 

Auger and Plasmon Assisted Neutralization at Surfaces 
R. A. Baragiola and C. Dukes 92 

Low Energy (< 5 eV) F + and F* Ions Transmission through Condensed Layers 
of Water: Enhancement and Attenuation Processes 

M. Adbulut and T. E. Madey 97 

Charge Transfer for H Interacting with Al: Atomic Levels and Linewidths 
F. Flores, J. Meriro, F. J. Garcia-Vidal, N. Lorente, and R. Monread 103 

Scattered Projectile Angular and Charge State Distributions for Grazing Collisions 
of Multicharged Ions with Metal and Insulator Single Crystal Targets 

Q. Yan and F. Meyer 110 

The Prolate Hyperboloidat Model in Scanning Probe Microscopy 
T. L. Ferrell, R. H. Ritchie, and J.-P. Goudonnet 116 

Scanning Probe Microscopy of Large Biomolecules 
R. J. Warmack, D. P. Allison, I. Lee, T. Thundat, and P. Kerper 121 

Microcantilever Sensors 
T. Thundat, P. I. Oden, P. G. Dasktos, G. Y. Chen, and R. J. Warmack 125 

Solution of the Fokker-Planck Equation for Electron Transport using Analytic 
Spatial Moments 

J. C. Garth 132 

Effective Charge Parametrization for z = 3-17 Projectiles in Composite Targets 
L. E. Porter 138 

IV 



THE 16TH WERNER BRANDT CONFERENCE 
ON THE PENETRATION OF CHARGED PARTICLES IN MATTER 

Introduction and Overview 

It is in order to make a short sketch of the origin and philosophy of these workshops. The first 
was held at New York University in 1977, organized and inspired by our late colleague, Werner 
Brandt, who was Professor of Physics and Head of the Radiation Physics Laboratory there. 

Werner was the driving force in the first and subsequent meetings until his untimely death. He 
recognized the need for small and informal workshops in the community of workers concerned 
with the interaction of charged particles in matter. Since physical problems in this broad area 
often involve interdisciplinary expertise, it was expected that participants would be drawn from 
many different institutions and branches of knowledge and that smalkiess and informality would 
be essential for success in such gatherings. He emphasized that the main goal of such meetings 
should be to arrive at some sense of current problems, not merely to repeat results that have 
already been published. 

In particular, all participants were encouraged to contemplate beforehand how their knowledge 
•and scientific needs would relate to modern problems in penetration physics so that the workshops 
could address some of the outstanding questions of recent research. In a real sense, Werner here 
began a new mode of information exchange that involved timely and exciting discussions, required 
minimal effort by participants through the issuance of very informal summary reports, and 
included active workers with a broad spectrum of viewpoints. It has been a rare privilege for us 
to continue these workshops in Werner's honor and, in the tradition begun so ably by him, to 
attempt to convey through them the fascination to be found in research on charged particle 
penetration phenomena. 

A list of past Workshops and their venues follows: 

1977 - Wake Phenomena - New York University 
1978 - Current Stopping Power Problems - New York University 
1979 - Low-Energy Particles - New York University 
1980 - Matter Under Extreme Conditions - New York University 
1981 - Exotic Projectiles - New York University 
1982 - Dynamic Screening and Effective Charge - Honolulu 
1983 - Properties of Ion-Induced Tracks in Matter - Oak Ridge National Laboratory 
1984 - Inelastic Near-Surface Interactions - Oak Ridge National Laboratory 
1985 - Photon Emission from Irradiated Solids - Oak Ridge National Laboratory 
1986/87 - Dynamic Interactions of Probes with Condensed Matter - University of 

Alicante, Alicante, Spain 
1988 - Charged Particle Penetration Phenomena - Oak Ridge National Laboratory 
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1989 - The Penetration of Charged Particles in Matter - University of 
the Basque Country 

1990 - The Interaction of Charged Particles in Matter - Nara Women's 
University, Japan 

1992 - Charged Particle Penetration Phenomena - Oak Ridge National 
Laboratory 

1994 - Charged Particle Penetration Phenomena - University of Florida 

The present Proceedings represents a wide spectrum of topics, but the freshness and 
interest of contributions to this Workshop more than compensate for the broadness of the 
coverage. The stimulation and excitement of exposure to the research of workers in other areas 
has led to interactions that may be important for the future. 

The local committee, consisting of Oakley Crawford and Bob Hamm, ably assisted by Sue 
Ayers, organized the conference with admirable efficiency, despite many other concurrent 
activities. The "blizzard of the century" hit Oak Ridge just before the Workshop was to begin, 
covering the city with several inches of snow and with temperatures in the 20's (F). Despite this 
hurdle, and with several late arrivals, the Workshop concluded on time and succeeded in the goal 
of allowing for informal and interesting discussions among the attendees. 

Whence is it that nature does nothing in vain; and whence arises all the 
order and beauty that we see in the world?...I. Newton 

Supporting basic research is like stockpiling gold in Fort 
Knox...W. Brandt 

Tho Organiring (YumnilHw 
J. C. Ashley P. M. Echenique A. Gias-Marti 
G. J. Basbas F. Flores R. N. Hamm 
O. H. Crawford 

R. H. Ritchie 
J. R. Sabin 
J. E. Turner 
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Projectile Charge 

,<*+ 

q = q(v,ZuZ2,p,....t) 

c.f. e.g. Betz: RMP 44, 465 (1972) 

(1) 

Semi-Empirical Effective Charge 

dE AtrZfZje* f, 2mv2 C{v) 
dx mv2 

f. 2mv2 » 
Zi 

• + Z1L1 + 
(2) 

Betz: Phys. Lett. 22, 643 (1966) 

Nikolaev & Dimitriev: Phys. Lett. 28A, 277 (1978) 

1 _ exp --9=55" q = Z\ 

Pierce & Blann: PR 173, 390 (1968) 
zii *», 

• Brandt & Kitagawa: PRB 25, 5631 (1982) 



Another Approach 
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Desiderata 

We require a method that* 

• can treat both the low (vT < «o) and high (vr > «o) 
projectile energy regimes 

• can treat various types of projectiles (atoms, 
molecules, clusters) and targets 

• treats all types of events equivalent^: excitation, 
charge & energy exchange (chemical reaction), (ion
ization) 

• does not require a different set of approximations for 
each energy regime, set of initial conditions or set of 
projectile/target pairs . 

• can (in principle!) return energy loss, straggling, 
charge state distributions, cross sections, etc. 

ENDyne 
Ofa». rnini.i, DH 

BCT » , 4S54 OWJfc KT ML 39»9 {IW. KMP «i. 917 (I»«>1 

1. solves the time dependent Schrddinger equation for all 
nuclei and electrons in the problem 

2. employs the time dependent variational principle 

3. the system of differential equations takes the form of a 
classical Hamiltonian system 

4. the set of parameters of the wavefunction is minimal 
(i.e. nonredundant) and divides naturally into canonical 
coordinates and conjugate momenta 

5. the parameters form a generalized phase space with a 
generalized Poisson bracket 

6. the energy denned as the expectation value of the 
Hamiltonian becomes the Hamiltonian function for the 
dynamics in this generalized phase space 

7. the fundamental conservation laws (e.g. of total mo
mentum, and angular momentum) are obeyed 
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Sketchy details 
Deumens et at, RMP 66, 917 (1994) 

1. use a coherent state parametrization of the spin unre
stricted single determinant electronic wave function; the 
Thouless representation 

\z) = exp 
K-N N 

E E ^ Lp=l fc=l 
|0>, 

2. the reference determinant 

|0> = f[bi\vac), 

(4) 

(5) 
A=l 

being the lowest weight state of the irreducible repre
sentation (1^, 0*-^) of the unitary group U(K) 

3. electron field operators 6,- and their adjoints produce 
the generators b\bj of U(K) 

4. complex parameters [zVh) constitute the appropriate la
bels of the family of single determinantal wave func
tions on the single-particle basis 

5. the parameter space transformation z —> z to a basis of 
nonorthogonal atomic orbitals centered on the moving 
atomic nuclei (and ionized electrons) 

6. for a classical description of the nuclei in terras of 
coordinates R and momenta P, start with the Lagrangian 

(6) 
{Mh \ Jt " Tt ) ~ n^d)/{Al\M 

then the TDVP yields the dynamical equations 

fiC 0 iCR 0 \ / 
0 -iC -iC'R 0 I [ 

icl -,-cj CRR -I)\R 
< 0 0 / 0 / \P, 

/8E/dz'\ 
dE/dz 
dE/dR 

\dE/dP J 
U) 

a. curved phase space 
b. no electron translation factors 

i ft 

J 
! • 

7. in more detail 

Pk + 2 Im Cnj - £ C**a£t - ~ V R » £ (8) 
i 

where 

CR = 

CRR - -21m-

&\*S{.z\R,z,R') 
dz*dR' l«-=* 

g2ln5(g%jR,i,jy) | 
aiia«' I f f-* 

(9) 

(10) 

8. overlap of the determinantal states of two different 
nuclear configurations 

S(z',R,z,R')=det{(r S t ) A p ) } (11) 

where I' is the NxN unit matrix and A the metric of the 
nuclear coordinate dependent atomic spin orbital basis 

Computational Details 

1. single determinantal "supermolecule" description 

2. classical nuclei 

3. basis follows nuclei 

4. Small bases 
He basis: (2s, lp) unconnected 

6-31G** from Gaussian-88 

Ne basis: (7s,4p) -» [3s,2p] 
from Schafer - JCP 97, 2571 (1992) 



The Calculation 
Preliminary results! 

10k»VM«*-»N«(STP) 

1. assume binary encounters 

Z choose an incident velocity 

3. choose an initial charge state: q 

4. choose a set of impact parameters (b|) 

5. for each pair {bi, q) solve the dynamical equations 

a. new charge 
b. new velocity (energy loss) 

6. determine energy loss and its components 

7. detennine final charge state probability 
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Summary 

1. We employ a method which starts from the time de-
pendent Scbrodinger equation rather than a Bom series. 
Results thus contain all the Bom terms. 

2 . Charge and energy (Ed & En) are calculated explicidy 
along the trajectory, so effective charge concepts are 
avoided. 

3. Electron and nuclear dynamics are treated explicitly, so 
nuclear stopping is included in the treatment 

4. Charge changing at fixed eneigy as a function of b 
reflects the electronic structure of both projectile and 
target. 

5. Projectile picks up charge only at small (< ~ 2 J a.u.) 
impact parameters. 

6. Electronic structure is also evident in the projectile 
energy loss as a function of b. 

7. Ed/En depends on & as well as on Eynj. 

8. Eproj can increase under certain circumstances. 
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Nonlinear Dynamical Response of the Electron Gas: 
Comparison of Some Simple Theories 

Oakley H. Crawford 0, Jose J. Dorado b , Fernando Flores b 

a Health Sciences Research Division, 'Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, 
USA b Departamento de Ffsica de la Materia Condensada CJQI, Facultad de Ciencias, Universidad Autdnoma 

de Madrid, E-28049 Madrid, Spain 

• Treatments of the e"gas dynamics 
Hydrodynamics (classical) 
Hartree 

- RPA 
Dielectric 

• Comparison of the above theories 
For e'gas 
For a "static gas" 

• Calculations for stopping 
Linear and quadratic response 

• Comparison of the above theories with TD DFT 

The submitted manuscript has been authored by a contractor of 
the U.S. Government under contract no DE-AC05-96OR22464. 

Accordingly, the U.S. Government retains a non exclusive, 
royalty-free license to publish or reproduce the published form of 

this contribution or allow other to do so, for U.S. Government Purposes. 

•Research was sponsored by the U.S. Department of Energy, Office of 
Health and Environmental Research with Lockheed Martin Energy Research 

Corporation, and by the Spanish CAICYT under Contract No. 92-0168C. 
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Average Energy Loss 
160 GeV/amuPb ions y = 170 

AE = Ax 
UvZ}tA 

mv' 
n e L 
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L = Ai | ~', •"" I - 1/2 + AL; AL = ? 
I *°P J 

-4L^ 

n • i » 111 m i i i 111 m > i i i » i 

Z=1 

Z=92 

i 1 1 1 1 i n ' * " * ' • * * ' • * * * * * ; 

0.001 0.010 0.100 1.000 10.000 100.00 
7 -1 

15 



\teth. in Phys. Res. B 90 (1994) 36-40 

0.S-

£ 0.5-
u 
05 
E O.i-

1 ' i • I ' i ' I i : i i i i i ! i 

985 MeV/u i 0 Ar 

780 MeV/u , 3 S Xe . 

10 20 30 iO 50 60 70 80 

Fig. 6. Stopping-power results for fully ionized heavy ions in 
solids compared with the reiatrvistic Bethe theory [20] (dashed 
lines) and a modified theory based on the exact Mott cross 

section (6] (solid lines). 

On the reiativiatic theory of stopping for heavy ions 

Jaaa Uadhara and Alia* H. San 
•V Ummnm, ,f Ammm. DKA 
(Octokar U, UM) 

Abstract 
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Collective excitation in reduced dimensionality 

Bong-Ok Kim and Ward Plummer 
The University of Tennessee and ORNL 

Abstract 
A clear and fundamental picture has been developed in the last few years of 

the nature of collective excitations at a surface, including the surface plasmon 
and the multipole mode[l,2]. We have attempted to transfer the basic concepts 
used to describe the surface modes to systems with reduced dimensionality. The 
direct correspondence of the surface plasmon dispersion and the size 
dependence of the Mie resonance in clusters [3] have been studied. The 
development of collective excitations in thin films is an on going project. For 
latter theoretical predictions have already been published [4,5]. Our experiments 
have combined photoyield measurements to pick up the multiple mode at q 11 =0 
and inelastic electron scattering to measure the dispersion. Theory predicts that 
for small q i j in a thin film the mode is predominately the multipole mode, which 
mixes with the true surface plasmon as qi i increases. At present our 
experimental data is not consistent with this picture. The basic inconsistencies 
will be described. 

I. Surface plasmon dispersion and Mie resonance frequency shift. 
A surface plasmon mode, the-best known normal mode at the surface of a 

metal, is a consequence of the requirement that the normal component of the 
displacement vector be continuous in passing across the interface between the 
vacuum and the metal [6]. Consequently, the energy of this mode is determined 
by the properties of the bulk, i.e., when £ = -1. If £ can be represented by a Drude 
equation £(u)) = 1 - C0 p

2 / CO2, (CD2 = 47ine2/m), then the energy of the surface 
plasmon is CDSp = C0p/V2. The dynamic response of the electrons at the surface 
affects the properties of the surface plasmon for q 11 » 0, such as the dispersion 
and line shape. In general, the properties of the normal modes at a surface are 
defined by the poles of the surface response function g(qi |,C0) = J dz exp(qz) 
8n(q 11 ,z,C0). For the small qi i limit, this response function can be expanded [7]. 

g(qi I/O) = [£(C0) - 1] [1+ qi j d((0) ] / [ £((0) + 1 - {£(0)) - 1} qi | d((0) ], 
where the function d((0) characterizes the surface response to the external field 
and is given by [7] d(C0) = j dz z 5n(z,C0) / J dz 5n(z,C0). Thus, d(C0) is the first 
moment of the induced charge and is a complex function of the frequency. If the 
dielectric response is given by the Drude formula, the surface plasmon 
dispersion is: CDsp = COsp ( q i i = 0 ) [ l - q n Red(COSp) /2] 
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For spherical geometry the classical solution to Maxwell's equation gives a 
normal mode (Mie resonance) at the frequency where e = -2, a result derived by 
Mie in 1908 [8]. For finite particle radii, deviations from this limit occur due to 
the spill-out of the charge into the vacuum. Apell and Ljungbert [9] were the first 
to show that this frequency shift is closely related to the linear dispersion of the 
surface plasmon at small q 11. While the simple metals show a red shift of the Mie 
resonance with decreasing radius[10] (just like the surface plasmon shifts initially 
downwards with increasing qi |), the size dependence for Ag particles exhibits a 
blue shift [11] (analogous to the positive dispersion of the Ag surface plasmon). 

Our study demonstrated that also in the case of Hg there is a remarkably 
close correspondence between the momentum dispersion of the surface plasmon 
and the cluster size dependence of the Mie resonance frequency shift [12]. This 
correspondence applies to both the normalized energies of these modes and their 
width. Fig. 1 shows the normalized energy and width of the surface plasmon 
and of the Mie resonance of Hg. The agreement between the cluster data and the 
surface plasmon dispersion is surprising, especially given the fact that existing 
theories are applicable for the comparison of surface plasmon at q » 0 and 
clusters where R -> °°. The similarities beyond this range need considerably more 
investigation, both experimentally and theoretically. The striking resemblance of 
these dispersions strongly suggests that the same physical processes govern the 
energy and width of the collective excitation in a spherical cluster and at a flat 
surface. This analogy seems to hold not only in the linear region (up to about 0.1 

o 

A) but also at larger values of q 11 or 1/R. 
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Fig. 1. A comparison of the normalized (a) energies and (b) line widths for the 
surface plasmon (circle) as a function of qi i [3], and clusters (square) as a function 
of 2/R [12]. Surface plasmon energies are normalized by 6.83 eV, and Mie 
resonance energies by 5.67 eV. 
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II. The surface collective modes growth in thin films. 

Besides surface plasmon, there is one more normal mode which is at the 
pole of the d(CO) function. Liebsch calculated the real and imaginary parts of 
d(CO) as a function of (0 for various electron densities using a Lang-Kohn ground 
state charge density profile and a time dependent local density scheme(TDLDA) 
for dynamic response [13]. For all these densities there is a common structure at 
about 0.8(0p, suggesting the existence of a resonance. This resonance gets 
stronger for higher r S / i.e. in a lower density metal. This resonance is called as 
multipole mode(MM). The term "multipole" here refers to the fact that this peak 
of the surface response function can be related to a pole in the complex frequency 
plane at which the density fluctuation has dipole character normal to the surface 
in contrast to the monopole character of the usual surface plasmon. Since it is 
new concept i.e. diffused surface charge, this mode doesn't have its classical 
analogy. 

15 -

1 0 -

3, 

- Mi 

2 i 

— • — r 

IM 
* * t/a 

0.0 0.1 0.2 

Fig. 2. (a) Im d(w) for K on Al at various coverage. The vertical dashes denote 
the work functions, (b) Calculated dispersion of electronic excitations for K 
overlayers on Al at various coverage. Solid curves: c = 2 ; dotted curves: c= l ; 
dash-dotted curves: c < 1 ; dashed curves: c =°°, i.e. dispersion of collective 
modes at clean K surface. The arrows indicate the work functions for c < 1. Inset: 
Dispersion of double-layer mode from local optics. [5]. 
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Liebsch also carried out a detailed calculation about the multipole mode 
dispersion for alkali-metal/Al system from submonolayer to thick film using 
TDLDA [5]. Fig. 2 shows the result of this calculation. Specially at bilayer, two 
overlayer collective modes are found at small q 11. One is a volume plasmon and 
the other is MM near 0 ) m ~ 0.8u)p. At larger qi \, these two modes undergo a 
transition towards the collective modes of clean alkali-metal surfaces: MM goes 
to usual surface plasmon of thick film, whereas the volume plasmon becomes 
MM of thick film. This transition completes near qi i = 1.5 where the interference 
between substrate-adsorbate and adsorbate-vacuum interface becomes less than 
5 %. Therefore as film grows, the transition point moves to smaller qi i. 

To study this transition and the characteristic of the collective mode, we set 
up photoyield experiment. Though both the surface plasmon mode and 
multipole mode can couple with electric field, only MM can couple with 
electromagnetic field on the smooth surface. Therefore optical experiment can 
distinguish the growth of MM from that of the surface plasmon. 

0.0 2.5 5.0 2 3 4 5 6 

Incident Energy(eV) Incident Energy(eV) 

Fig. 3. (a) Comparison between EEL spectra and photoyield spectra for thick K 
film at qn=0. (b)Photo yield spectra of K/AKlll) films for various film 
thickness. 

Fig. 3 and 4 show the photoyield spectra from K and Na films grown layer by 
layer in UHV. Fig. 3(a) clearly shows multipole mode pick-up by photon while 
electron excites all surface plasmon, MM and bulk plasmon. Fig. 3 (b) shows the 
peak energy shift from 3.5 eV(COp) to 3.2 eV(G)m) as film thickness increases. 
Unlike theoretical prediction, this transition occurs at rather thicker film than at 
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bilayer. At thin film, no peak at top was detected either. More disputable results 
came from Na/Al films (Fig. 4). Fig. 4(a) shows the peak observed in photoyield 
doesn't match with EEL Spectra. For this photo excited mode, no energy shifts 
was observed as a function of film thickness. Further study is on going to 
characterize the relation between these photo excited mode and electron excited 
modes and the dependence on the film quality. 

*—a 

1.0 2.0 3.0 4.0 5.0 

Energy Loss (eV) 

5min. 

3 4 5 
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Fig. 4. (a) Comparison between EEL spectra and photo yield spectra for thick Na 
film at qi |=0. (b) Photo yield spectra of Na/Al( l l l ) films for various film 
thickness at 110K. 
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Collective States in Atoms and Clusters 

by 

R. N. Compton 
Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37831-6125 

Presented at the 16th Werner Brandt Workshop 
on Charged Particle Penetration Phenomena 

" , we found theoretical evidence for the possibility of the occurrence of new resonances in atoms, 
which are difFerent in kind from single-particle type excitations. They mark the coherence of an atom 
as a whole." 
W. Brandt and S. Lundqvist, Physics Letters, 4,47 (1963); Phys. Rev. 132,2135 (1963) 

Abstract 

Recent experimental results on the excitation of "collective" states in molecules and clusters will be 
discussed. The large cross section for the production of multiply charged uranium and tungsten ions 
from uranium and tungsten hexaflouride is related to the previously known "giant resonances" in 
these molecules in the energy region of 15 eV. The ionization of fullerenes by light is found to be 
dominated by the presence of a plasmon at approximately 30 eV. Plasmon resonances in fullerenes 
and their derivatives are studied using electron spectroscopy for chemical analysis (ESCA). We 
discuss plasmon excitation of C^ and its endo- and exo-hedral derivatives. In addition we will present 
data on the attachment of electrons to C^ and postulate that a peak in the attachment cross section 
in the region of 4 to 5 eV could be due to a "plasmaron," the attachment to a plasmon. 

The submitted manuscript has been authored by Oak Ridge National Laboratory, Managed by 
Lockheed Martin Energy Research Corporation for the U.S. Department of Energy under 
contract number DE-AC05-96OR22464. Accordingly the U.S. Government retains a non

exclusive, royalty-free license to publish or reproduce the published form of this contribution, 
or allow others to do so, for U.S. Government purposes. 
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TOF Spectrum of Gas—Phase C_0 Ionized by a Nanosecond Pulsed-Laser 
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PLASMON COUPLING WITH EXTERNAL PROBES 
R. H. Ritchie 

Oak Ridge National Laboratory 
P. O. Box 2008 

Oak Ridge, Tennessee 37831-6123 
ekr@ornl.gov 

This is a progress report on a study of the coupling of charged particles and plasmons. 
Although much has been done experimentally and theoretically to illuminate this phenomenon [1-10], 
some aspects have not been fully explored. Here we work in the context of the relativistic response 
of a plane-bounded electron gas using the linearized hydrodynamic approximation. As appropriate 
to an informal workshop, the results given are preliminary and represent an ongoing inquiry into 
related phenomena. 

The subject at hand is relevant to many of the papers in this workshop series. In particular, 
questions about the relative importance of probe-bulk-plasmon coupling to probe-surface-plasmon 
coupling arise in experiment [11] and in theory [12,13]. In particular, it is often said that probes 
exterior to an electron gas can couple to surface plasmons, but not to volume plasmons. That this is 
not correct has been discussed in detail [14, 15]. Below we explore the implications of this using 
simple model systems, ignoring the wave properties of the probe, considering it to be a heavy ion with 
mass much greater than that of the electron. 

Baragiola and students [11] have studied the spectra of electrons emitted from metals, 
following Auger transitions, when bombarded by slow ions. Their data indicates that the bulk 
plasmon is importantly involved in the emission process, while one might expect that the surface 
plasmon would dominate in such experiments. 

Ekardt [12] and Babiker [13] have studied the form of the image potential of a stationary 
charge outside a metal foil using relativistic quantum theory to describe the collective electronic 
modes of the metal electrons. They both assumed that the response of the electrons is nondispersive, 
equivalent to the use of a local dielectric function. Their results are quite involved algebraically, and 
are found using rather different quantization schemes. Both of their results agree with classical image 
theory, giving, as expected, V^z„)= -Q2/4z„ for the image potential of a point charge Q located at 
distance z„ from the surface of the metal, as long as z,, is greater than a few A from the surface . But, 
surprisingly, they both find that in order to obtain this result volume plasmon modes must be invoked 
and that the contribution of these dominate that from surface plasmons at distances greater than c/wp, 
where wp is the bulk plasma frequency. The inferred importance of bulk plasmons is quite 
counterintuitive, since nonretarded bulk modes are thought not to couple with external charges in 
nondispersive media [7,14], and to couple only weakly when radiative effects are included [15]. In 
addition, Barton [16] has shown that in the nonrelativistic approximation, the bulk plasmon is most 
important close to the surface. 

A fresh look at the question of the relative importance of the SP and the VP in interactions 
of ions with surfaces can be made in the context of the hydrodynamical (HD) theory of the electron 
gas. This theory has a long history. One of its first manifestations was in a paper by Rayleigh [17], 
who was interested in explaining the H atom spectra. He assumed, following the then-current 
Thompson "plum pudding" model of the atom, that the nucleus is stationary and distributed uniformly 
over a spherical region, and so are the electrons, which in contrast are mobile and can execute 
oscillatory motion. Using the equation of continuity, the Euler equation of motion and Poisson's 
equation, he arrived at the expression for the bulk plasma frequency o>p = (47me2/m)'/j and the correct 
expression for the multipole spherical surface plasma eigenfrequency. Bloch and later, Jensen [18], 
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used the HD model to explore the energy absorption of a multi-electron atom, accounting for the 
dispersive properties of the HD gas, unlike the simple treatment given in [17]. See also Wheeler and 
Fireman [19], and the excellent review of applications to metal physics by Boardman [3]. 

A renaissance in the HD approach has occurred recently beginning with the work of Ying 
[20- 22]. He showed how to derive the HD equations as a quasi-static approximation to time-
dependent density functional (TDDF) theory. This results in improved HD equations in which appear 
an internal force that derives from the energy functional of DF theory. Single-particle properties 
appear in the result. More recent work on nonlinear properties of the HD model as manifested in the 
screening and energy loss of a charged particle in a uniform electron gas has been made by Arnau and 
Zaremba [24] and, very elegantly, by Crawford, Dorado and Flores [25, 26] 

Here we show some preliminary results using the improved HD equations and an extension 
to relativistic effects. 

Theory- The HD particle density n(r, t), and velocity v(r, t) are taken to be continuous 
quantities described by the continuity equation and the Euler's equation of motion in the 
nonrelativistic approximation, 

dt ' V ' 

dv ,_^ I ^L+(v-V)v=— - e £ - V ( — ) 
dt m 

bG, 
bn (2) 

and Poisson's equation for the electric field, 

V'E=-4nen(r,t). (3) 

Here G(n) is the energy functional. It may be taken from DF theory and contains the effects of 
exchange and correlation in the electron gas. Linearizing and using the Thomas-Fermi-Dirac-von 
Weiszacker approximation to G, one finds the following partial differential equation for the HD 
density 

2 

— +0)' n - P 2 V 2 « + - * 1 - V 4 « = - ^ pvy (4) 
a / 2 P 4 m 2 e K " 

where P is the hydrodynamical speed, and p e x t is the charge density of an externally imposed probe. 
One may show by Fourier transforming in r and t, that this HD density n(r,t) corresponds to a 
dielectric response function of the approximate "plasmon-pole" variety [22]. Thus collective aspects 
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are correctly represented for small momentum transfers to the electron gas, and for large transfers, 
single-particle effects are present, as well. 

Radiative effects may be described by introducing the Hertz vector II(r,t), related to the 
electromagnetic fields by 

(5) 

c 
(6) 

where Fourier representation in frequency is used. The function eu=l-o)p7 or. Then the equations 
for the HD density becomes 

V2-
G) 2-G>' 

P 2 

u)„ 
(7) 

and for the Hertz vector 

V 2+ £ ft 4ueB 2

r 7 ,_* 4ni r&t,^. n ( 0=-—^-Vw^r)- j (r) 
w 2 e u «*„ 

(8) 

It is understood that the Laplacian acts on the rectangular components of Il^in this equation. For 
simplicity we omit the von Weizsacker term here, although it is easily included. It should make little 
difference for the relatively small momenta important in the radiative regime. 

To emphasize the fart that the VP indeed exists outside of a dispersive medium that supports 
bulk plasmons, Fig. 1 compares the scalar electric potential due to VP's with two different wave 
numbers, q, perpendicular to the surface, and that due to a SP with the same wave number, K, 
parallel with the surface. The calculations were made using the hydrodynamical (HD) model with the 
static density of Al metal and with a step variation of density at the metal-vacuum interface. Both 
potentials are arbitrarily normalized but are made to have the same value at the surface, z=0. One 
sees that the extension of both potentials into vacuum is nearly the same, but that the VP has most 
of its existence in the metal. Figure 2 shows the energy loss per unit travel, in atomic units, of an ion 
proceeding outside of, and parallel with, the surface of the same metal, again in the HD 
approximation. The upper curve corresponds to losses to the SP and the lower one to the VP. All 
quantities are in a.u. Although losses to the SP certainly dominates, the VP is not negligible by any 
account. 

Figure 3 depicts the z-component of the electric field outside of the Al metal due to the VP 
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in the completely relativistic framework. It is plotted for two different values of q and shows that 
the VP indeed has an oscillatory field component for small enough values of wavenumber parallel 
with the surface. It is clear that K must have values iwjc in order that this to occur and that 
radiation from the VP occurs with small probability compared with its probability of decay by 
ordinary electronic processes. 

To illustrate the detail that can be obtained from the present approach, Fig. 4 shows the 
spectrum of losses in energy Q and momentum K predicted for a charged particle with velocity v=5 
normally incident on a metal slab with thickness of 5 a.u. and with density corresponding to rs =2. 
It is assumed that the intrinsic damping rate of the plasma modes is y = 0 1 a.u. Clearly seen are the 
two SP modes; the lowest-lying one is the nonradiative, tangential mode, while the next in increasing 
<o is the radiative one, beginning at top for K=0, initially decreasing and then increasing with increasing 
K. The loss to the VP also begins at <op for K=0 and increases monotonically. The loss line at the 
largest values of G>, is due to the confinement of the VP field in the dimension normal to the surfaces; 
it has been studied in optical experiments [7], but has not yet been resolved in EELS experiments. 

Figure 5 shows results using the fully relativistic HD formulation for the same configuration 
assumed for Fig. 4. Attention is confined to K ĉOp/c. The lowest-lying loss structure corresponds 
to the nonradiative SP mode and is not changed much from the data shown in Fig. 4. However, the 
radiative SP mode is split at the "light line" K =<O,/C. One branch lies always below the light line, 
while the other lies above it and corresponds to much smaller probability of excitation than the other 
branch. The small peaks along the low-lying radiative SP mode are fictitious and result from loss of 
numeric accuracy in the calculations. 

Conclusions. The interaction of swift charged particles with plasmon modes in plane-
bounded geometry are usefully studied in the HD approximation. Recent advances in HD theory 
promise interesting applications to such problems. Comparisons of results using HD theory will be 
made with those obtained using the specular reflection model [26]. We are working on quantization 
of the relativistic HD equations to compare with the results of Ekardt [11] and Babiker [12], who 
employed a local dielectric model of the metal. We plan to study the representation of non-abrupt 
surfaces, using the HD model, in order to evaluate the excitation of VP modes by external probes. 
These results will be used for comparison with the results of Baragiola and coworkers presented in 
[10] and in these proceedings. 

We thank Oakley Crawford and Raul Baragiola for helpful conversations in this connection. 

REFERENCES 
[I] Pines D 1953 Phys. Rev. 1953 92 626-
[2] See Boardman A D 1982 in Electronic Surface Modes, Ed. A D Boardman, (New York: Wiley) 

1-76 
[3] Celli V 1975 Surface Science Vol I, IAEA publication, 
[4] Dasgupta B B and Beck D E in Electronic Surface Modes, Ed. A D Boardman, (New York: 

Wiley) 77-118 
[5] Garcia-Moliner F and Flores F 1972 The Theory of Solid Surfaces Cambridge Univ. Press 
[6] Mahan G D 1974 in Elementary Excitations in Solids, Molecules and Atoms, Ed. Devreese J T 

NATO-ASIB2 93-
[7] Raether H 1980 "Excitation of Plasmons and Interband Transitions by Electrons" Springer 

Verlag v. 88, New York 
[8] Ritchie R H 1957 Phys. Rev. 106, 874-881 
[9] Stern E A and Ferrell R A 1960 Phys. Rev. 120 130 
[10] Baragiola R and Dukes C Phys. Rev. Letters, in press, 1996 
[II] W. Ekardt - Solid State Comm. 40, 273 (1981) 

35 



[12] M. Babiker - Physica 115B, 339, (1983) 
[13] Eguiluz A Phys. Rev. B19, 1689 (1979) and references therein 
[14] Barton GRepts. Prog. Phys. 42 965 (1979) 
[15] Ritchie R H and Eldridge H B Phys. Rev. 126, 1935-47 (1962) 
[16] Rayleigh L Phil. Mag. (6) 11 117 (1906) 
[17] Bloch F Z. Phys. 81 363 (1933); Helv. Phys. Acta. 1 358 (1934); Jensen H Z. Phys. 106 620 

(1937) 
[18] Ball, J A, Wheeler J A and Fireman E L Rev. Mod. Phys. 45 333 (1973) 
[19] Ying S C Nuovo Cimento 23B 270 (1974) 
[20] Eguiluz A, Ying S C, and Quinn J iPhys. Rev. Bl l 2118 (1975) 
[21] Eguiluz A and Quinn J J Phys. Rev. B14 1347 (1976) 
[22] Hedin L, and Sundqvist L Solid Stale Phys. 
[23] Arnau A and Zaremba E Nucl. lustrum. Meth. B90 32 (1994) 
[24] Crawford OH Dorado J J and Flores F Nucl. Instrum. Meth. B96 610 (1995) 
[25] Crawford OH Dorado J J and Flores F Nucl. Instrum. Meth. B93 175 (1994) 
[26] Ritchie RH and Marusak AL Surface Science 4, 234 (1966) 

Figure Captions 

1) A plot of the variation, with distance z from the surface, of the scalar electric potential due to a 
surface plasmon (SP) propagating along the surface of a metal with wavenumber K=0.638 a.u.. The 
potential is arbitrarily normalized, and the distance z is taken positive into the metal, and is expressed 
in a.u. The quantized hydrodynamic model is used. Also depicted is the variation with z of the scalar 
electric potential due to volume plasmons (VP) having K=0.638, and two different wavenumbers, 0.5 
and 1, in the direction perpendicular to the surface. Normalization is such that all three curves 
coincide at the surface. One sees that even though decay into vacuum with distance from the surface 
is comparable for the SP and the VP, the VP has most of its existence in the metal; in contrast, the 
SP is approximately equally divided between vacuum and metal. It is assumed that the metal has 
density corresponding to r, =2, approximately that of Al metal. Relativistic effects are neglected here. 

2) The scaled energy loss per unit path length, dW/dx, of a charged particle proceeding in vacuum 
at distance z from and parallel with the surface of a plane-bounded metal. All quantities are expressed 
in a.u. The upper curve represents loss to the SP field and the lower to the VP field. The particle is 
taken to have a velocity of 5 a.u. 

3) The variation of the electric field intensity due to a VP vs. distance from a metal surface for various 
values of K . The wavenumber q is taken to be 1.0, and all quantities are in a.u. The field becomes 
oscillatory for K<O),/C, and may extend to large distances from the surface. Again we take rs =2. The 
field is scaled arbitrarily for convenience in display. 

4) Representation of the loss spectrum of a charged particle as it depends on energy loss co, and 
momentum transfer K parallel with the surfaces, incident on a plane-bounded metal slab having 
thickness of 5 a.u. The nonrelativistic HD equations have been used and normalization of the 
excitation probability is arbitrary. 

5) Relativistic version of the same loss spectrum displayed in Fig. 4. Attention is confined to the 
region K "OJ/C, where radiative effects are quite marked. 
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Atomic Collisions with Antiprotons Atomic Collisions with Antiparticles 

• a decade with an antiproton beam at LEAR 

1986- 1996 
Collisions involving a few (but more than two) charged particles: 

PS 194 Collaboration at CERN: 

Aarhus University. Aarhus 
CERN. Geneva 
Paul Scherrer Institute. Zurich 
MSI. Stockholm 
UCL. London 
St. Patrick's College. Maynooth 

Helge Knudsen 
Institute of Physics and Astronomy 

Aarhus University 
DK 8000 Aarhus C 

Denmark 

16'th Werner Brandt Workshop on Charged 
Particle penetration Phenomena 

Oak Ridge Jan 8-9 1996 

Basic philosophy: In atomic collisions the interaction is precisely 
known, and therefore we can learn about the many-
body dynamics, and establish a test-bench for many-
body theory. 
(In particle- and nuclear physics, the pamcie-particie 
interaction is not precisely known) 

Method: p \ p , e*, e" projectiles: 

Change charge sign, keep same mass 
Change mass, keep same charge 

Antiproton Impact Measurements 
by PS 194: 

a) Single Ionization of atoms and Molecules: 
13 keV - 20 MeV 
H. He, Ne. Ar. Kr. Xe and H,. N , . 0 2 , CO. CO,. CH, 

b) Multiple ionization of atoms: 
13 keV - 20 MeV 
He2*. Ne'2'5'*. Ar1- 5 , \ Kr""*. Xe' 2"" 

c) Ionization with excitation of molecules: 
50 keV - 6 MeV 
eq: CO - O*. C*. CO**. O**. C** 

d) Stopping Power of antiprotons in solids: 
100 keV • 3 MeV 
Al, Si. Ti. Cu. Ag. Ta. and Au 

e) K - X - Ray production cross sections 
Ti. Ni. Ge. and Mo 

General Review : Knudsen and Reading Phys. Rep. 212 107 (92) 

Why Antiprotons ? 

1. High velocity, low charge - projectiles colliding with atoms: 

Perturbation theory. Bom series 

dynamics: Several interactions 

a = a, If + a, Zf + a, Z,' + 

t 
"spectroscopy of target" - one proj • target interaction 

Extraction of a, is much more accurate with Zp = — 1 data 
included. 

2. Various phenomena are quite unique to the case of slow, 
negative, heavy projectile impact. 

3. Availability of 
heavy, equal mass 
Z,, = -W-l 
projectiles: 

Only p* / p-

000t 001 01 J 10 tOQ E,IM*V 

0001 001 01 1 10 100 E.(h*v 
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PS 194 3 

Exp. Setup for Ionization measurements 

PS194 7 

Single Ionization 
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100 200 300 
TOF(ns) 
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Molecular 
adiabatic ionization 

Coulomb trajectory 
1. Bom 

or - Zp2 InV/V 

Experimental data for 
Single Ionization 

Single Ionization of Argon by Antiproton and Proton impact 
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Single Ionization Cross Sections 

- a comparison with theory 
for high/medium impact velocity 

Creation of a tree Electron trom Atomic Deuterium 

• Protons Shah + Gilbody uj H • 1.17 
O Protons Sh.EI + GU87) • 1.17 
• PS194 1951 "1.17 
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Slow proton on atomic hydrogen: 
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Slow antiproton on atomic hydrogen: The Fermi - Teller Mechanism: 

lOau 

ArmprottMi - Aiorrm: Hvuroaen ^vsicm 

R „ ~ - 1 : 

l.5au 

0.7au 

Electron Potential energy 
p+ p- Potential Energy 
Total Potential Energy 
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Krstic et al (1996) 
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Theories for high velocity impact 
Double Ionization of Helium: 

Theories for high velocity impact 
Double Ionization of Helium: 

F I M Forced Impulse Method 

Collision divided into short segments, during which 
electrons propagate independently At the end of each 
M'lMncnl. the system collapses hack onni a luiiy correlated 
eigensiuic. 

9s 9p and 9d target centered states. 

Ford and Readme J.Phvs.B27. 4215 (94) 

C T M C Classical Trajectory Monte Carlo Calculations 

Full inclusion of electron - electron force, but purely 
classical calculations. 

Olson Phys.RevA36.1519 (87) 

C o C a Correlation Calculations 

Includes an approximation to the e - e correllation 

Das and Malik Cond. Matter. Theory 11 (95) 

Proton/Antiproton imoact on He 

I . 
20 UM, • • * 
io r 
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COCA L)as + Malik 195) 
FIM Ford+Readine (94) 
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PS 194 
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Double Ionization of Heliun 
at low impact velocities: 

Theories for low velocity impact doubl 
ionization of Helium: 

Proton/Antiproton impact on He 

100 i i 
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1 
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Kinmra, SWmamors and laokoti 
Phy» Rev A R4281 (94): 

Semiciassical molecular state expansion method 
Coupled equations 
ISO - 250 different states 
Inclusion of charge - transfer in proton impact case 

Interpretation, antiproton impact: 

Single ionization governed by Fermi - Teller mechanism 

Double Ionization: 

Polarization — 

Decreased Binding • 

Increasede-e 
Interaction — 

Large o " 

"Double ionization is due to e - e Interaction" 
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Theories for low velocity impact doubl 
ionization of Helium: 

1001 

Proton/Aniiproion impact on He 
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Janev, Solov'ev and Jakimovski 
J. Phys. B28. L615 (95): 

Amiproton impact: 

Double ionization is a two step process: 

The electrons are removed sequentially at significantly different 
intemuclear distances, and the two steps are completely unconcea
led. 

I .step: 

2.step: 

Single ionization: Fermi - Teller 

Double ionization: 

o~ (He) = o*(He*) 

o ' (He*): Method of hidden crossings. 

1 Doable Ionization it not dut to « • • correllation" 

o.i 

0.01 

0.001 

Double ionization of He by Proton/Antiproton impact 
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IONIZATION + EXCITATION : 
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Conclusions: 

a) A substantial amount of data for antiproton ( and proton, 
electron,positron,..) impact ionization of atoms and molecules 
has been obtained during the lifetime of LEAR. 

b) The first challenge, the process of double ionization of helium 
at high velocity, is understood, and quantitative calculations 
agree with the experimental data. Great progress in the 
theoretical techniques for treating e-e correllation was obtai
ned. 

c) Double ionization (of Helium) at low (adiabatic) velocities is 
being considered by several theorists. The results agree with 
the exp. data, but their models are in conflict. The role of e - e 
correllation is under discussion. 

d) The basic mechanisms responsible for single ionization at high 
and medium impact velocities are understood, and some 
theoretical calculations are approaching a quantitative 
agreement with the exp. data for few - electron targets. 

e) The ionization at low (adiabatic) impact velocity for the atomic 
hydrogen target is basically understood, and recent calcula
tions agree with exp. data. The therorists should adress the He 
and H2 targets. 

f) The substabtial amount of exp. data for heavy atomic targets 
and for molecules are way beyond the present theoretical 
capability. 

47 



UNIVERSITY OF 
FLORIDA 

U T P PO Box 118435 
. — , ~ . . . . . . . . . . , « . Gainesville, FL 32611-8435 

An Institute for Theory and Computation in Molecular and Materials Sciences 352) 392-1597 
Fax: (352) 392-8722 

LAYER-NUMBER SCALING IN ULTRA-THIN FILM 
STOPPING AND ENERGETICS 

S. Peter APELL, John R. SABIN, and Samuel B. TRICKEY 
16th Werner Brandt Workshop, Oak Ridge TN 8-9 Jan. 1996 

Credits: 
• GTOFF (ex FILMS) - Jon Boettger (Los Alamos NL): also Uwe Birkenheuer 

and Notker Rosch (TU Miinchen) 
• FILMSSTOP - John R. Sabin, Jin-Zhong Wu (ex UF), Jens Oddershede 

(Odense), J.A. Nobel (Constellation Technologies, Inc.) 
• Support: US Army Office of Research 

References: 
• SPA, JRS, and SBT, Internat. J. Quantum Chem. S-29, 153 (1995) 
• JCB and SBT in Condensed Matter Theories — 11, E.V. Ludena and B. Malik, 

eds. (Nova Science Publishers, NY, in press) 
• SBT, JZW, and JRS, Nucl. Inst Meth B 93, 186 (1994) 

Outline: 
I. Motivation and Objectives (Slabs for Surfaces vs. UTF's per se; Discrete 

Thickness and Quantum Size Effects; Chemical Binding and Aggregation 
Effects) 

U. Methodology (DFT-LSDA, all-electron, full-potential; Kinetic Theory, Orbital 
Local Plasma Approximation) 

H[. Systems and Findings 
a. Stopping in Li Al UTF's 
b. 1/N Dependence of S(v) 
c. 1/N Dependence of Ecohesive and relation with Esurface 

d. Jellium Slab analysis 
IV. Principal Remaining Questions 
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Ultra-Thin Film Studies 

Motivations and Objectives 
Conventional perspective — Slabs wV-Layers with transiationai periodicity 

parallel to faces) as models of surfaces: "the thicker the better/' In practice, about 

-V > 11 

while the real samples are more like 

iV > 500 

Alternative perspective (ours) — UTFs as technological asymptote of the world 
of micro-electronics: "the thinner the better." UTF thickness is of order a few 
molecular bond lengths. Motivations for theory and calculations: 

• Not yet an experimental commonplace but just over the experimental 
horizon 

• Quantum interference effects (perhaps beneficial, perhaps harmful to tech
nological objectives) 

• Ordered system separation limit analogous with separated atom limit 
("delamination limit") 

• Materials specific behavior and chemistry differ from bulk crystals or 
their surfaces 

Objectives — 

• Predict trends (within sequences, between bonding types, without and 
with substrates,...) 

• Relate UTF trends to known properties of bulk crystals and cleaved 
crystalline surfaces 

Ultra-Thin Rim Studies 

Effects of Methodology on Choices 
Predicting trends and relating to crystals and surfaces means sticking with 

methods whose limitations we know and understand: 
• L(S)DA to DFT [Gradient Dependent Approximations not ready for 

"prime time" materials physics] 
n See 1995 Paris DFT Conference proceedings regarding LSDA vs GDA 

irregularities for crystalline Al and Si 
• In general for this kind of study — "Mas vale lo malo conocido que lo 

bueno por conocer" 
3 Non-relativistic (peculiar behavior in LSDA — see Paris proceedings; 

meaning of mixing HKS and Dirac Hamiltonians?) 
~ All-electron (core-valence orthogonality is technical point, but it is also the 

mechanism for understanding action in the valence by probing the core: 
surface core-level shifts, proton stopping cross section...); full potential 

Z "GTOFF" Code — Linear Combination of Gaussian-Type Orbitals with 
Fitting Functions, 2D (vacuum boundary conditions) and 3D (periodic 
boundary conditions) lattice systems, i.e., UTF's and crystals 
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Stopping Cross Section 
Definition and dimensionless stopping number: 

-Af-1 dE 
dx 

= S(v) = 

S(v) = 
47re% 2 Z 2 

TT12V2 m 
M = material density 
Z\ — projectile charge 
m2 = target mass 

Shellwise decomposition (physics, chemistry!): 

L(v) = £ Lk(v) . 
k 

Kinetic theory transformation: 

Lk(v) = [dv2 pk(v2) L°k(\v-v2\) f'}*~^f]v 
J \V — V2\ 

for 7721 > > m 2 

Bethe stopping with cutoff for approximate Lj(v): 

4(v) = f2ln(^)e(v-ak) 

ak = (Ik/2m2)? 
u)k oc occupation number 
Ik = mean excitation energy, shell k 

Orbital Local Plasma Approximation: 

In Ik « — / d?rnk(r)ln [h(A-Ke2n(r)/m2Y 
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stopping cross a ecu on Linearity in I /N 
For a large but finite sample composed of N atomic layers: 

S(l/N,v) = S(Q,v) + Y,~ 8 J S ' 
3- 8(1/N)3 w=<* 

Calculations give 

S(l,v) ? S(Q,v) 
near v = Vmax 

so correction sum is significant for small N. 
N » 1 ==> 

S(l/N,v) = S(Q,v) + ±S3urf{v) 

with Ss1lTf(v) the leading surface contribution. 
For UTF's, calculated stopping cross sections for fully relaxed Li (1 < N < 4), 

unrelaxed diamond(l < N < 4), and relaxed graphite (N = 1,2) fit well by 

S{l/N,v) = S(Q,v) + ±SL{v) 

Fitted coefficients: next page. 
For Li near 

v^Vmax 

with only ±6% error bars on each quantity. 
1/N dependence can't be the Bragg rule because it is a weak binding approxi

mation: 
S{N,v) « -[NS{l,v) + Sinteraction(v)) 

= 5(1, v) + ^ S j n t e r o c t i 0 n ( u ) 

v (a.u.) diamond 
SL(V) 5(0, v) 

2.00 5.03 12.00 
2.50 2.95 11.57 
3.00 1.91 10.31 
5.00 0.74 6.00 
6.63 0.41 4.26 

graphite 
SL(v) 
-0.02 

0.00 

5(0, v) 
12.75 

4.29 

Table 1 Fitted slope and intercept for stopping cross section (crass section units are lCr" 
eV cnr/atom) in tmrelaied diamond (N • 1-4) and relaxed graphite UTF's (N • 1.2). 

Li UTF's 
v (a.u.) SL(v) 5(0, v) 

1.25 2.32 13.00 
1.50 1.52 11.69 
1.75 1.11 10.53 
2.50 0.53 7.95 
4.00 0.21 5.05 
6.00 0.09 3.02 

Table 2 As in preceding tabic tor relaxed Li LTF's (N=l—I). 
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Ecohesive Linearity in 1/N 
For a large but finite iV-layer, Gay et al. pointed out that 

Ecceli(N) = NEC:CTy3tai + 2E,urf 

ECMu{N) ~ cohesive energy per slab unit cell 
Eccrystai = crystalline cohesive energy 
EsnTj = surface energy 

Obviously the iV-layer cohesive energy EC(N) (for a monatomic surface unit cell) 
follows: 

EC(N) = {l/lTjE^uiN) = Ec^stai + 2E3rtrf/N 

Generalize for small N relaxation effects: 

with 

and Emrf = £\/2 for sufficiently large but finite AT. 

Conditions for linear (1/N) dependence in UTFs: Either 
1. Relaxation effects leave EC{N) unshifted with respect to the unrelaxed 

values; or 
2. the UTFs are treated at crystalline geometries 

Li UTP's: 
The relaxed and unrelaxed cohesive energies differ at most by 0.01 eV/atom (low 
bulk modulus material). Calculated energies fit 

EctWvEo + jjS! 

with 
£o = -1-67 eV/atom, £x = 0.57 eV 

Excellent agreement with measured values of Ec, ESVTf(= £i/2). 

Unrelaxed Diamond UTF's: 
Unpublished cohesive energies =>• 

So = -8.385 eV/atom, £x = 6.495 eV 

Highly unphysical unreconstructed surfaces =» unphysical £\. 
LDA overbinding in bulk diamond (Chelikowsky & Louie): 

Ec,cryatal = -8.02 eV/atom 

The 0.35 eV/atom discrepancy: unoptimized LCGTO-FF fitting basis causes spu
rious extra binding. 

Unrelaxed Al UTF's: 
Virtually perfect fit with 

£0 = -4.08 eV/atom. £x = 1.00 eV 

The former value is exactly the crystalline cohesive energy found in our recent 
LCGTO-FF calculation which used the same LDA. 
The latter value is twice the published experimental surface energy. 
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The extremely high quality of predicted values of E3urf = £\/2 suggests a simple 
extension of the reasoning of Boettger. He argued that the incremental energy (the 
difference in cohesive energy per film cell) 

Einc(N) = E?l{N) - Ef\N - 1) 
= NEC{N) -(N- 1)EC(N - 1) 

is the best consistent estimator (in the sense of avoiding inter-calculation accumu
lation of error) of the crystalline binding energy obtainable from a series of UTF 
calculations. 
Consider .o 

00 (<° CO 

From fitting with N > 3, the leading terms are 

1 
Einc(N) « £0- N(N -1) 

^c,cry3tal 

£2 

New suggestion: Improve calculation of Es by using fitted So instead of £ t n c as 
consistent estimator of ECjCry3tai. 

Jellium Stopping Cross Section Linearity in Thickness (1/N) 
Local Plasma Approximation (Bethe; Kramers; Lindhard and ScharfE) 

dE AnZh* , r 2mv 2 . 
- - 5 - = —-^-pln{— ax mvz rujj-a 

dE = 4xZfZ2e*fzrl 

dx mv* 

"?M = 
47re2p(r) 

m 
Projectile incident on Jellium slab from left: 

n(z) = p{z)/pB 

P(Z) = PB z> D 

r-ca 
I dz[p(z) - pBQ{z - d)} = 0 

Jo 
rD 

/ dz[n{z) - B{z - d)] = 0 
Jo 
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Now calculate energy loss for penetration to L: 

dE 
dz-

rZieujp{z)i2 r 2mv 
In 

v 

2 , 

hup(z)} 

E(L) = / 
Jo 

/Z1eupB\2 
dz\ 

0 V v 
L 

n(z)ln 2mv* 
ihupBn^2(z)l 

= J dzSo(v)n(z)lln T ~ ^ - | - - J n [ n ( z ) ] | 

= [ dzSB(v)[l+{n{z)-l)]-^S0{v) J dz n(z)ln[n{z)] 

= SB(V)(L - d) ~ D [ ^ ] £ dz n{z)ln[n(z)} 

= SB(v)(L - d) + DSmTf(v) 
For reasonably thick film and projectile exit at thickness L, double the surface 
term to get 

E(L) 2DC . 
L-d L-d 

Notes: 

• (L — d) is nominal thickness; ignores the 2d selvage part of the electron 
density. 

• In a real film, (L — d) oc N the number of layers. 
• D is chemically specific 

1/N Dependencies 

Principal Remaining Questions 
\2 Is there an explicit, formally derivable connection between the 1/N de

pendence of Ec and SI 
Z Is the closely related 1/N dependence we have found really physical or 

simply a manifestation of consistent use of LSDA models throughout the 
treatment? 
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Abstract 

Classical limit, expressions of the differential reflection coefficient for atomic-like 
projectiles scattering from a surface are compared with recent experiments for the 
scattering of 200 eV N a + ions from Cu(001). Good agreement with the experiment 
and with previous theoretical calculations for the temperature dependence of the peak 
widths are obtained. The calculations suggest that further comparisons with the scat
tered lobes will produce important information about the projectile interaction and 
about vibrational correlations at the surface. 

The surface scattering of atomic projectiles under quantum mechanical conditions, 
and particularly the scattering of He, is an experimental tool which has produced extensive 
information on surface dynamics and on the atom-surface interaction [1 , 2]. Far fewer experiments 
have been carried out under the classical conditions for vibrational energy transfer which consist 
of large projectile masses, high incident energies and large surface temperatures [3, 4, 5, 6]. Under 
such conditions the scattering problem becomes very complex and involves the exchange of many 
phonon quanta. Additionally, at high energies thresholds for the appearance of new quantum 
processes are crossed and such events as atomic electronic excitations of either the projectile 
or the crystal cores become possible. An understanding of energy and momentum exchange in 
the classical regime is very important for establishing the interaction potentials and the crystal 
dynamics at these energies, and is also necessary for an understanding of macroscopic physical 
processes at gas-surface interfaces such as energy accommodation, sticking and drag and lift 
forces. 

57 



Recently, a very interesting classical regime experiment has been reported for high 
resolution, energy-resolved scattering intensities of N a + ions with energies of several hundred eV 
from a Cu(OOl) surface [7]. Of the several features observed in the spectra, one was identified as a 
peak due to single scattering events, and the widths of this peak as a function of temperature and 
polar scattering angle were explained quite well with recently developed semiclassical scattering 
theories taken in the classical limit [8, 9]. Under the conditions of this experiment, approximately 
half or more of the incident Na"1" translational kinetic energy was deposited in the crystal surface 
by the projectiles in the backscattered intensity. Theoretical comparisons were also made with 
the semiclassical trajectory approximation (TA), in which the incident and scattered momenta are 
assumed to have nearly the same magnitude, and this approximation was found to fail completely 
for these high translational energy loss experiments. 

The purpose of this paper is to compare these recent measurements with the complete 
classical theory for the scattering intensity which is obtained from the quantum multiphonon 
calculations in the correspondence limit. In addition to reproducing the global width features 
of the measured intensities, this theory makes predictions of the angular and energy dependent 
shapes of the scattered intensity lobes which indicate that further comparison with experiment 
can give important information on surface interactions and vibrational correlations. 

Most quantum mechanical treatments of the inelastic exchange of vibrational energy 
in atom-surface collisions begin by describing the system in terms of a Hamiltonian of the form 

H = Hc

0 + Hi + V , (1) 

where H£ is the unperturbed crystal Hamiltonian, Hi is the unperturbed Hamiltonian of the 
projectile and V is the interaction potential coupling the two. The potential V is then expanded 
in terms of the small crystal displacements 

V = V0 + Vt + ••• . (2) 

The zeroth order term describes purely elastic scattering, and the first order term is linear in the 
crystal displacements. Neglecting higher order terms in the displacement leaves the problem in 
the form of a general linear forced oscillator. Higher order terms in Eq. (2) become unimportant 
in the classical limit [10, 11, 12, 13] and they have also been shown to be of little importance 
even for typical He-scattering systems at low energies [14]. 

The classical scattering limit for such a system can be obtained in the correspondence 
limit of large numbers of quanta transferred, and is effectively independent of the vibrational 
spectrum of the surface. The essential approximations necessary for passing to the classical limit 
are: l ) to retain only classically allowed trajectories; 2) the collision time is taken to be short 
compared to all phonon vibrational periods of the crystal (which implicitly requires initial and 
final projectile energies much greater than IZBQD, where QD is the Debye temperature and kB 

is Boltzmann's constant); and 3) in order to eliminate quantum effects of the crystal motion, 
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Ts >> QD where Ts is the surface temperature. (In actual practice this latter condition is almost 
always satisfied if Ts > ©o/2 . ) This third condition is not necessary for obtaining a closed-form 
solution, and in fact low temperature quantum behavior of the lattice can be readily included 
and is in principle observable in the peak intensities and widths as Ts —• 0 even with high energy 
projectiles [8, 15]. 

There are two distinct limiting cases for classical scattering, from a surface of discrete 
scattering centers or from a continuum surface. For scattering from a surface made up of a 
collection of discrete scattering centers the result, as expressed in terms of the experimentally 
measurable differential reflection coefficient, has the following form [10, 13] 

dR __ m2lp,l gf rr y/a p f [AE + AErf\ 
dQfdEj 87r 3 / iW KAE0kBTsJ 6 X P \ 4kBTsAE0 J [ ) 

where AE = Ej — Ef is the difference between the final and initial projectile energies, the 
momentum pq of a particle in state q is divided into components parallel and perpendicular to 
the surface, respectively, according to pq = (Pq,pqz), | T / ; | 2 is the scattering form factor of a unit 
cell, and rn is the atomic mass. A£<) = ( p ; — p,;)2/2Af (,, where Mc is the crystal mass, is an 
energy shift, essentially the recoil term arising from the quantum mechanical zero point motion. 
Although Eq. (4) appears Gaussian-like in AE + AEo, the energy dependence of AE0 can give 
rise to highly asymmetric peak shapes, for example under conditions in which EPj » Ef [16], 

In the limiting case of classical scattering from a continuum surface the differential 
reflection coefficient takes on the slightly more complicated form [11, 12, 17]: 

dR _ m V R | P / | . / n \W f (AE + AEQ)2 + 2v%P2 

dnfdEf 47T-%2pl2Su.c.Tftl \AE0kBTs) e x p [ 4kBTsAE0 

where P is the parallel momentum exchange P = P ; — P j , Su,c, is the area of a surface unit 
cell, and VR is a weighted average of sound velocities parallel to the surface [11] and the term 
in the Gaussian-like exponent involving VR arises from scattering from vibrational correlations at 
the surface. 

Both Eqs. (3) and (4) are descriptions in the recoil limit, in which the energy exchange 
is mechanical and due to recoil of the surface. Relaxation of the recoil energy of the surface 
atoms into the crystal phonon field occurs only after the collision is finished. Hence the surface 
temperature dependence in Eqs. (3) and (4) arises solely from the mean square displacement 
of the surface before the collision. This holds true even for temperatures sufficiently high that 
surface anharmonicity is induced, in which case T<? would be replaced by a power series in T$ 
beginning with the linear term. 

It is interesting to note that Eqs. (3) and (4) are derived from trajectory calculations 
which is an inherent property of all classical calculations, but they use trajectories beginning with 
the projectile initially having momentum PJ and after collision ending in momentum p / . This 
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Figure 1: Energy resolved intensity spectra plotted as a function of final particle energy for 
201.2 eV N a + scattered from Cu(001)< 100 > for four different surface temperatures with 
Oi = 0j = 45°. The solid lines are the experimental measurements [7] and the dashed lines 
are the calculations of Eq. (3). 

marks the distinction with the usual semiclassical TA in which the magnitudes pi and p/ are taken 
to be the same. Thus at high incident energies and for comparably sized projectile and target 
masses where the recoil can be significant, the TA can produce very poor estimates for AEQ and 
can lead to results quite different from those of the exact classical expressions. 

Figure 1 shows a set of measured energy-resolved intensity spectra taken at four 
different surface temperatures for 201 eV N a + incident at 0i = 0f = 45° on Cu(001)< 100 > [7]. 
Three distinct peaks are observed in each of the spectra, the peak at the smallest value of E* 
is due to single scattering of the Na with the surface and is the peak of interest here. The two 
smaller peaks at larger Epj have been identified as arising from multiple scattering [7, 19], and 
are not of interest for the present considerations. The dashed lines in Fig. 1 are the calculations 
of Eq. (3), and the agreement with the data is surprisingly good for a theory with no adjustable 

I, Data:,DiRubioetal.. 
j Calculations: A. Mui: 
i ' _ . . . . . 

60 



parameters. The calculated peak positions agree with the measured positions to within 4% and 
the calculated widths, although smaller than the measured widths, show a similar increase with 
Ts. 

The calculated peak position is very nearly given by the zero of the argument of the 
exponential in Eq. (3), Epj = Ef — AE0. This is the classical recoil expression which assumes 
that the impulse momentum is deposited in a single crystal atom and can be expressed, in terms 
of the total scattering angle 0 = ir - 0; - 0, and the reduced mass y. = m/Mc, as Ep = f{9)Ef 
where 

m = ^i-,,wa+,^y (5) 

This equation shows that the peak position is very sensitive to both projectile and surface mass, 
even to the extent of being isotope dependent, e.g., a change of the mass of either Cu or Na by 
1 amu will cause a 1% or 3% shift in the calculated peak positions, respectively. 

The form factor was chosen as a constant, implying uniform weighting in all directions. 
However, at these high energies the calculations do not make an appreciable distinction between, 
for example, a constant form factor and the semiclassical hard wall l imit given by r^ = 2pfzpiz/m. 
Similarly, oftentimes important questions in other time-of-flight experiments such as the difference 
between intensities measured by a density or a flux detector, namely a factor of pj, do not have 
an appreciable effect at these energies. 

The widths of the calculated peaks increase with Ts as do the measured widths, but 
at all temperatures the measured widths are larger by the same constant value. It is immediately 
evident from Eq. (4) that the width of the differential reflection coefficient will be very nearly 
proportional to y/Ts. In Ref. [7], careful measurements were made of the widths between Ts = 
141 K and 970 K and, expressed in terms of the second moment of the intensity about the 
mean < AE2 > , they were very closely fitted by the linear function < AE2 > = A + 2g(ir - 0* — 
9f)E?kBTs with A « 8 eV2 and g(0) = 0.291 ± 0.020 for 6f = 45°. Ref. [7] also measured the 
slope g(0) as a function of final scattered angle Of for the same fixed initial conditions (0j = 45° 
and Ef = 201.2 eV) as in Fig. (1). Their theoretical calculations for < AE2 > gave A = 0 and 
thus do not predict the temperature independent part of the width, however, they agree quite 
well with the measured slope g(9). Equation (3) produces identical results for the calculated 
widths. 

Clearly the temperature and angular dependence of the peak widths is well explained 
by the parameter free theory, either by the expression of Eq. (3) above or by the classical theory 
utilized in Ref. [7]. However, it is of interest to examine whether Eq. (4) gives a better description 
than Eq. (3) for this system. Equation (3) is clearly appropriate for projectiles which interact 
weakly with the crystal atom cores, such as in neutron scattering [10], and the intensity given by 
Eq. (3) appears mostly in the forward direction. Equation (4), on the other hand, because of the 
additional dependence on the parallel momentum transfer caused by the repulsive surface, gives 
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Figure 2: Energy resolved intensity spectra as in Fig. 1 for 201.2 eV Na + scattered from 
Cu(001)< 100 > for four different surface temperatures with 0j = 0/ = 45°. The solid 
lines are the experimental measurements and the dashed lines are the calculations of the 
continuum model of Eq. (4). 
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well defined lobes backscattered above the surface. Eq. (4) has been demonstrated to be the 
correct form for He scattering at incident energies below 1 e.V through direct measurements of the 

— 3/2 
characteristic Ts ' temperature dependence of the maximum multiphonon peak intensity [20]. 

Figure 2 shows the same results as Fig. 1 except that now the calculations are done 
with Eq. (4). The average surface phonon velocity parameter was chosen as vR = 1700 m/s 
in rough agreement with the measured Rayleigh wave velocity for Cu(001) of 1500 m/$ in the 
< 100 > azimuth and 1800 m/s in the < 110 > [21]. The calculated peak positions and widths 
are very nearly identical to those given by Eq. (3) in Fig. 1, while the actual intensities agree 
somewhat better with experiment for the higher temperatures. 

The calculated peak positions and the widths as measured by g(8) are essentially 
identical with the previously mentioned calculations for Eq. (3), and are very nearly independent 
of vR for vR < 5000 m/s, while for vR > 5000 m/s the slopes are somewhat reduced at larger 
Of. The relative intensities of Eq. (4) do depend on vR and somewhat better agreement with 
experiment can be obtained with a slightly smaller value of vR « 1300 m/s. 

The major difference between the two theoretical expressions is that Eq. (3) implies 
that the majority of the incident projectiles penetrate the crystal, while Eq. (4) gives well defined 
backscattered lobes. This behavior is shown in Fig. 3, which gives the integral of the differential 
reflection coefficient over all final energies, dR/dQf, plotted as a function of 9j in a polar graph. 
The solid line curve shows the relative backscattered intensity predicted by Eq. (3) and the other 
curves show the lobes predicted by Eq. (4) for the three values of vR — 1300, 1700 and 4000 m/s, 
all for the same temperature Ts = 970 K. The lobes produced by Eq. (4) give the majority of the 
intensity at supraspecular angles, and the lobes move toward the specular direction and become 
narrow as a function of increasing vR. In fact, in the limit of vR —> oo one obtains the hard 
cubes condition of zero parallel momentum transfer, i.e., P ; = P,. This graph also indicates 
that for Qi = 45° the majority of particles are scattered at angles greater than 60°, and hence 
the best place to measure the temperature dependence of the energy resolved spectra may be at 
angles 6j near to the expected maximum of the single scattering lobe. The geometry exhibited 
in Fig. 3 shows that the measurements were taken at the extreme upper edge of the predicted 
single scattering lobe for vR = 1700 m/s. This explains why the maximum intensities calculated 
in Fig. 2 do not follow the T J 3 / 2 dependence of the envelope function of Eq. (4); because of 
the narrowing of the lobes with decreasing Ts, the fixed 0j = 45° measuring angle intersects the 
lobe at a position of smaller inelastic intensity at low Ts. 

We have shown that well known classical-limit expressions for the scattered intensity 
agree quite well with the temperature and angular dependence of the widths of the measured 
scattered peaks of N a + bombarding a Cu(001) surface. These analytic and closed-form classical 
expressions are also in agreement with the mean square energy moments calculated independently 
from the energy-projected classical probabilities [8]. 

Interestingly, the classical theory with no free parameters predicts very well the tem
perature dependence of the widths of the measured single scattering intensity peaks, but does not 
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Figure 3: Energy integrated angular intensities dR/di'lf plotted as a function of 8/ in a 
polar plot for the single scattering peak at Ts = 970 A' of Fig. 1: solid line, results of the 
discrete model of Eq. (3). The other calculations are for the continuum model of Eq. (4) 
with different values of VR: dotted line, VR = 1300 m/s; clashed line, VR = 1700 m/s\ and 
dash-dot line, VR — 4000 rn/s. The straight lines are the incident and specular directions at 
±45°. 

explain the additional temperature independent constant width A. One would expect that for a 
high energy charged projectile such as N a + there would be considerable excitation of low-energy 
electron-hole pairs in the conduction electron sea [22], although the debate over electron-hole 
pair production is far from being completely clear [23, 24]. However, the complete determination 
of the temperature dependence of the widths by simple mechanical recoil energy exchange at the 
surface argues against appreciable direct creation of low-energy electron-hole pairs, because ther
mal excitation of these additional elementary excitations would contribute additional temperature 
dependence in the scattered intensities which is not observed. The lack of evidence for direct 
low-energy electron-hole pair creation is consistent with the classical interpretation given by both 
Eqs. (3) and (4) and that of Ref. [8] in which the energy exchange is dominated by the initial 
recoil of the surface atomic cores. Only after the collision, when the backscattered projectiles 
have left the surface region, does this recoil energy dissipate into the lattice. The dissipation 
of the recoil energy goes into both phonon creation and electron-hole pair excitation, but the 
relative proportions appear to be unmeasurable by this experiment. 

Some of the constant, temperature-independent term in the measured width which 
was not correctly predicted by the classical theory may be due to experimental uncertainty in 
energy and angular broadening [7], but additional broadening on the energy loss side could come 
from direct atomic electronic excitations including high-energy electron-hole pair creation in the 
core levels, and from surface plasmon creation. High-energy atomic excitations are known to be 
directly created in ion-surface collisions in this energy range [19, 29, 30], and this explanation is 
certainly consistent with Figs. 1 and 2, as the additional constant width of the single scattering 
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peak is seen to lie always on the energy loss side of the calculated intensity. 
The present calculations using the complete classical differential reflection coefficients 

reaffirm and add additional explanation to the previous conclusion of Ref. [7] that the semiclassical 
trajectory approximation is inadequate for large projectile masses and high energies where the 
kinetic energy loss of the projectile to the surface is significant. These calculations suggest that 
measurements of scattered angular lobes of the single scattering peak of Fig. 1 would be sufficient 
to distinguish between the applicability of Eq. (3) or (4). Such measurements would indicate the 
effects of correlated surface motion through the measured value of the single parameter VR. 
The applicability of Eq. (3) or (4) can also be checked through comparisons with measurements 
of the maximum peak intensity of the energy resolved differential reflection coefficient for the 
single scattering peak as a function of surface temperature, as the two equations have envelope 
functions which give a readily distinguishable difference in behavior. 
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NONLINEAR EFFECT OF SWEEPING-OUT ELECTRONS 
IN STOPPING POWER AND ELECTRON EMISSION 

UNDER CLUSTER IMPACTS 

E.Parilis, 
Physics Department 200-36, California Institute of Technology 

Pasadena, CA, 91125 

1 .Introduction. 

A sublinear effect in the secondary electron emission from Csl under 
impacts of gold clusters (Au)n , n=1-4 with energy E= 33-11000 keV/atom 
has been observed experimentally [1]. The effect manifests itself in a 
decrease of the electron yield per one cluster atom y n /n with increasing 
number of atoms in the cluster n. 

The ratio y n (E)/nyt(E) being the measure of the effect decreses from 
0.75 to 0.5 for n=4 with E increasing from 500 to 6000 keV/atom. The effect 
cannot be explained by Sigmund's clearing-the-way because it correlates with 
the increasing electronic energy losses and does not correlate with the 
nuclear stopping power decreasing in this energy range (Fig.1). 

An effect of sweeping-out electrons, that consists in removing some 
upper shell electrons from the target atoms by the front atoms of a projectile 
cluster could explain this sublinear effect. The sweeping-out reduces the 
number of evailable electrons for ionization by the rear cluster atoms, 
diminishing the secondary electron emission and possibly causing a similar 
effect in electronic energy losses (Fig.2). 

1 .The electron emission under single atom impact. 

The kinetic electron emission yield under single atom impact equals: 

y r N p o e ^ w (1) 

where N is the number of available electrons per target atom; p is the atomic 
density of the solid; X is the secondary electron path length, w is the electron 
escape probability; a e is the binary collision ionization cross-section, which in 
the theory [2] is equal to 

a e ( v ) = 1.39a 0/7(Z 1+Z 2)S(v)/J(Z 1

1/2+z 2V2)2 ( 2 ) 
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with 

S(v) = 5.25 v arctg[(v-v t)/v0] for 50 keV/at < E < 1 MeV/at or 
5-10 6cm/s < v<1.8-10 7 cm/s 

and 

S(v) =b (v-v t) c c< 1 for 1 MeV/at <E< 12 MeV/at or 
1.8 • 107cm/s < v < 3 • 10 8 cm/s 

For this specific transition energy range the function S(v) can be 
approximated by S(v) oc (v-v t) 0- 3 9 in a good agreement with the experimental 
curve Y^EHIKFig.3). 
The values of the parameters used are: 
N=1, p =0.0625 at/A 3, X = 90 A, w = 0.5 , J= 12 eV, v t= 5 • 106 cm/sec, 
v0= 1.66 • 107 cm/sec. 

In this theory the kinetic electron emission is independent on ion 
charge. That is why in the formula (2) the ion charge does not appear at all. 

An alternative way to get approximation for y-| is to extrapolate for 
this energy range the Sternglass' formula Yi <* q 2 / v valid for high energy 
range v » 10 8 cm/sec [3]. In this approximation the increase of ion charge 
q with ion velocity should be taken into account in order to get an increasing 
Yi (v). 

To do this the ion charge q could be replaced with the equilibrium 
charge of projectile atoms in solid q e q = Z-|[ 1+(v/v'Zi 0 4 5 )-Vk]-k wjth 
v'= 3.6 • 10 8 cm/sec and k = 0.6 [4]. Despite y-| in this approximation is 
proportional the electronic energy losses.as calculated by TRIM code 
y 1 oc (dE/dx)e (this assumption is a base of the Sternglass' theory), it does 
not fit the experimental curve yi (E). 

A possible explanation is that the equilibrium charge is reached not 
immediately after the projectile atom enters the solid. To improve the 
approximation one needs to know the increase of the ion charge q (x, E) on 
its path in the solid within the secondary electron escape depth X. If the 
corresponding path length X e q « X the calculated yi would fit the trend of 
the experimental curve yi (E). 
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2. The electron emission under n-atom cluster impacts 

The electron emission yield under n-atom cluster impacts equals 

Yn = I V i (Np)k-i aeX w (3) 

where (Np)k_i is the number of available electrons in a volume unit aftert 
passage of (k-1) projectile atoms through the cross-section 7iRn

2 ( Rn is the 
radius of the n-atom cluster). 

It decreases in geometrical progression: 

(Np) k= ( N p J ^ d - a s / ^ R n 2 ) (4) 

where os is the cross-section of electron sweeping-out from the volume by 
one projectile atom. 

Then 

Yn /nYi = [ 1 - (1 - as/%Rn2 ) n ] / nfo-sARn2 ) (5) 

The simplest assumption is to take for a s the same cross-section as 
for electron emission, o s = ae using one of the above mentioned 
approximations. The Fig.4 shows a rather good agreement between the 
experimental data for electron emission under (Au)n -» Csl impacts and the 
calculated curves y n (E)/nYi(E). 

Another possibility is to take the cross-section just proportional to the 
electronic energy losses CTS OC (dE/dx)e. Despite the experimental electron yield 
Yi(E) is not proportional to (dE/dx)e , it improves the agreement with the 
experiment (Fig. 5 ). The reason for this could be that not all electrons 
swept-out by the projectile have enough energy to contribute to the 
secondary emission. 

The comparision of the calculation results with the experimental data 
proves that the sublinear effect in kinetic electron emission under cluster 
impacts is indeed determined by sweeping out electrons regardless what 
approximation for y-i (E) we use. 

The same mechanism could reduce the electronic energy losses for the 
clusters causing a nonlinear increase of (dE/dx)e] n with n . 
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3.The electronic stopping power 

The electronic stopping power for a single atom equals 

(dE/dx)e = N p o p J* (6) 

where Np is the number of electrons available per volume unit, J* is the 
effective electronic energy loss per one electron of the target, o p is the 
corresponding cross-section. 

The electronic stopping power for n-atom cluster equals 

[(dE/dx)e] n = I V i (Np) k.i a s J* (7) 

with 

(Np) k= (NpJk.-.CI-o-s/TiRn2) (8) 

Then 

[(dE/dx)e] n M f d E / d x ) ^ = [1 - (1 - a s/7iR n

2 ) n ] / n(as/7tRn

2 ) (9) 

with 

a s = [ ( d E / d x ) e ] 1 / N p J * (10) 

One should expect a dependence of [(dE/dx)e] n /n[(dE/dx) e] i on n and E 
similar to that displayed on Fig 6 
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[4] E.S.Parilis et al., Atomic Collisions on Solid Surfaces,North-Holland,1993, 
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Figure Captions 

1. Electronic and nuclear stopping power for (Au)n -» Csl calculated by TRIM 
code 

2. The scheme of cluster impact 

3. Experimental [1] and calculated using eq. 1-2 secondary electron yield 
from Csl under single Au atom impacts. 

4. The sublinear effect in secondary electron yield under (Au)n -» Csl 
impacts. The calculations made using eqs. 1 -4 

5. The improved version 

6. A possible non-linear effect in the electronic energy losses for (Au)n ->• Csl 
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ei/at Electron Emission Under Single Au Atom imoacts 
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Overview Focus 

We are performing measurements of electron emission from 

• grazing-incidence (surface angles of incidence -0.1* to 1.0*) 

collisions of 

• fast (vp - several a.u., Em - several 100 keWu) 
• multi-charged (q*1 to 4, in this work) 
• ions (carbon, in this work) 

with 

• ciean(?), flat(?) (we need to improve our diagnostics) 

• surfaces (silicon (001), in this work) 

The grazing incidence feature yields 

• low perpendicular energies (E ±~18 eV for 6 MeV C* @ 0.1') 
• specular reflection of ions (but only our most recent measurements 
actually select emission coincident with specularly reflected, charge 
analyzed scattered ions) 

This report will focus on convoy electron emission (but binary-
encounter emission is interesting, too), 

in particular 

• the QMMM dependence of the surface-wake-induced convoy peak 
"acceleration" (it appears that the incident projectile charge state 
may not have equilibrated at the time/point of convoy production 
under some of our collision conditions) 

and results of recent coincidence measurements 

• the yield of convoy electrons (we see -100 convoys per 1000 Ions) 

• detailed qualitative comparison between features observed in the 
doubly-differential emission distribution and those observed in a 
recent CTMC simulation of ion-surface electron emission by 
Reinhold, et al. (PhysRevLett 73 (1994) 2508) 
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Electron emission in fast, grazing ion-surface 
collisions Convoy electrons from ion-surface collisions 

Observed emission can be partitioned into three spectral regions: 

• a low energy, secondary emission tail (accounting for most of the 
total emission, but difficult to observe with deflection spectrometers). 
•a high energy, binary encounter peak (actually a ridge in 
doubly-differential views), 
and (at more or less forward angles) 
• a so-called "convoy" electron peak (composed of electrons having 
roughly the same speed and direction as the projectile ions) 

0.5 MeV/u (6 Mev) C on Si(001) @ 0.75°. integrated over emission angles within 10" of 
0» w.r.t. incident beam: 

DeFerraris and Baragioia, PhysRevA 33 (1986) 4449 
• first observation of convoy peak in ion-surface collisions 
. peak substantially broader than from ion-foil collisions 

73KeVponAI@0.7' 72KeVpon5/j9/cm>C(oiLoosatCr 

EUCIKDM M m UVI ELKTKMfMMTIivl 

see-wi*"* 

BO 1C0D TOO !*00 

Description of convoy electron production and 
acceleration in ion surface collisions 

•convoy electrons "bom" by capture from target cores in close 
collisions (Reinhold etal. PhysRevLett 73 (1994) 2508) 

•convoys populate low-lying continuum states of projectile 
(initially, at least) - producing a peak like the ion-atom electron 
capture to continuum "cusp" 

do eg 1 
d\e |v P -Vp| 

other early studies: 

Hasegawa, Kimura, and Mannami, JPhysSocJapan 57 (1988) 1834 

Winter, Strohmeier, and Burgd6rfer, PhysRevA 39 (1989) 3895 

• confirm existence and broadening of similar peak with 
semi-conducting surfaces 

Surface wake "acceleration" of convoy electrons 

Koyama et at., PhysRevLett65(l990) 3156 

0.98 MeV/u Xe"- on Al @ 1'. obs at (a) T. (b) ff. (c) e. and (4) Iff 

4z r niCUKM fMNt 

• convoys interact with projectile ion's surface "wake" formed as 
surface electrons imperfectly screen the interior of target (bulk) 
from the passing charge, accelerating and distorting the peak 

Pi=S 
convov 

.electron 

ofner observations of acceleration: 

Kimura, Tsuji, and Mannami, PhysRevA 46 (1992) 2618 

0.3 MeV/u ions on SnTe/001) & O.T, obs at 6° 

projectile^ 
imaee J^t_ -v 

dv< I v . - v^ l ' -^ o<p<i 

'V,wUi = : V „ i + ^{Qr- 1)2/? 0 

(Winter. Strohmeier. and Burcjdorlpf. p*y*iinA j» <»<wi 3*9? 

:o .:: 

I M » * . 
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Incident Q dependence of convoy peaK position 

AE = EM* - £«»»; = "acceleration" shift 

T r T 
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• shift is -70 eV for 0.3 MeV/u (vp~3.5 a.u.) C * on Si(001), 
independent of incident charge state, with no significant observed 
dependence on incidence angles between 0.1° and 1.0°. 

• shift varies between -50 eV and -65 eV, dependent on incident 
charge state for 0.5 MeV/u (V"4.5 au.) C * on Si(001). 

•the C " convoy peak is substantially broader in E at both collision 
velocities. 

•if the projectile charge has not equilibrated at the time/point of 
convoy production, it is plausible that the wake amplitude (~ image 
charge) and hence the acceleration shift will be incident charge state 
dependent. 
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Description of convoy electron production and 
acceleration in ion surface collisions 

Reinhold et al, PhysRevLett 73 (1994) 2508 

• microscopic CTMC simulation of convoy and binary encounter 
emission 

• convoy electrons "born" primarily in close (< 1 a.u.) collisions 
with target cores 

• convoys scatter in the combined potential of the target cores. 
projectfe, and projectile-induced surface wake 

5 
z (a-u.) 

x (a.u.1 

Theory: 2J 

^Courtesy of 2 Q 

0.3MeV/u. v v - 0 

• convoys below a minimum energy scatter back into the target 
and are lost 

•convoys above that threshold suffer rainbow scattering - the 
convoy peak is a rainbow peak 

Summary 

*•? isoi*dua-

•We have observed the component of convoy peak "acceleration" 
(induced by the dynamic surface wake) along the surface to be 
incident charge state (q) dependent at the faster incidence velocity 
(4.5 a.u.). but incident q independent at the slower velocity (3.5 a.u.), 
perhaps suggesting incomplete "equilibration" of the projectile charge 
at the time of convoy production in faster collisions. This may permit 
a detailed internal check of ion-surface simulation codes. 

• No such dependence has been observed for the component of 
convoy peak "acceleration" in the scattering plane (normal to the 
surface), but the angular distribution in that plane may be too broad 
to permit adequate sensitivity to this incomplete equilibration effect. 

•The observed yield of convoy electrons is of the order of 0.1, i.e. 
about 100 convoy electrons per 1000 specularly reflected ions. 

• There appears to be excellent qualitative agreement between 
structural features of the doubly-differential electron emission 
distribution observed in coincidence with specularly-reflected 
projectiles and features present in a recent microscopic CTMC 
simulation of emission. (Reinhold etal, PhysRevLett 73 (1994) 2508) 
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Electron Emission from Thin Carbon Foils by keV Ions 
S. M . RITZAU AND RAUL BARAGIOLA 

February 6, 1996 

ABSTRACT. We have measured yields of electrons emitted in the forward and 
backward directions from nominally 0.5, 1.1, and 6.0 pg/cm 2 carbon foils due to 
10-100 keV H + , C + , N+, 0 + , Hj , OH+, H 2 0+, CO+, Of, and Nf ions at normal 
incidence. For molecules, we find that the backward yield 75 is less than the sum of 
the yields of the constituent atoms while the forward yield 7/ is additive. 

1. In t roduc t ion . The Cassini spacecraft will be launched in October of 1997. After 
orbiting Venus and the Earth twice in 1998 and 1999, it will make the three year trip 
past Jupiter to Saturn and Titan. Six months before entering the Saturnian system, the 
science package on Cassini will be turned on, providing data from Saturn during Cassini's 
approximately 4 year, 50 orbit stay. Among the instruments in that science package is 
a novel ion mass spectrometer (IMS) designed to capture composition measurements of 
Saturn's magnetosphere. 

The Cassini IMS (Fig 1) is a new type of instrument which can sample a large solid 
angle and provide high mass resolution measurements on a fraction of the incoming ions 
along with low-resolution measurements at high sensitivity. Incident ions are E/q analyzed 
in a toroidal analyzer and then accelerated through a carbon foil into a region where a 
linear electric field (LEF) Ez=kz is maintained. Forward-emitted secondary electrons 
produced by the passing projectile are accelerated by the field to a ring detector at the 
center of the base of the instrument and provide a start pulse for a time-of-flight (TOF) 
measurement. 

If the projectile leaves the foil positively ionized, it will be reflected by the LEF and 
detected at MCP at the top of the instrument. Because the foil and the stop detector 
are in the same plane, and because the ion executes a simple-harmonic motion trajectory 
due to the linear field Ez, the ion's TOF is independent of the exit angle and energy, 
giving mass measurements with high (m/Am « 30) resolution. The majority of the ions 
will, of course, leave the foil as neutrals, and these will be measured using a detector at 
the center of the base of the instrument (m/Am « 5 — 7). The incident ion's angle and 
energy straggling in the foil should be minimized to maximize the resolution for these 
measurements, so the instrument employs a ring of 12 extremely thin ( 0.5 //g/cm 2 ~ 50 
A) foils at its entrance. 

While there have been several space-faring TOF mass spectrometers which employ 
carbon foils, relatively little is know about the details of the electron emission process on 
which these spectrometers rely. Few measurements of electron yields exist in this (10-50 
keV) energy range and fewer still for incident molecules. Additionally, little is known 
about time and bombardment dose dependences of the foil's electron emission properties 
or effects due to the thickness of the foil. A time or dose dependence could change the 
response behavior of the IMS during it's long trip to Saturn, and if a reduced thickness 
markedly lowers the electron yield, small gains in mass resolution acquired through the use 
of thinner foils may come at the cost of significant reductions in the detection efficiency. 

2. Exper imen t . We began our study of foil electron emission by studying total elec
tron yields in the forward and backward directions. A horizontal cross-section of the 
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ELECTRON EMISSION FROM THIN CARBON FOILS BY KEV IONS 

Figure 1: The Cassini IMS 

apparatus we constructed to perform these measurements is shown schematically in Fig. 
2. 

The device consists of upstream and downstream collectors and suppressors, a down
stream Faraday cup, the foil, and a surrounding shield. The upstream collector includes 
a Faraday cup. It was mounted on an xyz4> manipulator in an UHV chamber such that 
the center of the foil was on the axis of rotation. Typical operating pressures were ~ 3 
x 1 0 - 9 Torr. Components that would be subjected to bombardment by the beam or by 
secondary electrons were coated with colloidal graphite to assure an even work function 
(i.e., avoid the formation of patch potentials). 

Both the upstream and downstream halves of the device were modeled separately 
using SIMION [1], a finite-difference electrostatic analysis program, to ensure that all 
electrons with kinetic energies E < 100 eV would be collected or suppressed as desired. 
Additionally, measurements were made varying foil and suppressor voltages to verify that 
measured currents reached saturation levels at the applied voltages. 

The carbon foils were produced by the Arizona Carbon Foil Company. They were 
mounted on nominally 333 line per inch, 70% transmission Ni grids and placed in the 
apparatus such that the foil was on the upstream side of the grid to insure that the 
measured electron yields were those of carbon and not of the Ni grid. 

A mass analyzed, 1 mm diameter beam of singly charged ions with a divergence <0.5° 
was provided by the 120 kV ion accelerator at the University of Virginia. The accelerator 
voltage was measured by means of a precision high voltage divider to within 1% . The 
fraction of neutrals in the incident beam was <2%. Once the center x, z, and <f> coordinates 
had been determined, only the y (horizontal) was adjusted. 

To determine both the forward and backward electron yields, 7/ and 7&, a steady 
beam of singly charged ions (typical current, I&e am ~ 0.1 - 2 nA) was first measured in 
the upstream Faraday cup. Then, the apparatus was translated along the y axis such 
that the ion beam passed down its center axis, and two additional current measurements 
were made. For the first measurement all of the downstream electrodes were connected 
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ELECTRON EMISSION FROM THIN CARBON FOILS BY KEV IONS 

FORWARD BACKWARD 
X< 

Faraday suppressor foil suppressor 
cup I 

collector 
and Faraday cup 

Figure 2: Apparatus. 

electrically. The foil was biased negative (-50 V) so that all the secondary electrons were 
accelerated toward the collectors. Ignoring backscattered ions (<1%) and pinholes in 
the foil (see below), the current measured in this configuration at the upstream collector 
was In, — —Ibheam and the current measured at the downstream collector was hf = 
T(f+ — f~ — "ff)Ibeam where T is the transmission of the grid, and where / + and / " are 
the fractions of the beam which have positive and negative charge, respectively, after 
passage through the foil. 

For the second measurement the foil was biased positive (+50 V) so that electrons 
from the foil would suppressed back into it. The downstream suppressor was discon
nected from the downstream Faraday cup and biased at -50 V to prevent secondary 
electrons from the back of the downstream Faraday cup from escaping. In this configu
ration, the backward current was negligible (within leakage) and the forward current was 
hi = T{f+ - Dibeam- 7 / a ^ % are thus given by 7 6 = j ^ and 7 , = f # ~ ^ f • The 
downstream suppressor limited the acceptance of the Faraday cup to a 45° cone about the 
beam axis. This is larger than the width of the angular dispersion (<15°) for any com
bination of ions and energies tested. The electron currents, lib and fy, were monitored 
during the measurement to minimize errors due to variations in beam intensity. 

If there are pinholes in the open space of the foil the measured electron yields will be 
reduced by a factor of (1 — .A), where A is the ratio of hole area to beam area. By using 
charge fraction data as well as multiple yield measurements, and optical measurements 
we determined the grid transmission T and the fraction of holes A. We found A < 0.015 
± . 0.005 for all the foils used. 

3 . Resu l t s . Electron yields for H and He incident normally on a nominally 0.5 /j,g/cm2 

carbon foil are shown in Fig.3. Our measured yields for protons agree with those Likht-
enshtein et al. [2] to within 10-15%, a difference which can probably be attributed to 
differing thicknesses and surface conditions. Our measurements do not agree with those 
of Meckbach et al. [3] who did not find 7 proportional to the electronic stopping power 
( i f ) ' a n c * a r e a f a c t o r °f t w o greater than those of Gruntman et al. [5] who use a 
statistical method to determine electron yields. 
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Figure 3: Electron yields 7 in the forward (•) and backward (o) directions. Values for pro
tons are compared with the results of for forward emission (x) obtained by Likhtenshtein 
et al[2j and those for forward (solid tine) and backward (dashed line) of Gruntmano et 
al.[5]. Lines are drawn to guide the eye. 7 / /T* is the ratio of forward to backward electron 
yields. 
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ELECTRON EMISSION FROM THIN CARBON FOILS BY KEV IONS 

Values for (^f) used in Fig.3 are those of Ormrod et al. [6, 7]. The increase in 
7 / (~fa)e

 w i t h decreasing energy below ~ 40 keV has been observed previously using 
heavy projectiles of similar primary velocities vp, and may be due to an increase in the 
contribution of electron emission from recoil ions [4]. For forward emission this increase 
is somewhat masked by the energy loss in the foil, which causes a lower exit than entry 
energy and thus decreases 7/. Also noteworthy is that 7/ < % for primary energy Ep < 18 
keV in the case of H, and for He below Ep ~ 70 keV. 

Fig. 4 shows results for incident molecules. We define R = ymoiecuie/ Yllconstituents 
and note that the forward yields are additive (R=l), while R<1 for 7{,. That R<1 for 7J, 
has been attributed to electron screening and "vicinage" effects since a constituent of an 
incident molecule travels in the wake of any other constituents which lead it in the solid. 

In measurements where 7^ > 7^, the difference between the yields is typically at
tributed to the anisotropy in the internal electron cascade, i.e. higher energy transfers are 
more likely to occur for "head on" collisions and these higher energy electrons produce 
larger/more energetic, tertiary cascades [4]. Convoy electrons may also enhance forward 
emission. In the case of incident projectiles with nuclear charge Z > 2, excitations in the 
projectile produced during the passage through the foil can lead to Auger deexcitation or 
auto-ionization at the exit surface, increasing 7/ . 

Energy loss in the foil acts to reduce 7/, but for thin foils the fractional change in 
( dx ) e f r o m the entry to the exit surface is not sufficient (<5%) to account for observed 
values of 7//7& at low energies. Differences in (^f) at the entrance and exit surfaces 
other than those due to slower exit velocity may also affect the ratio -y//jb, including 
differences due to the effective charge of the exiting projectile. 

For projectile Ep<30 keV, the majority of all incident projectiles leave the foil as 
neutrals, resulting in a difference between the potential electron emission at the entrance 
and exit surfaces due to electron capture. A description of potential emission is given 
by 7 P = a (0IP — 20) where Ip is the ionization potential, <f> is the work function, and a 
and /? are parameters. Baragiola et al. [9] have determined values for a and /? using a 
least squares fit of experimental data and find a = 0.032 and 0 = 0.78. For the case of 
incident Helium, which has a small positive charge fraction (<10%) and a relatively large 
ionization potential (24.6 eV), we find jf/ (7&_7P) ~ 1 at low energies (Fig. 5). Potential 
emission cannot account for 7 / /7b<l for incident protons. 
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Auger and Plasmon Assisted Neutralization at Surfaces 

Raul Baragiola and Catherine Dukes 
University of Virginia, Laboratory for Atomic and Surface Physics 

Charlottesville, VA 22901 

How ions neutralize at surfaces is one of the big questions in particle-solid interactions. It has been scrutinized for 
more than 60 years but we still do not have a complete picture of the physical mechanisms acting in the limit of 
low projectile velocities. The main mechanisms identified have been one-electron resonance neutralization and 
two-electron Auger neutralization (AN). Neutralization accompanied by light emission is negligible [1]; the photon 
yield is ~10 5 smaller than the electron yields, as can be expected from the ratio of optical to Auger transition rates 
(10 8-10 9/stol0 1 3-10M/s). 

The analysis of the energies of the ejected electrons from AN can provide insight on the intervening mechanisms 
[2]. AN has been studied since 1937, when Shekhter [3] identified the main ingredients of the theory. The topic 
was developed mainly by Hagstrum starting in 1954, when he developed a semi-classical perturbation picture of 
the process [4]. This formed the basis of the method of Ion Neutralization Spectroscopy (INS), which happened 
while ultrahigh vacuum techniques started the phenomenal growth of surface physics research. INS proved very 
powerful due to an extraordinary surface sensitivity. This is caused by the fact that the AN process occurs outside 
the surface since it requires the wave function for the electron in the solid to overlap the atomic core hole of the 
projectile. Based on a simple model of the AN process, INS can provide a weighted surface density of states 
(SDOS) by deconvolution of the energy spectra of emitted electron. The model is based on several simplifying 
assumptions: 1) Only two electrons participate; 2) Exchange is not important; 3) unknown transition rates do not 
seriously distort the self-convolution of SDOS; 4) The projectile does not affect the SDOS, 5) The projectile does 
not affect the escape probability of the excited electron. This model could be extended by adding mechanisms 
which broaden the electron energy spectra. Ions neutralize at different distances from the surface which means 
different energy shifts for the initial hole state due to the image interaction. Other causes of broadening are the 
lifetime of the initial hole, and the shift in electron energies due to ion motion (which is the cause of kinetic 
electron emission.) 

Two effects not considered by Hagstrum turned out to be important: the distortion produced by the approaching 
ion on the SDOS one wants to sample, and the appearance of shake up and multi-electron processes accompanying 
neutralization. Evidence for the latter appeared in our recent examination of the electron energy spectra N(E) 
produced when bombarding surfaces of free electron metals (Al, Mg) with slow noble gas ions: He+, Ne + and Ar+ 

(see Figs. 1 and 2). Structure in the spectra appears at a fixed energy (i. e., independent of the projectile), and can 
be more clearly visualized in the derivative dN/dE. The features be accounted for by the usual assumption of AN 
but are consistent with the decay of surface and bulk plasmons [5]. Excitation of bulk plasmons was unexpected 
for slow ions that neutralize outside the surface. The mechanism we propose for plasmon excitation is the shake up 
produced when die ion-surface dipole flips suddenly upon neutralization. Bulk plasmons may be excited because 
the potential of the ion penetrates to the bulk at the bulk plasmon energy. 

Here we address two issues, the separation of Auger from plasmon-assisted electron emission and where plasmon 
excitation takes place. 

Auger vs. Plasmon-assisted neutralization. Gunster et al [6] have recently studied electron emission under the 
impact of thermal He* metastable atoms on Al. In the experiments, He* is resonantly ionized near the surface 
when its excited electron is promoted above the Fermi level. Gunster et al interpret the electron spectra to result 
from AN. However, they find discrepancies between the spectra with the self convolution of the SDOS and 
postulate that a high energy feature (the one we attribute to plasmon decay) is due to an Auger process involving 
surface states of Al. A test of this explanation can be made using other projectiles with different potential energy, 
When only one type of projectile is used, one cannot distinguish between different sources (AN vs. plasmon 
assisted neutralization) for the peak in the energy distribution of electrons. Using different metastable atoms (as 
done by Susseimann et al [7] for other solids) or using ions with different ionization potentials as done in our work 
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removes the uncertainty since energies of features due to AN are correlated which ionization potentials, wherea^^ 
the energy of plasmon deexcitation is not The shift in AN features with IP, the ionization potential of the ^ ^ 
projectile is can be explained with the well-known energy diagram of Fig. 3. It shows that a structure in the 
valence band or a surface state produces a structure in the energy distribution of emitted electrons at an energy 
directly related to IP. If one of the electrons participating in the Auger process originates from a prominent 
structure in the band, located at an energy 81 below the vacuum level, then the AN process will produce a structure 
in the energy distribution of emitted electrons at an energy E=IP • e,- e?, averaged over the energy of the second 
electron, E?. Using ions of different IP will then produce structure at different energies E. 

Ferrri 
level 

T— Vacuum level (E = 0) 

Initial vacancy level 

Ion 

Figure 3. Potential energy diagram for Auger neutralization. The energy released 
when an electron from the solid tunnels into the vacant atomic state (arrow "1") 
is transferred to another electron (arrow "2") that is ejected. 

In our experiments with Al and Mg, the structure (shoulder) at the plasmon decay energy does not shift with the IP 
of the atoms, and therefore does not correspond to an Auger transition involving particular states in the valence 
band. To see this more clearly, we plot in Figs. 4 and 5 the electron energy spectra from Figs. 1 and 2, as a 
function of IP - E. One can see in the case of Al that the high energy edges are different for the three ions, 
indicating that they are not determined by AN. The case of Mg is more clear: there is a contributions of AN that 
causes nearly identical structure for He+ and Ne + impact, and at the same energy as the structure induced by Ar+. 
This structure is also seen in the L W spectra from core holes excited by electrons or X-rays. The edge due to 
plasmons, which appears at the same energy E in Fig. 2, is shifted in Fig. 5 due to the use of an energy scale 
shifted by the ionization potential. 
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Where are plasmons excited? It is generally believed that ions neutralize outside the surface, especially at low 
impact energies. There are several pieces of evidence supporting this for our experiments. 

Constancy of electron yields. The only significant effect of varying the ion energy between 30 eV and about 1000 
eV (before kinetic electron emission becomes significant) is to broaden the spectra. Electron yields remain 
approximately constant If neutralization outside the surface were incomplete, some ions would be neutralized 
inside the solid. Electronic excitation inside the solid since is expected to be smaller because of the strong inelastic 
attenuation of the excited electrons. Thus the electron yields due to potential emission would decrease with 
increasing energy as more ions penetrate the solid without neutralizing, in contrast with observation. 

Constancy of the AN cutoff energy. If neutralization was not very fast, the fraction of ions neutralizing at different 
distances from the surface would change with energy. We see that the structure due to Auger neutralization is 
broadened but not shifted with energy. This means that when the ions reach some distance from the surface the 
neutralization is so fast that it will occur in a narrow range which will not be affected much by the ion velocity. 
The distance at which this occurs can be obtained by comparing the Auger part of the electron spectra (the one 
with features that shift with the ionization potential of the projectile) with the Auger spectra initiated by a 2p-core 
hole in the target 

Value of the AN cutoff energy. Comparison of AN features in Mg with the L W Auger spectra mentioned above a 
~2 eV shift in the IP of the projectile. This shift is consistent with the image shift expected for the ion outside the 
surface and is consistent with shifts measured for thermal energy projectiles [7] which cannot penetrate the solid. 
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Low Energy (< 5 eV) F+ and F" Ions Transmission 
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The transport of low energy (<10 eV) ions through atomic or molecular 
films is of fundamental interest in many diverse areas such as 
electrochemistry, surface science and astrophysics.^1"3' However, the processes 
and properties that determine low energy ion transport are not yet 
understood in detail. 

In order to determine the dominant elastic and inelastic processes 
(such as energy-transfer and charge transfer) that influence ion transport 
through materials, we are systematically studying the transmission of low 
energy ions through ultrathin films of various atomic and molecular solids. 

We use a novel experimental approach to investigate low energy ion-
solid collisions.' 4 ' We generate a beam of low energy ions by means of 
electron stimulated desorption (ESD) from either from a compound material 
such as an oxide or an adsorbed molecular monolayer on a metal surface that 
emits ions under electron bombardment. We measure the yield, angular 
distribution and energy distribution of the ions with a two-dimensional 
ESDIAD (ESD ion angular distribution) detector at 20 K. We then condense 
an atomic or a molecular overlayer of known thickness on the surface at 20 K 
and measure changes in the ESD ion yield, angular distributions and energy 
distributions as a function of film thickness. 
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In our first series of experimental studies, we have found that the 
transmission of low energy ions through ultrathin overlayer films depends 
strongly on the nature of the ion and overlayer materials. ESD-produced 
1 6 Q + ions (<10 eV) can penetrate Xe and Kr overlayer films several 
monolayers thick J 5 , ® In contrast, the 16o+ ESD ion emission is suppressed 
almost completely by -0.5 monolayer (ML) of water, H 2 1 ^ 0 / * We have 
attributed the attenuation of 1 6 Q + in rare gas films mainly to elastic 
backscattering. In contrast the strong attenuation of 1 6 Q + in H 2 ^ 0 is 
believed to be due mainly to one-electron charge transfer 

In this paper, we present the transmission of F" and F + ions through 
ultrathin condensed H2O films at 20 K. F" and F + ions are created from a 
chemisorbed PF3 monolayer (ML) on a Ru(0001)surface. A more complete 
account of this work appears elsewhere. ^ We find two very interesting 
observations: (a) the F + signal is attenuated to - 1 % by only -2.5 ML of H2O, 
while a much thicker layer, -10 ML of H2O, is necessary for equivalent 
attenuation of the F" ion emission, and (b) one monolayer (ML) of H2O 
increases the emission of F" ions and causes a dramatic change in the ion 
angular distribution. 

The experiments are performed in an ultrahigh vacuum (UHV) 
chamber equipped with instrumentation for surface characterization. We use 
a focused electron beam to initiate ESD processes from a surface area of <1 
m m ' . By pulsing the electron beam and by gating the high sensitivity digital 
ESDIAD detector, we can perform time-of-flight (TOF) measurements. This 
allows us to perform mass, energy and angle resolved ion detection for both 
positive and negative ions under appropriate bias and pulse conditions. 

We generate F" ions with a peak energy of -1 eV and F + ions with a 
peak energy of -4 eV by means of electron stimulated desorption (ESD) from a 
chemisorbed PF3 layer (slightly electron beam damaged) on a Ru(0001) 
surface, which corresponds to a saturation coverage of PF3 0 ^ = 0 . 3 3 ML 
(monolayer). Thus, the substrate onto which we dose H2O is the 
PF3/Ru(0001) surface. ESD of this surface gives rise to a strong F + emission 
normal to the surface and hexagonal arrays of off-normal ion emission for 
both F" and F + ions. We measure the yield and angular distribution of the 
ions with a two-dimensional ESDIAD (ESD ion angular distribution) detector 
at 20 K. We then condense an H2O overlayer of known thickness on the 
surface at 20 K and measure changes in the ESD ion yield and angular 
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distributions as a function of film thickness. The slightly damaged surface 
remains stable throughout the measurements. 

The coverage of H2O is determined using thermal desorption 
spectroscopy (TDS). The first H2O monolayer and subsequent H2O layers 
desorb almost at the same temperature, -160 K, from the PF3/Ru(0001) 
surface. For calibration purposes, if we assume that H2O grows in bilayer 
form on the PF3/Ru(0001) surface and define one monolayer (ML) of H2O as a 
complete bilayer, then 1 ML corresponds to ~lxl0^^ molecules/cm 2/J 

The angle-integrated normal and off-normal F + yields as a function of 
H2O thickness are shown in Fig. 1 on a semilogarithmic plot. Both normal 
and off-normal F + intensities are attenuated exponentially by H2O. The off-
normal beams are attenuated more strongly than the normal beam in passing 
through the condensed H2O. This observation is consistent with the effective 
attenuation length of the ions in a continuum model. Using a transport 
model based on Poisson statistics of the collisions, we derive the collision 
cross sections for F + in H2O to be -1.0x10"^^ cm 2. 

We suggest that the attenuation of the F + ESD signal is mainly due to a 
one-electron charge transfer process. In a one-electron charge transfer 
reaction an ion captures an electron from a target molecule and becomes a 
neutral. The energy defect is a very important parameter; for exothermic 
reactions, the ion-molecule charge transfer cross sections are generally very 
large (10 _ 1 4 -10 _ 1 5 cm 2) at low energies (<10 eV). [ 1 0 ] 

In the gas phase, the charge transfer reaction 
F+ + H2O —> F + (H20)+ (1) 

is exothermic by 4.8 eV (ionization energies are 17.4 eV for free atomic 
fluorine and 13.6 eV for gaseous H2O). We expect that in the vicinity of the 
surface the ionization energies of fluorine and water shift up in energy due to 
image potential effects; the relative ionization energies are not expected to 
change significantly. Hence, charge transfer is a possible reaction channel 
during F+ ion transmission through the H2O films. 

Some ion-molecule reactions (such as F + + H 2 0 — > H F + O H + and 
F + + H 2 0 — > H F + + O H ) are energetically possible in our experiments. 
However, our measurements show no direct evidence for products of these 
reactions. 

Figure 2 shows the total angle-integrated F~ yield as a function of H2O 
thickness. As seen in Fig. 2, the F" signal increases as a function of H2O 
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coverage up to 1 ML and then decreases exponentially for higher coverages: 
The F" signal is attenuated to - 1 % by about 10 ML of H2O. We derive the F" 
attenuation cross section in H2O to be ~6.0xl0"16 cm^. 

One monolayer (ML) of H2O increases the emission of F" ions by a 
factor of 2 and causes a dramatic change in the ion angular distribution. In 
contrast, we find no enhancement when the F" ions desorb from a 10 ML 
thick PF3 layer covered by 1 ML of H2O. This observation suggests that the 
increase in the F" emission is caused by an interaction with the Ru(0001) 
surface. We suggest that the change in the F" angular distribution is due to 
elastic forward scattering, while the enhancement of the F" emission is due to 
a decrease in the resonant neutralization probability of the desorbing F" ions 
with the Ru substrate caused by the H2O film. ' 

Collisions of negative ions with neutral molecules on or near a surface 
can lead to detachment of the loosely bound electron in several distinct ways. 
We consider possible electron detachment and dissociative attachment 
reactions between a 1 eV F~ ion and condensed H2O and conclude that the 
electron detachment and dissociative attachment processes are not important 
collision channels in our experiment. 

We suggest that the cross section for interaction of ~1 eV F" with H2O is 
low because the electron detachment processes have low probability, and 
because of the open structure of the ice films. Due to the hydrogen bonding 
network structure, the ice films are expected to contain interstitial regions 
which are larger than the dimensions of an F" ion. This appears to be the 
main reason why some F" ions penetrate ice films 10 monolayers thick. 

We suggest that the attenuation of F" is mainly due to multiple elastic 
and inelastic (such as ion-phonon and dielectric relaxation) scattering that 
eventually stops the ions penetrating through the water films. The scattering 
process can be a single binary collision or a series of binary collisions between 
a desorbing ion and lattice H2O molecules. If the F" ion is scattered in the 
forward direction it may escape from the condensed H2O overlayer. 
However, in the case of scattering by an angle of 90° or more with respect to 
the surface normal as a result of a series of binary collisions, we do not expect 
that the ion is able to escape from the overlayer films after losing sufficient 
energy; it may become trapped in the ice films as a result of ion-solvent 
(water) interactions. Therefore, the attenuation of the F" ion in the ice films 
has very important implications in electrochemistry. 
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In conclusion, we have found that charge transfer and elastic scattering 
processes determine the transmission of ESD produced low energy (~4 eV) F + 

and (~1 eV) F" through ultrathin films of condensed water. Surprisingly, low 
energy F" ions can penetrate many layers of a condensed water films; this 
observation is attributed mainly to elastic scattering. Since the electron 
detachment and dissociative attachment processes are highly endothermic for 
the F--H2O system, we believe that even at thermal energies the dominant 
interaction between an F" ion and a H2O layer is elastic scattering. Our 
finding can provide insights into ion-solvent interactions in 
electrochemistry. 

This work has been supported in part by the National Science 
Foundation, Grant CHE-9408367. 
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Charge Transfer for H Interacting with Al: 
Atomic Levels and Linewidths 

by 

Fernando Flores , J. Meriro, F. J* Garcia-Vidal, 
N. Lorente, and R. Monreal 

* Departamento de Fisica de la Materia Condensada C.XII, Facultadde Ciencias, 
Universidad Autonoma de Madrid, E-28049 Madrid Spain 

Dynamical Interaction of H with Al Surfaces: 
Atomic Levels and Linewidths 

by 

F. Flores, J. Merino, N. Lorente, and C. Monreal 

A LCAO-LD approach is presented for analyzing the interaction of ions with solids. 
In this approach the total energy of the system is written as a function of the occupation 
numbers of the different orbitals forming the interface. The interaction of different ion 
charge states with the surface is obtained by fixing those occupation numbers for each case. 
The atomic levels are calculated as the difference between the total energies for the different 
ion states. 

The method is applied to the calculation of the charge states of H interacting with Al. 
Atomic levels and linewidths will be presented. Finally, charge states (H"1", H° and H") will 
be analyzed for projectiles having 1 KeV and 4 KeV. 
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I Scattered Projectile Angular and Charge State 
I Distributions for Grazing Collisions of Multicharged 

Ions With Metal and Insulator Single Crystal Targets 

Qun (Frank) Yan and Fred Meyer 

ORNL-ECR Multicharged Ion Research Facility 
Physics Division, Oak Ridge National Laboratory 

Oak Ridge, Tennessee 37831-6372 USA 
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Approaching a Surface Captures 
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Experimental Method of Measuring the Energy Gain 
Due to Image Charge Interaction 

Vim = E(sin-<t>l-sin-<t>in) 

Vim = E(sin2(<S>'! - <1>, /2)-sin2(<t>x /2» 

Energy Gain Due to Image Acceleration of P b q + 

and I q Incident on Au (110) Surface 
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Scattered Projectile Charge Fractions for 3.75 keV/amu 
O q + Ions Incident Along the [110] Direction of 

Au (110) Surface at 1.8° 

3 4 5 6 
Initial Charge State q 

Projectile Velocity Dependence of the Scattered 
Neutral Fraction for Sodium Ions Incident on Au 

(110) Surface Shows "Kinematic Resonance" 

0.2 0.3 
velocity (a.u.) 

0.4 0.5 0.6 
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Schematic Energy Level Diagrams of 
Au Crystal and Ground States of 

Na, N, Ar, Ne, and He Atoms 

DOS of Au Crystal in 
Rest Frame (v=0) 

DOS of Au Crystal in Projectile 
Frame (v=().5vf) 

Ionization Levels 
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Energy Diagram of LiF Crystal 
and Projectile Atomic Levels 
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Projectile Velocity Dependences of the Scattered 1" 
Fractions for O q + , F q + , and Bq +Grazingly Incident 

on LiF(lOO) Show "Kinematic Resonance" 
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Summary 
Metal Surface 

• Energy Gain Measurement is well described 
by the COB model, (fig.4, solid curve is the 
fitting based on COB model) 

• Charge Equilibration is Completed Prior to 
Projectile leaving from the Surface (fig.5) 

• Charge Fractions of the Scattered Projectile 
Show "Kinematic Modification" of Fermi-
Dirac Distribution, (fig.6, solid curve is the 
fitting based on "Kinematic Resonance" 
theory) 

Summary 
Insulator Surface 

• Charge Fractions of the Scattered Projectiles 
Indicate Resonant Electron Transfer Involving 
Loosely Bound Target States within the Band 
Gap. (fig. 9 and 10, solid curves represent the 
fitting based on "Kinematic Resonance" theory 
and the Fermi Level of the additional band is 
about 4 eV) 

• Energy Gain due to Image Acceleraction is 
well fitted by COB model and Charge 
Equilibration is also Observed (not shown in 
transparencies) 
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The Prolate Hyperboloidal Model in 
Scanning Probe Microscopy 

T. L. Ferrell, R. H. Ritchie, and J.-P. Goudonnet 

Health Sciences Research Division 
*Oak Ridge National Laboratory 
P. O. Box 2008 
Oak Ridge, TN 37831 
Tel: 423-574-6214 
Fax: 423-574-6210 
email: ferrelltl@ornl.gov 

Abstract 

The use of prolate spheroidal coordinates allows modeling of the tip of a scanning-probe 
microscope as a hyperboloid of revolution. This model permits one to examine the effects of very 
fine tips without encountering the difficulties concomittant with the standing waves required of 
models which use a sphere or other finite-volume body. The close proximity of the tip and sample 
permits analysis of electrodynamic effects without including retardation. Some general problems 
of interest are discussed. These include certain surface plasmon effects and the effects of charging 
on either the probe tip or the sample. 

'Research Sponsored by the Oak Ridge National Laboratory, managed by Lockheed 
Martin Energy Research Corp. for the U.S. Department of Energy under contract number DE-
AC05-96OR22464. 

"The submitted manuscript has been authored by a contractor of 
the U.S. Government under contract no DE-AC05-96OR22464. 
Accordingly, the U.S. Government retains a non exclusive. 

1 1 6 royalty-free license to publish or reproduce the published form of 
this contribution or allow other to do so, for U.S. Government 
Purposes." 
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PROLATE SPHEROIDAL 
COORDINATES MODEL TIP AS 
HYPERBOLOID OF REVOLUTION 

SAMPLE SURFACE CAN BE FLAT OR 
CURVED 

LAPLACE'S EQUATION APPROPRIATE 
FOR NANOSCALE EVENTS; SOLNS 
ARE ALL LEGENDRE FUNCTIONS 

SOLNS REQUIRE CONTINUOUS INDEX 
Q WHERE INDEX ON LEGENDRE 
FUNCTION IS-1/2+ IQ 
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Fig. 1. A prolate hyperbotoidal probe tip (region 1) of local 
dielectric function I situated m vacuum (region 2) near a Carte
sian foil (region 3) of local Jkluiiii taction I and lying 
between z = 0 and z«- — a. The fbfi resides upon a substrate of 
local dielectric function e 0 . The use of prolate spheroidal coordi
nates defines the surface 0 —0t of the probe with z = 0 at 
0 = ir/2. 
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Scanning Probe Microscopy of Large 
Biomolecules 

R. J. (Bruce) Warmack, David P. Allison, Ida Lee, 
Thomas Thundat, and Peggy Kerper 

Oak Ridge National Laboratory 
Oak Ridge, Tennessee, 37831-6123 

Scanning probe microscopes (SPMs) have often been applied to the study of 
biomoelcules, often with limited success. Proper sample preparation and image 
interpretation are key to obtaining useful information. We show that single protein 
molecules can be localized and studied by SPMs. 

Photosystem-I protein (PSI) is a photosynthetic reaction center found in plants 
that drives the light-dependent transfer of electrons in the energy cycle. Tunneling 
spectroscopy was used to study the electrical nature of the isolated PSI which displays 
the behavior of a band-gap (-1.8 eV) semiconductor. When PSI is lightly platinized, its 
behavior is changed to that of a diode, apparently caused by the filling of empty states 
by platinum (see Figure 1). A remarkable consequence of this is the reversible image 
appearance and disappearance of the PSIs upon switching the bias from tunneling 
out to tunneling into the sample, respectively [1]. 

DNA has been the subject of numerous investigations, yet little new information 
has been generated about this essential molecule by SPM. Initially studied by 
scanning tunneling microscopy, methods had to be formulated to electrostatically 
immobilize the molecule due to mechanical forces and charging by the tunneling tip 
[2]. Using critical-point drying for spreading DNA on mica, very large molecules (tens 
of micrometers long) can be reliably visualized using atomic force microscopy. Very 
recent efforts to map these molecules using attached EcoRI endonuclease proteins 
have been very successful with measured accuracies, typically better that 1% (see 
Figure 2). The self-charge (negative) of DNA is apparent in the observed manner that 
the strands mutually repel each other as they lay down on the surface. Curiously the 
self-charge is apparently radically changed for molecules that are occasionally found 
stretched [3]. The charge of the attached proteins also is obviously different from that 
of the DNA. 

References 
1. I. Lee, J. W. Lee, R. J. Warmack, D. P. Allison, and E. Greenbaum, (1995). "Molecular Electronics 

of a Single Photosystem I Reactor Center: Studies with Scanning Tunneling Microscopy and 
Spectroscopy," Proc. Natl. Acad. Sci. 92, 1965-69. 

2. D. P. Allison, L. A. Bottomley, T. Thundat, G. M. Brown, R. P. Woychik, J. J. Schrick, K. B. 
Jacobson, and R. J. Warmack, (1992). "Immobilization of Deoxyribonucleic Acid for Scanning Probe 
Microscopy," Proc. Natl. Acad. Sci. 89, 10129-33. 

3. T. Thundat, D. P. Allison, and R. J. Warmack, (1994). "Stretched DNA structures observed with 
atomic force microscopy," Nucleic Acids Research 22(20), 4224-8. 
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Molecular electronics of a single photosystem I reaction center: 
Studies with scanning tunneling microscopy and spectroscopy 
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EcoRI Sites on Lambda DNA 

21226 bp 4878 bp 5643 bp 7421 bp 5804 bp 3530 bp 

7217 nm 
(7153±253nm) 

1659 nm 
(1666155 nm) 

1919 nm ' 
(1905±74nm) 

2523 nm 
(2521±102nm) 

1973 nm 
(1969±86nm) 

1200 nm 
(1194±58nm) 

Section Length (bp) Length (nm) Measured (nm) Difference 

1 
2 
3 
4 
5 
6 

21,226 
4878 
5643 
7421 
5804 
3530 

7217 
1659 
1919 
2523 
1973 
1200 

7153+10 
1666155 
1905174 

25211102 
1969+86 
1194158 

0.9% 
0.4% 
0.7% 
0.1% 
0.2% 
0.5% 
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Frequency 

Binding Site (|j.m) 

Figure 2. AFM image showing a lambda DNA molecule with the five EcoRI sites 
occupied by bound endonuclease (upper). Lambda map is shown with known and 
measured (parentheses) lengths between attachment sites for over thirty molecules 
(middle). Measured values are accurate to within 1%. Histogram shows the frequency 
distribution of the data (lower). Imaging a well characterized molecule of 48 kb has 
enabled us to develop the methodology that will allow mapping cosmid molecules at a rate 
of one per day. 
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MICROCANTILEVER SENSORS 

T. Thundat*, P. I. Oden*+, P. G. Dasktos**, G. Y. Chen** and R. J. Warmack* 

*Health Sciences Research Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6123 
fOak Ridge Associated Universities, Oak Ridge, TN 37830 

^Department of Physics and Astronomy, University of Tennessee, Knoxville, TN 37996 

ABSTRACT 

Novel sensors based on bending and resonance frequency changes of microcantilevers are 

discussed. The adsorption-induced resonance frequency changes of microcanti levers can be due 

to a combination of mass loading and change of spring constant resulting from adsorption of 

chemicals on the surface. Cantilevers also undergo static bending due to adsorption-induced 

differential surface stress if the adsorption is confined to one surface. Hence cantilever deflection 

as well as resonance frequency change can be used as the basis for development of novel 

chemical sensors. 

INTRODUCTION 

Recently it has become clear that microcantilevers, such as those designed for atomic 

force microscopy (AFM) [1], can be used for a variety of sensor applications [2-5]. For example, 

microcantilevers that are metal coated on one side are very sensitive to temperature, and undergo 

static bending as a result of slight variation in temperature due to the bimetallic effect. Recently 

we have reported that bending of aluminum coated microcantilevers can be influenced by changes 

in relative humidity and that the sensitivity of this effect can be increased by coating the 

cantilevers with hygroscopic materials [4]. More importantly, the concept can be extended to 

detection of numerous other chemical vapors. 

Changes in cantilever resonance frequency provide a direct measure of the mass of 

adsorbed vapors if the spring constant remains fixed. However, in many cases the spring 

constant changes as a result of vapor adsorption, significantly complicating interpretation of 

experimental results. In this paper we show that simultaneous measurement of bending and 

resonance frequency change can be used to decouple the effects of mass change and spring 

constant variation in the interpretation of resonance frequency changes. 
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EXPERIMENTAL 

Commercially available, "V"-shaped silicon cantilevers (200-um long, 0.06-N/m or 0.09-

N/m spring constant Ultralevers, Park Scientific Instruments, Inc.) were used in this study. One 

set of cantilevers was coated on one side with gelatin for relative humidity investigations. The 

thickness of the coating was estimated by determining the change in resonance frequency for the 

coated cantilever. In addition, a second set of cantilevers was coated on a single side with an 

evaporatively deposited gold film to allow evaluation of the effects of mercury adsorption. 

The deflection and resonance frequency of coated cantilevers were measured using the 

position sensitive detector of a Multi-Mode Nanoscope III. Tip deflection was measured by 

monitoring the normalized error voltage (V^,) between the top and bottom segments of the 

Nanoscope position sensitive detector. Adsorption of water vapor on the gelatin coated 

cantilevers was controlled by placing the AFM head in a chamber purged with humidified 

nitrogen gas; the atmosphere in the chamber was monitored using a hygrometer. Adsorption of 

mercury vapor on gold-coated cantilevers was achieved by placing a Knudsen cell containing 

mercury in the chamber housing the AFM head [5]. 

RESULTS AND DISCUSSION 

The resonance frequency, v, of an oscillating cantilever can be expressed as 

v=-L 
2TC\ 

_K 
m 

(1) 
» 

where K is the spring constant and m* is the effective mass of the cantilever. Note that m* = 

nmb, where mb is the mass of the cantilever beam and the value of n is either 0.14 for a 0.06 

N/m or 0.18 for a 0.03 N/m "V" shaped silicon nitride cantilever or 0.24 for a rectangular 

cantilever. When adsorbates are deposited uniformly on the cantilever surface, the resultant mass 

change, 8m, can be calculated fromvariation in resonance frequency. This interpretation of 

frequency shift assumes that changes in spring constant, §K, are negligible. However, from Eq. 

(1) it is clear that changes in resonance frequency can result from both mass change or variation 

intf. 
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Fig. la shows the variation in resonance frequency of a gelatin coated cantilever due to 

exposure to water vapor, while Fig. lb shows the deflection as a function of relative humidity 

during the same exposure. The increase in resonance frequency as humidity is increased is 

counter to that anticipated due to mass loading, suggesting that a change in spring constant is also 

occurring. The nearly linear response in both figures indicates that the magnitude of dm and 6K 

are small relative to the initial values. 

From this and other similar experiments it is clear that when molecules adsorb on a 

cantilever surface, the resonance frequency of the cantilever changes due to mass loading. In 

addition to resonance frequency change, deflection (bending) may change due to adsorption 

induced differential surface stress, 5s. Taking into account the boundary conditions of a 

cantilever, the displacement of the cantilever, z can be written as 

Z = 
3 ( l - u ) L 2 

t2E 
bs (2) 

where L is the length of the cantilever, and x> is Poisson's ratio. 

Surface stress can also effect the spring constant of the cantilever. To account for this, 

Eq. (1) can be modified as 

v, = — 
2 2K\ 

K+bK 
m* +n6w 

(3) 

where the initial resonance frequency v, changes to v 2 due to adsorption. In this equation K 

changes to K+bK as a result of adsorption induced surface stress while m* changes to m*+n8m 

due to mass loading. SK is proportional to & [6]. 

By designing cantilevers with localized adsorption areas at the terminal end of the 

cantilever (end loading), the contribution from differential surface stress can be minimized and 

changes in resonance frequency can be entirely attributed to mass loading. Figure 4 shows the 

resonance frequency response upon exposure to mercury vapor for a cantilever that was coated 

with gold over the terminal 43 urn from the apex [5]. In contrast to cantilevers coated with gold 

along their entire length, these cantilevers show negligible bending due to mercury adsorption. 

It is clear that the frequency response (with a slope opposite to that of fully coated cantilevers) 

127 



in this case is entirely due to mass loading. An adsorption rate of 32.8 x 10'6 kg m" min' was 

calculated from the data shown in Fig. 4. The sensitivity of frequency response in Fig. 4 is 

calculated to be 0.8 pg/Hz. 

For a cantilever coated with gold along its entire length (mb = 34.6 ng, ie, Figs. 2 and 3), 

the equivalent adsorption rate for mercury is 553 pg/min. As noted earlier, the initial deviation 

of frequency response from the calculated curve in Fig. 2 is probably due to the time required 

for the mercury vapor to reach equilibrium in the chamber. A calculation carried out using the 

data in Fig. 2 shows that K increases at the rate of about 0.001 N m'1 min'1. The frequency 

responses observed in Figs. 2 and 3 appear to be influenced by both variations in spring constant 

and mass loading. The resonance frequency response can be explained by competing effects of 

( KIT T\m \ 
. If the first term dominates 

K m ) 

the expression, the resonance frequency shifts positively. 

Based on the slope of the curve in Fig. 3, it is possible to estimate the sensitivity of the 

method for mercury detection as 0.6 pg/mV. However, the noise for an equilibrated cantilever 

is approximately 3 mV at room temperature. Thus, the minimum detectable amount of mercury 

for the current scheme based on cantilever bending is of the order of several picograms. From 

Fig. 2, the sensitivity of frequency response can be calculated as 11 pg/Hz (linear region). The 

sensitivity of relative humidity (R.H.) detection can be calculated as 0.14 RH/Hz (Fig. la, 

frequency response) and 0.002 RH/mV (Fig.lb, cantilever deflection). 

CONCLUSIONS 

In summary, the adsorption of molecules on cantilever surfaces can produce bending as 

well as resonance frequency shifts. By simultaneously measuring bending and resonance 

frequency shifts it is possible to decouple the influence of mass loading and spring constant 

variations. The sensitivity of the technique using current equipment is in the picogram range, and 

it can be used to detect chemisorbed or physisorbed adsorbates. 
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FIGURE CAPTIONS 

Fig. 1 (a) Resonance frequency response for a gelatin coated silicon cantilever as a function 

of relative humidity, (b) Bending (error voltage) under same conditions. The nominal 

K value of the cantilever was 0.06 N/m before gelatin modification. The gelatin film 

thickness for the cantilever was calculated to be about 23 nm. 

Fig. 2 Typical plot of error voltage as a function of mercury vapor exposure time for a gold 

coated silicon nitride cantilever. Uniform 40 nm thick layer of gold deposited on one 

side along entire length of cantilever. 

Fig. 3 Resonance frequency response as a function of mercury exposure recorded 

simultaneously with error voltage shown in Fig. 2. The theoretical curve (solid line) 

was calculated using Eq. (6). The mass of the cantilever, mb, is 34.6 ng. Mercury 

vapor adsorption rate and the rate at which K varies are calculated to be 553 pg/min 

and 0.001 N/m/min respectively. 

Fig. 4 Resonance frequency response of a cantilever with gold coating only at the final 43 urn 

length near the apex. The nominal initial K vaiue of the cantilever was 0.06 N/m. 
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Solution of the Fokker-Planck Equation for 
Electron Transport using Analytic Spatial Moments 

John C. Garth 
Phillips Laboratory 

Kirtiand AFB, NM 87117 

Introduction 
This paper presents a new method of solution to the Fokker-Planck (F-P) 

equation for electron transport. Using the maximum entropy method we have obtained 
an analytic representation for the scalar flux function f(x,s), where x is the distance 
along the x-direction and s (which increases with decreasing electron energy) is the 
pathlength of an electron along its track. By this method we have obtained a nearly 
exact analytic solution for f(x,s) due to a beam source in an infinite medium. 

It is valuable to have an analytic solution for f(x,s) for an electron beam source 
for several reasons: 

1. The solution can serve as a benchmark for comparison with approximate 
solutions to the F-P equation, such as obtained by finite-difference methods, 
and provides a reference for the development of more accurate numerical 
schemes. 

2. It yields a compact mathematical description of the spatial distribution of 
energetic electrons and its dependence on electron energy (pathlength). In fact, 
when multiplied by the stopping power or a cross-section and integrated with 
respect to s, f(x,s) is the basic function from which many radiation phenomena 
(such as energy deposition, x-ray generation, and defect production are 
calculated. 

3. f(x,s) arising from an electron beam source in an infinite medium is a Green's 
function and, through superposition, the solution for more general electron 
source distributions can be found. 

4. It provides an transport-equation-based analytic form that could be helpful in 
modelling more physically realistic electron distributions as a function of initial 

energy and the scattering properties of the medium. 

The Fokker-Planck Equation 
The Fokker-Planck equation is a partial differential equation for the angular flux 

distribution f(x,[x,s) where p. is the direction cosine of the electron velocity with 
respect to the x-axis. It can be derived from the more rigorous Spencer-Lewis equation 
[1] by assuming very small angle deflections due to electron-nuclear scattering. The 
electron pathlength, s, uniquely determines the energy in the "continous-slowing 
-down approximation" and increases as the electron energy decreases. 

The F- P equation for a perpendicular electron beam at a plane at x = 0 in an 
infinite medium is given by 
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Ts+ »M = W) A ( 1 - ̂ H+ m m s ° -« ( 1 ) 

where X(s) is the pathlength (energy) -dependent transport mean free path. 

The scalar flux fix,s) is given by 

i 

Ax>s) = \ f{x,\i,s)d\i (2) 
- l 

Determining the Spatial Moments 
If we choose X(s) = constant = 1 , we are able to obtain convenient, analytic 

expressions for the spatial moments of f(x,s) which can be evaluated rapidly and 
accurately. Define Legendre-spatial moments of f(x,\i,s) by 

s 1 

fnj(s) s J dxx" J d\iP,(\i)f(x,H,s) (3) 

As a special case, the spatial moments are given by 
5 

fn,0(s) = j dxx" f(X,S) (4) 
-s 

By operating on each term of the F-P equation (1) with the integral operation 
specified in equation (3), the following recursion relations for the Legendre-Spatial 
Moments are obtained, 

^ + / ( /+ !)/„, = ^ Y [ / / - i . ! - i + (/+ l ) / - u + i ] + 8(5)5„,o (5) 

a set of coupled ordinary differential equations which can in general be solved 
numerically, but in our case, analytically. From (5), we obtain integral recursion 
relations 

/- 'W = ( ^ ) ^ / ( , + 1 ) J J 0 'e l » + 1 >' '[/ / . .! . ,_»(/) + ( / + O / . - u + i ^ ) ] ^ (6) 
, n>0 

that, starting with the known n = 0 moments, / 0 f j = exp [ - / ( /+ l ) s ] , lead to closed-form 
analytic expressions for the Legendre-spatial moments. 

We have written a program to integrate these equations "symbolically"; by 
collecting terms with the same functional dependence on s and reducing ratios of 
integers by common factors, we obtained a set of exact expressions for (xn(s)) for n=0 
1.....10. We show the expressions for (xn(s)) forn = 0, l,...,8 in Table 1. 
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The Maximum Entropy Method 
The functional form 

F(x) = exp 
N 
X A,- xl 

i=0 
(7) 

is the "maximum entropy function" [2]. This functional form has been shown to be the 
"best" distribution that can be obtained from a knowledge of the spatial moments of 
F (x) (defined over a finite interval a(x(b. Rather fortuitously, we found (using the 
TableCurve program [3]) that this functional form happened to give one of the best fits 
(among hundreds of functional forms) to the values of f(x,s) we calculated using the 
finite difference method of Lanteri et al [4]. 

A "Newton's method" algorithm for obtaining F{x) from a finite number of 
moments has been described in [2, 5]. An example of the algorithm using spatial 
moments up to (x4) is outlined as follows: 

(1) Select a value of the pathlength s and make an initial guess for the A,(.?)in the 
maximum entropy distribution function g (x,s) where 

g(x,s) = exp X h(s)x* 
.i=0 

(8) 

(2) Iteratively solve the following set of linear equations until the difference 
between successive values of X( is less than a specified tolerance (say 10~10). 

G(0) G(l) G(2) G(3) G(4) 
G(l) G(2) G(3) G(4) G(5) 
G(2) G(3) G(4) G(5) G(6) 
GO) G(4) G(5) G(6) G(7) 
G(4) G(5) G(6) G(l) G(8) 

A,o ~ Ao 
X\ —Xi 

A.2 — A2 = 
A3 —A3 

A4 — A4 

G(0)-<x°) 
G d ) - ^ 1 ) 
S(2)-<*2> 
G(3)-(x 3) 
G(4)-<x4> 

(9) 

Here G(0), G(l), „., G(8) are the spatial moments obtained from the integrals 

G(n)=] dxx"g(x,s). (10) 

In equation (9), the (x") are the given exact spatial moments, the X,- are the initial 
guesses (or values obtained from the previous iteration) and the A,- are the improved 
values from the present iteration. For each new iteration, the G(n) integrals must be 
reevaluated before solving equation (9) using the improved values X, obtained from the 
previous iteration. 
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Results 
In Figs. 1a. and 1b. we show maximum entropy approximations g(x,s)for ftx,s) 

obtained for several different total numbers of spatial moments ( N = 4, 6, 8, 9,10 ) 
used to find flx,s). As s becomes smaller, there is more "structure" in the shape of 
J{x,s) and hence more terms in g(x,s) are needed to converge to a stable shape. For 
example, it took more moments to produce a stable shape for g(x,s) for s = 1.6 
(Fig.. 1a.) than for s = 3.0(Fig. 1b.). 

In Figs. 2a.-2d., we compare the "best" maximum entropy curves (i.e., for N= 10) 
with values of fix, s) obtained by a finite difference method described by Lanteri et al 
[Ref. 4] for S=1.0, 1.6, 2.0 and 4.0 respectively. (For the finite-difference calculations, 
we used a uniform mesh size Ay = Ax = .04, Au. = 0.2). The agreement between the 
scalar flux distributions obtained by the two methods is quite good even for s= 1.0 and 
improves as s increases. 

Summary 
We have demonstrated the utility of the maximum entropy method for solving for 

the scalar flux function solution of the Fokker-Planck equation for electron transport. 
We plan to extend the maximum entropy method to the case of realistic transport mean 
free paths X,r (s) by calculating the spatial moments numerically rather than analytically, 
by integrating the coupled ODE's in eq. (5) using, for example, a Runge-Kutta method. 
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Table 1. Formulas for < x"(s)) for n=0 to 8 

<x°(*)>= 1 

(xl(s))= 1 / 2 [1 - exp(-2s)] 

{x2 (s)) = 1 /18 [1 - exp(-6s) ] + s/3 

(xHs)) = - 5/12 + 21 / 100 exp(-2s) + 1/300 exp(-12s) + s/2 - 3/10 s exp(-2s) 

<x4(.y)> = 13/75 - exp(-2s)/6 - 1 / 1 4 7 exp(-6s) + 1 / 7350 exp(-20s) -16/45 s 
- 1 / 63 s exp(-6s) + 1 / 3 s A2 

(xs(s)) = 26/15 - 2s + 5 / 6 s A2 - 42471 / 24500 exp(-2s) + 1 1 / 60750 exp(-12s) 
- 1 / 238410 exp(-30s) - 513/350 s exp(-2s) + s exp(-12s)/1350 

-3 /10s A 2exp(-2s) 

135 



0.5 

0.0 
-1.0 

Max Entropy 
--Finite Dif. 

x-> 

Figs. 2a.-2b. Comparison of maximum entropy estimates of f(x,s) 
(for N=10) with values by the finite difference method of Lanteri 
etal[4]forS=1.0and 1.6 

0.6 -
S - 2.0 

0.S " / \ 

0.* 
• 

P-3 

• 

0.2 

T 
0.1 Finite Dif 

V 

nn , . ^ V i i , . . i .... , . \ > . 1 

0.4 I -

0.3 

x" 
0.2 

0.1 

0.0 

S-4.0 

X-> X-> 

Figs. 2c.-2d. Comparison of maximum entropy estimates of f(x,s) 
(for N=10) with vaiues by the finite difference method of Lanteri 
et ai [4] for S=2.0 and 4.0. 

136 



Table 1. (continued) 

(x6(s))= -25684/19845 +13/10 exp(-2s)-1495/259308 exp(-6s) 
-13 / 2905210 exp (-20s) + 1 / 9604980 exp (-42s) + 1301 / 630 s 
+1/2 s exp(-2s) + 5/18522 s exp(-6s) - 1 / 37730 s exp(-20s) 
- 3 / 2 s A2 + 5 / 882 s A2 exp (-6s) + 5 / 9 sA3 

{x1 (*)> = - 38137/2268 + 47665097 / 2835000 exp(-2s) + 7 / 3240 exD(-6s} 
+ 12943 /1323135000 exp(-12s) + 1 /10348884 exp (-30s) 
" V . 4 6 3 7 8 3 3 2 0 e x P (-56s) + 10357 / 540 s + 759133 / 52500 s exp(-2s) 
-1057 s exp(-12s)/20047500 + s exp(-30s)/1326780 - 329 / 36 s A2 
+ 549 /125 s A2 exp(-2s) - 7 / 40500 s A2 exp(-12s) + 35/18 sA3 
+ 21/100sA3exp(-2s) 

<*8 W> = 23221567 / 1275750 - 255 / 14 cxp(-2s) + 4721659 / 393496333 exp(-6s) 
- 12255 / 448755280724 exp (- 20s) - 17 / 9339127875 exp (-42s) 
+ 1/26087811750 exp (-72s) - 1113097/42525 s -51/5 s exp(-2s) 
+ 119005 / 6417873 s exp (- 6s) + 1257 / 1038612575 s exp(- 20s) 
- 1 / 56600775 s exp(- 42s) + 1403 / 81 sA2 - 7/5 sA2 exp(-2s) 
+ 80 / 27783 sA2 exp(-6s) + 1/ 207515 sA2 exp(-20s) - 532 / 81 s*3 
-10/3969sA3exp(-6s) + 35/27s A4 
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Effective Charge Parametrization for z = 3-17 Projectiles in Composite Targets 
L E. Porter 

Washington State University 
Pullman, WA 99164-1302 USA 

In an extension of two earlier studies [1,2] stopping power measurements for 
z = 3-17 projectiles traversing thin Mylar targets have been analyzed in terms of 
modified Bethe-Bloch theory in order to extract values of projectile effective charge 
parameters [3]. The measurements studied [7,8] included energies from 0.2 to 2.1 
MeV/u for projectiles of 7u, 11B, 1 2 C , ^ N , 1 6 0 , 2 7 M , 31 P, 32s, and 35ci. The 
formalism employed in these studies, which has been extensively described [4-6], 
features an effective projectile atomic number z* = yz, where y= 1 - r,exp (-Xvr). Here 
v r represents the ratio of projectile velocity in the laboratory frame (v) to the Thomas-
Fermi velocity (e 2/fi)z 2/3 i s o that vr = p/az2/3, where a is the fine structure constant, 
and £ and X are the effective-charge parameters whose values must be ascertained for 
any given projectile-target combinations. Systematics in the behavior of these 
parameters as functions of projectile atomic number (z) and target atomic number (Z) 
have been sought in previous studies [4-6], with limited success. In the present study, 
it was hoped to learn if the average atomic number (Z) of composite targets would fit 
roughly into the trends observed for the atomic numbers of elemental targets (Z). 

The various target parameters required in modified Bethe-Bloch theory [4-6], 
other than the effective charge parameters (£ and X), were established in prior studies 
of Mylar [9], Kapton [9], and Havar [10]. The values of these parameters are displayed 
in Table 1, where Z and A are the atomic number and atomic weight, respectively, I is 
the target mean excitation energy, b is the free parameter of the Barkas-effect term 
used [11-14] with £ the amplitude of that term, and H|_, V L , H M . and V M , are the shell 
correction scaling parameters of the Bichsel scheme [15]. 

Table 1 Atomic number (Z), atomic weight (A), shell correction scaling parameters 
(HL. VL, H M . VM), mean excitation energy (I), and Barkas-effect parameter (b) and 
amplitude (£). 

Target Z(Z) A(A) V L H L V M H M l(T)[eV] b § 

Mylar 4.54 8.74 0.318 1.00 -- - 81.7 1.20 1.00 
Kapton 5.03 9.80 0.379 1.00 -- - 78.9 1.01 1.00 
Havar 26.62 57.60 1.00 1.00 1.875 7.13 299.3 1.33 1.00 
Nickel 28.00 58.71 1.00 1.00 2.00 6.53 304.0 1.34 1.00 
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When two-parameter (£ and X) fits were attempted, the value of y became negative in 
the cases of Mylar and Kapton targets, so that these results were discarded. The 
Havar and nickel data did prove amenable to such fits, however. Thus the only bases 
of comparison, both internally and with the results of previous studies [5,6], were the 
one-parameter (X) fit results. These data, shown in Table 2 and in Figure 1, indicate a 
generally monotonically decreasing value of X with increasing z for each specified 
target Z (or Z). An apparent exception to the trend occurs at z = 5 for all composite 
targets. 

Table 2 Summary of one-parameter effective charge fits (A,) for various z = 3 to 17 
projectiles traversing targets of Mylar, Kapton, Havar, and nickel 

Proiectile Mylar Kapton Havar nickel 

7|_i 1.30 1.28 1.16 1.04 
11B 0.96 0.98 0.96 0.95 
12C 1.10 0.99 1.08 0.93 
14 N 0.95 0.93 0.87 0.84 
1 6 0 0.97 0.92 0.84 0.84 
2 7 A | 0.76 
2 8 S i 0.78 
31 p 0.74 
3 2 S 0.73 
3 5 C | 0.72 

There are very few cases of one-parameter fits with which to compare results in 
previous studies, so that the question as to how composite-target results agree with 
trends observed in elemental targets remains to be answered. Clearly the results of 
the present study are quite consistent internally. 
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